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ABSTRACT

Small extracellular vesicles (SEVs) derived from cytotoxic T lymphocytes (CTLs) are emerging as potential mediators of antitumor
immunity; however, their subcellular origins and functional properties remain incompletely defined. In this study, we investigated
the intracellular routes and cytotoxic potential of CTL-derived exosomes. Using correlative light and electron microscopy, we
discovered that CTL-derived exosomes originate from both classical multivesicular bodies (MVBs) and the recently identified
multi core granules (MCGs). Through total internal reflection fluorescence microscopy, we demonstrated that, in contrast to MVB-
derived exosomes, MCG-derived exosomes are released at the immunological synapse in a stimulus-dependent manner. To enable
functional characterization, we developed a scalable primary cell culture method for the isolation of high-purity exosomes. Super-
resolution microscopy revealed significant heterogeneity in exosome size and tetraspanin composition. Notably, MCG-derived
exosomes exhibited fivefold higher cytotoxic activity than MVB-derived exosomes, inducing apoptosis in tumor cells via a caspase
3-dependent mechanism. These findings reveal that CTLs exploit distinct secretory pathways to release heterogeneous exosome
populations with differential cytotoxic capacities, offering new insights into CTL-mediated immune responses and providing a
basis for the development of novel exosome-based immunotherapies.

1 | Introduction (IS) between the CTL and its target cell, triggering a cascade

of intracellular events that ultimately lead to target cell death
Cytotoxic T lymphocytes (CTLs) are essential components of  (Chang et al. 2023; Dustin and Choudhuri, 2016; Kabanova et al.,
adaptive immunity, responsible for the targeted elimination of  2018). To execute this process, CTLs deploy an arsenal of effector
virus-infected and malignant cells. This cytotoxic activity is =~ mechanisms, including the release of cytotoxic molecules such
initiated through the formation of an immunological synapse  as perforin and granzymes (Gzms) (Lopez et al. 2013; McKenzie
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et al. 2022; Sutton et al. 2016), Fas ligand (Bossi and Griffiths
1999; Cassioli and Baldari 2022), and cytokines such as interferon
y (IFN-y) (Alspach et al. 2019; Uhl et al. 2023). These effector
molecules are packaged in distinct organelles, notably within
lytic granules that comprise two subtypes: single core granules
(SCGs) and multi core granules (MCGs) (Balint et al. 2020; Chang
et al. 2022). SCGs are characterized by a homogeneous, electron-
dense core and release Gzms and perforin in a soluble form,
enabling rapid target cell killing. In contrast, MCGs contain
multiple small electron-dense cores, known as supramolecular
attack particles (SMAPs), which kill target cells (Balint et al.
2020; Chang et al. 2022). Both granule types undergo calcium-
dependent fusion with the plasma membrane, exclusively at the
IS (Chang et al. 2022). Their fusion is orchestrated by a specialized
molecular machinery, in which the SNARE proteins together
with priming/docking proteins play a central role (Chang et al.
2023). Among the priming/docking proteins, Muncl3-4 plays
a pivotal role by facilitating the docking of lytic granules and
promoting the assembly of the SNARE complex, consisting of the
v-SNARE Synaptobrevin-2 in mouse and the t-SNARESs syntaxin-
11 and SNAP23 (Chang et al. 2023). Notably, Munc13-4 deletion
completely abolishes the exocytosis of lytic granules at the IS
of CTLs (Crozat et al. 2007, Dudenhoffer-Pfeifer et al. 2013;
Feldmann et al. 2003).

In a previous study, we demonstrated that in addition to SMAPs,
MCGs also harbor intraluminal vesicles (ILVs), suggesting that
they may serve as a source of small extracellular vesicles (SEVs),
alongside the classical multivesicular bodies (MVBs) (Peters et al.
1991). EVs constitute a heterogeneous group of membrane-bound
vesicles secreted by nearly all cell types, critically mediating
intercellular communication and influencing diverse physiolog-
ical and pathological processes. EVs are typically categorized
into exosomes, microvesicles, and apoptotic bodies, based on
their size and subcellular origin. Exosomes, generally have a
size range of 30-150 nm in diameter, originate as ILVs within
endosomal compartments and are released upon their fusion
with the plasma membrane (Raposo and Stoorvogel 2013; Welsh
et al. 2024). They contain a diverse cargo of proteins, DNA,
and RNA, which mediate cell-to-cell signaling. While extensive
research has explored the roles of tumor-derived exosomes in
immune evasion, immunosuppression, and metastasis, immune
cell-derived exosomes, particularly those from CTLs, have been
comparatively neglected, despite them being the key players in
the fight against cancer (Budayr et al. 2025; Li et al. 2025). CTL-
derived EVs have been shown to have anti-tumor properties
by reducing cancer cell proliferation and metastatic properties
(Budayr et al. 2025; Seo et al. 2018; Sovunjov et al. 2023; Zhang
etal. 2024; Zhou et al. 2021), but also promote cancer invasion (Cai
et al. 2012). Furthermore, they play a role in the modulation of the
immune system by influencing the function of bystander CTLs (Li
et al. 2017; Wu et al. 2019). Most research in CTLs was focused on
EVsin general rather than specifically on exosomes, or have been
conducted using cytotoxic cell lines (NK92), leaving significant
gaps in our understanding of their cellular origin, composition,
and function in primary CTLs.

In this study, we systematically address these gaps by thor-
oughly characterizing small EVs derived from primary murine
CTLs. Specifically, we investigated their intracellular localiza-
tion, release kinetics, protein composition and role in tumor

suppression. Our results indicate that CTL-derived small EVs
are exosomes that originate not only from classical MVBs, but
also from the recently described MCGs (Chang et al. 2022),
and that the latter are released specifically at the IS, in paral-
lel with SMAPs, in a stimulus-dependent manner. We further
demonstrated that the isolated exosomes exhibited remarkable
heterogeneity in size and protein composition. Importantly, we
observed distinct functional differences between those derived
from MVBs and MCGs. MCG-derived exosomes exhibited sig-
nificantly higher cytotoxic activity, effectively inducing apoptosis
in tumor cells through a caspase 3-dependent mechanism. By
elucidating the different origins, heterogeneity, and functionality
of CTL-derived exosomes, this study significantly enhances our
understanding of their biological roles and therapeutic potential.

2 | Materials and Methods

21 | Animal Housing and Ethical Compliance
Muncl3-4 knock-out (KO) (Unc13d~/~) and GzmB-mTFP knock-
in (KI) mice were generated as described previously (Chitirala
et al. 2020; Crozat et al. 2007). All animal experiments were
conducted in accordance with the regulations of the state of
Saarland (Landesamt fiir Verbraucherschutz, AZ.: 2.4.1.1) and
approved by the appropriate authorities. Mice of both sexes were
maintained under specific pathogen-free (SPF) conditions in a
controlled environment at 22°C with 50%-60% humidity and a
12-h light/dark cycle. Food and water were provided ad libitum.
For euthanasia, mice were anesthetized using CO,, followed by
cervical dislocation, in accordance with the AVMA Guidelines
(2007).

2.2 | Cell Culture

Spleens from 18-22-week-old C57BL/6N wild-type (WT), GzmB-
mTFP KI, or Muncl3-4 KO mice were harvested and processed
into single-cell suspensions. Briefly, CD8* T-cells were posi-
tively isolated from splenocytes of WT, KO, or KI mice using
Dynabeads Flowcomp CD8 positive isolation kit (Invitrogen)
following manufacturer’s instructions. The naive CD8" T cells
were activated with anti-CD3/anti-CD28 coated activator beads
(ratio 1:0.8) and cultured for 5days at 37°C with 5% CO,. The
resulting CTLs were cultured at a density 10° cells/mL in 24
well plates with AIM-V medium (Invitrogen) containing 10% fetal
calf serum (FCS), 100 U/mL recombinant IL-2 (Gibco), 50 uM 2-
mercaptoethanol. For exosome isolation, 8-10 x 10° cells/mouse
were resuspended in AIM-V medium supplemented with 10%
depleted FCS (dFCS) and 50 uM -mercaptoethanol in T75 flasks
at 37°C with 5% CO,. Cells were activated as described previously
and supplemented with fresh medium containing 10% dFCS and
100 U/mL recombinant IL-2 every second day. Depleted FCS was
prepared by ultracentrifugation at 100,000 x g at 4°C for 16 h, with
the supernatant aliquoted and stored at —20°C.

P815 cells were cultured in RPMI medium (Gibco) supplemented
with 10% FCS and 1% Penicillin/Streptomycin. The cells were
cultured in the medium at 37°C in a humidified incubator with
5% CO,. Cells were passaged every two days at a 1:33 ratio and
used between passages 16 and 20.
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2.3 | Cell Homogenization and Organelle Isolation
Cell homogenization was performed as previously described
(Chang et al. 2022). Briefly, 0.8-1.5 x 10® day 5 CTLs from WT
mice were washed in ice-cold isolation buffer (Invitrogen, PBS
with 0.1% BSA and 2mM EDTA) and centrifuged at 300 X g
for 6 min. The pellet was resuspended in 2 mL homogenization
buffer (300 mM sucrose, 10 mM HEPES, 5mM EDTA, pH 7.3)
supplemented with protease inhibitors (3mM Pefabloc, 10 uM
E64, and 10 pug Pepstatin A). Nitrogen cavitation was performed
for 25 min at 4°C and 800 psi. The resulting homogenate was
collected and centrifuged at 1000 x g for 10 min at 4°C. The
post-nuclear supernatant was layered on top of a discontinuous
sucrose density gradient with 0.3, 0.5, 0.8, 1.0, 1.2, 1.4, and 1.6
M sucrose in 10 mM HEPES with 5mM EDTA with protease
inhibitors as described before. Each sucrose layer consisted of
2mL except for the 0.5 and 0.8 M sucrose layer, which was 1
mL. After ultracentrifugation at 100,000 X g for 900 min at4°Cina
SW40Ti rotor (Beckmann), twelve 1 mL fractions were collected
from the top of the gradient and supplemented with fresh protease
inhibitors.

2.4 | EV and Exosome Isolation

EV isolation was performed on day 5 effector CD8* T lymphocytes
cultivated in exosome depleted FCS as described above using a
differential ultracentrifugation protocol. Briefly, the supernatant
from 600-800 X 10° from WT or Munc13-4 KO CTLs was collected
and centrifuged for 10 min at 1000 X g and 20 min at 2000
X g respectively. Activation beads were collected by magnetic
separation and washed thoroughly with calcium free D-PBS
(Ca** and Mg** free) to recover any EVs adhering to their
surface. The D-PBS used for washing the beads was then mixed
with the culture supernatant before the subsequent EV isolation
steps, ensuring that polarized released EVs were included in
the analysis. The resulting supernatant was ultracentrifuged at
10,000 x g for 40 min followed by a 100,000 x g ultracentrifugation
for 75 min. The pellet was washed with D-PBS containing a
cocktail of protease inhibitors (Pefabloc, E64, Pepstatin A).

For exosome isolation, the sample was ultracentrifuged using the
SW40 rotor for 75 min. All centrifugation steps were performed
at 4°C. The exosome pellet was resuspended in 50 pL D-PBS
and added to a sucrose density gradient with 0.3, 0.6, 0.95, 1.1,
1.2, 1.3, 1.6, and 2 M sucrose solution in 20 mM HEPES pH 7.3,
5 mM EDTA. A protease inhibitor mixture consisting of 3 mM
Pefabloc, 10 uM E64, and 10 pg Pepstatin A was added to these
solutions, except when the exosomes were intended for killing
assays (in which case, inhibitors were omitted). The gradient
was subjected to ultracentrifugation at 100,000 x g at 4°C for 18
h. Sucrose fractions were then collected, diluted in D-PBS, and
ultracentrifuged again for 75 min at 100,000 X g at 4°C to further
purify the exosomes. The final exosome pellet was resuspended in
calcium free 50-80 uL D-PBS. Exosomes were used immediately
or stored at 4°C for no more than 24 h prior to further analysis.

For differential mass spectrometry analysis of CD63" and CD81*
exosomes, EVs were isolated as described above. EV pellets were
resuspended in D-PBS and subjected to the mouse CD63 or mouse
CD81 exosome isolation kit (Miltenyi Biotec, Germany), follow-

ing the manufacturer’s instructions. Briefly, EV samples were
incubated with magnetic microbeads conjugated to anti-CD63
or anti-CD81 antibodies for 1 h at room temperature. The bead-
EV complexes were then applied to uMACS columns placed in a
magnetic separator. After extensive washing to remove unbound
material, the columns were removed from the magnetic field,
and bead-bound exosomes were directly lysed in Laemmli sample
buffer supplemented with 10% S-mercaptoethanol. Samples were
stored at -20°C for subsequent mass spectrometry.

