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Comprehensive Proteomic Analysis of
Mesenchymal Stem Cell Exosomes Reveals
Modulation of Angiogenesis via Nuclear
Factor-KappaB Signaling
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ABSTRACT

Mesenchymal stem cells (MSC) are known to facilitate healing of ischemic tissue related dis-
eases through proangiogenic secretory proteins. Recent studies further show that MSC derived
exosomes function as paracrine effectors of angiogenesis, however, the identity of which com-
ponents of the exosome proteome responsible for this effect remains elusive. To address this
we used high-resolution isoelectric focusing coupled liquid chromatography tandem mass spec-
trometry, an unbiased high throughput proteomics approach to comprehensively characterize
the proteinaceous contents of MSCs and MSC derived exosomes. We probed the proteome of
MSCs and MSC derived exosomes from cells cultured under expansion conditions and under
ischemic tissue simulated conditions to elucidate key angiogenic paracrine effectors present and
potentially differentially expressed in these conditions. In total, 6,342 proteins were identified
in MSCs and 1,927 proteins in MSC derived exosomes, representing to our knowledge the first
time these proteomes have been probed comprehensively. Multilayered analyses identified sev-
eral putative paracrine effectors of angiogenesis present in MSC exosomes and increased in
expression in MSCs exposed to ischemic tissue-simulated conditions; these include platelet
derived growth factor, epidermal growth factor, fibroblast growth factor, and most notably
nuclear factor-kappaB (NFkB) signaling pathway proteins. NFkB signaling was identified as a key
mediator of MSC exosome induced angiogenesis in endothelial cells by functional in vitro valida-
tion using a specific inhibitor. Collectively, the results of our proteomic analysis show that MSC
derived exosomes contain a robust profile of angiogenic paracrine effectors, which have poten-
tial for the treatment of ischemic tissue-related diseases. STEM CELLS 2016;34:601–613

SIGNIFICANCE STATEMENT

The clinical relevance of MSC-based therapeutics has been firmly established ahead of the
field’s understanding of how their beneficial effects are mediated. Interestingly, MSC-derived
exosomes are gaining momentum in the field as a putative surrogate to MSC-based therapeu-
tics with a stronger safety profile. Indeed the first patient has already been successfully treated
with MSC-exosomes for GvHD. Our study is the first to comprehensively characterize the func-
tional protein contents of MSC and their exosomes thereby shedding light on how they medi-
ate their beneficial effects in the clinic and may lead to more efficacious precision-engineered
MSC-based therapeutics.

INTRODUCTION

Ischemic tissue related diseases such as
peripheral arterial disease (PAD) affect 8–12
million people every year in the US, and often

there are no satisfactory treatment options for
many of these patients. PAD is characterized by
a lack of proper blood flow to the lower
extremities due to narrowing or blockage of
arterial vasculature from atherosclerotic plaques
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[1]. Angioplasty and stent placement are commonly used to
treat PAD, however, restenosis and reocclusion from subse-
quent blood clot formation and stent overgrowth limit the
effectiveness of these treatments in many patients [2, 3]. A
potential alternative therapeutic approach is localized induction
of angiogenesis to restore blood flow to affected tissues. Sev-
eral studies in animal models of PAD have shown localized
induction of angiogenesis via recombinant Vascular endothelial
growth factor (VEGF) therapy to be beneficial. However, this
straightforward approach has so far failed to show clear bene-
fits in humans in late-stage clinical trials, perhaps due to the
use of a monotherapeutic approach which only targeted a sin-
gle signaling pathway responsible for only one portion of the
tissue healing process in PAD [4].

Bone marrow derived mesenchymal stem cells (MSCs)
exhibit tissue healing capabilities via signaling to endogenous
cell populations including immune cells and endothelial cells
[5]. MSCs have also shown promise as a potential therapeutic
for PAD through the secretion of a robust profile of angio-
genic signaling proteins, however, it remains unclear which
factors are the main drivers of MSC induced angiogenesis [6].
Exosomes are small lipid-bound, cellularly secreted vesicles
that mediate intercellular communication via cell-to-cell trans-
port of proteins and RNA [7]. Interestingly, exosomes have
been recently shown to also mediate some of the tissue heal-
ing properties of MSCs [8–10], however, the underlying mech-
anisms by which MSC derived exosomes exert their tissue
healing properties remain unclear.

Additionally, the angiogenic potential of MSCs can vary
due to differences in their microenvironment [11]. MSCs are
generally expanded in high serum (10%–20%) containing
media under atmospheric oxygen (normoxic) conditions (21%
O2) prior to injection into animal models [12]. However, MSCs
experience a markedly different environmental niche upon
injection into tissues affected by PAD, where they are exposed
to significantly reduced oxygen tension and a reduced concen-
tration of factors contained in serum due to a lack of proper
blood flow [13]. It has been recognized that the angiogenic
potential of endothelial cells is enhanced when stimulated
under hypoxic conditions [14]. Although there is evidence
that hypoxic stimulation induces expression of angiogenic
signaling proteins in endothelial cells, it is not clear to what
extent such changes in the environmental niche affect the
MSC proteome [15, 16]. Therefore, we characterized signaling
pathways and gene networks that are differentially expressed
at the protein level in MSCs exposed to PAD-like culture con-
ditions as compared to normoxic, high serum expansion
conditions.

