. . | =
Circulation American leart @)

Re S e arCh Learn and Live..

OF THE AMERICAN HEART ASSOCIATION

JOURNAL

A Population of Multipotent CD34-Positive Adipose Stromal Cells Share Pericyte
and Mesenchymal Surface Markers, Residein a Periendothelial L ocation, and
Stabilize Endothelial Networks
Dmitry O. Traktuev, Stephanie Merfeld-Clauss, Jingling Li, Mikhail Kolonin, Wadih
Arap, Renata Pasqualini, Brian H. Johnstone and Keith L. March
Circ. Res. 2008;102;77-85; originaly published online Oct 25, 2007;

DOI: 10.1161/CIRCRESAHA.107.159475
Circulation Research is published by the Amer_irg(angsﬂt Association. 7272 Greenville Avenue, Dallas,

Copyright © 2008 American Heart Association. All rights reserved. Print ISSN: 0009-7330. Online
ISSN: 1524-4571

The online version of this article, along with updated information and services, is
located on the World Wide Web at:
http://circres.ahajournals.org/cgi/content/full/102/1/77

Data Supplement (unedited) at:
http://circres.aha ournals.org/cgi/content/ful/CIRCRESAHA.107.159475/DC1

Subscriptions: Information about subscribing to Circulation Research is online at
http://circres.ahajournal s.org/subscriptions/

Permissions: Permissions & Rights Desk, Lippincott Williams & Wilkins, a division of Wolters
Kluwer Health, 351 West Camden Street, Baltimore, MD 21202-2436. Phone: 410-528-4050. Fax:

410-528-8550. E-mail:
journal permissions@I|ww.com

Reprints: Information about reprints can be found online at
http://www.Ilww.com/reprints

Downloaded from circres.ahajournals.org by on November 29, 2010



http://circres.ahajournals.org/cgi/content/full/102/1/77
http://circres.ahajournals.org/cgi/content/full/CIRCRESAHA.107.159475/DC1
http://circres.ahajournals.org/subscriptions/
mailto:journalpermissions@lww.com
http://www.lww.com/reprints
http://circres.ahajournals.org

Cellular Biology

A Population of Multipotent CD34-Positive Adipose Stromal
Cells Share Pericyte and Mesenchymal Surface Markers,
Reside in a Periendothelial Location, and Stabilize
Endothelial Networks

Dmitry O. Traktuev, Stephanie Merfeld-Clauss, Jingling Li, Mikhail Kolonin, Wadih Arap,
Renata Pasqualini, Brian H. Johnstone, Keith L. March

Abstract—It has been shown that stromal—vascular fraction isolated from adipose tissues contains an abundance of CD34*
cells. Histological analysis of adipose tissue revealed that CD34™" cells are widely distributed among adipocytes and are
predominantly associated with vascular structures. The majority of CD34™ cells from freshly isolated stromal—vascular
fraction were CD317/CD144~ and could be separated from a distinct population of CD34°/CD317/CD144*
(endothelial) cells by differential attachment on uncoated plastic. The localization of CD34" cells within adipose tissue
suggested that the nonendothelial population of these cells occupied a pericytic position. Analysis of surface and
intracellular markers of the freshly isolated CD34"/CD31 /CD144~ adipose-derived stromal cells (ASCs) showed that
>90% coexpress mesenchymal (CD10, CD13, and CD90), pericytic (chondroitin sulfate proteoglycan, CD140a, and
CD140b), and smooth muscle («-actin, caldesmon, and calponin) markers. ASCs demonstrated polygonal self-assembly
on Matrigel, as did human microvascular endothelial cells. Coculture of ASCs with human microvascular endothelial
cells on Matrigel led to cooperative network assembly, with enhanced stability of endothelial networks and preferential
localization of ASCs on the abluminal side of cords. Bidirectional paracrine interaction between these cells was supported by
identification of angiogenic factors (vascular endothelial growth factor, hepatocyte growth factor, basic fibroblast growth
factor), inflammatory factors (interleukin-6 and -8 and monocyte chemoattractant protein-1 and -2), and mobilization factors
(macrophage colony-stimulating factor and granulocyte/macrophage colony-stimulating factor) in media conditioned by
CD34" ASCs, as well a robust mitogenic response of ASCs to basic fibroblast growth factor, epidermal growth factor, and
platelet-derived growth factor-BB, factors produced by endothelial cells. These results demonstrate for the first time that the
majority of adipose-derived adherent CD34" cells are resident pericytes that play a role in vascular stabilization by mutual
structural and functional interaction with endothelial cells. (Circ Res. 2008;102:77-85.)

Key Words: adipose stromal cells m pericytes m growth factors/cytokines

Over the past decade, interest has grown in identifying
and characterizing progenitor cells isolated from a range
of types of adult tissues, such as subtypes of endothelial
progenitor cells,'~* bone marrow—derived mesenchymal
cells,’5¢ and satellite cells from skeletal muscles.’-'° Exper-
imental models and clinical trials have shown that these cells
stimulate angiogenesis in ischemic tissues and may preserve
or rescue cardiac and brain function in the context of ischemic
insult. Despite potentially significant therapeutic effects dem-
onstrated by a majority of these cell types, their relatively
limited availability in adult organisms (endothelial progenitor
cells and mesenchymal stem cells [MSCs]) or invasive nature
of their procedures of their harvest (MSCs and myoblasts)
may pose a challenge to their extensive clinical application.

Accordingly, adipose-derived stromal cells (ASCs), which
can be obtained in abundance through minimally invasive
harvest procedures (lipoaspiration or abdominoplasty), pres-
ent an important alternative for autologous cell
transplantation.

