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Bone marrow mesenchymal stem cells (BM MSCs) can differentiate into multi-lineage tissues. However, obtaining BM
MSCs by aspiration is difficult and can be painful; therefore peripheral blood (PB) MSCs might provide an easier
alternative for clinical applications. Here, we show that circulating PB MSCs proliferate as efficiently as BM MSCs
in the presence of extracellular matrix (ECM) and that differentiation potential into osteoblast i vitro and i vivo.
Both BM MSCs and PB MSCs developed into new bone when subcutaneously transplanted into immune-compromised
mice using hydroxyapatite/tricalcium phosphate as a carrier. Furthermore, 1.Y294002 and Wortmannin blocked mesen-
chymal stem cell attachment in a dose-dependent manner, suggesting a role of phosphatidylinositol 3-kinase in MSC
attachment. Our data showed that the growth of PB MSCs could be regulated by interaction with the ECM and that
these cells could differentiate into osteoblasts, suggesting their potential for clinical applications.
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Introduction

Mesenchymal stem cells (MSCs) have recently received
worldwide attention because of their potential in tissue en-
gineering applications. MSCs are a cell population that
possesses self-renewal capacity, multi-lineage potential,

and long-term viability. MSCs are fibroblast-like adherent
cells with a high proliferation rate (1). Stem cell circu-
lation is a system that induces the rapid proliferation of
hematopoietic stem cells in the bone marrow and the re-
lease of many stem cells into the bloodstream (2). One of
the more clinically attractive traits of stem cells is their
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ability to home to specific microenvironments after in-
fusion (3). For example, MSCs home to damaged tissues
and have therefore attracted attention as possible ther-
apeutic tools for tissue repair (1, 4). Moreover, MSCs are
involved in tissue regeneration throughout life and show
potential for the treatment of many diseases (5, 6). Bone
marrow (BM) or peripheral blood is the most commonly
used MSC sources in clinical applications because of their
convenience and autologous properties (7).

Peripheral blood (PB) has been suggested as an alter-
native source of MSCs for cell-based therapy in the treat-
ment of meniscus injuries and bone and cartilage defects
(8, 9), although a significant presence of MSCs in human
PB has been disputed (10). The major limitations of PB
MSCs for clinical purposes are the extremely low fre-
quency of MSCs in PB and the inadequate success rate
of PB MSC isolation. Like stem cells, PB MSCs are also
limited in their ability to proliferate over long culture pe-
riods without loss of stem cell characteristics.

Nonetheless, several studies have demonstrated the
presence of mesenchymal stem cells or stromal stem cells
in peripheral blood (11-14). In these experiments, MSCs
were isolated by the classic adhesion procedure and ex-
panded by subculture. Using the same method, other
teams have isolated MSCs from PB, but their attempts to
evaluate stem cell characteristics in PB MSCs ended in
failure (15). Even though there is no doubt that circulat-
ing MSCs exist, there is no established method for obtain-
ing them efficiently from PB. The classic plastic adhesion
method (16) is widely used to acquire MSCs from PB, but
this procedure has limitations because true PB MSCs are
likely to be missed due to their poor ability to adhere to
plastic. The efficient isolation of potent MSCs forms the
basis for the development of new methods for cell therapy
and tissue regeneration; therefore, the development of new
isolation techniques for such cells is of great interest.

In the previous study, we showed the isolation and ex-
pansion of PBMSCs on the BMMSC-derived natural ECM
could be differentiated into osteoblast in vitro. Further-
more, PBMSC transplanting in the double-canaled im-
plant in rabbit tibia increased the bone regeneration. The
capacity was comparable to BMMSCs proved by bone for-
mation assays (14). However, direct comparison of the
characterization and differentiation capacity between
BMMSC and PBMSC for osteogenesis would be required.

The cell adhesion ability with alveolar bone and the
metallic implant would be important during implant sur-
gery in dentistry. The phosphatidylinositol 3-kinase
(PI3K) pathway has been implicated in transformation
and cell growth (17). PI3K has many downstream effector

molecules and plays a central role in signal transduction
for various cellular responses (18). The PI3Ks are grouped
into three classes (I, II, and III) according to their sub-
strate specificities and different modes of regulation. The
evolution of this family of enzymes and their critical role
in cell proliferation, growth, death, and differentiated cell
function has been reviewed recently (19).

The role of PI3K in the cell differentiation of osteo-
blasts is unknown but emerging evidence suggests that
PI3K may play a role in differentiation and survival in
these cells. Even less is known about the role of PI3K in
cell attachment.

In this study, we compared the characters and the dif-
ferentiation capacity between PBMSC on the natural
ECM with BMMSC in vitro and in vivo. Furthermore, we
examined the possible involvement of PI3K in MSC at-
tachment using specific inhibitors of PI3K. Our data in-
dicate that the PI3K signal pathway is directly or in-
directly associated with MSC attachment.

Materials and Methods

Animals

Animal experiments were carried out with male 8- to
10-week-old C3H/HeNCrljOri mice and 6- to 9-month-old
New Zealand White rabbits weighing 3.0~3.5 kg. The an-
imal protocols were approved by the Institutional Animal
Care and Use Committee at Seoul National University
(Approval No. SNU-101125-1 and SNU-120312-5) and all
procedures were performed in compliance with institu-
tional guidelines.

