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Significant research efforts have been undertaken during the last decades to treat musculoskeletal disorders and improve patient’s
mobility and quality of life. The goal is the return of function as quickly and completely as possible. Cellular therapy has been
increasingly employed in this setting. The design of this study was focused on cell-based alternatives. The present study aimed at
investigating the bone regeneration capacity of xenogeneic human bone marrow-derived mesenchymal stromal cell (hMSC)
implantation with tricalcium phosphate (TCP) granules in an immunocompetent rabbit model of critical-size bone defects at
the femoral condyles. Two experimental groups, TCP and hMSC + TCP, were compared. Combination of TCP and hMSC did
not affect cell viability or osteogenic differentiation. We also observed significantly higher bone regeneration in vivo in the
hMSC + TCP group, which also displayed better TCP osteointegration. Also, evidence of hMSC contribution to a better TCP
osteointegration was noticed. Finally, no inflammatory reaction was detected, besides the xenotransplantation of human cells
into an immunocompetent recipient. In summary, hMSC combined with TCP granules is a potential combination for bone

regeneration purposes that provides better preclinical results compared to TCP alone.

1. Introduction

Despite the numerous advances in orthopaedic surgical
techniques and new biomaterials, the repair of bone
lesions continues to have a great room for improvement.
Furthermore, the risk of bone diseases is far more preva-
lent due to aging. Bone fracture repairs have been inten-
sively investigated at both clinical and basic level and
still 5-10% of fractures resulted in either delayed or no
repair [1].

The possibility of repairing an injured tissue by regener-
ation seems to be an attractive therapeutic option. Bone
tissue remodelling process provides the capacity of self-
regeneration after injury and the continual adaptation of
bone mass and its architecture to the mechanical load [2].
Nevertheless, this regenerative capacity is limited to small

defects. In clinical practice, with larger defects, often surgical
intervention required the use of bone grafts for the treatment
of different lesions, pseudoarthrosis, arthrodesis, and so on.
Bone grafting frequency is indeed the second most frequent
tissue transplantation worldwide, right after blood transfu-
sion, used especially in oncologic surgery, traumatology, revi-
sion of prosthetic surgery, and spine surgery [3]. This is due
to their easy use and handling, safety profile, cost and time
advantages, and adaptability to a variety of clinical settings
[4]. Common bone grafts include bone autografts, allografts,
xenografts, and synthetic bone graft substitutes. Autologous
bone continues to be the “gold standard” for grafting proce-
dures, providing osteoinductive growth factors, osteogenic
cells, and an osteoconductive scaffold [5]. However, limita-
tions exist regarding donor site morbidity and graft availabil-
ity. All other forms of bone repair have disadvantages


http://orcid.org/0000-0002-4413-388X
http://orcid.org/0000-0002-7076-7739
https://doi.org/10.1155/2018/7089484

compared to autograft. For instance, allograft has risk of dis-
ease transmission and synthetic graft substitutes lack
osteoinductive or osteogenic properties [6]. The better
understanding of bone repair biology has led to the develop-
ment of new bone regeneration approaches through the use
of synthetic grafts combining scaffolding properties with
biological elements to stimulate cell proliferation and differ-
entiation, and eventually osteogenesis [7]. The final objective
is the full regeneration of the bone defect in the shortest
possible time.

Calcium phosphates have been widely studied and
used for bone repair [8, 9]. Because of their osteoconduc-
tive properties and their ability to integrate with bone tis-
sue, most common synthetic bone graft substitutes
involve hydroxyapatite (HA), p-tri-calcium phosphate
(B-TCP), and their mixtures [10]. Nonporous, biological
inert materials, such as ceramic and titanium, have been
replaced by porous biomaterials, such as S-TCP, since
they are resorbable and osteoconductive. A higher con-
centration of TCP in the bioceramic usually results in a
higher resorbability [11, 12]. In the current study, Con-
duit™ TCP granules, a synthetic porous ceramic, was used
as graft material. TCP is an osteoconductive material that
allows the attachment of cells and the development of
vascular networks.

Regarding combination of calcium phosphates with
cellular components, bone marrow mesenchymal stromal
cells (MSC) became well known at the end of the 1990s
due to the evidence of being capable of multilineage differ-
entiation. This property favored their use in bone tissue
engineering, mostly in combination with an osteconductive
scaffold as a graft material [13]. These cells could be
obtained from different tissues, including bone marrow
and adipose tissue [14]. MSC can be expanded and differen-
tiated in vitro into cells with osteogenic phenotype [15, 16].
Their osteogenic differentiation could be guided through spe-
cific stimulus or signals such as growth factors [17, 18].
Besides their regenerative ability, MSC potential clinical
applications have been boosted also due to their immuno-
modulatory capacity [19]. MSC exhibit immunomodulatory
functions upon interaction with cells of both innate and
adaptive immune systems [19, 20].

