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The field of exosome research is rapidly expanding, with a dramatic increase in publications in recent years. These small vesicles (30-100 nm) of
endocytic origin were first proposed to function as a way for reticulocytes to eradicate the transferrin receptor while maturing into erythrocytes ',
and were later named exosomes. Exosomes are formed by inward budding of late endosomes, producing multivesicular bodies (MVBs), and

are released into the environment by fusion of the MVBs with the plasma membrane?. Since the first discovery of exosomes, a wide range of
cells have been shown to release these vesicles. Exosomes have also been detected in several biological fluids, including plasma, nasal lavage
fluid, saliva and breast milk>®. Furthermore, it has been demonstrated that the content and function of exosomes depends on the originating cell
and the conditions under which they are produced. A variety of functions have been demonstrated for exosomes, such as induction of tolerance
against aIIergen7'8, eradication of established tumors in miceg, inhibition and activation of natural killer cells1°'12, promotion of differentiation

into T regulatory cells™, stimulation of T cell proliferation’ and induction of T cell apoptosis'®. Year 2007 we demonstrated that exosomes
released from mast cells contain messenger RNA (mRNA) and microRNA (miRNA), and that the RNA can be shuttled from one cell to another
via exosomes. In the recipient cells, the mRNA shuttled by exosomes was shown to be translated into protein, suggesting a regulatory function of
the transferred RNA'®. Further, we have also shown that exosomes derived from cells grown under oxidative stress can induce tolerance against
further stress in recipient cells and thus suggest a biological function of the exosomal shuttle RNA". Cell culture media and biological fluids
contain a mixture of vesicles and shed fragments. A high quality isolation method for exosomes, followed by characterization and identification

of the exosomes and their content, is therefore crucial to distinguish exosomes from other vesicles and particles. Here, we present a method

for the isolation of exosomes from both cell culture medium and body fluids. This isolation method is based on repeated centrifugation and
filtration steps, followed by a final ultracentrifugation step in which the exosomes are pelleted. Important methods to identify the exosomes and
characterize the exosomal morphology and protein content are highlighted, including electron microscopy, flow cytometry and Western blot. The
purification of the total exosomal RNA is based on spin column chromatography and the exosomal RNA yield and size distribution is analyzed
using a Bioanalyzer.

Video Link

The video component of this article can be found at https://www.jove.com/video/3037/

Protocol

1. Exosome isolation

1. Grow cells in medium with exosome-free serum. Thus, any serum added to the cell culture medium should be depleted of exosomes by
ultracentrifugation at 120 000 x g over night at 4 °C prior to use.

Transfer the cell suspension to conical tubes.

Centrifuge at 300 x g for 10 minutes at 4 °C to pellet the cells.

Transfer the supernatant to ultracentrifuge tubes and if not completely full add PBS.

Centrifuge the sample at 16 500 x g for 20 minutes at 4 °C to further remove cells and cell debris.

Filter the supernatant through a 0.2 um filter to remove particles larger than 200 nm.

Transfer the filtered supernatant to new ultracentrifuge tubes and seal the tubes before ultracentrifuge at 120 000 x g for 70 minutes at 4 °C
to pellet the exosomes.

Discard the supernatant.

For maximal exosome retrieval, resuspend the exosome enriched pellet repeatedly in a small volume (~3 x 50 pl) of an appropriate buffer.
This buffer depends on the downstream experiments planned following the exosome isolation. For example, lysis buffer is used for protein
and RNA isolation, PBS is used for electron microscopy and flow cytometry and for functional studies medium may be preferred.
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Note; exosomes can also be isolated from different body fluids, such as plasma, using the same procedure as for cell culture media. For viscous
fluids it may be necessary to dilute the sample with PBS prior to the centrifugation and filtration step. In relation to the centrifugation speed for
point 5 above, it can be increased to 29 500 x g, and the ultracentrifugation in point 7 can be extended to 90 minutes'®.

If the sample needs to be further purified the exosome pellet can be floated on a sucrose gradient and the exosomes will primarily be found in
the fraction representing a density of 1.13-1.19 g/mlz.

2. Exosome identification by electron microscopy

1. To further eliminate contaminating proteins, resuspend the exosome enriched pellet in PBS and ultracentrifuge at 120 000 x g for 70 minutes
at 4 °C to re-pellet the exosomes.

2. Take a small aliquot of the sample for protein isolation and total protein measurement. Make sure that only a small part of the sample is lysed
and used for the protein measurement and keep the intact exosomes, solved in PBS, separate on ice or at -80 °C for further experiments.

3. Place a drop, approximately 10 pug of exosomal protein of the intact exosomes resuspended in PBS, on a Parafilm. Then, with forceps, gently
position a formvar carbon coated nickel grid on top of each drop for 30-60 minutes. Assure that the grid is positioned with the coating side
facing the drop containing exosomes.