As proteins mediate most intracellular activity and communi-
cation between cells, mass spectrometry proteomics approaches
have been invaluable in elucidating differential cell states and
patterns of cellular communication [17]. However, mass
spectrometry-based proteomics approaches have had limitations
in depth of analysis, greatly limiting the characterization of sig-
naling proteins within cells as they are often present at low lev-
els as compared to other classes of proteins such as structural
proteins, which are present at much higher levels [18]. Recently
we developed a new mass spectrometry approach termed high-
resolution isoelectric focusing liquid coupled chromatography
tandem mass spectrometry (HiRIEF LC-MS/MS) that enable deep
proteome coverage of cellular lysates [19]. This approach has

been demonstrated by Branca et al. to be capable of quantita-
tively characterizing >10,000 proteins per cell lysate, whereas
other methods of mass spectrometry generate datasets with
smaller depth of coverage [19].

Here we focus on investigating the effects of a PAD-like
microenvironment on angiogenic signaling protein expression
within MSCs and their secreted exosomes. We use HiRIEF
LC-MS/MS to investigate changes in MSC proteomic expres-
sion when cultured under normoxic, high serum expansion
conditions as compared to conditions that mimic the microen-
vironment experienced by MSCs upon injection into tissues
affected by PAD. We find that exposure of MSCs to a PAD-like
microenvironment increases expression of several proangiogenic
signaling associated proteins including epithelial growth factor
(EGF), fibroblast growth factor (FGF), and platelet derived growth
factor (PDGF). In addition, we find that exposure of MSCs to a
PAD-like microenvironment induces elevated exosome secretion
and that these secreted exosomes contain a robust angiogenic
signaling profile and are capable of inducing angiogenesis in vitro
via the nuclear factor kappa-light-chain enhancer of activated
B-cells (NFkB) pathway.

MATERIALS AND METHODS

Cell Culture and Reagents

Human bone marrow aspirates from young adult, nonsmoking
males were obtained from Lonza (Allendale, NJ, http://www.
lonza.com). For MSC isolation and expansion, bone marrow
aspirates were passed through 90lm pore strainers for isola-
tion of bone spicules. Then, the strained bone marrow aspirates
were diluted with equal volume of phosphate-buffered saline
(PBS) and centrifuged over Ficoll (GE Healthcare, Waukesha, WI,
http://www.ge-healthcare.com) for 30 minutes at 700g. Next,
mononuclear cells and bone spicules were plated in plastic cul-
ture flasks, using minimum essential media a (MEM-a) (HyClone
Thermo Scientific,Waltham, MA, http://www.hyclone.com) sup-
plemented with 10% fetal bovine serum (FBS; Atlanta Biologi-
cals, Lawrenceville, GA, http://www.atlantabio.com) that had
been screened for optimal MSC growth. After 2 days, nonadher-
ent cells were removed by two to three washing steps with PBS.
After passage 2 MSCs were expanded in 20% FBS and MSCs
from passages 5–6 were used for experimentation. For serum
starvation studies MSCs were washed three times with PBS and
cultured in exosome isolation media consisting of OptiMEM
without phenol red with 1% L-Glut (IC) (Life Technologies, Carls-
bad, CA, http://www.lifetechnologies.com) for 40 hours. For
serum starvation plus low oxygen conditions (PAD) MSC were
cultured in exosome isolation media under 1% oxygen tension
for 40 hours. Pooled human human umbilical cord vein endo-
thelial cells (HUVECs) were purchased from Lonza and cultured
according to manufacturer’s instructions using EndoGRO-LS
Complete media from Millipore (Billerica, MA, http://www.
emdmillipore.com).

Vesicle Isolation and Characterization

MSC were washed three times with PBS and switched to exo-
some isolation media; either 20% FBS media that was pre-
cleared of exosomes via 18 hour 120,000g centrifugation or
OptiMEM (Life Technologies) and were conditioned for 40
hours prior to vesicle isolation [9]. Microvesicles (MV) were
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isolated as in previous studies [20]. Briefly conditioned media
was cleared of cells and cell debris via centrifugation (500g and
1,000g, respectively), then spun at 17,000g pellet to isolate MVs.
Exosomes were isolated as in previous studies [20]. Briefly, for
proteomics studies exosomes were isolated using 0.22mm filtra-
tion to get rid of cells, cell debris and MVs prior to being spun at
120,000g for 2 hours, the pellet was then washed with 39mL of
PBS and spun again at 120,000g for 2 hours. All ultracentrifuge
steps were performed with a Ti70 rotor in polyallomer quick seal
tubes (Beckman Coulter, Brea, CA http://www.beckmancoulter.
com). Vesicle concentration was determined using detergent
compatible protein concentration (DC) assay (BioRad, Hercules,
CA, http://www.bio-rad.com), and size distribution was assessed
using NanoSight LM10HS (Malvern, Amesbury, MA, http://www.
malvern.com).

Electron Microscopy

Scanning electron microscopy (SEM) images were taken with
Philips XL30 TMP (FEI Company, Hillsboro, OR, http://www.fei.
com). Sputter Coater: Pelco Auto Sputter Coater SC-7, (Ted
Pella, Redding, CA, http://www.tepella.com). Transmission elec-
tron microscopy (TEM) images were taken on Philips CM120
Biotwin Lens, 9 (FEI Company), with 2% uranyl acetate staining
using facilities at Electron Microscopy Laboratory, School of
Medicine, University of California at Davis.