Previous studies have highlighted that autologous bone
marrow stromal cells (MSC) are capable of regenerating
bone defects when used in combination with bone substi-
tutes [21-23]. Nevertheless, in our work, we have focused
on the use of human MSC (hMSC) isolated from the iliac
crest in combination with TCP.

The main purpose of the study was to probe the immuno-
privileged properties of hMSC in a xenogeneic setting. We
attempted to investigate the bone regeneration capacity of
the xenograft in a critical-sized bone defect in an immuno-
competent rabbit recipient. The challenge of the study was
to get the viable addition of hMSC embedded in a common
synthetic scaffold to promote bone regeneration in a xenoge-
neic model. A positive result could have a clinical relevance
for any orthopaedic procedure requiring bone formation
and may serve as preclinical basis to support the use of
allogeneic cells.
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2. Materials and Methods

2.1. Isolation and Growth of hMSC. Iliac crest bone marrow
aspirates (5ml) were obtained from patients that under-
went spinal fusion for degenerative disc disease. They were
otherwise healthy, and all of them were subjected to clinical
and analytical evaluation to exclude the presence of relevant
diseases and they were not receiving medical treatment for
any condition, other than analgesics for the spinal degenera-
tive disease. Median age of the donors was 60 years (range:
28-80 years), and male/female ratio was 1. Specimens were
harvested according to the tenets of the Declaration of
Helsinki and the Ethical Committee of the Hospital Universi-
tario de Salamanca. All donors provided informed consent for
the bone marrow sampling. A mononuclear fraction of bone
marrow (CMN) was isolated by density-gradient centrifuga-
tion. Briefly, the bone marrow aspirate was diluted in Hank’s
balanced salt solution to increase the volume up to 12 ml. This
cell solution was transferred to a centrifuge tube with 4 ml of
Ficoll-Hypaque (Biochrom KG, Berlin, Germany) and was
centrifuged at 1500 rpm for 30min at room temperature.
The interface cell layer was washed twice with Hanks 10 min
at 1200 rpm at room temperature. The pellet was suspended
with DMEM medium (Gibco BRL, Pailey, United Kingdom).
A concentration of 10° CMN/cm® mononuclear isolated
cells were seeded in a dish (T75 flaks) and cultured with
DMEM supplemented with 10% fetal bovine serum (SBF;
Bio Whittaker, Belgium) and antibiotics and incubated at
37°C with 5% CO, in a humidified atmosphere. At 2-day
intervals, the medium was replaced, and thus nonadherent
cells were removed. Cells were allowed to expand up to
reach around 70% of confluence. Then they were trypsinized
and further subcultured at a density of 2.5x 10° cells/cm”.
Cells were maintained until the 3rd passage, with a median
of 11.48 + 1.02 days in culture. At this stage, all the immuno-
phenotypic analysis, the multilineage differentiation studies,
and the remaining experiments were performed.

2.2. Flow Cytometric Analysis (FCA) of hMSC. Cell culture
was characterized by flow cytometric analysis (FCA) for spe-
cific surface antigens, including CD105, CD73, CD90, CD34,
CD45, CD14, CD19, and HLA-DR, in accordance with the
international Society for Cellular Therapy (ISCT) recom-
mendations [24]. Each sample analyzed by FCA contained
1x10” cells. For data acquisition, a FACSCalibur flow cyt-
ometer (Becton Dickinson Biosciences, San Jose, CA, USA)
was used.

2.3. Multilineage Differentation Potential of hMSC. For osteo-
genic differentiation, the hMSC were cultured with specific
differentiation medium NH OsteoDiff Medium (Miltenyi
Biotec, Germany). The hMSC culture was changed every 3
days during 10 days [25]. Afterwards, the monolayer was
washed with PBS (phosphate-buffered saline), cooled 70%
ethanol solution fixed for 10min at room temperature,
and then incubated for 30min with 5-bromo-4-chloro-3-
indolyl phosphate/nitro blue tetrazolium (BCIP-NBT, Sigma,
B5655). For a better contrast, an incubation in 1 ml of hema-
toxylin for 2 min was done. Then, the monolayer was washed
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F1GURE 1: Critical size femoral defect of 6 mm of diameter in a
rabbit model.

with distilled water and observed under an optical inverted
microscope (Olympus BX41).