Recently it has been shown that the ASC population, which
includes cells that function as adipocyte progenitors (preadi-
pocytes),'! contains cells able to differentiate in vitro into
multiple mesenchymal cell types'>-'® as well as hepato-
cytes,!” neuronal cells,'® endothelial cells (ECs),!%20 and
cardiomyocytes.?!-22 In addition, locally or systemically in-
jected ASCs, whether freshly isolated or expanded, stimulate
angiogenesis and mediate recovery of muscle tissues follow-
ing ischemic insult.!9:22-26
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Despite the plasticity of ASCs in vitro, and their effects in
experimental models in vivo, there is little knowledge of their
natural localization, characteristics, and physiologic role(s) in
vivo. Initial enzymatic liberation of ASCs yields a mixture of
stromal and vascular cells (referred to as the stromal—vascular
fraction [SVF]), indicating a spatial proximity. Several stud-
ies have examined surface marker profiles of the ASC
population within the SVF and have observed that the total
nonendothelial population is highly enriched for CD34-
expressing cells.!923:24

This study was designed to define the in vivo localization
of CD34" ASCs in adipose tissue and to further characterize
their phenotype with respect to expression of surface markers
and factors important for intracellular interactions, to help
uncover their normal physiological functions, and to shed
further light on their angiogenic properties.

To this end, we demonstrate, for the first time, the
existence of a periendothelial subpopulation of ASCs that
bear many hallmarks of pericytes and provide vascular
stability through functional interaction with ECs. This infor-
mation may help to delineate both their capabilities and
limitations with respect to their potential clinical translation.

Materials and Methods

Isolation and Culture of Human ASCs

Human subcutaneous adipose tissue samples (N=10), obtained from
lipoaspiration/liposuction procedures were digested in collagenase
type I solution (Worthington Biochemical, Lakewood, NJ) under
agitation for 2 hours at 37°C and centrifuged at 300g for 8§ minutes
to separate the stromal cell fraction (pellet) from adipocytes. The
pellet was resuspended in DMEM/F12 containing 10% FBS (Hy-
clone, Logan, Utah) filtered through 250-um Nitex filters (Sefar
America Inc, Kansas City, Mo) and centrifuged at 300g for 8
minutes. The cell pellet was treated with red cell lysis buffer
(154 mmol/L NH,Cl, 10 mmol/L KHCO;, 0.1 mmol/L EDTA) for 10
minutes. The final pellet was resuspended in EBM-2/5% FBS or
EGM2-MV (Cambrex, Baltimore, Md).

Flow Cytometric Characterization of
Human ASCs

Freshly isolated SVF cells, and cells cultured for 2 days on culture
plastic, were analyzed for surface marker expression using a Calibur
flow cytometer analyzer and Cell QuestPro software (Becton Dick-
inson Immunocytometry Systems). Day 2 cells were harvested with
2 mmol/L EDTA/PBS. All of the following steps were performed on
ice. Cell pellets were incubated for 20 minutes with primary
antibodies or matching isotype controls (5 ug/mL). The primary
antibodies used were CD10-phycoerythrin (PE), CD13-PE, CD31-
PE, CD45-fluorescein isothiocyanate, CD34-allophycocyanin,
CD90-PE, CD140a-PE, CD140b-PE, CD144-PE, and chondroitin
sulfate proteoglycan (NG2) (Chemicon, Temecula, Calif). To detect
nonlabeled primary antibodies, samples were incubated for 20
minutes with PE-conjugated antibodies (BD, San Diego, Calif), then
washed with 2% FBS/PBS, and fixed with 2% paraformaldehyde.

Immunofluorescent Analysis of Adipose Tissue
Frozen sections of human fat tissue were simultaneously stained with
rabbit anti-CD31 and mouse anti-human CD34 or with mouse
anti-human CD31 and rabbit anti-CD140b antibodies. See the online
data supplement, available at http://circres.ahajournals.org, for de-
tailed procedures.

Immunofluorescent Analysis of Isolated ASCs
Freshly isolated ASCs were stained by immunofluorescence, 3 days
after plating, against caldesmon, calponin, and a-smooth muscle
actin antigens. See the online data supplement for detailed
procedures.

Matrigel Assay

Human microvascular ECs (HMVECs) (passage 7) and ASCs (day 2
or passage 1) were labeled with PKH2 (green) and PKH-26 (red)
(Sigma, St Louis, Mo), respectively. Twelve-well plates were coated
with 600 pL per well of growth factor-reduced Matrigel (BD).
Plates were incubated at 37°C for 2 hours. Cells (10° cells/well).
HMVECs and ASCs were plated separately or together at a ratio of
1:3 (7.5X10* HMVECs+2.5X10* ASCs) in 600 pL of DMEM/10%
FBS and were cultured at 37°C with 10% CO, and monitored
frequently by fluorescent microscopy.

Generation of Conditioned Media

Human (h)ASCs and HMVECs were grown in EGM-2MV, in T75
flasks, until confluent, and media were changed to 10 mL of
EBM-2/5% FBS. Seventy-two hours later, conditioned media (CM)
was collected, centrifuged at 300g for 5 minutes, and frozen at
—80°C. Cell counts were determined in a standard manner.

Proliferation Assay

Cells were grown for 24 hours in EBM-2/5% FBS before detachment
with 0.05% trypsin/EDTA and replating into 12-well plates at 10*
cells per well. Four hours postplating, media were changed to fresh
EBM-2/5% FBS (control) or CM prepared as above. Four days later,
cells were detached and counted.

