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Abstract

Introduction

Pericyte recruitment is essential for the stability of
newly formed vessels. It was also suggested that
pericytes represent common ancestor cells giving rise to
mesenchymal stem cells (MSCs) in the adult. Here, we
systematically investigated pericytes and MSCs from
different human tissues in terms of their angiogenic and
multilineage differentiation potential in vitro in order to
assess the suitability of the different cell types for the
regeneration of vascularised tissues. Magnetic-activated
cell sorting (MACS®) was used to enrich CD34-CD146+
pericytes from adipose tissue (AT) and bone marrow (BM).
The multilineage potential of pericytes was assessed by
testing their capability to differentiate towards osteogenic,
adipogenic and chondrogenic lineage in vitro. Pericytes
and endothelial cells were co-seeded on Matrigel™ and
the formation of tube-like structures was examined to
study the angiogenic potential of pericytes. MSCs from AT
and BM were used as controls. CD34-CD146+ cells were
successfully enriched from AT and BM. Only BM-derived
cells exhibited trilineage differentiation potential. ATderived cells displayed poor chondrogenic differentiation
upon stimulation with transforming growth factor-β1.
Interestingly, osteogenic differentiation was more efficient
in AT-PC and BM-PC compared to the respective full MSC
population. Matrigel™ assays revealed that pericytes
from all tissues integrated into tube-like structures. We
show that MACS ®-enriched pericytes from BM and
AT have the potential to regenerate tissues of different
mesenchymal lineages and support neovascularisation.
MACS® represents a simple enrichment strategy of cells,
which is of particular interest for clinical application.
Finally, our results suggest that the regenerative potential
of pericytes depends on their tissue origin, which is an
important consideration for future studies.

Regeneration of vascularised tissues such as bone is still
a challenge. Many tissue engineering strategies have
been focused on co-culture models supporting both
neovascularisation and the regeneration of the original
tissue. For bone repair various combinations of an
endothelial cell source and an osteogenic cell type, e.g.
osteoblasts or mesenchymal stem cells (MSCs) have been
applied (Duttenhoefer et al., 2013; Fuchs et al., 2009;
Herrmann et al., 2014; Scherberich et al., 2007; Seebach
et al., 2012; Yu et al., 2008; Zhang et al., 2012; Zhou et al.,
2010). Interestingly, it was shown that in such co-cultures
MSCs were found at perivascular sites of newly formed
vessels and expressed pericyte markers (Duttenhoefer et
al., 2013; Goerke et al., 2012; Loibl et al., 2014).
Pericytes are vascular mural cells associated with
microvessels. The endothelial cell/pericyte ratio
has been determined by electron microscopy and
immunohistochemistry staining and is highly variable with
e.g. retina 1:1, lung 10:1 (Shepro and Morel, 1993), dermis
12.5:1 (Helmbold et al., 2001) and even smaller numbers
of pericytes in skeletal muscle (Shepro and Morel, 1993),
and reflects the function of the individual tissue. Pericytes
play an important role in vessel stabilisation which is of
specific interest for the regeneration and engineering of
vascularised tissues. Recent publications have identified
various factors and pathways involved in recruitment and
retention of pericytes, including angiopoietin 1 or Tie2
(Armulik et al., 2005) platelet derived growth factor B
(PDGF-B), angiopoietin 1, Sparc, transforming growth
factor-β (TGF-β), matrix metalloproteinase 9, connective
tissue growth factor (Ccn2) and semaphorins (Aguilera
and Brekken, 2014; Hall-Glenn et al., 2012). Capillary and
arteriolar pericytes play an important role in inflammatory
processes by guiding extravasating leukocytes towards
their target (Stark et al., 2013).
The identification of MSCs and progenitor cells
at perivascular sites and the subsequent isolation and
characterisation of such cells suggested an additional
function of pericytes as multipotent progenitors (Chen et
al., 2013; Crisan et al., 2008; da Silva et al., 2008). In these
studies, pericytes have been isolated by immunostaining of
a panel of markers (CD45-CD34-CD146+) by FACS from
various tissue sources, including placenta, adipose tissue,
skeletal muscle and brain. In monolayer culture these cells
displayed a surface marker profile similar to MSCs, are
long-term proliferative and preserve multilineage potential
(Crisan et al., 2008).
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In vivo, it was shown that transplanted skeletal
muscle-derived pericytes (CD45-CD34-CD56-CD146+)
promoted repair in ischemic heart disease (Chen et al.,
2013). Interestingly, lineage tracking of transplanted cells
revealed that only a minor fraction of cells was involved in
the actual replacement of cardiomyocytes. Thus, paracrine
effects and cellular interactions of transplanted pericytes
promoted tissue recovery; observations that resemble
the trophic effects attributed to MSCs (Caplan, 2009).
Another study comparing CD45-CD34-CD146+ pericytes
isolated from adipose tissue stromal vascular fractions
(SVF) with unsorted SVF, demonstrated an even higher
efficiency in bone formation in an ectopic, intramuscular
model for bone repair (James et al., 2012). Recently, a
CD146+CD34-CD45-CD56-CD117- pericyte population
could be isolated from human myocardium, showing the
function to support microvascular structures as well as the
potential to differentiate toward osteogenic, adipogenic
and chondrogenic lineages (Chen et al., 2015). In contrast
to skeletal muscle pericytes, myocardial pericytes were
not able to differentiate towards the myogenic lineage
suggesting that pericyte functions are dependent on the
tissue origin (Chen et al., 2015).
The identification of pericytes remains challenging
since the expression of surface markers depends on
various factors, such as the tissue type, vessel type,
quiescent or angiogenic stages of the vasculature as well as
pathological conditions (Diaz-Flores et al., 2009). Besides
CD146, proposed markers include neural glial 2 (NG-2),
CD146, PDGF and its receptor, α smooth muscle actin
(αSMA), desmin, nestin, endosialin, vascular cell adhesion
molecules-1 (VCAM-1) and 3G5 (for a complete list see
Diaz-Flores et al., 2009).
Although recent publications have shown promising
results, the pericyte-associated regenerative mechanisms
are not fully understood. Pericytes may support tissue
repair by a paracrine mechanism, by differentiation and
integration into the host tissue, and/or by supporting
the neovascularisation of the diseased area. Further
experiments studying functional parameters in vitro and
in vivo are required, as is exploring possible tissue-specific
function of pericytes.
The combined function of pericytes in tissue
regeneration and vascularisation is of particular interest
for the repair and engineering of vascularised tissues.
This prompted us to investigate pericytes as a source of
cells for tissue engineering and cell therapies. Since a
minimal manipulative cell isolation procedure is a major
consideration for the clinical applicability of cells, we
here used magnetic-activated cell sorting (MACS®) as
a clinically approved method of cell selection. Pericytes
from different tissue are highly heterogeneous; therefore,
we studied cells isolated from two different tissue sources,
namely human adipose tissue (AT) and bone marrow
(BM), and compared them with the respective full MSC
populations as well as with two standardised commercially
available pericyte types, retinal and placenta pericytes.