2.5 | Plasmids Used for Transfection

Granzyme B (GzmB) -pHuji was cloned by replacing mCherry
at the C-terminus of GzmB with forward primer 5'-ATG TAT
ATC CAC CGG TCG CCA CCA TGG 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 4.315kb.
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. The pmax-CD63-pHuji
was generated by subcloning from pCMV-CD63-pHuji into pMax
with the restriction sites EcoRI and Xbal. Its size was 4.282kb.
The pmax-CD63-SEP was generated by subcloning from pCMV-
CD63-SEP into pMax with the restriction sites EcoRI and Xbal.
Its size was 4.318 kb. pPCMV-CD81-SEP, pCMV-CD63-pHuji, and
pCMV-CD63-SEP were a generous gift from Frederik Verweij
(Centre de Psychiatrie et neurosciences, Amsterdam/Paris). For
both constructs the pH sensitive fluorescent marker protein was
located to the first extracellular loop of the tetraspanins facing the
acidic lumen of the organelles (Figure SIf) (Verweij et al. 2018).
The pMax-CD81-Halo was cloned by replacing the SEP in the
CDB81-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.
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 5.197kb. All plasmids were confirmed by sequencing with
respective forward and reverse primers by Microsynth Seqlab.

2.6 | Electroporation of CTLs

Electroporation of day 5 mouse CTLs was performed using the
Nucleofector 2b Device (Lonza). Approximately 6 X 10° cells
were resuspended in 100 pL electroporation buffer (Mouse T Cell
Nucleofector Kit, VPA-1006; Lonza) and 1.5-3 pg plasmid DNA
(CD63-pHuji, CD63-SEP, CD81-SEP, CD63-pHuji-Halo, CD81-
Halo, or GzmB-pHuji). The cell-DNA mixture was transferred
to cuvettes and electroporated with the X-001 pulse for mouse
CTLs. Following electroporation, cells were transferred to 3 mL
prewarmed recovery medium and cultured at 32°C with 5% CO,
(Alawar et al. 2024). After 12 h, cells were washed, cultured in
AIM-V with 10% FCS at 37°C, and used for experiments 14-18 h
post-electroporation.
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2.7 | Total Internal Reflection Fluorescence
Microscopy (TIRFM)

The TIRFM setup (Visitron Systems GmbH, Germany) was
based on an Olympus IX83 microscope, equipped with a
UAPONI100XOTIRF NA 1.49 objective, a 488 nm and a 561
nm 100 mW laser, and an Evolve-Prime95B camera (Teledyne
Photometrics). Illumination was controlled by the iLAS2 system
(Roper Scientific, France) with Semrock (USA) filters. Day 4
CD8* T cells were co-transfected with combinations of CD63-
pHuji, CD81-SEP, and GzmB-pHuji. 14-18 h post-electroporation,
around 0.3 x 10° cells were resuspended in 30 pL extracellular
buffer 2mM HEPES, 140 mM NacCl, 4.5mM KCl, and 2mM
MgCl,) containing 0 mM nominal Ca?* and allowed to settle for
1-2min on anti-CD3e antibodies (30 ug/mL, clone 145-2C11, BD
Pharmingen) coated coverslips. Cells were then perfused with
extracellular buffer containing 10 mM Ca** to promote vesicle
fusion. Imaging was performed for 10 min at room temperature,
with a 10 Hz acquisition frequency and 100 ms exposure time
using the 561 nm and 488 nm lasers. Fusion events were analyzed
using Fiji V1.4 with the Time Series Analyzer plugin.

2.8 | Subset Analysis of CD8" T Lymphocytes by
Flow Cytometry

Flow cytometry was performed to assess the quality, activation
status, and differentiation of day 5 CD8* T lymphocytes. Briefly,
0.2-0.5x10° CD8* T cells were resuspended in D-PBS (Gibco) and
incubated on ice for 30 min in the dark with FITC-, APC-, or PE-
conjugated antibodies against CD44, CD62L, and CD25. Viable
CD8* T cells were gated based on size and granularity, using
unstained CTLs as controls. Data acquisition was performed with
a BD FACSAria IIT analyzer and BD FACSDiva software 6.0, and
analysis was conducted using FlowJo v10.0.7.

2.9 | Protein Lysates and Western Blot Analysis
Approximately 10 x 10° CTLs were lysed in RIPA buffer, incubated
on ice, and centrifuged to collect the supernatant. For sucrose
gradient fractions and exosome pellets, 10 pL of each sample was
lysed in RIPA buffer.

Western blot analysis was used to assess protein expression.
Protein lysates (10 ug) were mixed with LDS buffer and, if
required, B-mercaptoethanol for reducing conditions. The sam-
ples were heated, loaded onto a 4%-12% Bis-Tris gel, and
separated by SDS-PAGE. Proteins were transferred to a 0.45 um
nitrocellulose membrane. After blocking with 5% milk in TBST,
membranes were incubated with primary antibodies, followed
by HRP-conjugated secondary antibodies. For isolated organelles
and exosomes, protein concentrations in sucrose fractions were
quantified using Pierce 660 nm Protein Assay reagent. Sucrose
fractions were separated by SDS-PAGE using either 10% Bis-
Tris gels with MES running buffer or 4%-12% gradient Bis-Tris
gels with MOPS running buffer. Proteins were transferred to
a 0.2 um pore-size nitrocellulose membrane and blocked with
5% non-fat dry milk powder in TBS buffer (20 mM Tris, 0.15
M NacCl, 0.05% Tween 20, pH 7.4) for 2 h at 20 + 2°C. The

immunoblots were probed with primary antibodies against alpha-
tubulin, synaptobrevin 7, GzmB, EEA1, ALIX, TSG101, and CD81
followed by HRP-conjugated secondary antibodies (goat anti-
mouse or anti-rabbit, heavy and light chain). The blots were
developed using enhanced chemiluminescence (Super Signal
West Dura Chemiluminescent Substrate) and imaged with a
FluorChem M gel documentation system (ProteinSimple).

2.10 | Immunostaining

CD8* T cells were allowed to settle on anti-CD3e-coated cover-
slips (30 ug/mL) for 10 min at room temperature and fixed with
4% paraformaldehyde for 20 min. After three washes with D-PBS,
cells were permeabilized with 2% BSA and 0.1% Triton-X-100 for
30 min, followed by blocking with 2% BSA in D-PBS for 30 min.
Primary antibodies (Table S1) were incubated for 1 h, followed
by washing with a permeabilizing solution. Secondary antibodies
(Table S1) were added for 45 min in the dark, and excess antibody
was washed away three times with D-PBS. The coverslips were
rinsed in distilled water and mounted immediately. All steps were
performed at room temperature.

Isolated organelles in sucrose fractions were fixed with 0.2% PFA
on ice for 10 min and diluted with 320 mM KCI. They were added
to 2% gelatin-coated coverslips fixed in ultracentrifuge tubes and
ultracentrifuged for 30 min at 10,000 x g. The samples were
further fixed with 2% PFA for 5 min. After three washes with D-
PBS and quenching with 50 mM glycine for 2 min, the primary
antibody was added for 30 min at 20 + 2°C. The secondary
antibody was applied for 30 min. After several washes with D-
PBS, the coverslips were dipped in distilled water and mounted
on slides. For co-staining, antibodies from the same species were
stained consecutively with Fab fragments in between. Samples
were stored at 4°C until imaging using SIM.

Isolated exosomes were resuspended in approximately 14 mL of
D-PBS, added to 2% gelatin-coated coverslips, fixed in ultracen-
trifuge tubes on an adapter, and ultracentrifuged at 20,000 X g
for 4 h. Following centrifugation, the exosomes were fixed in
2% PFA for 5 min at 20 + 2°C. 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 min
at room temperature. After three washing steps of 5 min each,
exosomes were permeabilized using 0.001% Triton-X-100 solution
in D-PBS for 5 min and blocked for 10 min using blocking solution
(2% BSA in D-PBS). The primary antibody (Table S1) was diluted
in blocking solution and applied for 30 min at 20 + 2°C. After
two washes with blocking solution the secondary antibody (Table
S1) was added for 30 min. 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.

2.11 | Structured Illumination Microscopy (SIM)

The SIM imaging was performed on a Zeiss Elyra PS1 (Zeiss,
Oberkochen) equipped with solid-state lasers emitting at 405
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nm, 488 nm, 561 nm, and 642 nm. Post-immunostaining, images
were captured using a 63x Plan-Apochromat (NA 1.4) objective
with laser excitations at 488 nm, 561 nm, and 642 nm. Z-stacks
were recorded with a step size of 150 nm. The raw images
were processed using Zen software (Zen 2011; Carl Zeiss), and
further analysis was performed using Image] v1.46 software.
Segmentation was performed with Cellpose 2.0 (Pachitariu and
Stringer 2022). Co-localization analysis was performed with
JACoP in ImageJ (Bolte and Cordelieres 2006) or object based
co-localization analysis using in house written macro.

For correlative light and electron microscopy (CLEM) imaging,
ultrathin sections of post-embedded GzmB-mTFP KI mouse
CTLs expressing CD81-Halo or CD63-Halo-pHuji, stained with
SiR or ATTO647 (as described above), were imaged using 405,
488, and 642 nm wavelengths. SIM imaging with a 63x Plan-
Apochromat objective (NA 1.4) covered a 200-mesh grid (around
90 um?), ensuring precise alignment with the grid bars. DAPI
images were taken at 405 nm to identify CTL nuclei and define
the image plane. Z-stacks were acquired with a step size of 100
nm, and image processing was performed using Zen 2011 (Zeiss).

2.12 | High Pressure Freezing and Electron
Microscopy

To localize proteins within CTL organelles, CLEM analysis of
cryo-fixed GzmB-KI mouse CTLs was conducted as previously
described (Matti et al., 2013). Day 5 CTLs from GzmB-KI mice
were co-transfected with CD63-pHuji and CD81-Halo constructs
and stained with silicon rhodamine (SiR) or ATTO647 for 1 h
at 37°C, 12 h post-electroporation. After washing with AIM-V
medium, 4 x 10° CTLs were seeded on poly-L-ornithine and anti-
CD3¢ coated sapphire discs in flat specimen carriers for 10 min
at 37°C and 5% CO,, enabling the formation of an immunological
synapse. Cells were vitrified in a high-pressure freezing system
(EM PACT?2, Leica) in AIM-V medium with 30% FCS and 10 mM
HEPES.

For cryo-substitution, samples were transferred into the pre-
cooled (—130°C) chamber of the AFS2 (Leica), where the tem-
perature was increased gradually from —130 to —90°C over 2 h.
Cryo-substitution was conducted at —90°C to —70°C for 20 h in
anhydrous acetone and at —70°C to —60°C for 24 h with 0.3%
uranyl acetate in acetone. Samples were infiltrated with increas-
ing concentrations (30%, 60%, and 100%) of Lowicryl K11M/HM20
mixture for 1 h each, followed by 5 h 0of 100% Lowicryl infiltration.
Samples were then UV polymerized at —60°C for 24 h and at
5°C for an additional 15 h. After polymerization, the carriers
were removed, and ultrathin sections (100 nm) were cut using
an EM UC7 ultramicrotome (Leica), mounted on carbon-coated
200-mesh copper grids (Plano).

Fluorescence analysis of EM sections was performed within
24 h post-sectioning to prevent loss of fluorescence signals.
Grids were stained with DAPI (1:1000) for 3 min, washed, and
sealed with silicone (Picodent Twinsil) for SIM imaging. After
fluorescence imaging, grids were stained with uranyl acetate
and lead citrate for electron microscopy, and captured on a
Tecnail2 Biotwin transmission electron microscope (Thermo

Fisher Scientific). Only CTLs with intact membranes, organelles,
and nuclei were analyzed for correlation. DAPI images (405
nm) were used to align fluorescence with electron micro-
scope images, allowing precise localization of fluorescent signals
within cells. Image overlays were performed in Corel DRAW
Xe6.

To analyze the isolated exosomes and organelles in the collected
sucrose fractions, these fractions were diluted in D-PBS to a
final sucrose concentration of 0.8 M, fixed with 2% PFA, and
dropped on pioloform-coated copper grids. After fixation with
1% glutaraldehyde, samples were contrasted with uranyl acetate
(Thery et al. 2006). Electron micrographs were acquired with the
Tecnai 12 Biotwin electron microscope.