Migration Assay

The bottom surfaces of Costar Transwell insert membranes, with
pore diameters of 5 um for ASCs and 8 um for HMVECs, were
coated with 50 ug/mL rat tail collagen I (BD). Cells (3X10*) in 0.1
mL of EBM-2/5% FBS were added into each insert, and the inserts
were placed into 24-well plates, with wells containing either controls
or CM. Cells were allowed to migrate for 4 hours, after which the
downward aspect of the inserts were stained for transmigratory cells
with Diff-Quick (Dade Behring). Cells retained on the top surface of
the membranes were eliminated using a cotton swab. Insert under-
sides were imaged and migratory cells quantitated using Imagel
software.

Evaluation of hASC Mitogenic Response to
Individual Growth Factors

Freshly isolated ASCs were adhered on cell culture plastic for 2 days
before harvesting attached cells with 0.05% trypsin/EDTA. Cells
were seeded at 3X10° cells/cm® in 12-well plates and allowed to
attach overnight in EBM-2/5% FBS medium, which was then
replaced with EBM-2/5% FBS alone (control) or EBM-2/5% FBS
supplemented with basic fibroblast growth factor (bFGF), epidermal
growth factor (EGF), or platelet-derived growth factor (PDGF)-BB
individually at final concentrations of 10 pg, 100 pg, 1 ng, or 10 ng
each or the mixture of all of these, each at the specified concentra-
tion. Cells were cultured for 4 days, with a medium change after 48
hours, and then detached using 0.05% trypsin/EDTA, and viable
cells were counted using a hemacytometer and trypan blue. Prolif-
eration data are presented as the ratio of cells per well supplemented
with growth factor to cells per well in control media.

See the online data supplement for detailed information regarding
analysis of factor accumulation in CM of hASC and HMVECs,
quantitative assessment of growth factors accumulated in HMVEC
CM, and statistical analysis.

Results

Defining the Subpopulation of SVF Corresponding
to ASCs

The objective of this study was to define the location of ASCs
within adipose tissues. Initially, it was necessary to carefully
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Figure 1. Fluorescence-activated cell
sorting analyses of SVF of adipose tis-
sue. Analysis of cells, either freshly iso-
lated or adherently cultured for 2 days,
was performed using CD34 (allophyco-
cyanin), CD45 (fluorescein isothiocya-
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define the phenotype of the ASC subpopulation contained within
the mixed population comprising SVF. Multilabel flow cytomet-
ric analysis was performed using markers that allowed differen-
tiation among 3 main cell types: ASCs, ECs, and leukocytes. In
addition, we used dissimilar attachment and growth properties to
further distinguish these. Endothelial and leukocyte cells use
protein matrices to promote attachment and growth in cul-
ture.?’2° A limited plating time (1 to 2 days) of SVF on
uncoated tissue culture plastic resulted in selective adherence of
a population that was greatly reduced in the percentage of
endothelial (CD31 and CD144) and leukocytic (CD45) cells
(Figure 1). Staining of freshly isolated cells for CD34 and CD45
revealed 3 major subpopulations: CD347/CD45", CD34"/
CD45%, and CD347/CD45~ (Figure la). The CD45" cells
(47.6%=5.8% of SVF) likely include a mixture of leukocytes
contained within vasculature as well as resident in the adipose
tissue.!!30 Analysis of the CD347/CD45~ population revealed a
significant subpopulation (20£5%) that coexpressed the EC
markers CD31 and CD144. Culturing isolated cells on plastic
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CD34

D144 nate), CD144 (PE), and CD31 (PE) anti-

bodies. Cell populations in flow
cytometric gates outlined by black
boxes (R2 and R7), representing CD34%/

CD45™ populations, were evaluated for
the presence of ECs (CD144*/CD31%).
Signals for fluorescent isotype IgG are
shown as black and antigen-specific sig-
nals are shown as red curves.

M1

T 10’ 10t

CD144
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resulted in enrichment to >85% of cells bearing the surface
marker profile CD34"/CD317/CD45 /CD144~ (Figure 1b). Ac-
cordingly, this adherent fraction of nonendothelial CD34"/
CD31 /CD45 /CD144" cells broadly defines the ASC popula-
tion that has been previously characterized as pluripotent. The
differentiation capacity of this purified population was con-
firmed by the demonstration that these undergo both osteogen-
esis and adipogenesis at high frequency (Figures I and II in the
online data supplement).

CD34* Cells in Adipose Tissue Are Associated
With the Vasculature

Immunofluorescent analysis of human adipose tissue sections
established that the majority of CD34" cells were associated
with vessels within the tissue (Figure 2). A significant portion of
these cells also coexpressed CD31, and therefore were presum-
ably capillary ECs. However, a separate and predominant
population of CD34" cells, which did not express CD31, was

Overlay

Figure 2. Histological analysis of
human adipose tissue. Frozen
sections of human fat were
stained for the endothelial
marker CD31 (red) and a major
fresh ASC marker CD34 (green).
Nuclei are revealed by 4',6-
diamidino-2-phenylindole (DAPI)
staining.
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observed in proximity to ECs. The perivascular location of the
CD34%/CD31" cells suggested their pericytic identity.