Bone marrow cell isolation and culture

Mouse Bone marrow was extracted from the femurs and
tibiae of mice by aspiration with an 18-gauge needle
through a 1-cm skin incision. The bone marrow cells were
washed in PBS containing 2% FBS (Equitech-Bio) and an-
tibiotics, filtered through a 70-mm nylon mesh filter
(Becton Dickinson, San Jose, CA, USA), and treated with
ACK (Ammonium-Chloride-Potassium ) lysing buffer for
S min at room temperature followed by centrifugation at
1,600 rpm for S min. After removal of the red blood cell
(RBC) lysate supernatant, the mononuclear cells (MNCs)
were re-suspended in complete alpha-modified Eagle’s me-
dium (@-MEM) supplemented with 15% FBS, 2 mM
L-glutamine (Sigma Chemical Co., St Louis, MO, USA),
5SS #M 2-mercaptoethanol (Sigma), 100 «M L-ascorbic
acid 2-phosphate (Wako), and penicillin/streptomycin sol-
ution (Sigma).

Rabbit Bone marrow was aspirated from the tibia of
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each rabbit and BM MSCs were cultured using a mod-
ification of a previously reported method (20). Briefly, the
tibias and femurs were harvested from 6- to 9-month-old
New Zealand White rabbits. A 10 ml syringe containing
1 ml of heparin (3,000 U/ml) with a 16-gauge needle was
used to aspirate or flush out the BM from the tibial or
femoral shaft. Marrow was placed in a 50 ml tube contain-
ing 5 ml @-MEM and centrifuged at 600 g for 15 minutes.
The cells were resuspended in @-MEM culture media.

Peripheral blood cell isolation and culture

MSCs were isolated from mononuclear cells (MNCs) of
peripheral blood. Peripheral blood was obtained from 8-
to 10-week-old mice (2~3 ml) and 6- to 9-month-old rab-
bits (3~5 ml) that were anesthetized with Zoletil 50 (50
mg/kg) and Rompun (10 mg/kg). The blood was treated
with ACK lysing buffer for 5 min at room temperature
and centrifuged at 3500 rpm for 5 min. After removal of
the RBC lysate supernatant, the MNCs were re-seeded
with complete ¢-MEM culture media in ECM-coated
dishes.

Preparation of cell-free ECM from cultured bone
marrow MSCs

Preparation of ECM-coated dishes was based on a pre-
viously described method (14). BM MSCs were cultured
in dishes as previously described. After 7 days, non-adher-
ent cells were removed by extensive rinsing with PBS and
the adherent cells were removed from the ECM by in-
cubation with 0.005% Triton X-100 for 3~5 minutes at
room temperature. The ECM-coated dishes were washed
with PBS three times and stored at 37°C for up to 1 month
to dry completely. For this study, the dried ECM-coated
dishes were immersed in PBS for 30 minutes prior to use.

Colony-forming unit-fibroblast (CFU-F) assay

We conducted CFU-F assays to evaluate the cloning ef-
ficiency of MSCs obtained from BM and PB. MNCs iso-
lated from BM and PB (1x10° cells) were seeded in 60
mm normal dishes containing complete «-MEM. After 14
days of culture, CFU-F colonies were fixed and stained
with a solution containing 0.1% toluidine blue (Sigma) in
PBS. Colonies containing over 50 cells were counted with
a light microscope at x40 magnification.

Bromodeoxyuridine (BrdU) cell proliferation assay
To assess cell proliferation, PB MSCs and BM MSCs
(5%10* per well) were seeded on 2-chamber slides (Nunc,
GmbH & Co., KG) and cultured. After 1 to 3 days, BrdU
labeling reagent (Life Technologies, Grand Island, NY,

USA) was added and the cultures were incubated for a fur-
ther 24 h. Incorporated BrdU was stained with a BrdU
staining kit (Invitrogen, Carlsbad, CA, USA) according to
the manufacturer’s instructions. To assess cell prolifera-
tion, nine representative images were used to determine
the number of BrdU-stained nuclei and proliferation ac-
tivity was calculated as the percentage of BrdU-staining
nuclei relative to the total number of nucleated cells.

Fluorescence activated cell sorter (FACS) analysis

After three passages PB MSCs and BM MSCs were har-
vested and 5x10° cells were washed with FACS buffer
(2% FBS, 0.1% NaN3 in PBS), incubated with 3% rat se-
rum on ice for 30 min, and immunolabeled with 1 xg
of PE-conjugated monoclonal antibodies against mouse
CD14, CD34, CD44, CD105, CDI117, Ly-6A/E (Sca-1)
(BD); Oct-4 (Millipore); or CD29 (eBioscience) on ice for
30 min.

Fluorescent antibodies used for rabbit cells included
fluorescein isothiocyanate (FITC)-conjugated anti-rabbit
CD14, and phycoerythrin (PE)-conjugated anti-rabbit
CD29. Analyses were performed with a FACS Calibur
flow cytometer using Calibur software (Becton-Dickinson)
with 10,000 events recorded for each sample.

Differentiation potential

BM MSCs and PB MSCs were cultivated under osteo-
genic and adipogenic conditions in order to determine
their capability to produce bone and adipose cell lineages.

Bone differentiation: For osteogenesis, cells in the sec-
ond passage were cultured in a 35-mm dish containing
15% FBS (Becton Dickinson, Franklin Lakes, NJ, USA),
2 mM L-glutamine, 55 #«M 2-mercaptoethanol, pen-
icillin/streptomycin (Sigma Chemical Co.) and 100 «M
L-ascorbic acid 2-phosphate (Sigma Chemical Co.) to 70~
80% confluence. The culture medium was replaced with
Stempro osteo medium (GIBCO by Life technologies).
The medium was changed twice a week for 3 weeks. Three
weeks after induction of differentiation, calcium deposits
were stained with Alizarin red S solution (Sigma) and the
cells were subjected to RT-PCR analysis.