To compare the accumulation of organelles at the IS of WT and
Muncl3-4 KO CTLs, CD8" T cells were isolated as described
above and cultured in Iscove’s modified Dulbecco’s medium
(IMDM) supplemented with 10% fetal calf serum, 0.5% peni-
cillin/streptomycin (Life Technologies) and 50 U/mL IL-2 at 37°C
in a 5% CO, atmosphere. On day 3 anti-CD3/anti-CD28 activated
CTLs (8 x 10°) were harvested in fresh IMDM medium (1.49 mM
Ca?*) settled on poly-L-ornithine (0.1 mg/mL) and anti-CD3/anti-
CD28 (10 pug/mL and 40 pg/mL, respectively) coated sapphire
discs (1.4 mm diameter) in 4-well plates. The cells were incubated
at37°C and 5% CO, for 20 min and 1 h. Following incubation, cells
on sapphire discs were transferred onto flat specimen carriers
(Leica) and vitrified in IMDM medium containing 50% FCS
using a high-pressure freezing system (EM PACT2, Leica). Freeze
substitution and embedding in Epon 812 epoxy resin (Electron
Microscopy Sciences) was performed as previously described
(Liu et al. 2010). All samples were processed in an automatic
freeze-substitution apparatus (AFS2, Leica). Briefly, samples were
placed into the precooled (—130°C) freeze-substitution chamber
of the AFS2 and the temperature was linearly increased from
—130 to —90°C over 2h. Cryo-substitution was performed in
2% osmium tetroxide in anhydrous acetone and 2% water. The
temperature was increased linearly from —90°C to —70°C over
20 h, from —70°C to —50°C over 20 h, and from —50°C to —10°C
over 5 h. After washing with anhydrous acetone, the cells were
embedded in Epon-812 (30% Epon/acetone for 15min at —10°C,
70% Epon/acetone for 1h at —10°C and pure Epon for 1h at
20 + 2°C; Electron Microscopy Sciences). The temperature was
increased linearly from 20 + 2°C to 60°C for 4 h, and Epon was
polymerized at 60°C for 24 h. Following polymerization, carriers
and sapphire discs were removed from the resin block. Ultrathin
(70 nm) sections were cut perpendicular to the former sapphire
surface using an ultramicrotome (EM UC?7; Leica), collected on
Pioloform-coated copper grids, stained with uranyl acetate and
lead citrate and analyzed with the Tecnai 12 Biotwin electron
microscope (Thermo Fisher Scientific). The transmission elec-
tron microscopy (TEM) images were acquired using Olympus
iTEM 5.0 image software (build1243). Only cells with intact and
well-preserved membranes were included in the analysis. For the
analysis of the cells that formed a prolonged synapse (1 h), the
height of the cell was measured and divided by three. For the third
of the cell in contact with the treated sapphire disc (straight edge
of the cell), the cytoplasmic area without nucleus area and the
number of organelles in this area were determined to calculate
the organelle density. Only cells with mitochondria and at least
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one of the organelles (SCG, MCG, MVB or early endosomes (EE))
present in this region of interest were analyzed. To calculate the
organelle density of CTLs after 20 min contact, the cytoplasmic
area of the complete section was determined. Organelle diameter
was measured for all organelles present in the complete cell, both
for cells with 20 min and 1 h contact.

213 | One-step Nanoscale Expansion (ONE)
Microscopy

10X expansion of isolated exosomes was performed as follows.
The samples were incubated at 4°C for 16 h with 0.3 mg/mL
Acryloyl-X (A-20770, Thermo Fisher Scientific) in D-PBS pH 7.4.
After incubation, coverslips were washed three times with D-
PBS (5 min each) while preparing the gel monomer solution as
previously described (Shaib et al. 2024). The solution was pipetted
on parafilm and was covered with upside-down coverslips con-
taining exosomes. The samples were incubated in a humidified
chamber at room temperature for 16 h. Homogenization was
performed by autoclaving for 60 min at 110°C in disruption buffer
(5% Triton X-100 and 1% SDS in 100 mM Tris pH 8.0) followed
by a 90-min incubation to cool the temperature to safe levels.
Before autoclaving, the gels were washed first in 1 M NaCl and
then at least four times in disruption buffer for a total time of
at least 120 min. Gel expansion was performed by washing with
double-distilled water (ddH,0) for several hours, with at least
five solution exchanges. The samples were labeled using a 20-fold
molar excess of N-hydroxysuccinamide (NHS)-ester fluorescein
(46409, Thermo Fisher Scientific) in NaHCO; buffer at pH 8.3
for 1 h before the washing procedure that induced the final
expansion.

2.14 | Confocal Microscopy for Expansion
Microscopy Acquisition

Images of expanded exosomes were acquired using a four-color
STED Quadscan (Abberior, Gottingen, Germany) in confocal
mode. A 100X/1.4NA objective (UPLSAPO 100XO, Olympus,
Hamburg, Germany) was used with 485 nm (0.85 mW), 561 nm
(2 mW), and 640 nm (12 mW) pulsed lasers. The pinhole size
was set to 80 um (1 AU), and acquisitions were carried out using
detectors for GFP (498-520 nm, 30% laser power), Cy3 (40% laser
power), and Cy5 (70% laser power). For the super-resolution
radial fluctuations (SRRF) (Gustafsson et al. 2016; Laine et al.
2023) acquisition the parameters included a scan range of 10 um
X 10 um (X X Y), a dwell time of 3.5 ps, and a pixel size of 98 nm.
The maximum duty cycle was set to 82%, with line accumulation
of 1, unidirectional scanning, and fast scan settings. A total of 1100
frames were acquired in 2 min and 19 s. The SRRF analysis was
performed using the ONE platform (Shaib et al. 2024).

215 | Gel Electrophoresis of Proteins and Sample
Preparation for Mass Spectrometry

Proteins were separated on NuPAGE and Bolt 4%-12% Bis-Tris
gradient gels (Invitrogen) and stained with Coomassie G-250. Gel
slices were washed with water and buffer A (50 mM NH,HCO,)

and buffer B (50 mM NH,HCO,/50% acetonitrile). Disulfide
bonds were reduced with 10 mM dithiothreitol at 56°C for 30 min,
followed by carbamidomethylation with 5 mM iodoacetamide
in the dark for 30 min at RT. Gel pieces were then vacuum
dried, and in-gel digestion was performed using 20 pL of trypsin
(10 ng/uL, Promega) overnight at 37°C. Extracted peptides were
concentrated and resuspended in 0.1% formic acid for mass
spectrometry analysis.

2.16 | Nano ESI-LC-MS2 Measurements

Tryptic peptides of CTL derived WT exosomes were analyzed
by nanoflow LC-HR-MS/MS (Ultimate 3000 RSLC nano UHPLC
system coupled to an LTQ Orbitrap Velos Pro, Thermo Scientific
Bremen, Germany) according to Fecher-Trost et al. (2013) with
modifications. Peptides were trapped on a C18 trap column and
separated on a reversed-phase C18 capillary column (75 ym X
25 cm) with a flow rate of 200 nL/min for 120 min. The eluted
peptides were ionized using a 2.2 kV electrospray emitter, and
MS spectra were acquired in data-dependent mode, with the 10
most intense peptide ions fragmented by low-energy collision-
induced dissociation (35% normalized collision energy). Tryptic
peptides of CD63- and CD81- antibody enriched exosomes were
concentrated and resuspended in 0.1% formic acid for nano nano-
LC trapped ion mobility spectrometry (tims)-time-of-flight (TOF)
MS analysis using a nanoflow-based UHPLC system (Bruker
nanoElute, Bruker Daltonic, Bremen) connected to a timsTOF
MS (timsTOF Pro 2, Bruker Daltonic, Bremen) with a nano-
ESI source (nESI, CaptiveSpray). The instrument was calibrated
according to the manufacturer’s recommendations. Extracted
tryptic peptides were loaded on a PepMap Neo Trap Cartridge
(300 um x 5 mm, TF Scientific) and separated using a Thermo
PepMap Neo column (500 mm x 75 pm, TF Scientific). Peptide
elution was done using eluent A (water with formic acid (0.1%,
v/v)) and eluent B (ACN with formic acid (0.1%, v/v)) for 120 min.
The flow rate was set to 400nL/min and the column temperature
was set to 50°C. Main parameters were: positive polarity; mass
range 100-1700 m/z; 1/K0, 0.60-1.60 Vs/cm? rolling average, on;
TIMS, on; Parallel Accumulation Serial Fragmentation (PASEF)
scan mode; General parameters were: moderate denoising mode;
maximum intensity use for mass spectra peak detection; intensity
threshold, absolute and 5000.0. TIMS mode parameters were:
intraclass correlation (ICC), off; imeX mode, custom; 1/KO start,
0.60-1.60 Vs/cm?; ramp time, 100.0 ms; advanced parameters,
on; lock accumulation to mobility range, on; accumulation time,
2.0 ms; target, 2.0 Mio; resolution, custom; spectra rate, n/a Hz;
lock duty cycle to 100%, on. Captive Spray ion source parameters
were: capillary, 1600 V; dry gas, 3.0 L/min;; nanoBooster, off; dry
temperature, 180°C. General tune parameters were: deflection
1 delta, 70.0 V; funnel 1 radio frequency (RF), 300.0 Vpp; ion
energy, 5.0 eV; collision energy, 10.0 eV; transfer time, 60.0 ps;
high sensitivity detection, off; funnel 2 RF, 200.0 Vpp; multipole
RF, 500.0 Vpp; low mass, 200.00 m/z; collision RF, 1500.0 Vpp;
pre pulse storage, 12.0 ps; stepping, off. Parameters for receiving
PASEF data were: number of PASEF MS/MS scans, 10; target
intensity, 20,000; active exclusion, on; reconsider precursor, if,
on; intensity threshold, 2500; charge range maximum, 5; release
after, 0.40 min; current intensity/previous intensity, 4.00. PASEF-
collision-induced dissociation parameters: advanced collision
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energy settings, off; isolation mass start, 700.00 m/z; isolation
width start, 2.00 m/z; 1/k0 Start, 0.60 Vs/cm?; energy start, 20.00
eV; isolation mass end, 800.00 m/z; isolation width end, 3.00 m/z;
1/k0 end, 1.60 Vs/cm?; energy end, 59.00 eV. PASEF-advanced
parameters: MS repetitions, 1 x; summation width, 25 pts; mass
width, 0.015 m/z; measuring time, 2.75 ms; cycle overlap, 4;
maximum number of peaks, 3; 1/K0 width, 0.015 Vs/cm? and
switching time was 1.65 ms.

2.17 | Raw LC-MS2 Data and Bioinformatic
Analysis

Peptide identification of CTL derived WT exosomes analyzed
with the Orbitrap Velos setup was performed using the MASCOT
algorithm (Matrix Science) and TF Proteome Discoverer 1.4,
searching the SwissProt database against mouse proteins (17040
mus musculus entries). The mass tolerance for precursor masses
was set to 7 ppm, and for peptide fragment ions, it was set
to 0.5 Da. Cysteine carbamidomethylation was set as a fixed
modification, while variable modifications included deamidation
of asparagine and glutamine, acetylation of lysine, and oxidation
of methionine. Protein identification was confirmed when two
unique peptides were matched per protein. Database search for
CD63- and CD81-antibody-enriched exosomes analyzed with the
timsTOF Pro 2 was done with PEAKS Studio software (version
10.6 build 20201221) with the following parameters: parent mass
error tolerance, 15.0 ppm; fragment mass error tolerance, 0.1 Da;
precursor mass search type, monoisotopic; enzyme, trypsin; max-
imum of three missed cleavage sites; semispecific digest mode;
fixed modifications, carbamidomethylation (C), 57.02; variable
modifications; oxidation (M), 15.99, acetylation (K, protein N-
term), 42.01, and deamidation (NQ), 0.98; maximum of 5 variable
post translational modification per peptide; database was taken
from UniProt: mouse sp_tr_2024 including 21708 entries. The
files belonging to a sample were merged, the precursor ions were
corrected, and the charge filter was set to 2-8.

Due to possible variations between the experiments, we carried
out a quantile-normalization of the expression values for all
genes present on the respective data set using R (https://www.
r-project.org). The quantile-normalized Log2 values were used
for differential analysis with the limma framework. A linear
model of the form ~ group with the two levels CD63 and
CDB81 (CD63 as reference) was fitted for every protein. Limma’s
empirical Bayes procedure moderated the standard errors across
proteins, improving statistical power in small-sample settings.
For each protein, the model returned a Log, fold change (log,FC)
comparing CD81 versus CD63, a moderated t-statistic, a raw p-
value, and a Benjamini-Hochberg false discovery rate (FDR /
adjusted p value).