Adipose-Derived CD34*/CD31~ Cells Display
Pericytic Markers In Vitro

The predominantly perivascular location of the CD34°/
CD31  cells suggested that these cells were pericytes, mural
cells, which line and stabilize vascular endothelium in vivo.2?
The adherent CD34'/CD31" population of SVF was thus
characterized for expression of mesenchymal, pericytic, and
smooth muscle cell markers. More than 95% of the adherent
CD34%/CD457/CD31~ population coexpressed the mesen-
chymal cell markers CD10, CD13, and CD90 (Figure 3a).
Analysis of surface markers used to define pericytes?8-30
(Figure 3b) revealed that the majority of the ASCs expressed
chondroitin sulfate proteoglycan (NG2), CD140a, and
CD140b (PDGEF receptor-« and -f3, respectively). Analysis of
cytoskeletal markers performed by immunocytochemistry of
freshly isolated ASCs revealed that many ASCs also ex-
pressed the smooth muscle cell antigens caldesmon, calponin,
and a-smooth muscle actin (Figure 4).

Figure 3. Fluorescence-activated cell
sorting analysis of ASCs for coexpres-
sion of CD34 with mesenchymal (a) and
pericyte (b) markers, assessed 2 days
postadherence to plastic. Analysis was

performed for CD34, CD45, CD10,
CD13, CD90, CD140a, CD140b, NG2,
and isotype IgGs.

The ASC antigen profile by flow cytometry was confirmed
by PCR analysis of mRNA expression corresponding with
multiple proteins (supplemental Figure III).

ASCs Occupy a Perivascular Position in Adipose
Tissue In Vivo

The spatial relationship between EC and ASCs was eval-
uated by colabeling adipose tissue sections with antibodies
specifically decorating each cell type. The surface antigen
CD140b was highly expressed by ASCs (Figure 3b) but not
microvascular EC (data not shown), whereas, as shown
above, ASCs did not express the EC antigen CD31. Cells
comprising capillary vessels in adipose tissue exhibited
spatially separated expression of each antigen; CD31
(green) was specifically associated with cells forming the
vessel lumen, whereas CD140b (red) was displayed on the
surface of cells lining the exterior surface of the vessels
(Figure 5). Taken together, these data demonstrate that
ASCs are pericytic cells that occupy a perivascular posi-
tion in vivo.
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ASCs Coassemble With and Stabilize Newly
Forming EC Networks

To test for a functional correlate of the ASC—EC proximity in
vascular structures, we evaluated the effect of ASCs on
formation and stabilization of EC network on Matrigel. As
shown in Figure 6a, HMVECsS cultured in growth factor—free
media form temporary networks that started dissociating after
24 hours. Plating ASCs alone also revealed formation of
networks on Matrigel. However, coculturing HMVECs with

DAPI CD31

CD140b
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Calponin (mlgG,,)

Figure 4. Immunocyto-
chemistry of cytoskeletal
antigens in ASCs 2 days
postadherence to plastic.
Formaldehyde-fixed cells
were permeabilized and
stained against a-smooth
muscle actin, caldesmon,
and calponin or with
isotype-matched IgGs.
Nuclei are revealed by DAPI
staining.

ASCs produced stabilized cell networks that remained intact
for up to 5 days (n=9), when experiments terminated.
Coculture of fluorescently labeled HMVECs and ASCs re-
vealed that the cells formed a cooperative network of tubular
structures on Matrigel matrix with HMVECs (green) forming
the lumen and ASCs (red) overlaying tubes formed by
HMVEC:s (Figure 6b). Extending this finding into an in vivo
system, we found that subcutaneous implantation of collagen/
fibronectin gels containing ASCs admixed with ECs into

Overlay

Figure 5. Histological analysis
of human adipose tissue for
microvascular endothelium and
CD140b-expressing cells. Fro-
zen sections of human fat were
stained against endothelial
CD831 (green) and ASC/pericyte
CD140b (red) markers. Nuclei
are revealed by DAPI staining.
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HmVEC ASC

HmVEC + ASC

Figure 6. A, Evaluation of cord formation by HMVECs and
hASCs on Matrigel surface. Cord formation was evaluated
(phase contrast) on days 1 and 3 postplating. B, Fluorescent
dye-labeled ECs (green) and hASCs (red) were mixed and
plated on Matrigel. Cord formation was evaluated on days 1 and
3 postplating by fluorescence.

nude mice (n=4) also demonstrated formation of human-
derived vascular structures with both endothelial and mural
layers, with the mural layer comprising ASCs (supplemental
Figure IV).

Paracrine Crosstalk Between ASCs and EC
To evaluate for paracrine crosstalk between ASCs and ECs,
we evaluated the effects of CM collected from each of
HMVECs and ASCs on the proliferation and migration of the
complementary cell types. As is shown in Figure 7a, CM
manifested strong mitogenic effects on ASCs. In 4-hour
experiments, more than twice as many cells migrated through
the filter in response to HMVEC CM as to control media
EBM-2/5% FBS (P<<0.001). In parallel with this chemotactic
effect, HMVEC CM stimulated more than 3.5-fold expansion
of ASCs compare with control media (P<<0.001) (Figure 7b).
We evaluated the complementary effects of ASC-secreted
factors on EC. Unlike the finding with EC CM, ASC CM did
not stimulate proliferation to cell numbers above those
originally seeded but rather demonstrated a strong prosur-
vival effect on microvascular EC, markedly limiting their

death in basal medium. As is shown in Figure 7d, HMVECs
cultured in EBM-2/5% FBS for 4 days exhibit cell loss, with
50% remaining viable (P<<0.001), whereas exposing cells to
ASC CM (at 1:1 dilution) for the same time supports 100%
cell survival (P<<0.001). Evaluation for HMVEC chemotaxis
toward ASC CM (Figure 7c) showed a modest but significant
increase in migration compared with control media (n=9).

