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Abstract Mesenchymal stem cells (MSCs) are considered
as promising candidates for new clinical trials of cell
therapies. Bone marrow (BM) was the first source reported
to contain MSCs; however, using it may be detrimental due
to the highly invasive aspiration procedures. More recently,
adipose tissue, attainable by a less invasive method, has
been introduced as an alternative source of MSCs. So far,
MSCs derived from these two sources have been compared
in different characters; however, one of the main properties,
i.e., the expression of chemokine receptors, has been
ignored in these comparisons. In the present study, human
MSCs were derived from bone marrow and adipose tissues
and characterized by their expression of some cell surface
antigens and also differentiation capacity. The expression of
five selected chemokine receptors, which seems to be
important in cell homing, was also compared. Semiquanti-

N. Ahmadian kia
Shahroud University of Medical Sciences,
Shahroud, Iran

N. Ahmadian kia + A. R. Bahrami (<) - M. M. Matin -
Z. Neshati - M. R. Almohaddesin - H. R. Bidkhori
Molecular and Cellular Biology Research Department,
Iranian Academic Center for Education,

Culture and Research (ACECR), Mashhad Branch,
Mashhad, Iran

e-mail: ar-bahrami@um.ac.ir

@ Springer

tative reverse transcription-polymerase chain reaction
method was used to assess gene expression levels of
these chemokine receptors. Our results indicate that
expression of these receptors in human MSCs, derived
from adipose tissue, was higher than MSCs from bone
marrow. Chemokine receptors and their ligands and
adhesion molecules play an important role in tissue-
specific homing of leukocytes and have also been
implicated in trafficking of hematopoietic precursors into
and through tissues. Therefore, MSCs from adipose
tissue may show a better migration and homing capacity
and they might be a better candidate for therapeutic
purposes.
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Introduction

In spite of various prevention programs, many kinds of
devastating, incurable central nervous system (CNS) inju-
ries and diseases continue to occur, which result in physical
and emotional problems and also increasing health care
costs. So tremendous efforts have been made to develop
therapeutic strategies for eliminating these offensive con-
sequences. In recent years, a very promising approach using
adult stem cells has been introduced to treat CNS disorders
(Slavin et al. 2008; Hou and Hong 2008). Many groups
have been working independently to introduce the better
cell sources for cell therapies in neurodegenerative diseases
(reviewed by Zietlow et al. 2008).

The optimal characters for candidate cells to be used in
therapeutic practices include their accessibility and success
rate of isolation, proliferative capacity, ability to differentiate
to various tissues, low immunogenicity, and high potentials
for targeted homing. Homing is the ability of cells in
migration and engraftment to affected tissues. The mechanism
of cell homing is still unclear, but some evidences indicate that
chemokine receptors might be important in this process
(Chamberlain et al. 2007; Kitaori et al. 2009).

Currently, among the most studied adult stem cells are
mesenchymal stem cells (MSCs) derived from bone
marrow (BM), but a major obstacle for their application is
the highly invasive procedure of their harvesting. There-
fore, alternative sources for isolation of MSCs are subject to
intensive investigations. Recently, adipose tissue (AT) is
being represented as an alternative source of MSCs.
Subcutaneous adipose depots are accessible, abundant,
and replenishable, thereby providing a potential adult stem
cell reservoir for each individual (Madonna and De
Caterina 2010; Vieira et al. 2010). However, there are
controversies in whether AT can be substituted for BM.
Some studies have been carried out to compare MSCs of
these two sources, and the results show that they have
similar differentiation and immunogenicity potentials and
even in some cases, more proliferation capacity has been
reported for AT-MSCs (De Ugarte et al. 2003; Vidal et al.
2007; Yoo et al. 2009).

As mentioned before, another important characteristic of
stem cells, used in therapies, is their efficient homing, which
based on recent studies is closely related to the expression
of chemokine receptors (Chamberlain et al. 2007; Kitaori
et al. 2009).

Despite the valuable studies on chemokine receptors on
BM-MSCs, there is no significant report covering this
character of the AT-MSCs. Therefore, we aimed to study
the chemokine receptors in AT-MSCs and compare them
with those from BM. The chemokine receptors examined
in this study are those which seem to be more functional
in migration and homing of cells in various diseases

(Sordi et al. 2005; Bhakta et al. 2006; Gavina et al. 2006;
Croitoru-Lamoury et al. 2007; Perez et al. 2009). Consider-
ing the probable role of chemokine receptors in cell homing,
comparison of the expression level of chemokine receptors
would help scientists to candidate and introduce better cell
sources for therapies. According to recent studies, modula-
tion of the expression of these receptors could affect the
engraftment efficiency to the damaged sites (Gul et al. 2009;
Kalwitz et al. 2009; Tondreau et al. 2009; Ringe et al. 2007,
Ponte et al. 2007). The basic information provided in this
study may help to decide what extent of gene manipulation
should be developed to improve cell homing in some
diseases including neurodegenerative diseases.