Proteins, that were identified as significantly enriched in CD63
or CD8LI fractions were further analyzed by GO term enrichment
analysis (for biological processes, molecular function and cel-
lular component) with the free software ShinyGO v0.741 with
0.05 FDR cutoff (http://bioinformatics.sdstate.edu/go/)(Xejin G,
Jianil Q, Spors E et al. South Dakota State University (SDSU)).
Heat maps were created with the program Morpheus (http://
software.broadinstitute.org/morpheus) using the Log2 values of
the normalized abundance of proteins.

2.18 | Killing Assay and Flow Cytometry Analysis
of Exosome Cytotoxicity

To assess the cytotoxic effects of exosomes isolated from CD8"
T lymphocytes, P815 cells were plated at 5 x 10* cells per well
and treated with 10 ug of exosomes for 12 and 24 h at 37°C
and 5% CO,. Positive controls included lysis of P815 cells with
H,0, or DMSO. After treatment, cells were stained with caspase
3 and propidium iodide (PI) using the Vybrant FLICA Caspase
Apoptosis Assay Kits (V35118, Thermo Fisher Scientific) for flow
cytometry following the manufacturer’s instructions. Gates were
set to include both live and dead cells. Data acquisition was
performed using a BD FACSAria III analyzer, and analysis was
conducted with FlowJo v10.0.7 software.

2.19 | Statistics

Data were tested for significance with SigmaPlot (Systat Software
Inc.), IgorPro 6.37 (Wavemetrics) or R (https://www.r-project.org)
using Student T test, Mann-Whitney-Test, and Kruskall-Wallis-
Test: *p <0.05, **p <0.01, ***p < 0.001. The box plots show the
median, the 25 and 75 percentile and the 10 and 90 percentiles as
whiskers.

3 | RESULTS

3.1 | CD63 co-localizes With Granzyme B Positive
Organelles in Mouse CTLs

Tetraspanins, particularly CD63 and CD81, are well-established
as markers for exosomes and multivesicular bodies (MVBs) in
a variety of cell types (van Niel et al. 2018; Welsh et al. 2024).
However, in cytotoxic T lymphocytes (CTLs), tetraspanins exhibit
reduced specificity and are also found on cytotoxic granules
(CGs) (Metzelaar et al. 1991; Peters et al. 1991). To investigate
the expression and spatial distribution of CD63 and CD81 in
murine CTLs, we co-transfected day 4 CTLs with CD63-pHuji
and CD81-SEP constructs. Following transfection, we plated the
cells on anti-CD3¢ coated coverslips to facilitate IS formation
and stained them with anti-GzmB antibody for super-resolution
structured illumination microscopy (SIM) (Figure 1a). SIM imag-
ing revealed robust co-localization of CD63 with GzmB, whereas
the degree of co-localization between CD81 and GzmB was
comparatively low, as quantified by Manders’ overlap and the
Pearson’s correlation coefficient (Figure 1b). The intermediate
co-localization coefficients for CD81 and CD63 indicated that
both markers can localize to distinct subcellular structures. To
further validate the specificity of CD63 and CD81 as markers for
ILV-bearing organelles, we conducted correlative light-electron
microscopy (CLEM) on day 4 GzmB-mTFP KI CTLs. These
cells were electroporated with either CD63-Halo or CD81-Halo
constructs and stained with SiR-647 after 12 h expression time
in culture. The cells underwent high-pressure freezing and
were prepared for post-embedding CLEM. In alignment with
the high co-localization of CD63 with GzmB observed in SIM
(Figure 1b), the CLEM analysis revealed that CD63 localized not
only to MVBs but also to GzmB* organelles, including both SCGs
and MCGs (Figure 1c,d). GzmB was associated with electron-
dense regions within the organelles. CD81 exhibited a more
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FIGURE 1 | CDS8lisamore specific exosome marker in murine CTLs than CD63. (a) Representative single-plane structured illumination microscopy
(SIM) images of primary murine CTLs electroporated with CD81-SEP (magenta) and CD63-pHuji (yellow) and immune-stained with an anti-granzyme
B (GzmB) antibody coupled to Alexa 647 (cyan). Cells were seeded on anti-CD3e coated coverslips for 10 min prior to fixation to induce immunological
synapse (IS) formation. (b) Mander’s and Pearson’s co-localization coefficients between CD81 and GzmB, CD81 and CD63, and GzmB and CD63. N ice
= 3 independent experiments, n.s = 20. The box plot shows the median and the 25 and 75 percentiles, while the whiskers correspond to the 10
and 90 percentiles. (c) Representative correlative light electron microscopy (CLEM) image of GzmB-mTFP knock in CTLs electroporated with CD63-
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restricted expression profile, being exclusively associated with
ILV-containing MVBs and MCGs. We did not detect a CD81 signal
in SCGs, reinforcing its specificity for ILV-bearing organelles in
murine CTLs (Figure le,f). Taken together, these results suggest
that CD63 serves as a ubiquitous marker for MVBs and cytotoxic
organelles, including both SCGs and MCGs, while CD81 is a more
specific marker for ILV-containing organelles in murine CTLs.

3.2 |
MCGs

CD63-positive Exosomes Are Released From

Since we showed that CD63 is a more general organelle marker,
localized to SCGs, MCGs, and MVBs, we utilized this property
to compare the release kinetics and to quantify the number of
fusion events of these organelle types at the IS. We co-transfected
day 4 WT CTLs with CD63-SEP and GzmB-pHuji, as described by
Alawar et al. (2024) and analyzed them after 12 h in culture. We
seeded the cells on anti-CD3e coated glass coverslips to induce
IS formation and superfused the cells with calcium containing
solution at RT to increase granule fusion events, which we
measured using TIRF microscopy (Figure 2a,c, Supp. Movie 1
and 2). For the tetraspanins, the pH sensitive fluorescent proteins
are cloned into the first extracellular loop and thus report on
the luminal versus extracellular pH on fusion with the plasma
membrane. Individual fusion events were identified by a fast
increase in fluorescence for CD63-SEP and GzmB-pHuji due to
the deprotonation of the granule lumen, followed by the disper-
sion of the label (Figure 2b,d). We analyzed the fluorescent signal
kinetics (Figure 2b,d) and determined the decay time, defined
as the time required for the fluorescence signal to decrease to
63% of its peak intensity, for each fusion event in both channels
(Figure 2e,f). The decay time of fluorescence intensity allowed
us to determine whether CD63-SEP was localized exclusively to
the organelle membrane or also to the released exosomes (Estl
et al. 2020; Verweij et al. 2018). A fast fluorescence decay time of
less than 2 s indicates that CD63-SEP is localized to the organelle
membrane as it can quickly diffuse in the plasma membrane upon
exocytosis. In contrast, if the decay time is longer than 2 s, it is
likely that CD63-SEP is also contained in exosomes. These get
trapped between the plasma membrane and the glass coverslip
and only slowly spread away from the release site (Verweij et al.
2018). For GzmB-pHuji a long decay time denotes the release of
SMAPs in which GzmB aggregates and therefore does not move
away from the release site (Balint et al. 2020; Chang et al. 2022).
A decay time of less than 2 s represents the secretion of diffusible
GzmB-pHuji, with rapid cargo dispersal (Estl et al. 2020). This

was the case for approximately 70% of the GzmB* events. In
contrary a fast diffusion of CD63 is only observed in about 26%
of the events. A large majority of the CD63" events exhibited
a longer decay times (>2 s), indicating the prolonged presence
of secreted CD63* exosomes on the glass coverslip (Figure 2d,f).
Fusion events with prolonged decay times in both channels,
indicate the co-release of CD63* exosomes and GzmB* SMAPs
localized in MCGs (Figure 2c,d,f) (Chang et al. 2022). TIRF
microscopy analysis of GzmB-mTFP KI CTLs expressing CD63-
pHuji on supported lipid bilayer (SLB) under similar stimulation
conditions (Figure S1) revealed comparable results with a slightly
increased percentage of fast decaying events. Additionally, the
percentage of fusion events with very long decay times (>50 s)
was nearly abolished (Figure Sle) indicating higher mobility of
secreted exosomes on SLBs than on glass. To better categorize
the fused organelles, the decay times of the two fluorescent
markers were plotted against each other for all CD63" fusion
events (Figure 2g). CD63* GzmB~ events, were indicative for
MVB fusion especially since the decay time was always longer
corresponding to exosome release. CD63* GzmB* fusion events
with CD63-pHuji decay times of less than 2 s (below the gray
stippled line) likely corresponded to SCGs fusion events. CD63*
GzmB™ fusion events with extended decay times, resulting from
the release and the accumulation of exosomes and SMAPs on
glass coverslips after secretion, reflect the population of MCGs.

Overall, TIRF microscopy analysis revealed that 28.7 + 2.8% of
transfected cells exhibited fusion events with an average of 2.5
+ 0.8 events per transfected cell. 69.84% of these events were
MCG events and 26.20% were SCG events (Figure 2h,i). To
examine the localization of CD63* cytotoxic granules fusion at
the IS, cells were co-transfected with CD63-pHuji and Lifeact-
GFP to highlight the p-SMAC region. CD63* organelles fused
predominantly within the c-SMAC (Figure S2). In conclusion,
these results indicate distinct fusion kinetics and cargo release
patterns, with SCGs showing rapid CD63 membrane diffusion
and soluble GzmB release, while MCGs exhibit more prolonged
co-release of exosome-associated CD63 and the SMAP component
GzmB.

3.3 | Exosomes Released From MCGs Exhibit a
Heterogeneous Tetraspanin Expression

Exosomes secreted by different cell types display distinct markers
and contents, contributing to various biological functions (Welsh
et al. 2024). Beyond intercellular variability, there might be

Halo, stained with silicon rhodamin (SiR) 647 (yellow) and DAPI (white). Shown are SIM images (top row) and the overlay with the corresponding
electron micrograph (lower panel, left). The white rectangle marks the magnified region with identified organelles (lower panel, right). Arrows with
the corresponding color scheme as shown in the SIM images (upper row) mark CD63* and a CD63* GzmB™* compartments. (d) Representative CD63*

(yellow) and CD63% GzmB™ (yellow and cyan) double positive organelles, cropped from three mouse CTL CLEM images as displayed in (c). Shown

from left to right are the corresponding SIM, CLEM, and TEM images. (e). Representative CLEM image of GzmB-mTFP (cyan) knock in mouse
CTL electroporated with CD81-Halo stained with ATTO647 (magenta) and DAPI (white). Shown are SIM images (top row) and the overlay with the
corresponding electron micrograph (lower panel, left). In the magnified electron micrograph (lower panel, right) cyan and magenta arrows denote

GzmB* and CD81t compartments, respectively. (f) Representative CD81* (magenta) and CD81*GzmB™ (magenta, cyan) double positive organelles,

cropped from three mouse CTL CLEM images as shown in (e). Shown from left to right are the corresponding SIM, CLEM, and TEM images. N
= 2 independent experiments, ncpgz = 13 and ncpg; = 15. SCG, single core granule; MCG, multi core granule; MVB, multivesicular body; SMAPs,

supramolecular attack particles; SEP, super ecliptic pHluorin.
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FIGURE 2 | Visualization of exosomes and SMAPs release from MCGs at the immune synapse. Total internal reflection fluorescent (TIRF)
microscopy snapshots of WT CTLs electroporated with CD63-SEP (green) and GzmB-pHuji (cyan) and settled on anti-CD3e coated coverslips. (a)
Representative WT CTL showing a fast fusion event (white arrow) corresponding to a typical SCG fusion. (b) The 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 (white arrow) showing a very long signal duration with visible exosomes and SMAPs after secretion
labeled with CD63 and GzmB respectively. (d) The corresponding fusion profile of the MCG fusion event shown in (c), displaying a long signal duration
of CD63 and GzmB fluorescence. The decay times of all analyzed GzmB-pHuji (e) and CD63-SEP (f) events. Open circles in blue, red, and green reflect
independent experiments. N = 3, data represented as mean + SEM. (g) Correlation plot of the decay times of CD63-SEP as a function of the decay time
of GzmB-pHuji. Decay time above 2 s (stippled gray line) correspond to exosome release. (h) The percentage of SCG, MCG, and MVB events analyzed
from the total experiments. (i) Shown is the percentage of CD63-SEP and GzmB-pHuji co-transfected cells, the percentage of secreting cells, and the
number of events per cell. Nyjice =5, Neells = 595 Neyents = 149. Images were recorded at 10 Hz. SCG, single core granule; MCG, multi core granule; SMAPs,
supramolecular attack particles; GzmB, Granzyme B; SEP, super-ecliptic pHluorin.