To evaluate factors responsible for such effects, we ana-
lyzed proteins secreted by freshly isolated ASCs and cultured
HMVECs using antibody Arrays (RayBiotech). The protein
profile in CM from ASCs revealed multiple angiogenic
factors, including angiogenin, vascular endothelial growth
factor, hepatocyte growth factor, bFGF, and B-nerve growth
factor; the cytokines interleukin-6, -8, -11, and -17; and
the cell-mobilizing factors monocyte chemoattractant pro-
teins 1 and 2, granulocyte/macrophage colony-stimulating
factor, and macrophage colony-stimulating factor (supple-
mental Figure Va and Vb). Notably absent were EGF,
PDGF-BB, transforming growth factors, stromal cell-derived
factor-1, and stem cell factor. See the online data supplement
for all proteins detected, as well as their respective detection
limits.

On the other hand, cultured HMVEC CM included multi-
ple factors, such as bFGF, EGF, and PDGF-AA, -AB, and
-BB (supplemental Figure Vc). Several of these were quite
distinct, whereas a few overlapped with the profile of ASC
secretion (eg, bFGF). Quantitative analysis revealed that in
HMVEC CM (72 hours), the concentration of factors were as
follows: EGF, 83.6%=51.0 pg/mL; bFGF, 243.0+46.4 pg/mL;
and PDGF-BB, 405.2£85.0 pg/mL. The concentration of
these in basal media before conditioning was below 2 pg/mL.
The dose dependence of the effects of these factors on ASC
proliferation was evaluated by the addition of each factor to
basal medium. As shown in Figure 8, these factors exert
strong mitogenic effects on ASCs over concentrations that
overlap with those secreted by ECs. Further evaluation
revealed synergy among factors with respect to mitogenesis
of ASCs. We observed significantly higher mitogenesis of
ASC:s to the factor mixture compared with individual factors
at concentrations of 100 pg/mL for bFGF (P<0.05) and
PDGF-BB (P<0.001) and 1 ng/mL for EGF (P<<0.05) and
PDGF-BB (P<0.01).

Discussion

This study demonstrates for the first time that stromal cells
derived from subcutaneous adipose tissue, which have prop-
erties of preadipocytes'>!5-31 and manifest clonal pluripo-
tency along multiple lineage pathways,!5-32-33 serve structur-
ally and functionally as pericytes within adipose tissue. This
finding sheds a unique light on their importance in normal
adipose biology as well as the biological basis for their ability
to promote vascularization and accelerate tissue perfusion in
the context of ischemia.

Our study shows the prominent and consistent presence of
the marker CD34 on freshly isolated ASCs, occurring in the
absence of CD45, which distinguishes ASCs from cells of
hematopoietic lineage. The variability in reports of ASC as
CD34%, as well as CD34 ™ cells,'21524 ig likely a consequence
of its consistent downregulation during culturing over a
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toward the lower wells containing control
or CM (migration). The attached cells
were exposed to either control or CM for
4 days and were detached and counted
subsequently (proliferation).
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several-day period?*; passaged ASCs have been characterized
as CD34"" or CD34 .121524 We have found that CD34
antigen serves as a convenient tool for identifying the
majority of freshly isolated ASCs, when used with the CD45™
and CD31" phenotypes to exclude leukocytic and endothelial
populations respectively.

This study also demonstrates that the marker profile of
ASCs shares much in common with bone marrow—derived
MSC:s, as also found in analyses of gene expression.3*-3¢ One
apparent distinction is a widespread and prominent degree of
CD34 expression on ASCs, contrasting with descriptions of
MSCs as lacking CD34.37-3° Based on our observation that
ASC expression of CD34 is rapidly downregulated in cul-
ture,”* and that most isolation protocols for MSCs require
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Figure 8. Mitogenic response of hASCs to bFGF, EGF, and
PDGF-BB factors (known to be produced by ECs). hASCs were
cultured in EBM-2/5% FBS media in the presence of 1 of bFGF,
EGF, PDGF-BB, or their mixture in a range of concentrations
between 10 pg/mL and 10 ng/mL for 4 days. **P<0.001. Data
are presented as ratios (in percentages) of the cell counts in
wells containing growth factor(s) to wells with basal media
(n=3). Arrows represent concentrations of factors secreted by
HMVECs.

Seeded EBM-2/5%FBS ASC CM

extended culture periods before availability of MSCs for
study, we hypothesize that MSC in situ may indeed express
the CD34 antigen but this property is lost during expansion
between isolation and surface marker evaluation. Indeed,
early descriptions of MSCs reported enrichment of their
colony-forming activity using CD34" selection*®

ASCs Express Pericyte Markers

The perivascular location of CD347/CD31~ cells suggested a
pericytic identity, which was confirmed by flow cytometry
and further immunolocalization of these cells using a panel of
markers associated with pericytes, including CD140a and
CD140b (PDGF receptor-a and -f3), and NG2. Staining for
these markers in adipose tissue confirmed a perivascular
location for the ASC population. It is notable that these
markers were present on most ASCs, as defined above
(>95%), reflecting that pericytic cells are not a minor subset
of ASCs isolated using standard methods but rather are
substantially identical to these cells, at least in subcutaneous
adipose tissue.