Adipose differentiation: For adipogenesis, the cultures
were incubated in @-MEM (Life Technologies) supple-
mented with 15% FBS (Becton-Dickinson), 2 mM L-gluta-
mine, 55 M 2-mercaptoethanol, 100 «M L-ascorbic acid
phosphate, 0.5 mM isobutyl-methylxanthine, 60 #M in-
domethacin, 0.5 «M hydrocortisone, 10 «M insulin, and
penicillin/streptomycin (all from Sigma). The medium
was changed twice a week for 3 weeks. The formation of
lipid droplets was visualized by Oil red O staining
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(Sigma). The cells were subjected to RNA extraction and
RT-PCR analysis of adipogenic gene expression.

Rabbit chondrogenic differentiation: Expanded cells
were harvested after three passages and aliquots of 5x10°
MSCs were centrifuged at 550 g in 15 ml polypropylene
tubes (Falcon, Bedford, MA) for 5 min. The medium was
replaced with Stempro chondro medium (GIBCO by Life
technologies). The pelleted cells were incubated in a hu-
midified atmosphere of 5% CO; at 37°C. The medium was
changed every 3 days and the pellets were harvested after
21 days of culture. In the chondrogenic assay, the pellet
cultures were embedded in paraffin and stained with sa-
franin O.

RT-PCR

To demonstrate differentiation of BM MSCs and PB
MSCs, the expression of markers specific for osteoblasts,
adipocytes, and chondrocytes was analyzed by RT-PCR
using a mouse- or rabbit-specific primer pairs (Table 1).
Total RNA was extracted from untreated BM MSCs and
PB MSCs and cells that were differentiated from BM
MSCs and PB MSCs using Trizol reagent (Invitrogen).

Table 1. Sequences of PCR primers

For RT-PCR, cDNA was synthesized with SuperScript III
First-Strand kit (Invitrogen) using random hexamers ac-
cording to the manufacturer’s instructions.

In vivo transplantation

Approximately 5x10° of adherent BM MSCs and low-
adherent BM MSCs (all at the same passage) were seeded
onto 80 mg of hydroxyapatite/tricalcium phosphate (HA/
TCP) powder (Zimmer, Freiburg, Germany) and incu-
bated in a humidified atmosphere at 37°C with 5% CO;
for 2 h to allow cell attachment before insertion into the
transverse canals of implants. The mice were sacrificed at
8 to 10 weeks and their transplants were harvested. For
histologic analysis, the transplant samples were fixed with
4% PFA in PBS and decalcified with 5% EDTA and 4%
sucrose (pH 7.2~7.4). The paraffin-embedded sections
were deparaffinized, hydrated, and stained with hematox-
ylin and eosin (H&E).

P13 kinase assay
Primary mouse BM MSCs (1x10” cells) were seeded in-
to 6-cm normal culture dishes and incubated for 16 days.

Gene

Sequence

Mouse-specific primer pairs used for RT-PCR

Runx2 Forward
Reverse
ALP Forward
Reverse
OCN Forward
Reverse
PPAR 7 2 Forward
Reverse
LPL Forward
Revers
GAPDH Forward
Reverse
Rabbit-specific primer pairs used for RT-PCR
Runx2 Forward
Reverse
LPL Forward
Reverse
Collagenll Forward
Reverse
Aggrecan Forward
Reverse
GAPDH Forward
Reverse
B-actin Forward
Reverse

5-CCGCACGACAACCGCACCAT-3’
5-CGCTCCGGCCCACAAATCTC-3’
5-GCCCTCTCCAAGACATATA-3’
5-CCATGATCACGTCGATATCC-3’
5-AAGCAGGAGGGCAATAAGGT-3’
5-AGCTGCTGTGACATCCATAC-3’
5-GCTGTTATGGGTGAAACTCTG-3’
5-ATAAGGTGGAGATGCAGGTTC-3’
5-GGGCTCTGCCTGAGTTGTAG-3’
5-AGAAATTTCGAAGGCCTGGT-3’
5-CACCATGGAGAAGGCCGGGG-3’
5-GACGGACACATTGGGGGTAG-3’

5-CTCTGGCCTTCCACTCTCAG-3’
5-GACTGGCGGGGTGTAAGTAA-3’
5-CTGGGAACGTGTGTGTATCG-3’
5-ATTCATTCCAAGCCTGATGG-3’
5-GCACCCATGGACATTGGAGGG-3’
5-GACACGGAGTAGCACCATCG-3’
5-ACATCCCAGAAAACTTCTTT-3’
5-CGGCTTCGTCAGCAAAGCCA-3’
5-TGCACGCCATCACTGCCA-3’
5-CATACCAGGAAATGAGCT-3’
5-GCTCGTCGTCGACAACGGCTC-3’
5-CAAACATGATCTGGGTCATCTTCTC-3'
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The cells were treated with the PI3K inhibitors 1.Y294002
and Wortmannin at a concentration of 5~100 nm for 10
to 30 minutes. The treated cells detached from the cul-
tured dish and floated in the medium. The cells in the
supernatant were counted and re-seeded for the col-
ony-forming unit-fibroblast (CFU-F) assay.

Statistical analyses

All statistical analyses were performed in the R pro-
gramming language. The language R (Vienna, Austria) is
a free software environment for statistical computing and
the result of a collaborative effort with contributions from
all over the world. A difference was considered significant
when p<0.05.