For adipogenic differentiation, the hMSCs were cul-
tured with differentation medium NH AdipoDiff Medium
(Miltenyi Biotec, Germany). The hMSC culture was changed
every 3 days for 21 days. Afterwards, the monolayer was
washed with PBS, 10% formalin fixed for 2 min at room tem-
perature, and then incubated for 1 hour with 1 ml Oil Red O
solution (Merk, Darmstadt, Germany) at room temperature.

2.4. Material. A synthetic porous ceramic graft material com-
posed of tricalcium phosphate, commercially available as
Conduit TCP (DePuy Orthopaedics Inc.) was employed as
scaffold either alone or in combination with the hMSC. Con-
duit TCP consists of irregular granules with interconnected
porosity of about 70% and pores of 1-600 ym in diameter.

2.5. Animals and Surgical Procedures. All animal handling
and surgical procedures were conducted according to the
European Community guidelines for the care and use of
laboratory animals (Directive 2010/63/EU) and approved
also by the local ethical committee of the University of Sala-
manca, in accordance with Spanish law (RD 53/2013).
Fourteen immunocompetent mature male New Zealand
rabbits weighing between 3.0 £ 0.5 kg were injected intramus-
cular an anaesthesia mixed of Xylacine 5mg/kg (Rompun®
2%, 25ml) and Ketamine 35mg/kg (Ketolar® 50 mg/ml).
Anesthetized sate was maintained with isoflurane and oxy-
gen ventilation. Once each animal was anesthetized, the
knees were disinfected with 4% chlorhexidine and shaved.
Once the femoral condyle was exposed, an established bone
critical-size defect [26-30] was created in the trabecular bone
of the lateral area of the femoral condyles, close to the carti-
lage (Figure 1). A cylindrical hole with a diameter of 6 mm
and depth of 10 mm was drilled under continuous cooling

with saline using an electric motor.The right femur defect
was filled with TCP granules loaded with ex vivo expanded
hMSC. Theleft femur defect was filled with TCP only, serving as
control group. The rabbits were allowed to walk 2-3 hours after
the surgery and were kept individually in large cages. After
12 weeks of implantation, animals were sacrificed by means
of intravenous injection with pentobarbital (120 mg/kg)
(Penta-Hypnol®) following general anaesthetic. Bone sam-
ples were harvested for histological study.

2.6. Histological Study. The rabbit condyles were fixed in
10% neutral buffered formalin. The regions containing
the defects were dehydrated in graded series of alcohol/
water mixture followed by complete dehydration in abso-
lute alcohol. Afterwards, the specimens were embedded
in poly-methylmethacrylate resin and cut into 5-7ym
thick sections on a microtome. Sections were desplastified
and rehydrated prior to staining with toluidine blue.

2.6.1. Evaluation of Bone Regeneration. Assessment of bone
regeneration was performed following a modification of the
histological evaluation method from Lucaciu et al. [31]
adapted for our study. Histological examination of slices
was accomplished on a Zeiss Axio Scope A.1 photomicro-
scope. Representative sections obtained from each of all the
animals were examined, and different fields, which include
the lesion region, were photographed by using the x10,
%20, and x40 objectives. The images were then analyzed
and evaluated according to 10 parameters (see Table 1). By
adding up the score given to each parameter, we obtained
the histological score for each subject individually, which
represents the sum of all evaluated parameters, with the
maximum potential value being 28.

2.7. Immunofluorescence. To identify the presence and
participation of the hMSC in bone regeneration, immunoflu-
orescence detection of a glucosylated protein present in the
human mitochondrial membrane was detected by using a
mouse monoclonal antibody (MAB1273 Millipore). Samples
were analyzed and photographed under a photomicroscope
(Zeiss Scope Al) equipped with epifluorescence and appro-
priate filter sets.

2.8. Data Analysis. The histopathological results were scored
in a double-blinded manner, and the figures presented in the
manuscript are representative images.

Statistical analysis of the data was performed with the
IBM SPSS (v. 23.0) application. Normal distribution of data
from both, control and experimental groups, was tested with
Shapiro-Wilk test (recommended for samples with 7 < 50).
In order to detect statistically significant differences between
TCP and hMSC-TCP groups, we applied the T-test for
related samples (since control and experimental femoral
condyles belonged to the same animal). The significance
threshold was set at p < 0.05.

3. Results

3.1. Isolation and Characterization of hMSC. In all cases,
hMSC were isolated and expanded in vitro and acquired



TasLE 1: Histological evaluation record.

