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Abstract

Exosomes are small extracellular vesicles (30-150 nm) secreted by virtually all cell types. Exosomes
play a pivotal role in intercellular communication through the transfer of bioactive molecules,
including proteins, lipids, and RNAs. Despite their significance in immune modulation and tumor
suppression, the mechanisms underlying their biogenesis and release from cytotoxic T lymphocytes
(CTLs) and their function in the immune system are poorly understood. CTLs are essential for adaptive
immunity, in which their cytotoxic machinery is used to target infected or malignant cells. In this study,
we have characterized exosomes derived from murine CTLs and investigated their secretion dynamics
and functional properties. We show that CTL-derived exosomes are packaged in two distinct types of
organelles: multivesicular bodies (MVBs) and multicore granules (MCGs). Using structured
illumination microscopy (SIM) and correlative light and electron microscopy (CLEM), we identified
CD81 as a more specific marker for CTL exosomes than the currently used marker, CD63, which also
marks single-core granules (SCGs). Total internal reflection fluorescence microscopy (TIRFM) studies
revealed polarized secretion of MCG-derived exosomes at the immune synapse, while MVB-derived
exosomes were released in a non-polarized manner. Notably, MCG secretion was MUNC13-4-
dependent, contrasting with the MUNC13-4-independent secretion of MVBs. Furthermore, SNARE
profiling revealed VAMP7 specificity to MVBs, distinguishing them from MCGs and SCGs. Isolated CTL-
derived exosomes displayed heterogeneity in size and surface markers, as shown by sucrose density
gradient centrifugation, transmission electron microscopy (TEM), and immune labeling. Using a 10X
expansion method, we identified two exosome subpopulations based on tetraspanin expression:
smaller CD81-positive exosomes and larger CD63-positive ones. Functional assays demonstrated that
wild-type CTL-derived exosomes efficiently induced caspase-3-mediated apoptosis in target cells,
while MUNC13-4 knockout CTLs, deficient in MCG-mediated exosome secretion, showed reduced
cytotoxic efficacy.

These findings elucidate the regulated biogenesis and secretion of CTL-derived exosomes and their
distinct roles in cytotoxicity, providing new insights into immune regulation. By highlighting exosome
heterogeneity and their potential in cancer immunotherapy, this work lays the foundation for

leveraging CTL-derived exosomes as novel therapeutic agents.



Zusammenfassung

Exosomen sind kleine extrazelluldre Vesikel (30-150 nm), die von nahezu allen Zelltypen sezerniert
werden. Exosomen spielen eine entscheidende Rolle in der interzellularen Kommunikation durch den
Transfer von bioaktiven Molekiilen, einschlieBlich Proteinen, Lipiden und RNAs. Trotz ihrer Bedeutung
in der Immunmodulation und Tumorsuppression sind die Mechanismen, die ihrer Biogenese und
Freisetzung aus zytotoxischen T-Lymphozyten (CTLs) zugrunde liegen, sowie ihre Funktion im
Immunsystem noch wenig verstanden. CTLs sind fir die adaptive Immunitat essenziell, wobei ihre
zytotoxische Maschinerie eingesetzt wird, um infizierte oder maligne Zellen anzugreifen. In dieser
Studie haben wir Exosomen aus murinen CTLs charakterisiert und ihre Sekretionsdynamik sowie
funktionelle Eigenschaften untersucht. Wir zeigen, dass CTL-abgeleitete Exosomen in zwei
verschiedene Arten von Organellen verpackt sind: multivesikulare Koérper (MVBs) und
Multikerngranula (MCGs). Mithilfe der strukturierten Beleuchtungmikroskopie (SIM) und korrelativer
Licht- und Elektronenmikroskopie (CLEM) identifizierten wir CD81 als spezifischeren Marker fir CTL-
Exosomen im Vergleich zum derzeit verwendeten Marker CD63, der auch Einzelkerngranula (SCGs)
markiert. Studien mit totaler interner Reflexionsfluoreszenzmikroskopie (TIRFM) zeigten eine
polarisierte Sekretion von MCG-abgeleiteten Exosomen an der Immunsynapse, wahrend MVB-
abgeleitete Exosomen auf nicht-polarisierte Weise freigesetzt wurden. Bemerkenswerterweise war
die MCG-Fusion MUNC13-4-abhangig, im Gegensatz zur MUNC13-4-unabhangigen Fusion von MVBs.
Darliber hinaus ergab das SNARE-Profiling eine VAMP7-Spezifitat fir MVBs, die diese von MCGs und
SCGs unterscheidet. Isolierte CTL-abgeleitete Exosome zeigten eine Heterogenitidt in Grofle und
Oberflaichenmarkern, wie  durch  Sucrose-Dichtegradientenzentrifugation, = Transmissions-
Elektronenmikroskopie (TEM) und Immunfarbung gezeigt wurde. Mit einer 10X-Expansionsmethode
identifizierten wir zwei Exosomen-Subpopulationen basierend auf der Tetraspanin-Expression:
kleinere CD81-positive Exosomen und groBere CD63-positive Exosomen. Funktionelle Assays zeigten,
dass Wildtyp-CTL-abgeleitete Exosomen effizient die Caspase-3-vermittelte Apoptose in Zielzellen
induzierten, wahrend MUNC13-4-Knockout-CTLs, die in der MCG-vermittelten Exosomen-Sekretion
defizient waren, eine reduzierte zytotoxische Effizienz aufwiesen. Diese Ergebnisse erhellen die
regulierte Biogenese und Sekretion von CTL-abgeleiteten Exosomen und ihre unterschiedlichen Rollen
in der Zytotoxizitat, was neue Einblicke in die Immunregulation bietet. Durch die Hervorhebung der
Heterogenitat von Exosomen und ihrem Potenzial in der Krebsimmuntherapie legt diese Arbeit die

Grundlage fir die Nutzung von CTL-abgeleiteten Exosomen als neuartige therapeutische Agenzien.



Introduction

. Introduction

.1 The immune system

I.1.1 Innate vs. adaptive immune systems

We live in a world full of pathogens, yet we rarely get sick. This can be attributed to the remarkable
efficacy of our immune system. The immune system consists of various cells, tissues, and organs that
work together to protect our body from harmful invaders including bacteria, parasites, fungi, toxins,
and viruses. The initial line of defense, comprising chemical and mechanical barriers, effectively
excludes most pathogens. This is made up of the skin, which acts as a physical barrier that prevents
the passage of any foreign substance (Figure 1). For instance, the openings of the skin, such as the
eyes and mouth, are protected by tears and saliva respectively. These have enzymes that destroy
bacterial cell walls (Chia and McClure 2020). If an intruding pathogen succeeds in breaching the initial
barrier, the second line of defense, consisting of cells of the innate immune system, comes into action.
The innate immune system consists of phagocytes, neutrophils, natural killer (NK) cells, and innate
lymphoid cells (ILC) (Figure 1) (Favaro et al. 2022). It is responsible for initiating a non-specific but
rapid response to eliminate intruders. This is achieved through a variety of mechanisms (Turvey and
Broide 2010). Phagocytes, for example, can recognize common molecular patterns on the surface of
bacteria or microbes. This leads to the generation of an inflammatory response in which the innate
immune cells phagocytose the invading pathogens and eliminate them immediately on site (Takeuchi
and Akira 2010; Riera Romo, Pérez-Martinez, and Castillo Ferrer 2016). In case these cells are unable
to destroy the pathogen on their own, then the third and last line of defense, consisting of the adaptive
immune system’s cells, takes over. The establishment of the adaptive immune response takes a longer
time than that of the innate response, but it is antigen-specific and enables long-lasting immunity
through the formation of immunological memory to renewed antigen contact. The adaptive immune
response consists of the humoral immune response generated by B lymphocytes and the cell-
mediated response controlled by Tlymphocytes (Figure 1) (Bonilla and Oettgen 2010). Upon
activation, after corresponding antigen contact, B lymphocytes differentiate into plasma cells and
produce antibodies against the invasive pathogen. These antibodies specifically neutralize pathogens
and prevent them from entering host cells. Another subset of lymphocytes, the T lymphocytes, are
the major players in the cell-mediated immune response. T lymphocytes can be further divided into
CD4* and CD8* T cells and are initially generated as naive cells. These cells are not yet functional, but
they express specific receptor for a particular antigen. T lymphocytes are unable to recognize unbound
antigens. They can only recognize processed antigens presented by Major Histocompatibility Complex
molecules (MHC) | or Il on the surface of antigen-presenting cells (APCs), such as dendritic cells (DCs)

and macrophages. CD8" T cells recognize antigens bound to MHC | and CD4* T cells bind to antigens
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presented by MHC Il (Babbitt et al. 1985; Gulati 2009). Although CD4* and CD8* T cells share a similar
activation procedure, they carry divergent functions. CD4* T cells are also known as helper T cells due
to their essential role in coordinating the immune response. Once activated, these helper cells secrete
an array of cytokines that further activate other immune cells including B cells, CD8* T cells, and
macrophages. CD8* T cells, also known as cytotoxic T lymphocytes (CTLs), are antigen-specific killer
cells of the immune system which recognize and kill virally infected or cancerous cells (Bonilla and

Oettgen 2010; Gulati 2009).
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Figure 1: The three lines of defense against infection.

A schematic diagram depicting the body's three lines of defense against pathogens. The first line of defense
consists of physical and chemical barriers, including the skin and mucous membranes, which prevent pathogen
entry. The second line of defense involves innate immune cells, featuring phagocytic cells (such as macrophages
and neutrophils) and natural killer (NK) cells, which target and destroy invaders. The third line of defense
represents adaptive immune responses, characterized by the activity of T and B lymphocytes. T cells destroy
infected cells and assist other immune cells, while B cells produce antibodies and form memory cells for long-
term immunity. Figure inspired by (Richman et al., 2017).

1.1.2 Cytotoxic T lymphocytes

Naive CD8" T cells are derived from the lymphoid progenitor cells in the bone marrow. Following their
production, they migrate directly to the thymus, where they mature. Mature naive CD8"T cells are
then ready to patrol our body searching for cells that have been altered through infection or
transformation (Koh et al. 2023). Each CD8* T cell has a unique T cell receptor (TCR), capable of
recognizing a specific peptide in complex with MHC I. This confers CD8" T cells a high level of
specificity. Once in contact with a potential target, naive CD8* T cells engage adhesion molecules such
as lymphocyte function-associated antigen 1 (LFA-1) on their surface and intercellular adhesion

molecule 1 (ICAM-1) on target cells to form transient conjugates (Raskov et al. 2021). At this stage,
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naive CD8" T cells engage in an actin cytoskeleton-dependent scanning of the target cell surface. If no
antigen is detected, the naive CD8"* T cells rapidly disengage from their targets and resume migration.
Conversely, upon locating a target cell with antigenic peptide-MHC I, a naive CD8* T cell exhibits
extensive actin cytoskeletal remodeling and LFA-1 conformational changes which increase their
affinity to ICAM-1 on the target cell surface (Yannelli et al. 1986). Remarkably, the initial activation of
naive CD8"* T cells requires the recognition of less than 10 antigenic peptides on the surface of APCs
(Sancho et al. 2002; lezzi, Karjalainen, and Lanzavecchia 1998; Irvine et al. 2002; Mempel, Henrickson,
and Von Andrian 2004). This results in the suppression of naive T cells’ locomotion and the
establishment of a strong contact between the naive CD8"* T cell and the APC. This interaction persists
for 6-18 hours through which a cascade of signaling events develops and leads to the differentiation
of naive CD8"* T cells into a specific clone of effector CTLs (Kupfer and Singer 1989; Dustin et al. 1997

Mempel, Henrickson, and Von Andrian 2004).

I.1.3 The immune synapse

Upon the activation of the CTL by a DC, the CTL is now able to scan the body for infected cells. Once
detected, the CTL forms close contact with the target cell that lasts 20-30 minutes. This specialized
supramolecular structure is called the immunological synapse (IS) (Gunzer et al. 2000). The formation
of the IS triggers the polarization of the newly synthesized cytotoxic granules (CGs) toward the IS. The
CGs then fuse with the plasma membrane and release their cytotoxic content to trigger the death of
the target cell (Stinchcombe et al. 2006). The formation of the IS is dispensable for the killing activity
of CTLs and is triggered by the interaction between the adhesion molecule LFA-1 on the surface of
CTLs and ICAM-1 on the target cell. This leads to the recruitment and accumulation of a multiplex of
organelles and proteins to the supra-molecular activation cluster (SMAC) (Kuhn and Poenie 2002).
SMACs are concentric domains that are divided into three regions: central, peripheral, and distal
(Figure 2). At the initial state of contact, actin filaments are concentrated at the central SMAC (cSMAC)
for a very short time. Thereafter, they re-localize to the distal SMAC (dSMAC), paving the way for the
clustering of TCR and TCR-associated proteins at the ¢cSMAC. Surrounding the cSMAC is a ring of
adhesion molecules (LFA-1) and their adaptor, talin, collectively known as the peripheral SMAC
(pSMAC). The region surrounding the pSMAC is called the distal SMAC (dSMAC), where actin
accumulates (Monks et al. 1998; Dustin 2014). The assembly of the IS is coordinated by the
cytoskeleton. Following TCR stimulation, the microtubule-organizing center (MTOC) is polarized
towards the synapse, where it docks in an actin-depleted region adjacent to the cSMAC (Figure 2). CGs
aggregate around the centrosome and move with it to the synapse, where they merge with the plasma
membrane and discharge their cytotoxic content to kill the target cell (Dustin, Chakraborty, and Shaw

2010; Dustin 2014).
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Figure 2: The immune synapse.

A schematic diagram representing the immunological synapse (IS) formed between a CD8" T cell and an
antigen-presenting cell (APC). Within the IS, distinct clusters organize its structure. The central supramolecular
activation cluster (cSMAC) contains T cell receptors (TCRs) and the costimulatory receptor CD28. Surrounding
this core, the peripheral SMAC (pSMAC) is enriched in integrin LFA-1. Further out, the distal SMAC (dSMAC) is
the region of F-actin accumulation. The microtubule-organizing center (MTOC) translocates toward the IS,
facilitating the trafficking of cytotoxic granules toward the contact zone. Figure inspired by (Capitani and Baldari
2022).

1.1.4 Lytic granules

.1.4.1 Single Core Granules

A critical step of target cell killing is the delivery of cytotoxic components to the infected or malignant
target cells. One of the earliest CGs to be characterized in CTLs was the single core granule (SCG). SCGs
are referred to as hybrid organelles due to their unique feature of having secretory and lysosomal
components sorted into them. This feature gives them the ability to store cytotoxic proteins before
their secretion, as well as to perform the conventional lysosomal role of protein and molecule
degradation. (Burkhardt et al. 1990; Peters et al. 1991; Blott and Griffiths 2002). Like lysosomes, SCGs
contain lysosomal-associated proteins such as LAMP-1 and LAMP-2, lysosomal hydrolases
(cathepsins), and lysosomal transmembrane protein CD63 (Fukuda 1991; Metzelaar et al. 1991). They
possess an acidic pH of 5.9 that is maintained through the presence of the a3 subunit of the V-ATPase.
This acidic pH is imperative for the optimal function of the lysosomal enzymes (Chitirala et al. 2020).
Furthermore, they share a similar morphology with lysosomes. Nevertheless, the distinguishing
feature of SCGs is their ability to perform regulated exocytosis (Blott and Griffiths 2002). SCGs have a
diameter of 293 £ 8 nm and a distinctive electron-dense core, which is composed of the soluble lytic

proteins. SCGs contain the pore-forming protein perforin (Prf), the serine proteases granzymes (Gzm)
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A and B, and the chondroitin sulfate proteoglycan (serglycin), as their main cytolytic content. Cytolytic
proteins are found in their inactive form in SCGs. Perforin and granzyme are held together on a scaffold

of serglycin which gives the SCG its dense core (Chang et al. 2022; Peters et al. 1991).

1.1.4.2 Multi-Core Granules

For a long time, it had been thought that SCGs containing perforins and granzymes are the only
cytotoxic organelles in CTLs. However, recent studies have delivered new prominent CG candidates
that play an important role in CTL cytotoxicity. Balint et al. (2020) have identified supramolecular
attack particles (SMAPs) as novel cytotoxic particles in human CTLs which consist of a
thrombospondin-1 (TSP-1) glycoprotein shell engulfing a core enriched in cytotoxic proteins such as
perforin, granzyme, and serglycin. TSP-1 is a calcium-binding protein of the extracellular matrix that
functions in cell-cell and cell-matrix interactions. Another characteristic feature of SMAPs is their lack
of a surrounding phospholipid membrane (Bissinger et al. 2020). Two years later, Chang et al. (2022)
demonstrated that SMAPs are contained in organelles bearing multiple dense cores that show
heterogeneity in size and appearance. Hence, these organelles are referred to as multicore granules
(MCGs) and have a size of 364 + 12 nm. These organelles are present in mouse and human CTLs as well
as in NK cells (Chang et al. 2022; Ambrose et al. 2020). In addition to the presence of multiple dense
core particles corresponding to SMAPs, MCGs also contain particles with lower electron density.
Proteomic analysis revealed the presence of exosome-related markers, suggesting that SMAPs and
exosomes coexist within MCGs. Fusion of MCGs from mouse CTLs releases intact SMAPs containing
GzmB and TSP-1. Moreover, the presence of vesicle-associated membrane protein 2 (VAMP2) on the
surface of MCGs indicates that their fusion, similar to SCGs, is soluble N-ethylmaleimide-sensitive
factor attachment protein receptor (SNARE) dependent. Whether the fusion of MCGs is restricted to
the synaptic area is unknown. It is unlikely that SCGs and MCGs are generated via similar pathways,
as proteomic analysis shows differences in protein contents with SCGs being enriched in lysosomal

proteins and MCGs in endosomal trafficking proteins (Chang et al. 2022).

1.1.4.3 Lytic granules content

The first important cytolytic protein contained in lytic granules is perforin. It is synthesized as a 70-
KDa protein precursor in the endoplasmic reticulum (ER). Perforin is then transported to the lytic
granule via the Golgi apparatus. Within the ER and Golgi, the C-terminal end of perforin undergoes
extensive N-glycosylation, preventing perforin oligomerization and activity within these organelles
(Brennan et al. 2011). Perforin is inactive in the acidic environment of the lytic granule. Upon reaching

CGs, cathepsin L cleaves 12-20 amino acids from the C-terminus of perforin, exposing a C2
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phospholipid-binding domain (Konjar et al. 2010; Uellner et al. 1997). This exposure enables perforin
to bind to lipids in a calcium-dependent manner, facilitating its pore-forming cytolytic activity. In CGs,
perforin is maintained as a monomer in a complex with serglycin, which inhibits its activity.
Furthermore, since perforin activity is dependent on calcium, the presence of acidic pH as well as the
calcium-binding protein (calreticulin) in CGs inhibit the activity of perforin (Voskoboinik, Smyth, and
Trapani 2006; Fraser et al. 2000).

The other important cytolytic proteins in CGs are the granzymes, which belong to the family of serine
proteases. In mouse CTLs, eight granzymes have been identified (A, B, C, D, E, F, G, and H), with GzmB
being the best characterized. Like perforin, granzymes are produced as inactive precursors containing
an inhibitory dipeptide (Jenne and Tschopp 1988; Aubert et al. 2024). Due to a signal peptide, they
are directed to the ER from where they are sorted to the trans-Golgi network (TGN), where they
acquire the mannose-6-phosphate (M6P) moiety. Granzymes are subsequently transported to the late
endosomes and CGs via the M6P receptor (MPR) (Griffiths and Isaaz 1993). Within the CGs, cathepsins
remove the inhibitory dipeptide, leading to the maturation of granzymes into their active form (Meade
et al. 2006; D'Angelo et al. 2010; Smyth, McGuire, and Thia 1995). However, the acidic environment
and the sequestration of granzymes by serglycin maintain granzymes in an inactive state until they are
released to exert their cytolytic function (Chowdhury and Lieberman 2008).

Upon CTL activation, the fusion of the CG with the plasma membrane results in neutralization of the
pH. This increase in pH facilitates the dissociation of perforin from serglycin, allowing perforin to bind
to calcium and initiate its polymerization. Perforin then forms pores in the target cell membrane
allowing the direct entry of GzmB to the target cells. Alternatively, both perforin and GzmB can be
internalized by the target cell, after which perforin initiates pore formation, releasing GzmB into the

cytosol of the target cell (Voskoboinik, Whisstock, and Trapani 2015).

1.1.4.4 Lytic granules fusion and degranulation are mediated by SNARE proteins

CGs have specialized machinery to enable their regulated secretion, a feature that differentiates them
from conventional lysosomes. CTL activation and the formation of an IS between the CTL and the
target cell initiates a cascade of events that results in the docking, priming, and fusion of CGs. These
events are orchestrated by the SNARE complexes. The SNARE complex, a 76 KDa assembly, is
responsible for almost all fusion events, including the intracellular trafficking and fusion of Golgi
transport vesicles (Block et al. 1988; Weidman et al. 1989). Eventually, it was demonstrated that
SNARE proteins are the primary machinery for vesicle fusion at synaptic release sites in neurons
(Sollner, Whiteheart, et al. 1993). SNAREs are classified into two categories based on their membrane

localization: vesicular membrane-associated proteins (v-SNAREs) and plasma membrane-associated
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proteins (t-SNAREs). All SNARE proteins share a conserved SNARE motif, a 60-amino-acid stretch
arranged in heptad repeats (Sutton et al. 1998). For regulated exocytosis, the v-SNARE
synaptobrevin 2 (VAMP2) in mice (Matti et al. 2013) and synaptobrevin 7 (VAMP7) in humans
(Chitirala et al. 2019) contain one SNARE motif and are anchored to the plasma membrane through
their helical transmembrane domain (TMD) located at their carboxyl terminus. Similarly, the t-SNARE
syntaxin 11, harbors one SNARE motif but is anchored to the cytoplasmic membrane through lipid
modifications, its N-terminal extension forms a three-helical bundle (Habc domain), which interacts
with the Munc18-2 protein upstream of the SNARE assembly domain (Tang, Low, and Hong 1998;
Prekeris, Klumperman, and Scheller 2000; Miiller et al. 2014). The other t-SNARE, known as
synaptosomal-associated protein 23 (SNAP 23), contains two SNARE motifs but lacks a TMD. However,
SNAP 23 binds to the inner leaflet of the plasma membrane through its palmitoylated linker sequence
(Ravichandran, Chawla, and Roche 1996). On their own, SNARE proteins do not perform any function
but as a ternary complex (one v-SNARE, one Syntaxin 11, and one SNAP23) they mediate the CG fusion
with the plasma membrane. This process is analogous to the mechanism described by Séllner,

Bennett, et al. (1993) and Séllner, Whiteheart, et al. (1993) for intracellular vesicle trafficking.