Results

Colony-forming unit-fibroblast (CFU-F) assay and
proliferation of BM MSCs and PB MSCs

The number of mouse PB CFU-Fs on ECM-coated nor-
mal dishes was significantly lower than the number of
mouse BM CFU-Fs (Fig. 1a). However, the number of
CFU-Fs was greatly increased when mPB MSCs were plat-
ed on ECM-coated dishes compared with normal dishes
(p<0.05). The resulting colonies were heterogeneous in
size and cell density, potentially reflecting differences in
the rate of cell proliferation (Fig. 1b). The majority of the
colonies from mBM CFU-Fs were larger than those from
mPB CFU-Fs. Moreover, the BM colonies adhered to each
other, whereas the PB CFU-Fs on the ECM-coated dishes
were dispersed without contact between the cells. The
mean number of cells with BrdU incorporation (*stand-
ard deviation) of mouse BM MSCs and mouse PB MSCs
was 63.9£5.71% and 52.0£2.63%, respectively (Fig. lc).
Thus, the BrdU incorporation was higher in mBM MSCs
than in mPB MSCs but the difference was not statistically
significant (p>0.05).

In contrast, rabbit PB MSCs had a significantly higher
BrdU uptake rate than rabbit BM MSCs (Fig. 1d).

Flow cytometric analysis

The expression of mouse and rabbit cell markers related
to stem cells such as MSCs and hematopoietic stem cells
was measured using flow cytometry.

In the mouse, more than 90% of both populations ex-
pressed CD29 (/1 integrin) and CD44, over 50% of both
populations expressed Sca-1 (stem cell antigen-1), and
over 30% of both populations expressed CD105 (endoglin)
and Oct-4 (octamer-binding transcription factor 4). Nei-
ther population expressed the hematopoietic stem cell

markers CD14, CD34, or CD117 (Fig. 2a).

In the rabbit, the expression of surface markers was
similar between the two cell populations. Over 60% of
both populations expressed CD29 and neither population
expressed CD14 (hematopoietic stem cell markers) (Fig.
2b).

Multipotent differentiation

The multipotent differentiation potential of the mouse
PB MSCs toward osteoblasts and adipocytes was de-
termined and compared with that of mBM MSCs (Fig. 3a
~c). Alizarin Red S staining showed that mPB MSCs
were similar to regular mBM MSCs with respect to osteo-
genic differentiation in vitro. However, analysis of bone
nodule formation showed that mBM MSCs accumulated
significantly more bone nodules than mPB MSCs (p<0.05).
The expression of alkaline phosphatase, RUNX-2, and os-
teocalcin mRNA in BM MSCs and PB MSCs was analyzed
after 2 weeks of osteogenic induction (Fig. 3b).

Oil Red O staining of lipid droplets, which is an in-
dicator of adipogenesis, showed a similar result (p>0.05)
(Fig. 3d~f). We found that mPB MSCs were similar to
mBM MSCs in the formation of Oil red-O positive fat
cells under adipogenic induction conditions. The ex-
pression of adipocyte-specific genes such as PPAR-7 2
and Lipoprotein Lipase (LPL) was positive in adipogenic
differentiated mBM MSCs and mPB MSCs (Fig. 3e).

After osteogenic induction of the rabbit cells, both rPB
MSCs and rBM MSCs showed positive staining for alizar-
in red S, but rPB MSCs accumulated significantly more
bone nodules than rBM MSCs (p<0.05) (Fig. 4a~c). Very
few cells showed positive staining in the controls cultured
in the base medium. RUNX-2, which induces osteoblast
differentiation, was expressed in both experimental groups.

In the pellet culture system, the chondrogenic commit-
ment was observed at 21 days (Fig. 4d). On histologic eval-
uation, rPB MSCs and rBM MSCs showed positive stain-
ing for Safranin O (Fig. 4¢). RT-PCR analysis showed
mRNA expression of type II collagen and Aggrecan. Suc-
cessful chondrogenic differentiation was indicated by the
expression of typical genes of the chondrogenic lineage.

Expression of adipocyte-specific genes such as LPL was
observed in differentiated mBM MSCs and mPB MSCs

(Fig. 4f).

In vivo transplantation

To determine the multi-differentiation potential of BM
MSCs and PB MSCs in vivo, we transplanted BM MSCs
and PB MSCs subcutaneously into immunocompromised
mice using hydroxyapatite/tricalcium phosphate (HA/TCP)
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Fig. 1. CFU-F and proliferation of BM MSCs and PB MSCs. (a) Mouse BM MSCs seeded on the normal culture dish showed substantial
proliferation whereas mouse PB MSCs seeded on the same kmd of dish produced significantly fewer CFU-Fs (*p<0.05). There was a
significant increase in the number of mouse PB MSCs plated on ECM-coated culture dish compared with mouse PB MSCs plated on a
normal dish (*p<0.05). (b) Analysis of colony morphology of three dishes at x40 magnification revealed that BM MSCs adhere to each
other in contrast to the dispersed nature of mouse PB MSCs in culture. (c) Self-renewal capacity of mouse BM MSCs and mouse PB MSCs
and morphology of these cells (x200 magnification). The proliferation of mouse BM MSCs and mouse PB MSCs measured by BrdU in-
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PB MSCs. The proliferation of rBM MSCs and rPB MSCs measured by BrdU incorporation. Analysis of variance (**p<0.01). Scale bars=50
~M.



