CrossMark
&click for updates

Research

© 2017 by The American Society for Biochemistry and Molecular Biology, Inc.
This paper is available on line at http://www.mcponline.org

Tracing Cellular Origin of Human Exosomes
Using Multiplex Proximity Extension Assays*s
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Extracellular vesicles (EVs) are membrane-coated objects
such as exosomes and microvesicles, released by many
cell-types. Their presence in body fluids and the variable
surface composition and content render them attractive
potential biomarkers. The ability to determine their cel-
lular origin could greatly move the field forward. We
used multiplex proximity extension assays (PEA) to
identify with high specificity and sensitivity the protein
profiles of exosomes of different origins, including
seven cell lines and two different body fluids. By com-
paring cells and exosomes, we successfully identified
the cells originating the exosomes. Furthermore, by
principal component analysis of protein patterns human
milk EVs and prostasomes released from prostate aci-
nar cells clustered with cell lines from breast and pros-
tate tissues, respectively. Milk exosomes uniquely ex-
pressed CXCL5, MIA, and KLK6, whereas prostasomes
carried NKX31, GSTP1, and SRC, highlighting that EVs
originating from different origins express distinct pro-
teins. In conclusion, PEA provides a powerful protein
screening tool in exosome research, for purposes of iden-
tifying the cell source of exosomes, or new biomarkers in
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It is broadly accepted that cells continuously secrete mol-
ecules such as amino acids, RNA, and proteins, protein com-
plexes and lipids packaged into extracellular vesicles (EVs)'
with potential roles in intercellular communication (1). EVs,
encompassing subcategories such as exosomes, micro-
vesicles and apoptotic bodies, constitute structures secreted
from cells and are surrounded by a phospholipid bilayer mem-
brane whose constituents may reflect their cells of origin (2,
3). It has been demonstrated that the content of exosomes
may be selectively incorporated (4, 5), with examples of on-
cogenic proteins enriched in exosomes compared with their
cells of origin (6). The largest of the EVs are apoptotic bodies
and microvesicles, both originating from the plasma mem-
brane (7), whereas smaller EVs, so called exosomes, are
formed intracellularly by multiple invaginations of the late
endocytic membrane, leading to formation of vesicle-contain-
ing endosomes called multivesicular bodies (8, 9).

Several studies have suggested that EVs are suitable as
biomarkers because of their biological relevance and because
of their convenient accessibility from a broad range of body
fluids (10). For instance, tumor cells secrete exosomes that
contain and transport tumor antigens (11) and integrins (12),
and therefore represent promising markers for predicting tu-
mor progression and metastasis. Furthermore, it has been
shown that cancer cells release more exosomes and mi-
crovesicles than healthy cells (13-16) and EVs have also been
associated with a wide range of diseases including Alzheim-
ers disease (17), prion disease (18, 19), sarcoidosis (20), and
cardiac disease (21). Despite their potential as biomarkers, it
has been challenging to demonstrate the cellular origin of EVs
in a multicellular environment.

" The abbreviations used are: EV, extracellular vesicle; PEA, prox-
imity extension assay; PLA, proximity ligation assay; PCA, principal
component analysis; hK11, human kallikrein 11; PIGF, placental
growth factor; MIF, migration inhibitory factor.
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To validate large sets of EV associated proteins, highly
specific and sensitive multiplex detection techniques with low
sample consumption are required. The affinity-based proxim-
ity ligation and extension technologies exhibit key advantages
in high-throughput analyses with minimal sample require-
ments (22-24). In the proximity assays the target proteins are
recognized by pairs or trios of affinity reagents such as anti-
bodies, conjugated to DNA oligonucleotides. Upon target rec-
ognition the DNA oligonucleotides are brought in proximity to
either be ligated to each other in the presence of a connector
DNA oligonucleotide such as in proximity ligation assay (PLA),
or to anneal and be extended as in proximity extension assay
(PEA), forming a amplifiable reporter DNA template. These
assays are also suitable for multiplexing because only cog-
nate reagent pair give rise to detectable signals (25). Here, we
characterize proteins of EVs using PEA, where antibody-me-
diated protein detection is combined with integrated fluidic
circuit real-time PCR to measure multiple proteins simultane-
ously using minimal amounts of sample (26). The PEA tech-
nology has primarily been applied to screen protein biomark-
ers in blood, but recent demonstrations highlight its utility also
to detect cellular proteins, even in single cells (27). Using this
technology, we characterize proteins associated with exo-
somes from different sources, allowing us to identify the cel-
lular origin of the exosomes.