CG docking. Following MTOC polymerization and the movement of the CGs toward the IS, the CGs
dock at the plasma membrane of the CTL in preparation for fusion (Figure 3). This process can occur
via two pathways. The first pathway was identified through studies on patients with Griscelli syndrome
type 2 (GS2), characterized by reduced cytotoxicity of CTLs and NK cells. Patients with GS2 have a
biallelic mutation in the gene encoding Rab27a, a member of the Rab family of small GTPases that play
an important role in vesicle traffic and compartmentalization (Ménasché et al. 2000) (Figure 3). In
CTLs, Rab27a knock-down results in the failure of SCG docking to the plasma membrane (Haddad et
al. 2001). Rab27a interacts with synaptotagmin-like proteins (SLP1 and SLP2). SLP proteins have a
phospholipid-binding domain that integrates into the plasma membrane and an N-terminal SLP
homology domain that binds to the switch Il region of Rab27a, facilitating the tethering of Rab27a to
the plasma membrane (Holt et al. 2008; Fukuda 2013; Kurowska et al. 2012). The second docking
strategy involves Munc18-2 and syntaxin 11 (Figure 3). Although the exact role of this pair is not fully
understood, it is believed that they aid in initiating the assembly of the SNARE complex. This complex
is essential for the fusion of CGs with the plasma membrane, leading to the release of cytolytic

proteins (Becherer and Rettig 2006).

CG priming. Once the CGs are tethered to the plasma membrane they must become

fusion-competent, a process known as priming. Only primed CGs can fuse with the plasma membrane,
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hence this step regulates the number of fusing CGs per cell. Priming is mediated by the Munc13 family
of proteins which consists of four members, Munc13-1 to 4, with Munc13-1 being the priming factor
of synaptic vesicles in brain and neuroendocrine glands (Feldmann et al. 2003; Wang et al. 2019).
Similar to the other Munc13 family members, Munc13-4 has two C2 domains and the Munc homology
domains (MHD) however, it differs from the other family members by not having the N-terminal
diacylglycerol-binding C1 domain (Neeft et al. 2005). Patients with Munc13-4 gene mutations develop
familial hemophagocytic lymphohistiocytosis type 3 (FHL3) which is characterized by a severe loss in
CTL and NK cell-killing efficiency. Munc13-4 appears to be required for priming CGs (Feldmann et al.
2003). Mouse CTLs express only two isoforms of the Munc13 family, Munc13-1 and Munc13-4, with
Munc13-1 being able to rescue the defective phenotype observed in Munc13-4 KO CTLs. Interestingly,
the knockdown of Munc13-1 further reduced CG fusion at the IS, suggesting a role of Munc13-1 in the
priming of CGs in mouse CTLs (Dudenhoffer-Pfeifer et al. 2013). Priming of CGs is initiated with the
formation of the trans SNARE-complex, that allows the positioning of the vesicle near the plasma
membrane. This is facilitated by Munc13-4 and Munc18-2, which are responsible for the assembly of
the SNARE complex in a calcium-dependent manner (Figure 3) (Wang et al. 2019; Meunier and Hu
2023). Munc13-4 interacts with syntaxin 11 but whether it is responsible for opening the conformation

of syntaxin 11 is not yet known (Wang et al. 2020).

CG fusion. CGs that are rendered fusion-competent by the priming step, are ready to fuse with the
plasma membrane. The fusion of CGs is initiated by the formation of a SNARE complex that consists
of syntaxin 11 and SNAP 23 as the t-SNAREs and VAMP2 as the v-SNARE in murine CTLs (Halimani et
al. 2014; Bryceson et al. 2007; Matti et al. 2013). This results in the formation of a coiled-coil structure
that is highly stable and resistant to high temperatures. Upon an increase in the calcium concentration,
the SNARE complex then drives both membranes together and results in the fusion of the CGs with
the plasma membrane (Figure 3). Once exocytosis takes place, the SNARE complex is disassembled in
an ATP-dependent way through the action of the a—soluble N-ethylmaleimide—sensitive factor
attachment protein (a-SNAP) and the N ethylmaleimide—sensitive factor (NSF) (Huang et al. 2019).
This renders the SNARE proteins available for another round of secretion which is extremely important

in serial killing exerted by CTLs.
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Figure 3: Molecular processes involved in cytotoxic granule journey from docking to recycling.

Synapse assembly is initiated with the fission of recycling endosomes (RE) from early endosomes (EE). The RE
then transports in a VAMP8-dependent manner to the synapse, where it fuses with the plasma membrane,
delivering essential SNARE proteins needed for single core granule (SCG) docking, priming, and fusion. SCGs
mature through interactions with lysosomes and late endosomes before docking at the plasma membrane. They
are then primed by Munc13-4, leading to the formation of the SNARE complex, which enables SCGs to fuse with
the plasma membrane and release their cytotoxic proteins, granzyme B and perforin. Following this, SNARE
proteins are recycled via clathrin-dependent endocytosis, and the resulting RE fuses with the EE to prepare for
another round of SCG synthesis. Figure inspired by (Rettig and Stevens 2017).

1.2 Killing pathways

1.2.1 Fast killing mechanisms

Cell death is an important mechanism that keeps the homeostasis of the body. Understanding the
mechanisms through which CTLs kill their target cells is fundamental. CTLs kill their target cells through
the release of lytic granules containing Prf and GzmB or through the death-receptor mediated Fas/Fas
ligand (FasL) pathway. Both pathways induce the apoptosis of the target cells. GzmB is a serine
protease that preferentially cleaves after aspartic acid residues, initiating apoptosis by cleaving various
intracellular substrates. Key targets include effector caspases like caspase-3 and caspase-7 (Darmon,
Nicholson, and Bleackley 1995; Metkar et al. 2003; Andrade et al. 1998). Additionally, GzmB is capable
of cleaving the BH3-only protein Bid in target cells, producing a truncated t-Bid form (Pardo et al. 2008;
Thomas et al. 2001), and the Bcl-2 protein Mcl-1, which triggers the release of the pro-apoptotic
protein Bim (Catalan et al. 2015; Han et al. 2004). Both pathways induce mitochondrial outer
membrane permeabilization (MOMP), leading to the release of cytochrome c and other pro-apoptotic

factors, such as SMAC/Diablo. This process facilitates apoptosome formation and the complete
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activation of caspase-3 and caspase-7, ultimately driving apoptosis (Alimonti et al. 2001; Voskoboinik,
Whisstock, and Trapani 2015; Afonina, Cullen, and Martin 2010). Besides inducing apoptosis, GzmB
can also directly cleave and activate gasdermin E (GSDME) independently of caspases, triggering
caspase-independent pyroptosis (Zhang et al. 2020; Liu et al. 2020). Pyroptosis is an inflammatory
form of cell death that is controlled by the gasdermin (GSDM) family. Cleaved GSDMs form
transmembrane pores that facilitate the release of IL-1 family of cytokines and disrupt intracellular
ion balance, resulting in cell death (Broz, Pelegrin, and Shao 2020). The GSDM family has various
members, all activated by caspase-mediated cleavage. Traditionally, activation of GSDMs was linked
to inflammatory caspases such as caspase-1, -4, or -5. However, recent findings have revealed that
other caspases, including caspase-3 and -8, can also activate various GSDMs in tumor cells that express
these proteins. Moreover, it has been demonstrated that during GzmB-mediated cell death, caspase-
3 is activated, which then cleaves GSDMs and triggers pyroptosis, thereby linking the GzmB pathway

to pyroptotic cell death (Liu et al. 2020).

1.2.2 Slower killing mechanisms

Another well-characterized mechanism utilized by CTLs to kill their target cells is through the induction
of death receptor-mediated apoptosis via the Fas/FasL pathway. CTLs express FasL which induces the
apoptosis of target cells expressing the Fas receptor. Fas and FasL are transmembrane proteins that
belong to the tumor necrosis factor (TNF) superfamily. The expression of FasL is upregulated upon CTL
activation and the degranulation of FasL-positive organelles is calcium-independent. The activation of
the FAS receptor leads to the recruitment of the adaptor protein FAS-associated death domain (FADD)
to the receptor's cytosolic death domain (DD) through homotypic interactions. Subsequently, the
death effector domain (DED) in FADD recruits FLIP, procaspase-8, and RIP1, forming a death-inducing
signaling complex (DISC) (Walczak and Sprick 2001; Yang et al. 2024). Within the DISC, procaspase-8
molecules are brought into proximity, leading to autocatalytic cleavage and stabilization of caspase-8
in its active form. This active caspase-8 then activates downstream effector caspases in the cytosol,
such as caspase-3 and caspase-7. In certain cases, stimulation of death receptors by itself is inadequate
to trigger apoptosis through the direct cleavage of caspase-3. In these instances, the activation of Bid
by caspase-8 and subsequent engagement of the mitochondrial apoptotic pathway become essential,
similar to the process described for GzmB (Scaffidi et al. 1998; Walczak and Sprick 2001).

CTLs contain intracellular pools of prestored FasL in lysosome-related organelles, however, they do
not colocalize with Prf and GzmB-containing organelles (He and Ostergaard 2007). In fact, studies have
shown that Fasl is targeted into multivesicular bodies (MVBs). MVBs are late endosomes and have a

size of 600-800 nm. They belong to the endocytic pathway and carry out numerous functions (Hanson
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and Cashikar 2012). MVBs were thought to be pre-degradative compartments that carry out waste
disposal functions but it is now known that they are also important in signal transduction (Trams et al.
1981). As is the case for SCGs and MCGs, regulated exocytosis controls the fusion of MVBs with the
plasma membrane. This regulated exocytosis is also thought to be driven by the SNARE machinery.
The SNARE proteins VAMP7, YKT6192, and SNAP23 have been identified as key mediators in the fusion
of MVBs in K562, HEK293, and Hela cells, respectively (Figure 4). However, the exact proteins that
play a role in MVB fusion in CTLs are yet to be determined (Fader et al. 2009a; Gross et al. 2012;
Verweij et al. 2018).

1.3  Extracellular vesicles

Extracellular vesicles (EVs) constitute a diverse population of membrane-bound vesicles released by
nearly all cell types. Based on their subcellular origin, EVs can be divided into three subclasses
consisting of exosomes, microvesicles, and apoptotic bodies. Exosomes are smaller EVs with a size
range of 30-150 nm in diameter that are formed as intraluminal vesicles (ILVs) contained inside MVBs
and are released following the fusion of MVBs with the plasma membrane (Figure 4) (Raposo and
Stoorvogel 2013). Microvesicles are the larger EVs (100-1000 nm) and are generated by the outer
budding of the plasma membrane (Tricarico, Clancy, and D'Souza-Schorey 2017) (Figure 4). Apoptotic
bodies are the largest in size in this family (2-5 um) and are released as blebs from cells undergoing
apoptosis. Despite this classification, there is still a gray area of overlap between the different
members of the EV family. To further complicate the scenario, different vesicular subpopulations
within the subclasses of EVs exist (Hromada et al. 2017; Mathieu et al. 2021). The field of extracellular
vesicles is expanding rapidly, and in the past two decades, it gathered a lot of recognition due to the
importance of EVs in intercellular communication and many additional functions carried out by the
different members of this family. It is important to note that the Minimal Information for Studies of
Extracellular Vesicles (MISEV) update frequently their guidelines, and the term “EV” is preferably used
until the origin of the studied vesicles is determined (Welsh et al. 2024).

For clarity, this thesis focuses on the smaller subset of EVs that are contained in MVBs and MCGs and
released upon the fusion of these organelles with the plasma membrane, hence the term exosome

will be used.

I.3.1 The history of exosomes
The history of exosomes dates to the 1960’s where researchers observed membrane-bound particles
in extracellular fluids. These particles were considered cellular debris carrying waste out of the cells.

In 1981, Trams et al. were the first to convince reviewers that these particles are neither artifacts nor
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sewage carriers and they referred to them as “exosomes”. Their landmark paper showed for the first
time that exosomes can be secreted by a wide variety of cell types (Trams et al. 1981). Two years later,
two seminal papers, which were published a week apart by Harding and Stahl (1983) and Pan and
Johnstone (1983), demonstrated that exosomes were involved in the selective removal of transferrin
receptors from maturing reticulocytes. In their pioneering study, Harding and Stahl (1983) further
characterized exosomes, showing these vesicles were in MVBs and hence they named these organelles
multivesicular endosomes (MVE). This was in fact the first study that demonstrated the mechanism
through which exosomes are released from the cells. In the 1990s, research uncovered the broader
biological significance of exosomes, with Raposo et al. (1996) discovering that B lymphocytes secrete
exosomes bearing MHC Il molecules and could activate T-cell responses. Zitvogel et al. (1998) also
showed that DCs secrete exosomes that could induce antitumor immune responses, highlighting their
potential in cancer immunotherapy. The 2000s saw a rapid expansion in exosome research, driven by
advances in molecular biology and proteomics. Valadi et al. (2007) identified that exosomes carry
mMRNA and miRNA molecules. Théry et al. (2006) provided a comprehensive overview of their
molecular composition, establishing standardized methods for their isolation and characterization.
Since then, numerous studies have been conducted to explore the nature of exosomes in depth,
investigating the lipidomic and proteomic content of EVs. In recent years, the focus has shifted to
clinical and therapeutic potential, with studies exploring exosomes as diagnostic biomarkers and
evaluating exosome-based therapies. Ongoing research continues to unravel their complex biology,

promising to transform our understanding of cellular communication and disease treatment.

I.3.2 Biogenesis of exosomes

Exosome biogenesis is intricately linked to the endosomal pathway. Cells use endocytosis to
internalize various proteins and molecules; these internalized vesicles fuse with the early endosome.
ILVs are formed by the inward invagination of the endosomal membrane upon early endosomes'
maturation into late endosomes. Exosome biogenesis is a highly organized process and is controlled
by the Endosomal Sorting Complexes Required for Transport (ESCRT). The ESCRT consists of four
multiprotein subcomplexes (ESCRT-O, -1, -Il, -1ll) in addition to the accessory proteins such as VPS4 and
ALG-2 interacting protein X (ALIX). ESCRT-O and -l recognize and recruit ubiquitinylated proteins to
the endosomal membrane, causing the clustering and clathrin-mediated coating of cargo proteins,
which induces deformation of the endosomal membrane. ESCRT-II interacts with ESCRT-0 and -l and
recruits ESCRT-IIl that together with VPS4 are responsible for membrane budding and vesicle scission.
VPS4 is an ATPase responsible for dissociating and recycling the ESCRT components (Hurley 2008;

Tamai et al. 2010). In fact, ESCRT proteins are not always necessary for exosome biogenesis, as ILVs
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were still formed upon silencing key parts of all four ESCRT proteins (Stuffers et al. 2009). Other
elements, like tetraspanins (e.g. CD9, CD82, Tspan8, CD63), and the lysosome-related protein SIMPLE,
are involved in ESCRT-independent exosome release (Nazarenko et al. 2010; Chairoungdua et al. 2010;
Zhu et al. 2013; Hurwitz et al. 2016). Lipids also play a vital role in vesicle formation and transport,
influencing membrane curvature, invagination, fission, and fusion (McMahon and Boucrot 2015). For
example, inhibiting the enzyme sphingomyelinase 2 (nSMase2) reduces exosome release, likely due
to reduced number of ceramide microdomains, which are crucial for membrane budding (Trajkovic et
al. 2008). Other lipid-modifying enzymes, such as phospholipase D2 (PLD2) and diacylglycerol kinase
o (DGKa), also help regulate ILV formation in exosome biogenesis (Ghossoub et al. 2014; Alonso et al.
2011). The transformation of endosomes into MVBs depends on these various components, which
may work alone or together, based on the cell type and its environment (Maas, Breakefield, and

Weaver 2017).
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Figure 4: Extracellular vesicle biogenesis.

Microvesicles are the larger extracellular vesicles that bud from the plasma membrane. However, the biogenesis
of the smaller extracellular vesicles, known as exosomes, is more intricate and occurs through the endosomal
pathway. This process occurs in an ESCRT-dependent or independent pathway and starts with the inward
invagination of the endosomal membrane forming the early sorting endosome. The latter undergoes maturation
into a multivesicular body containing intraluminal vesicles. The formed MVBs could either be directed to
lysosomes for degradation or fuse with the plasma membrane releasing exosomes into the surrounding
environment. The docking and fusion of the MVBs are controlled by SNARE proteins. MVB: multivesicular body,
ILV: intraluminal vesicles. Figure inspired by (van Niel, D'Angelo, and Raposo 2018).

1.3.3 Markers of exosomes

Exosome cargoes differ from one cell type to another since they are highly affected by the pathological
and physiological state of the secreting cell. However, some common cargoes have been identified

that are found across all exosomes. Exosomes have a characteristic lipid bilayer with a higher
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concentration of phosphatidylserine on the outer leaflet, potentially enhancing their uptake by
recipient cells (Fitzner et al. 2011). Among the abundant lipids in exosomes are phospholipids,
sphingomyelin, ganglioside GM3, and cholesterol (Choi et al. 2013). The lipid bilayer of exosomes
encloses a variety of cargoes including proteins, small peptides, DNA, and RNA (Figure 5). Since
exosome biogenesis is dependent on the ESCRT proteins, these proteins, along with the accessory
proteins such as TSG101, ALIX, HSP70, and HSP90, are commonly found in all exosomes (Théry et al.
2001). Exosomes are also enriched in membrane-associated proteins known as tetraspanins. These
are transmembrane proteins that span the membrane four times and are present on nearly all
exosomes making them the most dependable exosome markers. The tetraspanins family includes
CD63, CD81, and CD9 (Figure 5), which are often used to visualize the release of exosomes from MVBs
in real-time (Verweij et al. 2018). The tetraspanins are usually more abundant in exosomes compared
to the cell lysate. Exosomes are also enriched in integrins, flotillin, cytoskeletal proteins, and annexins.

All mentioned proteins are used to identify the isolated vesicles as exosomes (Deng and Miller 2019).
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Figure 5: Exosome markers.

Exosomes are characterized by having a lipid bilayer enriched in phosphatidyl serine and ceramides. They
contain several transmembrane proteins that belong to the family of tetraspanins such as CD63, CD81, and CD9,
as well as integral membrane proteins. Their lipid bilayer engulfs several soluble proteins that are important for
the biogenesis of exosomes such as ALIX and TSG101, and nucleic acid that could aid in the function of exosomes.
Figure inspired by (Kalluri and LeBleu 2020).

1.3.4 Immune cell derived exosomes

The study of exosomes derived from immune cells began to gain significant attention in the late 1990s
and early 2000s. The pioneering research in this field starts with the work of Raposo et al. (1996) which
demonstrated that B lymphocytes release exosomes carrying MHC Il molecules that can induce
antigen-specific T-cell responses. Simultaneously, exosomes derived from DCs can activate CD8* T cells
and this activation is more efficient when the exosomes are derived from mature DCs in comparison

to immature ones even though immature DCs secrete more exosomes than do mature DCs (Admyre
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et al. 2006). This immunogenic effect was also observed in vivo where the injection of mice having
tumors with DC-derived exosomes bearing tumor peptide in complex with MHC class | resulted in
tumor rejection (Zitvogel et al. 1998). Consistent with earlier findings, exosomes containing dsDNA or
viral RNA can initiate immune responses. Even though exosomes can travel between cells over long
distances, the IS formed between CD8* cytotoxic T cells and infected or tumor cells (Peters et al. 1989),
as well as between T cells and APCs (Mittelbrunn and Sanchez-Madrid 2012), offers a specialized
platform for the effective transfer of exosomes. As these synapses form, intercellular compartments
containing vesicles are directed toward the target cells, ensuring that exosome release is confined to
the synaptic cleft. This targeted transfer mechanism enhances the efficiency and specificity of EV-
mediated communication. For instance, when T cells interact with DCs, they release exosomes that
carry genomic and mitochondrial DNA back to the DCs. This interaction enhances antiviral responses
resulting in the amplification of the activity of APCs, preparing them to respond more effectively upon
re-exposure to identical or closely related pathogens (Torralba et al. 2018). Contrary to their role in
activating other immune cells, exosomes derived from regulatory T cells (Tregs) express CD73 that
further contributes to the immunosuppressive activity of Tregs (Smyth et al. 2013). Additionally, Tregs-
derived exosomes carry miRNA that induces increased secretion of IL-10 by DCs which may have a role
in preventing autoimmunity. Very interestingly, several studies have focused on the role of exosomes
in graft rejection. Studies have demonstrated that transplanted grafts carry exosomes containing the
donor's foreign antigens that migrate to the recipient’s secondary lymphoid organs and trigger an
immune rejection (Prunevieille et al. 2021; Liu et al. 2016; Morelli, Bracamonte-Baran, and Burlingham
2017). In addition to their importance in modulating the immune response, several clinical studies
have investigated the role of exosomes in antitumoral therapy. Notably, a study involving non-small
cell lung cancer patients revealed a systemic immune response rather than antigen-specific immunity
when using DC-derived exosomes pulsed with various tumor peptides, resulting in increased natural
killer (NK) cell lytic activity (Morse et al. 2005). Additionally, in 2008, advanced colorectal cancer
patients received treatment with ascites-derived exosomes, either alone or in combination with
granulocyte-macrophage colony-stimulating factor (GM-CSF). The combination therapy elicited a
tumor antigen-specific cytotoxic T-cell response in two patients, with both DC-derived exosome
therapies considered safe and well-tolerated. Similarly, NK cells-derived exosomes contain cytotoxic
proteins such as Prf and GzmB and have antitumor effects against hepatocellular carcinoma (HCC),

neuroblastoma, and pancreatic cancer (Kim et al. 2022; Neviani et al. 2019).
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1.4 Rationale and aims of the project

Exosomes are diverse, heterogeneous nanoparticles involved in a variety of biological processes, with
their function and cargo depending on the status and type of the cell of origin. Exosomes are released
by virtually all cell types under both physiological conditions and stress. They are contained within
multivesicular bodies (MVBs) and are secreted upon MVB fusion with the plasma membrane. In
CD8" cytotoxic T lymphocytes (CTLs), two distinct organelles—MVBs and multicore granules (MCGs)—
have been found to contain exosomes, prompting interest in characterizing these CTL-derived
exosomes. Therefore, this study aims to investigate the differences between exosomes derived from
MVBs and MCGs. Specifically, this study seeks to determine whether exosome release occurs in a
coordinated, organelle-specific manner at the immune synapse or whether their release is more
general throughout the cell. We aim to characterize the fusion dynamics of MVBs and MCGs and
determine if they differ from that of SCG (single core granules). This will involve examining the role of
SNARE proteins and tetraspanins in MVB and MCG exosome populations, as well as testing if their
fusion is dependent on MUNC13-4, a key priming factor for lytic granule fusion in CTLs. Furthermore,
we aim to classify exosomes into subpopulations based on surface markers (CD81, CD63) and assess
their cytotoxic potential, evaluating whether CTLs utilize exosomes as an additional mechanism to
induce target cell apoptosis. Ultimately, this research aims to shed light on the functional

heterogeneity of CTL-derived exosomes and their potential role in immune responses.
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Il. Materials and methods
1.1 Materials