4. Place three drops, each 30 pl, of PBS on the Parafilm and wash the grid by sequentially positioning the grid on top of the droplets of PBS,

and use an absorbing paper in between. Use the absorbing paper gently just by holding it closely to the side of the grid, without making

contact with the coated area.

Fix the sample by deposit a drop of 2% paraformaldehyde on the Parafilm and place the grid on top of the drop for 10 minutes.

Repeat the washing step in point 4, before immunostaining with an appropriate antibody. Commonly used antibodies are anti-CD63 and

anti-MHC class Il. Electron microscopy can also be performed without immunostaining as exosomes can be identified solely based on size

and morphology. However, we recommend to evaluate the size, morphology and the presence of a membrane protein for a more conclusive
validation.

7. Transfer the grid to a 30 ul drop of the primary antibody of choice and incubate for 40 minutes. Wash by repeating point 4, but use 0.1%
bovine serum albumin in PBS instead of PBS alone.

8. Repeat point 7, but with the 10 nm-gold labeled secondary antibody and wash with PBS alone.

9. Post-fix the sample by adding a drop of 2.5% glutaraldehyde to the Parafilm and incubate the grid on top of the drop for 10 minutes. Repeat
the wash in point 4, but use five droplets of deionized water instead of three droplets of PBS.

10. Contrast the sample by adding a drop of 2% uranyl acetate to the Parafilm and incubate the grid on top of the drop for 15 minutes.

11. Embed the sample by adding a drop of 0.13% methyl cellulose and 0.4% uranyl acetate to the Parafilm and incubate the grid on top of the
drop for 10 minutes.

12. Remove excess liquid by gently using an absorbing paper, before positioning the grid on a paper with the coated side up and let it air dry for 5
minutes.

13. Examine the preparations with an electron microscope or store the grids in a grid box for future work.
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3. Exosome characterization by flow cytometry

As exosomes are too small to be detected by current flow cytometry equipment, it is necessary to first bind the exosomes to antibody coated
beads (Figure 1). These beads can either be purchased as a ready made product or made in the laboratory with the antibody of choice.
Depending on the exosomal cellular origin, different antibodies can be coupled to beads which can be either of magnetic or latex character. We
currently use anti-MHC class Il or anti-CD63 coated beads for this analysis.

1. For the use of "hnomemade" antibody coated beads, we use 4 um latex beads coated with anti-CD63 antibody. Wash 25 pl 4 ym latex beads
(30 x 10° beads) twice in 100 yl MES buffer, 3 000 x g for 15-20 minutes and redissolve the pellet in 100 yl MES buffer. Prepare the antibody
mixture containing a volume equal of 12.5 pg antibody with the same volume of MES buffer. Add the beads to the antibody mixture and
incubate under agitation over night at room temperature. Wash the antibody coated beads three times with PBS (3 000 x g for 20 minutes)
and dissolve the pellet in 100 pl of storage buffer (with a final concentration of 300 000 beads/pl).

2. For each sample (each antibody), continue with a volume equal to a minimum of 30 ug of exosomal protein (of the intact exosomes solved in

PBS) per ~100 000 antibody coated beads.

Incubate exosomes and beads, in a total volume of 300 pl PBS, over night at 4 °C under gentle movement.

Block by adding 300 pl of 200 mM glycine and incubate for 30 minutes.

Wash the exosome-bead complexes twice in wash buffer (1-3% serum in PBS), 600 x g for 10 minutes.

Incubate the exosome-bead complexes with 50 pl IgG antibody at 4 °C. Wash the exosome-bead complexes twice in wash buffer as

described in step 5.

7. Add 90 pl wash buffer and 10 pl antibody of choice (ideally anti-CD9, anti-CD63 or anti-CD81) to the exosome-bead complexes and incubate
for 40 minutes under gentle movement. Wash the exosome-bead complexes two times in wash buffer as described in step 5.

8. Add 300 pl wash buffer and acquire data using flow cytometry.
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As discussed above, different beads can be used, such as latex beads as described in the protocol or magnetic beads. If magnetic beads are
used instead, please note, that the protocol is slightly different. The blocking step (point 4) is not required and the wash is performed by placing
the tube in a magnetic stand instead of a centrifugation.

The storage buffer used for the "homemade" antibody coated beads, contain 0.1% glycine and 0.1% sodium azid in PBS, with a pH of 7.2.

Importantly, make sure to use the exosome depleted serum for the flow cytometry wash buffer (1-3% serum in PBS), to avoid any serum
exosomes contaminating the analysis.
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Note; when performing exosome characterization by using antibody coupled beads it is important to acknowledge that it is only a specific
subpopulation, specific for the antibody used, that is isolated and characterized.