EXPERIMENTAL PROCEDURES

Cell Cultures—Prostatic cell lines PC3 (CRL-1435) and DU145
(HTB-81), breast cancer cell line MCF7 (HBT-22), colon cancer cell
line HCT116 (CCL-247), lymphoma cell line U937 (CRL-1593.2), lym-
phoblast cells K562 (CCL-243) and epidermoid carcinoma cell line
A431 (CRL-1555), all from ATCC (Manassas, VA), were cultured ac-
cording to manufacturer’s instructions in culture medium supple-
mented with 10% fetal bovine serum, 2 mm L-glutamine, 100 U/ml
penicillin-streptomycin (all from Sigma-Aldrich; St. Louis, MO) and
maintained at 37 °C in 5% CO,. All cells were tested for mycoplasma
using the Mycoplasma Detection Kit-Quick Test (Biotool; Hous-
ton, TX). Prior to isolation of EVs, the cell lines were grown to 75%
confluence, washed with phosphate buffered saline (PBS; pH 7.6) and
FBS-free medium was added to the cells for 4 h. The cell medium was
removed and fresh FBS-free medium was added. After 24 h the
conditioned medium was collected and subjected to EV isolation. Cell
lysates were prepared with lysis buffer containing 50 mm Tris (pH 7.4),
150 mm NaCl, 1 mm EDTA (pH 8), 1% Triton X-100, and 0.1% sodium
deoxycholate. Protease inhibitor (Complete Mini, Roche; Basel, Swit-
zerland) was added, the samples were vortexed and protein concen-
tration was measured using a bicinchoninic acid (BCA) assay (Ther-
mofisher; Waltham, MA).

Exosome Isolation from Cultured Cells—The conditioned medium
was centrifuged for 10 min at 3,000 X g, and the supernatant was
centrifuged for 10 min at 10,000 X g, followed by filtering of the
resulting supernatant through a 0.45 um PES filter (VWR). The filtrate
was centrifuged for 2 h at 100,000 X g, and the pellet was washed in
sterile filtered PBS. Pelleted exosomes were resuspended in a small
amount of PBS supplemented with a protease inhibitor (Complete
Mini), and total protein concentration was determined by the BCA
assay (Thermofisher) to 10-30 ug/ml. Samples were stored at —70 °C
until further analysis.

Prostasome Isolation from Seminal Plasma—Seminal plasma (100
ml) obtained from healthy volunteers at Uppsala University Hospital,
was collected as previously described (3) and kept at —20 °C. The
plasma was centrifuged for 10 min at 3,000 X g, followed by centri-
fugation of the supernatant for 30 min at 10,000 X g. The resulting
supernatant was subjected to ultracentrifugation for 2 h at 100,000 X
g, using Rotor 90Ti (Beckman Coulter; Brea, CA) (28). The pellet was
resuspended in PBS and loaded onto an XK16/70 Superdex 200 gel
column (GE Healthcare) (29). Fractions were collected at a flow rate of
5 ml/h where the absorbance at 260 nm (for nucleic acid) and at 280
nm (for proteins) indicated the presence of prostasomes. Fractions
with elevated absorbance were pooled and ultracentrifuged again for
2 h at 100,000 X g. The resulting pellet was resuspended in PBS and
floated on a step gradient of 1, 1.5, and 2 molar sucrose and ultra-
centrifuged for 20 h at 85,000 X g using an SW28.1 rotor (Beckman
Coulter). This was followed by additional ultracentrifugation for 2 h at
100,000 X g where the main fraction at 1.5 m (density range 1.13-1.19
g/ml) was pelleted. The pellet was resuspended in PBS and the
protein concentration was determined to 8—10 mg/ml using the BCA
assay (Merck-Millipore), and adjusted to a concentration of 2 mg/ml.
Isolated prostasomes were kept at —70 °C until further use.

Exosome Isolation from Human Breast Milk—Human breast milk
(50-150 ml) was collected from healthy mothers in sterile tubes using
a manual breast pump and prepared directly or stored at 4 °C less
than 12 h. The milk was diluted 2 in PBS and centrifuged for 10 min
at 300 X g, followed by filtration of the supernatant through a 100 um
filter before centrifugation for 30 min at 3,000 X g. The supernatants
were stored at —80 °C until further use. The supernatants were then
centrifuged for 30 min at 10,000 X g using an Ti45 rotor (Beckman
Coulter), and the resulting supernatants were filtered through a 0.22
um vacuum filter system (TPP Rapid-filtermax) before exosomes
were pelleted for 70 min at 100,000 X g, washed with PBS and
resuspended in a small volume of PBS. Exosome protein concentra-
tions were determined using the BCA protein assay (Bio-Rad; Hercu-
les, CA, USA) to be between 40-50 mg/ml and adjusted to a con-
centration of 2 mg/ml. The resuspended material was stored at
—80 °C until further use.