ASCs and Endothelial Cells Are Linked by
Physical and Paracrine Interactions

Exploration of the relationship of ASCs with ECs clearly
revealed their capacity for both structural and functional
interactions. ASCs and EC in coculture exhibited preferential
heterotypic assembly into vascular networks in vitro, which
demonstrate a stability advantage in comparison with polyg-
onal networks of ECs alone. This model for vascular assem-
bly should permit in vitro screening and analyses of mole-
cules mediating assembly by selective disruption of
interactions. Exploration of paracrine interactions between
ASCs and EC by CM transfer demonstrated mutual chemoat-
traction, consistent with their association in coculture. In
addition, EC CM exhibited a mitogenic effect on ASCs,
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whereas ASC CM supported endothelial survival. Analysis of
secreted proteins revealed candidates for mediating these
responses, extending our previous description of vascular
endothelial growth factor, bFGF, and hepatocyte growth
factor secreted by ASCs associated with antiapoptotic effects
on ECs.2* Complementary factors secreted by HMVECs
included isoforms of PDGF (AA, AB, and BB) as well as
EGF, which showed potent mitogenic effects on ASCs,
confirming functionality of PDGF receptors identified on
ASCs by immunostaining. The heterotypic assembly as well
as paracrine crosstalk are consistent with interactions de-
scribed between microvascular ECs and pericytes from other
sources.?’

Dual Roles for ASCs In Situ: Tissue and

Vascular Support

Our findings that ASCs are components of the vascular wall
functioning in paracrine support of microvasculature, com-
plements previous understanding of their role as preadipo-
cytes, which are able to differentiate and form new adipo-
cytes.!:31 The location of the ASCs in the vessel at the
interface between endothelium and adipocytes and their
ability to both support vascular structure and generate adipo-
cytes suggests a key hypothesis that they play an important
role linking adipose tissue parenchymal mass with provision
of its vascular supply. Indeed, forced regression of adipose
tissue vasculature has been identified as an approach to
reducing adipose mass.*!#> The novel recognition of a dual
role for ASCs in adipogenesis and vascular stabilization also
suggests new approaches to manipulation of adipose tissue
mass.

It is tempting to speculate that this role for ASCs/pericytes
in physiological vascular stabilization could underlie poten-
tial mechanisms by which exogenous ASCs enhance vascular
supply and limit ischemic tissue loss in models of limb
ischemia, as consistently reported.!'%23.2443 This has suggested
that the readily available ASCs be tested as a therapy for
ischemic diseases.

ASCs: Multipotent Perivascular Cells

At least 3 lines of investigation point to the notion that stem
or progenitor cells in many tissues are deployed on blood
vessels. Several studies have shown that pericytes isolated
from different tissues are pluripotent.*4-4¢ Complementary
literature has suggested that MSCs are found in perivascular
sites in many tissues: in bone marrow, where they interact
with both sinusoidal ECs and hematopoietic precursors; in
central nervous system?*’; in dental pulp*®; and in others.*®
Furthermore, developmental studies have identified a perivas-
cular mesangioblast population of dorsal aorta and other
vessels that gives rise to multiple cell types, including smooth
muscle cells, skeletal and cardiac muscle cells, and bone.>%:51
The findings of our study indicate that multipotent ASCs also
have a perivascular location and express pericytic markers.
Analysis of all these findings suggests that in adult tissues,
the perivascular compartment represents a niche for multipo-
tent cells. The interaction of EC with these multipotent cells,
including ASCs, implies that endothelium modulates their
function within this niche.

We have shown that ASCs express the pericyte markers
CD140a, CD140b, NG2, and a-smooth muscle actin occa-
sionally express CD146 but lack 3GS5, also a pericyte mark-
er.*852 Taking these together, it may be best to describe ASCs
as a cell with pericytic properties. Without direct comparison
of ASCs with pericytes from other sources, their precise
relationship is difficult to assess. Also, it may be that
pericytes from a range of tissues differ in antigen expression
because of unique local environments. Furthermore, we
would propose that pericytic identity should be primarily
established by physiological properties and function rather
than by surface markers.

In conclusion, the highly defined ASC population (CD34"/
140a*/140b7/317/457/1177/1447) is a subset of adipose-
derived cells, which in quiescent adipose tissue, possesses a
majority of pericytic properties, while harboring the ability to
enter into multiple other distinct lineages.
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Online Data Supplements

Expanded Materials and Methods

Immunofluorescent analysis of adipose tissue

Human fat was mounted in OCT medium (Fisher, Hampton, NH) and frozen in
liquid N2. 20 ym sections were prepared, acetone fixed for 5 minutes and treated with
protein block solution (Dako, Carpinteria, CA) for 20 minutes. Adipose tissue was
stained with rabbit anti-CD31 (LabVision, Fremont, CA, dilution 1:100) together with
mouse anti-human CD34 (BD Pharmingen, 1:50), or with mouse anti-human CD31
(LabVision, dilution 1:100) together with rabbit anti-CD140b (LabVision) antibodies. All
primary antibodies were incubated for 1 hour at room temperature. To detect primary
antibodies, goat anti-rabbit Alexa 546 and chicken anti-mouse Alexa 488 antibodies
(Molecular Probes, Eugene, OR) were applied for 30 minutes. The nuclei were
counterstained with DAPI. Slides were observed and pictures were recorded using a

Zeiss LSM 510 confocal microscope.

