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Abstract

Purpose Due to their properties and characteristics
human mesenchymal stem cells (MSCs) appear to have
great therapeutic potential. Many different populations of
MSCs have been described and to understand whether they
have equivalent biological properties is a critical issue for
their therapeutic application.

Methods We proposed to analyze the in vitro growth
kinetics of MSCs derived from different body sites (iliac
crest bone marrow, vertebrae bone marrow, colon mucosa,
dental pulp).

Results Mesenchymal stem cells derived from vertebrae
can be maintained in culture for a greater number of steps
and they also generate mature cells of all mesenchymal
lineages with greater efficiency, when induced into osteo-
genic, adipogenic and chondrogenic differentiation.
Conclusions The ability of vertebrae-derived MSCs in
terms of expansion and differentiation is very interesting at
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Introduction

Adult mesenchymal stem cells (MSCs) represent a heter-
ogeneous population of cells, with a positive immuno-
phenotype for STRO-1, CD73, CD146 and CD106 and a
negative immunophenotype for CD11b, CD45, Cd34, Cd31
and CD117 [1]. MSCs act via multifaceted pathways that
are not completely understood to date to perform two
mainly physiological functions: the secretory or “trophic”
function, including the secretion of a wide spectrum of
factors with immunomodulatory, anti-inflammatory, anti-
apoptotic, proangiogenic, proliferative or chemoattractive
capacities; the orchestration of differentiation processes
together with differentiated or undifferentiated resident
cells for functional tissue restoration. In recent years, many
studies have been focused on MSCs because of their bio-
logical characteristics particularly suitable for clinical
application in a wide spectrum of diseases [2]. They can be
isolated from different tissues, grown ex vivo, and induced
to differentiate in vitro into multiple cell types, including
bone, cartilage, fat and stroma [3]. Considering this ability
MSCs have been used clinically for several regenerative
approaches in the musculoskeletal system, using different
methods for cell harvesting from a donor site and cell
delivery to the musculoskeletal system [4]. MSCs can be
derived from blood by venous puncture or derived from
bone marrow by, for example, aspiration from iliac crest or
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by surgical removal from a donor site, with increasing
levels of invasiveness. The simplest means of cell delivery
to the musculoskeletal system is direct injection of cells
into the diseased tissue, under strict compliance with good
medical practice [5, 6]. Alternatively, MSCs can be har-
vested from blood, bone marrow or tissues and then
maintained in tissue culture for amplification under con-
trolled good medical practice conditions. This method
allows the monitoring of the cells under safety and quality
aspects, as well as further cell selection. The use of
unprocessed as well as ex vivo processed cells can be
enhanced and supplemented by the use of biomaterial
scaffold, soluble factors, nucleic acid or mechanical stim-
ulation. For this purpose, large numbers of natural or
synthetic biomaterials have been tested specifically for
almost every target cells and tissue [7].

Spine fusion is frequently used to treat traumatic,
degenerative and oncological spine diseases. Autologous
bone graft has been considered the gold standard for spine
fusion procedures because of its osteogenic, osteoinductive
and osteoconductive ability. However, its use is associated
with significant disadvantages including donor site pain,
increased operative time, insufficient availability, and
nonunion post-lumbar fusion [8]. Allograft bone has been
the most widely used substitute to avoid the complications
of donor site morbidity, but it has increased risks of
infection and rejection and poor osteoinductive properties
[9]. Various bone substitutes have been developed to pro-
mote spinal fusion [10, 11].

Mesenchymal stem cells have been used as a model to
characterize in vitro the cytocompatibility and the biolog-
ical features of different biomaterials, which are proposed
as possible candidates for spine fusion improvement (bone
graft substitutes or three-dimensional scaffolds) [12, 13].
Moreover, for spinal fusion MSCs have been successfully
tested in several small and large animal models [14].