Ethical Approval—The study was approved by the local ethics
committees and informed consent was obtained from donors of both
seminal fluid and breast milk.

Lysis of Exosomes—Exosomes were lysed in lysis buffer (50 mm
Tris pH 7.4, 150 mm NaCl, 1 mm EDTA (pH 8), 1% Triton X-100, and
0.1% sodium deoxycholate), Complete Mini protease inhibitor was
added before use and samples were vortexed.

Multiplex PEA—Proteins were measured using multiplex PEA,
which allows detection of 92 proteins simultaneously in one ul sam-
ples. Six different panels were used, from which three are commer-
cially available at Olink Proteomics (Uppsala, Sweden). The Proseek
Multiplex Oncology | v2 panel comprised cancer-related human pro-
teins, the Proseek Multiplex Inflammation | panel represents analytes
involved in inflammation, and the Proseek Multiplex CVD | panel
contains markers of relevance in cardiovascular disease. Individual
immunoassays in the commercial panels have been assessed by the
manufacturer for specificity, sensitivity, dynamic range, and for matrix
effects (www.olink.com). In addition to the commercially available
panels, three other noncommercial, experimental PEA panels were
used. The assays targeted proteins active in cellular processes (e.g.
cell cycle), and cancer and neuro-oncology related pathways (27).
The custom panels were validated using cell lysates diluted to contain
the equivalent of 1, 10, 100, and 1,000 cells, and a pool of recombi-
nant antigens representing a subset of the targets for the assays. All
assays were able to detect proteins in cell lysates from 1,000 cells or
less. The full list of analyzed proteins are summarized in supplemental
Tables S1-S3. Each panel includes 92 assays and four spike-in
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controls consisting of two recombinant non-human proteins as incu-
bation controls, an extension control and a PCR/detection control
(26). To compensate for variation within and between runs the Cq
values, obtained by realtime PCR, were normalized against the back-
ground and the extension control to generate normalized protein
expression (NPX, log2-scale) values according to the manufacturer’s
instructions. In brief, 1 ul of sample or negative control was incubated
with a panel of oligonucleotide-conjugated antibodies (final concen-
tration 100 pm) at 4 °C overnight. Lysis buffer was used as a negative
control. When a pair of antibodies bind their target, oligonucleotides
coupled to the respective antibodies anneal and can be extended by
polymerization to create a DNA reporter molecule that can be ampli-
fied. Because of the requirement for dual recognition the risk for
antibody cross-reactivity and thereby unspecific signal is substan-
tially reduced. Moreover, because only cognate pairs of antibodies
can give rise to detectable reporter molecules, the multiplex format
does not result in increasing risks of cross reactive detection (25).

Western Blot—Exosome proteins were extracted using 1x RIPA
buffer, followed by sonication and vortexing to isolate total proteins.
20 pg of EV proteins (milk exosomes or prostasomes) and mouse
bone marrow derived dendritic (BMDC) cell lysate were run on Mini
Protean TGX precast gels (Any kDa, Bio-Rad Laboratories) and blot-
ted to Trans-Blot Mini PVDF membranes using the Trans-Blot
Turbo™ Transfer system (Bio-Rad). Incubation with blocking buffer
(5% non-fat milk/PBST) was performed overnight at 4 °C. Anti-cal-
nexin antibody (Endoplasmic Reticulum marker, 1:1000; sc-11397,
Santa Cruz) was incubated, followed by donkey-anti-rabbit second-
ary antibody (1:10,000; NA9340, GE Healthcare) and visualized by
enhanced chemiluminescence (GE Healthcare), the ChemiDoc™ MP
Imaging System and Image Lab™ software version 4.1 (both from
Bio-Rad).

PEA Data Analysis—The limit of detection (LOD) and NPX values for
each protein in each sample (both in log2 scale) were calculated as
previously described (26), and were used as input for a data analysis
pipeline. From this point all further analyses were done using R
programming language (RStudio). LOD values were comparable
across plate replicates. All data sets were individually corrected for
background noise by the following steps (supplemental Fig. S1): (1)
The background LOD level was subtracted from the NPX values for
each protein, respectively; (2) Next, a cut-off of 2-fold the LOD stand-
ard deviation (comprising a 95% confidence interval of background
noise) was subtracted from the NPX values; (3) Negative subtracted
NPX values were set to 0. Proteins were further selected for analysis
only if present in more than 50% of samples from at least 1 sample
group.