Immunofluorescent analysis of isolated adipose stromal cells

Freshly isolated adipose stromal cells were plated on cell culture plastic. Non-
attached cells were washed off at day 1. At day 2 cells were harvested with 0.05%
Trypsin/EDTA and re-plated onto cover glasses coated with rat tail collagen (BD, San
Diego, CA). Cells were allowed to attach overnight and washed with PBS followed by 10
min fixation in 4% formaldehyde. To permeabilize cell membranes, slides were treated
with 0.1% Triton X-100. Nonspecific binding of antibodies was decreased by exposure

to protein block (Dako Cytomation, Carpinteria, CA) for 20 min. Cells were incubated

Downloaded from circres.ahajournals.org by on November 29, 2010


http://circres.ahajournals.org

CIRCRESAHA/2007/159475/R2

with primary mouse antibodies against caldesmon, calponin (all 1:200, all Santa Cruz,
Santa Cruz, CA) and a-smooth muscle actin (1:1000, Sigma, St. Louis, MO) for 1 hour.
As control for nonspecific staining, the same concentrations of nonimmune mouse
monoclonal IgG were used. For fluorescent visualization of the antibody reactions anti-
mouse |gG Alexa Fluor 488 labeled secondary antibodies (1:200; Invitrogen, Carlsbad,

CA) were used. The nuclei were stained with DAPI.

Analysis of factor accumulation in conditioned media of hASC and HmMVEC
Freshly isolated hASC, or HmMVEC (passage 7), were plated overnight on cell
culture plastic in EBM-2/5%FBS. All non-attached cells were washed off, attached cells
were harvested with 0.05% Trypsin/EDTA and re-plated into T25 culture flasks with
EBM-2/5%FBS at a density of 60x10° celllcm? The following day the media was
exchanged to fresh EBM-2/5%FBS and cells were cultured for 72 h. The conditioned
media were analyzed for the accumulation of growth factors, cytokines and other
bioactive molecules using RayBiotech Cytokine Antibody Arrays VI and VII for hASC
and RayBiotech Growth Factor Antibody Arrays | for HmMVEC (RayBiotech Inc)

according to the manufacturer instructions.

Quantitative assessment of growth factors accumulated in HmVEC-conditioned
media

Concentrations of human bFGF, human EGF and human PDGF-BB accumulated
in media conditioned by HmVEC for 72 hours were evaluated using Pierce Biotech

“Searchlight” technology.
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Evaluation of hASCs antigens by PCR

ASC cultured for two days on standard cell culture plastic were sorted with an Aria Cell
Sorter (Becton Dickinson Immunocytometry Systems), selecting for the cell surface
marker profile CD31/CD45/CD34/CD140b*. Total cellular RNA was isolated from
purified ASC populations using RNase Miniprep Kit (Qiagen) followed by a reverse
transcription reaction with the Omniscript RT kit (Qiagen). Polymerase chain reactions
(PCR) were performed using SYBR Green PCR Master Mix (Applied Biosystems).
PCRs were performed in a final volume of 25 pul reaction mix that contained 50 ng of
cDNA product, 200 nmol/L of each primer. For all reactions thermal cycling parameters
were: 10 minutes at 95°C for AmpliTaq Gold activation followed by 40 cycles of 15
seconds at 95°C for denaturation and 1 minute at 60°C for anneal/extend. The

oligonucleotides used as primers are presented in the supplemental table I.

Table I: Sequence of primers used for PCR reaction.

Antigen Sense strand Anti-sense strand be_md
size
CD10 5-AGATAGTCTTCCCAGCCGGC-3’ 5-AAGCCATGGGTGATTTCGTG-3’ 115 bp
aSMA 5-GATCTGGCTGGCCGAGATC-3 5-ATGTCCCGGACAATCTCACG-3’ 115 bp
CD144 5-CACGCCTCTGTCATGTACCAA-3’ 5-CGATCTCATACCTGGCCTGC-3’ 121 bp
CD31 5-TCATTTCTGGGATCCATATGCA-3 5-TGGGTGTAGAGAAGGATTCCGT-3’ 81 bp
CD90 5-CTGGCCATCAGCATCGCT-3 5-TATTCTCATGGCGGCAGTCC-3' 121 bp
Caldesmon 5-AAGAATCCTTGGGACAGGTGAC 5-GTGGTGGTTGTCTTGGCCTC-3 115 bp
CD34 CAAGATGTTGCAAGCCACCA 5-AGGAAATAGCCAGTGATGCCC-3’ 101 bp
CD140a 5'— AGAGGAGCATTTGGAGTGCG - 3' 5'— CCGTGTCCTCTTCCCGATAAT - 3' 68 bp
CD140b 5'— TATGCCTTACCACATCCGCTC - 3' 5'— TCACACTCTCCGTCACATTGC - 3' 92 bp
CD13 5' - TTGGACCAAAGTAAAGCGTGG - 3' 5'—- TACGGTCTCAGCGTCACCTG - 3' 83 bp
NG2 5'-CCAGGAAAGGCAACCTTCAAC-3 5'-ACGGAAACGGAAGGTGTCC-3’ 142 bp
3
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Xenograft Transplantation

Cellularized gel implants were cast as previously described by Schechner, J.S. et
al., (2000) with minor modifications. Defined mixtures of HUVEC and ASC (4:1) were
suspended in solution containing 1.5 mg/ml rat-tail collagen I, 100 ng/ml human
fibronectin (Chemicon), 1.5 mg/ml sodium bicarbonate (Sigma), 25 mM HEPES
(Cambrex), 10% FBS, and 30% EGM-2/10%FBS, in EBM-2 at a final concentration
2x10° total cells/ml. The cell suspensions were placed in a 12-well tissue culture dish (1
ml/well) for 30 minutes at 37°C for polymerization, and incubated under EGM-
2/10%FBS overnight. The following day, gels (500 pl) were implanted subcutaneously
on the abdominal wall muscle of anesthetized 8-12 weeks old nude mice (Harlen,
Indianapolis, IN). Fourteen days after transplantation, the implants were excised and
preserved for immunohistochemical evaluation. All experiments were approved by the

Indiana University Laboratory Animal Research Center.