Materials and Methods
Collection of BM

BM aspirates were obtained from the sternum of three
patients undergoing heart surgery. The BM aspirates were
received in accordance with the ethical standards of the
local ethical committee.

Cell Isolation and Culture of Mononuclear Cells from BM

The mononuclear cells (MNCs) were isolated from BM by
using Lympholyte-H (Cedarlane, Canada) and seeded into
T25 cell culture flasks containing Dulbecco's Modified
Eagle's Medium (DMEM, Gaithersburg, MD, USA) supple-
mented with 10% fetal bovine serum (FBS, Gibco). The first
change of medium was accomplished within 3 days after
isolation and cells were harvested at subconfluency using
0.25% trypsin/EDTA (Gibco) (passage 0). Cell viability and
numbers at the time of passage were determined by trypan
blue exclusion and hemocytometer cell counts, respectively.
Six mesenchymal stem cell lines were established success-
fully from BM of three individual donors. MSCs in passage
4—6 were used for further analysis.

Collection of AT

Liposuction aspirates from subcutaneous AT sites were
obtained from three individuals undergoing elective proce-
dures in local plastic surgical offices. Lipoaspirates were
obtained in accordance with the regulations of ethical
committee.

Cell Isolation and Culture of MNCs from AT
Adipose tissues were washed three to four times with

phosphate-buffered saline (PBS) supplemented with peni-
cillin—streptomycin (Biosera) and then incubated with 0.1%
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collagenase type I (Sigma) at 37°C for 1 h. They were
manually shaken vigorously for 5 to 10 s every 15 min. On
completion of digestion period (1 h), FBS was added to
final concentration of 10% to stop collagenase activity. The
digested AT was centrifuged at room temperature at 800g
for 10 min. The supernatant, containing mature adipocytes,
was then aspirated, and the pellet was resuspended and
plated immediately in T25 flasks containing DMEM, 10%
FBS, 100 U/ml penicillin, and 100 pg/ml streptomycin.
This initial passage of the primary cell culture was referred
to as passage 0 (P0). After the first 72 h of incubation at 37°C
and 5% CO,, the cultures were washed with PBS and
maintained in media until they achieved 75-90% confluency
(approximately 6 days in culture). Cells were passaged
repeatedly after achieving a density of 75-90% until passage
4-6. Six cell lines were derived from fresh adipose tissue
samples of three healthy individuals.

Osteogenesis

Differentiation along osteogenic lineage was assessed quali-
tatively based on cytochemical analysis (alizarin red). For this
purpose, the culture media were replaced with osteogenic
induction medium composed of DMEM with 10% FBS,
50 pg/ml ascorbate-2-phosphate, 100 nM dexamethasone,
10 mM B-glycerol phosphate (Sigma), 100 U/ml penicillin,
and 100 pg/ml streptomycin. Cultures were fed with fresh
osteogenic induction medium every 7 days for a period of up
to 3 weeks. At the end of the cultivation period, the cells were
fixed with methanol for 10 min and stained with alizarin red
(Sigma) for 15 min at room temperature so that the
mineralized matrix of the bone could be examined.

Adipogenesis
Differentiation along adipogenic lineage was cytochemi-

cally (Oil Red O) assessed (Oil Red O). For this purpose,
the culture media were replaced with adipocyte induction

medium composed of DMEM with 10% FBS, 50 pg/ml
ascorbate-2-phosphate (Sigma), 100 nM dexamethasone
(Sigma), 50 pg/ml indomethacin (Sigma), and 100 U/ml
penicillin, and 100 pg/ml streptomycin. Cells were main-
tained in culture for up to 3—4 weeks, with adipogenic
media replaced every 7 days. Cultures were rinsed with
PBS and fixed in formalin solution. At the end of this
period, the cells were stained with 0.5% Oil Red O (Sigma)
in methanol for 15 min for adipocyte detection.

Flow Cytometry

For flow cytometry analysis, about 200,000 cells at passage
4 were removed from flasks using trypsin—EDTA and
precipitated by centrifugation. The cells were then resus-
pended in 1 ml PBS and stained with PE-conjugated
CD105, CD44, CD34, and FITC-conjugated CD90 and
CD45 (all purchased from Becton Dickenson) by adding
antibodies at a concentration of 2 pg/ml at 4°C for 20 min.
Finally, the cells were washed and analyzed by flow
cytometry (FACScalibur Cytometer equipped with 488-nm
argon laser) and WinMDI software.