Considering that MSCs, originally identified in the
bone marrow, can be isolated also from other tissues,
many different populations of MSCs that differ for the
embryonic origin and the anatomical localization have
been described and to understand whether they have
equivalent biological properties is a critical issue for their
therapeutic use. We proposed to analyze cellular and
molecular characteristics of human adult MSCs derived
from different body locations, such as bone marrow from
iliac crest (Ic-MSCs), sternum (St-MSCs) and vertebrae
(vMSCs), as well as colon (Co-MSCs) and dental pulp
(DPSCs). We previously investigated whether homeobox
genes of the HOX and TALE subfamilies might provide
suitable markers to identify distinct stromal cell popula-
tions, as HOX proteins control cell positional identity and,
together with their co-factors TALE, are involved in
orchestrating differentiation of adult tissues [15]. We
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observed that stromal populations from different sources,
although immunophenotypically similar, display distinct
HOX and TALE signatures [16]. Our data suggest that cell
populations derived from different body sites may not
represent equivalent cell sources for cell-based therapeutic
strategies for regeneration and repair of specific tissues. In
the light of these observations, we analyzed and compared
the in vitro proliferation and differentiation ability of
MSCs derived from different body sites, to identify the
cell population showing better biological properties for
spine fusion clinical application.

Materials and methods
Isolation and cultures of human stromal cells

Bone marrow samples were either purchased from
CAMBREX Poietics cell systems (Gaithersburg, MD,
USA) or harvested under local anesthesia from iliac crest,
sternum and vertebrac of different patients, undergoing
routine orthopedic surgery, following informed consent.

A total of 20 mL of bone marrow aspirate were com-
bined with saline solution (ratio 1:3), to set up primary
bone marrow cell cultures. Bone marrow aspirates were
carefully layered over Lymphoprep density gradient (Axis-
Shields, Oslo, Norway), and centrifuged at 400xg for
25 min. The low-density mononuclear fraction was col-
lected and washed twice with saline solution. After resus-
pention in Dulbecco’s modified Eagle medium low-glucose
(DMEM, Invitrogen, UK), supplemented with 10 % of
fetal bovine serum (FBS; Invitrogen), 100 pg/mL genta-
micin (Sigma Aldrich, Saint Louis, MO, USA), 2 mM
L-glutamine (Biowittaker Cambrex, Walkersville, MD,
USA), cells were subsequently seeded at 2 x 10° cells/cm?®
in T-75 tissue culture flasks (Corning Inc. Corning, NY,
USA). Cells were grown at 37 °C in a humidified atmo-
sphere containing 5 % CO,. In order to remove non-
adherent cells fresh medium was replaced after 48—72 h,
with refeeding 3 times a week until 80 % confluence was
reached.

Alternatively, bone marrow samples were treated for
20 min at 20 °C with RosetteSep human MSC enrichment
cocktail (StemCell Technologies, Vancouver, BC, Canada)
composed by CD3, CD14, CD19, CD38, CD66b, Gly-
cophorin A tetrameric antibody (Ab) complexes to obtain
lineage depletion, diluted and centrifuged over Ficoll-
Hypaque gradient for 25 min at 300xg. Enriched cells
were collected, washed, and residual red blood cells were
removed after treatment with NH,CI (StemCell) for 10 min
in ice. Moreover, MACS column (Miltenyi, Bergisch
Gladbach, Germany) has been used to remove CD34™
cells. Cells were then cultured at sub-clonal/low-density
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concentration (1-10 cells/cmz) for 3 weeks in o-medium
(Invitrogen, Carlsbad, CA, USA), with 20 % fetal calf
serum (FCS; StemCell), in T-75 flasks at 37 °Cin 5 % CO,
atmosphere. Half medium was replaced twice a week.
When adherent layers of MSCs reached confluence, cells
were trypsinized and plated at low density for further
expansion.

Colon surgical specimens were thoroughly washed with
PBS supplemented with 5x antibiotic/antimicotic (A/A)
solution (Invitrogen), maintained in PBS 5x A/A at 4 °C,
treated with 30-45 mL. 1 mM EDTA/EGTA PBS for
75 min at 20 °C, vigorously shaken, then processed as
described for bone marrow.

Human dental pulp cells were obtained from molars of
healthy subjects, after informed consent. A Gracey curette
was used to obtain radicular dental pulps, from healthy and
non-carious teeth. Pulp tissue explants were placed in T-25
tissue culture flasks (Corning Inc. Corning, NY), in the
presence of Minimum Essential Medium alpha modifica-
tion (a-MEM, Sigma Aldrich) supplemented with 20 % of
FBS (Sigma Aldrich), 100 IU/mL penicillin (Pharmacia &
UplJohn SpA, Italy), and 2 mM L-glutamine (Cambrex
Bioscience Inch., Baltimore, USA). Cells were then cul-
tured as described for bone marrow.

For growth curve assays, cumulative population dou-
bling in arbitrary units was calculated according to the
following formula:

Number of population doublings = [log(N/Ny)]/ log 2.

where N is number of cells at the end of a period of growth
and N, is number of cells plated.