11.L1.1 Chemicals

Materials and Methods

Product Company Catalogue
number
Acryloyl-X Thermo Fisher Scientific A-20770
Agarose Carl Roth 5210.3
AIM V™ Medium, liquid Gibco 12055-091
Ammonium chloride (NH4CI) Merck Millipore 12125-02-9
Bovine serum albumin (BSA) Sigma-Aldrich A4503
Calcium chloride (CaCl,) Merck Millipore 10043-52-4
cOmplete Mini, EDTA- free Protease Inhibitor Cockta Merck Millipore 11836170001
il Tablets
Coomassie Brilliant Blue G250 Serva 17524.01
Deoxycholate Merck Millipore 83-44-3
Dimethyl sulfoxide (DMSO) Sigma-Aldrich D8418
Dithiothreitol (DTT) Merck Millipore 3483-12-3
Dulbecco’s Phosphate Buffered Saline (DPBS) Thermo Fisher Scientific 14190014
E64 Protease Inhibitor Merck Millipore E3132
Ethanol (99%) Carl Roth 5054.1
Ethidium bromide (EtBr) Carl Roth 2218.2
Ethylenediamine tetra acetic acid disodium salt Sigma-Aldrich E6635
(EDTA)
GeneRuler 1kb DNA Ladder Thermo Fisher Scientific SM0311
Gibco™ Opti-MEM™ | Reduced Serum Medium, Gibco 12559099

GlutaMAX™ Supplement
Glucose

Glutamax

Glycine

HEPES

HPLC water

Hydrochloric acid (HCI)
Isopropanol

Kanamycin

Merck Millipore
Thermo Fisher Scientific
Carl Roth

Thermo Fisher Scientific
Thermo Fisher Scientific
Merck Millipore

Roth

Sigma-Aldrich

1.08342.1000
35050061
56406
15630080
11307090
H9892
AE73.1
K-1377
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L-Glutamine 200 mM
Magnesium chloride (MgCl,)
Methanol

MilliporeSigma™  Calbiochem™
Reagent

Mouse recombinant interleukin-2 (l-2)
N,N,N’,N’-tetramethylene-1,2-diamine (TEMED)
N,N-methylene bisacrylamide (DMAA)
NHS-ester fluorescein

NuPAGE LDS Sample Buffer 4x

NuPAGE MOPS SDS Running Buffer 20x
NuPAGE Transfer Buffer 20x

Oxoid™ Skimmed Milk Powder

PAGE ruler Prestained Protein Ladder
Paraformaldehyde (PFA)

Pefabloc SC

Penicillin/Streptomycin (10000 U/mL, 10 mg/mL)
Pepstatin A

pfu-Polymerase

Phusion High-Fidelity DNA polymerase
Pierce 660 nm protein assay
Poly-L-Ornithine

Ponceau S Solution 0.1%

Potassium bicarbonate (KHCO3)

Potassium chloride

Potassium persulfate (KPS)

Quick Start Bradford Protein Assay

Restore Western Blot Stripping Buffer

RPMI 1640 medium

Sigma H,0

Sodium acrylate

Sodium bicarbonate (NaHCOs)

Sodium chloride (NaCl)

Sodium dodecyl sulfate

Mowiol™ 4-88

Gibco
Merck Millipore
Roth

Thermo Fisher Scientific

Thermo Fisher Scientific
Merck Millipore

Merck Millipore
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Merck Millipore

Merck Millipore

Gibco

Merck Millipore
Fermentas

Thermo Fisher Scientific
Thermo Fisher Scientific
Merck Millipore
Sigma-Aldrich

Merck Millipore

Merck Millipore

Merck Millipore
Bio-Rad

Thermo Fisher Scientific
Gibco

Sigma-Aldrich

Merck Millipore

Merck Millipore

Merck Millipore

Carl Roth

25030-024
M1028
HN41.1
475904

10662264
T9281
274135
46410
NPOOO7
NPOOO1
NP00061
LPO033B
26616
158127
76307
15140122
10253286001
EPO501
F530L
22660
P4957
P7170
298-14-6
1049360500
216224
5000202
21059
21875-034
W4502-1|
408220
144-55-8
1064040500
2326.2
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Sodium hydroxide (NaOH) Merck Millipore 1310-73-2
Sodium Pyruvate Thermo Fisher Scientific 11530396
Spectra Multicolor Broad Range Protein Ladder Thermo Fisher Scientific 26634
Sucrose Merck Millipore 573113
Super Signal West Dura Extended Duration Substrate Thermo Fisher Scientific 34075
Thermo Fisher Scientific Thermo Fisher Scientific A4736401
Tris Carl Roth 5429.1
Tris-hydrochloride Carl Roth 9090.3
Triton X-100 Sigma-Aldrich T8787
Trypan blue solution Sigma-Aldrich 93595
Tryptone/Peptone Carl Roth 8952.3
Tween 20 Carl Roth 2727.1
B-Mercaptoethanol Carl Roth 4227.3
1.L1.2 Commercial kits
Kit Company Catalogue
number
Dynabeads™ FlowComp™ Mouse CDS8 Kit Thermo Fisher Scientific 11462D
Dynabeads™ Mouse T-Activator CD3/CD28 Thermo Fisher Scientific 11453D
Nucleofector kit for mouse T cells Lonza VPA-1006
NuPAGE™ 10% Bis-Tris Protein Gels, 1.0 mm, 10-well Thermo Fisher Scientific NP0301BOX
NuPAGE™ 4- 12% Bis- Tris Protein Gels, 1.0 mm, 10-  Thermo Fisher Scientific NP0321BOX
well
NuPAGE™ 4- 12% Bis- Tris Protein Gels, 1.0 mm, 15-  Thermo Fisher Scientific NP0323BOX
well
Vybrant FAM caspase 3 and 7 assay kit Thermo Fisher Scientific V35118
11.1.3 Commercial Antibodies
Primary Manufacturer Immunogen/ Host Dilution Applica
Antibody anti- (Catalogue no.) clone tion
ol Na+/K+ Abcam 464.4 Mouse 1:1000 WB
ATPase (ab7671)
ALIX Biolegend 3A9 Mouse 1:500 WB
(634502)
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ARF6

CD3e

CD63

CD63

CD81

CD81

CD82

RPS10

T5G101

Actin

a-Tubulin

Granzyme B-

Alexa Fluor 647

Granzyme B

Granzyme B

LBPA

VAMP 2

VAMP 7

Abcam
(ab226389)

BD Pharmingen
(553058)
Abcam
(ab217345)
Abcam

(ab59479)

Novus biologicals (NB100-

65805)

Cell signaling technology

(10037)
Proteintech
(10248- 1- AP)
Abcam
(ab151550)
Sigma-Aldrich
(SAB2702167)
Santa cruz
(sc47778)
Abcam
(ab125267)
Biolegend
(515406)

Cell signaling technology

(42755)

Thermo Fisher Scientific

(MA1-80734)
Merck Millipore
(MABT837)
Synaptic systems
(104211C3)
Synaptic systems

(232011)

polyclonal

145-2C11

EPR21151

1563

1D6

D502Q

polyclonal

EPR8545

4A10

C-4

polyclonal

GB11

Total Granzyme B

GB11

6C4

69.1

158.2

Rabbit

Hamster

Rabbit

Mouse

Mouse

Rabbit

Rabbit

Rabbit

mouse

Mouse

Rabbit

Rabbit

Rabbit

Rabbit

Mouse

Mouse

Mouse

1:1000

1:25

1:1000

1:200

1:200

1:200

1:1000

1:200

1:10000

1:500

1:5000

1:5000

1:200

1:5000

1:100

1:200

1:200

1:200

WB

Glass

coating

WB

ICC

ICC

ICC

WB

ICC

WB

WB

WB

WB

ICC

WB

ICC

ICC

ICC

ICC
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VAMP 7 Novus Biologicals polyclonal Rabbit 1:8000 WB
(2-32232)

Secondary Manufacturer Immunogen Host Dilution Applica

antibody (Catalogue no.) tion

Fab 1gG Rockland Mouse Goat 1:50 ICC
(810-1102)

Abberior STAR Abberior Mouse Goat 1:500 ICC

635P (ST635P-1001)

Cy3 Thermo Fisher Scientific Rabbit Goat 1:500 ICC
(10534804)

Alexa Fluor 488  Thermo Fisher Scientific Rabbit IgG (H+L) Goat 1:1000 ICC
(A11034)

Alexa Fluor 488  Thermo Fisher Scientific Mouse IgG (H+L) Goat 1:1000 ICC
(A-11029)

Alexa Fluor 647 Thermo Fisher Scientific Mouse IgG (H+L)  Goat 1:1000 ICC
(A21235)

Alexa Fluor 647  Thermo Fisher Scientific Rabbit IgG (H+L) Goat 1:1000 ICC
(A21245)

Alexa Fluor 568 Thermo Fisher Scientific Rabbit IgG (H+L) Goat 1:1000 ICC
(A11011)

HRP-conjugated Sigma Aldrich Rabbit 1gG (H+L) Goat 1:1000 WB
(AP307P)

HRP-conjugated Thermo Fisher Scientific Mouse IgG (H+L)  Goat 1:1000 WB

(32430)

11.L1.4 Media and Solutions

Media

Components

Erythrocyte lysis buffer (pH=7.3)

155 mM NH,Cl
10 mM KHCOs
0.13 mM EDTA
100 ml H,0

pH 7.4

AIM-V

10% FCS

50 uM B-Mercaptoethanol
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Isolation buffer 0.1% BSA
2 mM EDTA
500 ml D-PBS
RPMI 10 mM HEPES

50 uM B-Mercaptoethanol
0.5% Pen/Strep
10% FCS

Electroporation recovery medium

10% FCS

10 mM HEPES

1% DMSO

1 mM sodium pyruvate

9 ml OptiMEM-GlutaMAX

Nominal calcium extracellular buffer

3 mM MgCl,

5 mM HEPES

4.5 mM KCl

155 mM NaCl

osmolarity = 300-310 mOsm/|
pH 7.4

High calcium extracellular buffer

10 mM CaCl,

2 mM MgCl;

140 mM NaCl

4.5 mM KCl

5 mM HEPES

osmolarity = 300-310 mOsm/|
pH 7.4

HSA/HBS buffer

137 mM NacCl

20 mM HEPES

6 mM D-Glucose
5 mM KCl

2 mM MgCl,

1 mM CaCl,

0.7 mM Na;HPO4
25x HAS

Quenching Solution

50 mM Glycine in 50 ml PBS + MgCl, + CaCl,
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Permeabilization solution

0.1% Triton-X-100 in D-PBS for cells
0.005% Triton-X-100 in D-PBS for organelles
0.001% Triton-X-100 in D-PBS for exosomes

Blocking solution

2% BSA-0.1%-Triton-X-100 in D-PBS for cells
2% BSA-0.005%-Triton-X-100 in D-PBS for organelles
2% BSA-0.001%-Triton-X-100 in D-PBS for exosomes

Lysis buffer (10 ml)

150 mM NacCl

50 mM Tris-Cl (pH=7.5)

1 mM Deoxycholate

1 mM DTT

1 mM EDTA

250 uM PMSF

1% Triton-X-100

1 protease inhibitor tablet

H,0 up to 10 ml

RIPA buffer (10 ml)

150 mM NacCl

50 mM Tris-HCI (pH=7.5)

1 mM EDTA

1% Triton-X-100

0.5% sodium deoxycholate
0.1% SDS

1 complete mini EDTA free protease inhibitor tablet

H,0

10X TBS 150 mM Nacl
50 mM Tris-Cl (pH=7.5)
11H0

1X TBS 100 ml (10X TBS)

950 ml H,0

0.1%-1X TBST

100 ml (10X TBS)
1 ml Tween 20

899 ml H,0

5%-1X TBSTM

5 g non-fat dried milk
100 ml 0.1% TBST
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1X MOPS running buffer

50 ml (20X MOPS)

950 ml H,0

1X Transfer buffer 50 ml (20X Transfer buffer)
950 ml H,0

Disruption buffer 100 mM TRIS

5% Triton-X-100
1% SDS

11H,0

pH 8

Sodium Bicarbonate (100 mM)

8.4007 g NaCHO3
11H,0
pH 8

10% PFA

1gPFA

10 ml sigma H,0

pH 7.4

11.1.5 Consumables
Product Company
6, 12, 24, and 96-well plates Greiner Bio-One
Syringes Hencke Sass Wolf
BD Roundfilter 70 um Becton Dickinson
Amicon Ultra-15 Centrifugal Filter (100,000 NMWL) Merck
Cell Culture Flask (150 cm?) Faust
Cell Culture Flask (75 cm?) Sarstedt
Cell Culture Flask (25 cm?) Sarstedt
Cell Filter Millex-HV 0.45 pm Merck Millipore
Coverslip (12, 13, and 25 mm) Paul Marienfeld
Gel Blotting Papers Thickness 0.4 mm Carl Roth
Glass Pasteur Pipette Carl Roth
Magnetic stirrer IKA
Microscope Slide Carl Roth
Microscope Slide Superfrost Plus Thermo Fisher Scientific
Sterican® Gr.1,G20x11/2"" /90,90 x 40 mm B. Braun

Sterican® Deep-Intramuscular G20x2 3/4"" /9 0,90x 70 mm B. Braun
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Neubauer chamber

Petri Dish (35 mm, 92 mm, 150 mm)
Serological Pipette (10 ml, 25 ml)

Parafilm M laboratory sealing film

Pasteur Pipette (2 ml)

pH indicator paper

Polypropylene Centrifuge Tube 15 and 50 ml
Pipette Tip (20, 200, 1000 pl)

Pipette Filter Tip (10 ul, 20 pl, 200 pl, 1000 ul)

Reaction Tube (0.5 ml, 1.5 ml, 2 ml)

Syringe Filter 25 mm, 0.2 um

Syringe Filter Acrodisc 13 mm, 0.2 um
Syringe Filter Acrodisc 32 mm, 0.2 um
Polypropylene Centrifuge Tube (25 x 89 mm)

Ultraclear Centrifuge Tube (14 x 95 mm)

Brand GmbH
Sarstedt
Sarstedt

Merck Millipore
Brand GmbH
Carl Roth
Greiner Bio-One
Sarstedt
Sarstedt
Sarstedt
Whatman plc
Whatman plc
Whatman plc
Beckman Coulter

Beckman Coulter

11.1.6 Devices

Device Company
Axiovert 200 Microscope Carl Zeiss
Balance BP 1215 Sartorius
Balance BP 4100S Sartorius
Bath Incubator Memmert

BD FACSAria™ llI
Centrifuge 5415 C
Centrifuge 5415 D
Centrifuge 5415 R Fast Cool
Centrifuge 5424

Centrifuge 5702 R
Centrifuge 5804 R
Centrifuge Heraeus Labofuge 400 R
Centrifuge Mini 3-1810
Centrifuge Mini Spin Plus
Centrifuge small

DS-11 FX+ spectrophotometer/Fluorometer

BD biosciences
Eppendorf
Eppendorf
Eppendorf
Eppendorf
Eppendorf
Eppendorf
Thermo Fisher Scientific
Neolab
Eppendorf
Eppendorf

DeNovix Inc
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FluorChem M System

Fridge/Freezer

Glass Potter

Hera Freeze Heraeus -80°C Freezer
Heracell 150i CO; Incubator
Herafreeze HFU B -80°C Freezer
Heraguard™ ECO Clean Air Workbench
Herasafe Cell Culture Hood

KL 1500 Light Source

Master Cycler Gradient

Master Cycler Personal

Microforge

Microwave

MS2 Minishaker

MSC-Advantage Hood

Nucleofector™ 2b machine
peqPower300 Power Supply

pH Meter

Pipettes (2.5 pL, 10 pL, 20 ulL, 200 pL, 1000 pL)
PowerPac300 Basic Power Supply
Protran BA 83 Nitrocellulose Membrane
P-touch 2420 PC

RCT Basic

Rotator

Stimulated Emission Depletion Microscope (four-color STED

QuadScan)

Structured Illumination Microscope SIM
SW 32 Ti Swinging-Bucket Rotor

SW 40 Ti Swinging-Bucket Rotor
Thermocycler peqSTAR

Ultracentrifuge Optima XPN-80
UV-Chamber

UV-Transilluminator

Vortex Mixer 7-2020

ProteinSimple

Liebherr

B. Braun

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Schott

Eppendorf

Eppendorf

World Precision Instruments Inc
Severin

IKA

Thermo Fisher Scientific
Lonza

Peglab

Schott

Eppendorf

Bio-Rad

Thermo Fisher Scientific
Brother Industries

IKA

Neolab

Abberior Instruments

Carl Zeiss

Beckman Coulter
Beckman Coulter
Peqlab

Beckman Coulter
Custom-built

Thermo Fisher Scientific

Neolab
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Wescor Osmometer Kreienbaum
XCell Il Blot Module Thermo Fisher Scientific
XCell SureLock Mini-Cell Electrophoresis System Thermo Fisher Scientific

11.1.7 Software

Software Company

Cellpose Cellpose

CorelDRAW X6 Alludo

Flowlo Flowlo, LLC

Igor Pro, version 6.37 Wavemetrics

Imagel, version 1.51u National Institutes of Health
Imspector, version 16.3.11815-w2224 Abberior Instruments
Office 2016 Microsoft

Python Based Relational Animal Tracking (PyRAT), version 4.2 Scionics Computer Innovation

GmbH
Scaffold Viewer, version 4.8.8 Proteome Software
SigmaPlot, version 14.5 Systat Software
SnapGene Viewer, version 4.0.4 GSL Biotech
VisiView, version 4.4.0.11 Visitron Systems
Zeiss Efficient Navigator (ZEN) 2012 Carl Zeiss

11.L1.8 Companies

Abberior Instruments: Gottingen, DE. Abcam: Cambridge, UK. Alludo: Ottowa, CA. B. Braun:
Melsungen, DE. Beckman Coulter: Krefeld, DE. Becton Dickinson: Heidelberg, DE. BD Biosciences:
Heidelberg, DE. Biolegend: California, US. Bio-Rad: Miinchen, DE. Biozym: Hessisch Oldendorf, DE.
Brand GmbH: Wertheim, DE. Brother Industries: Aichi, JP. Calbiochem: Mannheim, DE. Carl Roth:
Karlsruhe, DE. Carl Zeiss: Jena, DE. Cell Signaling Technologies: Danvers, US. DeNovix Inc: Wilmington,
DE. Eppendorf: Hamburg, DE. Eurofins Genomics: Ebersberg, DE. Faust: Schaffhausen, CH. Fermentas:
St. Leon-Rot, DE. FlowlJo: Ashland, US. Greiner Bio-One: Frickenhausen, DE. GSL Biotech: Chicago, US.
Hencke Sass Wolf: Tuttlingen, DE. IKA: Staufen, DE. Kreienbaum: Langenfeld, DE. Liebherr: Kirchdorf,
DE. Lonza: Basel, CH. Memmert: Schwabach, DE. Merck Millipore: Darmstadt, DE. MicroProbes for
Life Science: Gaithersburg, US. Microsoft: Berlin, DE. Molecular Devices: San Jose, US. National
Institutes of Health: Bethesda, US. NeolLab: Heidelberg, DE. New England Biolabs: Frankfurt/M, DE.

Nikon Instruments: Amsterdam, NL. Novus Biologicals: Cambridge, UK. Panbiotech: Aidenbach, DE.
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PanReac AppliChem: Darmstadt, DE. Paul Marienfeld: Lauda Kénigshofen, DE. Peqlab: Erlangen, DE.
Photometrics: Tucson, US. ProteinSimple: San Jose, US. Proteintech: Rosemont, US. Proteome
Software: Portland, US. QIAGEN: Hilden, DE. Roche: Grenzach-Wyhlen, DE. Rockland: Pennsylvania,
US. Santa cruz: Heidelberg, DE. Sarstedt: Niimbrecht, DE. Sartorius: Gottingen, DE. Schott: Mainz, DE.
Scionics Computer Innovation: Dresden, DE. Serva: Hedelberg, DE. Severin: Sundern, DE. Sigma
Aldrich: Steinheim, DE. Synaptic Systems: Gottingen, DE. Systat Software: San Jose, US. The Jackson
Laboratory: Bar Harbor, US. Thermo Fisher Scientific: Schwerte, DE. Visitron Systems: Puchheim, DE.
Wavemetrics: Lake Oswego, US. Whatman plc: Buckinghamshire, UK. World Precision Instruments:

Berlin, DE.

