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Abstract

Extracellular vesicles (EVs) are membrane-enclosed vesicles released by cells. They carry
proteins, nucleic acids and metabolites which can be transferred to a recipient cell, locally or
at a distance, to elicit a functional response. Since their discovery over 30 years ago, the
functional repertoire of EVs in both physiological (e.g., organ morphogenesis, embryo
implantation) and pathological (e.g., cancer, neurodegeneration) conditions has cemented
their crucial role in intercellular communication. Moreover, because the cargo encapsulated
within circulating EVs remains protected from degradation, their diagnostic as well as
therapeutic (such as drug delivery tool) applications have garnered vested interest. Global
efforts have been made to purify EV subtypes from biological fluids and in vitro cell culture
media using a variety of strategies and techniques, with a major focus on EVs of endocytic
origin called exosomes (30-150 nm in size). Given that the secretome comprises of soluble
secreted proteins, protein aggregates, RNA granules and EV subtypes (such as exosomes,
shed microvesicles, apoptotic bodies), it is imperative to purify exosomes to homogeneity if
we are to perform biochemical and biophysical characterization and importantly, functional
dissection. Besides understanding the composition of EV-subtypes, defining molecular bias
of how they reprogram target cells also remains of paramount importance in this area of
active research. Here, we outline a systematic “how to” protocol (along with useful
insights/tips) to obtain highly purified exosomes and perform their biophysical and
biochemical characterization. This protocol employs a mass spectrometry-based proteomics
approach to characterize the protein composition of exosomes. We also provide insights on
different isolation strategies and their usefulness in various downstream applications. We
outline protocols for lipophilic-labelling of exosomes to study uptake by a recipient cell,
investigating cellular reprogramming using proteomics and studying functional response to

exosomes in the Transwell-Matrigel™ Invasion assay.
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1. Introduction

Extracellular vesicles (EVs) are lipid encapsulated membranous vesicles that are released by
cells into their extracellular space. EVs carry proteins, nucleic acids and metabolites which
they can transfer between cells. While they function in cell-cell and cell-microenvironment
communication [1,2], EVs are also emerging as universal agents in intra- and cross-organism
communication for mammals [3-7], viruses [8,9], bacteria [10], archaea [11], microbes
[12,13], parasites [14], fungi [15,16] and plants [17]. Cells have been shown to release
different types of EVs which include exosomes, shedding microvesicles (sMVs) [18] or
oncosomes [19], apoptotic blebs (ABs) and gesicles [20]. Exosomes originate by inward
budding of endosomal membrane as intraluminal vesicles (ILVs) encapsulated within the
larger multivesicular bodies (MVBs). These MVBs then fuse with the plasma membrane and

release the ILVs into the extracellular space as “exosomes” [21,1,22,23].

Since their discovery over 30 years ago [24,25], it has become clear that exosomes contribute
to many aspects of physiology and disease by reprogramming recipient cells and regulating
cellular niche [26,27,18,28,29]. Circulating exosomes also have diagnostic potential and
their therapeutic use as a drug delivery vehicle is currently an active area of research [30].
Although numerous studies have catalogued form, function, and biology of exosomes [31-
41], much of this information has been obtained from heterogeneous or impure exosome
preparations, which potentially confound interpretation of findings [42,43]. Moreover,
function of a given EV subtype may be limited or masked by the presence of the other EV
subpopulations. Hence, there is an urgent need to better define exosome preparations, not
only to understand composition [31,37] but also to infer function [21,43,5,7,44]. This is
particularly important when embarking on large-scale production of exosomes as a clinical-

grade reagent.

Here, we expand on our previous guideline protocol [45] to outline a systematic “how to”
protocol (along with useful insights/tips) to obtain highly purified exosomes and perform
their biophysical and biochemical characterization. This protocol employs a mass
spectrometry-based proteomic approach to characterize the protein composition of exosomes
[23]. We provide insights on different isolation strategies and their usefulness in various
downstream applications. We outline protocols for lipophilic-labelling of exosomes to study

uptake by a recipient cell [7], investigating cellular reprogramming using proteomics [5] and
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studying functional response to exosomes in Transwell-Matrigel™ Invasion assay. This
detailed protocol will enable generation, isolation, purification, and characterization of highly
purified exosomes, and understand how exosomes elicit a functional response through

exosome-mediated molecular reprogramming of the recipient cell.

4|Page



84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112

113
114
115
116

2.
2.1.

A S A

2.2.

N kW

2.3

2.3.1
1.
2.

Materials
Small-scale exosome production

Cell culture medium (e.g., RPMI-1640, DMEM) with cell culture supplements (see
steps 2-4).
5% (v/v) Foetal calf serum (FCS) or EV-depleted FCS in cell culture medium; i.e.,
25 mL FCS in 500 mL. EV-depleted FCS is prepared following ultracentrifugation
at 100,000 x g, 16 h, 4 °C.
1% (v/v) Penicillin/Streptomycin (Pen/Strep) in cell culture medium; i.e., 5 mL
Pen/Strep in 500 mL.
0.6-1% (v/v) Insulin-Transferrin-Selenium (ITS) in cell culture medium; i.e., 600-
1000 pL ITS (100x) in 500 mL.
Phosphate-buffered saline (PBS).
Tissue culture plates (e.g., 10-15 cm?) / flasks (e.g., T75-175).
50 mL polypropylene centrifuge tubes.
Refrigerated centrifuge.
Polyallomer tubes or polycarbonate bottles, appropriate for the ultracentrifuge rotor
(Table 1).
Incubator (37 °C with 5% CO»).

Large-scale exosome production

. CELLine adhere bioreactor flask (CELLine AD 1000, Integra Biosciences)

Cell culture medium (e.g., RPMI-1640, DMEM) with cell culture supplements (see
steps 3-95).

5% FCS or EV-depleted FCS (see step 2 in Section 2.1) in cell culture medium.

1% (v/v) Pen/Strep in cell culture medium.

0.6-1% (v/v) ITS in cell culture medium.

50 mL polypropylene centrifuge tubes.

Refrigerated centrifuge.

Protein quantitation
Micro BCA assay
Micro BCA Protein assay kit (Thermo Fisher Scientific).
Bovine Serum Albumin (BSA) as standard protein. BSA purity > 98%.
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Working reagent (WR): 100 uL for each standard/sample. Mix 25 parts Reagent A,
24 parts Reagent B, 1 part Reagent C.

1% (w/v) SDS in ultrapure water.

Exosome or cell lysate sample for measurement.

1.5 mL microcentrifuge tubes.

Flat-bottom, clear 96-well plates.

Incubator (37 °C).

Microplate reader with 562 nm filter.

Protein staining densitometry
2x SDS sample buffer: 4% (w/v) SDS, 20% (v/v) glycerol, 0.01% (v/v)
bromophenol blue, 125 mM Tris-HCI, pH 6.8. If reducing conditions are required,
supplement 2x SDS sample buffer with dithiothreitol (DTT) to a final concentration
of 2% (W/v).
Exosome or cell lysate sample for measurement.
NuPAGE Bis-Tris Precast gels: 1 mm thickness, 10- or 12-well, 4-12% gradient.
1 x MES running buffer: 50 mM MES, 50 mM Tris Base, 0.1% SDS, 1 mM EDTA,
pH 7.3. Do not use acid or base to adjust the pH.
XCell Surelock™ gel tank, with compatible power supply (e.g., Bio-Rad
Laboratories, Hoefer, Thermo Fisher Scientific).
BenchMark™ Protein Ladder standard of known protein concentration: 1.7 pg/uL.
SYPRO® Ruby staining solution.
SYPRO® Ruby fixation solution: 40% (v/v) methanol, 10% (v/v) acetic acid in
water.
SYPRO® Ruby destaining solution: 10% (v/v) methanol, 6% (v/v) acetic acid in
water.
Orbital shaker.
Typhoon 9410 variable mode imager with green (532 nm) excitation laser and
610BP30 emission filter.

ImageQuant software or suitable densitometry-based analysis software.

Ultracentrifugation exosome isolation
Conditioned medium.

Sterile/filtered PBS.
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Optima XPN Ultracentrifuge and matched rotor (Table 1).

SW28/SW32 Ti swinging-bucket (large scale spins) with 38.5 mL Open-Top
Thinwall Ultra-Clear Tube, 25 x 89mm.

TLA-55 fixed angle (small scale/washing) with 1.5 mL Polypropylene Tube with
Snap-on Cap, 9.5 x 38mm.

OptiPrep™ density gradient exosome isolation
Conditioned medium.
Optima XPN Ultracentrifuge and matched rotor (Table 1).
SW 41 Ti swinging-bucket (large scale) with 13.2 mL Thinwall Polypropylene
Tubes, 14 x 89mm.
TLA-55 fixed angle (small scale/washing) with 1.5 mL Polypropylene Tube with
Snap-on Cap, 9.5 x 38mm.
OptiPrep™ stock solution: 60% (w/v) aqueous iodixanol.
0.25 M sucrose in 10 mM Tris-HCI, pH 7.5.
Sterile/filtered PBS.

Cushion-based separation of exosomes
Conditioned medium.
Optima XPN Ultracentrifuge and matched rotor (Table 1).
SW28/SW32 Ti swinging-bucket (large scale spins) with 38.5 mL Open-Top
Thinwall Ultra-Clear Tube, 25 x 89mm.
SW 41 Ti swinging-bucket (large scale) with 13.2 mL Thinwall Polypropylene
Tubes, 14 x 89mm.
TLA-55 fixed angle (small scale/washing) with 1.5 mL Polypropylene Tube with
Snap-on Cap, 9.5 x 38mm.
OptiPrep™ stock solution: 60% (w/v) aqueous iodixanol.