Histological score

(1) Bone formation

0: absent

1: present at the periphery

2: present centrally

3: present centrally and at the periphery

(2) Bone formation

0: absent

1: present at the surface of the graft
2: present in the depth of the graft

(3) Osteoblasts

0: absent

1: present at the periphery

2: present centrally

3: present centrally and at the periphery

(4) Osteocytes

0: absent

1: present at the periphery

2: present centrally

3: present centrally and at the periphery

(5) Osteoclasts

0: absent

1: present at the periphery

2: present centrally

3: present centrally and at the periphery

(6) Immature bone

0: present centrally

1: present at the periphery
2: absent

(7) Mature bone

0: absent

1: present at the periphery

2: present centrally

3: present centrally and at the periphery

(8) Osteoclastic degradation of the scaffold
0: absent

1: present at the periphery

2: present centrally

3: present centrally and at the periphery

(9) Scaffold replacement with mature bone
0: absent

1: present at the periphery

2: present centrally

3: present centrally and at the periphery

(10) Bone tissue

0: absent

1: present at the periphery

2: present centrally

3: present centrally and at the periphery

the characteristic spindle-shape morphology. As indicated in
the methods, cells were grown up to third passage and
median time for each passage was 11.48 + 1.02 days. After
the flow cytometric analysis, the characteristic immunophe-
notypic profile was demonstrated. Cells were positive for
CD90, CD73, and CDI105 and negative for CD45, CD34,
CD14, CD19, and HLA-DR (Figure 2).
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In addition, multilineage differentiation into osteblasts
and adipocytes was demonstrated by BCIP-NBT and Oil-
Red-O staining, respectively (Figure 3).

3.2. Clinical Observations. There were no complications
either during the surgical procedure, the postoperative
course, or the bone biopsies performed 12 weeks after sur-
gery. Only two of the cases presented infection signs in
defects treated only with TCP, so these were discarded for
the analysis.

3.3. Histological Analysis. Histology sections were blindly
examined by bright-field microscopy. All samples showed
signs of bone regeneration, in a greater or lesser extent, and
no infiltration by inflammatory cells was found. However,
bone formation was different between the two groups: TCP
and hMSC-TCP. In particular, toluidine blue-stained sec-
tions from the TCP-only group revealed that the defect was
still evident (Figure 4(a)). The bone defects were not regener-
ated in any case, and TCP granules were observed at the
injured region without any evidence of osteointegration
(Figures 4(a) and 4(b)). Although some TCP granules could
be observed at the surface of the bone, the tendency was to
find granules not osteointegrated, so they were surrounded
by loose connective tissue or adipose bone marrow
(Figure 4(c)). Indeed, most of the nonosteointegrated TCP
granules were washed out during the histological processing,
resulting in the observation of empty spaces upon examina-
tion by light microscopy (Figure 5). Nevertheless, evidence
of a light bone formation within the defect area was observed
(Figure 4(b)) with scarce trabecular bone formation in
association with TCP granules although the generated bone
was not enough to fully regenerate the defect (Figures 4(b)
and 4(c)). Mainly connective tissue and adipose bone mar-
row were observed at the injured area (Figures 4(a) and 5).

Concerning the sections from the hMSC-TCP group,
they showed an almost complete regeneration of the bone
defect (Figure 6(a)). In these cases, new trabecular bone was
formed and osteointegrated TCP particles could be detected
among the newly regenerated bone (Figures 6(b) and 6(c)).
TCP granules were usually found adjacent to or embedded
within the newly formed bone, without interposition of con-
nective tissue (Figure 6(b)). Areas of TCP granules not cov-
ered by bone were in direct contact with adipose bone
marrow (Figure 6(c)). Newly formed trabecular bone pre-
sented the typical cellular component, with the presence of
osteocytes among the newly mineralized bone matrix
(Figure 6(c)).

To identify and confirm that the implanted hMSC
had survived and contributed to the regeneration pro-
cess, the immunofluorescence detection of human mitochon-
drial antigen was performed (Figure 7). As expected, no
signal was detected in the sections from the TCP-only group
(Figure 7(a)). By contrast, evidence of immunofluorescent
cells intermingled between the matrix of the newly formed
bone was easily observed in the hMSC-TCP group
(Figure 7(b)). These findings strongly suggest that
hMSC had survived for 12 weeks in the inmunocompetent
rabbit model.
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FIGURE 2: Immunophenotypic profile by flow cytometry.

3.4. Histological Score. After 12 weeks of implantation, in the
TCP group, there was very scarce bone formation and it was
mostly located at the periphery or at the surface, whereas in
most of the hMSC-TCP-treated animals, bone formation
was observed both in the central and in the peripheral regions
of the lesion. Osteoblasts, osteocytes, and osteoclasts were
scarcely observed in the TCP group, but they were abun-
dantly observed in all regions of the injured tissue of the
hMSC-treated femoral condyles. Moreover, in the hMSC-
TCP group, the osteoclastic degradation of the scaffold and
its replacement with mature bone was abundant in all regions
of the defect, which was almost completely filled with mature
bone tissue. These features were very rarely observed in the
TCP-treated femoral condyles.