4. Exosome detection by Western blot

Western blot is a well established method and we will not go into detail regarding the method itself, but focus on the importance of a suitable
protein isolation before the Western blot and the different antibodies used.

1. Dissolve the exosome pellet in the protein lysis buffer of choice and pipetting thoroughly, followed by vortex-mixing. To further lyse the
exosomes, sonicate the sample in a water bath 3 x 5 minutes with vortex-mixing in between. Finally centrifuge the sample, 13 000 x g for 5
minutes at room temperature, and transfer the supernatant to a new eppendorf tube.

Measure the total protein by a method of choice and load 20-50 pg of protein per well.

Separate and transfer the proteins by gel electrophoresis and electroblotting.

Block and wash the membrane before performing immunostaining against proteins enriched in exosomes.

Detect the specific protein by chemiluminescence, digital imaging system and analysis software.
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As there are no exosome specific markers, proteins that are enriched in exosomes, from all different cellular origins, are commonly used for
exosome detection. These are proteins such as tetraspanins (e.g. CD9, CD63 and CD81), cytoskeleton associated protein (e.g. ezrin) and
proteins involved in multivesicular biogenesis (e.g. Tsg101 and alix). Other proteins that are also commonly detected in exosomes are Flotillin,
Hsc70 and different rab proteins etc. However, there are also cell specific proteins found in exosomes such as A33 (intestinal epithelial cells),
CD3 (T cells) and MHC class Il (antigen presenting cells). Thus, depending on from what cell type the exosomes are released from the markers
for detection may vary.

As other compartments of the cell also can produce vesicles, it is further recommended to determine the presence of proteins from these
compartments such as the endoplasmic reticulum (e.g. calnexin and Grp78) and the Golgi apparatus (e.g. GM130). Thus, lack of these proteins
indicates no or little contamination of vesicles of other compartments in the sample studied.

5. Isolation of exosomal RNA and RNA analysis

1. Dissolve the exosome pellet in the RNA lysis buffer of choice and perform RNA extraction. Different RNA isolation kits can be used
depending on downstream experiments, but column based methods provides samples with a wider spectrum of RNA. We are currently using
miRCURY RNA Isolation Kit by Exigon, but other kits may be suitable depending on the scientific question at hand.

2. When performing RNA isolation it is important to work in a RNase-free environment. Therefore use nucleic acid and nuclease free pipette tips
and wipe both bench and equipment free from contaminants and RNases.

3. For RNA isolation, by using miRCURY RNA Isolation Kit, dissolve the exosome pellet in 350 pl of lysis solution and perform vortex-mixing for
15 seconds.

4. Add 200 pl of 95% ethanol and vortex-mixing for 10 seconds.

5. Place a column in a collection tube and transfer the lysed exosomes to the column and centrifuge 1 minute at 14 000 x g.

6. Wash three times by adding 400 pl of Wash Solution to the column containing the exosomal RNA and centrifuge for 1 minute at 14 000 x g.

7. Centrifuge the column for 2 minutes at 14 000 x g to make sure that the column is dry and place the dry column in an RNase-free eppendorf
tube.

8. Add 50 pl Elution Buffer to the column and centrifuge for 2 minutes at 200 x g, followed by 1 minute at 14 000 x g.

9. Continue with the isolated RNA or store it in -80 °C.

For detection and analysis of the extracted total exosomal RNA, use an Agilent 2100 Bioanalyzer with the RNA 6000 Nano or RNA 6000 Pico
Kit. The analysis shows the exosomal RNA yield and size distribution.

6. Representative Results

Exosomes are too small to be detected by available flow cytometry methods, and are therefore attached to antibody-coated beads before being
analyzed (Figure 1). As exosome-bead complexes can aggregate the flow cytometry scatter plot can contain different populations of single,
double and triple beads (Figure 2A). The arrow indicates the single beads that are further analyzed. A CD63 positive single bead-exosome
population compared to its isotype control is shown in Figure 2B.

Due to the small size of exosomes, they can only be directly visualized with electron microscopy, and not by light microscopy. Typical
morphological characteristics of exosomes are round shaped and 30-100 nm sized membrane vesicles. In Figure 3, electron microscopy
photographs show exosomes immunostained (A) with gold-labeled antibody for CD63 (indicated by the arrow) and non-immunostained
exosomes (B).

To determine that the isolated vesicles are indeed exosomes and to further characterize the exosomal proteins, Western blot is commonly used.
Figure 4 shows the absence of calnexin, an endoplasmic reticulum marker. This indicates little contamination of vesicles from the endoplasmic
reticulum. Furthermore, Figure 4 shows the presences of CD81 in exosomes, which is a tetraspanin commonly enriched in exosomes.