Sterile/filtered PBS.

EpCAM immunoaffinity capture (IAC) exosome isolation
Conditioned medium.
EpCAM (CD326) magnetic microbeads (Miltenyi Biotec, Auburn, CA)
3 mL LS Microcolumn for the gentle isolation of MicroBead-labeled cells.

Solid support magnet (SSM).
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IAC Rinsing Solution: MACS® BSA Stock Solution diluted 1:20 with autoMACS®
Rinsing Solution.

Optima XPN Ultracentrifuge and matched rotor (Table 1).

TLA-55 fixed angle (small scale/washing) with 1.5 mL Polypropylene Tube with
Snap-on Cap, 9.5 x 38mm.

Sterile/filtered PBS.

IAC Elution buffer: 0.2 M glycine, Tris-HCI, pH 2.8.

2x SDS sample buffer (see step 1 in Section 2.3.2).

Western blot analysis
Exosome, cell lysate preparations (~10-20 pg protein).
2 x SDS sample buffer (see step 1 in Section 2.3.2).
NuPAGE Bis-Tris Precast gel (see Section 2.3.2).
1 x MES running buffer (see Section 2.3.2).
XCell Surelock™ gel tank, with compatible power supply (see Section 2.3.2).
See blue plus 2
Pre-stained Protein Standard (e.g., SeeBlue™ Plus2, or Dual Color Standard).
iBlot™ Dry Blotting System and nitrocellulose transfer membranes.
TTBS solution: 0.05% Tween® 20 in Tris-Buffered Saline (TBS).
Blocking buffer: 5% (w/v) skim milk powder in TTBS.
Primary antibody Mouse anti-TSG101 (#612696; BD Biosciences): 1:500 in TTBS.
Primary antibody Mouse anti-Alix (#2171, Cell Signaling Technology): 1:1000 in
TTBS.
Secondary antibody IRDye 800 goat anti-mouse IgG: 1:15,000 in TTBS.
Orbital shaker.
Odyssey Infrared Imaging System, v3.0.

Nanoparticle tracking analysis (NTA)
Exosome preparation (~1-2 pg protein).
NanoSight NS300 system.

Ultra-pure water.

Disposable 1 mL syringe for sample loading.
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Aldehyde/sulfate latex (ALS) bead-based capture
Exosome preparations (~2-5 ug protein).
1.5 mL Polypropylene Tube with Snap-on Cap.
4% w/v Aldehyde/Sulfate Latex Beads, 4 pm.
Blocking buffer: 0.2% (v/v) Triton X-100, 2% (w/v) BSA in PBS.
Wash buffer: 0.2% (v/v) Triton X-100 in PBS.
1 M glycine in PBS.
Primary antibody Mouse anti-Alix (#2171; Cell Signaling Technology): 1:1,000 in
blocking buffer.
Secondary antibody IRDye800 goat anti-mouse IgG: 1:15,000 in blocking buffer.
Benchtop centrifuge.

10. Microscope slide.

1.

2.11
2.11.1
1.

AN O

2.11.2

© N kWD

Zeiss AxioObserver Z1 microscope.

Electron microscopy (EM)
Transmission EM
Exosome preparations (~2 pg protein).
Sterile/filtered PBS.
Fixing solution: 1% (v/v) glutaraldehyde.
Formvar coated 200 mesh copper grids.
1% (w/v) aqueous uranyl acetate.
Gatan UltraScan 1000 (2k x 2k) CCD camera coupled to a Tecnai F30 electron

microscope.

Cryo EM
Exosome preparations (~2 ug protein).
Aurion Protein-G gold 10 nm.
Sterile/filtered PBS.
Glow-discharged C-flat holey carbon grids.
Vitrobot or automated sample preparation device.
Liquid ethane.
Liquid nitrogen.

Gatan cryoholder.
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Tecnai G2 F30 electron microscope.

Proteomics: sample preparation
In-solution reduction, alkylation and digestion
Exosome and cell lysate preparations (~5-10 pg protein).
1.5 mL Protein LoBind Tubes or Protein LoBind deep 96 well Plates (1000 pL).
1 M Tetraethylammonium bromide (TEAB) stock solution in LC-MS grade water.

. 50 mM TEAB, pH 8.0, in LC-MS grade water. For pH adjustment use 1 M

hydrochloride in LC-MS grade water.

100 mM TEAB, pH 8.0, in LC-MS grade water. For pH adjustment use 1 M
hydrochloride in LC-MS grade water.

100% (v/v) acetone (LC grade). Stored at -20 °C.

90% (v/v) acetone in water (LC grade). Stored at -20 °C.

Lysis buffer: 1% (w/v) SDS, 50 mM TEAB, pH 8.0.

500 mM DTT stock solution in 100 mM TEAB, pH 8.0. Prepare fresh before the

reduction step.

. 1 M iodoacetamide (IAA) stock solution in 100 mM TEAB, pH 8.0. Prepare fresh

before the alkylation step.

. Trypsin, sequencing grade. Store lyophilized or frozen at -80 °C.
12.
13.
14.
15.
16.
17.

Formic acid (LC-MS grade), prepare 1.5% (v/v) stock.
Water (LC-MS grade).

ThermoMixer with 1.5 mL microfuge tube capacity.
Thermostat oven or incubator at 37 °C.

pH strip, range 1-14.

Minsox S-4000 600W Sonicator with microtip (or related sonicator).

StageTip sample cleanup
Empore SDB-RPS (Styrene Divinyl Benzene—Reversed Phase Sulfonate) solid-
phase extraction disks for StageTip preparation.
SDB-RPS StageTip loading buffer: 1% (v/v) trifluoroacetic acid (TFA) in
acetonitrile (ACN).
SDB-RPS StageTip wash buffer 1: 1% (v/v) TFA in ACN.
SDB-RPS StageTip wash buffer 2: 0.2% (v/v) TFA in 5% (v/v) ACN.
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SDB-RPS StageTip elution buffer: 20 uL of NH4OH in 4 mL of 60% (v/v) ACN.
Elution buffer must be prepared fresh (within 1 h of use) because the pH will begin
to increase due to its high volatility, thereby reducing its elution strength.

Water (LC-MS grade).

Vacuum centrifuge (lyophilizer).

MS loading buffer: 0.07% (v/v) TFA in LC-MS water. This buffer is stable for >6
months at RT.

Fluorometric peptide assay
Quantitative Fluorometric Peptide Assay kit (Thermo Scientific #23290).
MS loading buffer (see step 9 in Section 2.12.2).
Peptide samples for analysis.
Fluorescence compatible 96 well microplate (black).

Fluorescent plate reader compatible with Ex 390 nm / Em 475 nm.

UHPLC-MS/MS

. MS loading buffer: 0.07% (v/v) TFA in LC-MS water.

Transparent MS sample vials, 300uL: snap ring vial with PP insert.

UHPLC System coupled to a Q Exactive HF-X Hybrid Quadrupole-Orbitrap MS
System.

Load column (Acclaim PepMap100 C18 5 um beads with 100 A pore-size)
Analytical/separation column (50-cm fused-silica emitter reversed-phase
PepMapRSLC C18, 75 um inner diameter, 2 pm resin with 100 A pore-size)
Mobile Phase A: 0.1% formic acid.

Mobile Phase B: 0.1% formic acid in acetonitrile.

Data analysis

. MaxQuant software.

. Microsoft Office Excel and Perseus software [46] (Max-Planck Institute of

Biochemistry, Munich).

. Online web-based bioinformatics resources such as gProfiler

(https://biit.cs.ut.ee/gprofiler/gost), STRING (https://string-db.org/) and Database for
Annotation, Visualization and Integrated Discovery (DAVID)
(https://david.ncifcrf.gov/).
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Phenotypic reprogramming of cells by exosomes: dissecting function

Labelling exosomes with lipophilic tracer
1-2.5 mg/mL Dil (1,1'-Dioctadecyl-3,3,3',3'-Tetramethylindocarbocyanine
Perchlorate) stock solution in DMSO.
Dil staining solution: 1 pM in PBS (10 mL).
OptiPrep™ density gradient reagents (see Section 2.5)
96 well plate (black).

Fluorescence plate reader (Ex 549 nm / Em 565 nm).

Exosome uptake
Dil stained exosomes.
Recipient cells of choice (~70% confluency).
1 uM DiO or DiR staining solution in PBS.
6-well plate or 8-well microscopy cover slides.
10 pg/mL Hoechst nuclei stain in PBS.
PBS.
Phenol-red free media.
Formaldehyde.

Dako fluorescence mounting media.

. Fluorescence microscope.

Cell activation assay
Recipient cells of choice (e.g., fibroblasts (5 x 10%)).
96-well plate.
Serum-free culture media.
Purified exosomes.

PBS.

Transwell-Matrigel™ invasion assay
Recipient cells of choice (e.g., fibroblasts (5 x 10%)).
Purified exosomes.

PBS.

12| Page



351 4. Growth factor-reduced Matrigel™ matrix.

352 5. Transwell inserts, 8 pm pore size.

353 6. 24-well plate.

