JOURNAL OF BIOLOGICAL REGULATORS & HOMEOSTATIC AGENTS Vol. 27, no. 1, 165-175 (2013)
. 27, no. 1, 165-175

BONE MARROW CONCENTRATED CELL TRANSPLANTATION:
RATIONALE FOR ITS USE IN THE TREATMENT OF HUMAN
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Bone marrow is one of the best characterized stem cell microenvironments that contains Mesenchymal
Stem Cells (MSCs), a rare population of non-hematopoietic stromal cells. MSCs have been indicated as a
new option for regenerative medicine because of their ability to differentiate into various lineages such as
bone, cartilage and adipose tissue. However, isolation procedures are crucial for the functional activity
of the transplanted cells. The use of concentrated bone marrow cells (BMCs) enables a cell population
surrounded by its microenvironment (niche) to be implanted while avoiding all the complications
related to the in vitro culture. The cells of the niche are able to regulate stem cell behavior through
direct physical contact and secreting paracrine factors. The aim of this study was to characterize BMCs
in vitro to evaluate their ability to differentiate toward mature cells and try to understand whether
there are differences in the chondrogenic and osteogenic potential of cells from patients of different
ages. Mononuclear Cells (MNCs) isolated by Ficoll were used as control. Both cell populations were
grown in monolayers and differentiated with specific factors and analyzed by histological and molecular
biology assays to evaluate the expression of some specific extracellular matrix molecules. The present
investigations revealed the ability of BMCs to act as isolated cells. They are able to form colonies
and differentiate toward chondrogenic and osteogenic lineages, the latter pathway appearing to be
influenced by donor age. The results obtained by this study support the use of BMCs in clinical practice
for the repair of osteochondral damage, which might be particularly useful for the “one-step” procedure
allowing cells to be directly implanted in operating room.

transplantation (5) and, in the last decade, autologous
chondrocyte transplantation (6). This therapeutic

An important problem in orthopaedics is cartilage
tissue lesions after injury or that occurs during

osteoarthritic processes (1). Several techniques
have been used to treat cartilage lesions, such as
debridement (2), drilling subchondral bone (3),
microfractures (4), periosteal and perichondral

strategy has been improved by the use of suitable
scaffolds, which provide a biodegradable three-
dimensional structure for tissue development, thus
facilitating also the surgical procedure and the
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expression of specific molecules by the cells (7). The
goal is to regenerate a tissue with the structural and
mechanical properties of the original one, a result
that cannot be obtained by traditional therapeutic
approaches. However, the use of mature chondrocytes
isolated from articular cartilage and expanded in
culture might be displaced by that of Mesenchymal
Stem Cells (MSCs), which can be easily isolated
from different sources, such as bone marrow (8). The
potential of MSCs to produce cartilage and bone-like
tissues has been widely shown in vitro, in animal and
human models (9-11). However, little consensus and
in many cases conflicting results regarding the effect
of donor age on regenerative potential have been
reported (12). A number of authors have reported
a decrease in MSCs with increased age and some
changes in differentiation, proliferation, attachment,
senescence or self-renewal (13), whereas others
have not (14). An age-related atrophy of MSCs has
been suggested as a cause of decreased number of
osteoprogenitor cells and decreased bone formation
capacity because of a lack of mature matrix-forming
OB (15).

The MSC population contains progenitors
capable of in vitro proliferation and differentiation in
the presence of specific factors such as Transforming
Growth Factor-B (TGF-B) and Bone Morphogenic
Protein-7 (BMP-7) for cartilage and dexamethasone,
B-glycerophasphate (-GP), and Fibroblast Growth
Factor-2 (FGF-2) for bone, which significantly
increase the frequency of tissue formation (16).
MSCs commit to chondrogenesis and osteogenesis
when the proliferation and phenotypic expression
of cells are affected and different genes involved in
these processes are modulated (17).