Pericyte plasticity
Material and Methods
Isolation of mononuclear cells (MNCs) from human
bone marrow aspirate and MSC culture
Bone marrow (BM) aspirates were obtained from the
vertebrae of healthy human donors undergoing routine
orthopaedic surgery after informed consent and approval
by the local ethic committees (KEK Bern 126/03 and EK
Regensburg 12-101-0127). The mean age was 54.5 y,
range 35-76 y; 2 male and 2 female donors were used.
BM aspirates were diluted 1:4 with phosphate-buffered
saline (PBS), layered onto Ficoll (Histopaque-1077,
Sigma-Aldrich, Buchs, Switzerland) and centrifuged
at 800 ×g for 20 min at room temperature. The MNC
interphase was collected, washed with αMEM (Gibco,
Thermo Fisher Scientific, Zurich, Switzerland) containing
PenStrep (100 U/mL, Gibco), 10 % foetal bovine serum
(FBS, Seraplus, Pan, Herzogenrath, Germany) followed
by 15 min centrifugation at 400 ×g. The cell count was
determined and cells used for MACS® enrichment of
pericytes (see below) or cultured for adhesion selection of
MSCs. For the latter, MNCs were seeded at a density of
50,000 cells per cm2 with αMEM containing 10 % FBS,
PenStrep and 5 ng/mL basic fibroblast growth factor (bFGF,
R&D Systems, Bio-Techne, Abingdon, UK). After 4 d,
non-adherent cells were removed and monolayer-selected
MSCs expanded with medium changes every 3 d. When
80 % confluence was reached, cells were detached using
0.5 % trypsin-EDTA (Gibco) and reseeded at a density of
3,000 cells/cm2. All experiments were performed with cells
between passages 2-3.
Isolation of SVF from human adipose tissue
Abdominal adipose tissue (AT) was harvested from female
human donors undergoing plastic surgery (n = 4, mean age
53.5 y, range 46-69 y). Written informed consent of the
patient and approval by the local ethical authorities was
given (Basel, EK 78/07). Harvested tissue was transferred
to sterile containers and stored at 4 °C in αMEM containing
10 % FBS, PenStrep (100 U/mL) until dissection within
24 h. Adipose tissue was detached from surrounding
fibrotic and skin tissue, washed in PBS and minced
into small pieces. Digestion of tissue was performed by
incubation with an equal volume of collagenase type II
(Sigma-Aldrich, used at 1 mg/mL in DMEM containing
4.5 g/L glucose (Gibco) and with addition of 3.5 % bovine
serum albumin (Sigma-Aldrich)). During the 45 min of
incubation time, tissue was kept on a rocker at 37 °C.
Digested tissue was centrifuged at 700 ×g for 10 min, the
supernatant removed and the cell pellet resuspended in PBS
containing 5 mM EDTA. Cells were subsequently filtered
through 100 µm and 70 µm cell strainers and centrifuged
again at 700 ×g for 10 min. The pellet was resuspended in
ACK lysis buffer (155 mM ammonium chloride, 10 mM
potassium bicarbonate, 0.1 mM EDTA) for erythrocyte
lysis. After 10 min incubation, cells were washed in PBS/
EDTA and spun down at 700 ×g for 10 min. The cell
pellet, referred to as stromal vascular fraction (SVF), was
resuspended in αMEM containing PenStrep and 10 % FBS
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and cell count determined. SVF were either subjected to
MACS® enrichment of pericytes or seeded at a density of
3,000 cells/cm2 in αMEM containing 10 % FBS, PenStrep
and 5 ng/mL bFGF for adherence selection of MSCs. After
4 d, non-adherent cells were removed and monolayerselected MSCs expanded with medium changes every 3 d.
When 80 % confluence was reached, cells were detached
using 0.5 % trypsin-EDTA (Gibco) and reseeded at a
density of 3,000 cells/cm2. All experiments were performed
with cells between passages 2-3.
Magnetic activated cell sorting (MACS®) enrichment
of pericytes
Freshly isolated BM-MNCs (n = 3) / AT-SVF (n = 4)
were centrifuged at 300 ×g for 10 min and resuspended in
PBS with 0.5 % bovine serum albumin and 2 mM EDTA
(Sigma). Cells were enriched using the MiniMACS ®
Magnetic Microbead System (Miltenyi Biotec, Bergisch
Gladbach, Germany) sequentially using CD34 and CD146specific antibodies, according to the manufacturer’s
instructions. Pericytes were enriched as CD34 negative
(CD34-) and CD146 positive (CD146+) cells; the efficiency
of enrichment was confirmed by flow cytometry staining.
Note that this enriched cell population does still contain
CD45 positive cells which will, however, be excluded by
adherence selection. Seeding and cultivation of pericytes
was performed as previously described (Crisan et al.,
2008). In brief, pericytes were seeded at a density of 20,000
cells/cm2 on gelatin-coated plates in complete endothelial
growth medium (EGM-2 bullet kit, Lonza, Verviers,
Switzerland). Confluency was generally reached after
8-10 d, and afterwards cells subcultured with a seeding
density of 3,000 cells/cm2 in DMEM containing 4.5 g/L
glucose, PenStrep and 20 % FBS. All experiments were
performed with cells between passages 2-3.
Cell culture of retinal and placenta pericytes and
HUVEC
Two different commercially available pericyte types have
been investigated as a source of mature pericytes: human
primary retinal pericytes (R-PC, Cell Systems, Kirkland,
WA, USA) and human primary placental-derived pericytes
(PL-PC, Promocell, Heidelberg, Germany). Pericytes were
cultured in pericyte growth medium (PGM, Promocell)
at a seeding density of 3,000 cells/cm2 and subcultured
upon 80 % confluency. Cells were used in passage 5-8.
To investigate if the different culture medium applied in
this study has a direct effect on the functional properties
of pericytes, R-PCs were cultured 2 weeks (2 passages)
before characterisation in different media (PGM, EGM-2,
αMEM 10 % FBS 5 ng/mL bFGF, DMEM 4.5 g/L glucose
20 % FBS).
Green fluorescent protein (GFP)-expressing HUVECs
(GFP-HUVECs, Angio-Proteomie, Boston, MA, USA)
were cultured on coated plates (Speed Coating Solution,
PELObiotech, Martinsried, Germany) in complete EGM2 growth medium at a seeding density of 5,000 cells/cm2
and subcultured upon 80 % confluency. Cells were used
in passage 7-9.