354 7. Incubator at 37 °C.

355 8. 4% (v/v) Formaldehyde.

356 9. 10 pg/uL Hoechst nuclei stain in PBS (or other nuclei stain).

357 10. Cotton swab.

358 11. Fluorescence microscope.

359 12. ImageJ image analysis tool.

360

361 2.16.5 Molecular reprogramming of cells by exosomes

362 1. 70-80% confluent cells.

363 2. Ice cold PBS.

364 3. Cell scraper.

365 4. 2% (w/v) SDS sample buffer.

366 5. 1.5 mL, Polypropylene Tube with Snap-on Cap.

367 6. Benchtop Centrifuge (up to 20,000 x g spin).

368 7. Heat block (up to 95 °C).

369 8. Minsox S-4000 600W Sonicator with microtip (or related sonicator).
370 (optional for ultracentifugation approach)

371 - 1.5 ml ultracentrifuge tubes, polypropylene (#41121703, Beckman Coulter).
372 - TLA-55 rotor (Beckman Coulter).

373 - Ultracentrifuge (Optima MAX-MP Tabletop Ultracentrifuge, #393315, Beckman
374 Coulter).

375
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3. Methods

3.1 Small-scale exosome production (2-20 pg)

Typically, cells grown to 80% confluency on 15 cm? tissue culture plate yield ~1-2 pg (24 h
incubation) of exosomes. This yield is cell type-dependent and should be determined for each
cell type.

1. Culture cells to 60-70% confluency on 15 cm? tissue culture plate in suitable culture
media with supplements as required: 5% (v/v) FCS, 1% (v/v) Pen/Strep) at 37 °C
with 5% COz (see Note 1).

2. Gentle wash cells three times with 10 mL (pre-warmed at 37 °C) of PBS.

3. Culture for 24-48 h in cell culture medium (see Note 2) containing either 5% (v/v)
EV-depleted FCS, or 0.6-1% (v/v) ITS.

4. After 24-48 h incubation, collect conditioned medium (CM) into 50 mL
polypropylene tubes and centrifuge: 480 x g for 5 min followed by 2,000 x g for 10
min) at 4 °C to remove intact cells and cell debris. Carefully transfer the supernatant
into a new tube and subject to desired exosome isolation protocol or store at -20 °C
until further use. This supernatant contains both soluble and vesicle components (see
Note 3).

5. Cell viability should be assessed in cell culture medium (i.e., 24 or 48 h incubation)

(see Note 4).

3.2 Large scale exosome production
Bioreactor flasks contain a lower cell-cultivation chamber separated from an upper nutrient
supply chamber by a semi-permeable membrane with a molecular weight cut-off of 10 kDa
(see Note 5). This membrane allows continuous diffusion of nutrients from the upper to the
lower chamber, and waste elimination from the lower to the upper chamber. Exosomes
released by cells are retained in the lower chamber. For detailed notes on large scale exosome
production (see Note 6).
1. Add 500 mL of pre-warmed (37 °C) DMEM with 5% (v/v) FCS, 1% (v/v)
Pen/Strip) to the nutrient-supply chamber.
2. Prepare cells (15-30 x 10° cells) in 15 mL of DMEM medium with 5% (v/v) FCS
and 1% (v/v) Pen/Strep.

3. Transfer cells to the cultivation chamber and allow to seed/expand for 3-4 days.
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409 4. Remove the cultivation chamber medium (the cells have now adhered to

410 cultivation chamber).

411 5. Wash the cultivation chamber three times with serum-free DMEM medium.

412 6. Add 15 mL of DMEM medium with 0.6-1% (v/v) ITS, 1% (v/v) Pen/Strep to the
413 cultivation chamber.

414 7. Replace media in the nutrient chamber every 4-7 days (cell type dependent).

415 8. Replace media in the cultivation chamber every 1-2 days (cell type dependent).
416 9. Subject the conditioned medium from the cultivation chamber to exosome

417 isolation protocol (see Sections 3.4-3.7).

418 10. Collect CM into 50 mL polypropylene tubes and centrifuge at 480 x g for 5 min
419 followed by 2,000 x g for 10 min at 4 °C to remove intact cells and cell debris
420 (see Note 3).

421 11. Carefully transfer the supernatant into a new tube and subject to desired exosome
422 isolation protocol or store at -20 °C until further use. This supernatant contains
423 both soluble secreted and EV components.

424

425 3.3 Protein quantitation (see Note 7)

426  3.3.1 Micro BCA assay

427 1. Prepare a set of standard dilutions with BSA, starting with 200 pg/mL, performing
428 dilutions in 1% SDS solution to 0.5 pg/mL and place them at RT (1% SDS solution
429 can crystallize on ice).

430 2. Thaw protein sample (CM, exosomes, or cell lysates samples) and place on ice.

431 3. In a flat-bottom 96-well plate, load 100 pL of each standard BSA dilution/blank.
432 The blank is dependent on what stock/lysis solution exosomes are prepared in.

433 4. Load 1-4 uL of CM, exosomes, or cell lysate samples into wells, making up the total
434 volume to 100 pL using 1% SDS solution.

435 5. Prepare working reagent (WR) by mixing reagent A, B and C (as provided in the
436 commercial kit) with the ratio of 25:24:1.

437 6. Add 100 puL of WR to each sample/standard.

438 7. Incubate at 37 °C for 1.5-2 h.

439 8.  Cool plate to RT.

440 9. Measure absorbance at 562 nm.
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3.3.2

3.4

Prepare standard curve, subtract the blank (abs) from the sample (abs) and determine

the concentration of starting sample.

Protein staining densitometry
Solubilize samples (2-5 uL of CM, exosomes, or cell lysates) in reducing 2x SDS
sample buffer (10 pL), and heat at 95 °C for 5 min (closed cap). (Optional but
recommended to ultracentrifuge cell lysate at 400,000 x g for 30 mins (TLA-100.2
rotor) to remove genomic DNA).
Briefly centrifuge samples using benchtop centrifuge and resolve on NuPAGE™ 4-
12% (w/v) Bis-Tris Precast gels.
Load BenchMark™ Protein Ladder (2-5 puL, same volume as sample; 1.7 pg/uL) for
quantitation. An empty lane will serve as background control.
Perform electrophoresis at 150 V for 1 hin 1 x MES running buffer.
Remove the gel (and plastic casing) and place it in 50 mL fixing solution for 30 min
on an orbital shaker and stain with 30 mL SYPRO® Ruby for 40 min, followed by
destaining in SYPRO® Ruby destaining solution for 1 h.
Image gel on a Typhoon 9410 variable mode imager, using a green (532 nm)
excitation laser and a 610BP30 emission filter at 100 um resolution.
Perform densitometry quantitation using ImageQuant software to determine protein
concentration relative to a BenchMark™ Protein Ladder standard of known protein
concentration (1.7 pg/uL). Normalize by subtracting background signal from empty

lane.

Ultracentrifugation exosome isolation
Centrifuge CM (~30 mL) at 10,000 x g (SW28/ SW32 Ti, swing bucket) for 30 min
at 4 °C to pellet shed microvesicles. Retain the supernatant which contains
exosomes.
Centrifuge the supernatant at 100,000 x g (SW28/ SW32 Ti, swing bucket) for 1 h at
4 °C to pellet exosomes (see Notes 8, 9, 10, 11).
Resuspend exosome pellet in 1 mL sterile/filtered PBS and re-centrifuge at 100,000
x g (TLA 55 rotor) for 1 h to obtain crude exosomes.
Resuspend crude exosomes in 50 pL. PBS and either use immediately or store

at -80 °C.
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3.5 OptiPrep™ density gradient exosome isolation

1. Prepare OptiPrep™ density gradient by diluting a stock solution of 60% (w/v)
OptiPrep™ with 0.25 M sucrose/10 mM Tris-HCI, pH 7.5, to obtain 40% (w/v),
20% (w/v), 10% (w/v) and 5% (w/v) solutions of iodixanol. These solutions are
made immediately prior to centrifugation and allow up to 30 min mixing time. The
gradient is formed by adding 3 mL of 40% iodixanol solution, followed by careful
layering of 3 mL each of 20% and 10% solutions, and 2 mL of the 5% solution (see
Note 11).

2. Overlay crude exosomes (from Section 3.4) (500 uL) on top of the discontinuous
iodixanol gradient.

3. Overlay 500 uL of 0.25 M sucrose/10 mM Tris-HCl, pH 7.5, on top of the
discontinuous iodixanol gradient (control experiment).

4.  Centrifuge at 100,000 x g (SW41Ti swinging bucket) for 18 h at 4 °C (Table 1).

5. After centrifugation, collect twelve individual 1 mL gradient fractions (with
increasing density — top-bottom collection) using a 1 mL pipette. Isolation from the
meniscus is imperative for this careful procedure (see Note 12).

6. Dilute fractions with 2 mL PBS and centrifuge at 100,000 x g for 1 h at 4 °C
followed by washing with 1 mL PBS (repeat 100,000 x g for 1 h at 4 °C), and re-
suspend in 50 uL PBS.

7. Determine density of each fraction of the control OptiPrep™ gradient run in parallel
(see step 3). Collect 12 fractions from the control gradient, serially dilute 1:10,000
with distilled water, and determine the iodixanol concentration based on absorbance
at 244 nm using a molar extinction coefficient of 320 L.g"'cm™! [47] (see Note 12).