an intracellular heterogeneity of ILVs within MCGs and MVBs
in murine CTLs leading to release of distinct exosomes. A
particularly intriguing finding is that only 3.96% of the events
at the IS were attributed to MVBs fusion as they lack a GzmB
signal (Figure 2h). This suggests that while MVBs may mediate
more random or unpolarized, IS-independent exosome secretion,
MCGs are the major contributors to polarized exosome release
at the IS (Figure S2). The lower co-localization of CD81 and

CD63 on individual cell structures, as observed by SIM on anti-
CD3e stimulated CTLs (Figure 1a,b), indicates high heterogeneity
in tetraspanin localization. To further investigate the expression
of tetraspanins in MCGs, we analyzed the fusion dynamics of
CD81* and CD63* MCGs using TIRF microscopy. WT CTLs
were co-transfected with CD63-pHuji and CD81-SEP, added on
anti-CD3e coated glass coverslips and stimulated with high
calcium containing solution as described previously (Figure 2).
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The analysis of fusion events revealed a highly heterogeneous
profile that could be categorized into distinct patterns. In each of
the representative fusion events, a rapid increase in fluorescence
intensity for CD63 and CD81 was observed within milliseconds,
indicating the fusion event, but they exhibited distinct decay
times. As described for CD63-pHuji, a fast decay time in the CD81-
SEP signal indicates that it is primarily localized to the organelle
membrane and diffuses quickly in the plasma membrane upon
exocytosis. Conversely, a slow fluorescence decay indicates the
release of CD81-pHuji labeled exosomes. Therefore, a fast decay
for both markers suggests that both are localized to the organelle
membrane and would correspond to SCG exocytosis that do not
contain exosomes. As expected this occurs rarely since SCG do
not contain CD81 (8.6% of the events) as shown in figure 1f. A slow
decay for both markers suggests that MCGs fused with the plasma
membrane and released CD81- and CD63-positive exosomes (see
Figure 3a and b, and Movie S3 and S4). This is the case for a
large majority of the events (71.4%, Figure 3g). Furthermore, a vast
majority of these events (>70%) exhibited a longer decay time for
CD63 than for CD81 (Figure 3e-g, Movie S4). A long decay time
(>2 s) for CD63 in comparison to CD81 (Figure 3c,d, and Movie
S5) indicates that the fusing MCG contained primarily CD63*
exosomes, prolonging its post-fusion signal (Verweij et al. 2018).
This occurred in 17.1% of events. The converse, CD63 showing
a short decay time (<2 s) and CD81 showing a long decay time
(>2 s) almost never occurred (>3% of the events, Figure 3g lower
right quadrant). Overall, these findings indicate that CD81 is
more predominantly associated with the organelle membrane,
whereas CD63 is highly enriched on the exosome membrane
within MCGs.

3.4 | CDB8lis a Specific Marker for MVB and MCG
Membranes

To determine whether the membranes of the characterized
organelles exhibit differences in their tetraspanins content, as
shown by the distinct fusion dynamics of CD81" and CD63*
organelles in TIRF microscopy, we isolated MVBs, MCGs and
SCGs from CTLs for immune analysis. We assessed day 5 activated
CTLs for viability, activation state, and subtype distribution by
flow cytometry (Figure S3a-c). We broke the cells open using
nitrogen cavitation, and subjected the resulting homogenate
to discontinuous sucrose density gradient ultracentrifugation
(Figure 4a). The protocol, adapted from previous studies (Chang
et al. 2022; Schirra et al. 2023), enabled the isolation of MVBs
along with MCGs and SCGs within the same sucrose gradient. We
characterized eight sucrose fractions (1-8) by Western blotting and
we analyzed fractions 4, 6, and 8 by TEM (Figure 4b,c). Western
blot analysis revealed the presence of GzmB in sucrose fractions 6
and 8, corresponding to MCGs and SCGs, respectively (Figure 4b).
TEM analysis confirmed the presence of intact organelles in
these fractions (Figure 4c). The high concentration of the v-
SNARE VAMP7 identified the MVBs in fraction 4, since this
SNARE protein has been shown to mediate MVB fusion with
the plasma membrane (Liu et al. 2023). In contrast fractions 6
and 8 exhibited only low amount of VAMP7, consistent with
the previous findings that VAMP2 is the v-SNARE for cytotoxic
granule secretion in mouse CTLs (Chang et al. 2022). The absence
of GzmB and EEAl in fraction 4 further supports the specificity of
the MVB isolation procedure (Figure 4b,c). Immunofluorescence

analysis was performed with isolated organelles from fraction 4,
6 and 8, which were concentrated on gelatin-coated coverslips.
In order to ascertain whether these organelles exhibit differential
tetraspanin content within the membrane, surface staining for
CD81, CD63, and Lysobisphosphatidic acid (LBPA), a marker of
MVBs, was conducted without permeabilization. We acquired
the images using SIM, which we segmented using Cellpose 2.0
(Pachitariu and Stringer 2022) to perform an object-based co-
localization analysis (Figure 4d,e). To ensure accuracy of the
analysis, only organelles larger than 200 nm in diameter (fraction
8) or 350 nm (fractions 4 and 6) that co-localized with LBPA were
included, thus excluding exosomes or fragmented membranes
resulting from disrupted organelles. The results revealed signif-
icant differences in tetraspanin content among the organelles.
MVBs and MCGs exhibited significantly higher levels of CD81 on
their membranes compared to SCGs, with 79.1 + 2.1% of MVBs
and 73.2 + 2.1% of MCGs being CD81*, while only 31.9 + 8.8%
of SCGs were positive for CD81. In contrast, SCG membranes
were enriched in CD63 relative to MVBs and MCGs, with 64.5 +
9.5% of SCGs being CD63", compared to just 14.4 + 2.1% of MVBs
and 15.5 + 1.6% of MCGs (Figure 4d,e). Pie charts summarizing
the overall distribution of all CD63* and/or CD81" events across
MVBs, MCGs, and SCGs are shown in Figure 4f.

These results indicate that CDS81 is more abundant on the
membranes of MVBs and MCGs than on SCGs membranes.
Furthermore, the experiment confirms the low co-localization of
CD63 and CD81 on MVBs and MCGs membrane.

3.5 | Isolated T-cell Derived Exosomes Show Two
Subpopulations Based on Size

To determine whether there is a heterogeneity of exosomes from
MVBs and MCGs in function and morphology, we activated
10 x 10° CTLs for 5 days using anti-CD3/anti-CD28 coated
beads and expanded them in exosome-depleted FCS media. We
subsequently isolated the small EVs from the supernatant of
600-800 x 10° CTLs via differential ultracentrifugation. They
were pelleted at 100,000 X g, and an optimized sucrose density
gradient allowed us to further purify and enrich the exosome
fractions. The density of exosomes was expected to be between
1.15 and 1.19 g/cm?® (Thery et al. 2006), therefore they should be
mainly enriched in a sucrose density fraction of 1.2 M. To isolate
potentially distinct sized exosome present in the supernatant of
expanded CTL cultures, we included additional sucrose fractions
of 1.1 and 1.3 M (Figure 5a). TEM analysis revealed the presence
of particles in fractions 1.1, 1.2, and 1.3 M. Notably, we detected
two distinct size populations in these fractions: one ranging from
30-80 nm (53%) and another from 80-150 nm (39%) (Figure 5b).
The different sucrose fractions were then analyzed by Western
blotting for exosome markers. Western blot analysis confirmed
the presence of exosomes by the detection of ALIX and TSG101
in fractions 1.1, 1.2, and 1.3 M (Figure 5c). In order to avoid
the exclusion of minor subpopulations and to maximize the
yield of exosomes for further studies, such as mass spectrome-
try (MS), immune analysis, or physiological investigations, we
pooled exosomes isolated from fractions 1.1, 1.2, and 1.3 M. The
pooling strategy enabled successful detection of the tetraspanin
CD81 (Figure 5d). We validated the presence and purity of the
isolated exosomes by MS analysis. A total of 824 proteins were
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FIGURE 3 | Exosomes containing organelles show heterogeneity in the expression of tetraspanins. Total internal reflection fluorescence (TIRF)
microscopy snapshots of WT CTLs electroporated with CD81-SEP (magenta) and CD63-pHuji (green) and settled on anti-CD3e coated coverslips. (a)
Representative CTL showing an MCG fusion event (white arrow). (b) The 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 (white arrow) 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. (d) The corresponding fusion profile of the MCG fusion event shown in (¢), displaying a longer signal duration of CD63-pHuji
in comparison to CD81-SEP. Images were recorded at 10 Hz. The decay time of CD81-SEP (e) and CD63-pHuji (f) of all analyzed events. Open circles in
blue, red and green reflect independent experiments. N = 3, data represented as mean + SEM. (g) 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-pHuji positive fusion events without detection of CD81-SEP. Shown in grey are the decay times of the CD81-
SEP and CD63-pHuji positive fusion events. Njpice = 5, Deelts = 54, Neyents = 103. SCG, single core granule; MCG, multi core granule; SEP, super-ecliptic
pHluorin.

identified from WT exosome samples, based on a stringent 1%
false discovery rate (FDR) and a minimum of two unique peptides
per protein (Table S2). The identified proteins were compared
to the Top 100 proteins listed in the Exocarta database (http://
exocarta.org/sEV_topl00 (Ghosh et al. 2025)). Among these, 79
proteins of the CTL-derived exosomes were included in the
Top 100 list (Figure 5e). Importantly, calnexin, a marker of
endoplasmic reticulum contamination, was absent, indicating the
high efficiency of the isolation protocol in yielding pure exosomes
with minimal contamination. We found only 3 peptides of GzmB,

no peptides of thrombospondin 1 or 4 (TSP-1 or TSP-4), and no
perforin (Prfl), indicating very little contamination by SMAPs.
This was confirmed by an anti-GzmB immunostaining of the
isolated exosomes (Figure S4). None of the typical corona proteins
(APOH, CLUS, FIBA, FIBG, HPT) were present confirming our
TEM analysis (Toth et al. 2021). Further analysis of the subcellular
localization of the identified proteins revealed that 63.83% of the
proteins were known extracellular vesicle markers, while only
0.12% and 0.24% were markers of the Golgi and ER, respectively
(Figure 5f).
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Additionally, we categorized the identified proteins into several role of CTL-derived exosomes in immune surveillance or antigen

functional categories (Table S3). Proteins involved in vesicle
formation, transport, and fusion were well-represented. High
levels of CD82 and TSG101, both essential for exosome bio-
genesis, were detected. Proteins linked to immune signaling
and modulation, such as MHC class I molecules and other
immune-related proteins, were present, suggesting a potential

presentation (Morelli et al. 2004; Raposo and Stoorvogel 2013).
The exosome cargo also contained key signaling molecules, impli-
cating their potential function in cell-to-cell communication.
Proteins associated with cellular stress, such as HSP70, were
abundant, supporting the hypothesis that heat shock proteins
may facilitate antigen loading onto exosomes, a process relevant
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with a density sucrose gradient (©)for analysis using transmission electron micrographs of sucrose fractions 1.1 M, 1.2 M, and 1.3 M with the diameter
analysis of each fraction shown in (b). 10 pL of each sucrose fraction were PFA fixed, dropped on a copper grid and prepared for electron microscopy.
EVs samples are also used for a comparative mass spectrometry analysis (®) described below. (b). Fit of particle diameter was done with double and
triple gaussian. (c) Western blot for sucrose fractions 0.6-1.6 M (10 ug protein/lane) probed against exosome markers ALIX and TSG101. (d) Western blot
for cytotoxic T lymphocyte (CTL) lysate and exosomes pooled from fractions 1.1 M, 1.2 M, and 1.3 M probed against the exosome markers ALIX, TSG101,
and CD8LI. (e) Venn diagram displaying the number and overlap of proteins identified in mass spectrometry analysis from WT murine CTLs-derived
exosomes isolated in this study with those in the Exocarta Top 100 exosome proteins. (f) Pie chart showing the subcellular location of the total identified

proteins predicted by Scaffold software.

for immune modulation and cytotoxicity in CTLs (Reddy et al.
2018). Moreover, metabolic enzymes, including GAPDH, were
also identified, suggesting that exosomes may be involved in
metabolic regulation or serve as carriers of metabolic information
for intercellular communication. Finally, we found proteins
involved in the apoptotic pathway including STATI1, Caspase3,
and BAX suggesting a supporting role in target cell killing (Bedoui
et al. 2020). In summary, the mass spectrometry data, together
with the results from Western blotting and TEM, not only confirm
the purity of the exosome preparation but also highlight the func-
tional and morphological diversity of exosomes secreted by CTLs.