Pericyte plasticity
Flow cytometry
Cells were analysed for expression of pericyte markers
(negative: CD45, CD34; positive: CD146, NG2,
PDGFRβ) and selected mesenchymal stem cell markers
(CD44, CD73, CD 90, CD105) by flow cytometry. For
immunolabelling, 100,000-200,000 cells were stained with
the following antibodies alone or in different combinations:
CD34-PE, CD44-APC, (both Miltenyi Biotech), CD73PeCy7, CD146-PeCy7, CD105-PE, CD45-APC, CD90BV421, mouse anti human IgG1-PeCy7 (BD Bioscience,
Allschwil, Switzerland) and incubated for 30 min on ice
according to the manufacturer’s recommendations. Cells
were washed in PBS before analysis using a BD FACS
Aria III (BD Bioscience). At least 25,000 events were
recorded per sample. Data analysis was performed using
BD FACSDiva software (BD Bioscience) and a gating
strategy used to exclude cell doublets.
Differentiation
For osteogenic differentiation cells were seeded in
triplicates at a density of 20,000 cells/cm2 on Thermanox
coverslips (Thermo Fisher Scientific) in 24-well tissue
culture plates and were either incubated in control
medium (DMEM 1 g/L glucose, 10 % FBS (Seraplus,
Pan)) or osteogenic differentiation medium (DMEM
1 g/L glucose, 10 % FBS, 50 µg/mL ascorbic acid,
5 mM glycerol-2-phosphate, 10 nM dexamethasone (all
substances purchased from Sigma-Aldrich)). Cells were
cultured for 21 d with three media changes per week.
Mineral deposition was examined by alizarin red staining.
For the staining, wells were washed twice with PBS and
cells fixed for 15 min with 4 % formaldehyde. After three
washes with demineralised water, cells were stained with
a 40 mM Alizarin Red S solution (Sigma-Aldrich) for
60 min. Excess stain was removed by repeated washing
with demineralised water and staining visualised using an
Axiovert40 CFL microscope (Zeiss).
For adipogenic differentiation cells were seeded in
triplicates at a density of 16,000 cells/cm2 in 24-well
plates and incubated either in control medium (DMEM
4.5 g/L glucose, 10 % FBS) or adipogenic differentiation
medium (DMEM 4.5 g/L glucose, 10 % FBS (Seraplus,
Pan), 5 µg/mL insulin, 1 µM dexamethasone, 0.5 mM
isobutylmethylxanthine, 60 µM indomethacine); medium
was changed 3 times per week. After 2 weeks, wells were
washed, fixed and stained with Oil Red O solution (SigmaAldrich) to visualise lipid droplets. Stained plates were
observed using an Axiovert40 CFL microscope.
To compare osteogenic and adipogenic differentiation
efficiency between the different cells types, stained wells
were scanned using an EVOS® FL Auto Cell Imaging
System (Thermo Fisher Scientific) and the percentage
of stained area calculated in ImageJ (Rasband, NIH,
Bethesda, MD, USA) using an individual threshold.
For chondrogenic differentiation, cells were cultured
as pellets of 250,000 cells for 3 weeks in chondrogenic
medium (DMEM 4.5 g/L glucose, 50 µg/mL ascorbic acid,
100 nM dexamethasone, 1 % ITS (Corning, Amsterdam,
Netherlands), 1 % non-essential amino acids (NEAA,
Gibco) and 10 ng/mL TGF-β1 (Fitzgerald Industries
International, Acton, MA, USA)) with medium changes
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Fig. 1. Matrigel™ image analysis. Image
analysis method of Matrigel™ co-seeded
with PKH26-red labelled pericytes
(10 %) and GFP-HUVECs (90 %). a)
Representative phase contrast image
taken after 24 h of incubation, b) shows
the red labelled pericytes, and c) shows
GFP- labelled HUVECs. d) Tubular
structures are marked with the polygon
lines (grey) and nodes are surrounded
by circles (yellow). Scale bar = 100 μm.