8.  Use exosomes immediately or store at -80 °C (see Note 13).

3.6 Cushion-based separation of exosomes

Exosome pellet obtained following ultracentrifugation potentially contains protein aggregates
sticking to the surface of exosomes [48]. Thus, interpretation of down-stream biochemical,
biophysical and functional characterization may be compromised. Although IP-based
isolation of exosomes can overcome these limitations, it only enables enrichment of a specific
subset of exosomes (see Note 14). Here, we outline ultracentrifugation coupled to cushion-

based separation of exosomes to gently obtain exosomes and prevent their
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pelleting/aggregation. We highly recommend using CM from CELLine adhere/ classic

bioreactor flasks, as the concentration of exosomes in the CM is high.

3.6.1

1.

L

3.6.2

9.

Cushion-based separation of exosomes
Add 1 mL of 40% OptiPrep™ solution (prepared as described in Section 3.5) to
Open-Top Thinwall Ultra-Clear Tube (38.5 mL).
Gently overlay with 30 mL conditioned media (post 10,000 x g spin) (see Section 3.4
step 1).
Centrifuge at 100,000 x g for 1 h at 4 °C (SW28/ SW32 Ti swing bucket).
Exosomes float at CM and OptiPrep™ solution interphase as a band.
Aspirate out the CM, being careful not to disturb the exosome-band.
Collect the exosome band.
Dilute exosomes in 30 mL PBS and repeat ultracentrifugation-cushion separation or
subject to density-based separation.

Use exosomes immediately or stored at -80 °C.

Ultracentrifugation-density gradient separation

. Prepare 4 mL 5-40% OptiPrep™ gradient: 1 mL, 5%; 1 mL, 10%; 1 mL, 20%; 1 mL,

40%) in an Open-Top Thinwall Ultra-Clear tube (38.5 mL).

Gently overlay with 8 mL conditioned media (post 10,000 x g spin) (see Section 3.4
step 1).

Centrifuge at 100,000 x g for 18 h at 4 °C (SW28/ SW32 Ti swing bucket).

Just as in regular OptiPrep™ density gradient exosome isolation (see Section 3.5),
exosomes enter the gradient, float at ~1.07-1.09 g/mL, and visible often as a band if
the yield is high.

Aspirate out the CM, being careful not to disturb the OptiPrep™ gradient.

Carefully collect twelve 330 pL fractions.

Dilute 330 pL fraction with 1 mL PBS. Ultracentrifuge 10% of the sample at
100,000 x g for 1 h and subject the pellets to western blotting (ALIX and TSG101
primary antibodies) to determine exosome-containing fraction(s) (see Section 3.8).
Pool and dilute exosome containing fraction(s) in 10 mL PBS and overlay on 13.2
mL tube containing 500 pL 40% OptiPrep™ solution. Fraction pooling is based on
density and exosome marker presence.

Ultracentrifuge at 100,000 x g for 1 h (SW41Ti swing bucket).
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10. Exosomes float atop the OptiPrep™-solution as a band.

11. Aspirate out the supernatant, being careful not to disturb the exosome-band.

12. Collect the exosome band.

13. Use exosomes immediately or store at -80 °C.

3.7

3.8

EpCAM immunoaffinity capture exosome isolation (see Note 15)
Incubate concentrated CM with 100 unL. EpCAM magnetic microbeads for 4 h at 4
°C[18,49].
Place 3 mL LS Microcolumn in a solid support magnet (SSM) and rinse three times
with Rinsing Solution.
Pipette exosome-bound microbeads into the LS column and wash three times with 1
mL Rinsing Solution.
Remove LS column from the SSM and recover exosome-bound microbeads by
rinsing the LS column at room temperature (RT) with 3 x 1 mL Rinsing Solution.
Wash exosome-bound microbeads twice with 1 mL PBS, place in ultracentrifuge
microfuge vials, and centrifuge at 100,000 x g for 1 h at 4 °C (Table 1).
Remove the supernatant and elute TAC-Exosomes (yield ~195 pg) from the
microbeads with either 100 pL of IAC elution buffer for EM imaging, or lyse with
100 puL of 2x SDS sample buffer (without DTT).

Western blot analysis (see Note 16)
Lyse the samples (~10-15 pg protein) in 2x SDS sample buffer with or without DTT
(depending on the primary antibody reducing/non-reducing compatibility,
respectively) and heat for 5 min at 95 °C (closed cap, although cap can be opened
for evaporation to reduce load volume).
Perform electrophoresis on lysed samples at 150 V for 1 h.
Following electrophoresis, electro-transfer proteins onto nitrocellulose membranes
using iBlot™ Dry Blotting System.
Incubate membranes with blocking buffer for 1 h at RT. Care should be taken to not
touch and disrupt the membrane (only the immediate corners/edges).
Probe membranes with primary antibody solution for 1 h in TTBS followed by
incubation with secondary antibody solution for 1 h in dark. Carry out antibody

incubations using gentle orbital shaking at RT.
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3.9

3.10

7.

Wash western blots three times in TTBS for 10 min after each antibody incubation
step and subsequently visualize at 800 nm using the Odyssey Infrared Imaging

System.

Nanoparticle tracking analysis (NTA) (see Note 17)

. Dilute sample (exosome or CM) to a final volume of 1 mL (final concentration 1

pg/uL in ultrapure water (1:10,000 dilution)).

Load sample onto NS300 flow-cell top plate using syringe pump.

Set analysis settings as per [6]: Detection threshold: 10; Flow rate: 100; Temperature:
25 °C.

Adjust camera level and screen gain until particles are visible.

For video capture, set conditions as follows: Number of capture: 3 (for triplicate);
capture duration: 60 s.

For acquisition, change base file name to preferred destination folder.

Create and run script to begin capture and analysis with NTA software. Ensure that
detection threshold is set to include as many particles as possible with the restriction
that 10-100 red crosses were counted while only <10% were not associated with
distinct particles (see Note 17). Repeat dilution and analysis as required ensuring
particle counts are within 20-100 particle/frame.

Set report details as prompted and view NTA report in destination folder: PDF graphs
and batch summaries show size distribution profile data and statistics; CSV files

contain raw data for further processing; AVI files contain video capture.

Aldehyde/sulfate latex bead-based capture

. Incubate 4 pL of exosomes with 1 pL of latex beads to a final volume of 1 mL with

PBS.

Incubate overnight at 4 °C with constant but gentle shaking.

Add 110 pL of 1 M glycine in PBS and allow mixture to stand for 45 min at RT.
Wash beads twice with 1 mL blocking buffer by centrifugation at 1500 x g for 3 min
at RT.

Incubate beads with primary antibody for 1 h at RT with constant but gentle shaking.
Perform negative control using ASL bead-bound exosomes with matched IgG
antibody.

Wash beads twice with wash buffer.
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Incubate beads with appropriate secondary antibody for 20 min at RT with constant
but gentle shaking.

Wash beads twice with wash buffer.

Resuspend beads in PBS, transfer to microscope slide and cover with glass slip.

Image with AxioObserver Z1 microscope and process with software.

Electron microscopy (EM) (see Note 18)

Transmission EM
Fix exosome preparations (~2 pg protein) in fixation solution, layered onto formvar-
coated copper grids, and allow drying at RT.
Wash grids twice with PBS for 5 min, and stain with uranyl acetate solution for 10
min.
Image at an acceleration voltage of 200 kV using a CCD camera coupled to an
electron microscope.

Typically, 10-20 fields of view are obtained.

CryoEM
Optional: Mix exosome preparations (~2 pg protein) with Aurion Protein-G gold at
a ratio of 1:3. This will allow vesicle diameters to be determined and the possibility
for tomographic data collection.
Dilute samples as required in PBS.
Transfer samples onto glow-discharged C-flat holey carbon grids and blot off excess
liquid (Optional, use of Vitrobot allows automated specimen preparation).
Immediately plunge-freeze grids in liquid ethane.
Mount grids in a cryoholder in liquid nitrogen.
Acquire images at 300 kV using a Tecnai G2 F30 in low dose mode.

Typically, 10-20 fields of view are obtained.

Proteomics: sample preparation

3.12.1 In-solution reduction, alkylation and digestion (secc Note 19)

1.

2.

On ice, normalize exosome samples to 10 pg in 50 pL lysis buffer (see Note 20) in
protein LoBind tubes/plates.
Prepare fresh 500 mM DTT stock, vortex briefly until dissolved (see Note 21).
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1.
12.

13.
14.

15.

For sample reduction, pre-heat ThermoMixer to 50 °C and add 1 uL DTT stock to
each tube (10 mM final concentration), vortex and microfuge briefly. Incubate all
samples in the thermomixer at 50 °C for 45 min (350 rpm). Keep the remaining
DTT stock on ice for quenching (Step 7).

Cool down all samples to RT and reset the ThermoMixer to 25°C to avoid non-
specific alkylation reaction.

Prepare fresh 1 M IAA stock and ensure minimal light exposure of IAA. Vortex
briefly until dissolved.

For sample alkylation, add 1 pL IAA stock to each tube (final concentration 20 mM
IAA), vortex and microfuge briefly. Incubate samples in the ThermoMixer at 25°C
for 30 min (350 rpm) in the dark.

To quench the alkylation reaction, add 1 pL DTT stock to all samples (final
concentration 20 mM), exposing to light.

Add 500 pL ice-cold acetone to all samples, vortex briefly. Store the samples in -20
°C freezer overnight. Samples can be stored at -20 °C for up to three days.