3.6 | The Tetraspanins CD63 and CD81 Localize on
Different Exosomal Subpopulations

To investigate tetraspanin expression on murine T-cell derived
exosomes, we pooled the exosomes isolated from sucrose fractions
11, 1.2, and 1.3 M and pelleted them on 2% gelatin-coated
coverslips by ultracentrifugation at 20,000 x g for 4 h. After
pelleting, we immediately fixed, permeabilized, and stained the
exosomes with antibodies against CD81 and CD63. We imaged
the samples with SIM (Figure 6a) and performed a colocalisation
analysis. Surprisingly, we observed a very low degree of co-
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localization between CD63 and CDB81. Specifically, the Pearson’s
correlation coefficient was as low ast 0.041 + 0.001 indicating
random co-localization and the Manders’ overlap coefficients
showed similarly low values of 0.054 + 0.002 for CD81 within
CD63 and 0.046 + 0.003 for CD63 within CD81 (Figure 6b).
These data indicated that CD81 and CD63 are localized to distinct
exosome subpopulations in murine CTLs.

To further validate this observed heterogeneity and to charac-
terize the two distinct exosome subpopulations, we adapted the
10X expansion protocol of ONE microscopy, typically used for 3D
protein structure analysis, for expanding exosomes (Figure 6c)
(Shaib et al. 2024). Exosomes pelleted onto gelatin-coated cov-
erslips were fixed and stained with antibodies specific to CD81
and CD63. An acrylamide-based anchor (Acryloyl-X) was applied
to attach the lysine residues on the exosome surface to the
swellable gel matrix. After hydrolysis through heat treatment,

which created breaks in the amino acid chains and thus
allowed the isotropic expansion of the sample, they were stained
with N-hydroxysuccinimide (NHS) ester fluorescein to label the
exposed amino groups generated during homogenization. A 10-
fold expansion was achieved through repetitive washing with
distilled water. We then imaged the expanded samples for super-
resolution radial fluctuations (SRRF) analysis using a four-color
STED Quadscan in confocal mode, with 1100 acquired frames
(Figure 6d). The ONE platform plugin on ImageJ was used to
correct sample drift during acquisition and reconstruct the final
image (Shaib et al. 2024).

The expanded exosomes confirmed the previously observed het-
erogeneity, revealing that CD81 and CD63 mark entirely separate
populations of exosomes. Remarkably, we did not observe any
exosomes that were double-positive for both CD81 and CD63,
reinforcing the finding that these two tetraspanins define distinct
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subpopulations. Interestingly, imaging of expanded exosomes
revealed a correlation between size and the tetraspanin located
to the exosome. CD81 was predominantly associated with smaller
exosomes, in the range of 30-80 nm, while CD63 was more
commonly found on larger exosomes, ranging from 80-150 nm.
This suggests that the size of the exosome may relate to the
specific tetraspanins it carries, potentially reflecting distinct
origins, functions, or cargo types.

3.7 | CD63 positive Exosome Are Enriched in
Apoptotic Proteins

Our results suggest that both subpopulations are distinct in
function. To determine their individual protein composition, we
did a proteomic analysis of CD63* and CD81* exosomes isolated
from WT mouse CTLs. As described above, we isolated small EVs
from the supernatant of 600-800 x >10° CTLs via differential
ultracentrifugation. They were pelleted at 100,000 % g, dissolved
in D-PBS and qualitatively purified with mouse anti-CD63 and
anti-CD81 conjugated magnetic micro beads and prepared for
mass spectrometry analysis (Figure S5a). Isolated EVs were
tryptic in gel digested, and analyzed by nano LC TimsTOF
analysis. Database search was followed by Quantil-Normalization
of the detected protein spectra, where we identified 3627 proteins
(Table S4). The number of detected peptides in the CD63*
exosomes were consistently lower compared to CD81* exosomes.
Nevertheless, the quality of the data was proven in a mean
intensity box plot, a ridgeline analysis and a mean versus SD
analysis (Figure S5b-d). A hierarchical clustering heatmap was
generated to visualize the normalized abundance of the expressed
proteins across all biological samples (Figure 7a). The compar-
ative analysis identified specific protein signatures associated
with each individual group. To assess similarities and differences
in the total proteomic dataset of both groups, we performed a
principal component analysis (PCA). All biological replicates of
isolated groups revealed a clear separation (Figure 7b) reflect-
ing the reproducibility of EV isolation and a robust label-free
mass spectrometry analysis. The dendrograms of the correlation
heatmap reveal a high degree of similarity within the anti-CD63
and anti-CD8LI isolated samples, while concurrently demonstrat-
ing a clear distinction between them, thereby confirming the
presence of distinct protein profiles (Figure 7c). To ascertain the
exosomal origin of the isolated vesicles, we cross-referenced our
proteome with the ExoCarta Top 100 proteins (http://exocarta.
org/sEV_topl00). Of these, 96 were identified in our dataset.
Figure 7d displays 19 exosomal proteins, which are enriched
in either anti-CD63 (LogFC«1 (CDS81/CD63)), or the anti-
CD81 isolated samples (LogFC>1 (CD81/CD63) or else in both
samples.

We performed a differential expression analysis using a volcano
plot (Figure 7e). We found that 297 proteins were significantly
enriched in the anti-CD63 isolated samples whereas 309 were
enriched in the anti-CD81 samples. For better visualization, we
labeled a number of highly enriched proteins, among which
we found the CD63 and the CD81 proteins. Intriguingly, we
found that the anti-CD63 isolated sample contained a substantial
amount of highly enriched proapoptotic proteins. To investigate
this in more detail, we generated an apoptosis specific heatmap,
and found that while apoptotic markers were found in both sam-

ples, they were more abundant in the CD63* samples (Figure 7f).
This finding was also supported by the GO term analysis (Figure
S5e-j). The CD81* group displays many biological processes
involved in cell to cell interactions (Figure S5j), especially in the
immune-system regulation. In contrast, the CD63* group display
in the molecular functions, a large variety of peptidases and their
regulation (Figure S5e) suggesting a role in apoptosis (defense
response in biological processes, Figure S5i).

These findings, indicate that exosomes released from CTL might
have a function in killing target cells and that CD63* exosomes
might be more effective as those that are CD81*.

3.8 | Muncl3-4 KO CTLs Secrete Exosomes With
Similar Morphology and Tetraspanin Expression
Profile as WT CTLs

To differentiate the putative difference in function of CD63*
and CD81* exosomes, we decided to use a mouse model, in
which exocytosis of lytic granules and MVBs can be separated.
As shown exosomes are located in two different organelle types,
MVBs containing mainly CD81* exosomes and MCGs containing
mainly CD63* exosomes (Figure 3). MCGs and an extremely
small population of MVBs are secreted in a polarized manner at
the IS (Figure 2h, S2). Since Muncl13-4 is known to be the priming
factor for lytic granules at the IS (Dudenhoffer-Pfeifer et al. 2013;
Feldmann et al. 2003), we investigated whether exosome release
from MVBs and MCGs is subject to differential regulation by
Muncl3-4.

We used Munc-13-4 KO mice (Jinx mice), which mimic the FHL3
phenotype in humans due to genetic alteration in the Uncl3d
gene, for this investigation. To promote prolonged synapse forma-
tion and lytic granule secretion, we incubated day 3 CTLs seeded
on anti-CD3¢e-coated coverslips in IMDM medium containing 1.49
mM Ca?* for 1 h at 37°C and 5% CO,. Subsequently we subjected
the cells to high-pressure freezing, following freeze substitu-
tion with osmium tetroxide contrasting and Epon-embedding.
We compared the abundance of SCGs, MCGs, late endosomes
(MVBs), and early endosomes (EE) in the area of the formed IS
from Muncl3-4 KO and WT CTLs (Figure 8a). For this purpose,
we determined the organelle density in the one third of the cell
that had formed contact with coated glass coverslip. In compar-
ison to WT CTLs, SCGs and MCGs accumulated significantly in
this area in Muncl3-4 KO CTLs, reflecting the expected secretion
defect in these cells (Figure 8b). It was proposed that Muncl3-
4 might be involved in inter-organelle fusion (Menager et al.
2007). To test this, we compared the organelle diameter of the four
organelle types present in the cell sections (Figure 8c) and found
no significant differences between WT and Muncl3-4 KO CTLs.
Additional control EM experiments of both cells groups after
short term IS formation within 20 min revealed no differences in
organelle density or size (Figure S6a-c).

We postulate that during bead activation for T-cell expansion
over 5 days in culture, T-cells form an artificial IS during
additional contact with anti-CD3/anti-CD28 coated beads, lead-
ing to cytotoxic organelle exocytosis in WT CTLs but not in
Muncl3-4 KO CTLs. A defect in MCG fusion would reduce the
exosome amount in the supernatant. To address this hypothesis,
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we isolated exosomes from both WT and Muncl3-4 KO CTLs
using differential sucrose density gradient ultracentrifugation.
TEM data demonstrated that both WT and Muncl3-4 KO CTLs
secrete exosomes, indicating that exosome release can occur
independently of Muncl3-4 (Figure 8d). The analysis of exo-
some diameter revealed no significant differences between the
two groups, with an average diameter of 76.59 + 1.92 nm for
WT-derived exosomes and 75.89 + 2.44 nm for Muncl3-4 KO-
derived exosomes (Figure 8e), suggesting that Munc13-4 does not
influence the maturation of exosomes in murine CTLs. However,
the exosome yield from Muncl3-4 KO CTLs was reduced by
18.13% compared to WT starting with a comparable number
of CTLs in culture (Figure 8f). We then examined whether
Muncl13-4 KO induced a specific reduction in one of the exosome
subpopulations by staining the exosomes isolated from WT and
KO CTL cell culture supernatants with anti-CD63 and anti-

CD8l antibodies (Figure 8g). Object based colocalisation analysis
performed after segmentation with Cellpose 2.0 (Pachitariu and
Stringer 2022) revealed a significant reduction by about 13% in the
CD63* exosomes subpopulation and a corresponding increase in
the CD81* exosomes subpopulation in Muncl3-4 KO compared
to WT CTL derived exosomes (Figure 8h). To further investigate
whether the secretion of MCGs is Muncl3-4-dependent, we
conducted TIRF microscopy acquisition on Muncl3-4 KO CTLs
overexpressing CD63-pHuji and CDS81-SEP. The experiments
were performed under the same conditions as described above,
but with an imaging time elongated to 30 min. No fusion events
were observed during the time of acquisition, confirming that
MCG secretion is Muncl3-4 dependent (Figure S7a). Since MVB
secretion was rarely observed at the IS (Figure 2h), we suggest
that MVB secretion might occur independently of Muncl3-4, in
an unpolarized manner outside the IS. This is supported by the
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FIGURE 8 | Comparison of Muncl3-4 and WT CTLs, organelles and exosomes. (a) Representative electron micrographs of WT (left) and Munc13-4
KO CTL (right). To form a prolonged immunological synapse (IS) cells were incubated for 1 h on anti-CD3e coated sapphire disc before high-pressure
freezing and resin embedding. Upper row shows overview images of cells with marked regions (white rectangle) magnified in the images shown in the
lower row. MVB, multivesicular body; SCG, single core granule; MCG, multi core granule. (b) Organelle density of cytotoxic organelles (SCG and MCG)
and late and early endosomes (MVB and EE, respectively) in WT and Munc13-4 KO CTLs as shown in (a) (upper row). Density was calculated in the
third of the cell area, forming a contact with the coated sapphire disc, recognizable by the straight edge of the cell. Nyjice = 2, WT neis = 18, Muncl3-4 KO
Neepts = 18. Mann-Whitney U test was used to compare values. Data given as mean + SEM, **p = 0.009, *p = 0.021. (c) Diameter of cytotoxic organelles
(SCG and MCG) and late and early endosomes (MVB and EE) present in the cells as shown in (a). Nyjce = 2, WT nggs = 18, Muncl3-4 KO nggps =
18. Data are given as mean (red line) and STD (black error bars). (d) Representative electron micrographs of exosomes isolated from WT CTLs (left) or
Muncl3-4 KO CTLs (right). N = 3 (e) Scatter dot plot analysis of the exosome diameter as shown in (d) isolated from WT or Munc13-4 KO CTLs. (f) Box
plot showing the number of exosomes isolated from WT or Muncl3-4 KO CTLs’ supernatant. Value corresponds to the number of exosomes per fields of
view each sized 75.56 X 75.40 um. (g) Representative structured illumination microscopy (SIM) images of exosomes isolated from WT (left) or Muncl3-4
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 merged channels. (h) Object-based co-localization analysis of CD63 alone (yellow), CD81 alone (magenta), and the co-localization of
CD63 and CD8I (red) displayed as a scatter dot plot with the values superimposed with a box plot comprising the median (line). Ngragients = 3, from three
independent experiments. Data represented as mean + SEM, and data significance was analyzed by the student’s t-test, *p < 0.05, **p < 0.01, ns: not
significant.