three times per week. Pellets were fixed in 70 % methanol
for at least 24 h, incubated in 5 % sucrose in PBS overnight,
frozen in tissue freezing medium (Leica Microsystems,
Heerbrugg, Switzerland) and 10 μm thick cryosections
were prepared. Safranin O-Fast Green Staining was
performed on cryosections to detect deposition of
glycosaminoglycans and pictures taken using an Axioplan2
microscope equipped with an AxioCamHRc camera and
AxioVision software (Zeiss, Feldbach, Switzerland).
Matrigel™ assay
For Matrigel™ assays, pericytes were labelled with
PKH26-red cell tracker (Sigma-Aldrich) according to the
manufacturer’s protocol. Labelled pericytes (10 %) were
co-seeded with GFP-HUVECs (90 %) in two-well Nunc
Lab-Tek™ Chamber Slides (Thermo Fisher Scientific)
coated with a thin layer of Matrigel™ (growth factor
reduced, BD Bioscience) at a seeding density of 30,000
cells/well in EGM-2 medium. Microscopic analysis was
performed 1 h and 24 h after seeding using an Axiovert
200m microscope equipped with an AxiocamHRc and
Axiovision software (Zeiss). A montage of 12 images (3
by 4 images, total area 2 × 2 mm) taken in the centre of
each well was assembled from individual images at 10×
objective (pixel size 0.63 µm) using the Mosaix module.
The same areas were additionally imaged with phase
contrast (Fig. 1a). The PKH26-red labelled pericytes (Fig.
1b) were imaged with the Zeiss filter set #15 (excitation

band pass 546 ± 12 nm, beam splitter 580, emission long
pass 590, standardised exposure time) and GFP-HUVECs
(Fig. 1c) with filter set #10 (excitation band pass 450490 nm, beam splitter 510, emission band pass 515-565,
standardised exposure time). All three images generated
with different techniques of the same area from the same
well were combined in one file. The image analysis started
by surrounding every node with a (yellow) circle and every
tubular structure was marked with a (grey) polygon line
(55 µm thickness) as shown in Fig. 1d. The number and area
of the two regions of interests, namely the tubular structures
(lines) and branching points (circles), were measured. The
image analysis was performed with the KS400 software
(Zeiss) and a custom made macro. An individual threshold
was set for the images of the red-labelled pericytes and
GFP-HUVECs and the area of the respective fluorescent
dye within the regions of interests calculated. Data obtained
from Matrigel™ seeded with HUVECs alone was used to
normalise for inter experimental variation.
Statistical analysis
Statistical analysis of data was performed using Prism
software (GraphPad Software, La Jolla, CA, USA). We
assumed normal distribution of data. Either one-way or
two-way ANOVA with Tukey’s multiple comparison test
were applied to test for significant differences between
experimental groups. Data presented are means ± standard
error of the mean (SEM) unless stated otherwise.
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Fig. 2. Surface marker expression on MNCs and SVF. Flow cytometry analysis of MNCs and SVF after antibody
staining. (a-b) MNCs (a) and SVF (b) were identified by forward scatter (FSC) – site scatter (SSC) profile and
CD34/CD146 positive cells detected within the full cell population or the CD45- cell population. (c-e) Quantitative
analysis of FACS results. n = 4. Error bars indicate SEM.

Results
Abundance and enrichment of pericytes in SVF and
within the MNC population
It has been described by the Peault group that pericytes
may be isolated from various human tissues as CD45CD34-CD146+ cells (Crisan et al., 2008). We show that
such a cell population represents 0.6 ± 0.2 % of BM-MNCs
and 44.1 ± 7.4 % of AT-SVF (Fig. 2a-c). We also tested
the expression of NG-2 and PDGFRβ, which represent
additional putative pericyte markers. We found 4.3 ± 3.0 %
NG-2 and 3.2 ± 1.5 % PDGFRβ positive cells in the SVF.
In BM we detected 4 ± 0.6 % NG-2 and 5.1 ± 3.4 %
PDGFRβ expressing MNCs (Fig. 2d). The percentage of
cells expressing all three pericyte markers (CD146, NG-2
and PDGFRβ) was 0.5 ± 0.2 % of the SVF and 1.8 ± 0.7 %
of BM-MNCs.
Next, we analysed the expression of typical MSC
markers. Due to the absence of CD105 expression on
MNCs and SVFs and the absence of CD44 on fresh BMMSCs, only a minor population (0.2 %) of BM-MNCs
and SVF expressed the full panel of surface markers
(CD44, CD73, CD90 and CD105) characteristic for in
vitro cultured MSCs (Fig. 2e).
We applied MACS® to enrich CD34-CD146+ cells,
after separation purity of the enriched cell population was
assessed by flow cytometry (Fig. 3a-d). For BM-derived