Recently, taking into account that MSC activity
is due not only to the expression of one or more
intrinsic cell capabilities but depends also on the
surrounding microenvironment (niche), transplanting
concentrated bone marrow cells (BMCs) was
hypothesized (18). The concept that a stable, custom
microenvironment or niche might control stem cells
was initially hypothesized by Schofield (19). In a
niche, neighboring subsets of cells and extracellular
substrates house stem cells, and provide specialized
functions to modulate stem cell self-renewal and
progeny productionin vive (20). Bone marrow contains
not only Hematopoietic Stem Cells (HSCs) and MSCs

as a source for regenerating tissues but also accessory
cells that support angiogenesis and vasculogenesis
by producing several growth factors (21). Following
these findings the transplantation of BMCs seems to
be an ideal strategy for the regeneration of cartilage
lesions that also involve the subchondral bone.
Furthermore, the use of total bone marrow might
avoid the isolation and expansion phases required to
obtain MSCs, the possible malignant transformations
of'the cells and risks of adverse immune reactions e.g.
components of the Foetal Bovine Serum (FBS) added
to the culture (22).

To our knowledge, data present in the Literature
which are aimed at characterizing bone-marrow-
derived cells refer to studies on cells of animal origin
which are isolated from bone marrow (23). The aim
of the present study was to evaluate human BMCs,
obtained by a concentration procedure performed
directly in the operating room, by their phenotypical
characterization and ability to differentiate towards
chondrogenic and osteogenic lineages.

Mononuclear cells (MNCs) from the same patients
isolated by synthetic polysaccharid gradient (Ficoll)
were used for comparison. Cells were obtained
from patients of different age in order to verify
the influence of this factor on the differentiation
potential.

MATERIALS AND METHODS

Bone marrow harvesting and concentration

Bone marrow was obtained from the iliac crest of
20 patients (mean age 30.35+12.63; 11 women and 9
men) undergoing autologous cell transplantation for
the treatment of osteochondral defects. The Ethical
Committee of the Institution approved the human
protocol for this study. All investigations were conducted
in conformity with ethical principles of research, and
written informed consent was signed by all the patients
enrolled in this research. The bone marrow was harvested
from the posterior iliac crest in a sterile regimen, with
the patient in prone decubitus and using gencral or spinal
anesthesia. The marrow was aspirated in small fractions
from different points to maximize the harvesting of the
marrow stromal cells and reduce dilution by peripheral
bloed. The harvested bone marrow was reduced in
volume directly in the operating room, by removing
most of the red cells and plasma. Thus, it was possible
to obtain a concentrate of nucleated cells, that are stem
cells, monocytes, lymphocytes, and other bone marrow
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resident cells. The bone marrow was concentrated with
a cell separator (Smart PReP®, Harvest Technologies
Corp., Plymouth, MA, USA), by a sterile and disposable
dedicated kit (BMAC®, Harvest Technologics Corp.,
Plymouth, MA, USA). Sixty milliliters of bone marrow
aspirate was injected into the posterior portion of the
double chamber device. This was placed vertically on the
rotor of the centrifuge. A 3 min centrifugation at 2500 rpm
separated the red cells from the other components with
the help of a semi-permeable membrane; then, during
a 2 min arrest period, the bufty coat separated from the
erythrocytes was transferred into the anterior chamber.
Finally, a 9 min phase at 2300 rpm separated the cellular
component from the plasma in the anterior chamber; at
the end of the entire process the majority of the red cells
remaincd in the posterior chamber of the container and
the mononuclear cells were found at the bottom of the
anterior chamber of the device, covered by the platelet-
poor plasma. The cells were then aspirated with a syringe
and re-suspended into platelet-poor plasma up to 6 ml of
cell concentrate. Two out of the 6 ml of concentrate was
sent to the authors’ laboratory for the experiments in vitro.
0.5 ml of concentrate was used in toto and 1.5 ml was used
to isolate mononuclear cells by Ficoll procedure.

MNC isolation

MNCs were isolated from bone marrow concentrate.
1.5 ml of bone marrow was diluted 1:10 with Phosphate
Buffer Saline (PBS), collected in 50 ml tubes and isolated
by Ficoll gradient (d=1.077 g/ml) (Sigma, St. Louis, MO,
USA). The ring was collected and cells were washed
twice, re-suspended in alpha-minimal essential medium
(a-MEM) (Sigma) with 15% FBS and counted using Turk
dye (Farmitalia Carlo Erba, Milano, Italy).