RNA Extraction and Reverse Transcription-Polymerase
Chain Reaction

Cells in passage 4—6 were used for reverse transcription-
polymerase chain reaction (RT-PCR) analysis. Briefly, total
RNA was prepared using a modification of guanidine
isothiocyanate—phenol—-chloroform method. cDNA was
synthesized using oligo(dT) primer and M-MuLV reverse
transcriptase (Fermentas, Germany) according to the man-
ufacturer's instructions. PCR reactions were carried out
using selective forward and reverse primers for GAPDH
(internal control), CCR7, CXCR4, CCR1, CXCR6, and
CX3CR. The sequences of primers are presented in Table 1.

The DNA amplification program was as below: Incu-
bation at 94°C for 5 min, followed by 30 cycles of (60 s at

Table 1 Sequence of the primers

used for RT-PCR analysis Target gene Primer
CCR1 F
R
CCR7 F
R
CXCR4 F
R
CXCR6 F
R
CX3CR F
R
GAPDH F
R

Sequence Product size (bp)
5'-CAACTCCGTGCCAGAAGGTGAA-3’ 420
5'-GCCAGGGCCCAAATGATGAT-3’
5'-GTGCCCGCGTCCTTCTCATCAG-3' 353
5'-GGCCAGGACCACCCCATTGTAG-3’

5'- ATCCCTGCCCTCCTGCTGACTATTC-3' 230
5'-GAGGGCCTTGCGCTTCTGGTG-3'
5'-ATGGCAATGTCTTTAATCTCGACAA-3' 294
5" TGAAAGCTGGTCATGGCATAGTATT-3'
5'-ATAGATTCCCCATTGCCTCCTC-3' 120
S'-GGTTTTTCTATTTCCCTTACTGG-3'
5'-CCAGGTGGTCTCCTCTGACTTCAACAG-3’ 224

5-AGGGTCTCTCTCTTCCTCTTGTGCTCT-3’
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94°C, 60 s at 60°C, and 60 s at 72°C). The final cycle was
followed by a 5-min extension step at 72°C. The reaction
parameters were adjusted to obtain a linear relation
between the number of PCR cycles and PCR products
and also a linear relation between the initial amount of
cDNA templates and PCR products. PCR products were
subsequently analyzed on 1% agarose gel (Roche), and
bands were quantified by densitometry using Image J
software.

Data Analysis

In gene expression studies, the band densities were
normalized to GAPDH for each sample. Data are presented
as mean+SD for statistical comparison; a two-sided, non-
paired ¢ test was used to analyze the RT-PCR results.
Differences were considered significant at P<0.05.

Results
Isolation of the Stem Cells and their Expansion

MSCs from both BM and AT were isolated successfully and
formed a monolayer about 1 week after initial plating. No

Fig. 1 Phase contrast photomi-
crographs showing morphologi-
cal characteristics of human
BM-MSCs (a, b) and AT-MSCs
(c, d) at passage 4. Cells showed
spindle shape-like fibroblastic
morphology and could reach
confluency in 2 days (b, d)
(x40)

obvious differences concerning the morphology of MSCs
derived from these two tissues were detected (Fig. 1).

Multilineage Differentiation Capacity

To investigate the differentiation potential of MSCs from
the two different they sources were directed towards the
osteogenic and adipogenic lineages. The osteogenic
differentiation was confirmed by deposition of alizarin
red staining in a mineralized matrix (Fig. 2a). Adipogenic
differentiation was demonstrated by accumulation of lipid
vacuoles in cytoplasm of the cells indicated by Oil Red O
staining (Fig. 2b). All BM and AT samples (100%)
showed both osteogenic and adipogenic differentiation
capacities.