Prior to tryptic digestion centrifuge all samples at 16,000 xg for 10 min at 4 °C.
Carefully discard supernatant without disturbing the protein pellet.

Resuspend protein pellets in 50 pL. 90% (v/v) ice-cold acetone, vortex briefly.
Centrifuge all samples at 16,000 x g for 10 min at 4 °C. Carefully discard
supernatant without disturbing the pellet. Air-dry the samples under the fume hood
for 5 min.

Resuspend protein pellets in 50 pL 50 mM TEAB, pH 8.0 (see Note 22).

Add 0.2 pg equivalent trypsin enzyme (1:50 enzyme-to-substrate ratio) to each
sample. It is often easier to make the trypsin working solution (calculate adding 50
uL per sample; 50 mM TEAB, pH 8.0, on ice), add required amount of trypsin to
the trypsin working solution, and aliquot to each resuspended protein pellet (see
Note 22).

Set the ThermoMixer to 37 °C and incubate all samples for 18 hours at 350 rpm.
Acidify all samples with 0.75 uL formic acid (final concentration 1.5% (v/v)) to pH
2, test with pH strips.

Centrifuge all samples at 16,000 x g for 5 min. Transfer supernatant to a protein

LoBind tubes if insoluble precipitate is spotted at the bottom of the tube.

22| Page



673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705

16.

3.12.2

10.

Place all samples in -80 °C freezer until frozen. Peptides can be stored in -80 °C for
an extended period before lyophilization. Skip this step if StageTip Cleanup is

required.

StageTip cleanup (see Note 23)
SDB-RPS StageTips are prepared as described [50], using Empore solid-phase
extraction disks. Prepare one SDB-RPS StageTip for each sample.
We use two plugs of SDB-RPS material for the respective StageTips, punched out by
using a blunt-end 14-gauge syringe to pierce the ends of 200 pL pipette tips (see Note
23).
Add 30 pL of SDB-RPS loading buffer to the top of each sample. Place the StageTips
into centrifuge adapters and centrifuge the sample through to dryness (1,500 x g, for
~1 min at RT).
Wash the SDB-RPS StageTips using 30 puL of SDB-RPS wash buffer 1 to each
sample and centrifuge for ~1 min. Repeat.
Transfer each peptide sample to the top of an SDB-RPS StageTip.
Place the StageTips into same centrifuge adapter and centrifuge the sample through to
dryness (1,500 x g for ~5-8 min at RT) (see Note 24).
Wash the StageTips with 100 uL of SDB-RPS wash buffer 1 and centrifuge the
sample through to dryness (1,500 x g for ~5-8 min at RT). Repeat with SDB-RPS
wash buffer 2.
Elute the peptides by adding 60 uL of SDB-RPS elution buffer of the StageTip, and
centrifuge through to dryness (1,500 x g for ~5 min at RT). Collect the eluates into
clean protein LoBind tubes.
Immediately place the tubes into an evaporative concentrator and concentrate under
vacuum at 45 °C to dryness. The time to dryness will depend on the number of
samples being processed. This typically takes 40-60 min; however, after the first
30 min have elapsed, samples should be checked at intervals of 10 min and
concentrated until no liquid remains.
Reconstitute peptide by adding 12 pL. of MS loading buffer and either shaking for
2 min at 2,000 rpm or optionally incubating for 5 min in a sonicating water bath on

low power, then centrifuge the samples at 2,000 x g for 1 min at RT.
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3.14

Fluorometric peptide assay (see Note 25)

. Prepare peptide standards from the Assay Kit starting with 1000 pg/mL and

performing serial dilutions in MS loading buffer down to 7.8 pg/mL as per the
manufacturer’s instructions (8 standards plus MS loading buffer as blank).

Load the 10 pL of each standard/blank into the black 96 well plate.

Load 2 pL of each sample into the plate and make up to 10 pL by adding 8 uLL MS
loading buffer.

Add 70 pL of Fluorometric Peptide Assay Buffer to each well.

Add 20 pL of Fluorometric Peptide Assay Reagent to each well.

Incubate at RT for 5 min.

Measure fluorescence using Ex/Em at 390 nm/475 nm.

Use the standard curve to calculate the concentrations of your samples (ensuring to

subtract blank (abs) from all standards/samples (abs)).

UHPLC-MS/MS

. Perform UHPLC-MS/MS analysis of trypsin digested exosome protein samples at a

flow rate of 300 nL min~! by using the following UHPLC gradient.

Time interval (min) Gradient (% buffer ]i)24

0 2

95 28

98 80

100 80

104 2

110 2

2. Use the following MS parameters on the Q Exactive HF-X for protein identification.

Instrument

Polarity Positive
S-lens/ion-funnel RF level 45
Capillary temperature 300 °C
Full MS

Microscans 1
Resolution 60,000
Automatic gain control target 3 x 10% ion counts
Maximum ion time 128 ms
Scan range 300-1650 m/z
dd-MS? (data dependent)

Microscans 1
Resolution 30,000
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Automatic gain control (AGC) target

1 x 10° ion counts

Maximum ion time 60 ms

Loop count 25
Isolation window 1.3 m/z
Isolation offset 0

Fixed first mass 120 m/z
Normalized collision energy 25
Spectrum data type Profile
Data Dependent settings

Minimum AGC target 1.2 x 10* ion counts
Apex trigger -

Charge exclusion Unassigned, 1, >6
Peptide match Preferred
Exclude isotopes On
Dynamic exclusion 30s

3.15 Data analysis

1. Analyse raw proteomics data using MaxQuant [51] (see Note 26) and perform

downstream bioinformatics analysis using the Perseus platform [46] (described below).

However, several other suitable programs are freely or commercially available that can

be used to process proteomics data [52-55].

2. Specify the parameters used for searching label-free proteomics data using MaxQuant.

Default settings in MaxQuant are typically optimal and can normally be left unchanged,

with a few exceptions such as defining experiment, modifications, and enzyme as

described below. Typical parameters are outlined in the table below.

Setting

| Value

Raw data

Parameter group

All samples: Group 0

Enter unique name, suffixed by biological replicate (e.g.,

Experiment ‘Control 17)
Fraction All samples: 1
PTM FALSE
Group-specific parameters

Type Standard
Multiplicity 1

Labels None
Variable modifications Oxidation (M), Acetyl (protein N-term)
Digestion mode Specific
Enzyme Trypsin/P
Label free quantitation (LFQ) TRUE, maxLFQ
Maximum missed (cleavages) 2

Database

Specify protein database (i.e., reference proteome) in FASTA
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format

Global parameters

FASTA files Specify protein sequence databases
Fixed modifications Carbamidomethyl (C)
Second peptide TRUE

Protein FDR, peptide spectral

match 0.01/0.01

Match between runs TRUE

Match time window 0.7 min

Alignment time window 20 min

Advanced site intensities Yes

3. Perform data analysis using Microsoft Office Excel and Perseus software [46] (see Note
26).

4. Use ProteinGroup.txt file for protein grouping and identification, with contaminants
(CON ) and reverse (REV ) identifications manually removed.

5. Perform Hierarchical clustering in Perseus using Euclidian distance and average linkage
clustering.

6. Perform functional enrichment analyses (Gene Ontology (GO), KEGG, and Reactome
pathways) using gProfiler web-based bioinformatics resource [56].

7. Pathway enrichment map analysis can also be performed using Cytoscape [57] and

protein-protein interaction networks generated using STRING [58].

3.16 Phenotypic reprogramming of cells by exosomes: Dissecting function
Design of functional assays are directly dictated by the biology and the question raised.
Here, we questioned whether cancer exosomes can be taken up and activate fibroblasts
and confer them with cancer-promoting ability. We will then outline how we gained
insight into underlying mechanism using mass spectrometry-based proteomics.
Importantly, time points cataloguing activation assays and functional response will be

important in deciding time points for mass spectrometry-based proteomics.

3.16.1 Labelling exosomes with lipophilic tracer (see Note 27)

1. Prepare Dil staining solution.
Add crude exosome (300 pg) in 300 puL of PBS to the staining solution.
Incubate at 37 °C for 15 min.

Eal

Centrifuge at 100,000 x g for 1 h to obtain Dil-labelled crude exosomes
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3.16.3

Resuspend the pelleted exosomes in 300 pL. PBS and subject to OptiPrep™ density
gradient exosome isolation (see Section 3.5) to separate labelled exosomes from the
unbound dye that co-pellets (see Note 28).

To assess labelling, aliquot 100 pL of 12 fractions from the OptiPrep™ density
gradient to black 96 well plate and measure fluorescence using a plate reader
(excitation/emission 549/565 nm).

Confirm exosome-containing fraction(s) by western blotting (see Section 3.8).

Reconstitute labelled exosomes in PBS and store at -80 °C until further use.

Exosome uptake (see Note 29)
Culture recipient cells to ~70% confluency on glass cover slips in wells of 6 well
plate or 8-well culture chambers (see Note 29).
Prepare 100 pL of cell culture growth medium supplemented with Dil-labelled
exosomes (between 5-10 pg).
Remove the spent media from the 6-well plate or the 8-well chamber and gently
overlay with media containing labelled exosomes.
Incubate at 37 °C for 2 h (see Note 30).
Stain the nuclei with Hoechst stain at 37 °C for 30 min.
Gently wash cells three times with warm (37 °C) PBS.
Perform live cell imaging of cells in phenol-red free medium.
Alternatively, cells can be fixed in 5% formaldehyde for 10 min at RT and imaged.