The resulting NPX values were used for preparing heatmaps and
performing principal component analysis (PCA) with and without
ComBat batch removal. Statistical uncertainty of hierarchical cluster-
ing was estimated using a bootstrapping algorithm from pvclust
package (30). Uncentered Pearson correlation was used as metrics in
combination with the complete-agglomerative hierarchical clustering
algorithm. For tracing cell origin of exosomes (see “Results”), we
removed protein patterns conserved among cell lysates or among
exosomes, using the ComBat function from the SVA package (31).
Cells and exosomes were input as “batches” for the ComBat function
to balance the differences in expression values between these
groups. The obtained NPX values after the ComBat step were used
strictly for comparing sample distances by PCA and hierarchical
clustering.

In data set 3, after removing background noise, data distribution
was corrected using quantile normalization to allow comparison be-
tween milk exosomes and prostasomes. Sample comparison was
performed using empirical Bayes statistics for differential expression
(eBayes) function from the limma package (32). Proteins were con-

sidered differentially expressed when fold change > 4 (log,FC > 2)
and false discovery rate (FDR) < 0.01.

RESULTS

Exosomes Can Be Analyzed by PEA and This Can Reveal
Cellular Origin of Exosomes—To compare cell lines and their
exosomes, we applied the epidermoid carcinoma cell line
A431, the lymphoma cell line U937 and the lymphoblast cell
line K562 to the commercially available PEA panel (Proseek
Oncology 1 v2) containing markers for cancer (supplemental
Table S1). Cells were cultured, exosomes and cell lysate were
obtained as schematically presented (Fig. 1A). First, we
needed to confirm if exosomes could be analyzed using PEA,
and whether differences could be detected between their
protein profiles (Data set 1, supplemental Table S1). Among
88 proteins analyzed, we were able to detect 58 proteins from
the cell lysates and 37 from their exosomes, corresponding to
a coverage of 64.4% and 41.1%, respectively (Table I). We
observed that the analyzed cell lysates and their respective
exosomes displayed shared patterns of detected proteins
(Figs. 1B and supplemental Fig. S1). Sample comparison
using PCA and hierarchical clustering preferentially clustered
by sample type, i.e. cell lysates versus exosomes, rather than
associating exosomes with their cell lines of origin (Figs. 1C
and 1D). We considered that this clustering could result from
some proteins only being detectable in either cell lysates or
exosomes (Fig. 1B). To overcome this, we removed protein
patterns that were present in cell lines but not exosomes and
vice versa, using the SVA ComBat method commonly applied
in transcriptome data analysis for removing batch effects (31).
This resulted in a distinct clustering of cell lysates with their
respective exosomes, regardless of cells of origin (Fig. 1E).
PCA and hierarchical clustering further confirmed that after
ComBat, sample distances largely depend on the cell line of
origin, rather than sample type (Figs. 1F and 1G). These
results demonstrate that measurement of a set of proteins
combined with ComBat method allows tracing the cell lines of
origin for the analyzed exosomes.

Extended Protein Panels for Tracing Cell Origin of Exo-
somes—To further explore the potential of PEA for tracing the
cell line origin of exosomes, the same analysis was applied on
extended data for lysates and exosomes (Data set 2, supple-
mental Table S2), from the lymphoma cell line U937 and the
lymphoblast cell line K562 as above and also from four addi-
tional cell lines; two human prostate cancer cell lines PC3
(bone metastasis) and DU145 (brain metastasis), the human
epithelial colorectal carcinoma HCT116; and the mammary
gland epithelial breast cancer cell line MCF7 (Fig. 2a). Overall,
we detected 257 proteins from the cell lysates and 134 from
their EVs (Table I), corresponding to a coverage of 63.9% and
33.3%, respectively, out of 402 proteins tested (supplemental
Table S2), thus demonstrating a high detection sensitivity.
Again, all samples presented a clear clustering according to
sample type: cell lysate versus exosomes (Fig. 2A), support-