1.1.9 Plasmids

GzmB-pHuji was cloned by replacing mCherry at the C-terminus of GzmB (Chang et al. 2022) with
forward primer 5’- ATG TAT ATC CAC CGG TCG CCA CCATGG TGA GCA AGG GCG AGG AG-3’ and reverse
primer 5’- ATG TAT ACT AGC TAG CTT ACT TGT ACA GCT CGT CCA TGC CGC CG-3'. Its size was 4.315 kb
(Figure 6A). The pmax-CD81-super ecliptic pHluorin (SEP) was generated by subcloning from pCMV-
CD81-SEP into pMax with the restriction sites EcoRI and Xbal. Its size was 4.312 kb (Figure 6B). The
pmax-CD63-pHuji was generated by subcloning from pCMV-CD63-pHuji into pMax with the restriction
sites EcoRl and Xbal. Its size was 4.282 kb (Figure 6C). The pmax-CD63 SEP was generated by
subcloning from pCMV-CD63-SEP into pMax with the restriction sites EcoRl and Xbal. Its size was
4.318 kb (Figure 6D). pCMV-CD81-SEP, pCMV-CD63-pHuji, and pCMV-CD63-SEP were a generous gift
from Frederik Verweij (Centre de Psychiatrie et neurosciences, Amsterdam/Paris). The pMax-CD81-
Halo was cloned by replacing the SEP in the CD81-SEP with forward primer 5’- ATA TAC CGG AAT TCC
ATG GGA GTG GAG G-3’ and reverse primer 5’- GAT TCG AGC TCC ACC GGT GCC GGA AAT CTC GAG
CG-3'. Its size was 4.486 kb (Figure 6E). The pMax-CD63-pHuji-Halo was generated by subcloning from
pCMV-CD63-SEP into pMax with forward primer 5’- ATA TAC CGG AAT TCC ATG GCG GTG GAA GGA-
3’ and reverse primer 5’- ATA TAG CTC TAG ACA TCA CCT CGT AGC CAC TTC TGA TAC-3’, then the Halo
Tag was added to the generated construct with forward primer 5’- ATA TAG CTC TAG AGG TGG GAG
CGG AAG CGG C-3’ and reverse primer 5'- ATA TAC GCG GAT CCT TAG CCG GAA ATC TCG AGC GTC
GAC AGC CA-3'. Its size was 5.197 kb (Figure 6F). All plasmids were confirmed by sequencing with

respective forward and reverse primers by Microsynth Seqlab.
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Figure 6: Vector maps of the different constructs used for electroporating primary murine CTLs.
A. pMax-Granzyme B-pHuji. B. pMax-CD81-Superecliptic pHluorin (SEP). C. pMax-CD63-pHuji. D. pMax-CD63-

SEP. E. pMax-CD81-Halo. F. pMax-CD63-pHuji-Halo.
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11.1.10 Mounting medium

The preparation of the mounting medium involved dissolving 6 g of glycerol and 2.4 g of Mowiol 4-88
in 6 ml of distilled water. The mixture was stirred at room temperature for 2 hours before adding 12 ml
of 0.2 M Tris-HCI buffer (pH 8.5). This solution was incubated overnight at 53°C, followed by
centrifugation at 1700 x g for 20 minutes at room temperature. The resulting clear supernatant was

aliquoted and stored at -20°C.

11.1.11 Cell Lines

P815 mastocytoma cell line (Mus musculus; Mast cells) from DSMZ no. ACC 1.

1.L1.12 Mouse strains

1. C57BL6/N (Black 6), Stock No: 005304, The Jackson Laboratory
2. Munc13-4 KO mice: Mouse background C57BI/6N

3. GzmB-mTFP K| mice (EM:13092): Mouse background C57BL6/)

1.2 Methods

I.2.1 Animal housing

All experimental procedures were approved and conducted in compliance with the regulations set by
the state of Saarland (Landesamt fur Verbraucherschutz, AZ.: 2.4.1.1). Mice of both sexes were
maintained at 22°C with 50-60% humidity, under a standard 12-hour light/dark cycle. They were
housed under specific pathogen-free (SPF) conditions and given unrestricted access to food and water.
Mice were anesthetized using CO, (AVMA Guidelines 2007) before being euthanized by cervical

dislocation.

1.2.2 Positive isolation of CD8* T lymphocytes

The spleen of 18—-22-week-old C56BL6/N wild type (WT), GzmB-mTFP Kl, or Munc13-4 KO mice was
extracted and then smashed through a 70 um strainer. The filtrate was collected in fresh and warm
AIM-V media containing 10% depleted FCS (dFCS). The resulting splenocyte suspension was
centrifuged for 8 minutes at 300 x g. Erythrocytes were removed by treating the cells with 1 ml of
erythrocyte lysis buffer. The reaction was stopped after 30 seconds by the addition of AIM-V media,
followed by centrifugation at 300 x g for 8 minutes. The pellet was washed with isolation buffer and
centrifuged as previously described. CD8* T lymphocytes were positively isolated from splenocytes
using Dynabeads™ FlowComp™ Mouse CD8" kit according to the manufacturer's instructions. Briefly,

5 x 107 splenocytes were resuspended in 500 pl isolation buffer with 25 ul anti-CD8 antibody. The cells
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were kept for 10 minutes on ice. They were then washed with isolation buffer and centrifugation was
performed to remove the unbound antibody. Following the washing step, CD8* T cells were selected
by the addition of 75 pl CD8-coated beads (provided in the kit) together with 1 ml of isolation buffer
and rotated for 15 minutes on a rotator at 4°C. Subsequently, the suspension was placed in a magnet
for 2 minutes to collect the bead-bound cells. Cells were detached from Dynabeads by adding 1 ml
release buffer while keeping the falcon tube on the rotator for 10 minutes at RT. Beads were removed
by exposing the suspension for 2 minutes to a magnet. Cells were washed by the addition of isolation
buffer and collected after a centrifugation step of 300 x g for 8 minutes. After which cells were counted

and activated.

1.2.3 Activation of naive CD8* T lymphocytes

CD8* T cells were cultured for 5 days in 24 well plates or T75 flasks at a density of 1 x 10° cells/ml in
AIM- V medium and incubated at 37°C with 5% CO,. For exosome isolation culture, 8 to 10 x 10° cells
from each mouse were resuspended in AIM-V medium supplemented with 10% dFCS and 50 uM beta-
mercaptoethanol (Bme). Cells were activated with 100 U/ml of recombinant IL-2 and anti-CD3/anti-
CD28 mouse T cell activator Dynabeads at a ratio of 1:0.8. Cells were split when needed with the
addition of fresh media supplemented with 10% dFCS. Cells were supplemented with 100 U/ml
recombinant IL-2 every second day.

For microscopic observation of cultured cells, cells were resuspended in AIM-V medium with 10% FCS
and cultured in 24 well plates in a concentration of 1 x 10° cells/ml. Cells were activated as described
earlier. Cell splitting was done whenever the cells were dense. Fresh AIM-V medium with 100 U/ml
recombinant IL-2 and 10% FCS was added after each splitting and day 5 cells were used for further
experiments.

The depleted FCS was generated by overnight ultracentrifugation at 100,000 x g at 4°C, the resulting

supernatant was aliquoted and stored at -20°C for future usage.

1.2.4 Subset analysis of CD8* T lymphocytes using flow cytometry

Flow cytometry assay was used to check the quality, activity state, and population of day 5 CD8* T
lymphocytes. 0.2-0.5 x 10° CD8' T cells were resuspended in D-PBS and incubated on ice for
30 minutes in the dark with FITC-, APC-, or PE-conjugated antibodies targeting the cell surface markers
CD44, CD62L, and CD25, which are markers of cell differentiation. The viable CD8* T lymphocytes were
gated based on their size and granularity. The gating was done in comparison to the unstained CTLs.
All flow cytometry data were acquired using a BD FACSAria Ill analyzer (BD Biosciences) with BD

FACSDiva software 6.0 and subsequently analyzed using FlowJo v10.0.7 software. (Figure 7).
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Figure 7: Flow cytometry analysis of CTL subsets in Munc13-4 KO and WT cells.

Naive CD8* T cells were activated for 5 days and then stained with CD62L and CD44 to characterize the subtypes
of CTLs into central memory (CM) and effector memory (EM) cells. Viable cells were gated based on forward and
side scatter. Numbers in plots represent the percentage of healthy viable cells derived from Munc13-4 KO (A) or
WT cells (D) in the gate. Those viable cells were plotted according to the surface markers to characterize CTL
subtypes. (B) Representative flow cytometry analysis of Munc13-4 KO CTL subtypes showing that 53.9% of the
detected cells are EM and 44.2% are CM. (F) WT CTLs are divided into 52.7% EM and 44.6% CM cells. The activity
of the cells was determined by staining against CD25 surface marker. The results show that 99.3% (C) and 99.5%
(G) of the Munc13-4 KO and WT CTLs respectively are activated. N=3, CM: central memory, EM: effector
memory, CTL: cytotoxic T lymphocytes.

1.2.5 P815 cell culture
P815 cells were cultured in RPMI medium with 10% FCS and 1% Penicillin/Streptomycin. Cells were

split every other day in a ratio of 1:33. Cells were used between passages 16 and 20.

11.2.6 Electroporation of CTL

During my PhD, | optimized the electroporation procedure we have been using over the years. This
work consisted of developing a new recovery medium (RM) used to culture the electroporated cells
directly after transfection. The reason behind this work was to become less dependent on proprietary
substances from companies. After the corona crisis, Lonza stopped providing their recovery media
that comes with their transfection kit (Mouse T Cell Nucleofector Kit, VPA-1006; Lonza) and they
suggested RPMI medium as an alternative. However, this medium did not adequately replace their
proprietary medium. Therefore, | compared the effect of different media on cell viability, transfection
efficiency, and function and came up with a solution for a highly efficient transfection of primary T
cells (Figure 8). Using this new recovery medium not only resulted in a significantly higher cell viability

and transfection efficiency as compared to the other basic media, but more importantly, the
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electroporated T cells kept their function and we could proceed with our experiments (Alawar et al.

2024).
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Figure 8: Effect of recovery media on cell viability, transfection efficiency, and secretion in murine CTLs.

(A) Quantitative analysis of cell viability 14 hours after electroporation was performed using the specified
recovery media. Viability was assessed by calculating the proportion of live cells out of the total cell population.
(B) Quantitative analysis of transfection efficiency was determined as the percentage of fluorescently labeled
cells among the total viable cell population. (C) Quantitative analysis of the proportion of secreting CTLs
indicated the percentage of cells secreting relative to the total number of transfected cells. Data are presented
as mean tstandard error of the mean (SEM).N =4 independent experiments, *p <0.05, **p<0.01,
*** p <0.001. Figure modified from (Alawar et al. 2024).

Activated day 5 murine CTLs were electroporated using the Nucleofector™ 2b Device (Lonza).
Approximately 6 x 10° cells were suspended in 100 pl of electroporation buffer (Mouse T Cell
Nucleofector Kit, VPA-1006; Lonza) and 1.5~ 2 ug plasmid DNA of either of the following constructs:
CD63-pHuji, CD63-super ecliptic pHluorin (SEP), CD81-SEP, CD81-Halo, CD63-pHuji-Halo, and
granzyme B-pHuji. The mixture was transferred to electroporation cuvettes, and electroporation was
performed immediately using the specialized X-001 pulse program for mouse CTLs. Transfected cells
were promptly transferred to 3 ml of prewarmed recovery media and incubated in 12-well plates at
32°C with 5% CO,. After 12 hours, the cells were washed and cultured in AIM-V supplemented with

10% FCS at 37°C. They were utilized for experiments 14-18 hours post-electroporation.

11.2.7 Anti-CD3 coated coverslips

25 mm glass coverslips (pre-cleaned with 70% ethanol) were used for antibody coating. The coverslips
were coated with 30 pl of 0.1 mg/ml poly-ornithine for 30 minutes at RT. After sucking off poly-
ornithine, 30 pl of anti-CD3 antibody (30 ug/ml) was added to poly-ornithine coated coverslips and

kept for 2 hours at 37 °C. The solution was aspirated, and the coated coverslips were ready to use.
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11.2.8 Supported lipid bilayer

Glass slides were treated in Piranha solution (a mixture of 50 ml sulfuric acid and 25 ml hydrogen
peroxide) for 20 minutes, followed by rinsing with freshly prepared MilliQ water for 5 minutes to
prevent contamination. The slides were then air-dried at room temperature, and any residual organic
contaminants were removed by plasma cleaning for 10 minutes. A microscopy chamber
(Ibidi stickyslide® VI) was adhered to the cleaned glass slide.

To prepare the lipid bilayers, 33 pul DGS-NTA (0.4 mM stock), 10 pl Cap PE capbio (0.4 mM stock), 6.5 pl
DOPC (0.4 mM stock), and 2 pl (for 20 pg/ml lipid bilayers) of biotinylated anti-CD3¢ antibody
(clone 145-2C11, 0.5 mg/ml) were added to the chamber. Next, 1000 pl of 5% casein with 10 ul of
100 uM NiSO4 were added to each well and incubated for 20 minutes. Subsequently, 3 pl of ICAM
His-tag solution (1:2000 dilution from a 0.55 mg/ml stock) were introduced into each chamber.
Between each preparation step, the chambers were gently washed three times with 150 pl HBS/HSA
buffer.

Before imaging, the buffer was removed from the wells, and 0.3 x 10° CTLs were resuspended in 50 pl

extracellular buffer containing nominal calcium concentration and added into each well.

1.2.9 Total Internal Reflection Fluorescence Microscopy (TIRFM)

Total Internal Reflection Fluorescence Microscopy (TIRFM) is a high-resolution technique that allows
the imaging of events that occur 200 nm from the plasma membrane. Instead of the direct illumination
that is found in most other microscopes, TIRFM excites fluorophores using evanescent waves. This is
created when an incident laser undergoes total internal reflection at the interface between glass and
water. The TIRFM setup from Visitron Systems GmbH (Puchheim, Germany) was used to capture
fusion events. This setup is based on an IX83 (Olympus) equipped with the Olympus autofocus module,
a UAPON100XOTIRF NA 1.49 objective (Olympus), a 488 nm 100 mW laser and a solid-state 100 mW
laser emitting at 561 nm, the iLAS2 illumination control system (Roper Scientific SAS, France), the
evolve- Prime95B camera (Teledyne Photometrics) and a filter cube containing Semrock (Rochester,
NY, USA) FF444/520/590/Di01 dichroic and FF01-465/537/623 emission filter. The setup was
controlled by Visiview software (Version:4.0.0.11, Visitron GmbH). Day 4 WT CTLs were co-transfected
with either of the following combinations: CD63-pHuji and CD81-SEP, CD63-SEP and GzmB-pHuji.
GzmB-mTFP CTLs were transfected with CD63-pHuji. 14-18 hours, post electroporation, about
0.3x10° CTLs were resuspended in 30 pul extracellular buffer containing nominal calcium
concentration and allowed to settle on anti-CD3¢ coated coverslips for 1 minute. Cells were perfused
with an extracellular buffer containing 10 mM calcium to promote fusion. Imaging was performed at
room temperature for 10 minutes using 561 nm and 488 nm lasers. The images were acquired with a

10 Hz acquisition frequency with a 100 ms exposure time.
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11.2.10 TIRF Analysis

The use of pH-sensitive fluorophores such as pHuji and SEP enables us to study the single exocytosis
events. Their fluorescence is quenched in acidic pH (5.5). Upon the fusion of the organelle with the
plasma membrane, a neutralization of the pH to 7.4 results in the unquenching of the pH-sensitive
fluorophore which leads to a sudden increase in the fluorescence. This increase in fluorescence is
considered an indicator of the fusion event. Fusion events were analyzed using Imagel software with

the Time Series Analyzer plugin. Fusion was defined as a fluorescence change occurring within 200 ms.

1.2.11 Immunostaining CD8* T lymphocytes

Cells were allowed to settle on anti-CD3€ coated coverslips for 10 minutes at room temperature and
fixed with 4% paraformaldehyde (PFA) for 20 minutes under a chemical hood. The fixed cells were
then washed three times with D-PBS for 5 minutes each and then permeabilized with 2% BSA-0.1%
Triton-X-100 solution for 30 minutes. The permeabilizing solution was removed and the cells were
blocked for 30 minutes with 2% BSA in D-PBS. After blocking, primary antibodies were added for 1
hour and then washed away with the permeabilizing solution. The secondary antibodies were added
for 45 minutes and cells were kept in the dark. Excess antibody was washed away three times with D-
PBS. The coverslips were then dipped in distilled water and immediately mounted. All steps were

performed at room temperature.

1.2.12 Gelatin coated coverslips

12 mm glass coverslips (pre-cleaned with 70% ethanol) were used for gelatin coating. 2% gelatin was
prepared by dissolving gelatin powder in warm distilled water. After sterile filtration of the solution,
10 pl of the 2% gelatin was added to each coverslip. The coverslips were completely covered with a
thin layer of gelatin. The coverslips were dried under a sterile hood and further sterilized for 30

minutes under direct UV exposure. Then they were stored at 4°C for later usage.

11.2.13 Organelle isolation

11.2.13.1 Cell homogenization

0.8-1.5 x 10% day 5 CD8* T cells were collected and washed once in an ice-cold isolation buffer. The
cells were then centrifuged at 300 x g for 6 minutes and the resulting pellet was resuspended in a 2 ml
homogenization buffer (see materials). The cell suspension was transferred into a clean and pre-
chilled cavitation bomb (4°C) and a micromagnetic stir bar was added. The Parr Bomb was closed and
placed on a magnetic stirrer and connected to the nitrogen tank. The pressure was slowly pressurized

to 800 psi with nitrogen gas and the mixture was stirred at 4°C for 25 minutes. The pressure was slowly
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released, and the homogenate was collected in a pre-chilled 15 ml tube. The cell lysate was then
centrifuged for 10 minutes at 1000 x g at 4°C to pellet unbroken cells, partially lysed cells, and nuclei.
The post nuclear supernatant (PNS, S1) was collected, avoiding any foam (Figure 9). The pellet/foam
was washed once with 0.5 ml of homogenization buffer and centrifuged again at 1000 x g for 10
minutes at 4°C. The resulting 0.5 ml supernatant was added to the PNS from the previous step (~2 ml

total volume) and the pooled supernatant was used for subcellular fractionation (Schirra et al. 2023).

11.2.13.2 Subcellular fractionation

Sucrose solutions of the following concentrations (0.3, 0.5, 0.8, 1.0, 1.2, 1.4, and 1.6 M) were prepared
from a 2 M sucrose stock solution in a sucrose solubilization buffer supplemented with fresh
proteinase inhibitors. The density of sucrose was confirmed by measuring the refractive index for each
solution using a refractometer. A discontinuous sucrose gradient column was built in a pre-chilled 14
ml ultra-clear centrifuge tube by gently layering 1-2 ml of each sucrose solution from bottom to top.
At the end, around 2 ml of the pooled PNS (0.3 M sucrose) was layered onto the performed gradient.
The gradient was then ultracentrifuged at 100,000 x g for 90 minutes at 4°C using the SW40Ti rotor
with acceleration/deceleration of 8. The gradient was divided into 12 fractions of 1 ml volume each
(Figure 9). Starting from the top layer, each 1 ml was gently collected from the top of the gradient and
transferred into 1.5 ml protein low-binding tubes, ensuring the layers remained unmixed during the
process. The aliquots were kept on ice and fresh proteinase inhibitors were added again to avoid
protein degradation. Protein concentrations in each fraction were measured using the Pierce™

660 nm Protein Assay reagent.
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Figure 9: Schematic representation of the organelle isolation procedure from murine CTLs modified from
Schirra et al. (2023).

11.2.13.3 Immunostaining of isolated organelles

Isolated organelles in the sucrose fractions were fixed with 0.2% PFA on ice for 10 minutes. They were
then diluted with 320 mM KCl and added on 2% gelatin-coated coverslips fixed on an adaptor in the
ultracentrifuge tubes. The fixed organelles were ultracentrifuged on the coverslips for 30 minutes at
10,000 x g following an additional fixation with 2% PFA for 5 minutes. The samples were washed 3
times with D-PBS for 4 minutes each and quenched with 50 mM glycine for 2 minutes. They were
permeabilized with 0.005% Triton-X-100 solution for 5 minutes and blocked twice for 4 minutes each
with 2% BSA in D-PBS. After blocking, the primary antibody, which was diluted in the blocking solution
to its working concentration (see 11.1.3), was added for 30 minutes at room temperature. Samples
were washed twice with the blocking solution for 4 minutes each and the secondary antibody was
added for 30 minutes. The samples were washed twice with a permeabilizing solution for 4 minutes
each, followed by additional two washing steps for 4 minutes each with D-PBS. The coverslips were
then dipped in distilled water and directly mounted on cover slides. The samples were then stored at

4°C for imaging using SIM.

In co-staining experiments using antibodies raised in the same species, the staining was performed

consecutively with the use of Fab fragments in between.
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11.2.13.4 Western blot of the isolated organelles

Sucrose fractions were separated by SDS-PAGE using precast 10% Bis-Tris gels with MES running buffer
or 4-12% gradient Bis-Tris gels with MOPS running buffer. Proteins were transferred to 0.2 um pore-
size nitrocellulose membranes and blocked for 2 hours at 20 £ 2°C with 5% non-fat dry milk powder in
TBS buffer containing 0.05% Tween 20, pH (7.4). For quantitative western blotting, protein
concentrations in the sucrose fractions were determined using Pierce™ 660 nm Protein Assay reagent.
The immunoblots were probed with anti-alpha tubulin, anti-synaptobrevin 2, anti-synaptobrevin 7,
anti-granzyme B, anti-EEA1, anti-TSG101, followed by horseradish peroxidase (HRP)-conjugated goat
anti-mouse (H + L) or anti-rabbit secondary antibodies (heavy and light chain). Finally, the blots were
developed using SuperSignal West Dura Chemiluminescent Substrate and visualized using the

FluorChem M system (ProteinSimple).

11.2.14 Exosome isolation

Exosome isolation was performed on day 5 effector CD8* T lymphocytes following a differential
ultracentrifugation protocol. Briefly, the supernatant of 600—-800 x 10° CD8* T lymphocytes generated
from one mouse was collected as explained previously. Anti-CD3/anti-CD28 activator beads were
removed from ~240 ml supernatant and a mini-EDTA-free tablet was added (in a ratio of 1 tablet for
50 ml supernatant). The supernatant was centrifuged for 10 minutes at 1000 x g to pellet the CTL
(pellet 1, P1). Cell-free supernatant was then transferred to 50 ml falcon tubes and centrifuged for 20
minutes at 2000 x g to remove further cell debris (P2). To collect the larger extracellular vesicles such
as microvesicles (P3), the remaining supernatant was added into clean (UV treated for 20 minutes)
38 ml ultra clear thick wall tubes and ultracentrifuged using SW32 rotor for 40 minutes at 10,000 x g.
The resulting supernatant was collected again in 38 ml tubes and ultracentrifuged for 75 minutes at
100,000 x g to collect the smaller extracellular vesicles such as exosomes (P4). A final washing step
was done by dissolving all P4 pellets from the different tubes in D-PBS and collecting them into one
clean 14 ml UltraClear tube. A cocktail of protease inhibitors (Pefabloc, E64, Pepstatin A) was added
and ultracentrifugation was done using SW40 rotor for 75 minutes. All centrifugation steps were
performed at 4°C. The exosome pellet was resuspended in 50 pl D-PBS for further purification with

sucrose density gradient (Figure 10).