Immunohistochemical evaluation of collagen implants

After excision, implants were immersed in 4% formaldehyde, followed by paraffin
embedding and staining for vascular structures using antibodies against CD31 and a-
smooth muscle actin. Deparaffinized sections were boiled in Citrate Retrieval buffer (20
min) and incubated with protein block solution (Dako, Carpinteria, CA) for 20 minutes.
Sections were incubated with rabbit anti-CD31 IgGs (Lab Vision, Fremont, CA, 1:100)
and mouse a-smooth muscle actin IgGs (Sigma, 1:800). To detect primary antibodies,

sections were incubated with goat anti-rabbit Alexa 546 (Invitrogen, A11035, 1:200) and
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chicken anti-mouse Alexa488 (Invitrogen, A21200; 1:200) IgG for 30 minutes. The

nuclei were counterstained with DAPI.

Differentiation of ASC into mesenchymal cell types.

Populations of ASC were sorted 2 days following plating for the phenotypic profile
CD45-/CD31-/CD34+/CD140b+, expanded for 1 passage, and then evaluated for
differentiation capacity as follows.

Adipogenic differentiation. Cells were plated on plastic at a density of 5x10*/cm? and
allowed to attach overnight in EBM-2/5%FBS media, after which the media were
replaced with preadipogenic or adipogenic differentiation media (Zen-Bio, Research
Triangle Park, NC). The latter media were changed after 4 days. The degree of
adipogenic differentiation was evaluated at day 8 by staining cell monolayers with Nile
red or against FABP-4 protein. ASC monolayers were fixed with 4% paraformaldehyde,
followed by incubation with 10 pg/ml Nile Red for 20 min at room temperature. Between
the steps cells were washed 3 times with PBS. Nile Red accumulation was evaluated
using a Triad Multimode Plate Reader (DYNEX Technologies, Inc.; Chantilly, VA, USA)
with filter settings: Ex- 485 nm, Em — 535 nm. Formalin-fixed monolayers of ASC were
incubated with goat anti-mouse FABP-4 (R&D Systems, Minneapolis, MN) overnight at
4 °C, followed by incubation with chicken anti goat Alexa 488 (Molecular Probes,
dilution 1:200). Nuclei were visualized by DAPI staining.

Osteogenic differentiation. Cells were plated on fibronectin-coated plastic at a density
of 3x10%cm? and allowed to attach overnight in EBM-2/5%FBS media. The next

morning, media were replaced by fresh EBM-2/5%FBS or Osteogenic Differentiation
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media provided within the Stem Cell kit (R&D Systems). Media were changed every 4
days. Osteogenic differentiation was confirmed by Alizarin Red staining for visualization
of calcification. ASC monolayers were fixed with 10% formalin for 1h, followed by

incubation with 0.5% Alizarin Red (pH 4.1) for 5 min.

Statistical analysis

Wherever possible, data are expressed as meants.e.m. Comparisons between
mitogenic responses to growth factors were performed with a paired t-test. Experiments
were repeated 3 times with 3 different patient samples. Analysis was performed using

Prism 4 (Graphpad, San Diego, CA).

Figure legends

Figure I. Differentiation of marker-purified hASC into adipocytes.

ASC purified by sorting for the phenotype CD31/CD45/CD34*/CD140b* were exposed
to adipogenic differentiation media for 8 days. (A) Representative photos of fluorescent
staining of control and differentiated ASC monolayers exposed to Nile Red dye (FITC
channel) and. immunofluorescent staining against FABP-4 antigen confirm adipogenic
differentation; (B) Quantitative evaluation of Nile Red accumulation into lipid in control
and differentiated ASC. Measurements were made using Triad Multimode Plate Reader
(DYNEX Technologies, Inc.; Chantilly, VA, USA) with excitation at 535 nm and emission

at 595 nm.
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Figure 1. Differentiation of marker-purified hASC into osteoblasts.
ASC purified by sorting for the phenotype CD317/CD45/CD34"/CD140b™ were exposed
to osteogenic differentiation media for 21 days. (A) Representative photos of control and

differentiated ASC staining with Alizarin Red reveal mineralization upon stimulation.

Figure lll. PCR analysis of marker-purified CD34+ adipose stromal cells to confirm
expression of endothelial, mesenchymal and pericyte markers. hASC were sorted
to obtain a purified population defined by the markers CD31/CD45/CD34"/CD140b".
RT-PCR was then performed with RNA samples purified from HmVEC (passage 7), or

hASC sorted as indicated two days following plating.

Figure IV. Histological analysis of Collagen gels vessels development. Formalin-
fixed paraffin-embedded sections of collagen gels were stained with antibodies against
HUVEC (CD31, green) and ASC / pericyte (aSMA, red) markers, or with corresponding

isotype control IgGs. Cell nuclei are revealed by DAPI staining.

Figure V. Analysis of bioactive molecules accumulated in media conditioned by
hASC (A) or HmMVEC (B). hASC or HmVEC were cultured in EBM-2/5%FBS media for
72 hours. Analysis was performed utilizing RayBio membranes VI and VII (for hASC)

and RayBio Growth Factor Antibody Arrays | (for HmMVEC) (n=3). The rectangular
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frames highlight factors that have direct effects on angiogenesis and are not present in

control arrays (incubated with EBM-2/5%FBS).
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Fig S1.
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Fig S2.
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Fig S3.
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Fig S4.
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Fig S5.
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