Analyses performed

Cells, both BMCs and MNCs, werc analyzed by
flow cytometry analysis (FACS) to evaluate their
phenotypic expression. fn vitro self-renewal capacity
was demonstrated by Colony-Forming Unit Fibroblast
(CFU-F) assays. Moreover, their differentiation capacity
toward the osteogenic and chondrogenic lineages was also
evaluated by Alcian Blu and Alizarin Red (Sigma) staining
and by molecular biology investigations.

Flow cytometric analysis

A total of 10x10* of BMCs and MNCs were
used for the evaluation of specific markers by three-
colour immunofluorescence. The cells were washed
and resuspended with PBS containing 2% FBS and
0.1 % sodium azide (Sigma). Specific binding block
was performed by incubating the cells for 10 min
at Room Temperature (RT) with immunoglobulins

(Dako, Glostrup, Denmark) of the same isotype of the
primary antibodies used. 2.5x10° cells for each marker
were successively incubated with mouse monoclonal
antibody anti-human CD45 conjugated with Tetramethyl
Rhodamine Isothiocyanate (TRITC) (Dako), anti-human
CD34 conjugated with Phycoerythrin (PE) and anti
human CD90, CD105, CD106, CD146 conjugated with
Fluorescein Isothiocyanate (FITC) (Serotec, Oxford, UK)
at a concentration of | pg/ml for each antibody in the dark
for 30 min on ice. Then, the cells were washed twice and
fixed with 1% paraformaldehyde and analyzed with a
FACStar Plus (Becton Dickinson, Mountain View, CA).
Negative and isotype-matched controls were performed.
The percentages of specific markers were evaluated on
CD34 and CD45 negative cells.

Colony-Forming Units-Fibroblast (CFU-F) assay

The clonogenic ability of BMCs and MNCs was
determined by a low-density CFU-F assay 5x10* cells
from the two different populations were seeded in Petri
dishes in o-MEM supplemented with 20% FBS. The
medium was changed twice a week. At 7 and 14 days the
wells were washed with PBS, and the cells were fixed
with methanol and stained with Crystal Violet (Sigma).
An aggregate of cells containing more than 50 cells was
classified as a colony originating from one clonal cell.

Chondrogenic and osteogenic differentiation of BMCs
and MNCs

The differentiation potential of both BMCs and MNCs
was performed in monolayers. Despite being aware that
chondrogenesis should be performed in 3D, in the present
experiments pellet cultures could not be obtained from
BMCs. 1.5x10°%wells of both BMCs and MNCs were
sceded onto a 12-well plate in o-MEM supplemented
with 15% FBS. For each sample one plate was used
for histochemical assay and one for molecular biology
analysis. Different plates were used for the experimental
times scheduled. For chondrogenic differentiation the
medium was replaced after 24 h with complete medium
Dulbecco’s Modified Eagle Medium (DMEM) (Life
Technologies, Grand Island, NY, USA) with high glucose
supplemented with ITS Premix: 6.25 pg/mL insulin, 6.25
pg/mL transferrin, 5.33 pg/mL linoleic acid, 1.25 mg/
mL Bovine Serum Albumin (BSA) (BD Biosciences,
Bedford, MA), 107 M dexamethasone (Sigma), 37.5
pg/mL ascorbate-2 phosphate (Sigma), I mM of sodium
pyruvate (Sigma) and 10 ng/mL of TGF-pl (R&D
Systems).

For osteogenic differentiation the initial medium
was substituted with: aMEM (Sigma) with 15% FBS
(Cambrex) containing 75 pg/mL ascorbate-2 phosphate
(Sigma), 0.01 mM B-GP (Sigma), 107 M dexamethasone
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(Sigma).

Complete medium without the specific growth
factors was used for chondrogenic and ostcogenic
control respectively. Cells (for both chondrogenesis and
osteogenesis) were maintained in culture up to 28 days
and the medium was changed twice a week.

Alcian Blue staining

To assess chondrogenic differentiation Alcian Blue
staining was performed at 21 and 28 days. Briefly,
cultured cells were washed with PBS, fixed in 10% neutral
buffered formalin for 30 min at RT. Then, the cells were
incubated for 3 min at RT with a 3% acetic acid solution
and stained with 1% Alcian Blue solution for 30 min at
room temperature. Stained cells were washed extensively
in running tap water and rinsed in Double Deionizer Water
(DDW).