cells in average a 20-fold enrichment could be achieved,
resulting in a cell population containing 46.7 ± 11.1 %
of CD34-CD146+ cells (Fig. 3c). Most of these cells
co-expressed CD45, resulting in a small percentage of
CD45-CD34-CD146+ cells (7.2 ± 2.9 %). MACS® of ATSVF yielded a cell population containing 82.5 ± 9.0 %
CD34-CD146+ and 76.5 ± 7.0 % CD45-CD34-CD146
cells (Fig. 3d).
Growth kinetic and surface marker profile of
pericytes from different tissue sources
The population doubling time of pericytes from BM and AT
was calculated after the first passage of adherent colonies.
The full plastic adherent cell population from BM and AT
both displayed fast population doubling times (Fig. 3e),
with AT-MSCs showing a slightly lower doubling time
(0.97 ± 0.08 d) compared to BM-MSCs (1.34 ± 0.13 d).
In contrast, population doubling time was longer in ATPC (1.78 ± 0.51 d) and BM-PC (3.19 ± 0.60 d, p < 0.01)
in comparison to the respective full AT or BM-MSC
population (Fig. 3e).
The expression of a panel of surface markers typical
for MSCs (CD44, CD90, CD73 and CD105) and pericytes
(CD146, NG-2 and PDGFRβ) was assessed by antibody
staining and flow cytometry (Table 1). Results show
differential expression of markers on pericytes from
different tissue source. Of note, the expression of CD146
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Fig. 3. Cell enrichment and growth kinetics. Flow cytometry analysis of cells after MACS® enrichment of CD34CD146+ cells stained with anti-CD45, CD34 and CD146 antibodies. Cells derived from MNCs (a, c) and SVF (b,
d) were identified by forward scatter (FSC) – site scatter (SSC) profile and CD34/CD146 positive cells detected
within the full cell population or the CD45- cell population. (e) Population doubling time in monolayer culture. Note
that cells were expanded in different growth media according to previous publications: PCs: EGM-2/DMEM-20 %
FBS (Crisan et al., 2008); MSCs: αMEM-10 % FBS + bFGF (Martin et al., 1997). n = 3. Error bars indicate SEM.

Table 1. Cell surface marker expression after in vitro culture.
CD146
NG-2
PDGFRβ
CD44
CD90
CD73
CD105
CD146+NG-2+PDGFRβ+
CD44+CD90+CD73+CD105+

R-PC
22.0 ± 5.1
74.4 ± 3.6
3.1 ± 1.0
100
93.1 ± 4.1
100
88.2 ± 9.2
1.3 ± 0.5
83.0 ± 9.0

PL-PC
85.3 ± 8.3
83.5 ± 16.2
3.8 ± 1.7
100 ± 0.1
87.6 ± 2.3
99.8 ± 0.2
85.2 ± 4.3
3.6 ± 1.8
74.3 ± 4.6

BM-MSC
95.0 ± 2.7
81.4 ± 5.7
93.8 ± 2.3
100
96.9 ± 3.0
100
100
61.4 ± 20.8
96.9 ± 3.0

BM-PC
91.9 ± 7.6
90.0 ± 4.9
92.5 ± 1.3
100
92.7 ± 6.2
99.9 ± 0.1
99.7 ± 0.1
79.8 ± 3.9
92.2 ± 6.1

AT-MSC
91.7 ± 2.2
88.3 ± 4.5
76.5 ± 11.4
99.9 ± 0.1
99.4 ± 0.3
99.6 ± 0.3
99.1 ± 0.3
66.5 ± 12.3
99 ± 0.4

AT-PC
84.0 ± 11.5
83.5 ± 11.0
63.3 ± 10.3
99.3 ± 0.5
90.8 ± 5.8
99.7 ± 0.1
99.5 ± 0.1
48.3 ± 2.9
90.3 ± 6.1

Expression of pericyte markers CD146, NG-2 and PDGFRβ and MSC markers CD44, CD73, CD90
and CD105 was assessed by antibody staining and flow cytometry (given as % of positively stained cells).
Depicted are mean values ± SEM.
(2)
While all tested cell types stained positive for the MSC markers, only BM- and AT-derived cells were
triple positive for all pericytes markers. PL-PC and R-PC showed high expression of NG-2 but CD146
and PDGFRβ were absent or detected only on a subpopulation of cells.
(1)
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Fig. 4. Multilineage differentiation potential. a) Osteogenic (left column), adipogenic (middle column) and
chondrogenic differentiation (right column) of pericytes assessed by Alizarin Red S (ARS), Oil RedO and Safranin
O-Fast Green staining, respectively. Only BM-derived cells were able to undergo chondrogenic differentiation
observed by pink staining of glycosaminoglycans. Note that R-PC and PL-PC were not able to differentiate towards
the adipogenic lineage (indicated by accumulation of red-stained lipid droplets). Mineral deposition (red stain) was
observed for all cell types. Pictures of the entire wells were used to quantify the area stained with Alizarin Red S (b)
and Oil Red O (c). Depicted are mean values ± SEM. * p < 0.05; ** p < 0.01. Scale bars = 100 μm.