504

Molecular & Cellular Proteomics 16.3


http://www.mcponline.org/cgi/content/full/M116.064725/DC1
http://www.mcponline.org/cgi/content/full/M116.064725/DC1
http://www.mcponline.org/cgi/content/full/M116.064725/DC1
http://www.mcponline.org/cgi/content/full/M116.064725/DC1
http://www.mcponline.org/cgi/content/full/M116.064725/DC1
http://www.mcponline.org/cgi/content/full/M116.064725/DC1
http://www.mcponline.org/cgi/content/full/M116.064725/DC1
http://www.mcponline.org/cgi/content/full/M116.064725/DC1
http://www.mcponline.org/cgi/content/full/M116.064725/DC1

Tracing Origin of Extracellular Vesicles

A cell lines " Data Analysis
lysis Multiplex
PC3 MCF7 HCT116 Y PEA raw data after ComBat
DU145 A431 U937
K562 & & &
. O
@ 0.45 pm filter % % — o
3,000xg \ sup.
—
o) %o
3 | ©9
100,000xg
B before ComBat o c before ComBat E r ComBat - F after ComBat
sov  BY 10 = @ A431 cells s 1 T e @ A431 cells
— des, I s ® @ |EA431EV s 2 EA431 EV
ot 1 O K562 cells g o 51 @ |OK562 cells
g 18 oy 07 ® |OK562 EV ol O K562 EV
e e O] P @ U937 cells e e o © |@U937 cells
g o W U937 EV e ope o W U937 EV
s f2 107 gee 2 5]
o -157 -3 :
e 204 ° e o @
B 20 -10 10 20 e 05 5 5F{ofs
i PCH1 irid PCi
%EE;: D 0.8 before ComBat 1 G after ComBat
e b 04
s 0.6 &
= EE:FB;MW i — L0383 8562
B, o4 Soris <
g e 302
2 T
e 02
g@g EZAEBB 0.1 100|100 100 |00 100 |100
e R 0.0 A A = L — L 0o0d -l = 1._J_:_j=_
= 6 o6 = = DODLLLDDND O D = = 6= ToTLDY ToDDDD
838888 888¢02090888 § 88888 88802 888gee
3 = 3 3 T O 0000 BRSNS 3 3= B NSNS OO O 000
8%z 88 e S 88a% g SRBI 008
g < a3 TIIRRRRRROOD 2 3Lg<? 333282 333999
o < g LIIDODD 3 g < 555 LI
Fic. 1. Cell line derived exosome protein patterns cluster with their originating cell lysates. A, Schematic illustration of the experimental

setup. Exosomes were isolated from seven cell lines, and, together with the corresponding cell lysates, subjected to multiplex PEA. B, Heatmap
of protein patterns of lysates from the A431, K562 and U937 cell lines and from their respective exosomes. C, PCA of cell lysates and
exosomes. D, Hierarchical clustering of cell lysate and their corresponding exosomes. E, Heatmap (F) PCA plot and (G) hierarchical clustering
of proteins in lysates from cells and their corresponding exosomes after removal of cell- and exosome-specific proteins using the ComBat
analyses, resulting in analyses of only proteins shared by both sample types. For dendrograms, heights represent dissimilarity among clusters
and numbers on the plots indicate approximate unbiased p values (orange) and bootstrap probability (purple). Three to five biological replicates

were analyzed for each sample type.

TABLE |
Summary of the number of proteins analyzed for each dataset

Data set1 Data set2 Data set3
Number of samples used 18 25 8
Total proteins tested 90 402 238
Proseek Multiplex Oncology | V2 panel 90 67 90
Proseek Multiplex Inflammation | panel - 80 -
Proseek Multiplex CVD | panel - 49 -
Cancer panel - 71 72
Cellular Pathways panel - 77 76
Neurology panel - 58 -
Total proteins detected? 58 264 127
Cell lines
Number of cell line groups tested 3 7 -
Proteins detected® 58 257 -
EVs
Number of exosome groups tested 3 7 2
Proteins detected? 37 134 127

2 Number of proteins detected in more than 50% of the sample
from at least one group.

ing the data presented in Fig. 1B. As previously shown, Com-
Bat analysis allowed exosomes and their originating cells to
cluster together, suggesting the possibility to trace exosomes

to their cells of origin because of their shared proteins (Figs.
2B and 2C). Some proteins were detected among all exo-
somes analyzed regardless of cell line of origin, such as;
EpCAM, ICAM1, MIF, ITGB1, and U-PAR, suggesting basal
similarities of the these exosomes (Figs. 2D and supplemental
Fig. S2). CD69 was present both in cell lysates and exosomes
from U937 and K562 (supplemental Fig. S2). IL-18R1 was
present both in cell lysates and their exosomes from HCT116
and U937 (supplemental Fig. S2). NTRK1 was also detected in
cell lysates as well as exosomes from PC3 and MCF7 cell
lines. The U937 cell line was unique in showing detectable
levels of CD244 and MPO (supplemental Fig. S2). Thus, by
using multiplex PEA we were able to detect proteins charac-
teristic for certain cell lines and their exosomes as well as
those common to all cell lines and exosomes. Moreover, a
majority of proteins were detected in cell lysates but absent in
the respective exosomes, indicating selective loading of cer-
tain proteins into exosomes.