Sample Preparation for Proteomics

Cell pellets were lysed with 4% SDS, 25mM HEPES, 1mM dithio-
threitol (DTT). EVs were lysed with 2% SDS, 25mM HEPES, 1mM
DTT. Lysates were heated to 958C for 5 minutes followed by soni-
cation for 1 minute, and centrifugation 14,000g for 15 minutes.
The supernatant was mixed with 1mM DTT, 8M urea, 25mM
HEPES, pH7.6, transferred to a centrifugation filtering unit, 10
kDa cutoff (Nanosep, Pall, Port Washington, NY, http://www.pall.
com), and centrifuged for 15 minutes, 14,000g, followed by
another addition of the 8M urea buffer and centrifugation. Pro-
teins were alkylated by 50mM indoleacetic acid (IAA), in 8M
urea, 25mM HEPES for 10 minutes, centrifuged for 15 minutes,
14,000g, followed by two more additions and centrifugations
with 8M urea, 25mM HEPES. Trypsin (Promega, Madison WI,
http://www.promega.com), 1:50, trypsin:protein, was added to
the cell lysate in 250mM urea, 50mM HEPES, and incubated
overnight at 378C. The filter units were centrifuged for 15
minutes, 14,000g, followed by another centrifugation with MQ,
and the flow-through was collected [19]. Peptides from EVs were
TMT6 labeled and MSC cells with TMT10 labeled according to
manufacturer’s instructions (Thermo Fisher Scientific, San Jose,
CA, http://www.thermofisher.com). Peptides were cleaned by a
strata-X-C-cartridge (Phenomenex, Torrance, CA, http://www.phe-
nomenex.com) [19, 21].

Proteomics on nLC-MS/MS on Thermo Scientific LTQ
Orbitrap Velos

Before analysis of exosomes on LTQ-Orbitrap Velos (Thermo
Fischer Scientific), peptides were separated using an Agilent 1200
nano-LC system. Samples were trapped on a Zorbax 300SB-C18
and separated on a NTCC-360/100-5-153 (Nikkyo Technos, Tokyo,
Japan, http://www.nikkyo-tec.co.jp) column using a gradient of A
(5% Dimethyl sulfoxide (DMSO), 0.1% formic acid (FA)) and B
(90% acetonitrile (ACN), 5% DMSO, 0.1% FA), ranging from 3% to
40% B in 45 minutes with a flow of 0.4mL/minute. The LTQ-

Orbitrap Velos was operated in a data-dependent manner, select-
ing five precursors for sequential fragmentation by collision-
induced dissociation (CID) and higher-energy C-trap dissociation
(HCD) and analyzed by the linear iontrap and orbitrap, respec-
tively. The survey scan was performed in the Orbitrap at 30,000
resolution (profile mode) from 300 to 2,000 m/z with a max injec-
tion time of 500 millisecond and automatic gain control (AGC)
set to 13 106 ions. For generation of HCD fragmentation spectra,
a max ion injection time of 500 milliseconds and AGC of 53 104

were used before fragmentation at 37.5% normalized collision
energy. For fourier transform mass spectrometry (FTMS) mass
spec 2 (MS2) spectra, normal mass range was used, centroiding
the data at 7,500 resolution. Peptides for CID were accumulated
for a max ion injection time of 200 milliseconds and AGC of
33 104, fragmented with 35% collision energy, wideband activa-
tion on, activation q 0.25, activation time 10 milliseconds before
analysis at normal scan rate and mass range in the linear iontrap.
Precursors were isolated with a width of 2 m/z and put on the
exclusion list for 60 seconds. Single and unassigned charge states
were rejected from precursor selection.

Proteomic Data Analysis

GraphPAD Prism was used to calculate differential expression
using multiple t tests and a stringent false discovery cut off
of 1% (GraphPAD Prism, La Jolla, CA, http://www.graphpad.
com). Panther Pathway analysis was used to detect the num-
ber of pathways detected in each sample and the number of
proteins of each pathway represented in each sample
(http://www.pantherdb.com). Ingenuity pathway analysis
(IPA) software was used to analyze enrichment for signaling
pathway proteins and putative functionality of proteins pres-
ent in and between each sample (Qiagen, Redwood City, CA,
http:// www.ingenuity.com). ClueGO software was used for
gene ontology (GO) analysis of each sample to detect broad
classes of protein functionality (http://www.ici.upmc.fr/
cluego/cluegoDownload.shtml). CytoScape was used to gen-
erate network interactome maps for the angiogenesis inter-
actome of MSCs and exosomes and the NFkB pathway
interactome (http://www.cytoscape.org). The constructed
angiome dataset from Chu et al. was used to search for the
presence of canonical angiogenesis mediating proteins in our
data, with the addition of physically interacting proteins not
found in the Chu et al. dataset. The Spike database was used
to detect proteins for which there was experimental evi-
dence for physical interactions (i.e., yeast-2-hybrid, coimmu-
noprecipitation) with the Chu et al. dataset and was
accessed via CytoScape.