and PDGFRβ was variable. BM and AT-derived cells as
well as PL-PC were mostly positive for CD146 (range 8495 % of CD146 positive cells), whilst only 22 ± 5.1 % of
R-PC expressed CD146 (p < 0.001 compared to all other
cell types). The differences were even more pronounced
for PDGFRβ, which was almost completely absent in R-PC
and PL-PC (3.1 ± 1 % and 3.8 ± 1.7 %, p < 0.001 compared
to all other cell types), but expressed by a high percentage
of adipose-derived cells (AT-MSC: 76.5 ± 11.4 %; ATPC: 63.3 ± 10.3 %) and the majority of BM-derived cells
(BM-MSCs: 93.8 ± 2.3 %; BM-PC: 92.5 ± 1.3 %). The
different expression levels of CD146 and PDGFRβ was
evident in the percentage of triple positive cells, which was
significantly lower in R-PC and PL-PC. Remarkably, no
significant differences were observed between full MSC

populations from BM and AT and CD34-CD146+ enriched
pericytes.
In contrast to the heterogeneous expression of putative
pericyte specific markers, the tested panel of positive MSC
markers was highly expressed in all tested cell types (Table
1).
Multilineage potential of pericytes from different
tissue sources
Multilineage potential of the different cell types was
investigated by testing the ability of cells to differentiate
along osteogenic, adipogenic and chondrogenic lineages
(Fig. 4a).
Osteogenic differentiation, as assessed by Alizarin
Red staining to detect calcium deposition after 21 d, was
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Fig. 5. The influence of pericyte-endothelial cell ratio on network formation on Matrigel™. A thin layer of growth factor
reduced Matrigel™ was seeded with GFP-labelled HUVECs (green) and/or PKH26-red labelled R-PC at a density
of 7,500 cells/cm2 and observed directly after seeding and after 24 h of incubation in endothelial growth medium.
Representative pictures are shown in (a). Scale bars = 100 µm. (b-c) Analysis of tube-like structure formation after
24 h showed that the perciyte-HUVEC ratio had a significant effect on the tube length (b) and the number of branching
points (c). Pericyte single culture did not show ability to form tube-like structures. ** p < 0.01; *** p < 0.001.

observed for all cell types (Fig. 4a, left column). Image
quantification revealed significant differences in the area
covered by Alizarin Red stain (Fig. 4b). BM-PC and AT-PC
showed significantly greater areas of Alizarin Red staining
compared to the respective full stem cell population (BMPC 85.2 ± 3.1 %, BM-MSC 46.3 ± 12.1 % (p < 0.05); ATPC 75.7 ± 8.8 %, AT-MSC 28.4 ± 7.2 % (p < 0.01)). R-PC
and PL-PC showed the lowest values with 26.7 ± 2 % and
24.3 ± 6.2 % of the total surface area positively stained
for Alizarin Red, respectively. Furthermore, Alizarin Red

staining was more pronounced in BM-derived cultures
compared to AT-derived cells, although the difference did
not reach statistical significance.
When cells were incubated in adipogenic differentiation
medium, formation of lipid droplets was detected after 2
weeks in all BM and AT-derived cells (Fig. 4a, middle
column). Measurements of the Oil Red O-stained area
indicated that the differentiation efficiency was reflected by
the tissue of origin, with AT-derived cells showing greater
Oil Red O staining compared to BM-derived cells (Fig. 4c).
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Fig. 6. Angiogenic potential of pericytes from different tissue sources. (a) GFP-HUVECs were co-seeded with red
fluorescent (PKH26-red) pericytes on a thin layer of Matrigel™ at a ratio of 9:1 and incubated in endothelial growth
medium. Scale bars = 100 µm. Length of tube-like structures (b) and number of branching points (a) were analysed
after 24 h by fluorescence microscopy. (d) Pericyte localisation in different regions of interest (tubes or branching
points) was analysed by image quantification. Network formation was observed with all tested cell types. Depicted
are mean values ± standard deviation. * p < 0.05; **** p < 0.0001.

In contrast to AT- and BM-derived cells, R-PC and PL-PC
did not show lipid accumulation.
Finally, we assessed the chondrogenic differentiation
potential of cells cultured for 21 d in micromass pellets
stimulated with TGF-β1. Deposition of glycosaminoglycans
was examined on Safranin-O-stained cryosections.
The results (Fig. 4a, right column) revealed that only
BM-derived cells were able to differentiate along the
chondrogenic lineage. Here, chondrogenesis was observed
for all tested BM-MSC donors (n = 4) but only two out of
4 BM-PC donors.