Protein Detection of Body Fluid-derived Exosomes Allowed
Predicting Their Tissues of Origin—To investigate the feasibil-
ity of using PEA for analysis of body fluid exosomes, and to
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Fic. 2. PEA identifies shared proteins among exosomes from six different cell lines. U937, K562, HCT116, DU145, MCF7, and PC3 cell
lines were cultivated and used for purification of exosomes, which were further submitted for multiplex PEA. A, Heatmap for proteins detected
in cell lysates and their respective exosomes. (B) PCA and (C) hierarchical clustering comparing cell line lysates and their respective exosomes
before and after removal of cell- or EV-specific proteins using ComBat analyses. D, Heatmap for proteins detected (NPX > 0) in all exosome
samples, regardless of cell line of origin. Protein levels are shown as NPX values. In dendrograms, heights represent dissimilarity among
clusters and numbers on the plots indicate approximate unbiased p value (orange) and bootstrap probability (purple). Three to five biological

replicates were analyzed for each sample type.

identify the tissue origin of exosomes, we compared the pro-
tein composition of exosomes from body fluids to those of
the cell lines. We isolated body fluid exosomes from healthy
individuals, from breast milk (n = 3) and seminal plasma
(prostasomes) (n = 5) (Data set 3, Fig. 3A and Table I). As
expected, samples representing the same biological fluid
shared similar protein profiles regardless of donors (Figs. 3B
and 4B). We then sought to trace what tissue or cell type
these human-derived exosomes could be associated with.
We analyzed the NPX values from the cell lysate samples
(Data set 2, Fig. 2A) together with the milk- and prostate-
derived exosome samples (Data set 3, Fig. 3B). As above,
proteins shared between cell lysates and exosomes were
removed using ComBat. Strikingly, we observed by PCA and
hierarchical clustering that milk exosomes grouped closest to
the breast cancer MCF7, whereas prostasomes clustered
with the prostate cancer cell lines PC3 and DU145, respec-
tively (Fig. 3C and 3D). Our results indicate that applying
ComBat analysis to PEA data enables tracing of milk exo-
somes and prostasomes to the cellular origin.

Milk- and Prostate-derived Exosomes Present Distinct Pro-
teomic Profiles—To investigate whether PEA could reveal
unique proteins in milk exosomes and prostasomes (Data set
3, supplemental Table S3) we compared results from their
analyses (Fig. 4). Differences in protein profiles by PEA were
observed between exosomes from breast milk and prostate,
indicating unique protein compositions (Fig. 4A). Out of a total
of 238 screened proteins, 127 (53.3%) gave signals above the

LOD in both milk exosomes and prostasomes (Table | and
supplemental Table S4). Overall, we observed that milk exo-
somes and prostasomes shared several detectable proteins
(Fig. 4B and Table Il). Some unique proteins were also iden-
tified. Twelve proteins were enriched in milk exosomes and 19
proteins were enriched in prostasomes (Fig. 4C and Table ll;
full list is presented in supplemental Table S4). The proteins
CXCL5, MIA and KLK6 were only detected in milk EVs,
whereas NKX31, GSTP1, and SRC were detected specifically
in prostasomes (supplemental Fig. S3 and Table Il). Vesicle
purity was validated by Western blot using the lack of cal-
nexin, an endoplasmic reticulum marker, as evidence for pu-
rity. A positive signal was seen in the cell lysate control, but
not in the pools of breast milk exosomes or prostasomes (Fig.
4D), indicating pure exosomes, preferentially of endosomal
origin. The parallel protein analysis via PEA thus served to
identify proteins that could possibly be used to distinguish
exosomes from distinct biological sources.