Tubule Formation Migration Assay

Primary HUVECs were purchased from Lonza and cultured in
EndoGRO-LS Complete (Millipore) media as per manufac-
turer’s protocol and plated on growth factor reduced Matri-
gel (Corning, Corning, NY, http://www.corning.com) and
stained with Calcein AM (Life Technologies) and imaged at
16 hours poststimulation at 3 4 on a Kenyence BZ-9000F
(Keyence, Osaka, Japan, http://www.keyence.com). EndoGRO
basal media was used for control and exosome stimulated
wells and EndoGRO-LS Complete was used as a positive con-
trol (Millipore). For NFkB inhibitor experiments pyrrolidine
dithiocarbamate (PDTC) was used at a concentration of
50 mM.
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RESULTS

MSCs Exposed to PAD-Like Conditions Show Dynamic
Proteomic Changes

To address what effect PAD-like microenvironment conditions
have on the proteomic profile of MSCs, HiRIEF LC/MS-MS was
used to quantify the proteome of MSCs. Human MSCs derived
from the bone marrow of three young adult, nonsmoking
male donors were cultured under normoxic, high serum
expansion conditions until passage 6. After three PBS washes,
MSCs were cultured under one of three culture conditions for
40 hours: normoxic, high serum expansion conditions (EX:
20% FBS, 21% O2), PAD-like conditions (PAD: 0% FBS, 1% O2),
or an intermediate condition (IC: 0% FBS, 21% O2) (Fig. 1A).

A total of 6,342 proteins were identified and quantified in
each of the nine MSC samples, with three donors for each of
the three conditions (Supporting Information Table S1). A total
of 580 membrane associated proteins were detected in each of
the nine MSC samples, including canonical MSC surface
markers: CD73 (NT5E), CD90 (THY1), and CD105 (ENG) (Sup-
porting Information Fig. S1; Tables S2, S3). Our data overlaps
with and expands beyond the work by Mindaye et al. Statistical
analysis of protein expression levels using a false discovery rate
of 1% (FDR1%) revealed 315 and 843 differentially expressed
proteins, respectively between the EX versus IC and EX versus
PAD conditions (Supporting Information Tables S4, S5). Analysis
of MSC differential expression ratios versus abundance (area)
revealed differentially expressed proteins were distributed

Figure 1. Experimental design workflow and ratio distribution of mesenchymal stem cell (MSC) proteomics. (A): Schematic representation
of proteomics workflow. MSCs were isolated from human bone marrow and expanded to passage 6 using EX conditions. Cells were then
washed three times with phosphate buffered saline and switched to either EX, IC, or PAD-like (PAD) conditions for 40 hours. Cells or exo-
somes were then lysed, trypsinized, and ran on high-resolution isoelectric focusing strips which were divided into 72 individual fractions and
ran on LC-MS/MS. Identified proteins were analyzed using three different types of analysis software: gene ontology, canonical signaling path-
ways, and network analysis of the angiome interactome. ClueGO gene ontology analysis was used to characterize enrichment for proteins
based on their functionalities. Panther and Ingenuity pathway analysis were used to characterize enrichment for proteins of specific canoni-
cal signaling pathways. CytoScape network analysis of the angiome interactome was used to visualize the physical interactions of known
angiogenesis-mediating proteins (angiome) with proteins for which there is experimental evidence of physical interaction. (B): Plot of PAD/
EX ratios (Log2, fold change) versus area (Log10, abundance) of MSC proteins; red dots represent significantly differentially expressed pro-
teins (FDR1% [false discovery rate]), blue dots represent all nonsignificantly differentially expressed proteins. (C): PAD/EX ratios (Log2, fold
change) versus p value; yellow dots represent differentially expressed proteins with mean fold changes<60.5 Log2, red dots repre-
sent>60.5 Log2 mean fold change with p value< .01 and blue dots with a p value of> .01. Abbreviations: EX, expansion condition; LC-MS/
MS, liquid chromatography tandem mass spectrometry; PAD, peripheral arterial disease.
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across the range of abundances of all cellular proteins (Fig. 1).
This indicated that the effects of the culture conditions on pro-
tein expression were not limited to lowly expressed proteins.
Analysis of MSC differential expression ratios versus p value
demonstrated that significantly differentially expressed proteins
(FDR1%) were distributed across the range of ratios for all cel-

lular proteins. This indicated that the effects of the culture con-
ditions on protein expression included many new and highly
significant findings (Fig. 1).

Although global heatmap cluster analysis and linear
regression analysis of PAD/EX ratios revealed donor to donor
variation in MSCs, it also revealed robust intracondition

Figure 2. Analysis of high-resolution isoelectric focusing coupled liquid chromatography tandem mass spectrometry proteomics data
from IC and PAD conditions compared to control condition EX. (A): Heatmap of mesenchymal stem cell (MSC) cluster analysis of differ-
entially regulated proteins in IC and PAD conditions as compared to EX. (B): ClueGO gene ontology analysis of proteins upregulated in
PAD MSCs shows enrichment for cholesterol biosynthesis, lipid biosynthesis, angiogenesis, and glycolysis associated proteins. (C): Panther
pathway analysis of proteins upregulated in MSCs under PAD-like conditions show abundance of canonical angiogenesis related pathway
proteins: epidermal growth factor, fibroblast growth factor, and platelet derived growth factor (red asterisk indicate angiogenesis associ-
ated pathways). Analysis of three different donors for each condition. For differential expression t tests with multiple testing correction
with an false discovery rate of 1% was used. Circles are color coded according to their associated functionality. Number of circles and
larger diameter of circles indicate greater over representation. Abbreviations: EX, expansion condition; IC, intermediate condition; PAD,
peripheral arterial disease.