Immunophenotypic analysis

Before incubation for 30 min at 4 °C with fluorescein
isothiocyanate (FITC)-conjugated anti-CD105 antibody,
phycoerythrin (PE)-conjugated anti-HLA-DR and PE-Cy5-
conjugated anti-CD90; (BD Bioscience, San Jose, CA),
primary cells were washed with D-PBS added with 0.1 %
NaNj (Sigma) and 0.05 % of bovine serum albumin (BSA;
Sigma). After washing, cells were analyzed by flow
cytometry, using a FACScan flow cytometer (BD Biosci-
ence) and CellQuest Analysis Software (BD Bioscience).

Mesenchymal stem cells were detached at confluence
and characterized as CD105% CD45~ CD34~ by triple
staining using FITC-conjugated anti-CD105 antibody, PE-
conjugated anti-CD34, and peridinin chlorophyll protein-
conjugated anti-CD45.

In vitro differentiation assays

Differentiation assay was performed at passage 2 when
MSCs reached 80 % confluence.

Osteogenic differentiation was induced by culturing
3 x 10’ MSC/cm” in MSCGM medium (Cambrex, Poiet-
ics Cell Systems) for 24 h at 37 °C in 5 % CO, atmo-
sphere. MSCGM was replaced with osteogenesis induction
medium (Cambrex), and changed for 3 weeks every
3—4 days. Alizarin Red S staining was carried out on plates
to evaluate the percentage of calcium deposition. Briefly,
after 3 weeks in osteoinductive medium cells were washed
with D-PBS, fixed with 4 % formaldehyde for 30 min at
room temperature and stained with 1 % Alizarin Red S
solution (Sigma) pH 4.2 for 15 min, followed by multiple
washes with distilled water.

To promote adipogenic differentiation, confluent MSCs
were cultured with Adipogenesis induction medium
(Cambrex) for 3 days, followed by 1-3 days of culture in
Adipogenic maintenance medium (Cambrex). Following 3
times of this treatment, consisting in induction/mainte-
nance conditions, cells were cultured for an additional
week with maintenance medium. Oil Red O staining was
performed to highlight the presence of lipid droplets, typ-
ical of growing adipocytes. The adipogenic cultures were
fixed with 4 % formaldehyde for 30 min at room temper-
ature and stained for 15 min with fresh Oil Red O working
solution consisting of three parts stock solution (0.5 % Oil
Red O in isopropyl alcohol; Sigma) and two parts of water,
and subsequently washed with distilled water.

Chondrogenic differentiation was performed spinning
2.5 x 10° MSC twice at 150xg for 5 min at 20 °C with
incomplete chondrogenic medium (Cambrex), and then
resuspending in 0.5 mL complete medium (Cambrex) in
15 mL polypropylene tube. Cells were cultured for
3 weeks at 37 °C in 5 % CO, atmosphere. Medium were
replaced 2-3 days. Pellets were formalin-fixed and paraffin
embedded or froze-sectioned. Thin sections mounted on a
slide were stained with Safranin O or Alcian Blue.

Results

Mesenchymal stem cells derived from different sources
(bone marrow samples from iliac crest, sternum or verte-
brae, colon-derived MSCs, human dental pulp-derived
MSCs) were tested for in vitro growth in the presence of
cell culture medium, calculating the cumulative population
doublings for each type of MSCs. As reported in Fig. 1,
MSCs from different sources presented very different
growth kinetics, even if they shared a common immuno-
phenotype, where CD44, CD90, CD105, CD146 antigens
were significantly expressed and Cd34, CD45 antigens
were absent. While iliac crest and sternum-derived MSCs
could be maintained in culture for about 3 months,
undergoing a limited expansion, mesenchymal cultures
derived from dental pulp and colon grew much more
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Fig. 1 Immunophenotype characterization and in vitro growth
kinetics of mesenchymal stem cells from different body sites.
Representative growth curves of MSCs isolated from iliac crest and
sternum (Ic/St-MSCs), vertebrae (vMSCs), dental pulp (DPSCs) and
colon (Co-MSCs). For growth curve assay, MSCs were cultured to
reach confluence, detached (usually once a week), counted and
replated at the initial plating density. The growth kinetic of a cell
population is plotted as the cumulative population doubling (PD)
versus days in culture. MSCs derived from different sources exhibit
different growth kinetics

rapidly, but could not be maintained longer. Strikingly,
MSCs obtained from vertebrae continued to propagate at
high rate even after 3.5 months ex vivo.