DISCUSSION

In this study, we applied multiplex PEA for proteomic pro-
filing of seven different cell lines and their associated exo-
somes, as well as of exosomes from two different body fluids.
Applying antibody-based panels for immunology, cardiovas-
cular diseases, and oncology, our goal was to evaluate the
potential of multiplex PEA to be used as a screening method
in EV research, and also to compare individual protein profiles
from different cellular sources or body fluids.
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Fic. 3. Comparison of protein profiles in lysates from cell lines and in body fluid-derived exosomes reveals tissue origin of exosomes
in milk and seminal fluid. A, lllustration of experimental layout. Briefly, breast milk-derived exosomes and prostasomes isolated from healthy
donors were submitted to multiplex PEA, and further compared with six cell line lysates (see Fig. 2). B, Heatmap for proteins detected in U937,
K562, HCT116, DU145, MCF7 and PCS3 cell line lysates together with milk exosomes and prostasomes. C, PCA comparing samples before and
after removal of cell- or exosome-specific proteins using ComBat analyses. D, Hierarchical clustering for cell lysates and body fluid-derived
exosomes before and after removal of cell- or exosome-specific proteins with ComBat. Protein levels are shown as NPX values. For
dendrogram, heights represent dissimilarity among clusters and numbers on the plot indicate approximate unbiased p value (orange) and
bootstrap probability (purple). Two to five biological replicates were analyzed for each sample type.

We demonstrate for the first time the possibility to use
multiplex protein detection to trace EVs to their originating
parent cells based on their protein profile. Other protein
screening methods available such as 2D gel electrophoresis
and mass spectrometry (33), are more time consuming, are
poorly suited for high-throughput screening of many samples,
and their sensitivity and reproducibility may prove limiting.
However, milk EVs previously subjected to MS/MS for unbi-
ased proteome profiling (34, 35) have revealed several mark-
ers in common with our study, such as MIF, EpCAM, ICAM,
and ITGB2. We also observed distinct protein profiles in cell
lines and their corresponding exosomes, in line with previous
findings using an antibody microarray called DotScan (36).
The presence of the membrane glycoprotein Thy-1 in milk EVs
and prostasomes has been confirmed in a recent study where

a Thy-1 antibody was included in a set of probes to selectively
detect prostasomes using the flow cytometry-based ExoPLA
technique. Similarly, the granulocyte colony-stimulating factor
receptor, CD114, was detected in EVs isolated from the cell
line U937, confirming our observation in this study (37). This
illustrates that PEA results are in accordance with results from
previous proteomic analyses.

The tissue-specific protein composition of EVs provides
opportunities to identify cell type-specific signatures to be
used as diagnostic markers. We demonstrate that multiplex
PEA is suitable for identification, analysis, and validation of
potential EV-associated markers. We were able to both verify
the presence of proteins previously identified in EVs, such as
EpCAM (36), TRAIL (38), uPAR (39) and also to detect proteins
that to our knowledge have not formerly been described as
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TABLE Il

List of proteins with significantly different NPX values between Prostasomes and Milk exosomes

Average NXP milk

Average NPX

Protein symbol log2FC? FDR
exosomes prostasomes
Enriched in milk exosomes
CXCL5 0.94 7.61 —6.67 <0.001
SOD1 1.09 6.20 —5.11 <0.001
PRSS8 4.02 8.04 —4.03 <0.001
EPHA2 0.24 3.95 -3.71 <0.001
MIA 0.17 3.29 -3.12 <0.001
FR-alpha 4.59 7.49 —2.89 <0.001
MET 0.67 3.56 —2.89 <0.001
CD69 1.09 3.97 —2.88 0.002
PDGF subunit B 2.67 5.46 —2.79 <0.001
CCL19 0.43 3.20 —2.77 <0.001
KLK6 0.17 2.87 —-2.70 0.002
HS1 2.20 4.28 —2.08 0.002
Enriched in prostatasomes
GDF-15 9.39 2.73 6.67 <0.001
NKX31 6.72 0.42 6.30 <0.001
SRC 5.40 0.42 4.98 <0.001
hK11 6.38 2.07 4.31 <0.001
HE4 5.87 1.67 4.21 0.001
CDKN1B 4.38 0.42 3.95 <0.001
ErbB3/HER3 6.34 2.86 3.48 <0.001
TNFRSF10B 5.53 2.06 3.48 <0.001
PIGF 6.59 3.22 3.36 0.009
FIt3L 3.66 0.42 3.23 <0.001
TRAIL-R2 4.82 1.90 2.92 0.001
elF-4B 3.33 0.42 2.90 <0.001
FUR 4.84 2.07 2.77 <0.001
IGF1R 4.63 1.89 2.75 <0.001
PLAU 6.51 3.95 2.55 0.009
EIFAEBP1 3.26 0.89 2.37 0.001
BR 2.77 0.42 2.34 <0.001
EIF4B 2.71 0.42 2.29 <0.001
HB-EGF 2.50 0.42 2.07 0.002