Anderson, Johansson, Graham et al. 605
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concordance between donors (Fig. 2, Supporting Information Fig.
S2), especially of significantly differentially expressed proteins.
MSCs exposed to PAD-like conditions showed significant increases
(FDR1%) in rate limiting proteins of glycolysis (ALDOB, ENO3, and
PGK1) and the NRF2/glutathione pathway (ASK1, MKK3/6, and
FTH1), which are metabolic and antioxidant associated pathways
that have been shown to be modulated with exposure to lower
oxygen tension (Fig. 1; Supporting Information Figs. S3, S4) [22,
23]. IC-conditioned MSCs, in contrast, showed no such increases
(FDR1%) in glycolysis and glutathione related pathway proteins as
compared to the EX condition. GO analysis using Cytoscape’s
ClueGO plugin of significantly differentially expressed proteins
(FDR1%) revealed numerous cell cycle checkpoint-related pathways
(G1 phase, G2/M phase, and cytokinesis) involved in the regulation
of cellular proliferation were downregulated in both IC and PAD
conditions as compared to the EX condition (Supporting Informa-
tion Figs. S5–S9). Cholesterol and lipid biosynthesis pathways were
upregulated in both IC and PAD conditions as compared to the EX
condition (Fig. 2; Supporting Information Figs. S10, S11) [24].

Exposure of MSCs to a PAD-like environment induced signifi-
cant changes in their proteome. Previous studies have indicated
that MSCs are capable of inducing angiogenesis, therefore, we
analyzed how this PAD-like microenvironment modulated levels
of their angiogenic signaling proteins [25–27]. To investigate the
interaction patterns of known angiogenic proteins in MSCs and
to elucidate proteins that physically interact with these known
angiogenic proteins, we developed an angiogenesis interactome
network map of the MSC proteome. To generate the angiogene-
sis interactome network map we derived a list of known angio-
genic proteins from Chu et al. that were shown to be present in
the MSC proteome [28]. We then used CytoScape to include
proteins that had experimental evidence of physical interaction
with these MSC exosome angiogenic proteins and to show how
they interacted with each other [29]. The advantage of this
approach is that it not only elucidates the physical interactions
of canonical angiogenesis proteins but also additionally reveals
other noncanonical proteins that physically interact with the
angiome, thereby shedding light on potentially novel mediators
of angiogenesis. Analysis of the angiogenesis interactome of
proteins present in MSCs across all three donors exposed to
each of the three conditions revealed the most robust clustering
of signaling protein interactions was with platelet derived
growth factor receptor (PDGFR), epidermal growth factor recep-
tor (EGFR), and NFkB nodes (Supporting Information Figs. S12–
S14). This indicates that these pathways are likely drivers of
MSCs’ proangiogenic potential. Furthermore, using Panther
pathway analysis, we found several angiogenic pathways to be
significantly (FDR1%) upregulated in MSCs exposed to PAD-like
conditions, including canonical angiogenic associated pathways
of PDGF, EGF, and FGF (Fig. 2) [30]. These data collectively dem-
onstrate significantly increased expression of several angiogenic
signaling pathways and cholesterol/lipid biosynthesis pathways
in MSCs exposed to the PAD condition as compared to the con-
ventional EX condition.

MSC Exosome Secretion Increases Under PAD-Like
Conditions

Newly synthesized membrane components such as lipids and cho-
lesterol are transported from their site of genesis at the endoplas-
mic reticulum to the plasma membrane via vesicular transport
[31, 32]. However, as cells experience decreased rates of prolifera-

tion their need for newly synthesized plasma membrane compo-
nents should also decrease [33].We observed that a variety of cell
cycle pathways decreased in expression in the IC and PAD condi-
tions as expected, since the cells were exposed to a lower oxygen
tension and deprived of growth factor stimulation. Interestingly
however, we observed that cholesterol/lipid biosynthesis proteins
actually significantly (FDR1%) increased in expression and not
decreased, in both IC and PAD conditions as compared to the
expansion condition, EX (Supporting Information Figs. S10, S11).
This led us to speculate that perhaps an increase in exosome bio-
genesis could account for the increased expression of proteins
involved in cholesterol/lipid biosynthesis. Indeed we observed a
trend towards increased expression of proteins involved in the
biogenesis of exosomes, prompting us to analyze vesicle secretion
of MSCs (Supporting Information Fig. S15).

Extracellular vesicles secreted from MSCs (MVs, exosomes)
were isolated from media that had been conditioned for 40
hours under EX, IC, and PAD culture conditions using ultracentri-
fugation. Analysis of vesicle yield via BCA protein concentration
assays revealed that MSC MV secretion decreased whereas exo-
some secretion substantially increased with MSCs exposed to IC
and PAD conditions as compared to EX conditions (Fig. 3). How-
ever, exosomes isolated from the EX condition coisolated with
FBS protein from the media (Supporting Information Fig. S16).
SEM images of MSCs exposed to PAD conditions showed vesicle
structures consistent with a decrease in microvesicle secretion
and an increase of exosome secretion as compared to MSC
exposed to EX conditions (Fig. 3). Furthermore, TEM of isolated
PAD-derived MSC exosomes with negative staining is consistent
with canonical exosome morphology; additionally, Nanosight
analysis revealed that MSC exosomes were of expected size
range and MSCs maintained low levels of apoptosis in all condi-
tions (Fig. 3; Supporting Information Fig. S16).