Alizarin Red staining

To assess osteogenic differentiation, the calcium
deposition was evaluated using Alizarin Red S staining at
21 and 28 days. Briefly, cultured cells were washed with
PBS, fixed in 10% neutral buffered formalin for 1 h at
room temperature. After washes in DDW, the cells were
dehydrated in alcohol graded series and stained with 1%
Alizarin red S solution (Sigma) for 2 min. Stained cells
were washed extensively with DDW to remove the non-
specific precipitation, positive red staining represents
calcium deposits on the differentiated cells. Experiments
were performed in duplicate wells.

Analysis of mRNAs expression by Real-Time PCR

BMCs and MNCs were analyzed by Real-Time RT-
PCR to investigate the expression of specific markers
during chondrogenesis and osteogenesis at 0 and 28 days
for the former and at 0, 21 and 28 days for the latter. In
particular, collagen type 1I, aggrecan and Sox-9 were
evaluated in chondrogenic cells and Alkaline Phosphatase
(AP), Bone Sialoprotein (BSP) and osteocalcin (OC),
were evaluated in osteogenic cells. 1.5x10° cultured cells
were directly lysed by the addition to each well of 0.5 ml
of TRIzol reagent (Invitrogen, Life Technologies). RNA
was recovered by precipitation with isopropyl alcohol and
then treated with DNase I (DNAfree Kit, Ambion, Austin,
TX, USA). Total RNA was reverse transcribed using the
Multiscribe reverse transcriptase (Applied Biosystems,
Courtaboeuf, France), according to the manufacturer’s
protocol. PCR primers for the selected genes and for
the housekeeping gene glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) used as an internal control were
obtained from published references or designed using the
PRIMER3 software (Table 1) (24-26). Real-Time PCR
was run in a LightCycler Instrument (Roche) using the

QuantiTect® SYBRt® Green PCR Kit (Qiagen, GmbH,
Germany) following previously described protocols (27).
For each target gene, mRNA levels were normalized using
the reference gene GAPDH.

Statistical analysis

Spearman’s rank correlation analysis was used to
test the relationship between age and differentiation and
the differences among the follow-up times. The Mann
Whitney test was performed to assess differences between
means of the 2 types. General linear model for repeated
measures with Sidak correction for multiple comparisons
and type and age grouping as factors was performed to
test differences of the scores at different follow-up times
and the influence of age and type. For all tests p<0.05 was
considered significant. Statistical Analysis was carried out
by the Statistical Package for the Social Sciences (SPSS)
software version 15.1 (SPSS Inc., Chicago, USA).

RESULTS

Flow cytometric analysis

BMCs and freshly isolated MNCs analyzed by
FACS before seeding was positive for CD90, CD105,
CD106, CD146 (Fig. 1A). The expression of these
markers is similar between the two cell population
and is not related to age (data not shown).

Colony-Forming Units-Fibroblast (CFU-F) assay

The functional capacity of BMCs and MNCs
was determined by measuring the colony-forming
activity. The CFU-F test showed that the mean
number of colonies obtained with the two different
cell populations was similar (Fig. 1B). Nodifferences
were observed among cultures of patients of different
ages (data not shown).

Alcian Blue staining

During  chondrogenic  differentiation, an
extracellular matrix deposition was evident on day
28 in both BMC and MNC cells (Fig. 2A). A slight
difference was observed among patients of different
ages (data not shown).

Alizarin Red staining

During osteogenic differentiation the calcium
deposition was evident starting from day 21 and
particularly on day 28 in both BMC and MNC cells.
An evident difference was observed among patients
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Table 1. List of primers used in Reai-Time RT-PCR.,

Gene Primer sequences (5°-3") Amplicon size Annealing References®
(base pairs) temperature
°cy

Aggrecan 5°-TCG AGG ACA GCG AGG CC RS 60 47
3°-TCG AGG GTG TAG CGT GTA GAG A

Type 11 collagen 3-GAC AAT CTG GCT CCC AAC 257 [0} PRIMER 3
3I-ACAGTCTTGCCCCACTTAC

Sox-9 5'-GAG CAG ACG CAC ATCTC 118 60 PRIMER 3
3I-CCTGGGATTGCCCCG A

ALP 5" GGA AGA CAC TCT GAC CGT 152 &0 PRIMER 3
3’ GCC CAT TGC CAT ACA GGA

BSP 5' CAGTAGTGACTCATCCGAAG 158 60 PRIMER 3
ICATAGCCCAGTGTTGTAGCA

ocC 5" GCA GCG AGG TAG TGA AGA 148 60 PRIMER 3
3" TCC TGA AAG CCG ATG TGG

GAPDH 5"-TGG TAT CGT GGA AGG ACT CATGAC 190 60 46

3"-ATG CCA GTG AGC TTC CCG TTC AGC

2Primer sequerices were obtained from published references where indicated or designed using PRIMER 3.

of different ages in a high percentage of cases
evaluated (Fig. 2B).