Immunophenotypic Characterization of the Cells

For further characterization of the MSCs derived from
BM or AT, expression of their cell surface antigens was
examined at passages 2—4 by flow cytometry (Fig. 3).
MSCs derived from BM and AT displayed no expression
of hematopoietic markers of CD34 and CD45. They
expressed the typical MSC markers CD44, CD90, and
CD105.
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Fig. 2 Differentiation capacity
of MSCs, 20 days after induc-
tion with osteogenic medium.
Differentiated human BM-
MSCs were stained with alizarin
red (a). BM-MSCs induced with
adipogenic medium were
stained with Oil Red O, 20 days
after induction (b). These
micrographs are representative
examples of the experiments

Gene Expression Study

Expression of five genes related to the chemokine receptors
and one housekeeping gene was determined by RT-PCR as
presented in Fig. 4. Results indicated low or no detectable
mRNA expression of CCR1, CXCR4, and CXCR6 in BM-
MSCs. The expression of CX3CR was very low or not
detectable in samples derived from both sources. There was
a significant difference for expression of CCR1 between
BM-MSCs and AT-MSCs. Expressions of all studied genes
were lower in BM-MSCs in comparison to that of AT-
MSCs (Fig. 5).

Fig. 3 Flow cytometric analysis
demonstrating that propagated

AT/MSCs (passage 4) are posi- 3
tive for the antigens CD105 (a),
CD44 (b), and CD90 (c), while 2
they are negative for CD45 (d) E
and CD34 (e). Only representa-
tive examples are shown here =
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Discussion

To date, many investigations have been carried out to
answer the question of which cell source is most proper for
clinical use. The main characters considered in these studies
include differentiation capacities and expansion potentials
of the cells (De Ugarte et al. 2003; Vidal et al. 2007; Yoo et
al. 2009).

On the other hand, one of the biggest obstacles in
cell transplantation especially in systemic disorders is
improper migration and homing of systemic adminis-
trated cells. So, study of other characters, which may
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Fig. 4 The results of RT-PCR
for selected cytokine receptors
in BM-MSCs and AT-MSCs
from a representative donor. 420 CCR1
QAPDH was used as a control 153 CCR7
in all cases (224 bp)
200 GAPDH 200 GAPOH
200 GAPDH
120 CX3CR

influence the migration capacity of cells, should also be
considered in such investigations. In this study, the
chemokine receptors of CCR1, CXCR4, CCR7, CXCR6,
and CXCR3, which may play an important role in cell
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Fig. 5 Quantitative analysis of MSCs representing relative expression
of selected chemokine receptors in BM- and AT-derived MSCs. As
seen in the figure, expression of all studied receptors was lower in
BM-MSCs compared with AT-MSCs. The statistical significance (P<
0.05) of the difference is represented by star. BM bone marrow, AT
adipose tissue

CXCR6

GAPDH

migration (Sordi et al. 2005; Bhakta et al. 2006; Gavina
et al. 2006; Croitoru-Lamoury et al. 2007; Perez et al.
2009), were considered in human MSCs, derived from BM
and AT. Several groups have recently been studying the
expression of chemokine receptors in human MSCs,
derived from BM, but the results have been variable and
also different from our results (Chamberlain et al. 2008;
Croitoru-Lamoury et al. 2007; Kortesidis et al. 2005;
Wynn et al. 2004). These differences may be because of
different cell preparation methods in various laboratories,
different culture conditions, and the heterogeneity of
cultured MSCs. So introducing a standard cell preparation
method and culture conditions may be essential in this area.
In this study, for the first time, analysis of these
chemokine receptors was carried out in human AT-MSCs
and also a comprehensive gene expression profile of them
was created and compared between BM and AT-MSCs.
Our results indicated that expression of CCR1, CXCR4,
CCR7, CXCR6, and CXCR3 in mRNA level was relatively
low in MSCs derived from AT and very low or not
detectable in most samples derived from BM. Previous
reports have shown that these chemokine receptors are
important in regulating the migration and engraftment of
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different types of stem/progenitor cells (Sordi et al. 2005;
Bhakta et al. 2006; Gavina et al. 2006; Croitoru-Lamoury et
al. 2007; Perez et al. 2009). Some reports also indicated that
they are essential for transendothelial cancer cell migration
as well as vascular permeability (Krohn et al. 2009; Lin et
al. 2009; Pradelli et al. 2009; Wang et al. 2009; Deutsch et
al. 2008; Varney et al. 2006). Overexpression of these
chemokine receptors in cancer specimens predicts a worse
outcome in patients with cancer (Xiang et al. 2009; Chu et
al. 2010).

Considering the role of these receptors in stem cell
migration in normal and pathologic conditions and their
low expression in MSCs derived from BM and AT, it seems
that modulation of their expression might affect the
engraftment efficiency of these cells to the damaged sites.

Our results demonstrates that expression of these chemo-
kine receptors is higher in MSCs derived from AT in
comparison with BM-MSCs. Considering the probable role
of chemokine receptors in cell migration and homing, it seems
that MSCs derived from AT might be better candidates for
transplantation, although further investigations are required
both in vitro and in vivo to confirm it.
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