MSC Exosome Proteome Contains a Robust
Profile of Angiogenic Signaling Proteins

As two recent studies demonstrated that MSC exosomes are
proangiogenic both in vitro and in vivo, we used MSC HiRIEF
LC-MS/MS to characterize the proteome of MSC derived exo-
somes from MSCs exposed to IC and PAD conditions [8, 34].
A total of 1,927 proteins were quantified in each of the six
samples generated from cells derived from three donors
under both the PAD and IC conditions (Supporting Informa-
tion Table S1), 457 of which were not detected in MSCs, indi-
cating exosomal enrichment (Supporting Information Table
S6). We detected 92 of the top 100 most identified exosomal
marker proteins from the ExoCarta database in each of our
exosome samples from both conditions, IC and PAD (Support-
ing Information Table S7; Supporting Information Fig. S16)
[35–37]. Differential expression analysis of exosomes from IC
and PAD conditions revealed few significant expression differ-
ences (FDR1%) in exosomes between IC and PAD conditions
(Supporting Information Table S8).

GO analysis using Cytoscape’s ClueGO plugin of the MSC
exosome proteome from all three donors from both condi-
tions showed representation of vascular and endothelial asso-
ciated proteins (Fig. 4) [38]. GO analyses are generally broad
based and helpful for a broad overview of the data but are
generally limited in their ability to identify specific signaling
pathways. We therefore performed Panther pathway analysis
on the MSC exosome proteome and found high
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representation of several canonical angiogenic associated
pathways: cadherin, EGFR, FGF, and PDGF (Fig. 4).

IPA is a robust high throughput data analysis software that
is able to predict the induction or inhibition of various cellular
activities based on an expert, manually curated database of
known protein associations and functions. IPA analysis showed
that MSC exosomes contain numerous proteins with a variety
of angiogenesis-related functionalities including induction of:
angiogenesis, vasculogenesis, cell migration, and endothelial
cell proliferation (Supporting Information Figs. S17–S20).

Next we performed network analysis of the angiogenesis
interactome of MSC exosomes, as with the MSC proteome. We
showed the most robust representation of protein nodes clus-
tered around the canonical angiogenic pathways of NFKB1/2,
Avian Reticuloendotheliosis Viral Oncogene Homolog A (RELA),
PDGFRB, and EGFR in our angiogenesis interactome network map
(Fig. 5). Furthermore, network analysis of the NFkB pathway
showed robust representation of MSC exosome proteins cluster-
ing around RELA, NFKB1/2, and TNF-receptor associated factor 6
(Supporting Information Fig. S21). These data collectively showed
that exosomes derived from MSCs exposed to PAD-like conditions
contain a robust profile of angiogenic signaling proteins and puta-
tive functionalities closely mirroring those found in MSCs.

MSC Exosomes Induce Angiogenesis via the NFkB
Pathway in Endothelial Cells

To test the angiogenic potential of MSC exosomes, HUVECs
were stimulated in vitro with PAD-derived MSC exosomes. To

evaluate their ability to induce tubule formation, a canonical
in vitro assay of angiogenesis was applied. Traditionally, puta-
tive therapeutics are known to have a therapeutic index
where they behave in a dose dependent manner with
decreased effectiveness generally observed at higher doses
[39]. HUVECs were treated with increasing doses of PAD-
derived MSC exosomes to test for their effective dose range.
The low dose of PAD-derived MSC exosomes (1 mg/mL)
induced significant tubule formation compared to the unsti-
mulated control, as did the medium dose (10mg/mL), meas-
ured by total segment length (Fig. 6). However, the high dose
of PAD-derived MSC exosomes (100mg/mL) was less effective
than the medium dose indicating the upper limits of the
effective dose range (Fig. 6).

In our network analysis map of the MSC exosome angio-
genesis interactome, we observed several hubs of clustering
around nodes of the NFkB complex, which is known to medi-
ate angiogenic signaling. Even though these particular nodes,
which represent core components of the NFkB complex, were
not detected in the MSC exosomes we hypothesized that the
presence of numerous NFkB interacting proteins may indicate
a potential effector role of this pathway in HUVEC tubule for-
mation. To test this hypothesis HUVECs were treated with
PDTC, a specific inhibitor of NFkB signaling or vehicle control
prior to stimulation with PAD-derived MSC exosomes in a
tubule formation assay. PAD-derived MSC exosomes induced
tubule formation in HUVECs treated with the vehicle control
but not in HUVECs treated with PDTC, demonstrating that