Analysis of mRNAs expression by Real-Time PCR:
Chondrogenesis

To investigate the chondrogenic differentiation
potential of both BMCs and MNCs, type I collagen,
Sox-9 and aggrecan mRNA were analyzed by
quantitative RT-PCR on day 0 and 28, since in
the authors’ experience before this time mRNA
chondrogenic-specific markers are very poorly
expressed. No significant differences were observed
between the two cell groups analyzed at all the
experimental times evaluated. Collagen type 11
mRNA, which was almost undetectable on day 0 in
both BMCs and MNCs, showed a very light increase
on day 28 in the first group while a more evident,
even not significant, expression on the same day in
the second one (Fig. 3A). Sox-9, a transcriptional
factor of collagen type II, was significantly highly
expressed on day 28 compared to day 0 (p<0.0005)
(Fig. 3B). Aggrecan mRNA was highly expressed
on day 28 compared to day 0 with significant values

(p<0.0005) (Fig. 3C). For these chondrogenic
markers no differences were observed among
patients of different ages (data not shown).

Analysis of mRNAs expression by Real-Time
PCR:Osteogenesis

No difference between BMC and MNC groups
was observed for ALP, BSP and OC mRNA
expression at all the experimental times evaluated.
In general, ALP was significantly higher on day 21
and day 28 compared to day 0 (p<0.0005) although
it tended to decrease from day 21 until day 28 (Fig.
4A). These differences were influenced by age since
the higher increase was evident for younger patients
(<25 years) compared to “older ones” (>25 years)
as was the decrease which was more evident for
the first group (p=0.037) (Fig. 4B). BSP increased
significantly on day 21 (p<0.0005) and 28 (p<0.013)
compared to day 0 in both cell populations (Fig. 4C).
Moreover, inside each group, a significant difference
between younger patient and older ones was observed
(p<0.035) since in the former BSP increased at high
levels up to 28 days (Fig. 4D). Osteocalcin mRNA
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Fig. 1. A) Flow cytometric analyses of CD90+, CDI05+, CDI06+ and CDI146+ evaluated on CD34 and CD435 negative
cells. B) Colonies forming Units. 14 days after initial seeding of 5x10° BMCs and MNCs, no differences between the two
populations analyzed are present. Two representative colonies in CFU-F assay are shown.

was slightly highly expressed on day 21 compared
to day 0 and significantly more highly expressed on
day 28 compared to day 0 (p<0.049) (Fig. 4E). No
significant differences were observed among patients
of different ages (data not shown).

DISCUSSION

Currently, there is no reliable reconstructive
technique to repair osteochondral articular defects
anatomically (1). Cartilage and bone repair requires a
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Fig. 1. A) Flow cytometric analyses of CD90+, CD105+, CD106+ and CD146+ evaluated on CD34 and CD45 negative
cells. B) Colonies forming Units. 14 days after initial seeding of 5x10° BMCs and MNCs; no differences between the two
populations analyzed are presemt. Two representative colonies in CFU-F assay are shown.

was slightly highly expressed on day 21 compared DISCUSSION
to day 0 and significantly more highly expressed on
day 28 compared to day 0 (p<0.049) (Fig. 4E). No Currently, there is no reliable reconstructive

significant differences were observed among patients technique to repair osteochondral articular defects
of different ages (data not shown). anatomically (1). Cartilage and bone repair requires a
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Fig. 2. A) Alcian Blue staining of BMCs and MNCs cultured in the absence (Ctr) or presence of TGF-81 (Diff) at 28
davs. Diff samples are in duplicate. No differences between BMCs and MNCs are present. B) Alizarin Red S staining
of BMCs and MNCs of representative patients cultured in the absence (Ctr) or presence of ascorbate-2 phosphate,
B-glveerophosphate and dexamethasone (Diff) at 28 days. Diff samples are in duplicate. In the upper panel cells from a
patient <23 years were seeded, whereas in the lower panel, cells from a patient > 235 years were seeded. There is a visible
different staining between the cells from the patients of different ages.
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multistep controlled activation and silencing of genes  as requiring two surgical operations for healthy