2 log2 fold changes for the comparison between prostasomes versus milk exosomes. Proteins were considered significantly enriched when

log2FC > 2 and FDR < 0.01.
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associated with EVs, such as human kallikrein 11 (hK11) and
placental growth factor (PIGF), among others. Noteworthy, we
were also able to detect BIRC5, mainly described as a nuclear
protein. However, BIRC5 has previously also been shown to
be actively secreted via exosomes and could potentially be
responsible for driving tumor progression (14). It is well es-
tablished that certain proteins (40) and/or RNA molecules (41,
42) are selectively sorted into vesicles. Comparison of EVs
from healthy individuals to those from patients may enable
identification of disease specific molecular patterns that may
be possible to trace in specific tissues involved in disease.
Importantly, analysis of such patterns are promising for both
diagnostic, prognostic and therapeutic purposes.

Moreover, general similarities across all cell lines suggest
that factors such as in vitro immortalization and culture con-
ditions may influence EV protein composition. For example,
the colon carcinoma cell line HCT116 cluster with the prostate
cancer cell lines PC3 and DU145 and hence appear to be
similar, suggesting either that (1) the HCT116 cell line might
be closely related to the PC3 and DU145 cell lines and/or that
(2) the panels used in this study were not sufficient to highlight
the differences between these cell lines.

The comparison between prostasomes and milk exosomes
revealed some biologically interesting differences. For in-
stance, CXCL5, an attractor of neutrophils that can also be
protective of inflammation (43) was detectable in milk exo-
somes but not in prostasomes. CXCL5 on exosomes in milk
could possibly have a role in regulating the immune system
including influencing inflammation in the newborn gut. Fur-
ther, CCL19, present in milk exosomes, is a ligand to CCR7,
present on e.g. B-cells, dendritic cells and CCR7+ central
memory T cells, and could help attracting these cells to the
gut. This could lead to CCR7-mediated immune cell regula-
tion in the infant (44). In addition, KLK6, detected in milk but
not in prostasomes, is an enzyme important for immune cell
differentiation and survival (45). All these factors may have a
role in the development of the infant immune system. In
contrast, prostasomes contain the immune stimulatory factor
FIt3l that has been described to promote dendritic cell devel-
opment (46) and NF-«B activation (47), and PDGFB known to
promote embryonic development and vascularization (48)
These findings support the notion that milk exosomes may
help in growth and development of the infant and its immune
system, whereas prostasomes may stimulate implantation by
supporting inflammation and vascularization.

We further detected integrins such as ITGA1 and ITGB1
present in the exosomes of both cell line and body fluid origin.
The presence of integrins on exosomes has previously been
reported (6, 49). Exosome-associated integrins are important
in cancer metastasis and preferential exosome uptake by
specific cells (12). ITGB1 is abundant in urine exosomes of
patients with metastatic disease (50), indicating that ITGB1 or
other integrins might serve as biomarkers and/or prognostic
markers for progressive disease. Integrins were similarly de-

tected in both milk exosomes and prostasomes. Although the
present study examined exosomes from cell lines of distinct
organs, follow-up studies are required for a detailed organ-
specific mapping of the EV proteome from a broader set of
cells and organs, which could result in identification of cell/
tissue specific EV markers. Importantly, our ability to trace
cellular origin could be extended to plasma-derived EVs, fa-
cilitating efficient, non-invasive diagnostic strategies, such as
for early disease diagnosis.

A limitation of the current study is the fact that the PEA
panels used were not designed to target proteins of relevance
for exosomes, which complicates both technical validation
and overall interpretation of results. Nonetheless, the sensi-
tivity of PEA allows for detection of less abundant EV proteins
than established methods, complicating validation by other
antibody-based methods such as Western blot. The present
study should therefore be considered as a basis for fur-
ther investigation and optimization of PEA in larger-scale
screening of larger patient cohorts and additional body
fluids. The assays served to trace the cellular origin of the
investigated exosome samples. Using this information, ded-
icated assays may be developed to monitor tissue specific
EVs in fluids such as plasma, as possible markers for cancer
in specific tissues.

In conclusion, we demonstrate for the first time the ability to
trace cellular origin of EVs and that PEA can be used for EV
screening for biomarker-identification purposes. This may
prove valuable in a clinical setting by serving to identify diag-
nostic and prognostic markers for disease diagnosis and eval-
uation of progression and outcome.
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