Figure 3. Mesenchymal stem cells (MSCs) increase secretion of exosomes upon exposure to PAD-like conditions. (A): Quantification of total
protein content of vesicles derived from MSC under EX, IC, and PAD culture conditions using DC assay. (B): Scanning electron micrograph of
MSCs cultured in EX culture conditions indicating microvesicle release (blue arrows) from the cell surface (scale bar5 5 lm,3 5k). (C): Scan-
ning electron micrograph of MSCs cultured under PAD conditions (scale bar 2 lm,3 10k) indicating exosome adhesion to cell surface (red
arrows). (D): Transmission electron micrograph of MSC derived exosomes with 2% uranyl acetate negative staining (scale bar 200 nm,3 25k).
Abbreviations: EX, expansion condition; Exo, exosomes; IC, intermediate condition; MV, microvesicle; PAD, peripheral arterial disease.
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Figure 4. Analysis of high-resolution isoelectric focusing coupled liquid chromatography tandem mass spectrometry proteomics data of mes-
enchymal stem cell (MSC) exosomes comparing peripheral arterial disease (PAD) to intermediate condition (IC). (A): ClueGO network analysis of
400 most abundant proteins in PAD exosomes shows enrichment for effector proteins (blue boxes). (B): Panther pathway analysis of PAD exo-
somes shows abundance of angiogenesis related pathway proteins: epidermal growth factor receptor, fibroblast growth factor, and platelet
derived growth factor pathway associated proteins (red asterisk indicate angiogenesis associated pathways). Analysis of three different donors
for each condition. For differential expression t tests with multiple testing correction with an false discovery rate of 1% was used. Circles are
color coded according to their associated functionality. Number of circles and larger diameter of circles indicate greater over representation.



NFkB signaling is necessary for MSC exosome induction of
tubule formation in vitro (Fig. 7). These results indicate that
MSC exosomes mediate angiogenesis in a dose dependent
manner via the NFkB pathway.

DISCUSSION

This study presents, to our knowledge, the most robust pro-
teomic characterization of MSCs and exosomes to date

(MSC5 6,342 vs. 1,024, MSC exosome5 1,927 vs. 236) [40,
41]. We detected 580 membrane associated proteins including
those required to meet the minimal criteria for MSC classifica-
tion (CD73, CD90, CD105) across all nine MSC samples and
represents the most robust proteomic profiling of MSC mem-
brane proteins to date (580 vs. 172) [42]. MSCs have been
proposed as a therapeutic for PAD, however, the effect of the
PAD microenvironment has on both the MSC physiology and
MSC induced angiogenesis are poorly understood [43].
Even though several studies have demonstrated the efficacy

Figure 5. Network analysis of mesenchymal stem cell (MSC) exosome angiogenesis interactome. Network analysis using CytoScape of
the MSC exosome angiogenesis interactome reveals clustering around nodes involved in nuclear factor kappaB signaling (emboldened
boxes). Red boxes indicate presence of angiome interacting proteins in MSC exosomes, blue boxes indicate absence of these network
proteins in MSC exosomes. Boxes of major clustering nodes of known effectors were enlarged for clarity. Edges connecting boxes indi-
cates experimental evidence of physical contact (e.g., coimmunopreciptitation, yeast-2-hybrid).
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of using MSCs for ischemic tissue related diseases, efforts
toward identifying the underlying mechanisms of MSC
induced angiogenesis have not been robustly investigated, as
more focus has been placed on MSC secretion of VEGF and
PDGF [44–47]. The quantitative proteomic methodology we
used underscores the need for an unbiased approach which

in the present study led to the finding that the MSC pro-
teome is modulated upon exposure to a PAD-like microenvir-
onment and multiple pathways are likely involved in MSC
mediated angiogenesis.

We show attenuation of various cell cycle initiation and
glycolysis gene networks in MSCs exposed to PAD-like

Figure 6. Mesenchymal stem cell (MSC) exosome-induced in vitro tubule formation of human umbilical cord vein endothelial cells. (A):
Basal media (Neg), (B) 5 lg/mL, (C) 10 lg/mL, (D) 20 lg/mL of MSC exosomes in basal media, (E) EndoGRO media positive control (Pos).
Stained with Calcein AM and imaged at 14 hours poststimulation with3 4 objective. (F): Quantification of total segment length of
tubule formation analyzed using ImageJ’s Angiogenesis plugin. EndoGRO positive control media contains 2% fetal bovine serum, epider-
mal growth factor 5 ng/mL and heparin sulfate 0.75 U/mL. (*) Indicates a p value< .05 using ANOVA, LSD post hoc analysis (n 5 12).

Figure 7. NFkB inhibition abrogates mesenchymal stem cell (MSC) exosome-mediated tubule formation in human umbilical cord vein
endothelial cells (HUVECs) in vitro. (A) Basal media, (B) basal media1NFkB inhibitor, (C) 10 lg/mL, (D) 10 lg/mL1NFkB inhibitor, (E)
EndoGRO media, (F) EndoGRO media1NFkB inhibitor. HUVECs stained with Calcein AM and imaged 14 hours poststimulation with a
34 objective. (G): Quantification of total segment length of tubule formation using ImageJ’s Angiogenesis plugin. EndoGRO media con-
tains 2% fetal bovine serum, epidermal growth factor 5 ng/mL, and heparin sulfate 0.75 U/mL. (*) Indicates a p value< .01 using
ANOVA, LSD post hoc analysis (n 5 6). Abbreviation: NFkB, nuclear factor kappaB.
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conditions. Network analysis of all three donors from all three
culture conditions (nine samples total) demonstrated that the
MSC angiogenesis interactome is enriched for nodes associ-
ated with PDGFR, EGFR, and NFkB. This indicated that these
known angiogenesis mediating pathways are likely central
hubs of intracellular angiogenic signaling within MSCs
[48–51]. Furthermore, when MSCs were exposed to PAD-like
conditions they significantly increased expression of proteins
associated with a subset of angiogenic signaling pathways
EGF, FGF, and PDGF.