18 of 26 Journal of Extracellular Vesicles, 2026



fact that Muncl3-4 KO CTLs are surrounded by exosomes after
30 min incubation on anti-CD3¢ coated coverslips (Figure S7b,c)

Our results indicate that exosomes secreted at the IS are enriched
in CD63 and that they are derived from MCGs, which are secreted
in a Muncl13-4-dependent manner. In contrast, CD81* exosomes
appear to be enriched in MVBs and are secreted in a Muncl3-4-
independent manner, likely outside the IS.

3.9 | Polarised exosomes, released in a
Muncl3-4-dependent manner, support the killing of
target cells via the caspase 3 pathway

The biological effects of T cell-derived exosomes on tumor cell
lines are still not well understood. We investigated the physiolog-
ical effect of exosomes derived from WT CTLs on P815 cells and
compared it with the effect of exosomes released from Muncl3-
4 KO cells. The aim was to distinguish the role of exosomes
secreted by MVBs from that of MCGs, as they are not released
by Muncl3-4 KO CTLs. Flow cytometric analysis of cell viability,
activation state, and subtype distribution showed no significant
differences between the cells with these two different genetic
backgrounds (Figure S3). Freshly isolated (less than 24 h storage
at 4°C no freezing) exosomes from both WT and Muncl3-4
KO CTL supernatants were incubated with P815 tumor cells for
12 and 24 h. After incubation, P815 cells were analyzed using
flow cytometry to assess caspase 3 activation and propidium
iodide (PI) staining, typical markers of early apoptosis and cell
membrane integrity, respectively (Figure 9a). Caspase 3 activation
is considered as a key end-point of the apoptosis process activating
the final stage of programmed cell death (Bedoui et al. 2020). After
12 h of incubation, we observed a notable difference in apoptotic
activity between exosomes derived from WT and Muncl3-4 KO
CTLs. Caspase 3 activation was observed in 33.06 + 1.27% of P815
cells treated with WT exosomes, which was significantly higher
compared to the 15.53 + 0.49% observed in cells treated with
Muncl3-4 KO exosomes (Figure 9b). This suggests that exosomes
released from WT CTLs are more potent in inducing apoptosis
in P815 tumor cells than those from Muncl3-4 KO CTLs, lacking
MCG-derived exosomes. The percentage of cells double-positive
for both PI and cleaved caspase 3, indicating cells in the later
stages of apoptosis, was identical for both groups, with 6.5 +
1.2% for WT and 6.5 + 0.1% for KO (Figure 9b). After 24 h of
incubation, the effects of the isolated exosomes on P815 cells
became more pronounced as the number of cells showing caspase
3 activation nearly doubled to 57.0 + 3.4% in the WT group, while
those double positive for cleaved caspase 3 and PI increased to
9.2 + 1.4%. However, the difference between WT and Muncl3-
4 KO exosomes remained remarkably consistent. In fact, the
percentage of cleaved caspase 3-positive P815 tumor cells treated
with WT exosomes was still twice as high as those treated with
Muncl3-4 KO exosomes, and the percentage of cleaved caspase
3 and PI double-positive P815 cells was identical in both groups
(Figure 9c). These results indicate that MCG-derived exosomes,
enriched with CD63, show a strong cytotoxic effect on target
cells, highlighting functional differences between exosomes from
different organelles within CTLs. Furthermore, the significant
increase in caspase 3-positive cells from 12 to 24 h in both WT and
KO conditions suggests a progressive accumulation of apoptotic

signals over time, emphasizing the sustained and enhanced
cytotoxic potential of exosomes over extended periods.

4 | Discussion

Murine and human T-cells contain different types of organelles
bearing ILVs, the well-known MVBs as the origin of exosomes
and MCGs, a newly characterized cytotoxic organelle containing
SMAPs and other small ILVs (Balint et al. 2020; Cassioli et al. 2025;
Chang et al. 2022). In this study we have established and utilized a
variety of techniques, including a newly developed bead-activated
effector primary T-cell expansion culture of WT and Muncl3-4
KO mice to ensure sufficient quantities of exosomes for acute
analysis, adapted sucrose density ultracentrifugation to isolate
distinct exosome and organelle fractions, direct immunostaining
of isolated organelles and exosomes using coverslip centrifuga-
tion, apoptosis assay using flow cytometry and high-resolution
SI-, TIRF-, electron and 10x expansion (ONE) microscopy. With
these techniques we analyzed the heterogeneity of primary
mouse T-cell derived exosomes in MVBs and MCGs, starting from
their localization in these organelles, via their release especially
at the IS, the exosome morphology and their protein composition
up to their physiological effect on cancer cells.

Exosomes are per definition originating from MVBs. While this
definition applies to most cell types, the situation is somewhat
more complex in CTLs where a new type of lytic granules, the
MCGs, have been described (Chang et al. 2022). MCGs were
defined as SMAP-containing organelles and we showed with the
present work that they also contain ILVs (Figure 1). Due to their
mixed content (Gzm, perforin and ILVs) one could envision the
MCG as a biogenesis intermediate between MVB and the classical
lytic granule, namely the SCG. However, mass spectrometry data
indicated that MCGs might stem from a different origin as the
SCGs (Chang et al. 2022). In fact, protein composition from SCGs
indicated a lysosomal origin while that of MCGs pointed toward
an endosomal origin. Therefore, the MCGs are closer to MVBs
than to SCGs (Arya et al. 2024; Cassioli and Baldari 2022). This
hypothesis is supported by the fact that SCGs harbor mainly CD63
on their membrane while a large majority of MCG and MVBs
membrane contain mainly CD81 (Figure 4). The question that
arises iswhether MCGs and MVBs are the same organelles. Lettau
and Janssen (2021) proposed that exosomes are released from
dense and light MVBs, which in analogy to our results would
correspond to our MCGs and MVBs, respectively. Several lines of
evidence argue against this hypothesis: (1) MCGs contain Gzm,
perforin, TSP-1 and 4 assembled in SMAPs (Balint et al. 2020;
Cassioli et al. 2025; Chang et al. 2022). None of these proteins are
found in MVBEs; (2) Their fusion occurs at different sites. MCGs
are exclusively exocytosed at the IS in a stimulation dependent
manner (Figure S2, (Chang et al. 2022)). In contrast, the MVBs
likely fuse elsewhere on the plasma membrane as less than 4% of
the CD63* or CD81* fusion events at the IS stemmed from MVBs
(Figure 2); (3) MVBs and MCGs fusion mechanism is different.
Gzm and perforin release is completely obliterated in Muncl3-
4 KO human and mouse CTL (Figure S7, Dudenhoffer-Pfeifer
et al. 2013; Feldmann et al. 2003). Thus, MCG fusion releasing
Gzm and perforin is entirely Muncl3-4 dependent. In contrast
unpolarized exosome release still occur normally in Muncl3-4
KO cells (Figure 8), indicating that MVB fusion is Muncl3-4

Journal of Extracellular Vesicles, 2026

19 of 26



)

—
Q

Control

.
o
s
b=
S
(9]
w
[}
8
n

50k 100k 150 k 200 k 250 k
Forward scatter

unstained

(b) 12 hrs

707 mwT

60} Exo

50
404

30

Occurrence (%)

20+

10

04

0.24] 1250 65.5 1.1

2.40 6.26 BRI TR N Q

(c)

4 .
0.13]| 331.8 0.23 623

76.4

70 = 5k -WT

60 - ko

07 f0° 0 10 100 100 100 10° 0 10 100 10 10 10°

0 10 100 10 10 10°

50
40 +

0.52 0.26

o 109
10"
98.9 Py 0.34 X
0 107 100 o 00 10 0 0 Aot 10' Ao 10°
active caspase 3
FIGURE 9 |

30

Occurrence (%)

20

10

0

0 0 100 fo Mo 1o BRCZNC TR R TR Q
5

Cytotoxicity and molecular mechanisms involved in killing of P815 tumor cell lines by CTL-derived exosomes. Cytotoxic assay on P815

target cells incubated with 10 ug/mL WT or Muncl3-4 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
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independent; (4) The stimulus for MCG and MVB fusion is
likely different. Lytic granule (i.e. also MCG) fusion with the
plasma membrane is specifically triggered by the IS formation
and the ensuing intracellular Ca®* increase (Martina et al. 2011;
Stinchcombe et al. 2006). The situation is not as clear for MVB
fusion. While Lettau et al. showed that the dense MVB were
released upon co-increase of intracellular Ca** concentration
and PKC activation, light MVB were released upon weaker
stimulus such as PKC activation alone (Lettau et al. 2019; Lettau
and Janssen 2021). As strong increase of Ca** concentration is
confined to the IS (Quintana et al. 2011), PKC activation is a better
candidate to trigger the fusion of MVBs releasing non-polarized
exosomes away from the IS. In conclusion, MVBs and MCGs are
two different types of organelles, whereby the MCGs are a hybrid
organelle between SCGs and MVBs.

Recent studies have shown that EVs from different cell types have
different combinations and amounts of CD63 and CD81 on their
surface (Andreu and Yanez-Mo 2014; Kowal et al. 2016; Rydland
etal. 2023). We expected that these tetraspanins co-localize within
exosome-bearing organelles, MCGs and MVBs, in murine CTLs.
CLEM analysis revealed that both MVBs and MCGs contain CD63
and CD8l, with CD8I serving as a more specific marker for these

organelles in comparison to CD63 (Figure 1). In addition, GzmB
is restricted to the electron-dense regions of MCGs, indicating its
preferential association with SMAPs rather than with ILVs (Balint
et al. 2020). These findings suggest MCGs as additional organelles
containing ILVs that are distinct from those contained in the
classical MVBs. This implies heterogeneous release mechanisms
and functional differentiation in immune modulation of the MCG
and MVB-derived exosomes. Given their specific release at the IS,
it is plausible that exosomes derived from MCGs in CD8" T-cells
may contribute to or represent a form of trans synaptic EVs, akin
to those recently described for CD4+ T-cells by Cespedes et al.
(2022).

Since most, if not all, cell types release exosomes with important
functional impacts, understanding the mechanism of exosome
biogenesis and release kinetics is essential for elucidating their
physiological roles in vivo. The tetraspanin CD63 has been widely
used for real-time visualization of exosome release from parental
cells (Verweij et al. 2018). Consistent with previous reports
identifying CD63 as a general marker for secretory lysosomes
in CTLs (Metzelaar et al. 1991; Peters et al. 1991) we revealed
a high co-localization of CD63 with GzmB (Figure 1b), with
CLEM analysis and immunocytochemistry of isolated organelles
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(Figure 4), suggesting an association of CD63 with SCG mem-
brane. We took advantage of the fact that CD63 is a pan marker in
CTLs to simultaneously visualize CD63" fusion events of MVBs,
MCGs, and SCGs at the IS in real-time using TIRF microscopy
and to quantify their respective release abundance based on their
kinetic properties. SCGs, containing soluble cargo such as GzmB
and perforin, displayed fast fusion dynamics with fusion events
lasting less than 2 s, marked by fast fluorescence spike and decay
(Figure 2a,b). These dynamics align with previous reports of
plasma membrane deposition of VAMP2 from SCGs (Estl et al.
2020; Verweij et al. 2018). In contrast, MCG and MVB fusion
events exhibited longer CD63 signal durations of more than 2 s
(Figure 2c,d), in agreement with previously reported longer MVB
fusion dynamics observed in Hela cells and A549 cells (Mahmood
et al. 2023; Verweij et al. 2018). These observations confirm the
identity of these organelles as MVBs/MCGs. The extended signal
duration may be attributed to exosome entrapment between the
cells and the glass coverslip or their immobilization by adhering
to the plasma membrane (PM) after fusion. This hypothesis is
reinforced by the fact that the decay time of CD63 on supported
lipid bilayer (SLB) was in general faster than its decay time
on glass coverslips (Figure Sle). Our TIRF microscopy data
revealed that, out of the long fusion events, the main fraction
detected at the IS corresponded to MCGs, whereas only a minor
fraction represented MVBs, identified by their absence of GzmB
(Figure 2h).