38



Materials and Methods

11.2.14.1 Sucrose density centrifugation

To further purify the isolated exosomes, the P4 sample from day 5 CTLs was added on a sucrose
density gradient. A 2 M sucrose stock was prepared by dissolving sucrose in HEPES buffer (pH 7.3),
and the following dilutions were done (0.3, 0.6, 0.95, 1.1, 1.2, 1.3, and 1.6 M). A protease inhibitor
mixture consisting of 3 mM Pefabloc, 10 uM E64, and 10 ug Pepstatin A was added to these solutions
(these inhibitors were not added if the exosomes were to be used for killing assays). The discontinuous
sucrose density gradient column was carefully constructed from bottom to top in a 14 ml Ultraclear
tube by sequentially layering 1 or 2 ml of each sucrose solution. This step was done by adding the
higher-concentration sucrose solution first and then carefully dropping the sucrose solution of lower
concentration using a syringe with a small needle on top of it. The exosome pellet obtained after
differential ultracentrifugation was mixed with the 0.3 M sucrose and carefully added to the gradient.
Ultracentrifugation was done using SW40 rotor at 100,000 x g/4 °C overnight (Figure 10). Sucrose
fractions were then collected and diluted in D-PBS and ultracentrifuged for further 75 minutes at
100,000 x g. All centrifugation steps were performed at 4°C. The exosome pellet was then
resuspended in ~ 50-80 uL D-PBS and used directly or stored at 4°C for a maximum of 24 hours for

further analysis.
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Figure 10: Schematic representation of exosome cell culture and isolation procedure from primary murine
CTLs.
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11.2.14.2 Preparing protein lysates of different samples

The whole brain was isolated from 10 weeks old mouse and homogenized in protein lysis buffer. The
homogenate was rotated in the cold room (4°C) for 30 minutes and then centrifuged for 10 minutes
at 1000 x g. About 10 x 10° CTLs were lysed in RIPA buffer (100 ul to 107 cells), the homogenate was
kept on ice for 30 minutes then centrifuged for 10 minutes at 1000 x g. The supernatant was collected,
aliquoted, and stored at -80°C after measuring the protein concentration using Pierce™ 660 nm
Protein Assay reagent. To prepare protein lysates of different fractions of the sucrose gradient or the
exosome pellet, 10 pl from each of the samples were lysed with an equal amount of RIPA buffer and

directly used for western blot.

11.2.14.3 Western Blot for cells and exosomes

Western Blot analysis was performed to check the expression of different proteins. For that, 10 ug of
the isolated protein lysates were mixed with 4X LDS buffer for a final concentration of 1X. For reducing
conditions, Pme was added to the LDS buffer in a 10% ratio and it was excluded from non-reducing
conditions. Water was added for a final sample volume of 35 pl when using a 10-well polyacrylamide
gel or 25 pl for 15-well gels. Prior to loading, the samples were boiled for 5 minutes at 95°C. Samples
were loaded into the slots of a 4-12 % Bis-Tris polyacrylamide gel and the gels were run for 90 minutes
at 165 V. After running, the gels were blotted onto 0.45 um nitrocellulose membrane overnight at
30 mA at 4°C. To check the quality of the transfer, the membrane was incubated for 1 minute with
Ponceau S stain and then washed 3 times for 5 minutes each with TBST to remove the remaining
Ponceau stain. The membrane was then blocked for 1 hour (three times washing, 20 minutes each)
with 5% milk in TBST at room temperature. Afterwards, the membranes were incubated with the
primary antibodies for 2 hours at room temperature and washed three times for 20 minutes each with
5% TBST-M before adding the species-specific secondary antibodies coupled to HRP for 1 hour at room
temperature. The blot was then washed three times with TBST for 15 minutes each and two times
with TBS for 10 minutes each. For chemiluminescent detection of proteins, the blots were developed
using SuperSignal West Dura Chemiluminescent Substrate and visualized using the FluorChem M

system (ProteinSimple).

11.2.14.4 Coverslip ultracentrifugation

To be able to directly stain and characterize the isolated exosomes, a new approach was developed.
This method consists of pelleting the exosomes on gelatin coated coverslips by ultracentrifugation. To
do so, the 2% gelatin coated coverslip was glued using silicon on an adaptor (Figure 11), which can be

inserted into a 14 ml ultra clear ultracentrifuge tube. The exosomes were diluted in ~14 ml D-PBS and
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added on top of the coverslip. The tube was then ultracentrifuged using SW40 rotor for 4 hours at

20,000 x g at 4°C. The exosomes were then directly fixed and prepared for immunostaining.

11.2.14.5 Immunostaining of isolated exosomes

Exosomes were fixed in 2% PFA for 5 minutes at room temperature. The fixing solution was then
removed, and exosomes were washed once with D-PBS. The sample was quenched with 2 mM glycine
solution for 5 minutes at room temperature. After three washing steps of 5 minutes each, exosomes
were permeabilized using 0.001% Triton-X-100 solution in D-PBS for only 5 minutes. The
permeabilization solution was removed and the sample was then blocked for 10 minutes using 2%
BSA in D-PBS. After that, the primary antibody was diluted to its working concentration (11.1.3) in
blocking solution and added on top of the coverslip for 30 minutes at room temperature. The sample
was then washed with the blocking solution twice for 5 minutes each and the secondary antibody was
added for 30 minutes at room temperature. After removing the secondary antibody, the sample was
washed three times with D-PBS and the coverslip was dipped into distilled water and mounted using
mounting medium on top of a cover slide. The samples were stored at 4°C for imaging using SIM or

Expansion Microscopy (Figure 11).

11.2.15 Structured illumination microscopy (SIM)

Structured lllumination Microscopy (SIM) is an advanced super-resolution imaging method that
leverages patterned light to improve spatial resolution. By illuminating samples with striped light
patterns, the technique captures fluorescence emissions at various rotational orientations. The
interaction between the striped excitation light and the sample's diffraction generates Moiré patterns,
which encode high-frequency spatial details. These patterns are subsequently analyzed using
dedicated algorithms, enabling the reconstruction of multiple captured images into a final composite
with lateral resolutions ranging from 100 to 130 nm. The SIM setup used was a Zeiss Elyra PS1 (Zeiss,
Oberkochen), equipped with solid-state lasers emitting at wavelengths of 405 nm, 488 nm, 561 nm,
and 642 nm. After immunostaining, images were captured using a 63x Plan-Apochromat (NA 1.4)
objective with laser excitations at 488, 561, and 642 nm to excite the samples. Z-stacks were acquired
with a typical step size of 150 nm. The raw images were processed to enhance resolution using Zen

software (Zen 2012; Carl Zeiss), and additional analysis was performed using Imagel v1.46 software.

For correlative light and electron microscopy (CLEM), images of ultrathin sections of post-embedded
GzmB-mTFP KI mouse CTLs expressing CD81-Halo or CD63-pHuji-Halo and stained with SiR were

acquired using excitation light at wavelengths of 405, 488, and 642 nm. Using a 63x Plan-Apochromat
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objective (NA 1.4) in SIM mode, nearly the entire field of view of a 200-mesh grid (approximately 90
um?) was captured, allowing for precise orientation relative to the grid bars. DAPI images with a
wavelength of 405 nm were recorded to identify the nuclei of the CTLs and the exact image plane.
Following the adjustment of the highest and lowest focal planes for z-stack analysis, 3 to 10 images
were captured with 405, 488, and 642 nm wavelengths with a 100 nm step size to scan the cells of

interest. The images were further processed to obtain higher resolutions by Zen 2011 (Zeiss).

1.2.16 Colocalization analysis of organelles and exosomes

Single-plane images acquired using SIM microscopy for isolated organelles or exosomes were
segmented using Cellpose 2.0 (Pachitariu and Stringer, 2022). Prior to segmentation, an ImageJ macro
was used to subtract the background, change image color into a ‘fire’ look up, and save the images as
RGB. The resulting images were loaded to Cellpose 2.0 where the “cyto” model was used to segment
the images. Later, each image was manually checked for suitable adjustments and corrections. The
segmented images were saved and subsequently used in an in-house written Matlab (MathWorks,

written by A.Chouaib) program classifying the overlapping objects according to their staining.

1.2.17 Electron Microscopy.

To localize the different proteins to the CTL organelles, correlative light-electron microscopy (CLEM)
analysis of cryo-fixed mouse CTLs was done as described previously (Matti et al. 2013). Day 4 CTLs
isolated from GzmB-KI mice were transfected with CD63-pHuji-Halo or CD81-Halo constructs. 12 hours
post electroporation, cells were stained with silicon rhodamine for 1 hour at 37°C. Cells were then
washed three times with AIM-V medium after which 4 x 103 CTLs were seeded on 0.1 mg/ml poly-L-
ornithine and 30 pug/ml anti-CD3e coated 1.4 mm sappbhire discs in flat specimen carriers (Leica) for
10 minutes at 37°C with 5% CO, to allow the formation of an immunological synapse. Cells were then
vitrified using a high-pressure freezing system (EM PACT2, Leica) in AIM-V medium containing 30%
FCS and 10 mM HEPES. The carriers containing frozen cells were then cryo-transferred into the pre-
cooled (-130°C) freeze-substitution chamber of the AFS2 (Leica). The temperature was increased
gradually, over 2 hours, from -130 to -90°C. Cryo-substitution occurred at -90 to -70°C for 20 hours in
anhydrous acetone, followed by substitution at -70 to -60°C for 24 hours with 0.3% (w/v) uranyl
acetate in anhydrous acetone. At -60°C, the samples were infiltrated with increasing concentrations
of Lowicryl (3:1 K11M/HM20 mixture) for 1 hour each at 30%, 60%, and 100%. After 5 hours of
infiltration with 100% Lowicryl, samples were UV polymerized for 24 hours at -60°C, followed by an
additional 15 hours with a gradual temperature increase to 5°C. The samples were kept at 4°C in the

dark until further processing. The membrane carriers were removed, and ultrathin 100 nm sections
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were cut using an EM UC7 (Leica) and collected on carbon-coated 200 mesh copper grids (Plano).
Fluorescence analysis of the EM grids was performed within 24 hours post-sectioning to prevent the
loss of fluorescence signals. The grids were stained with DAPI (1:1000) for 3 minutes, washed, and
sealed between two coverslips with silicone (Picodent Twinsil®) for high-resolution SIM imaging. After
fluorescence imaging, the grids were stained with uranyl acetate and lead citrate and recorded using
the Tecnail2 Biotwin electron microscope. Only CTLs with well-preserved membranes, organelles, and
nuclei were analyzed for correlation. For the correlation, the DAPI 405 nm image showing the labeled
nucleus was used to align with the electron microscope image. The final alignment defined the
position of the fluorescent signals within the cell of interest. Images were overlaid using Corel DRAW

X6.

To compare Muncl13-4 KO and WT CTLs, cells were vitrified after 30 minutes, 1 hour, and 4 hours of
incubation at 37°C with 5% CO; on 1.4 mm sapphire discs coated with 0.1 mg/ml poly-L-ornithine and
30 pg/ml anti-CD3¢ in flat specimen carriers. Freeze substitution and Epon embedding were carried
out as previously described (Liu et al., 2010). Briefly, all samples were transferred into a pre-cooled (-
130°C) freeze-substitution chamber (AFS2; Leica), where the temperature was gradually increased
from -130°C to -90°C over 2 hours. Freeze substitution was performed with 2% osmium tetroxide in
anhydrous acetone and 2% water. The temperature was then raised linearly from -90°C to -70°C over
20 hours, from -70°C to -50°C over another 20 hours, and from -50°C to -10°C over 5 hours. After
washing with anhydrous acetone, the samples were embedded in Epon-812 using a series of steps:
30% Epon/acetone for 15 minutes at -10°C, 70% Epon/acetone for 1 hour at -10°C, and pure Epon for
1 hour at 20°C (Electron Microscopy Sciences). The temperature was then gradually increased from
20°C to 60°C over 4 hours, and Epon polymerization was carried out at 60°C for 24 hours. After
polymerization, the membrane carriers were removed from the Epon block. Ultrathin sections (70 nm)
were cut using an ultramicrotome (EM UC7; Leica), collected on Pioloform®-coated copper grids,
stained with uranyl acetate and lead citrate, and analyzed using a Tecnai 12 Biotwin electron
microscope (Thermo Fisher Scientific). Only cells with intact membranes and well-preserved
organelles were further analyzed.

To analyze the content of the different fractions, sucrose fractions 1.1, 1.2, and 1.3 M were diluted to
0.8 M in D-PBS, fixed with 2% PFA, dropped on 200 mesh copper grids (Plano) coated with pioloform
(Plano) and incubated for 30 minutes. After fixation with 1% glutaraldehyde, samples were contrasted
with uranyl acetate (Théry et al. 2006). Electron micrographs were obtained using the Tecnai 12

Biotwin electron microscope (Thermo Fisher Scientific).
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11.2.18 Expansion Microscopy

In 2015, Boyden and his team introduced a new technique called expansion microscopy (ExM) that
has revolutionized the way we observe biological samples through a microscope (Chen, Tillberg, and
Boyden 2015). ExM uses physical enlargement to surpass the diffraction limit, allowing us to visualize
intricate details at an unprecedented level. This technique is based on a skillful combination of
chemistry and physics. Fluorescently labeled molecules are crosslinked to a hydrogel, which acts as a
support structure. The hydrogel is then isotropically expanded with water, resulting in a three-
dimensional enlargement of the sample. This isotropic expansion successfully separates the signals,
enabling higher-resolution imaging. The following procedure consists of adapting the 10X expansion
protocol from (Shaib et al. 2024), that has been developed to image proteins at one nanometer
resolution, to expand exosomes for further characterization. To do so, exosomes immunostained and
deposited on gelatin coated coverslips, were anchored by the addition of Acryloyl-X that embeds
proteins into the gels. Acryloyl-X reacts with amine groups found on lysines and at the N-terminus of
the proteins in the sample. The anchoring solution was kept for 16 hours at 4°C. After removing the
anchoring solution, the coverslips were washed three times with D-PBS. In the meantime, the gel was
prepared by dissolving sodium acrylamide (SA) monomers and N,N-dimethylacrylamide acid (DMAA)
at a molar ratio of 1:4 (SA:DMAA) in ddH,0. To illustrate, for 5 ml of solution this would mean 2.85 g
ddH,0, 1.335 g DMAA, and 0.32 g SA. The purity of SA was always checked by mixing a small aliquot
with water. When the solution was clear and without yellow tint it was used for expansion. The
solution was then purged with nitrogen gas (N;) for 40 minutes at room temperature. Immediately
after, the initiator of the polymerization procedure, potassium persulfate (KPS), was added at 0.4
molar% relative to the monomer concentration (0.036 g in case of 10 ml of solution) and the purging
continues for 15 minutes on ice water. KPS solution was always freshly prepared. Subsequently, to
accelerate the polymerization reaction, 4 pl of TEMED was added to 1 ml of the gel/KPS gelation
solution. 74 pl of the resulting gel was added on parafilm and the coverslips containing stained
exosomes were flipped on top of the gel within less than 80 seconds from the addition of TEMED. The
coverslips were then incubated in a humidified chamber, covered, and kept for 16 hours at room
temperature.

The samples were transferred into small petri dishes and washed 5 times with disruption buffer for 30
minutes each. After which the samples were autoclaved for 30 minutes at 110°C and kept in the
autoclave for two additional hours to cool. The gels were then carefully washed with sodium
bicarbonate buffer (pH:8) till no more bubbles from disruption buffer appeared. The gels were
transferred to 12 cm petri dishes and stained with NHS-ester fluorescein for at least 1 hour at room

temperature, in the dark. They were washed repeatedly till the color of the gel became transparent
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and then transferred to 18 cm dishes where the 10X expansion using repetitive washing with ddH,0
takes place. After full expansion, a piece of the gel was cut, excess water was removed, and the
specimen was stabilized in a specific chamber after which the sample was imaged using STED

microscope in confocal mode (Figure 11).
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Figure 11: Schematic representation of exosome staining and expansion procedure.

11.2.19 Confocal microscopy for expansion microscopy acquisition

A four-color STED Quadscan (Abberior, Gottingen, Germany) was used in confocal mode to image
expanded exosomes. The images were acquired using a 485 nm (0.85 mW), 561 nm (2 mW), and 640
nm (12 mW) pulsed lasers and a 100X/1.4NA objective (UPLSAPO 100XO, Olympus, Hamburg,
Germany). Pinhole size was set to 80 um (1 AU). Acquisitions were carried out using a GFP detector
with a spectral range of 498-520 nm with a laser power of 30%, cy3 detector with a laser power of
40%, and a cy5 detector with a laser power of 70%. The final acquisition settings included a scan range
of 10 um x 10 um (XxY), a dwell time of 3.5 us, and a pixel size of 98 nm. The maximum duty cycle was
set to 82%, line accumulation 1, unidirectional and fast scan settings were selected. 1100 frames were

acquired in 2 minutes and 19 seconds under these settings.
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11.2.20 Killing assay

To check whether the exosomes isolated from CD8* T lymphocytes are cytotoxic, the following killing
assay was performed. 5 x 10* P815 cells were plated in flat bottom 96 well plates and allowed to settle
for 1 hour. The cells were kept in RPMI supplemented with 10% dFCS. 10 pg of exosomes were added
to each well for 12 and 24 hours and kept at 37°C/5% CO,. As a positive control, P815 cells were lysed
with either H,0, or DMSO. Cells were then collected in 1.5 ml tubes and stained with caspase-3 for 1
hour at 37°C. During this time, the samples were mixed twice by tilting the 1.5 ml tubes to prevent
their settling. Then, the samples were transferred to 15 ml falcon tubes and 2 ml of washing buffer
was added. They were centrifuged for 6 minutes at 300 x g. The supernatant was discarded, and the
samples were washed again. Then 400 ul of the washing buffer was added to each sample. For
propidium iodide (PI) staining, 2 ul of the PI solution (provided in the kit) was added to each 1.5 ml

tube for a maximum of 5 minutes prior to flow cytometry analysis.

11.2.21 Flow cytometry analysis of exosome cytotoxicity

To check the percentage of killing exerted by exosomes, flow cytometry analysis was performed 12
and 24 hours after exosome addition to P815 cells immediately after the staining procedure described
above. Untreated, unstained P815 cells were used to set the gates of the healthy-live population and
for the negative staining. To include all the dead cells in the analysis, the gating was stretched to
encompass higher and lower granularity. All flow cytometry data were acquired using a BD FACSAria
Il analyzer (BD Biosciences) with BD FACSDiva software 6.0. Data were analyzed with FlowJo v10.0.7

software.

11.2.22 Gel Electrophoresis of Proteins and Sample Preparation for Mass Spectrometry

Protein eluates were separated using NUPAGE 4—-12% Bis-Tris gradient gels, fixed in a solution of 40%
ethanol and 10% acetic acid, and incubated three times for 10 minutes with water. The gels were then
stained with Coomassie solution [0.12% (w/v) Coomassie G-250 in 20% (v/v) methanol, 10% (v/v)
phosphoric acid, and 10% (w/v) ammonium sulfate]. The stained gel sections were excised into three
pieces, washed twice by alternating between buffer A (50 mM NH;HCO3) and buffer B [50 mM
NH;HCO3/50% (v/v) acetonitrile]. Disulfide bonds were reduced by incubating the gel pieces at 56°C
for 30 minutes in 10 mM dithiothreitol in buffer A, followed by carbamidomethylation at 21°C in the
dark for 30 minutes in 5 mM iodoacetamide in buffer A. The gel pieces were then washed twice,
alternating between buffer A and B, and dried in a vacuum centrifuge. For in-gel digestion, the gel
pieces were incubated with 20 ul of porcine trypsin (10 ng/ul, Promega) at 37°C overnight. Tryptic

peptides were extracted twice with 50 pl of extraction buffer (2.5% formic acid/50% acetonitrile) using
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an ultrasonic bath. The extracted peptides were combined, concentrated in a vacuum centrifuge, and

resuspended in 21 pl of 0.1% formic acid.

11.2.23 Nano ESI-LC-MS? Measurements

Tryptic peptide extracts (6 pl) were analyzed using nanoflow LC-HR-MS/MS, employing an Ultimate
3000 RSLC nano UHPLC system coupled to an LTQ Orbitrap Velos Pro mass spectrometer (Thermo
Fisher Scientific, Waltham, MA, USA). Peptides were initially trapped on a 100 um x 2 cm Acclaim
PepMap100C18 trap column (5 um, Thermo Fisher Scientific) and then separated on a reversed-phase
C18 capillary column (75 um x 25 cm, 2 um, Acclaim PepMap, Thermo Fisher Scientific) at a flow rate
of 200 nL/min over a 120-minute gradient with buffer A (water and 0.1% formic acid) and buffer B
(90% acetonitrile and 0.1% formic acid). Eluted peptides were directly sprayed into the mass
spectrometer using a coated silica electrospray emitter (PicoTipEmitter, 30 um, New Objective,
Littleton, MA, USA) and ionized at 2.2 kV. MS spectra were acquired in data-dependent mode, with
automatic switching between full scan MS and MS2. Full scan MS spectra (m/z 300-1,700) were
obtained in the Orbitrap analyzer with a target value of 1076. The 10 most intense peptide ions with
charge states > +2 were fragmented in the high-pressure linear ion trap via low-energy collision-

induced dissociation (35% normalized collision energy).

11.2.24 Raw LC-MS? Data Analysis

Tryptic peptides were identified using the MASCOT algorithm (Matrix Science, Boston, MA, USA) and
TF Proteome Discoverer 1.4 (Thermo Fisher Scientific, Waltham, MA, USA). Peptides were matched to
tandem mass spectra using MASCOT version 2.4.0 by searching the SwissProt database (version
2018_05, comprising 557,992 protein sequences, including 16,992 Mus musculus sequences) for
mouse proteins. MS2 spectra were matched with a mass tolerance of 7 ppm for precursor ions and
0.5 Da for peptide fragment ions. Tryptic digestion was assumed, with allowance for up to two missed
cleavage sites. Cysteine carbamidomethylation was set as a fixed modification, while deamidation of
asparagine and glutamine, acetylation of lysine, and oxidation of methionine were considered as
variable modifications. MASCOT output files (.dat) were imported into Scaffold (Version 4.8.8,
Proteome Software Inc., Portland, OR, USA). The minimum criteria for protein identification required
the presence of two unique peptides per protein. Protein probabilities were assigned using the Protein

Prophet algorithm (Nesvizhskii et al. 2003).
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lIl. Results

lll.L1 Expression and localization of CD63 and CD81 in cytotoxic T lymphocytes (CTLs)
Traditionally, several tetraspanins, especially CD63 and CD81, have been extensively used as markers
of exosomes due to their abundance on exosomes and multivesicular bodies (MVBs) in various cell
types (van Niel, D'Angelo, and Raposo 2018; Welsh et al. 2024). However, in cytotoxic T lymphocytes
(CTLs), earlier studies revealed that tetraspanins are also present on cytotoxic granules (CGs), making
them less useful as exosome markers in CTLs (Metzelaar et al. 1991; Peters et al. 1991). Recently, the
discovery of new organelles in CTLs, known as multicore granules (MCGs), that also contain exosomes
has further emphasized the heterogeneity of CTL organelles (Chang et al. 2022).