Yoon-Kyung Park, et al: The Characters and the Adhesion of Blood Stem Cells 271

CcD29 . CcD44 - CD105 < Oct-4 Sca-1
a 8 8 g 8
95.95% 46.8%%
e = —_— ®
=4
mouse BM MSC s
(plastic culture dis &
e T
g 2
g g
9202% 97 DS% |—3261% |
88 e g 8 g
| =4
§ g 8 8
mouse PB M5 % g
(ECM coated d§ & e
@ a TR T R 2 W
CD34 C Dl:l.':'
3 7
" g g 120
0.66% 0.87% *
n ¥ 8 —— s 1 iz ® BM MSC
3 d g " B PB MSC
= # § ] . 20 *
mouse BM MSC o .
(plastic culture dish g 2
; ¥ i 60
R - T = T = . .|
2 ; 2
i 40
g 2
122%
w ¥ 2 — x
T
§ g 9
? %3 0 — — —_
mouse PB MSC B D A
(ECM coated dish) E SIS ,;_9“} &
B B R R TR
b CD14 CD29
s g
66.26 %
rabbit BM MSC
(eoni) 100 B rabbit BM MSC
Mrabbit PBE MSC
80
£
o® 10! e 10° ot i &0
CcD29 9
g g &
-
21 5] =] 40
. 1.58% - 62.27% =
rabbit PB MSC & b—-ur— 8 s
(ECM coated dish) , 20
§%1
¥ 0 [ -
CD14 cD29
Cell markers

0! 102

FL2H FL1-H

107 10° 10

Fig. 2. FACS analysis. (a) Flow cytometric analysis of the expression of mouse markers related to stem cells such as MSCs and hematopoietic
stem cells. (b) Flow cytometric analysis of the expression of rabbit cell markers related to stem cells such as MSCs and hematopoietic
stem cells. Data show mean+SE of three independent experiments (*p>0.05).



272 International Journal of Stem Cells 2019;12:265-278

mouse BM MSC (con.)
Non-inducion

mouse BM MSC (con.)
Induction media

mouse PB MSC
(ECM coated dish)
Induction media

d

mouse BM MSC (con.)
Non-inducion

mouse BM MSC (con.) :"‘ r‘
Induction media s

mouse PBMSC
(ECM coated dish)
Induction media

RUNX-2
OCN
ALP

GAPDH

mBM MSC (con.) mBM MSC (con,) mPBMSC
Non-inducion  Induction media(ECM coated dish)

g8 8

(%o of Total Area)

-
(=]

Bone Nodule Formation

PPARy2

LPL

GAPDH

mBM MSC

Induction media

mouse BM MSC mouse PB MSC
(ECM coated dish)

(con.) mBM MSC (con.)

Non-inducion Induction media

2
z 8

2

(=]
(=]

(=]

Ol red O positive Cells (% of Total)
=

mouse BM MSC mouse PB MSC
(ECM coated dish)

Fig. 3. Osteogenic and adipogenic differentiation of mouse BM MSCs and mouse PB MSCs in vitro. (a) Calcium accumulation revealed
by alizarin red S staining at x200 magnification. (b) Expression of RUNX-2, OCN, and ALP, which induce osteoblast differentiation, in
both experimental groups. (c) Percentage of mineralized area/total area of the dish. Data show mean+SE of three dishes (*p<0.05). (d)
Lipid droplets revealed by Oil red O staining at x200 magnification indicating that the MSCs are capable of forming Oil red O-positive
cells. (€) RT-PCR showing positive gene expression profiles related to adipogenic differentiation in induced cultures compared with unin-
duced (un) cultures. () A number of cells staining positive/total number of cells. Data show mean+SE of five fields (*p>0.05).



Yoon-Kyung Park, et al: The Characters and the Adhesion of Blood Stem Cells 273

a b RUNXZ
rabbit BM MSC (con.) |1
Non-inducion GAPDH

(T rBM (non induction) @) rBM (Osteo media) 3 rPB (non induction) @ rPB (Osteo media)

* %k

100 ’—I

rabbit BM MSC (con.)
Induction media

rabbit PBMSC
(ECM coated dish)
Induction media

Bone Nodule Formation
(% of Total Area)

rabbit BM MSC rabbit PB MSC
(ECM coated dish)

d
rabbit BM MSC rabbitBM MSC
(con) i (con.)
Atday21 2 Induction media
rabbitPB MSC rabbitPB MSC
(ECM coated dish) (ECM coated dish)
Atday 21 Induction media

f

Collagen I
Aggrecan

GAPDH

1. rPB MSC : non induction
2. rPB MSC : induction

. rPB MSC : non induction 3. rBM MSC : non

. rPB MSC : induction induction . .
4. rBM MSC : induction

. rBM MSC : non induction
. rBM MSC : induction

PR

Fig. 4. Osteogenic and Chondrogenic differentiation of rabbit BM MSCs and rabbit PB MSCs in vitro. (a) Calcium accumulation revealed
by alizarin red S staining at x200 magnification. (b) Expression of RUNX-2, which induces osteoblast differentiation, in both experimental
groups. (c) Percentage of mineralized area/total area of the dish. Data show mean+SE of three dishes (*p<0.05) (d) Aggregate pellet culture.
Aliquots of rabbit BM MSCs and rabbit PB MSCs form a spherical pellet in 21 days. (e) Histologic sections were stained with Safranin-O.
The stained images are presented as a whole sample (first columns, x100) and at high magnification (second and last columns, %200,
x400). (f) Total RNA was isolated from rabbit BM MSCs and rabbit PB MSCs and expression levels of type Il collagen, aggrecan, and
GAPDH were examined by RT-PCR analysis.



274 International Journal of Stem Cells 2019;12:265-278

a b
mouse BM MSC ) ‘ e 35
(plastic culture dis| by — o
30

Bone Area
(%o of Total Area)

mouse PB MSC
(ECM coated dish)

C 40

rabbit BM MSC
(plastic culture dish )

35

30

25 4

Bone Area
(% of Total Area)

20
rabbit PB MSC

(ECM coated dish) -

10

mBM MSC

mPB MSC

Fig. 5. Bone formation of BM MSCs
and PB MSCs in vivo after transplan-
tation into immunocompromised mice.
(@, ¢ Bone formation by in vivo
transplantation of mouse and rabbit
MSCs. After 8 weeks, the transplants
were harvested and sections were
stained with H&E to evaluate bone
formation. Scale bar=50 £m. (b, d)
PB MSCs generate as much bone

as a carrier. At 8 weeks after implantation, bone formation
was observed in both BM MSC and PB MSC implants
(Fig. 5). There was no bone in implants that were not
loaded with cells (data not shown).