A more detailed characterization of MCGs after overexpression of
CD81-SEP and CD63-pHuji in WT CTLs revealed a heterogeneous
fusion profile in TIRF microscopy (Figure 3). During MCG fusion
events at the IS, the decay time of CD81 was consistently faster
than that of CD63 (Figure 3g ). We explained this by a higher
association of CD81 to the MCG organelle membranes than on
ILVs and we confirmed this hypothesis, by specific membrane
staining of isolated organelles (Figure 4e). However, CD63 with
longer decay times is then predominantly present on ILVs in
MCGs (Figure 3f).

We further elucidated the regulatory mechanisms governing
exosome secretion by investigating Muncl3-4, a critical protein
involved in granule fusion at the IS (Dudenhoffer-Pfeifer et al.
2013). Specifically, we were interested whether this priming factor
equally promotes the fusion of both ILV-containing organelles,
MVBs and MCGs. Electron microscopy confirmed normal mor-
phology and biogenesis of cytotoxic granules, early and late
endosomes and IS formation in the Jinx mouse (Crozat et al.
2007). Now we showed that the MVB, MCGs and exosomes
derived from KO-CTL cultures have comparable size to those
of WT suggesting a Munl13-4 independent biogenesis through
endosomal sorting complexes required for transport (ESCRT)
dependent mechanisms in mouse cells (Figures 8a,b, S6). This
finding contrasts with a previous study in which Muncl3-4 KO
MDA-MB-231 cancer cells showed increased MVB size (Messen-
ger et al. 2018) and an effect on cytotoxic granule maturation
in human CTLs (Menager et al. 2007). The accumulation of
both MCG and SCG at the IS after prolonged synapse formation
suggests that MCG fusion, as well as SCG, is Muncl3-4 dependent.
TIRF analysis of Muncl3-4 KO CTLs co-expressing CD81-SEP
and CD63-pHuji showed no secretion at the IS, confirming MCG
fusion dependence on Muncl3-4 (Figure S7a). The exosome
yield from Muncl3-4 KO CTL supernatant was decreased by

about 18% in comparison to WT. Our culture condition includes
continuous stimulation of the CTL with anti-CD3/anti-CD28
coated beads that induce SCG and MCG exocytosis, which should
not occur in Muncl3-4 KO CTLs. This suggests that there is
a Muncl3-4 independent release of a specific subpopulation of
exosomes from MVBs (Figure 8f) secreted in a non-polarized
fashion. Interestingly, CD81* and CD63* exosomes accumulated
on the coverslip near transfected cells, indicating non-polarized
exosome release from MVBs (Figure S7b,c). These results indicate
that MCGs appear to preferentially release their ILVs directly
at the IS possibly as trans synaptic EVs, enabling a focused
interaction with target cells. In contrast, non-polarized MVBs
likely enable broader, less targeted release of exosomes, allowing
CD8* CTLs to communicate systemically. The balancing of
local and systemic immune responses highlights the specialized
intracellular organization and the highly coordinated role of
exosomes in immune regulation in CTLs.

Most of previous studies have focused mainly on comparative
analysis of classic EV subtypes including a mixture of apoptotic
bodies, microvesicles, and exosomes released by different cell
types (Breitwieser et al. 2022; Kowal et al. 2016; 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), rather
than on the exosomes themselves. To address the difference in
tetraspanin localization we used freshly isolated exosomes from
the supernatant of primary murine CTLs. Isolating exosomes
from these cell cultures is significantly more challenging than
using immortalized cell lines due to the requirement for sus-
tained, high-quality cell cultures with minimal cell death over
several days. To ensure purity, we used a combination of differen-
tial ultracentrifugation and an adapted sucrose density gradient
ultracentrifugation method (Figure 5a), isolating exosomes based
on their size and density (Bobrie et al. 2012; Thery et al. 2006). We
validated the identity and the size of isolated exosomes with West-
ern blotting for exosome markers ALIX and TSG101 (Figure 5c)
and by electron microscopy. Proteome profiling confirmed exo-
some purity, with 79 detected proteins included in the Exocarta
top 100 list. Low abundance of Golgi, mitochondrial, and nuclear
proteins further supports this purity (Figure 5e,f). With these
purified exosomes we investigated whether CD81 and CD63 co-
localize on the same exosome or mark distinct subpopulations.
The conventional assumption is that EVs are homogenously
containing several tetraspanins together (Kim et al. 2022; Welsh
et al. 2024). In contrast, we found that in CTLs, CD63 and CD81
rarely co-localize on individual exosomes, revealing at least two
distinct exosome subpopulations in mouse CTLs (Figure 6a,b).
An interesting observation from the TEM analysis of isolated
exosomes was the existence of two different size populations
(Figure 5b). Using the ONE microscopy technique, we found that
there is a relationship between exosome size and surface markers,
since CD63-positive exosomes tended to be larger than CD8I-
positive ones (Figure 6c,d). Our detailed differential proteomic
study of immune-isolated CD63* and CD81" exosome from WT
CTLs confirmed that there is a clear difference in cargo in the
two subtypes. While CD63* exosomes are enriched in typical
regulatory and pro-apoptotic proteins, CD81" exosomes contain
more proteins involved in immune regulation (Figures 7 and S5).
Since tetraspanins are involved in the process of sorting cargo
such as proteins and miRNAs (Andreu and Yanez-Mo 2014; Perez-
Hernandez et al. 2013; Rana et al. 2012; van Niel et al. 2011), our
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FIGURE 10 | Model showing the differential killing by polarized and non-polarized exosomes. (a) Suggested model summarizing our findings.

In murine CTLs, exosomes are contained in two distinct organelles, multivesicular bodies (MVBs) and multi core granules (MCGs). Exosomes
contained in MCGs are polarized to the immune synapse and are released in a Muncl3-4 dependent manner. Non-polarized exosomes are
contained in MVBs and are secreted elsewhere throughout the cells in a Muncl3-4 independent manner. Exosome killing efficiency is shown as

thickness of the black arrows delineating that polarized exosomes show superior killing to their non-polarized counterparts. As depicted 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. Finally, 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. Generated by Biorender
(https://app.biorender.com/illustrations/670d42a698329c882bc8c70c). (b) Exemplary electron micrograph of a CTL forming an immunological synapse
(IS) with a P815 target cell. A second target cell is more distant from the CTL. Exosomes are found abundantly in the synaptic cleft at the IS as indicated
by the green filled and magenta outlined arrow. Non-polarized exosomes can be found in the surrounding of the CTL as indicated by the magenta filled
and green outlined arrow. The color code of the arrow corresponds to the tetraspanins shown in (a). MTOC, microtubule organizing center.

results indicate that exosomes secreted from MCGs and MVBs
may differ in size, function, and cargo types.

Differential mass spectrometry analysis of anti-CD63- and anti-
CD8l-isolated exosomes revealed clear differences between the
two types, thereby adding considerable information to our study.
We also observed that the exosomes obtained through anti-
CD63- and anti-CD81-based enrichment contained more proteins
than the highly pure exosomes, which we isolated using sucrose
density gradient ultracentrifugation. Notably, we detected a
significant quantity of immunoglobulins, potentially originating
from the beads employed for isolation. Furthermore, we detected
GzmB, TSP1 and TSP4, which are typical SMAP markers, in both
the CD63* and CDS81* groups. SMAPs may bind to exosomes
via their surface integrins and be pulled down by antibodies
coupled to the beads. This unspecific binding is prevented
during sucrose density gradient ultracentrifugation where SMAP
markers were not significantly detected (Figures 5 and S4).
Therefore, we used these highly pure exosomes in all functional
assays.

CTLs may coordinate EV and exosome-mediated signaling for
both local and systemic immune response via MCGs and MVBs,

respectively. It has been shown that T-cell-derived EVs play a role
in immunomodulation, particularly by mediating information
exchange between immune cells and tumor cells. For example,
the bystander T-cell activity can be downregulated through
exosome-mediated signaling (Li et al. 2017). Our data showed that
CD81* exosomes contain large amounts of proteins involved in
lymphocyte activation and the regulation of immune processes, as
well as cell activation more generally. Therefore, we suggest that
these exosomes are used primarily by CTLs for communication.
A direct effect of CTL-derived EVs on killing cancer cells has not
yet been clearly demonstrated, although initial studies provide
an indication (Lu et al. 2022; Zhang et al. 2024). Many studies
have focused on a mixture of SEVs, without isolating exosomes
for more specific analyses. To address this gap and to investigate
the specific effect of MCG-derived exosomes, we studied the phys-
iological effect of freshly isolated exosomes from supernatants
of bead-activated effector WT and Muncl3-4 KO CTLs on P815
mastocytoma cell line as a tumor model. WT and Munc13-4 KO
CTL-derived exosomes induced substantial cytotoxic activity in
target cells within 12 h of incubation, with an enhanced effect
observed after 24 h (Figure 9a-c). While the impact on late
apoptosis or necrosis was comparable between the two groups,
exosomes released from WT CTLs displayed significantly higher
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effect on early apoptosis than those isolated from Muncl3-4 KO
CTL. Considering the reduction by 18% of exosome yield in
Muncl3-4 KO CTLs culture, we can assume that about 20% of the
exosomes originates from MCGs while about 80% originates from
MVBs in WT culture. The activation of caspase 3 was more than
twice as high in WT than in Muncl3-4 KO exosomes. Together
this indicates that MCG-derived exosomes induce apoptosis
about 5-fold higher than MVB-derived exosomes. The effect of
these exosomes peaked early on since the difference between
Muncl3-4 and WT exosomes was similar between 12 and 24
h. We therefore hypothesize that exosome sorting and function
are highly specialized in CTLs. Prfl and GzmB are principal
cytotoxic components of SMAPs, the killing entity localized
within MCGs (Balint et al. 2020; Chang et al. 2022). The absence of
typical SMAP markers from the sucrose density gradient isolated
exosomes confirmed that the observed cytotoxic effect of the
exosomes is independent of SMAPs. It has been shown that FasL,
a transmembrane protein present on EV surfaces, is essential for
inducing target cell apoptosis by binding to Fas receptors and
triggering caspase-mediated signaling (Alonso et al. 2011; Lu et al.
2022; Monleon et al. 2001; Zuccato et al. 2007). FasL was detected
in both purified subtypes of exosomes (Figure 7f). We propose that
the remaining activation of caspase 3 by Muncl3-4 KO derived
exosomes is primarily due to FasL. Exosomes contain a variety
of molecules, including proteins, lipids, and nucleic acids such
as DNA, RNA, and non-coding RNAs, including microRNAs
(miRNAs). miRNAs are key post-transcriptional modulators of
gene expression and can be transferred via exosomes to acceptor
cells and evoke apoptosis (Guay et al. 2019; Valadi et al. 2007).
MCG-derived exosomes are predominantly CD63*. Our mass
spectrometry analysis (Figure 7f) revealed that they contain a
high level of pro-apoptotic proteins such as Bax, FKBP5, Frmd5,
and Lum (Nagata and Tanaka 2017; Vij et al. 2005; Yin et al.
2024), as well as apoptosis regulator proteins such as Slit2, Magi3,
and Naip6 and 7 (Kaur et al. 2019; Kotelevets and Chastre 2021,
Maier et al. 2002). Furthermore, they contained RNA binding
proteins (e.g. Mvp, Hnrnpa2bl, Hnrnpm, Hsp90abl (see Table
S4)). Consistent with our data, Cespedes et al. (2022) showed
that trans-synaptic EVs, contain a higher miRNA content than
unpolarized EVs. Finally, we also identified IFNy and chemokine
receptors on these exosomes (Table S4). Further investigation
is required to understand the impact of the specific proteins,
additional cytokines and receptors, as well as miRNA involved in
triggering apoptosis in the target cells on the cytotoxic efficiency
of T-cell-derived exosomes.

5 | Conclusion

CTLs employ serial killing and additive cytotoxicity through
multiple sublethal hits on target cells (Chang et al. 2016; Prager
et al. 2019; Weigelin et al. 2021). Based on our new findings, they
may utilize both ILVs and SMAPs within MCGs to enhance their
cytotoxic arsenal against tumor cells. This study highlights the
functional differentiation between polarized and non-polarized
exosome populations, demonstrating distinct levels of cytotox-
icity (Figure 10). Future research is needed to examine the
biogenesis and additional components of polarized MCG-derived
exosomes, to unravel their potential function in supporting
target cell killing and cancer therapy. We postulate that the
additional presence of “cytotoxic” exosomes in MCGs present

in human CTLs and NK cells offers a tremendous potential for
immunotherapeutic strategies: The next generation of human
CAR-T-cells, loaded with therapeutic molecules such as microR-
NAs in MCG-derived exosomes could exert additional direct
cytotoxic effects on cancer cells. Simultaneously, MVB-derived
exosomes within these modified CAR-T-cell could modulate the
tumor environment, offering a dual approach to tumor targeting
and treatment.
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