As already indicated, these qualitative histological obser-
vations were scored according to the parameters included in
Table 1, and the obtained values, for each of the 14 analyzed
subjects, are represented in Table 2 and Figure 8. The mean
histological score of the TCP-only group was significantly
lower (9.07 +0.57) compared to the hMSC-TCP group was
21.71+0.62; p < 0.001).

4. Discussion

The main aim of the current work was to ascertain if human
MSC displayed their immunoprivileged properties in a

xenogeneic setting of bone defect. In addition, we planned
to compare in this setting the therapeutic effect of hMSC
combined with a TCP-based carrier in a well-established
model for critical-size defect. Interestingly, we have observed
both the absence of inflammatory reaction in the implant
area and a significantly higher bone regeneration ability of
the hMSC-TCP group compared to the TCP-only group.
These results may support the potential role of this combina-
tion in a clinical trial using allogeneic cells.

The rabbit model we have used for critical-sized defect of
bone healing has been extensively used [32, 33]. We have
observed that the largest part of the center of the defect
remained not regenerated, and only a small amount of bone
formation was observed at the margins. Rabbits are com-
monly used as animal models in approximately 35% of the
musculoskeletal researches in medical investigation [34].
This is in part due to ease of handling and size.

The human body has an extensive capacity to regenerate
bone tissue after trauma. However, large defects cannot be
restored without intervention and often lead to nonunion.
Due to the multiple limitations associated with the use of
autografts or bank-stored bones for bone reconstruction,
investigators have developed alternative solutions. Recent tis-
sue engineering approaches have attempted to create new
bone based on seed MSC onto calcium phosphate ceramic
scaffolds. Hydroxyapatite- (HA-) based ceramics presented
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FIGURE 3: In vitro multilineage differentiation of hMSC: (a) control, (b) osteoblastic differentiation, and (c) adipocytic differentiation (scale

bar: 50 ym).

TCP group

F1GURE 4: Photomicrographs of histological sections stained with toluidine blue taken from the TCP group (a—c). (a) The defect area was still
evident 12 weeks after surgery. Connective tissue and adipose bone marrow were generated at the injured area (scale bar: 1000 ym). (b) The
remaining TCP material was not fully osteointegrated (*) (scale bar: 500 ym). (c) Scarce trabecular bone formation in association with TCP
granules. Nonosteointegrated TCP granules (*) were surrounded by connective tissue (red circle) or adipose bone marrow (red plus sign)

(scale bar: 500 ym).
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F1GURE 5: Photomicrograph of histological section from the TCP
group. Evidence of empty spaces filled by adipose bone marrow
due to the absence of osteointegration of TCP granules (scale bar:
150 ym).

slow resorption rate producing bone ingrowth onto a porous
surface rather than a true bone regeneration [15, 35, 36].
Nevertheless, synthetic porous 3-TCP granules, such as Con-
duit TCP, possess a fast resorption rate and osteoconductiv-
ity. Due to calcium phosphate ceramics’ poor mechanical
properties, their success depends on their capacity of

reabsorbability and degradation while promoting bone
regeneration [37, 38]. For this reason, in this work, we have
used TCP granules, due to its better reabsorption compared
to HA. To allow bone replacement, a gradual degradation
let the material first, serving as a scaffold for bone formation,
and then permitting replacement of the material with bone.
The main objective was to promote bone formation de novo,
repairing instead of replacing the bone scaffold. The higher
bone regeneration process is related to the better properties
of the resulting tissue. According to the results of our work,
histological study demonstrated that the hMSC-TCP group
could effectively produce an almost complete regeneration
of bone defect in vivo in comparison with TCP group and
these results were statistically significant using a histological
scoring system. Besides, the h(MSC-TCP group showed better
osteointegration of TCP granules in comparison to the TCP
group, resulting in a more stable tissue.

Cell-based therapies are already used in musculoskeletal
pathologies, such as bone fracture, pseduoarthrosis, and
osteochondral defects [39, 40]. MSC seeding onto natural
or synthetic biomaterials represents the most effective way
to induce regeneration and repair of bone and cartilage
[41]. Studies have been shown very effective approach to
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hMSCs-TCP group

F1GURE 6: Photomicrographs of histological sections stained with toluidine blue taken from the hMSC-TCP group (a-c). (a) Almost complete
bone defect regeneration (scale bar: 1000 ym). (b) Newly formed bone showed disorganized and anastomosed trabeculae. TCP granules were
osteointegrated (scale bar: 500 ym). (c) TCP granules were surrounded by newly formed trabecular bone (B). Not completely osteointegrated
TCP granules (*) were in contact with adipose bone marrow (red plus sign) or connective tissue (red circle) at their bone-free surface. Normal
osteocytes were present at the regenerated trabecular bone (scale bar: 500 ym).