The amount of bone generated at 8 weeks after im-
plantation of mBM MSCs and mPB MSCs was 34.9+
0.36% and 31.6%+2.96% and rBM MSCs and rPB MSCs
was 26.3%+0.23% and 23.4%1.01% of the total area re-
spectively (Fig. 5). There was no significant difference be-
tween the two groups (p>0.05).

Effect of PI3 kinase on mesenchymal stem cell
attachment

To investigate whether PI3K is involved in MSC attach-
ment, we determined the effects of the specific PI3K in-
hibitors 1.Y294002 and Wortmannin on primary mouse
bone marrow stem cells using the colony-forming assay.

We developed a hypothetical model of how PI3 kinase
inhibitors 1.Y294002 and Wortmannin might affect adher-
ent CFU formation. After mBM MSCs had attached to
plastic dishes for 16 days, the PI3 kinase inhibitors
LY294002 and Wortmannin were added to cell cultures at
concentrations of 5~100 nm for 10 to 30 minutes and the
colony forming efficiency of cells in the suspension was
determined. The number of colony-forming cells in the su-

rBM MSC

area as BM MSCs (*p>0.05). Data
show mean+SE of bone area.

rPB MSC
(ECM coated dish)

pernatant significantly increased in a dose-dependent
manner in LY294002- and Wortmannin-treated groups.
Mouse BM MSCs, mouse BM matrix cells, and mouse PB
cells were treated with inhibitors at various concentrations
and the surviving cell number was determined by trypan
blue count assay. 1.Y294002 treatment significantly in-
creased the viable cell numbers in the supernatant in a
dose- and time-dependent manner (Fig. 6).

These data imply that PI3 kinase modulates the number
of adherent colony-forming unit-fibroblasts (CFU-F) in
MSC cultures.

Discussion

In this study, we developed a method to effectively ob-
tain MSCs from PB using ECM, which provides not only
structural support for the cells but also biochemical cues
that modulate cell physiology and phenotype (21). We
showed that the number of PB CFU-Fs on an ECM-coated
dish was much higher than that on a normal plastic dish
and demonstrated that culturing PB MSCs on ECM pro-
moted replication of CFU-Fs. There are many expla-
nations for the lack of PB CFU-Fs on plastic culture
dishes; for example, the mononuclear cells obtained from
PB yield an adherent layer of heterogeneous cells in the



Yoon-Kyung Park, et al: The Characters and the Adhesion of Blood Stem Cells

a.

Mouse BM MSCs
(1x107)

—

Pl13-Kinasc Inhibitors
10 or 30 min
| 114l
P 16days
/

275

treat

Collet supernatant

conl
cells

Wortmannin: 0,10,100 uM

LY 294002 Cell number: mouse BM MSC

1
*

I x
*
[T1] & 1

L _

LY 204002 LY 204002 LY 284002 LY 204002 LY 284002 LY 294002
CuM 10min 20uM 10min  200uM 10min OuM 20min 20uM 20min  200uM 30min

Cell number  (x104)
B B 8B B &

@

1. Cell number

aining unattached

CELL
PELLET
; C N\ 2. CFU SEEDING
i )
\ —
‘ 16days
CFU assay
Wortmannin cell number : mouse BM MSC

80

- ek e

- 1

kK *kk
60 I ] [ !
,A;—“—.

& so0 I
-3
E 40
3 0 2

20

1.0

o |

™" " ) : '. ) )

OuM 10min  10uM 10min  100uM 10min  CuM 30min = 10uM 30min  100uM 30min

Fig. 6. PI3K modulates the number of adherent colony-forming unit-fibroblasts (CFU-Fs) in primary bone marrow cultures. (a) Hypothetical
model showing the culture of mouse BM MSCs on culture dish for 16 days, before treatment with the PI3K inhibitors LY294002 (20 1M
and 200 ~M) and Wortmannin (10 ~#M and 100 M) for 10 min and 30 min. The colony forming efficiency of cells from suspension
was determined. (b, ¢) Mouse BM MSCs, mouse BM matrix cells, and mouse PB cells were treated with inhibitors at various concentrations
and cell number was determined by trypan blue assay. Left panel: Colony forming assay of mouse BM MSCs in suspension after culture
for 16 days and treatment with LY294002. Right panel: Colony forming assay of mouse BM MSCs in suspension after culture for 16 days
and treatment with Wortmannin. Wortmannin treatment increased the number of cells in the supernatant in a dose- and time-dependent
manner. Data are presented as means+SD. Statistical analysis was performed using Student’s t-tests. *Indicates significant difference versus

control (*p<0.05; **p<0.01; ***p<0.001 by Student’s t-test).

primary culture, therefore accessory cells such as lympho-
cytes, macrophages, or other hematopoietic cells might
prevent the proliferation of CFU-Fs. We further charac-
terized the PB MSCs in comparison with BM MSCs.
Under previously described conditions the CFU-F fre-
quency for MSCs in adult BM was one in 3.5x10" cells
(15); however, PB did not produce CFU-Fs under the
same conditions suggesting that the frequency of MSCs in
PB is so low that their survival or growth might be greatly

affected by culture conditions (22). In our study, the fre-
quency of PB MSCs in the normal medium was enhanced
by ECM interaction. The colony forming experiment did
form at four weeks but not at two weeks. The ECM may
enhance the function of putative accessory cells that sup-
port CFU replication such that PB MSCs on ECM-coated
matrix exhibited almost a 12- to 13-fold increase in the
number of CFU-Fs. As measured by BrdU incorporation,
the proliferation of PB MSCs on an ECM-coated dish was
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Fig. 6. Continued.

similar to that of BM MSCs on a normal dish. Therefore,
we have demonstrated a method for obtaining MSCs from
PB for clinical applications.