For long term storage, mount the slide with Dako mounting media (see Note 31).

Cell activation assay
Culture recipient cells (e.g., neonatal human foreskin fibroblasts) in 96-well plate to
100% confluency.
Wash cells and maintain in 100 pL serum-free culture medium for 72 h at 37 °C
Supplement the medium with exosomes to a final concertation of 15 pg/mL or PBS
vehicle alone.
Culture further for 72 h at 37 °C.
Wash cells three times with PBS and perform western blotting analysis for activation
marker (e.g. smooth muscle actin as a marker of activated fibroblasts).
The timing of the activation assay should be determined for each experiment and

should be a good guide for downstream mass spectrometry-based analysis.
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3.16.5

A

Invasion assay
Thaw stock Matrigel matrix on ice.
Coat Transwell insert with 100 uL of 1 mg/mL Matrigel matrix in PBS.
Allow to polymerize for 4 h at 37 °C.
In the meantime, stimulate recipient cells (50,000 cells) in 500 uL culture medium
(serum-free) with exosomes (15 pg/mL) or PBS vehicle alone for 2h at 37 °C.
Centrifuge cells at 500 x g for 5 min, resuspend in 100 pL. serum-free medium and
carefully overlay onto the Matrigel-coated insert.
Place the insert in the companion plate that contain growth medium (containing
serum) supplemented with exosomes 15 pg/mL or PBS vehicle alone.
Incubate at 37 °C for 16 h (or up to 48 h).
Wash inserts with PBS, fix cells with 4% formaldehyde and stain nuclei with Hoechst
dye.
Remove non-invading cells (from the upper side of the insert) using cotton swab.
Wash insert with PBS.
Image nuclei of the cells invaded to the lower side of the insert using a fluorescence
microscope (image up to 5 fields of view per insert).

Quantify using Image J software or by manual counting.

Molecular reprogramming of cells by exosomes
Activate recipient cells with exosomes in 24 well plate as described in Section 3.16.4
Wash exosome-treated cells three times with 500 pL ice cold PBS.
Lyse cells with 200 L. SDS sample buffer.
Scrape the lysed cells and transfer into a centrifuge tube.
Heat denature at 95 °C for 5 min.
Sonicate to sheer the genomic DNA. Place all samples on ice. Ensure to immerse the
microtip into the lysate without touching the microtube. Sonicate samples with 23
amplitudes for 10 s. If insufficient sonication is observed, rest the sample on ice for at
least 30 s and repeat the sonication step. Remove un-solubilized material by
centrifugation at 16,000 x g for 20 min.
Alternatively, to remove DNA and insoluble cellular debris, lysates are centrifuged at
400,000 x g for 30 min (TLA-100.2 rotor), with supernatants collected and stored at -
80 °C (up to 6 months).
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Quantify the protein amount (see Section 3.3).

Subject protein samples to mass-spectrometry-based proteomics (see Section 3.12)
Perform pathway enrichment analysis using gprofiler [56], or Cytoscape (enrichment
map plug in) [57] to gain insight into molecular players of recipient cell

reprogramming by exosomes.

Notes

Cells should be grown to reach 60-70% confluency for adherent or cells grown in
suspension. Utilizing as many cells as possible ensures a concentrated CM that is
enriched in EVs/exosomes.

Standard growth medium for most cells in culture require FCS as a growth
supplement to DMEM/RPMI. FCS is derived from bovine serum and contains
exosomes from this source [59]. As such, exosome presence in FCS can interfere or
cause significant protein background issues when studying exosomes secreted from
cells of interest in cell culture [60]. For exosome production, we typically modify the
growth medium to either serum-free media or a combination of serum-free, exosome-
depleted FCS and ITS (0.2-1.5% (w/v)) to ensure cells remain viable during exosome
production. Any changes to cell growth medium supplements should be evaluated
over the time-course of exosome production (typically 24-48 h). Depending on the
cell type, further methods to modify the cell growth medium include 1% (w/v) BSA
to replace FCS, and depletion of FCS-containing exosomes using ultracentrifugation
(100,000 x g, 16 h), or filtration/ immunodepletion (CD63", exosome-sized vesicles
removed, no measurable bovine microRNAs) [61]. Further, exosome-depleted FCS
growth supplements are commercially available (e.g., EXO-FBS-250A-1, System
Biosciences; A2720801, Life Technologies) as adjunct approaches.

For sample and exosome sterility, it is only necessary to use sterile conditions if the
application requires sterility (e.g., functional in vivo or in vitro assays). Collection
tubes may be sterilized by rinsing with 70-80% (v/v) ethanol, air dried, and incubated
under UV light for 30 min. If only biophysical and biochemical characterization will
be performed (e.g., electron microscopy, immunoblotting, -omic profiling), sterility is
not required. The use of filtered and sterile PBS is often used to ensure no
contaminants are introduced during preparation and solubilisation. If sterility is
required, sterile centrifuge and ultracentrifuge tubes must be used, with centrifuge

tube holders and all related steps performed in an enclosed tissue culture hood. To
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sterilize ultracentrifuge tubes, wash the clean tubes and their lids briefly in 70-80%
(v/v) ethanol, rinse twice in sterile PBS, and remove PBS. All rotor lids and caps,
centrifugal ultrafilter units should also be washed with 70-80% ethanol and air dried
(depending on compatibility with filter membranes, check with manufacturer
requirements).

Cell viability should be assessed in cells grown in serum-free medium. For example,
Trypan Blue dye assay includes treating cells with Trypan Blue dye, preparing a 1:1
dilution of the cell suspension using a 0.4% (w/v) Trypan Blue solution, and
performed as per manufacturer instruction. Further assay methods may include but not
limited to different classes of colorimetric tetrazolium reagents, resazurin reduction
and protease substrates generating a fluorescent signal, the luminogenic ATP assay,
metabolic assays such as the MTT and XTT assays, and a novel real-time assay to
monitor live cells for days in culture [62], https://www.abcam.com/kits/cell-viability-
assays; https://www.cellsignal.com/contents/ /synopsis-of-cell-proliferation-

metabolic-status-and-cell-death/cell-viability-and-survival.

. For large-scale exosome preparation we have employed the use of the two-

compartment bioreactor CELLine tank system for continuous culture (exosome yield
in mg quantities). This is attained by separating the bioreactor into an upper nutrient
chamber and lower cultivation chamber. CELLine doesn’t require any specific
adaptation of cell culture techniques or media composition and is suitable for
applications based on serum-supplemented or serum free cultures. We have utilized
both CELLine classic (CELLine CL 1000, #90005, INTEGRA Biosciences) and
CELLine adhere (CELLine AD 1000, #90025) for suspension or anchorage-
dependent cells to be grown in the bioreactor and extensive EV yields generated [6].
It has been reported CELLine culture system for exosome production from cell
cultures significantly increased exosome yield ~12 fold than conventional flasks to

~10.1 pg/mL [63-65].

. We would recommend washing the cell compartment (every 2™ day, 3-washes in

media) to remove poorly adherent, non-viable cells/dead cells/debris before addition
of medium to both compartments. We also advise removing any bubbles from the cell
compartment chamber. Take an aliquot of media from the cell compartment chamber
to check for possible contamination. For non-adherent cells, floating cell organoids
can be reintroduced back into the cell compartment chamber following CM

collection; spheroids can be pelleted at 150 % g for 2-5 min. We recommend changing
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media in the nutrient chamber every 4-7 days (cell type dependent), which can be
guided by media colour change based on pH.

For protein quantitation we typically employ different methods based on sample
quantity and buffer compatibility, including the micro BCA assay (2-5 pL sample), or
protein densitometry (2-5 pL sample). The micro BCA is a sensitive detergent-
compatible bicinchoninic acid formulation for colorimetric detection and quantitation
of total protein. Importantly, it is optimized for use with dilute protein samples (0.5-
20 pg/mL), with a strong absorbance at 562 nm that is linear with increasing protein
concentrations. It is important to restrict non-compatible components including
reducing agents (i.e., DTT), lipids, phenol red, and EGTA. If interference by a
reducing substance or metal-chelating substance contained in the sample cannot be
overcome, refer Bradford-based Protein Assay. For detailed comparison of
compatible concentrations for different protein assays please refer to
https://assets.thermofisher.com/TFS-Assets/LSG/Application-Notes/TR0068-Protein-
assay-compatibility.pdf. For samples employing detergents, or other reagents which
affect absorbance, we would recommend using the protein densitometry method. The
protein densitometry method is reproducible, has a linear quantitation range over three
orders of magnitude [66], and is compatible with GeLC-MS/MS [67,18,68].
Large-scale instruments and centrifuges (due to the concentration of exosomes in
culture medium, large culture volumes; >500-1000 mL) are often utilized in order to
generate exosome yields for characterisation/functional studies. This introduces issues
with the capacity of centrifugation, availability (rotors, instrumentation), and time. If
researchers are limited by large-scale ultracentrifugation, then the CM preparation
approach, with IAC, or commercial kits to isolate EVs would be suggested.
Requirement to isolate shed microvesicles for analysis (using the CM preparation
vesicles >0.1 um are not retained and therefore restricting their subsequent analysis).
Shed microvesicles are heterogeneous ~150 - ~1000 nm diameter vesicles, distinct in
their biogenesis and marker expression composition to exosomes [69]. If researchers
are interested in the isolation of shed microvesicles, then this fraction can be easily
isolated from culture medium in the process of obtaining the crude exosome pellet.
For the isolation of shed microvesicles, a direct ultracentrifugation approach is
employed. Following 10,000 x g centrifugation, the shed microvesicle pellet is

resuspended in 1 mL of PBS and 10,000 x g centrifugation performed to obtain the
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11.