A series of experiments were conducted to determine the localization and specificity of CD63 and
CD81 in CTLs. Day 4 activated CTLs were co-transfected with CD63-pHuji and CD81-SEP and placed on
anti-CD3e coated coverslips to facilitate the formation of an immunological synapse (IS). Since GzmB
is an excellent marker of CGs in CTLs (Lieberman 2003; Chang et al. 2022), the co-transfected cells
were then stained with anti-GzmB antibody, and images were acquired using super-resolution
structured illumination microscopy (SIM) (Figure 12A). The SIM analysis revealed a high colocalization
between CD63 and the SCG and MCG marker GzmB (Manders’ overlap coefficients for CD63 in GzmB:
0.47 + 0.05, and GzmB in CD63: 0.63 * 0.02, Pearson’s coefficient of correlation: 0.47 + 0.03)
(Figure 12B). In contrast, CD81 showed a much lower colocalization with GzmB (Manders’ overlap

coefficients for CD81 in GzmB: 0.33 + 0.04, and GzmB in CD81: 0.22 + 0.04, Pearson’s coefficient of

correlation: 0.24 + 0.03).
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Figure 12: Colocalization analysis of exosome markers in murine CTLs.

A. Representative single plane structured illumination microscopy (SIM) images of primary murine CTLs
electroporated with CD81-superecliptic pHluorin (magenta) and CD63-pHuji (yellow) and immunostained with
an anti-granzyme B (GzmB) antibody coupled to Alexa 647 (cyan). Scale bar= 2 um. B. Mander’s and Pearson’s
colocalization coefficients between CD81 and GzmB, CD81 and CD63, and GzmB and CD63. Nmice = 3 independent
experiments, Nceis = 20.
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These findings indicate different localizations of CD63 and CD81, with CD81 showing a more specific
association with organelles distinct from CGs. Surprisingly, a low overlap between CD81 and CD63 was
observed (Manders’ overlap coefficients for CD81 in CD63: 0.37 + 0.04, and CD63 in CD81: 0.26 + 0.03,
Pearson’s coefficient of correlation: 0.35 £ 0.03) (Figure 12B), further supporting the notion that these

tetraspanins occupy distinct compartments.

To further validate the observed localization and to investigate the specificity of CD81 for
exosome-containing organelles, a correlative light electron microscopy (CLEM) experiment was
conducted. Day 4 GzmB-mTFP K| CTLs were electroporated with either CD63-pHuji-Halo or CD81-Halo
constructs for 12 hours and subsequently stained with SiR-647. The cells were then placed on anti-
CD3e coated sapphire disks and prepared for the CLEM procedure. Consistent with the high
colocalization between CD63 and GzmB observed in fluorescence SIM imaging (Figure 12B), the CLEM
data displayed a non-specific localization of CD63 to exosomes in CTLs. Electron micrographs showed
CD63 marking exosome-containing organelles (MVBs and MCGs) as well as SCGs, which lack exosomes
(Figure 13A-B). This is illustrated in Figure 13 B (top row) showing a typical SCG containing GzmB cargo
but no exosomes that are nevertheless marked with CD63 on their membrane. Similarly, CD63 was
detected in MCGs and MVBs containing exosomes (Figure 13B, middle and bottom row). In contrast,
CD81 was exclusively detected in exosome-containing MVBs and MCGs, with no signal observed in
SCGs (Figure 13C-D). Figure 13 D (upper row) reinforces the specificity of CD81 for exosome-containing

organelles in murine CTLs.

Taken together, these results strengthen our earlier findings that CD63 marks a broad range of CTL

organelles, including SCGs, MCGs, and MVBs, while CD81 is a more specific marker for

exosome-containing organelles.
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Figure 13: CD81 is a more specific exosome marker in murine CTLs than CD63.

A. Representative correlative light electron microscopy (CLEM) images of GzmB-mTFP Kl CTLs electroporated
with CD63-pHuji-Halo, stained with SiR 647 and DAPI (lower panel, left). Images represent an overlay between
SIM images (upper panel) and their corresponding TEM images (lower panel, right). B. Enlarged CLEM images
showing a typical SCG marked with CD63 and containing GzmB (top panel). The middle panel shows a
representative MVB marked with CD63 and lacking GzmB. In the lower panel, shown is a representative MCG
marked with CD63 and containing GzmB-positive SMAPs. Shown from left to right are the SIM, CLEM, and TEM
images. C. Representative CLEM images of GzmB-mTFP KI mouse CTL electroporated with CD81-Halo and stained
with SiR 647 and DAPI. D. Enlarged EM images showing a typical GzmB positive SCG lacking CD81 (top panel),
representative MVBs marked with CD81 (middle panel), and representative MCGs marked with both CD81 and
GzmB (lower panel). Shown from left to right are the SIM, CLEM, and TEM images. N = 3 independent
experiments. SCG: single core granule, MCG: multicore granule, MVB: multivesicular body, SMAPs:
supramolecular attack particles.

1.2 Investigation of fusion kinetics in different cytotoxic organelles of CTLs

The presence of diverse cytotoxic organelles in CTLs, in conjunction with the occurrence of distinct
fusion modes in CTLs and NK cells (Estl et al. 2020; Liu et al. 2011), motivated us to examine whether
these different fusion modes correlate with particular organelles. Given that, using SIM and CLEM
analysis, we identified CD63 as a global marker of CTL cytotoxic organelles, SCGs and MCGs, as well as
MVBs (Figures 12 and 13), CD63 was employed to determine whether differences in fusion kinetics
exist among these organelles. The electroporation protocol was optimized as part of my work to

enhance cell viability, transfection efficiency, and function of murine CTLs (Figure 8) (Alawar et al.
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2024). Organelle fusion was recorded with Total Internal Reflection Fluorescence microscopy (TIRFM).
Day 4 activated GzmB-mTFP Kl CTLs were electroporated with CD63-pHuji for 12 hours. Following
electroporation, the cells were washed with a calcium-free extracellular solution and added to a
supported lipid bilayer to induce the formation of an IS (Figure 14). Since calcium influx is required for
the fusion of CGs with the plasma membrane, a 10 mM extracellular calcium solution was added after
the cells had settled (about one minute after recording). TIRFM images were acquired at a high
temporal resolution (10 Hz), allowing for the detection of fusion events in real time. For pH-sensitive
fluorophores like pHuji, fluorescence remains quenched in the acidic environment of CGs but
increases sharply upon the fusion with the plasma membrane due to pH neutralization (Figure 14F)
(Shen et al. 2014). Conversely, the pH-insensitive fluorophore mTFP marks fusion events by a rapid
drop in fluorescence. In this study, individual fusion events were analyzed by a simultaneous drop in
GzmB-mTFP fluorescence and a sudden increase in CD63-pHuji fluorescence. The analysis of fusion
events revealed two distinct fusion profiles. In the first, GzmB-mTFP fluorescence disappeared rapidly,
accompanied by a sudden, sharp increase in CD63-pHuji fluorescence (Figure 14A-B). In the second
profile, GzmB-mTFP fluorescence also decreased rapidly, but the accompanying increase in CD63-
pHuji fluorescence was followed by a slower dissipation (Figure 14C-D).

To quantify these differences, the decay time— the time required for the signal to reduce to 63% of its
peak value— was measured for each event. The results showed that over 60% of fusion events had a
decay time longer than 2 seconds, while fewer than 40% had decay times below this threshold (Figure
14E). This 2 seconds benchmark corresponds to the decay time typically observed for SCGs marked
with VAMP2-pHluorin (Verweij et al. 2018; Estl et al. 2020), suggesting that fusion events with shorter
decay times are likely associated with SCGs, while those with longer decay times represent MCGs.
These findings indicate that cytotoxic granules in CTLs might be categorized by their CD63-pHuji
fluorescence intensity decay time, with SCGs exhibiting shorter decay times, while MCGs display

slower, more sustained fusion events.
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Figure 14: CD63 marks cytotoxic organelles with different fusion kinetics.

Total internal reflection fluorescent microscopy (TIRFM) snapshot images of GzmB-mTFP CTLs (cyan) expressing
CD63-pHuji (green) on the supported lipid bilayer. A. Representative TIRFM snapshots of SCG fusion event
marked with CD63-pHuji and GzmB-mTFP. B. Corresponding fusion profile showing fast kinetics of the SCG fusion
event shown in A. C. Representative TIRFM snapshots of an MCG fusion event. D. Corresponding decay time of
the MCG event shown in C. E. Decay time of all the analyzed CD63-pHuji fusion events. F. Graphic showing the
unquenching of the pH-sensitive fluorophore pHuji upon the fusion of the MVB with the plasma membrane and
the neutralization of the pH. Images were recorded at 10 Hz, Nmice= 4, Ncelis= 50, Nevents= 126. SCG: single core
granule, MCG: multicore granule, GzmB: Granzyme B.

IIl.3 CD63-positive exosomes and GzmB-positive SMAPs are released from MCGs

To further investigate the observed differences in decay times and to visualize the release of exosomes
and SMAPs from MCGs, day 4 WT CTLs were co-transfected with GzmB-pHuji and CD63-SEP for 12
hours. The cells were then washed with a nominal calcium-free extracellular solution and applied to
anti-CD3e coated glass coverslips to induce the formation of an IS. After settling, cells were induced
to secrete by the addition of a 10 mM extracellular calcium solution (Figure 15). Individual fusion
events were analyzed based on the sudden increase in fluorescence from both GzmB-pHuji and CD63-
SEP channels. The pH-sensitive fluorophores coupled to GzmB and CD63 allowed for real-time
visualization of MCG fusion events. These events involved the co-release of CD63-positive exosomes
and GzmB-positive particles corresponding to SMAPs, accompanied by a prolonged decay time of both
fluorophores (Figure 15C-D). In contrast, fast fusion events, corresponding to SCGs, with a decay time
less than 2 seconds did not show the release of exosomes or SMAPs. These SCGs were likely marked
by CD63 on their membrane and contained GzmB as cargo (Figure 15A-B). Furthermore, the decay

time of GzmB fluorescence was much faster than that of CD63, which is consistent with the expected
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behavior of soluble cargo (GzmB) dispersing more rapidly into the extracellular medium compared to
the membrane-bound marker (CD63) (Figure 15E-F).

Overall, using CD63 as a marker for visualizing lytic granule fusion provided a clear categorization of
cytotoxic granules based on their fusion kinetics: SCGs exhibited short decay times, while MCGs
showed prolonged decay times. TIRFM analysis showed that 28.73 + 2.8% cells exhibited fusion events
(Figure 15G). A particularly intriguing finding from this analysis is that only 3.96% of the events at the
IS were attributed to MVBs (Figure 15H). These events lacked a GzmB signal, since MVBs do not
contain GzmB (Figure 13B and D, middle panel). This suggests that MCGs are the major contributors
to exosome release at the IS, whereas MVBs may be responsible for exosome secretion elsewhere in
the cell, independent of the IS. Taken together, these findings indicate that exosomes in CTLs can be
divided into two distinct subpopulations: polarized exosomes contained within MCGs, which are
secreted specifically at the IS, and non-polarized exosomes contained within MVBs, which are
secreted throughout the cell. However, the question remains as to whether the formation of the IS or

a specific stimulus is required to trigger the release of non-polarized exosomes from MVBs.

53



Results

@
(9]

CD63-SEP

45
< 6007 — (D63 [200 T
S | GzmB |190 & 40
~ 5501 | = 35
g r F180 2 g
3 >00 170 & Y 30
g 450 160 ¢ & 25
o | € o
2 4004, 150 2 g 20
on § ) “&\—140 @ ng—
g 3°0 WIWAY-130 & 104
b wm
300 T T T T 1120 ~ 5
0 5 10 15 20 25 30
Time (s) 0 - :
Transfected Secreting
cells cells
C D ’
o .nnnu
. @
— CD63 800 5 W SCG MMCG | MVB
nn.... GzmB {700 ‘o
- 600 2 %
. 500 &
"
400 g
.'-un. 300 2
TR —200

U=

1 1 1 I 1 0
4.0s 0 10 15 20 25 30
Time (s)
1um

E F
80-o
* R 607 .
() ()
oo )
] a 404
e L
Q [
a a
20 o
[e)
I 1 1 1 ? 0 1 Q - ? 1 I - 2
0 10 20 30 40 50 0 10 20 30 40 50
GzmB pHuiji decay time (s) CD63-SEP decay time (s)

Figure 15: Visualization of exosomes and SMAPs release from MCGs at the immune synapse.

Total internal fluorescent microscopy (TIRFM) snapshots of WT CTLs electroporated with CD63-SEP (green) and
GzmB-pHuji (Cyan) on anti-CD3e coated coverslips. A. Representative WT CTL showing a fast fusion event
corresponding to a typical SCG fusion. B. Corresponding fusion profile of the event detected in A, showing a
sharp increase in the fluorescence intensity of CD63 and GzmB accompanied by a rapid decrease in fluorescence
intensity. C. Representative MCG fusion event showing a very long signal duration with visible exosomes and
SMAPs after secretion labeled with CD63 and GzmB respectively. D. Corresponding fusion profile of the MCG
fusion event shown in C, showing a long signal duration of CD63 and GzmB fluorescence. The decay time of
GzmB pHuji (E) and CD63-SEP (F) of all analyzed events. G. The percentage of CD81-SEP and CD63-pHuji
transfected cells and the percentage of electroporated cells showing secretions. H. The percentage of SCG, MCG,
and MVB analyzed from the total experiments Nmice= 5, Ncells = 59, Nevents= 149. SCG: single core granule,
MCG: multicore granule, SMAPs: supramolecular attack particles, GzmB: Granzyme B, SEP: super-ecliptic
pHluorin.
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1.4 Exosomes released at the immune synapse are derived from MCGs and have a
heterogeneous tetraspanin expression

The heterogeneity of extracellular vesicles (EVs), particularly exosomes, has been widely discussed in
the field, with variations often attributed to the originating cell type. Different cell types secrete
exosomes with distinct markers and contents, supporting various functions (Welsh et al. 2024). In
addition to the intercellular variability, there might be an intracellular variability of exosomes. Our
group showed that in CTLs, exosomes are not exclusively contained within MVBs, as previously
believed, but are also present in a newly described organelle, the MCG (Chang et al. 2022), indicating
a new source of heterogeneity depending on the subcellular origin of the exosome. Given the lower
colocalization between CD81 and CD63 observed in SIM analysis (Figure 12B), we investigated
whether there is a heterogeneity in fusion dynamics of CD81- and CD63-positive organelles. To
address this, TIRFM was performed on CTLs co-transfected with CD63-pHuji and CD81-SEP (Figure 16).
Transfected cells were placed on anti-CD3¢ coated coverslips and triggered for secretion, as previously
described. The analysis of the fusion events revealed a highly heterogeneous profile that could be
categorized into three distinct patterns: similar decay times for CD81 and CD63: Both tetraspanins
showed comparable decay times (Figure 16A-B), suggesting a uniform distribution of these markers
on both the MVB/MCG membranes and the exosomes they contain. Longer decay time for CD81.: This
profile exhibited a prolonged CD81 decay time, with visible CD81-positive exosomes being released
(Figure 16C-D). This pattern indicates that CD81 is not only present on the organelle membrane but
also on the exosome membrane, leading to a sustained fluorescence signal as the exosomes adhere
to the glass coverslip. Longer decay time for CD63: In this profile, CD63 showed a longer decay time,
with CD63-positive exosomes released, while CD81 had a faster decay time (Figure 16E-F). This
suggests that CD63 is more enriched on the exosome membrane, prolonging its signal post-fusion.
Notably, most analyzed events exhibited a longer decay time for CD63 compared to CD81 (Figure 16l),
indicating that CD81 is more prominently associated with the membrane of MCGs, marking the

organelle itself, while the exosomes contained within MCGs are primarily labeled with CD63.
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Figure 16: Exosomes containing organelles show heterogeneity in the expression of tetraspanins.

Total internal reflection fluorescence microscopy (TIRFM) snapshots of WT CTLs electroporated with CD81-SEP
(magenta) and CD63-pHuji (green) on anti-CD3e coated coverslips. A. Representative CTL showing an MCG fusion
event. B. Corresponding fusion profile of the event detected in A, showing a similar fusion profile for CD81-SEP
and CD63-pHuji. C. Representative CD81-SEP and CD63-pHuji labeled MCG fusion event showing a long signal
duration of CD81-SEP with visible CD81-positive exosomes after secretion and short CD63-pHuji signal duration
with no visible CD63 labeled exosomes. D. Corresponding fusion profile of the event shown in C, showing a
longer signal duration of CD81-SEP in comparison to CD63-pHuji. E. Representative CD81-SEP and CD63-pHuiji
labeled MCG fusion event showing a long signal duration of CD63-pHuji with visible CD63-positive exosomes
after secretion and short CD81-SEP signal duration with no visible CD81 labeled exosomes post secretion.
F. Corresponding fusion profile of the event shown in E, showing a longer signal duration of CD63-pHuji in
comparison to CD81-SEP. The decay time of CD81-SEP (G) and CD63-pHuji (H) of all analyzed events.
I. Correlation plot of the decay times of CD63-pHuji as a function of the decay time of CD81-SEP. Shown in
magenta are the decay times of CD81-SEP positive fusion events without detection of CD63-pHuji. Shown in
green are the decay times of CD63-pHuiji positive fusion events without detection of CD81-SEP. Shown in purple
are the decay times of the CD81-SEP and CD63-pHuji positive fusion events. Nmice= 5, Ncells = 54, Nevents= 103.
SCG: single core granule, MCG: multicore granule, MVB: multivesicular body, SMAPs: supramolecular attack
particles, SEP: super-ecliptic pHluorin.
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1.5 MVBs and MCGs show a heterogeneous expression of v-SNARE proteins

Since our results show that the majority of exosomes released at the IS originate from MCGs rather
than MVBs, we sought to test whether different vesicle-associated membrane proteins (VAMPs), i.e.
v-SNAREs, mediate the fusion of these distinct organelles in murine CTLs. To achieve this, we isolated
these organelles from the cells for detailed analysis. CD8* T cells were isolated from WT mice, activated
for 5 days, and assessed for viability and subtypes using flow cytometry (Figure 7). After activation,
the cells were lysed using nitrogen cavitation, and dead cells were discarded by low-speed
centrifugation. The resulting supernatant was fractionated using a discontinuous sucrose density
gradient. We adapted a protocol that was used to separate MCGs from SCGs (Chang et al. 2022; Schirra
et al. 2023) and optimized it to also separate MVBs from the other cytotoxic organelles (Figure 9). The
different fractions obtained from the sucrose gradient were characterized by western blotting and
TEM analysis (Figure 17). The early endosome marker (EEA1) was only detected in fractions 1 and 2,
indicating the presence of early endosomes in these fractions (Figure 17A). Western blot analysis
showed the presence of GzmB in sucrose fractions 6 and 8, corresponding to MCGs and SCGs,
respectively (Figure 17A). TEM analysis validated the presence of intact MCGs in fraction 6 and SCGs
in fraction 8 (Figure 17B). With the modified isolation protocol, we separated the MVBs fraction from
the other organelles in sucrose fraction 4, as evidenced by its typical morphology in TEM (Figure 178,
top). Furthermore, Western blot analysis confirmed the absence of GzmB in MVBs, distinguishing
them from MCGs (Figure 17A). To investigate the involvement of v-SNAREs, we performed western
blot analysis on the different organelle fractions for the expression of VAMP2 and VAMP7. This
analysis showed a high expression of VAMP7 in MVBs compared to MCGs, suggesting differential v-

SNARE involvement in organelle fusion (Figure 17A).
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Figure 17: Subcellular fractionation of MVBs, MCGs, and SCGs from murine CTLs.

A. Representative western blot of the different sucrose fractions (1-8) probed against early endosome marker
(EEA1), SNARE protein (VAMP7), cytotoxic granule marker (GzmB) and cytoskeleton marker (tubulin).
B. Transmission electron microscopy (TEM) images of sucrose gradient fractions 4, 6, and 8 corresponding to
multivesicular body (MVB), multicore granule (MCG), single core granule (SCG), Ngradients = 3 from 3 independent
experiments.
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Unfortunately, the VAMP2 antibody was not suitable for western blotting, therefore organelles
isolated from WT CTLs were concentrated on 2% gelatin-coated coverslips, fixed, and stained for
VAMP2 and VAMP7. The lipid marker Lysobisphosphatidic acid (LBPA) was used as an indicator of
organelle integrity. The samples were then analyzed using SIM (Figure 18A). The resulting images were
segmented using Cellpose 2.0. An object-based colocalization algorithm was employed to quantify the
presence of the v-SNARE proteins on the different organelles. The analysis determined that MVBs
exhibited significantly lower levels of VAMP2 compared to MCGs and SCGs, with only 6.82 + 1.22% of
MVBs being VAMP2-positive, compared to 21.03 + 3.56% of MCGs and 46.23 + 3.66% of SCGs (Figure
18B-C). In contrast, both MVBs and MCGs were enriched in VAMP7, with 52.47 + 10.05% of MVBs and
53.10 + 1.59% of MCGs being VAMP7-positive, while only 17.77 + 2.10% of SCGs were positive for
VAMP7 (Figure 18B-C). This suggests an abundance of VAMP7 on MVBs, an equal abundance of
VAMP2 and VAMP7 on MCGs, and SCGs are predominantly marked by VAMP2 (Figure 18C). The
abundance of VAMP7 on MVBs suggests that their fusion with the plasma membrane, unlike that of
MCGs and SCGs, may be independent of VAMP2. Considering that our previous TIRFM analysis showed
only 3.96% of secretions corresponded to MVBs (Figure 15H), we can infer that most of the exosome
secretion at the IS is VAMP2-dependent. The VAMP7-positive MVBs are likely involved in exosome

secretion elsewhere in the cell, independent of the IS.
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Figure 18: The SNARE protein VAMP7 specifically labels MVBs and MCGs containing exosomes.