We conducted several experiments to determine wheth-
er MSCs isolated from PB have stem cell properties sim-
ilar to those of BM MSCs (i.e., clonogenicity, self-renewal,
and multipotentiality). PB MSCs and BM MSCs expressed
a similar pattern of cell surface antigens and had a similar
cellular morphology (flattened and spindle-shaped adher-
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ent cells) in culture, suggesting a similarity between the
two cell populations. When cultured in induction media
both PB MSCs and BM MSCs showed lipid droplets and
calcium deposits as previously described (23). As shown
by FACS analysis, PB MSCs do not display hematopoietic
markers (e.g., CD14, CD34, and CD117), similar to BM
MSCs. RT-PCR showed positive expression profiles for
genes related to adipogenic and osteogenic differentiation.
Following the demonstration of PB MSCs in vitro, we con-
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ducted experiments in immunodeficient mice to evaluate
our hypothesis in vivo. Although the bone regeneration ca-
pacity of BM MSCs was slightly higher than that of PB
MSCs, we demonstrated that PB MSCs are able to form
new bone in vivo.

The multipotential differentiation capacity of the PB
MSCs makes them candidates for tissue engineering and
suggests clinical applications in the treatment of tendon,
ligament, and bony defects. BM MSCs are believed to pro-
liferate and differentiate into osteoblasts to fill bony de-
fects in response to a cascade of events induced by injury
infliction signals (24). PB represents a safe and easy
source of MSCs, compared with the potential complica-
tions associated with BM aspirates (25).

There is convincing evidence that MSCs circulate in PB
and can be mobilized into the bloodstream by various
cytokines. This is of therapeutic interest since it would al-
low the collection of MSCs from PB and suggests the ther-
apeutic potential of their continual homing to injured
tissues. Lakkakorpi et al. (26) have shown that attach-
ment-induced activation of osteoclasts involves recruit-
ment of signaling molecules to the osteoclast fraction.
Treatment of osteoclasts with the PI3-K inhibitor
Wortmannin disrupts assembly of this complex. In osteo-
clasts, the PI3K signaling pathway plays an essential func-
tion in the mediation of resorptive activity, attachment,
and motility. In addition, PI3K was shown to stimulate
actin formation and regulate cytoskeletal functions such
as spreading and attachment (27).

In summary, our findings provide convincing support
for the hypothesis that the ECM component of the niche
that fosters CFU-Fs in the PB and the ECM modulates
the balance between proliferation and differentiation in
response to appropriate signals (28). This interesting find-
ing demonstrates the presence of circulating MSCs in PB
and the feasibility of isolating them using ECM (22).
Based on this study, PB MSCs from a patient who under-
goes implant surgery could be used to facilitate the heal-
ing of bony defects through the collection of simple blood
aspirates.

Further studies aimed at isolating MSCs from the PB
of humans are necessary to develop cell-based therapies.
Moreover, we suggest that PB MSCs obtained through a
simple blood draw can be used to facilitate the healing
of bony defects in cases of implant surgery for patients
who need commercially utilized biocompatible implants to
replace their teeth or bone. To properly address this issue,
further investigations on the role of PI3K in mesenchymal
stem cell attachment will be necessary. Nonetheless, our
current studies extend our understanding of PI3-kinase in

cell attachment.

Acknowledgments

This research was supported by Basic Science Research
Program through the National Research Foundation of
Korea (NRF) funded by the Ministry of Education
(NRF-2018R1D1A1B07042333) and Institute for Information
& communication Technology Promotion (IITP) grant
funded by the Korean Government (860-20180051).

Potential Conflict of Interest
The authors have no conflicting financial interest.

References

1. Ullah I, Subbarao RB, Rho GJ. Human mesenchymal stem
cells - current trends and future prospective. Biosci Rep
2015;35. pii: €00191

2. Perlin JR, Sporrij A, Zon LI Blood on the tracks: hema-
topoietic stem cell-endothelial cell interactions in homing
and engraftment. ] Mol Med (Berl) 2017;95:809-819

3. Xie C, Yang Z, Suo Y, Chen Q, Wei D, Weng X, Gu Z,
Wei X. Systemically infused mesenchymal stem cells show
different homing profiles in healthy and tumor mouse
models. Stem Cells Transl Med 2017;6:1120-1131

4. Chamberlain G, Fox ], Ashton B, Middleton J. Concise re-
view: mesenchymal stem cells: their phenotype, differ-
entiation capacity, immunological features, and potential
for homing. Stem Cells 2007;25:2739-2749

S. Trounson A, McDonald C. Stem cell therapies in clinical
trials: progress and challenges. Cell Stem Cell 2015;17:11-
22

6. Goldberg A, Mitchell K, Soans J, Kim L, Zaidi R. The use
of mesenchymal stem cells for cartilage repair and re-
generation: a systematic review. ] Orthop Surg Res 2017;12:
39