MSCs are known to mediate much of their tissue healing
effects through their secretome in various vascular disease
models such as stroke and peripheral arterial disease [5, 52].
Recent studies have demonstrated that a new cell to cell
communication system mediated by exosomes is capable of
recapitulating much of the beneficial therapeutic effects of
MSCs in these disease models [8–10, 53]. However, the
underlying mechanisms by which MSC exosomes modulate
these tissue healing effects have yet to be elucidated.

We characterized the proteome of exosomes derived from
MSCs exposed to PAD-like conditions (PAD) and the IC, but
not from EX since our HiRIEF LC-MS/MS method requires
large quantities of input material and the exosome yield from
this condition was too small. We quantitatively characterized
1,927 proteins in MSC exosomes from all three donors across
both IC and PAD conditions, of which 457 were not detected
in the MSC proteome. A potential explanation for this
observed protein enrichment in MSC exosomes is that some
proteins can be masked in more complex lysates when using
mass spectrometry methodologies, but this does not preclude
the possibility that some of these proteins are being directly
shuttled into exosomes for secretion [18]. Of note is the fact
that the proteome of exosomes derived from MSCs appears
to lack many canonical secretory signaling proteins such as
cytokines and growth factors, but instead contain the down-
stream mediators of these pathways.

We showed that exosomes from MSCs exposed to PAD-
like conditions contain a robust profile of angiogenesis associ-
ated proteins that closely mirror the upregulated angiogenic
pathways found in MSCs exposed to PAD-like conditions
including EGFR, FGF, and PDGF pathways. These findings sug-
gest that upon exposure to ischemic tissue conditions attempt
to generate a more proangiogenic state via the secretion of
exosomes, thereby facilitating localized tissue healing. An
interesting unresolved question worthy of further exploration
is whether the main drivers of MSC exosome induced angio-
genesis act via direct signaling to endothelial cell populations
or indirectly through inducing chemotaxis of immune cells
such as monocytes.

We also showed that proteins mediating cholesterol/lipid
biosynthesis and metabolism are significantly upregulated in
MSCs that are exposed to PAD-like conditions, while several
known exosome biogenesis proteins trend toward increased
expression under these same conditions. Numerous cell cycle
pathways are significantly downregulated in MSCs exposed to
PAD-like conditions and various cell types have substantially
lower rates of proliferation when exposed to similar condi-
tions [11, 16]. Since, ostensibly there should be much less
demand for such high energy cost membrane components
and exosomes are known to be enriched for lipid raft compo-
nents such as cholesterol [54], we therefore speculated that

the upregulation of these cholesterol/lipid biosynthesis pro-
teins may be associated with exosome secretion. We showed
that MSCs increased secretion of exosomes upon exposure to
PAD-like conditions which were of canonical size and morphol-
ogy. Alternatively the observed increase in lipid biosynthesis
may potentially be a cellular adaption to hypoxia in the PAD
condition [55].

Consistent with traditional broad range small molecule
dose curves, we show that exosomes derived from MSCs
exposed to PAD-like conditions were able to induce angiogen-
esis in vitro, in a dose dependent manner. MSC exosomes at
the highest concentration (100mg/mL) induced less tubule for-
mation as compared to lower doses, which may indicate an
upper limit of the effective dosing range.

Our network analysis indicated that MSC exosomes
derived from PAD-like conditions are enriched for several
nodes associated with NFkB signaling, which has previously
been shown to be an important mediator of angiogenesis
[51]. We demonstrated that MSC exosome induced angiogen-
esis is dependent on NFkB signaling, since a specific chemical
inhibitor of NFkB signaling completely abrogates the ability of
MSC exosomes to induce tubule formation in vitro. It remains
unclear, however, to what extent MSC induced angiogenesis
can be attributed to exosome mediated effects. Overall, our
data suggest that there are more signaling pathways involved
which are worthy of further investigation.

CONCLUSION

A common trend that is becoming apparent across the MSC
exosome literature is that exosomes derived from MSCs are
able to mediate much of the functionality traditionally associ-
ated with canonical secretory proteins such as growth factors
of the MSC secretome [8–10, 34, 56–60]. Whether canonical
secretory proteins or exosomally delivered proteins are the
main drivers of the MSC secretome’s functionality still needs
further investigation; based on our data it is likely microenvir-
onment dependent.

An exciting open question is whether MSC exosomes
derived from PAD-like culture conditions can be used as a
therapeutic in lieu of MSCs for a various diseases and if so
what the underlying therapeutic mechanisms might be. A
study published in 2014 on the first human patient success-
fully treated with MSC exosomes for graft versus host disease
would seem to suggest that this area of research is feasible
and worthy of further investigation [9]. Our preliminary data
suggest that MSC derived exosomes may be a promising ther-
apeutic platform that provides additional benefits to the use
of MSCs themselves. Our data may also provide a blueprint
for future studies aiming to attempt to engineer MSC exo-
somes to be a more efficacious therapeutic for cardiovascular
diseases.
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