A. Representative structured illumination microscopy (SIM) images of organelles corresponding to MVBs (Top),
MCGs (middle), and SCGs (bottom). The organelles were isolated from WT CTLs, centrifuged on gelatin-coated
coverslips, fixed, and stained with anti-LBPA (cyan), anti-VAMP2 (yellow), and anti-VAMP7 (magenta) antibodies.
Shown are the images of the individual channels and the merged images of all three channels. B. Object-based
colocalization analysis of all three proteins displayed as scatter dot plots with the values superimposed with a
box plot comprising the median (line). C. Pie chart representing the percentage of VAMPs in each of the isolated
organelles. Ngradients = 3, from 3 independent experiments, organelles analyzed: 7620 SCG, 15650 MCG and 13710
MVBs. SCG: single core granule, MCG: multicore granule, MVB: multivesicular body, LBPA: Lysobisphosphatidic
acid, ns: not significant. Data represented as mean + SEM, *p < 0.05, **p < 0.01, ***p < 0.001.
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1.6 CD81 is a more specific exosome marker in murine CTLs

After finding a difference in the expression of v-SNAREs on the surface of MVBs, MCGs, and SCGs
(Figure 18), as well as the distinct fusion dynamics of CD81 and CD63 positive organelles in TIRFM
experiments (Figure 161), we sought to determine whether the membrane of these organelles exhibits
differences in their tetraspanins content. To investigate this, we isolated organelles from WT CTLs,
concentrated them on 2% gelatin-coated coverslips, and stained them without permeabilization for
the surface markers CD81, CD63, and LBPA. Images were acquired using SIM; segmented using
Cellpose 2.0, and subjected to object-based colocalization analysis using MATLAB (Figure 19A). To
ensure the accuracy of our analysis, we only included organelles with diameters larger than 200 nm in
fraction 8 and 350 nm in fractions 4 and 6 that colocalized with LBPA, thereby avoiding any individually
labeled exosomes or membrane pieces that may have resulted from organelle disruption. The results
from this analysis indicated significant differences in tetraspanin expression among the different
organelles. MVBs and MCGs had significantly higher levels of CD81 on their membrane compared to
SCGs, with 79.14 £ 2.06% of MVBs and 73.19 £ 2.09% of MCGs being CD81-positive, while only 31.92
+ 8.85% of SCGs were positive for CD81 (Figure 19B). Conversely, the membrane of SCGs was enriched
in CD63 compared to MVBs and MCGs, with 64.53 + 9.47% of SCGs being CD63-positive, compared to
only 14.38 + 2.11% of MVBs and 15.53 + 1.63% of MCGs (Figure 19B). These results suggest that CD81
is a more reliable marker for distinguishing organelles containing exosomes from SCGs, as it is
consistently more abundant on the membrane of MVBs and MCGs than on SCGs membrane. Another
notable finding from this experiment is the very low colocalization between CD63 and CD81 on MVBs
and MCGs (Figure 19B). This observation raises intriguing questions regarding the potential
heterogeneity within the exosome population itself. While the heterogeneity of EVs is a well-
established concept, most studies have focused on differences between EV subtypes, such as
microvesicles and exosomes (Welsh et al. 2024). However, little is known about the heterogeneity
within the exosome population itself. While some studies have documented differences in RNA
content among exosomes, it has been largely assumed that tetraspanins are universally present on

exosomes, making them reliable general markers.
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Figure 19: The tetraspanin CD81 is a more specific exosome marker in murine CTLs than CD63.

A. Representative organelles corresponding to MVBs (Top), MCGs (middle), and SCGs (bottom). The organelles
were isolated from WT CTLs, centrifuged on gelatin-coated coverslips, fixed, and stained with anti-LBPA (cyan),
anti-CD63 (yellow), and anti-CD81 (magenta) antibodies. Images were acquired with structured illumination
microscopy (SIM). Shown are the images of the individual channels and the merge of all three channels' images.
B. Object-based colocalization analysis of all three proteins displayed as scatter dot plot with the values
superimposed with a box plot comprising the median (line). Ngradients = 3, from 3 independent experiments,
organelles analyzed: 7620 SCG, 11245 MCG, and 11720 MVBs. SCG: single core granule, MCG: multicore granule,
MVB: multivesicular body, LBPA: Lysobisphosphatidic acid, ns: not significant. Data represented as mean + SEM,
**p < 0.01, ***p < 0.001.

lll.7 Exosomes derived from murine CTLs could be divided into two subpopulations
based on their size

The observed heterogeneity in SNARE proteins and tetraspanins between MVBs and MCGs
(Figures 18-19) motivated further characterization of exosomes secreted by murine CTLs. To achieve
this, 10 x 108 CTLs were activated for 5 days using anti-CD3/CD28 coated beads in conditioned media.
Exosomes were isolated from the supernatant of 600-800x 10° CTLs via differential
ultracentrifugation. The small EVs pelleted at 100,000 x g were further purified using an optimized
sucrose density gradient (Figure 10). Consistent with the literature, exosomes were expected to float
within the sucrose density range of 1.15-1.19 g/cm? (Théry et al. 2006). To confirm the presence of
CTL-derived exosomes in these fractions, TEM analysis was performed. The analysis revealed the
presence of highly pure exosomes in fractions 1.1, 1.2, and 1.3 M (Figure 20 A-D). Interestingly, two
distinct size populations were detected in these fractions. The first size population ranged from 30-
80 nm, while the second ranged from 80-150 nm (Figure 20A-C). This finding suggests the existence
of a heterogeneous population of exosomes secreted by murine CTLs, suggesting functional diversity
within these vesicle subtypes. The different sucrose fractions were then analyzed by western blotting
for exosome markers. Western blot analysis confirmed the presence of classical exosome markers,
ALIX and TSG101, in fractions 1.1, 1.2, and 1.3 M (Figure 20E), further validating that these fractions

contained exosomes. To maximize the yield of exosomes for further studies, fractions 1.1, 1.2, and 1.3
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M were pooled together. This pooling enabled successful detection of the tetraspanin CD81 (Figure
20F). The identification of two distinct exosome size populations, combined with differences in

tetraspanin and SNARE protein content, highlights the complex nature of exosome biogenesis in CTLs.
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Figure 20: Characterization of exosomes isolated from murine CTLs.

Transmission electron microscopy (TEM) images of sucrose fractions 1.1 M (A), 1.2 M (B), 1.3 M (C) with the
diameter analysis of each fraction. D. Magnified TEM image from sucrose fraction 1.2 M showing typical
exosomes. E. Western blot for sucrose fractions 0.6-1.6 M (10 ug protein/lane) probed against exosome markers
ALIX and TSG101. F. Western blot for cytotoxic T lymphocyte (CTL) lysate and exosomes pooled from fractions
1.1, 1.2, and 1.3 M probed against the exosome markers ALIX, TSG101, and CD81.

The presence and purity of the isolated exosomes were further validated using mass spectrometry
(MS) analysis. A total of 824 proteins were identified from the WT exosome samples using MS, based
on a stringent 1% false discovery rate (FDR) and a minimum of two unique peptides per protein. The
list of proteins was compared to the Top 100 proteins identified in the Exocarta database and the
results indicated that 79 proteins of the CTL-derived exosomes isolated in this study are found in the
Top 100 list (Figure 21A). Importantly, calnexin, a common contaminant associated with the
endoplasmic reticulum, was not detected, indicating that the isolation protocol was highly efficient in
yielding pure exosomes with minimal contamination. Moreover, the analysis of the subcellular

location of the identified proteins revealed that 63.83% of the proteins are known extracellular vesicle
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markers and only 0.12% and 0.24% are Golgi and ER markers respectively, showing that with the
followed isolation procedure, a high purity of exosomes is isolated (Figure 21B). The identified proteins
were categorized into several functional categories. Proteins involved in vesicle formation, transport,
and fusion were well represented. High levels of CD82 and TSG101, essential for exosome formation,
were detected, underscoring their role in the biogenesis and function of exosomes. Proteins linked to
immune signaling and modulation, such as MHC class | molecules and other immune-related proteins,
were present, suggesting that CTL-derived exosomes might play a role in immune surveillance or
antigen presentation. The exosome cargo also included key signaling molecules, indicating their
potential function in cell-to-cell communication, possibly mediating responses to immune stimuli or
other signals within the microenvironment. Proteins associated with cellular stress, such as HSP70,
were abundant. Heat shock proteins are often implicated in the loading of antigens onto exosomes,
which could be relevant for immune modulation and cytotoxicity in CTLs. Metabolic enzymes,
including GAPDH, were also identified, reflecting the potential involvement of exosomes in metabolic
regulation or possibly as a source of metabolic information exchange between cells. The mass
spectrometry data, alongside the earlier results from western blotting and TEM, not only supports the
purity of the exosome preparation but also highlights the functional diversity of exosomes secreted

by CTLs.
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- Cytosol (2.66%)
Nucleus (5.46%)
Plasma membrane (5.09%)
_= Mitochondria (0.4%)
745 21 Endoplasmic reticulum (0.24%)
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CTL-derived Exocarta M Other (4.97%)
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Figure 21: Proteomic analysis of exosomes isolated from WT murine CTLs.

A. Venn diagram displaying the number and overlap of proteins identified from WT murine CTLs-derived
exosomes in this study with those in the Exocarta Top 100 exosome proteins. B. Pie chart showing the subcellular
location of the total identified proteins predicted by Scaffold software.

111.8 10X expansion of exosomes derived from murine CTLs showed that the tetraspanins
CD63 and CD81 locate to different exosomal subpopulations

To better understand the heterogeneity of exosomes derived from murine CTLs, exosomes isolated

from sucrose fractions 1.1, 1.2, and 1.3 M were pooled together and pelleted on 2% gelatin-coated

coverslips by ultracentrifugation at 20,000 x g for 4 hours. After pelleting, the coverslips were

immediately fixed, permeabilized, and stained with antibodies against the exosome surface markers

CD81 and CD63. Samples were then imaged using SIM (Figure 22A). The resulting images were
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segmented using CellPose, and object-based colocalization analysis was performed with MATLAB.
Surprisingly, a minimal colocalization between CD63 and CD81 was observed. Specifically, Manders’
overlap coefficients showed only 0.054 + 0.002 for CD81 within CD63, and 0.046 + 0.003 for CD63
within CD81, while the Pearson’s correlation coefficient was similarly low at 0.041 + 0.001 (Figure
22B). This indicated that CD81 and CD63 were localized to distinct exosome subpopulations in murine

CTlLs.
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Figure 22: Immunostaining of isolated exosomes revelaed a heterogeneous tetraspanin expression.

A. Representative structured illumination microscopy (SIM) images of exosomes isolated from WT CTLs,
centrifuged on gelatin-coated coverslips, fixed, and stained with anti-CD63 (yellow) and anti-CD81 (magenta)
antibodies. Shown are the images of the individual channels and the merge image of the two channels.
B. Mander’s and Pearson’s colocalization coefficients between CD81 and CD63. Data represented as mean *
SEM, N = 3 independent experiments.

To further validate this observed heterogeneity and to characterize the two distinct exosome
subpopulations, | have adapted the 10X expansion microscopy protocol (Shaib et al. 2024), typically
used for protein characterization, and optimized it for expanding exosomes. Exosomes pelleted on
gelatin-coated coverslips were fixed and stained with antibodies specific to CD81 and CD63. A gel-
compatible anchor (Acryloyl-X) was applied to attach the lysine residues of the exosomes to a
swellable gel matrix. After hydrolysis through heat treatment, which created main chain breaks and
thus allowed the isotropic expansion of the sample, the samples were then stained with N-
hydroxysuccinimide ester (NHS-ester) fluorescein to label the exposed amino groups generated after
homogenization. A 10-fold expansion was achieved through repetitive washing with distilled water.
The samples were then imaged using a four-color STED Quadscan in confocal mode, with 1100 frames
acquired (Figure 11). The ONE platform plugin on Imagel) was used to correct sample drift during
acquisition and reconstruct the final image (Shaib et al. 2024). The expanded exosomes confirmed the
previously observed heterogeneity, revealing that CD81 and CD63 mark entirely separate populations
of exosomes. Remarkably, no exosomes were found to be double-positive for both CD81 and CD63
(Figure 23), reinforcing the idea that these two tetraspanins define distinct subpopulations.
Interestingly, the imaging of expanded exosomes revealed a correlation between size and tetraspanin
expression. CD81 was predominantly associated with smaller exosomes, in the range of 30-80 nm

(nexosomes= 8, Figure 23, top), while CD63 was more commonly found on larger exosomes, ranging from
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80-150 nm (Nexosomes= 10, Figure 23, bottom). This suggests that the size of the exosome may relate to

the specific tetraspanins it carries, potentially reflecting distinct origins, functions, or cargo types.

NHS-fluorescein NHS-fluorescein

NHS-fluorescein NHS-fluorescein

CD63
.

Figure 23: Exosomes derived from murine CTLs are divided based on their tetraspanins surface marker into
two subpopulations, CD63-positive and CD81-positive exosomes.

Exosomes isolated from WT CTLs were pelleted on gelatin-coated coverslips, fixed, and stained against the
tetraspanins CD81 (magenta) and CD63 (yellow). Stained exosomes were then subjected to the 10X expansion
protocol and stained with NHS-ester fluorescein (cyan). Images were acquired with STED microscopy in confocal
mode. Shown is a representative image of CD81-positive exosome (green box, top) and CD63-positive exosome
(bottom). N = 3 independent experiments.

1.9 Murine CTL derived exosomes contained in MVBs are secreted in a MUNC13-4
independent manner

It has become clear that exosomes derived from murine CTLs are quite heterogeneous. These
exosomes are not only located in two different organelles (MVBs and MCGs), but they can also be
divided into two subpopulations based on their surface markers: CD63-positive and CD81-positive
exosomes (Figures 22-23). This heterogeneity raised the question of whether the secretion of these
exosomes is limited to the IS or can occur at other cellular sites. Given that MUNC13-4 is a crucial
priming factor for the secretion of lytic granules at the IS (Dudenho6ffer-Pfeifer et al. 2013), we sought
to investigate whether the fusion of exosome-containing organelles, such as MVBs and MCGs, is also
dependent on MUNC13-4. To address this, exosomes were isolated from WT and MUNC13-4 KO CTLs
through ultracentrifugation and a sucrose density gradient. The isolated exosomes were then analyzed
by TEM to assess their presence and purity. The TEM data showed that both WT and MUNC13-4 KO
CTLs secreted exosomes, indicating that exosome release can occur independently of MUNC13-4
(Figure 24A). Analysis of exosome diameter revealed no significant differences between the two
conditions, with an average diameter of 76.59 £ 1.92 nm in WT-derived exosomes and 75.89 +
2.44 nm in MUNC13-4 KO-derived exosomes (Figure 24B), suggesting that MUNC13-4 does not

influence the size or maturation of exosomes in murine CTLs. However, there was an 18.13% reduction
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in exosome yield from MUNC13-4 KO CTLs compared to WT (Figure 24C). To determine whether this
reduction was specific to CD81-positive or CD63-positive exosomes, the isolated exosomes from WT
and MUNC13-4 KO CTLs were stained for both markers (Figure 24D). The analysis revealed a significant
reduction in CD63-positive exosomes, with 63.87 + 1.65% of WT-derived exosomes expressing CD63,
compared to only 56 + 1.75% in MUNC13-4 KO exosomes. Conversly, there was a slight increase in
CD81-positive exosomes in the MUNC13-4 KO CTLs (32.61 +0.99%), compared to WT-derived
exosomes (22.38 + 1.53%) (Figure 24E). To further assess whether the secretion of MCGs is MUNC13-
4 dependent, TIRFM analysis was performed on MUNC13-4 KO CTLs overexpressing CD63 and CD81
(data not shown, N=3 independent experiments, ncus= 35). Interestingly, the results showed no
secretion of exosomes at the IS from these cells, confirming that MCG secretion is MUNC13-4-
dependent, while MVBs are secreted independently of MUNC13-4, and likely outside the IS. Taken
together, these results suggest that exosomes secreted at the IS are enriched in CD63 and are
contained within MCGs that are secreted in a MUNC13-4 dependent manner, conversly CD81-positive
exosomes appear to be enriched in MVBs secreted elsewhere throughout the cell in a MUNC13-4

independent manner.
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Figure 24: MUNC13-4 KO CTLs secrete exosomes with a similar morphology to the WT exosomes.

A. Representative transmission electron microscopy (TEM) images of exosomes isolated from WT CTLs (left) or
MUNC13-4 KO CTLs (right), scale bar 0.5 um. B. Scatter dot plot analysis of the diameter of exosomes isolated
from WT or KO CTLs. C. Box plot showing the number of exosomes isolated from WT or MUNC13-4 KO CTLs
supernatant. D. Representative structured illumination microscopy (SIM) images of exosomes isolated from WT
(left) or MUNC13-4 KO CTLs (right), centrifuged on gelatin-coated coverslips, fixed, and stained with anti-CD63
(yellow) and anti-CD81 (magenta) antibodies. Shown are the images of the merge of the two channels. E. Object-
based colocalization analysis of CD63 alone (yellow), CD81 alone (magenta), and the colocalization of CD63and
CD81 (red) displayed as scatter dot plot with the values superimposed with a box plot comprising the median
(line). Ngradients = 3, from 3 independent experiments. Data represented as mean = SEM, *p < 0.05, **p < 0.01,
ns: not significant.
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111.10 Exosomes derived from WT and MUNC13-4 KO CTLs possess cytotoxic activity

To assess the biological properties of exosomes derived from CTLs on tumor cell lines, exosomes from
both WT and MUNC13-4 KO CTLs were incubated with P815 tumor cells for 12 and 24 hours. Following
incubation, the P815 cells were analyzed using flow cytometry to assess caspase 3 activation and
propidium iodide (Pl) staining, which are markers for apoptosis and cell membrane integrity,
respectively (Figure 25A). After 12 hours of incubation, the results showed a notable difference in the
apoptotic activity between exosomes derived from WT and MUNC13-4 KO CTLs. Caspase 3 activation,
indicative of early apoptosis, was observed in 33.06% % 1.27 of cells treated with WT exosomes, which
was significantly higher compared to the 15.53% * 0.49 observed in cells treated with KO exosomes
(Figure 25B). The percentage of cells double positive for both Pl and caspase 3, indicating cells in the
later stages of apoptosis, was identical for both WT and KO exosome-treated groups, with 6.46% +
1.22 for WT and 6.46% + 0.1 for KO, respectively (Figure 25B). After 24 hours of incubation, the effects
on the P815 cells became more pronounced. The percentage of caspase 3 activation increased over
time in both groups, reaching 56.96% * 3.42 in the WT group, which was significantly higher compared
to the 28.26% + 3.12 in the KO group (Figure 25C).

The percentage of cells double positive for both Pl and caspase 3 rose t0 9.2% + 1.36 for the WT group
and 9.82% + 1.43 for the KO group, indicating that more cells in both groups were progressing towards
late-stage apoptosis or necrosis over time (Figure 25C). Overall, these results suggest that exosomes
from WT CTLs are more potent in inducing apoptosis in P815 tumor cells compared to exosomes from

MUNC13-4 KO CTLs.
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Figure 25: Cytotoxicity and molecular mechanisms involved in the killing of P815 tumor cell lines by
CTL-derived exosomes.

Cytotoxic assay on P815 target cells incubated with 10 pg/ml WT or MUNC13-4 KO-derived exosomes.
A. Representative flow cytometry analysis of the cytotoxic activity of CTL-derived exosomes. Cells were gated
based on the forward and side scatter. DMSO was used as a positive control. The percentage of active caspase
3 and PI positive cells was evaluated after 12 (B) and 24 h (C) of incubation with CTL exosomes. N = 3, from 3
independent experiments. Data represented as mean + SEM, **p < 0.01.

Since previous results in this study demonstrated that under KO conditions, only MVBs containing
exosomes can fuse with the plasma membrane, while MCGs do not, the decreased cytotoxicity
observed in the KO condition relative to WT suggests that exosomes from MCGs are more cytotoxic
than those from MVBs. Thus, it appears that the exosomes contained in MCGs contribute significantly
to the cytotoxic effect on target cells, highlighting a functional distinction between exosomes from
different organelles within CTLs. Furthermore, the significant increase in caspase 3-positive cells from
12 to 24 hours in both WT and KO conditions suggests a progressive accumulation of apoptotic signals
over time, highlighting the sustained and enhanced cytotoxic potential of exosomes over extended

periods.
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IV. Discussion

The main objective of the present work was to characterize exosomes derived from murine cytotoxic
T lymphocytes (CTLs) and investigate their function. Using CLEM, SIM, and TIRFM, we traced the
journey of CTL-derived exosomes and demonstrated that they reside within two distinct organelles,
multivesicular bodies (MVBs) and multicore granules (MCGs). Notably, we report that CD81 is a
specific exosome marker that selectively labels exosome-containing organelles in CTLs. Through
detailed analysis with CLEM, mass spectrometry, and expansion microscopy, we further characterized
exosomes into two distinct subpopulations: smaller, CD81-positive exosomes and larger, CD63-
positive exosomes. My findings further reveal a functional polarization, with exosomes within MCGs
directed toward the immune synapse and released in a MUNC13-4 dependent manner, while non-
polarized exosomes, housed in MVBs, are released in a MUNC13-4 independent manner throughout
the cell’s plasma membrane. Importantly, this study shows that polarized exosomes exhibit

significantly greater cytotoxic potential than their non-polarized counterparts.

IV.1 Exosomes are contained in two distinct organelles in murine CTLs

Cytotoxic T lymphocytes (CTLs) play a crucial role in the adaptive immune system by identifying and
eliminating infected or malignant cells. They achieve this through the release of cytotoxic organelles,
notably single core granules (SCGs), which contain perforin and Granzyme B (GzmB) (Peters et al.
1991). Recently, our lab identified MCGs as another important cytotoxic organelle within CTLs. MCGs
contain dense particles called supramolecular attack particles (SMAPs) along with other less dense
nanovesicles (Chang et al. 2022). This work in addition to a previous study by Balint et al. (2020) has
focused on the release of SMAPs at the immune synapse and their role in target cell killing. The
presence and functional implications of the nanovesicles resembling exosomes within MCGs remained
unexplored. Exosomes, which are 30-150 nm nanovesicles formed within MVBs, facilitate cell-to-cell
communication and play a significant role in modulating immune responses (Welsh et al. 2024; Raposo
et al. 1996). While exosomes released from immune cells like CD4* T cells, NK cells, and DCs are well-
documented, those specifically derived from CD8* CTLs remain underexplored (Raposo et al. 1996;
Zitvogel et al. 1998; Enomoto et al. 2022). In this study, we sought to determine whether murine CD8*
CTLs contain exosomes in two distinct organelles: conventional MVBs and the newly identified MCGs.
Traditionally, tetraspanins such as CD63, CD81, and CD9 have been known for decades to be among
the proteins commonly associated with exosomes (Kowal et al. 2016). These proteins not only label
the exosomes but also the membrane of the organelles containing them, making them useful for real-
time visualization of exosome release from cells (Verweij et al. 2018). We first co-expressed the

exosome markers CD81 and CD63 in day-5 activated CTLs and used GzmB as a marker for cytotoxic
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organelles. For the first time, we demonstrate that CTLs house exosomes within two structurally
distinct organelles (Figure 13). CLEM analysis revealed that both MVBs and MCGs are marked by CD63
and CD81; however, GzmB labeled MCGs and SCGs, confirming its absence in MVBs (Figure 13).
Notably, GzmB was restricted to the electron-dense regions of MCGs, indicating its association with
SMAPs rather than with exosomes (Figure 13B and D, lower panel). This distinction suggests that
GzmB can serve as a marker to differentiate between MVBs and MCGs. It further suggests a specialized
exosome packaging and targeting mechanism in CTLs, raising important questions about the potential
distinctions between exosomes derived from MVBs and those from MCGs, as well as their respective

roles in CTL-mediated immune functions.