7. Liotta F, Annunziato F, Castellani S, Boddi M, Alterini B,
Castellini G, Mazzanti B, Cosmi L, Acquafresca M,
Bartalesi F, Dilaghi B, Dorigo W, Graziani G, Bartolozzi
B, Bellandi G, Carli G, Bartoloni A, Fargion A, Fassio F,
Fontanari P, Landini G, Lucente EAM, Michelagnoli S,
Orsi Battaglini C, Panigada G, Pigozzi C, Querci V,
Santarlasci V, Parronchi P, Troisi N, Baggiore C,
Romagnani P, Mannucci E, Saccardi R, Pratesi C, Gensini
G, Romagnani S, Maggi E. Therapeutic efficacy of autolo-
gous non-mobilized enriched circulating endothelial pro-
genitors in patients with critical limb ischemia - the
SCELTA trial. Circ J 2018;82:1688-1698

8. Freitag ], Bates D, Boyd R, Shah K, Barnard A, Huguenin
L, Tenen A. Mesenchymal stem cell therapy in the treat-
ment of osteoarthritis: reparative pathways, safety and effi-
cacy - a review. BMC Musculoskelet Disord 2016;17:230

9. Zheng RC, Park YK, Cho JJ, Kim SK, Heo SJ, Koak ]JY,
Lee JH. Bone regeneration at dental implant sites with sus-
pended stem cells. J Dent Res 2014;93:1005-1013



278 International Journal of Stem Cells 2019;12:265-278

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Romanov YA, Svintsitskaya VA, Smirnov VN. Searching for
alternative sources of postnatal human mesenchymal stem
cells: candidate MSC-like cells from umbilical cord. Stem
Cells 2003;21:105-110

Fahy N, Alini M, Stoddart MJ. Mechanical stimulation of
mesenchymal stem cells: implications for cartilage tissue
engineering. J Orthop Res 2018;36:52-63

Fadini GP, Ciciliot S, Albiero M. Concise review: per-
spectives and clinical implications of bone marrow and cir-
culating stem cell defects in diabetes. Stem Cells
2017;35:106-116

Pineault N, Abu-Khader A. Advances in umbilical cord
blood stem cell expansion and clinical translation. Exp
Hematol 2015;43:498-513

Zheng RC, Park YK, Kim SK, Cho ], Heo §], Koak JY,
Lee SJ, Park JM, Lee JH, Kim JH. Bone regeneration of
blood-derived stem cells within dental implants. ] Dent Res
2015;94:1318-1325

Wexler SA, Donaldson C, Denning-Kendall P, Rice C,
Bradley B, Hows JM. Adult bone marrow is a rich source
of human mesenchymal ‘stem’ cells but umbilical cord and
mobilized adult blood are not. Br ] Haematol 2003;121:368-
374

Hassan G, Kasem I, Soukkarieh C, Aljamali M. A simple
method to isolate and expand human umbilical cord de-
rived mesenchymal stem cells: using explant method and
umbilical cord blood serum. Int J Stem Cells 2017;10:184-
192

Ward PS, Thompson CB. Signaling in control of cell
growth and metabolism. Cold Spring Harb Perspect Biol
2012;4:a006783

Scanlon V, Soung do Y, Adapala NS, Morgan E, Hansen
MF, Drissi H, Sanjay A. Role of Cbl-PI3K interaction dur-
ing skeletal remodeling in a murine model of bone repair.
PLoS One 2015;10:¢0138194

Fruman DA, Chiu H, Hopkins BD, Bagrodia S, Cantley
LC, Abraham RT. The PI3K pathway in human disease.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Cell 2017;170:605-635

Huang CY, Hagar KL, Frost LE, Sun Y, Cheung HS.
Effects of cyclic compressive loading on chondrogenesis of
rabbit bone-marrow derived mesenchymal stem cells. Stem
Cells 2004;22:313-323

Hidalgo-Bastida LA, Cartmell SH. Mesenchymal stem
cells, osteoblasts and extracellular matrix proteins: enhanc-
ing cell adhesion and differentiation for bone tissue
engineering. Tissue Eng Part B Rev 2010;16:405-412
Tondreau T, Meuleman N, Delforge A, Dejeneffe M, Leroy
R, Massy M, Mortier C, Bron D, Lagneaux L. Mesenchy-
mal stem cells derived from CD133-positive cells in mobi-
lized peripheral blood and cord blood: proliferation, Oct4
expression, and plasticity. Stem Cells 2005;23:1105-1112
He Q, Wan C, Li G. Concise review: multipotent mesen-
chymal stromal cells in blood. Stem Cells 2007;25:69-77
Khosla S, Westendorf JJ, Modder UI. Concise review: in-
sights from normal bone remodeling and stem cell-based
therapies for bone repair. Stem Cells 2010;28:2124-2128
Wu G, Pan M, Wang X, Wen J, Cao S, Li Z, Li Y, Qian
C, Liu Z, Wu W, Zhu L, Guo J. Osteogenesis of peripheral
blood mesenchymal stem cells in self assembling peptide
nanofiber for healing critical size calvarial bony defect. Sci
Rep 2015;5:16681

Lakkakorpi PT, Wesolowski G, Zimolo Z, Rodan GA,
Rodan SB. Phosphatidylinositol 3-kinase association with
the osteoclast cytoskeleton, and its involvement in osteo-
clast attachment and spreading. Exp Cell Res 1997;237:296-
306

Kim NG, Gumbiner BM. Adhesion to fibronectin regulates
Hippo signaling via the FAK-Src-PI3K pathway. ] Cell Biol
2015;210:503-515

Chen XD, Dusevich V, Feng JQ, Manolagas SC, Jilka RL.
Extracellular matrix made by bone marrow cells facilitates
expansion of marrow-derived mesenchymal progenitor cells
and prevents their differentiation into osteoblasts. ] Bone
Miner Res 2007;22:1943-1956