(a)

(b

FI1GURE 7: Fluorescent images of the TCP group (a) and the hMSC-TCP group (b) (scale bar: 150 ym). (a) No immunofluorescence was
detected. (b) Specific immunofluorescence detection of survival hMSC at the critical-size bone defect in inmunocompetent rabbit 12 weeks

after surgery.

repair bone defects when local implantation of porous bio-
materials covered with autologous bone marrow MSC has
been tested in large bone defects [42]. Scaffolds for MSC,
regardless of the material from which they are formed,
should encourage MSC adhesion, proliferation, and differen-
tiation to elicit bone formation. Pioneering studies showed
that pore sizes less than 15-50 mm result in fibrovascular
ingrowth, pore sizes of 50-150 mm encourage osteoid forma-
tion, and pore sizes greater than 150 mm encourage the
ingrowth of mineralized bone [22]. In the case of Conduit
TCP, it presents an average pore size of 1-600 ym which
optimizes cellular in-growth and attachment. The connected
porosity allows for developing a vascular network. It can be
hypothesized that these properties of the scaffold may favor
the osteogenic differentiation ability of the MSC, and this
may favor in addition the secretion of growth factors that
may contribute to bone repair in a number of diseases where
bone degeneration is a key factor and that aging MSC is sus-
ceptible to improve their function by the interaction with this
donor MSC-derived growth factors.

Besides, it must take into account that MSC possess strong
immune regulatory properties that are present in cells from
different animal species, although with variable and only par-
tially clarified mechanisms. MSC may suppress immune
reactions in vitro and in vivo in a major histocompatibility
complex- (MHC-) independent manner [43, 44]. Previous
studies have indicated that both undifferentiated bone
marrow-derived stem cells (BMSC) and adipose-derived stem
cells (ASCs) exhibit immunosuppression and immunoprivi-
lege properties [45, 46].

It has been reported that BMSC may be immune-
privileged cells that do not elicit immune responses due to
an absence of immunologically relevant cell surface markers.
In addition, BMSC have immunomodulatory function. For
that reason, BMSC theoretically can make them impervious
to immunorejection following xenogeneic transplantation.
Previous studies have reported opposite results ranging from
no survival to differentiation into destination cells [47-49].

There are many works where xenogeneic MSC was trans-
planted into immunosuppressed animal models [50]. Based



TaBLE 2: Score of the subjects included in the study according to the
evaluated histological parameters included in Table 1.

Subject number ~ TCP (left femur) ~ hMSC-TCP (right femur)

1 9 25
2 8 22
3 10 23
4 22
5 19
6 12 24
7 13 23
8 19
9 9 20
10 10 22
11 10 23
12 7 18
13 11 25
14 6 19
Mean + S.E.M. 9.07 £0.57 21.71+£0.62
BOO [
250 | o
2/ 0-0FF ¥4t 0 .0 8
15.0
10.0
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1 2 3 4 5 6 7 8 9

10 11 12 13 14

= TCP
= hMSCs-TCP

FIGURE 8: Representation of score values (vertical axis) of the
subjects included in the study (horizontal axis). Score values for
bone regeneration of TCP group (left femur) were clearly lower
than those of the hMSC-TCP group (right femur).

on this immunoprivilege situation, our work was based on a
xenotransplant using an immunocompetent animal model. It
is suspected that MSCs are not immunogenic even under
xenogeneic conditions but still there is no a clear evidence
if MSCs could be applied in immunocompetent animal
models. In other studies, hMSC survived after transplanta-
tion in the spinal cord [51], intervertebrate discs [52], eye
[53], or heart [54] in nonimmunosuppressed rats. Previous
work about xenotransplant of human cord blood-derived
stem cells to achieve bone regeneration found surviving cells
until 4 weeks in immunocompetent rats [55], but with longer
time, the human cells were eliminated by the host organism.
For that reason, if more experimentation time was needed,
animals would be immunosuppressed. In our work, there is
evidence that hMSC survive within the bone defect up to 12
weeks in an immunocompetent rabbit model.