Mesenchymal stem cells from different sources were
also induced to osteogenic, adipogenic and chondrogenic
differentiation following exposure to specific inducing
agents. As summarized in Table 1, we observed that
vMSCs generate mature cells of all mesenchymal lineages
with greater efficiency, thus resulting the best population
both in terms of expansion and differentiation. Represen-
tative pictures of BM-derived MSCs and vMSCs induced
to adipogenic and osteogenic differentiation are reported in
Fig. 2.

Discussion

Numerous spinal pathologies are treated with surgical
procedures involving bone fusion of spine segments.
However, the development of these procedures is associ-
ated to the increase in related failures and complications. In
particular, 10 to 15 % of vertebral arthrodesis is correlated
to nonunion (pseudoarthrosis), with persistent pain, loss of
functional recovery, implant failure (hardware mobilization
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physiological load to which the spine is subjected and if
bone fusion is not achieved the hardware fails. The success
of the spine fusion depends on many factors, some related
to the patient (age, smoking, previous spine surgery, tho-
racolumbar kyphosis, coexistence of hip osteoarthritis)
[17], other related to the surgical treatment, among them
the choice of bone graft or bone graft substitutes having
adequate osteogenic, osteoinductive and osteoconductive
properties. Autograft, in particular iliac crest bone graft, is
considered the gold standard for bone fusion. However, the
problems associated to bone graft, such as donor site
morbidity and insufficient availability, have led to the
development of different biomaterials, with potential
osteogenic, osteoinductive and osteoconductive properties,
to be used as graft substitutes or extenders [9—11].
Another promising line of research concerns the use of
multipotent adult MSCs able to differentiate into different
mesenchymal cell lines and tested nowadays in orthopedics
surgery for bone and cartilage regeneration. Preclinical and
clinical results show that, independently from the method
used to deliver MSCs into the musculoskeletal system, the
direct application of these cells on a loss of bone substance
stimulates bone regeneration [4]. Recently, Fernandez-
Bances et al. [18] treated seven patients with pseudoar-
throsis of a long bone through introduction of MSCs
derived from iliac crest bone marrow of the same patient
supported by allogenic cancellous bone graft (from the
local bone bank), obtaining consolidation in all the cases.
This finding has been evidenced also for bone fusion
improvement following spine surgical procedures in pre-
clinical studies. Bone marrow-derived MSCs, combined
with biomaterial scaffolds (hydroxyapatite, b-tricalcium
phosphate, demineralized bone matrix), were successfully
used to achieve spine fusion in comparison with conven-
tional iliac crest bone autograft [19-22]. Although most of
the studies involve MSCs derived from bone marrow, some
authors have recently shown that MSCs derived from
adipose tissue can efficiently promote bone regeneration in
animal models for the healing of femoral or vertebral
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Fig. 2 MSCs derived from iliac crest bone marrow (a, ¢) and vertebrae bone marrow (b, d) are induced to differentiate into adipogenic (a, b) and
osteogenic (c, d) lineages following exposure to inducing agents for 16 days

fractures [23, 24] and for the acceleration of spinal
arthrodesis [25]. As the adipose tissue can be found in
abundance with reduced donor site morbidity, the problems
associated to bone marrow harvesting could be overcome.

Following our observation that MSCs from different
sources display different expression profiles of the hom-
ogenes of HOX and TALE subfamilies [16], we analyzed
here MSCs derived from different sources for proliferative
and differentiating properties in vitro, in the light of their
possible clinical applications. In particular, vertebral bone
marrow 1is rich in MSCs, such as iliac crest bone marrow.
The preliminary results reported here show that vertebral
MSCs grow and differentiate in vitro with greater effi-
ciency in comparison to MSCs derived from iliac crest
bone marrow or from other tissues examined (colon and
dental pulp). This finding could be very interesting and
open new perspectives for the improvement of spine
fusion, which is a mandatory step for the success of spinal
surgical procedures.

In the course of a surgical procedure for spinal fusion,
vertebral bone marrow can be harvested in amount pro-
portional to the length of the arthrodesis, simultaneously
with the preparation of the site for pedicle screw insertion.
Then multipotent MSCs can be isolated from vertebral
bone marrow during the progress of the surgical procedure
and reintroduced in the fusion site (using homologous or
autologous bone tissue or biomaterials as scaffold), without

any additional surgical time nor any other donor site
involvement.
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