12.

13.

14.

washed shed microvesicle fraction (resuspend in 50-100 uL PBS). Further use of
density-based separation can purify this EV type [6]. The isolation and proteomic
characterization of shed microvesicles has been described previously [18,44,6,70].
For ultracentrifugation, mark each ultracentrifuge tube and orient the tube in the rotor
with the mark facing up. The mark should be used as a reference for the location of a
pellet following centrifugation. For swing bucket rotors, the pellet is at the bottom of
the tube. For fixed-angle rotors, the pellet is on the side of the tube near the base.
The ultracentrifuge tubes are thin walled and will collapse if improperly filled. All
tubes should be at least 80% capacity to ensure the tube isn’t flexible (add PBS if
required). Tube specifications should be checked with the manufacturer prior to use.
Ensure that the tubes are sealed (no condensation which can directly affect vacuum)
and rotor is properly seated within the centrifuge.

Exosomes float at densities ranging from 1.09-1.15 g/mL on continuous sucrose or
iodixanol density gradients following centrifugation [49,18,71,70]. OptiPrep™
density gradients have low viscosity, isosmotic gradients that provide rapid and
efficient separation of extracellular vesicles. OptiPrep™ density gradients have been
shown to efficiently separate exosomes from HIV-1 particles [72]. Following
OptiPrep™ density gradient, isolated protein fractions (in this case 12 fractions) can
be assessed for density (e.g., range 1.01-1.30 g/mL), and protein yield, and assessing
expression of exosomal markers using immunoblot analysis. As an example,
OptiPrep™ density gradient fractions (10 pg per fraction) revealed exosomal marker
Alix detected/enriched in density fraction 1.09 g/mL (fraction 7) [73,7,70].

Exosome stability during different storage conditions has been examined (i.e., at -20
°C, 4 °C, and 37 °C) [74]. The size of exosomes decreases at 4 °C (3-4 days) and

37 °C (from 2 days), indicating a possible structural change or degradation. Multiple
freezing to -20 °C and thawing does not affect exosome size based on nanoparticle
tracking analysis (NTA) [74]. In our studies, exosome degradation has been
monitored at 4 °C (within 72 h) and 37 °C (within 24 h) (data not shown). We
recommend storage of exosomes at 4 °C on ice for short-term use (within 3 days), and
for long periods at either -20 °C/-80 °C or lyophilisation (over 12 months at 4 °C).
Exosome samples should be stored in small (50-100 pL) aliquots to avoid repeated
freezing and thawing.

The availability and suitability of exosome markers for IAC is dependent on their

target specificity and application [21,43]. Currently, several markers for exosomes
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16.

have been used for IAC including Glycoprotein A33" exosomes derived from human
epithelial colon cancer cells [75], EpCAM™ exosomes derived from human epithelial
colon cancer cells [49], sequential Glycoprotein A33" and EpCAM" exosomes from
human epithelial colon cancer cells to reveal specific subpopulations of exosomes
[18], MHC II" exosomes derived from dendritic cells [76], HER2" exosomes derived
from BT-474 breast cancer cells [77], and CD45" exosomes derived from Jurkat and
SupT1/CCRS cells [78]. Commercially, Dynabeads®-based CD63-specific reagent
(#10606D, Life Technologies), and streptavidin reagent with choice of a biotinylated
antibody to purify a specific vesicle population based on a surface antigen (#10608D,
Life Technologies) are available. The use of density-based separation provides
significant advantages for exosome isolation when the use of IAC is limited (due to
availability/suitability of exosome markers and their localization on exosomes, i.e.,
surface capture).

CD326 (EpCAM)" exosomes are bound with EpCAM MicroBeads, with the CM
loaded onto a MACS® Column which is placed in the magnetic field of a MACS
Separator (SSM). The magnetically labelled EpCAM" exosomes are retained within
the column. The EpCAM" vesicles are passed through; this fraction is depleted of
EpCAM" exosomes. After removing the column from the magnetic field, the
magnetically retained EpCAM" exosomes are eluted as the positively selected
exosome fraction. For this application 100 pL of CD326 (EpCAM) MicroBeads were
used for 500 mL CM (1.5 mg CCM) generated from 2x109 cells. Working on ice may
require increased incubation times. Higher temperatures and/or longer incubation
times may lead to non-specific vesicle binding.

To characterize extracellular vesicles as exosomes, it is important to demonstrate the
expression of common exosomal proteins using immunoblotting. The commonly used
markers may include Alix (PDCD6IP, programmmed cell death 6 interacting protein),
TSG101 (tumor susceptibility gene 101), CD63 (tetraspanin CD63), and CD81
(tetraspanin CD81). As recommended by MISEV guidelines [43]; Western blotting
should be performed by loading side-by-side extracellular vesicles as exosomes and
source material lysates either in specified protein amount or in cell-equivalent
amounts to determine if the analyzed proteins are enriched in extracellular vesicles as
exosomes as compared with their producing cells. Further, to specify small EV
subtype (including exosomes), further proteins identification should be performed

in/on intracellular compartments of eukaryotic secreting cells other than the plasma
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21.

membrane and endosomes (i.e. components of the nucleus, mitochondria,
endoplasmic reticulum, Golgi apparatus, autophagosomes, peroxisomes) not enriched
in the smaller EVs of plasma membrane or endosomal origin [43].

Nanosight analysis settings and sample dilution may be adjusted to obtain ideal
particle per frame value (20-100 particle/frame). Dilution should be made in ultrapure
water free from particle contamination (i.e., dust).

We provide two methods (TEM and cryoEM) for electron microscopy exosome
sample preparation. For TEM analysis, exosomes are fixed using glutaraldehyde and
negatively stained using uranyl acetate. This approach typically has a rapid sample
preparation approach (<20 min) although it provides exosome images of low
resolution. Significant shortcomings being that the sample preparation and imaging
technique require dehydration, chemical fixation and/or staining of the biological
specimens. This has the potential to underrepresent the diameter of vesicles due to
dehydration and chemical fixation. In contrast, cryo-EM does not use staining or
chemical fixation procedures and samples are directly applied onto an EM grid,
vitrified and visualized. Vitrification is a cryo-fixation method to preserve biological
specimens to near-atomic resolution [79], while water is transformed into a glass-like
state without formation of ice crystals. Cryo-EM of vitrified whole cells or EVs
enables observation of biological structures in a near-native state [80,81]. Further,
cryo-EM allows tomographic data collection and the ability for spatial visualization of
more complex structures. Therefore, cryo-EM has the capacity to reveal highly
textured morphology of exosomes [82].

Proteomics sample preparation can be conducted with alternative urea-based lysate
with several amendments; urea lysis buffer contains 8§ M urea in 50 mM TEAB, pH 8,
and reduction performed without heat. All samples need to be diluted 8-fold (<1 M
urea) with 50 mM TEAB (pH 8) before adding trypsin.

For efficient reduction, alkylation and digestion, ensure pH of the MS SDS lysis
buffer is adjusted between 7.9-8.0 immediately prior to use. This also applies to
enzymatic (tryptic) digestion; it is important to adjust the pH between 7.9-8.0.

It is important to avoid exposure to moisture when storing DTT, and to protect [AA
from light in storage, stock preparation and alkylation reaction to prevent degradation
of the IAA. To avoid non-specific alkylation, allow the both sample and

ThermoMixer cool down to room temperature before adding IAA [83]. Several
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23.
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28.

solutions (i.e., TFA and formic acid) are corrosive. Prepare the solutions in a fume
hood and handle with gloves. This buffer is stable for >3 months at RT.

We recommend the trypsin solution is diluted in ice-cold 50 mM TEAB (pH 8)
immediately before enzymatic digestion if dealing with small amounts of starting
material. Other proteases can be used on top of or replace trypsin (i.e. Lys-C, Arg-C).
To ensure optimal peptide digestion, adjust the working pH and the temperature of
reaction accordingly when using other proteases for protein digestion [84,85].
StageTips can be prepared in advance and stored in a covered pipette-tip box for
several months at RT. Commercial alternatives are available; however, buffers may
need to be adapted. Ensure that the discs are securely wedged in the bottom of the tip
(i.e., no gap between inserts), however do not use too much force to compress
StageTip material into the pipette tips as this increases the time required for
sample/solvent to flow through. Slow-flowing StageTips can be used but may require
higher centrifugation speeds for longer duration (see below).

If a StageTip flow is slow or stops entirely during capture, lipid or other insoluble
material may have been present before enrichment. This should be avoided. This can
be resolved by centrifugation of peptide sample (2,000 x g, 15 min, RT) and careful
transfer of supernatants to prepared StageTips.

Ensure compatibility of buffers and reagents with the peptide assay. If peptides have
been tandem mass tag (TMT) labelled, the fluorescence peptide assay is not suitable
and a colorimetric (e.g., Life Technologies, #23275) alternative must be used.
Current MaxQuant release (http://maxquant.org) or other software for analyzing raw
proteomics data, installed on a suitable workstation or server. For in-depth details on
MaxQuant setup and minimum system requirements, and analysis pipelines including
Perseus (https://maxquant.net/perseus/) see [46,86].