Cellular RNA mainly contains ribosomal RNA (rRNA), seen as the two prominent peaks for the 18S and 28S rRNA subunits in a Bioanalyzer
analysis (Figure 5A). However, exosomal RNA differ in their profile as exosomes lack the two rRNA peaks (18S and 28S) and are enriched in
short RNA such as mRNA and miRNA (Figure 5B).
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Figure 1. Due to the small size of exosomes (30-100 nm), they cannot be distinguish from noise and background when analyzed with flow
cytometry. Therefore, it is necessary to attach them to antibody coated beads before the exosomes are analyzed, which then can be visualized
by the laser.
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Figure 2. The exosome-beads complex can aggregate with each other and form double and triple beads (A). The arrow is demonstrating the
single bead-exosome population which is gated and used for further analysis. This population will be directly compared to an isotype control
(filled grey peak) to determine the presence of membrane molecules of the exosomes. CD63 positive exosomes (black open peak) are shown in
figure B.
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Figure 3. Electron micrographs of exosomes with the typical morphology and size (40-80 nm) (A and B). The arrow in figure A indicates the
golden particle of the secondary antibody, verifying that this exosome have CD63 on its membrane surface.
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Figure 4. Western blot results showing the absence of the endoplasmic reticulum protein calnexin but the presence of the protein commonly
enriched in exosomes, tetraspanin CD81.
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Figure 5. Bioanalyzer results showing presence RNA in cells (A) and exosomes (B). Arrows indicates the 18S and 28S rRNA subunits present in
cells. As exosomal RNA manly contain small RNA no or little rRNA is identified in exosomes.

When studying the molecular content and/or function of exosomes, it is crucial to use a high quality isolation method that provides an appropriate
yield and the lowest possible degree of contamination. The methodology described in this paper is a well established approach for isolating
exosomes and to study their RNA content and biological function. Furthermore, the importance of characterization of the isolated exosomes, by a
combination of different methods, including electron microscopy, flow cytometry, and Western blot, is highlighted.

When isolating exosomes, the first centrifugation step (300 x g) is used to pellet cells that might be present in the cell suspension or the studied
biological fluid. The second centrifugation at 16 500 x g needs to be sufficiently strong to pellet dead cells, larger debris, apoptotic bodies

and other organelles. After this centrifugation, some protocols include a nano-filtration step, but some investigators have excluded this step.
However, we emphasize the importance of eradicating fragments and vesicles larger than 200 nm and therefore strongly recommend including

a filtration step. If a more stringent isolation is needed, 100 nm filters can be used, but note that if viscous fluids are used, these filters can easily
become blocked and exosomal material is lost. Also, a 100 nm filtration may affect the morphology of the exosomes and furthermore if exosomes
are on the larger scale they might be lost. Thus, the 200 nm filters seem appropriate for exosome isolation. After the filtration, the mandatory
ultracentrifugation at 120,000 x g is used to pellet the exosomes. The exosomes can be further washed with PBS, bound to antibody coated
beads and washed, or placed on a sucrose gradient to remove contamination proteins. However, this can be a very resource consuming process
that we argue not to be necessary, especially if the starting sample volume is small and/or the RNA content of the exosomes is low, as extra
steps will substantially decrease the material further. However, again, the nature of the isolated vesicles should be proven by the presence and
absence of certain proteins.

To date, no absolutely unique protein marker for exosomes has been identified to verify that the sample contains exosomes and nothing else. As
a result, a combination of methods are required to characterize the exosomes, including determination of size and morphology of the exosomes
by electron microscopy. Also, the purity of the sample can be determined by electron microscopy, as this method can provide an overview of the
level of contamination of the sample, for example with larger vesicles, such as microparticles, apoptotic bodies or cell debris. Furthermore, the
protein content of the exosomes can be determined by flow cytometry and Western blot, and the combination of these two methods results in

an analysis of both the membrane bound (e.g. CD63 and CD81) and internalized proteins (e.g. Tsg101 and alix) of the exosomes. Detection of
proteins enriched in exosomes, such as CD63, Tsg101 and alix, and the absence of proteins such as the endoplasmic reticulum protein calnexin,
is an indication that the exosome enriched pellet is indeed exosomes and not contaminating vesicles from other compartments of the cell.

The profile of the RNA that is detected in exosomes is fundamentally different to that of the RNA found in intact cells. Thus, exosomal RNA
analyzed by Bioanalyzer or in gel-based RNA analysis approaches lack the two peaks for the 18S and 28S rRNA subunits, which are prominent
in analysis of cellular RNA. We therefore argue that the detection of any significant amounts of rRNA in a sample indicates that the total RNA
extracted is not of exosomal origin alone, and thus that the isolation method needs to be improved and quality assured.

JL is a co-owner of a patent related to the utilization of exosomes as vectors for transfer of RNA to cells.
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