Pericyte contribution to tube-like structure
formation on Matrigel™
To assess the angiogenic potential of pericytes we used
a Matrigel™ assay. We first used R-PC to establish the
assay. Here, we found that pericytes integrated in tube-like
structures on Matrigel™ when co-seeded in physiological
ratios (10 % pericytes) with HUVECs (Fig. 5). In contrast,
formation of tube-like structures was significantly lower
(tube length and number of branching points) when
pericytes were seeded alone or in superficial ratios. Based
on these results we used a seeding ratio of 10 % pericytes
and 90 % HUVECs to compare pericytes from different
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Fig. 7. The influence of different growth medium on the multilineage and angiogenic potential of R-PCs. (a) Phase
contrast image of R-PC cultured for 2 weeks in the respective growth medium. (b) Osteogenic (top row), adipogenic
(middle row) and chondrogenic differentiation (bottom row) of R-PC assessed by Alizerin Red, Oil Red O and Safranin
O-Fast Green staining, respectively. (c) GFP-HUVECs were co-seeded with red fluorescent R-PCs on a thin layer
of Matrigel™ at a ratio of 9:1 and incubated in endothelial growth medium and observed after 24 h of incubation.
High magnification fluorescence pictures are shown in the top row, scale bars = 100 µm, and overview phase contrast
pictures in the bottom, scale bars = 200 µm.
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tissue sources. We found that all tested cell types integrated
into tube-like structures (Fig. 6a). Quantitative analysis did
not show any statistically significant differences between
groups with regards the length of tube-like structure or
the number of branching points (Fig. 6b, c). We further
evaluated the localisation of pericytes within tube likestructures. This revealed that virtually all pericytes were
incorporated into the networks (Fig. 6d). Interestingly, BMPC as well as AT-derived cells (both AT-MSCs and AT-PC)
were significantly enriched at branching points (Fig. 6d).
Discussion
The aim of this study was to compare and further
characterise pericytes isolated from different human tissues
by applying MACS® as a clinically approved isolation
method. According to previous work (Corselli et al.,
2013; Covas et al., 2008; Crisan et al., 2008) we isolated
pericytes based on their expression of CD146 and the
absence of CD34. We show that MACS® enrichment can
be successfully applied for pericyte enrichment from bone
marrow and adipose tissue. Both tissues are routinely used
for cell harvesting in clinical practice.
In agreement with earlier studies (Crisan et al., 2012)
we found that CD34-CD146+ cells are more abundant in
SVF than in BM-MNC populations. This was also reflected
in the purity of the obtained cell population (BM: 47 %
CD34-CD146+ vs. SVF: 83 % CD34-CD146+). A high
percentage of BM CD34-CD146+ cells co-expressed
CD45. This CD45+CD34-CD146+ cell population
represents lymphocytes, which may express CD146
upon activation (Wang and Yan, 2013). Due to the short
life span of lymphocytes and their inability to adhere on
tissue culture plastic, these unwanted cells were removed
following media exchanges, which was confirmed by the
absence of CD45 expressing cells on cultured BM-PC (data
not shown).
CD146 is not specific to pericytes (Wang and Yan,
2013). Although endothelial cells were excluded by
selecting only CD34-negative cells, it is not guaranteed
that all isolated CD146-expressing cells derived from a
perivascular localisation in vivo. Another limitation is that
perivascular cells themselves present an inhomogeneous
cell population. In addition, CD146 expression might be
influenced by several environmental factors including
hypoxia (Tormin et al., 2011; Wang and Yan, 2013) and
thus might be affected by tissue harvest and processing
procedures. Therefore, we also characterised MNCs and
SVF in respect to other putative pericyte markers, NG-2
and PDGFRβ. Interestingly, in MNCs the abundance of
CD146+NG-2+PDGFRβ+ cells was in the same range
as the CD45-CD34-CD146+ population. In adipose
tissue, NG2+PDGFRβ+ cells as well as the population
of triple positive cells (CD146+NG2+PDGFRβ+) was
much smaller compared to the CD45-CD34-CD146+ cell
population. However, NG-2 is not uniformly expressed on
all pericyte subsets (Crisan et al., 2008). PDGFRβ might be
internalised under certain conditions preventing detection
by antibody staining (Nakayama et al., 2013). At this
point it remains unclear whether all isolated CD45-CD34-