producing extracellular matrix, growth factors, and  cartilage harvesting and cell implantation and it is not
adhesion molecules involved in tissue formation (1). employable in the presence of osteochondral defects
The use of autologous chondrocyte transplantation which require the regeneration of both cartilage
has produced successful results in recent years (28). and bone tissues (1). This has led to the search for

However, this technique has some limitations, such other cell types that can be obtained from the patient
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without performing an arthroscopy procedure.

MSCs are a fascinating source for regenerative
medicine because they can be harvested in a less
invasive manner, easily isolated and expanded in
vitro. MSCs have proven to be able to differentiate,
after appropriate induction, into several mesodermal
tissues including cartilage and bone (29). They
provide tissue protection and repair by the release of
paracrine molecules including cytokines and growth
factors (30). Nevertheless, in bone marrow aspirate,
MSCs account for a very small fraction of the total
population of nucleated cells; therefore, innovative
in-depth research has paved the way for the
clinical use of concentrate bone marrow - However,
despite the increase in the number of precursor
cells obtained by the concentration procedure, the
rationale for using total bone marrow resides in its
peculiar characteristics that identify it as an orchestra
of cells and signals. As reported above, the bone
marrow niche which comprises HSCs and MSCs is
responsible for the regeneration of tissues. However,
it is certain that the composition of cell types and
extracellular matrix components in the bone marrow
varies extensively over a lifetime. These changes are
reflected also by decreased bone formation .

The present study was aimed at characterizing
human BMCs, by analyzing their phenotypical and
functional features to further support their use for
the regeneration of damaged osteochondral tissues.
The behavior of these cells was compared to that of
MNCs isolated by the Ficoll procedure which is the
gold standard but has some important limitations
such as the time needed for the procedure and the
requirement of Good Laboratory Manufacturing
practice (GMP).

Taking into account one of the minimal criteria
for defining multi-potent mesenchymal stromal cells,
that refers to the expression of specific CD markers
(31), our data show that BMCs present the same
CD pattern as isolated MNCs. However, being the
MSC population extremely low in the two different
cell populations a quantitative comparison is quite
impossible.

Concerning the clonogenic capacity of BMCs
and MNCs, our results demonstrated that both cell
populations are able to form CFU-F colonies with a
similar ability.

Concerning the differentiation potential, both

BMCs and MNCs are able to differentiate in vitro
towards chondrogenic and osteogenic lincages as
testificd by the expression of specific extracellular
molecules during culture. These results are not
be surprising since both groups comprise cells
of the same origin, but it had to be shown since
the BMC population is heterogeneous. In both
cell populations some differences are highlighted
among patients of various ages particularly for their
ability to differentiate into the osteogenic lineage.
Cells from patients up to 25 years old express,
during their differentiation process, higher levels of
osteogenic markers such as ALP and BSP compared
to those of patients over 25 years old. These results
are in agreement with other previous data giving
further evidence of the effect of donor age on
differentiation, particularly towards the osteogenic
lineage (13), and confirm the combination of niche
microenvironment intrinsic changes and aging.
This finding is not related, however, to a specific
mesenchymal phenotype since no correlations were
observed between the expression of cellular surface
markers and that of specific molecules involved in
the differentiation processes. Based on the results of
this and other similar studies, it is evident that many
variables must be taken into account for the choice
of an ideal cell source for tissue regeneration and in
particular the age of the patients. Despite this, the
use of total bone marrow which avoids the expansion
of the cells and low the cost of the procedure may
be preferred compared to other procedures. The
correlation between the present in vitro results and
the clinical outcome in the follow-up of patients
treated with BMCs will be the aim of future studics.

The results obtained by this study support the use
of bone marrow concentrate in clinical practice for
the repair of osteo-chondral damage, which might
be particularly useful for the “One-Step” procedure
allowing cells to be directly implanted in the
operating room.
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