Stem Cells International

To our knowledge, this is the first demonstration of the
survival of transplanted xenogeneic hMSC in a femur con-
dyle defect and the bone formation without immune sup-
pression. We observed that hMSC in combination with
TCP granules successfully promotes bone formation in a
critical-sized bone defect and the bone regeneration capacity
was greater in comparison with TCP granules alone, where
less bone regeneration process occurred. In the hMSC-TCP
group, although bone regeneration of the defect was not
complete, the presence of viable hMSC capable of osteogene-
sis was evident at 12 weeks in an immunocompetent rabbit
model. Consistent with previous studies, hMSC combination
with a scaffold resulted in significant bone formation when
compared with scaffold only [55-57].

The results of the current study should be adequately
interpreted taking into account some of the limitations of
our work that include the small number of animals used
and that the animals were analyzed histologically in a single
time-point (after 12 weeks of implant).

In summary, our findings indicated that xenogeneic
transplantation of hMSC using a calcium phosphate osteo-
conductive material promotes almost a complete regenera-
tion of critical-size bone defect in an immunocompetent
rabbit model. TCP granules can support proliferation and
viability of hMSC. The incorporation of hMSC to TCP
improves its osteointegration and bone regeneration. These
results support the use of this combination in a nonautolo-
gous setting that should be explored in clinical trials.

Data Availability

The data used to support the findings of this study are avail-
able from the corresponding author upon request.

Conflicts of Interest

The authors declare that they have no conflict of interest.

References

[1] T. A. Einhorn, “Enhancement of fracture-healing,” The Jour-
nal of Bone and Joint Surgery. American Volume, vol. 77,
no. 6, pp. 940-956, 1995.

[2] J. Klein-Nulend, R. G. Bacabac, and M. G. Mullender,
“Mechanobiology of bone tissue,” Pathologie et Biologie,
vol. 53, no. 10, pp- 576-580, 2005.

[3] R.A.Bhattand T. D. Rozental, “Bone graft substitutes,” Hand
Clinics, vol. 28, no. 4, pp. 457-468, 2012.

[4] V. Campana, G. Milano, E. Pagano et al., “Bone substitutes in
orthopaedic surgery: from basic science to clinical practice,”
Journal of Materials Science: Materials in Medicine, vol. 25,
no. 10, pp. 2445-2461, 2014.

[5] S. V. Dorozhkin, “Biocomposites and hybrid biomaterials
based on calcium orthophosphates,” Biomatter, vol. 1, no. 1,
pp- 3-56, 2011.

[6] P.V. Giannoudis, H. Dinopoulos, and E. Tsiridis, “Bone sub-
stitutes: an update,” Injury, vol. 36, no. 3, Supplement,
pp. $20-S27, 2005.

[7] D.W. Hutmacher, J. T. Schantz, C. X. F. Lam, K. C. Tan, and
T. C. Lim, “State of the art and future directions of scaffold-



Stem Cells International

(8]

(10]

[11]

(12]

(13]

(14]

(15]

(16]

(17]

(18]

(19]

(20]

(21]

(22]

(23]

[24]

based bone engineering from a biomaterials perspective,” Jour-
nal of Tissue Engineering and Regenerative Medicine, vol. 1,
no. 4, pp. 245-260, 2007.

M. Bohner, “Calcium orthophosphates in medicine: from
ceramics to calcium phosphate cements,” Injury, vol. 31,
Supplement 4, pp. D37-D47, 2000.

M. Vallet-Regia and J. M. Gonzalez-Calbet, “Calcium phos-
phates as substitution of bone tissues,” Progress in Solid State
Chemistry, vol. 32, no. 1-2, pp. 1-31, 2004.

S. V. Dorozhkin, “Calcium orthophosphates,” Journal of
Materials Science, vol. 42, no. 4, pp. 1061-1095, 2007.

S. V. Dorozhkin and M. Epple, “Biological and medical
significance of calcium phosphates,” Angewandte Chemie
International Edition, vol. 41, no. 17, pp. 3130-3146, 2002.

R. Z. LeGeros, “Properties of osteoconductive biomaterials:
calcium phosphates,” Clinical Orthopaedics and Related
Research, vol. 395, pp. 81-98, 2002.

A. L Caplan, “Review: mesenchymal stem cells: cell-based
reconstructive therapy in orthopedics,” Tissue Engineering,
vol. 11, no. 7-8, pp. 1198-1211, 2005.

A. 1. Caplan, “Mesenchymal stem cells,” Journal of Orthopae-
dic Research, vol. 9, no. 5, pp. 641-650, 1991.

S. P. Bruder, K. H. Kraus, V. M. Goldberg, and S. Kadiyala,
“The effect of implants loaded with autologous mesenchymal
stem cells on the healing of canine segmental bone defects,”
The Journal of Bone and Joint Surgery American Volume,
vol. 80, no. 7, pp. 985-996, 1998.