CD146+ cells represent pericytes in vivo. As discussed
above, further research, including in vivo characterisation
and developing current isolation procedures to utilise a
broader panel more selective markers such as nestin or
3G5 (Mendez-Ferrer et al., 2010; Yuan et al., 2015), will
be required to confirm the identity of these cells.
We assessed the potential of pericytes to differentiate
along different mesenchymal lineages in order to better
understand the function of pericytes in regenerative
processes and to evaluate their suitability for tissue
engineering applications and cell therapies. Here, we report
that the general differentiation potential of pericytes from
AT and BM reflects the potential of the respective full stem
cell population in vitro. This finding is in line with the
assumption that CD45-CD34-CD146+ pericytes represent
a cell population with similar characteristics to MSCs
(Covas et al., 2008; Crisan et al., 2008). Interestingly, our
data show that AT- and BM-PC are more efficient in mineral
deposition compared to the respective MSC population,
suggesting that enrichment of CD34-CD146+ cells could
be a promising strategy for bone tissue engineering. The
focus of the current study was to evaluate the plasticity of
pericytes, i.e. to investigate their potential to differentiate
into different lineages as well as their role in angiogenesis.
Due to the limited cell numbers, this prevented a more
comprehensive analysis of osteogenic differentiation
of cells. Future studies will be required to assess the
osteogenic potential of CD34-CD146+ cells in comparison
to the full MSC population in more detail, as for example
the expression of genes and proteins involved in osteogenic
differentiation of cells.
In the current study, chondrogenic differentiation was
induced by TGF-β1; under this condition AT-derived
cells did not show glycosaminoglycan production. It has
been described before that chondrogenic differentiation
of AT-MSCs is enhanced by supplementation of BMP-6
(Estes et al., 2010; Estes et al., 2006; Hennig et al., 2007;
Puetzer et al., 2010). We have performed additional
experiments with AT-MSCs from two donors, which were
stimulated for an extended 4-week-period and in presence
of BMP-6. However, these donors failed to differentiate
chondrogenically. More donors have to be tested to confirm
the results. Besides, it is known that differences in culture
conditions have a significant impact on the differentiation
potential of MSCs. In fact, recent publications which
showed chondrogenic differentiation capability of ATMSCs, have applied induction periods for up to 6 weeks
(Hennig et al., 2007) and supplemented the culture medium
with FBS (Estes et al., 2010; Kohli et al., 2015). In serum
containing media lot differences might have a significant
influence on the efficiency of chondrogenic induction.
Both R-PC and PL-PC failed to differentiate towards
an adipogenic or chondrogenic lineage suggesting limited
regenerative potential of these cell types. However,
other groups have shown a multilineage potential for
placenta-derived pericytes (Blocki et al., 2013; Crisan et
al., 2008). These differences might be due to extended in
vitro culture (R-PC and PL-PC used in passage 6-8) and/
or differences in culture conditions. In the current study,
we used different culture conditions for different cell types,
namely αMEM for MSCs, PGM for the R-PC and PL-PC,
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and a combination of EGM-2 and DMEM-20 % FBS for
AT- and BM-derived PC, according to previously published
methods (e.g. Crisan et al., 2008; Blocki et al., 2013). To
exclude a direct effect of medium type upon plasticity we
performed an additional experiment culturing R-PC for
2 weeks in the different culture media used in this study
and characterised the cells afterwards regarding their
multilineage and angiogenic potential (Fig. 7). Results
revealed morphological changes but no differences in
differentiation capacity of R-PC and therefore excluded
unwanted effects of using different culture medium.
However, it will be of interest for future studies to
explore the influence of different culture conditions more
systematically, including other cell types and culturing the
cells for the full expansion period in the respective medium.
Interestingly, the direct comparison of MSCs and
pericytes from different tissues revealed that the specific
microenvironment of the organ of origin may influence cell
function. This was evident by the fact that cells from AT
showed prominent lipid production following adipogenic
induction and BM-derived cells showed the strongest
calcium deposition upon osteogenic differentiation, which
was also confirmed in other studies (Vishnubalaji et al.,
2012). Moreover, tissue specific differences in pericyte
function were recently reported for pericytes derived from
skeletal muscle and myocardium (Chen et al., 2015).
The angiogenic potential of pericytes was studied in a
Matrigel™ assay. In line with another publication (Blocki
et al., 2013), we observed that pericyte single cultures did
not form networks on Matrigel™. However, in co-culture
with endothelial cells, pericytes integrated into tube-like
structures. The tissue source of pericytes did not influence
the cumulative length or the branching of the tube-like
structures. This is in contrast to the study from Blocki et
al. (2013) suggesting that PL-PC and CD34-CD146+ BMPC stabilised the networks, while co-cultures with MSCs
resulted in cell aggregates. From the aforementioned study
it becomes evident that culture conditions may critically
affect the angiogenic potential of cells since CD146- cells
grown in pericyte growth medium did not disintegrate the
tubular structures in contrast to MSCs which have been
cultured in DMEM medium (Blocki et al., 2013). When
comparing the number of pericytes localised at branching
points in tube-like networks, we observed a significant
enrichment for BM-PC, AT-MSCs and AT-PC. This follows
the higher content of pericytes within these cell populations
which is in turn reflected by the percentage of CD34CD146+ cells in the SVF and after MACS® enrichment,
respectively.
In line with earlier publications, our results indicate
that pericytes, isolated as CD45-CD34-CD146+ cells,
have similar phenotypic and functional properties as the
respective full AT and BM stem cell population. In fact,
our data shows that AT-PC and BM-PC are more efficient
in osteogenic differentiation compared to the respective full
stem cell population, which is in line with our previous work
showing that the presence of CD34+ cells in bone marrow
reduced the osteogenic potential of the corresponding full
stem cell population (Duttenhoefer et al., 2015). We report
for the first time a MACS® enrichment strategy requiring
only minimal manipulation of cells which may be utilised
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in a clinical setting. It will be interesting to investigate
the functionality of the freshly enriched cells in future in
vitro and in vivo studies. In particular, cell therapies and
tissue engineering strategies applying fresh cells (onestep procedures) might benefit from such an enriched
population of multipotent precursors which exhibit the
potential to stimulate tissue regeneration and contribute
to neovascularisation. For clinical translation such intraoperative procedures would be favourable. Finally, our
results suggest that the regenerative potential of pericytes
is dependent upon tissue origin. This is of major importance
for the application of cells for regenerative therapies and
should be further evaluated in future studies.
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Discussion with Reviewers
Reviewer I: Bearing in mind issues of scale and translation,
in addition to the science, which cell population or sub-
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population would you recommend to regenerate i) bone
and ii) cartilage?
Authors: For the regeneration of a large bone defect, a
large number of cells with good osteogenic capabilities
would be required. Considering the use of monolayer
expanded cells, both adipose and bone marrow-derived
cells would be suitable. With regards to the cell harvest
from the patient, liposuction might be considered less
invasive compared to bone marrow aspiration and
therefore favourable. When considering intra-operative cell
therapies, for example delivering of CD34-CD146+ cells
selected by the CliniMACS® system, suitable cell numbers
would most likely only be obtained from adipose tissue.
For cartilage tissue regeneration our data suggest limited
chondrogenic differentiation capabilities of adipose tissuederived cells which would suggest bone marrow cells as
the cell source of choice for cartilage repair. However,
before making final conclusion the function of cells has
to be confirmed in appropriate in vivo models.
Reviewer II: What is the value of including the R-PC and
PL-PC studies? It is not clear if this represents a particularly
useful aspect.
Authors: We included these cell types in our study for
several reasons. First, both cell types are pooled primary
cells which are commercially available, which (i) reduces
bias of the results by donor variances and (ii) facilitates the
comparability of results to other studies. Secondly, both
cells represent “mature” pericytes. Particularly to study the
role of cells in angiogenesis we considered these cells as
valuable controls to the different MSC and CD34-CD146+
cell populations used in the manuscript.
Editor’s Note: Scientific Editor in charge of the paper:
Chris Evans.
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