IV.2 CD81 is the specific tetraspanin for exosome characterization in murine CTLs

The study of extracellular vesicles (EVs), particularly exosomes, has revealed significant heterogeneity
in their structure, origin, and function. This heterogeneity depends not only on the cell type from
which they originate but also on the intracellular organelles involved in their formation and release
(Willms et al. 2018). Having confirmed that exosomes in murine CD8* CTLs are contained within both
MVBs and MCGs, we aimed to investigate the differences between exosomes in these distinct
organelles. To effectively characterize exosomes in murine CD8" CTLs, identifying a marker that
specifically labels exosome-containing organelles was crucial. CD63 has become the gold standard to
distinguish exosomes from other EVs (Kowal et al. 2016; Kowal, Tkach, and Théry 2014), however, in
CD8* CTLs, the tetraspanin CD63 poses a challenge, as it also labels SCGs, which do not contain
exosomes (Peters et al. 1991; Metzelaar et al. 1991). This overlap in CD63 expression limits its utility
to differentiate exosome-containing organelles from SCGs. Therefore, we were haunting for an
exosome marker that specifically labels exosome-containing organelles. Structured Illumination
Microscopy (SIM) images showed a significant colocalization of CD63 with GzmB (Figure 12B),
confirming its association with SCGs. Furthermore, CLEM analysis revealed CD63 on SCG membranes
with GzmB as cargo (Figure 13B, upper panel), consistent with previous reports of CD63 marking lytic
granules (Peters et al. 1991). In contrast, CD81 exhibited reduced overlap with GzmB (Figure 12B), was
not localized on the membrane of SCGs (Figure 13D, upper panel), and specifically labeled MVBs and
MCGs (Figure 13D, middle and lower panels), suggesting specificity for exosome-containing
organelles. This was corroborated by organelle staining experiments with specific labeling of the
membrane of the MVBs, MCGs, and SCGs isolated from murine CTLs. This was achieved by staining
the isolated organelles without permeabilizing them, allowing us to detect only the exposed epitopes
of the tetraspanins on the membrane of the organelles and not on the exosomes contained within

(Figure 14F). Consistent with our SIM and CLEM data on CTLs, the results from the membrane staining
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of the isolated organelles further confirmed the non-specificity of CD63 due to its abundance on SCGs
membranes (Figure 19B). Furthermore, we show the absence of CD81 from SCG membrane and its
abundance on MVB and MCG membrane (Figure 19B). In light of this evidence, we propose CD81 as a
prominent marker for characterizing exosomes in murine CD8"* CTLs, allowing us a more accurate

characterization of exosome localization and release in these cells.

IV.3 Exosome-containing organelles have distinct fusion characteristics compared to
SCGs

Since most, if not all, cell types release exosomes, understanding the dynamics of exosome biogenesis
and release is crucial to appreciating their physiological roles in vivo. We investigated whether, in
murine CD8* CTLs, MVBs and MCGs both polarize to the immune synapse for fusion. To visualize MVB
and MCG fusion events at the immunological synapse in real-time, we performed total internal
fluorescence microscopy (TIRFM) on murine CTLs added on anti-CD3& coated coverslips. By using CD63
as a pan-marker for exosome-containing organelles as well as SCGs, we distinguished fusion of MCGs,
MVBs, and SCGs, based on distinct fusion dynamics. To temporally characterize fusion events, we
monitored fluorescence increases upon MVB/MCG fusion with the plasma membrane. As the
exosomal membrane is permeable to protons (Gutknecht 1987; Paula et al. 1996; Raven and Beardall
1981), pHluorin and pHuji molecules facing the exosome (ILV) lumen will be quenched in the
MVB/MCG, but become fluorescent upon the fusion of the organelle with the plasma membrane
(Figure 14F). SCGs, containing soluble cargo such as GzmB and perforin, displayed fast fusion dynamics
(under 2 seconds), marked by rapid fluorescence spikes and fast decay (Figure 15A and B), consistent
with previous reports for the plasma membrane deposition of VAMP2 from SCGs (Estl et al. 2020;
Verweij et al. 2018). In contrast, MCG and MVB fusion events exhibited longer signal durations of over
2 seconds (Figure 15C and D). Our findings are similar to what has been reported in the literature for
the long MVB fusion dynamics in Hela cells and A549 cells (Verweij et al. 2018; Mahmood et al. 2023),
confirming the identity of these organelles with long fusion events to MVBs/MCGs. The long signal
duration could be likely due to the entrapment of fluorescent exosomes between the cells and the
glass coverslip or their immobilization by “sticking” to the PM after MCG/MVB—PM fusion. This
hypothesis is supported by the observation that the decay time of CD63 on supported lipid bilayer
(SLB) was in general faster than its decay on glass coverslip (Figure 14E and 15F). This difference in
signal duration enables us to discriminate between MCG/MVB—PM fusion events and the exocytosis

of SCGs that only have CD63 in the limiting membrane (Figure 13B, upper panel).

Interestingly, our TIRFM data revealed that, at the IS, among the long fusion events (decay time over

2 seconds), 69.84% of the events corresponded to MCGs, whereas only 3.96% of the events
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corresponded to MVBs, identified by their lack of GzmB (Figure 15H). The high degree of specificity
observed in MCG release at the IS suggests the presence of a sophisticated intracellular organization,
which may facilitate the direct release of distinct exosomes at the immune synapse for focused

interaction with target cells.

IV.4 Role of MUNC13-4 in exosome secretion

MUNC13-4 is a well-known priming factor that facilitates the secretion of lytic granules at the immune
synapse, essential for effective CTL function (Dudenhoffer-Pfeifer et al. 2013). Given its importance,
we investigated whether MUNC13-4 equally promotes the fusion of both exosome-containing
organelles (MVBs and MCGs). Experiments with MUNC13-4 knockout (KO) CTLs revealed that
exosome secretion can occur in the absence of MUNC13-4, as exosome isolation from MUNC13-4 KO
CTLs was possible (Figure 24). However, the decreased exosome yield in MUNC13-4 KO CTLs (Figure
24C) suggests that MUNC13-4 facilitates the release of a specific subpopulation of exosomes. Notably,
as most exosomes secreted at the immune synapse are contained in MCGs (Figure 15H), we used
MUNC13-4 KO CTLs co-expressing CD81-SEP and CD63-pHuji to assess whether MCGs fuse at the
immune synapse in a MUNC13-4 independent manner. Interestingly, in MUNC13-4 KO CTLs, no
secretion was detected at the immune synapse, underscoring the dependence of MCG fusion on
MUNC13-4. However, we were able to isolate exosomes from the MUNC13-4 KO CTL culture medium.
Therefore, these exosomes must come from MVBs that fuse in a non-polarized manner, independent
of MUNC13-4. Additionally, we found that the size of exosomes (Figure 24B) and MVB/MCG (data not
shown) were comparable between WT and MUNC13-4 KO CTLs. This suggests that MUNC13-4 does
not influence exosome biogenesis or MVB/MCG maturation. This finding contrasts with previous
studies where MUNC13-4 was implicated in MVB maturation in cancer cells (Messenger et al. 2018)
and CG maturation in human CTLs (Ménager et al. 2007). In murine CTLs, however, MUNC13-4’s role
appears to be specialized in the priming of MCGs and SCGs and thereby in the secretion of specific
exosome subpopulations at the immune synapse rather than influencing overall exosome biogenesis
or maturation. Whether the formation of an immune synapse is required for the fusion of MVBs in a
non-polarized manner or whether it is dependent on another stimulus is a question that remains to
be investigated. Meanwhile, the non-polarized MVBs might facilitate a broader, less targeted release,
allowing CD8* CTLs to communicate systemically. Such an arrangement could enable CTLs to optimize
exosome-mediated signaling for both local and systemic immune responses, underscoring the

specialized, highly coordinated role of exosomes in immune regulation.
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IV.5 Role of SNARE proteins

Since we found differences in the priming factor between MVBs and MCGs, we sought to investigate
potential differences in the expression of v-SNAREs on these organelles due to the critical role of
SNARE machinery in vesicle fusion processes. Numerous SNAREs have been previously implicated in
exosome secretion in various tumor cells (Verweij et al. 2018; Gross et al. 2012; Fader et al. 2009a),
yet the exact components forming the SNARE complex that mediate MVB—PM fusion and exosome
secretion have not been explicitly defined. Using ultracentrifugation, we successfully isolated fusion-
competent SCGs, MCGs, and MVBs from murine CTLs and subsequently conducted a detailed analysis
of their markers and morphology through western blotting, electron microscopy, and SIM (Figures 17
and 18). We found that VAMP7, rather than VAMP?2, is detected on the membrane of MVBs. Notably,
both VAMP2 and VAMP7 were present on the membranes of MCGs, while only VAMP2 was detected
on the membranes of SCGs (Figure 18C). This finding aligns with previous literature emphasizing the
versatility and specificity of SNARE proteins in exocytosis (Studhof 2013). This differential localization
of SNARE proteins suggests distinct mechanisms governing the fusion and secretion of exosomes from
these organelles. Advani et al. (1999) and Coco et al. (1999) have highlighted the crucial role of VAMP7
in vesicular trafficking, particularly its association with late endosomes and lysosomes, supporting our
observation of VAMP7 on MVBs. Similarly, Fader et al. (2009b) reported that VAMP7, but not VAMP3,
is essential for exosome secretion in K562 human chronic myeloid leukemia cells, which aligns with
our identification of VAMP7 as the v-SNARE mediating exosome secretion in murine CD8* CTLs. The
detection of VAMP7 on MVBs and MCGs suggests a common biogenesis pathway for both organelles.
In contrast, the absence of VAMP2 in MVBs, as well as its fusion in a MUNC13-4 independent manner,
shows that MVBs have different SNARE proteins than MCGs and SCGs. This may correlate with the

secretion of MVBs in a non-polarized manner, i.e. not at the immune synapse.

IV.6 Heterogeneity of tetraspanins expression on exosome-containing organelles

A highly interesting finding from our study was the low colocalization between the tetraspanins CD63
and CD81 in murine CTLs (Figure 12B). This observation was mirrored in the heterogeneous fusion
profiles of CD81-SEP and CD63-pHuji in TIRFM (Figure 161). Our results show that during MCG fusion
events, the decay time of CD81 was consistently faster than that of CD63 (Figure 16). We explained
this heterogeneity by the association of CD81 to the membrane of MCGs, while CD63 is predominantly
present on the exosomes contained within these MCGs. This hypothesis was confirmed by our
membrane staining results of the isolated organelles, which showed that the membranes of both
MVBs and MCGs are enriched in CD81, not in CD63 (Figure 19B). Interestingly, staining of the isolated

exosomes revealed a decrease in CD63-positive exosomes in MUNC13-4 KO CTLs compared to WT
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CTLs (Figure 24D and E). This finding indicates that CD63 is enriched in polarized exosomes contained
in MCGs and released at the immune synapse in a MUNC13-4 dependent manner, while CD81 is
associated with non-polarized exosomes contained in MVBs, which are secreted in a MUNC13-4

independent manner throughout the cell.

IV.7 Exosomes derived from murine CTLs are divided into two subpopulations based on
their surface marker

The low colocalization between the tetraspanins observed in murine CTLs (Figure 12B) led us to
investigate potential differences in tetraspanins profiles among individual exosomes. To accurately
characterize these differences, we decided to isolate exosomes from the supernatant of murine CTLs.
Isolating exosomes from primary cell cultures, particularly from murine CTLs, is significantly more
challenging than using immortalized cell lines due to the requirement for sustained, high-quality cell
cultures with minimal cell death over several days. Initially, we used cells derived from multiple
spleens (up to six mice) to reach approximately 600-800 x 10° cells by day 5, which yielded sufficient
exosome numbers. After optimizing our cell culture methods, we successfully reduced animal use by
achieving comparable cell expansion from a single mouse spleen, while maintaining cell viability
(Figure 7) and exosome vyield. To ensure purity, we used a combination of differential
ultracentrifugation and sucrose density gradient ultracentrifugation (Figure 10), isolating exosomes
based on size and density (Théry et al. 2006). We validated the identity of isolated exosomes with
Western blotting for exosome markers ALIX and TSG101 (Figure 20E and F) and electron microscopy,
confirming typical exosome morphology and size (Figure 20A-D). Exosomes were found primarily in
fractions with densities of 1.12—1.19 g/ml consistent with the known density of exosomes (Théry et
al. 2006), and our mass spectrometry analysis confirmed the purity of the isolated exosomes, with 79
of the detected proteins are included in the Exocarta top 100 list (Figure 21). We then examined
whether CD81 and CD63 colocalized on the same exosome or marked distinct exosome
subpopulations. Contrary to conventional assumptions of exosome homogeneity, we found that CD63
and CD81 rarely colocalized on individual exosomes, revealing at least two distinct exosome
subpopulations in CTLs (Figure 22). But it is important to note that most of the previous research has
mainly focused on comparative analysis of classic EV subtypes, i.e. apoptotic bodies, microvesicles,
and exosomes (Lunavat et al. 2015; Xu et al. 2015) and of EVs being released from the apical and
basolateral surfaces of organoids (Tauro et al. 2013) but not on the exosomes themselves. Here, we
reveal for the first time a heterogeneity among exosomes, demonstrating that exosomes released
from murine CTLs can express distinct surface markers (Figure 22). An interesting observation from

our TEM analysis of isolated exosomes was the existence of two different size populations, with
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approximately 53% of exosomes ranging from 30-80 nm and 39% from 80-150 nm (Figure 20A—C). We
then examined whether there is a correlation between the size of exosomes and their surface markers.
To achieve this, we adapted a 10X expansion method used for expanding proteins (Shaib et al. 2024)
and optimized it to expand the isolated exosomes labeled with CD81 and CD63. To the best of our
knowledge, we are the first research group to expand exosomes. Our results confirmed that these
markers do not localize to the same exosomes and showed that CD63-positive exosomes tended to
be larger than CD81-positive exosomes (Figure 23). This suggests that exosome size might correlate
with tetraspanin expression, potentially indicating variations in exosome origins, functions, or cargo
types. The existence of exosome subtypes in primary CTLs aligns with earlier findings showing diversity
within MVBs in terms of ILV size, which is influenced by cargo type and ESCRT-dependence of their
biogenesis (Colombo, Raposo, and Théry 2014; Edgar, Eden, and Futter 2014). While our findings add
to the growing evidence of exosome heterogeneity, future studies will be needed to determine
whether exosome size differences are strictly due to cargo variations or arise from distinct biogenetic
pathways. Notably, limitations in the current preparation method, particularly due to the specificity
of the anchoring agent (Acryloyl-X) for lysine residues, may have impacted the representation of
exosome subtypes in our size distribution analysis (Shaib et al. 2024). Nonetheless, this work provides
substantial evidence of distinct CTL exosome subpopulations, advancing our understanding of

exosome diversity and suggesting specialized roles for these vesicles in immune function.

IV.8 Polarized exosomes are more cytotoxic than non-polarized exosomes

It is well-established that activated murine CTLs primarily deploy cytotoxic proteins as their main
mechanism for inducing target cell death pathways. However, tumors have evolved multiple immune
evasion strategies, complicating immune-based interventions. Despite advances in immunotherapy,
immune escape remains a significant barrier to effective cancer treatment. Exosomes, recognized for
their role in intercellular communication and ability to transfer bioactive molecules, are crucial players
in both tumor progression and antitumor immunity. As a key part of the adaptive immune response,
CD8* CTLs target and eliminate tumor cells, though their effectiveness can be weakened by
interactions with the tumor microenvironment (TME). Given that EVs have recently gained attention
as potential drug delivery systems due to their stability, loading capacity, and targeting abilities, we
explored whether exosomes derived from CTLs might serve as an additional cytotoxic mechanism.
Indeed, WT CTL-derived exosomes showed substantial cytotoxic activity within 12 hours of incubation
and this effect was enhanced after 24 hours (Figure 25). WT-derived exosomes displayed significantly
higher cytotoxicity than those from MUNC13-4 KO CTLs, raising the possibility that polarized exosomes

contained within MCGs are more potent than those housed in MVBs (Figure 25). This supports our
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hypothesis that the exosome sorting process in CTLs is highly specialized. Furthermore, we observed
that this killing effect in WT-derived exosomes was mediated by caspase-3 activation, suggesting a
Fas/FasL-dependent pathway, as neither perforin nor GzmB was detected within these exosomes in
mass spectrometry analysis (Figure 21). Since we show that we isolate highly pure exosomes from the
cell culture supernatant (Figures 20 and 21) we can attribute the observed cytotoxic effects to
exosomes, rather than other killing entities, such as SMAPs, which have been also reported to exhibit
cytotoxic effects on target cells (Chang et al. 2022; Balint et al. 2020). To further delineate the distinct
roles of exosomes and SMAPs, we conducted an additional control experiment by isolating SMAPs
directly from MCGs and applying them to P815 target cells. Our results indicate that SMAPs indeed
possess cytotoxic activity; however, they exhibit this activity at later points compared to exosomes
(supplementary data). Studies have proposed that CTLs employ serial killing and additive cytotoxicity
through multiple sublethal hits on target cells (Weigelin et al. 2021; Prager et al. 2019). Based on our
findings, CTLs may utilize both exosomes and SMAPs within MCGs to enhance their cytotoxic potential
against tumor cells. The reduced cytotoxicity observed in MUNC13-4 KO-derived exosomes highlights
the functional differentiation of polarized and non-polarized exosome populations (Figure 25). Future
research should further examine the role of non-polarized exosomes to unravel their potential

function in immune modulation.
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V. Outlook

This dissertation provides a comprehensive characterization of exosomes derived from cytotoxic T
lymphocytes (CTLs), elucidating their biogenesis, secretion mechanisms, and functional relevance. Our
findings reveal that CTL-derived exosomes are packaged into two distinct organelles, multivesicular
bodies (MVBs) and multicore granules (MCGs), highlighting a new layer of complexity in CTL exosome
biology. Through advanced imaging techniques such as SIM and CLEM, CD81 was identified as a more
reliable marker for CTL-derived exosomes compared to CD63, addressing a longstanding challenge in
distinguishing exosome containing organelles from other secretory organelles like single-core granules
(SCGs) in CTLs (Figure 26). Functional differences between these exosome-containing organelles were
characterized through the polarized secretion of MCG-derived exosomes at the immune synapse,
contrasting with the non-polarized release of MVB-derived exosomes. This study uncovered a
dependency on MUNC13-4 for MCG fusion, whereas MVB secretion was MUNC13-4-independent.
Furthermore, we showed that VAMP7 and not VAMP2 was associated with MVBs. To check whether
the differences observed between MVBs and MCGs are translated to a heterogeneity within the
exosomes themselves, exosomes were isolated from the supernatant of either WT or MUNC13-4 KO
CTLs. Exosome subpopulations were characterized based on size and surface marker expression. Using
10X expansion method we were able to divide exosomes into two subpopulations, the smaller CD81-
positive exosomes and the larger CD63-positive exosomes, reflecting their molecular and functional
diversity (Figure 26). Functional assays demonstrated the critical role of CTL-derived exosomes in
inducing caspase-3-mediated apoptosis in target cells. Notably, exosomes from MUNC13-4 knockout
CTLs, which lack MCG-mediated secretion, exhibited reduced cytotoxic efficacy, underscoring the
importance of regulated exosome release for effective immune responses. This work highlights key
aspects of exosome biology while opening several avenues for future research. Investigating the
selective sorting mechanisms that direct specific cargo into MVBs or MCGs could provide further
insight into the regulation of exosome heterogeneity. RNA sequencing of exosome subpopulations
could uncover novel markers and functional roles, advancing the understanding of how CTLs adapt
their exosome-mediated responses under various physiological and pathological conditions. The
polarized secretion of MCG-derived exosomes at the immune synapse raises intriguing questions
about their role inimmune synapse formation and signaling. Further research could explore how these
exosomes influence synaptic stability, T cell activation, and intercellular communication. Moreover,
this study underscores the therapeutic potential of CTL-derived exosomes, particularly in cancer
immunotherapy. Future research should focus on fine-tuning CTL-derived exosomes to enhance their
specificity and efficacy for targeting immune-resistant tumors. By leveraging their molecular diversity

and cytotoxic potential, CTL-derived exosomes could be developed as novel therapeutic agents,
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providing new avenues for treating diseases where immune modulation is critical. By addressing
fundamental questions in exosome biology and offering new insights into their functional relevance,
this dissertation lays the groundwork for advancing both basic and translational research in the fields

of immunology and extracellular vesicle bioengineering.
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Figure 26: Characterization of exosomes derived from murine CTLs.

A suggested model summarizing our findings. In murine CTLs, exosomes are contained in two distinct organelles,
multivesicular bodies (MVBs) and multicore granules (MCGs). Exosomes contained in MCGs are polarized to the
immune synapse and are released in a MUNC13-4 dependent manner. However non-polarized exosomes are
contained in MVBs and are secreted elsewhere throughout the cells in a MUNC13-4 independent manner.
Interestingly, polarized exosomes show superior killing to their non-polarized counterparts. Furthermore, we
show that CD81 is a more specific marker to exosome containing organelles, due to its abundance on the
membrane of MCGs and MVBs and its absence from the membrane of SCGs. We also showed that exosomes
could be further divided based on their tetraspanin surface expression into CD81-positive exosomes, and CD63-
positive exosomes. Where CD63 seems to be abundant on the polarized exosomes and CD81 on the non-
polarized ones.
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Supplementary Figure 1: Comparison of exosomes and SMAPs cytotoxicity.

Representative flow cytometry analysis of the cytotoxic assay performed on P815 target cells incubated with
either 10 pg/ml exosomes or supramolecular attack particles (SMAPs) derived from WT CTLs. Cells were gated
based on the forward and side scatter. DMSO was used as a positive control. The percentage of active caspase
3 and PI+ cells was evaluated after 12 (upper panel) and 24 h (lower panel) of incubation with CTL-exosomes. N
=1.
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