Exosomes donor cells can alternatively be labelled with Dil and exosomes released by
these labelled cells can then be purified. Exosome-donor cells can also be engineered
to stably express recombinant proteins (such as GFP targeting the plasma membrane)
[87].

Aggregation and micelle formation of lipophilic dyes may yield false signal of EVs
[88]. It should also be noted that several EV labelling dyes like PKH lipophilic
membrane dyes has been reported to have an in vivo half-life ranging from 5 to

> 100 days [89,90].
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29. Optimal concentration and time length must be determined for different recipient
cells. From our experience using live fluorescence imaging, exosome uptake (10-30
pg/mL) can start within the first 15 min [91,92].

30. It is recommended to label the plasma membrane of recipient cells with DiO or DiR
or to stain intracellular structures (such as organelle probes; e.g.,
https://www.thermofisher.com/au/en/home/references/molecular-probes-the-
handbook/tables/molecular-probes-organelle-selective-probes.html).

31. Important: Do not subject the samples to detergent permeabilization as the Dil dye
labelling the exosomes will be washed away with the lipids resulting in loss of signal.

32. Resource for rotor speed, conversion, tubes and adapters can be found at
https://www.beckmancoulter.com/wsrportal/wsr/research-and-discovery/products-
and-services/centrifugation/rotors/index.htm?t=3 and
https://www.beckmancoulter.com/wsrportal/wsr/research-and-discovery/products-
and-services/centrifugation/tubes-and-adapters/index.htm
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Table 1 — Ultracentrifuge, Rotor, and Consumable Information for Exosome and Shed

Microvesicle Purification (see Note 32)

Exosome preparation

Volume (per

Polyallomer tubes or

Speed (2) tube) Rotor polycarbonate bottles
(Beckman Coulter)
. SW 28 /SW 32 Ti Open-Top Thinwall Ultra-
L 1 1 2.5mL
arge scale processing 00,000 325 swinging bucket Clear Tube (#3440558)
. SW41 Ti swinging- | Thinwall Polypropylene Tube
OptiPrep™ 100,000 13.2 mL
ptrep : bucket (#331372)
Microcentrifuge
Small scale (washing) 100,000 1.5 mL TLA-55 fixed angle Polypropylene Tube
(#357448)

Shed microvesicle preparation

Volume (per Polyallomer tubes or

Speed (g) tube) Rotor polycarbonate bottles
(Beckman Coulter)

. SW 28 /SW 32 Ti Open-Top Thinwall Ultra-
Large scale processing 10,000 325mb | inging bucket Clear Tube (#3440558)
Microcentrifuge
Small scale (washing) 10,000 1.5 mL TLA-55 fixed angle Polypropylene Tube
(#357448)

37| Page




1096  Table 2 — Overview of commonly used exosome isolation methods
1097
1098
Isolation method Mechanism Advantage(s) Disadvantage(s)
Sedimentation velocity (size, volume, density). - Low/medium recovery - High heterogeneity/
yield low purity
Typically used to isolate crude EVs from - Scalability - Co-purification with
conditioned media and various biological non-EV components
fluids[93,94] with the potential to purify with - Yield dependent on
Differential wash steps and DGCJ[6]. sample Vis'cosity and
ultracentrifugation . . . concentration [97]
(DC) Stepwise DC approagh includes: initial 500 x g - Reproducibility may
/2000 x g centrifugation (remove cells, be influenced by rotor
membrane debris, apoptotic bodies), membrane type and G-force [98]
filtration including 0.1 pm [49] or 0.22 um - Additional wash steps
membrane filtration [61], 10-14,000 X g to and handling may
isolate crude sMVs [18,95,96], 100,000 x g to decrease yield
isolate crude exosomes [6]. [99,100]
Buoyant density (density, size). - High purity - Time consuming
- Potential for EV subtype | - Unable to separate
Used for further purification of EV populations isolation different EVs based on
by a discontinuous gradient of sucrose (or less- - Applicable to clinical density

Density-gradient
centrifugation
(DGO)

viscous iodixanol, OptiPrep™ [87,6]) [71,82,45].

Iodixanol gradients are readily measured by
refractive index [47], less toxic than sucrose in
downstream functional cell assays [101], forms
iso-osmotic solutions at all densities (preserves
vesicle size) [102], and allow non-vesicular
components to be differentially fractionated [72].
Typically, use of DC (ultracentrifugation) at
100,000 x g to establish gradients. Different
variations of DGC include float-down.

Use to separate subpopulations of EVs, including
exosomes of low (1.12-1.19 g/mL) and high
density (1.26-1.29 g/mL) [103,104], and sMVs
of low (1.09 g/mL) and high density (1.12 g/mL)
[103].

settings [105,106]

- Low recovery (sample
loss due to additional
handling)

- Can co-purify with
different density
lipoproteins [107,108]

Density-cushioned
ultracentrifugation
(DCGCO)

Sedimentation velocity and buoyant density.
Layer of 40% iodixanol below CM, EVs and
aggregates are concentrated in this cushion

during ultracentrifugation.

Can be followed by DGC for purification.

- Preservation of physical
integrity and biological
activity

- Avoids aggregates

- Requires concentrated
CM

Affinity isolation

Surface marker selectivity (protein or peptide
epitope target).

The tag may be a biospecific surface protein,
such as a monoclonal antibody (mAb), that
targets an EV-surface antigen[109] (e.g., mAb
763.74 specific CSPG4 epitope uniquely
expressed on melanoma cells), biospecific
peptide (e.g., designer synthetic peptides with
high affinity for HSPs [110]), or proteoglycan
affinity reagent (e.g., heparin [111-113]). mAbs
that have been successfully employed include
those directed against A33 [75], EpCAM

- High purity

- Potential to purify
different EV
(sub)populations

- Ability of coupling with
other methods of
characterization (i.e.,
flow cytometry, western
blotting and rt-PCR)

- Expensive (if antibody
based)

- EV elution might
damage surface
proteins and
functionality

- Typically, dependent
on availability of
suitable mAbs directed
to specific EV-surface
antigens

- Low scalability

- Low yield (binding
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[114,49], MHC-II antigens [115,116], CD45
[78,117], CD63 [118,119], CD81 [119],
CD9/CD1b/CD1a/CD14 [120], CD9 [121],
HER?2 [77], and L1ICAMDb[122]. Heparin
affinity-based affinity capture [113] is generally
applicable for EV isolation from cell culture
media and biofluids, given it overcomes
limitations with availability of suitable mAbs
directed to specific EV-surface antigens.

capacity)

Size, molecular weight. - High scalability - Dilution in elution
buffer
This approach has been widely applied for
isolating EVs from plasma samples [123] and
Size exclusion and | adapted (using commercially-available columns)
gel permeation for high-throughput clinical samples [124]. Gel
chromatography permeation chromatography overcomes many of
the problems associated with EV isolation from
plasma/serum using DC/DGC — e.g., co-isolation
of EVs with large-M; protein aggregates and
lipoproteins [124,125,123].
Salting out using a polyethylene glycol/salt - Applicable for large - Low purity
solution. volumes - PEG chain might
- Recent advances in envelope the EVs,
This approach provides rapid, but impure EV sequential precipitation/ possibly interfering
preparations, and is therefore unsuitable for absorption have with their functionality
detailed biophysical/ functional assay purposes. indicated potential for
However, the method acts as an select types of EVs to be
Precipitation isolation/concentration step for crude EV differentially isolated
preparation for diagnostic assays of known EV-
associated biomarkers. Recent developments
using sequential polyethylene glycol
precipitation and adsorption to immobilized
lectin concanavalin A [126] have demonstrated
both exosomes and sMVs can be selectively
enriched.
Sequential Membrane filtration (size, molecular weight) of - Medium scalability - EV can clog the
filtration proteins and other macromolecules. - Time of separation membrane filter
(efficiency) [130] - Sample loss (yield)
Nanomembrane ultrafiltration spin devices - No direct requirement - Does not discriminate
equipped with low protein binding membranes for ultracentrifugation between specific
(e.g., polyether sulfone or hydrophilic (i.e., preserves integrity subtypes of EVs which
polyvinylidene difluoride (PVDF)) can be used of exosomes) are similar in size
for EV isolation [127-129]. In combination with
DC and DGC, nanomembrane ultrafiltration has
enabled fractionation of EV subpopulations;
sMVs and exosomes from the same cancer cell
origin [44].
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	2.13  Fluorometric peptide assay
	3.13  Fluorometric peptide assay (see Note 25)
	Used for further purification of EV populations by a discontinuous gradient of sucrose (or less-viscous iodixanol, OptiPrep™ [87,6]) [71,82,45]. 
	Iodixanol gradients are readily measured by refractive index [47], less toxic than sucrose in downstream functional cell assays [101], forms iso-osmotic solutions at all densities (preserves vesicle size) [102], and allow non-vesicular components to be differentially fractionated [72]. Typically, use of DC (ultracentrifugation) at 100,000 × g to establish gradients. Different variations of DGC include float-down.
	Sedimentation velocity and buoyant density.
	Layer of 40% iodixanol below CM, EVs and aggregates are concentrated in this cushion during ultracentrifugation.
	Can be followed by DGC for purification.