S. Gronthos, S. O. Akintoye, C. Y. Wang, and S. Shi, “Bone
marrow stromal stem cells for tissue engineering,” Periodon-
tology 2000, vol. 41, no. 1, pp. 188-195, 2006.

M. F. Pittenger, A. M. Mackay, S. C. Beck et al., “Multilineage
potential of adult human mesenchymal stem cells,” Science,
vol. 284, no. 5411, pp. 143-147, 1999.

X. Wang, Y. Wang, W. Gou, Q. Ly, J. Peng, and S. Lu, “Role of
mesenchymal stem cells in bone regeneration and fracture
repair: a review,” International Orthopaedics, vol. 37, no. 12,
pp. 2491-2498, 2013.

I. Marigo and F. Dazzi, “The immunomodulatory properties of
mesenchymal stem cells,” Seminars in Immunopathology,
vol. 33, no. 6, pp. 593-602, 2011.

M. E. Castro-Manrreza and J. ]. Montesinos, “Immunoregula-
tion by mesenchymal stem cells: biological aspects and clinical
applications,” Journal of Immunology Research, vol. 2015,
Article ID 394917, 20 pages, 2015.

E. Kon, A. Muraglia, A. Corsi et al., “Autologous bone marrow
stromal cells loaded onto porous hydroxyapatite ceramic
accelerate bone repair in critical-size defects of sheep long
bones,” Journal of Biomedical Materials Research, vol. 49,
no. 3, pp. 328-337, 2000.

H. Petite, V. Viateau, W. Bensaid et al., “Tissue-engineered
bone regeneration,” Nature Biotechnology, vol. 18, no. 9,
Pp. 959-963, 2000.

D. Dallari, M. Fini, C. Stagni et al., “In vivo study on the heal-
ing of bone defects treated with bone marrow stromal cells,
platelet-rich plasma, and freeze-dried bone allografts, alone
and in combination,” Journal of Orthopaedic Research,
vol. 24, no. 5, pp. 877-888, 2006.

M. Dominici, K. le Blanc, I. Mueller et al., “Minimal criteria for
defining multipotent mesenchymal stromal cells. The Interna-
tional Society for Cellular Therapy position statement,”
Cytotherapy, vol. 8, no. 4, pp. 315-317, 2006.

[25]

(26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

S. Carrancio, N. Lépez-Holgado, F. M. Sanchez-Guijo et al.,
“Optimization of mesenchymal stem cell expansion proce-
dures by cell separation and culture conditions modification,”
Experimental Hematology, vol. 36, no. 8, pp. 1014-1021, 2008.

Y. Li, S.-K. Chen, L. Li, L. Qin, X.-L. Wang, and Y.-X. Lai,
“Bone defect animal models for testing efficacy of bone substi-
tute biomaterials,” Journal of Orthopaedic Translation, vol. 3,
no. 3, pp. 95-104, 2015.

R. A. Delgado-Ruiz, J. L. Calvo-Guirado, M. Abboud et al,
“Porous titanium granules in critical size defects of rabbit tibia
with or without membranes,” International Journal of Oral
Science, vol. 6, no. 2, pp. 105-110, 2014.

J. L. Calvo-Guirado, R. A. Delgado-Ruiz, M. P. Ramirez-
Fernandez, J. E. Maté-Sanchez, A. Ortiz-Ruiz, and A. Marcus,
“Histomorphometric and mineral degradation study of
Ossceram : a novel biphasic B-tricalcium phosphate, in critical
size defects in rabbits,” Clinical Oral Implants Research, vol. 23,
no. 6, pp. 667-675, 2012.

O. Gauthier, R. Miiller, D. von Stechow et al., “In vivo bone
regeneration with injectable calcium phosphate biomaterial: a
three-dimensional micro-computed tomographic, biome-
chanical and SEM study,” Biomaterials, vol. 26, no. 27,
pp. 5444-5453, 2005.

B.-D. Katthagen, “Experimental Section,” in Bone Regenera-
tion with Bone Substitutes, B.-D. Katthagen, Ed., pp. 51-136,
Springer, Berlin, Heidelberg, 1987.

O. Lucaciu, D. Gheban, O. Soritau, M. Biciut, R. S. Campian,
and G. Baciut, “Comparative assessment of bone regeneration
by histometry and a histological scoring system / Evaluarea
comparativa a regenerarii osoase utilizind histometria §i un
scor de vindecare histologica,” Revista Romana de Medicina
Laborator, vol. 23, no. 1, pp. 31-46, 2015.

X. Zhang, L. Zhu, H. Lv et al., “Repair of rabbit femoral con-
dyle bone defects with injectable nanohydroxyapatite/chitosan
composites,” Journal of Materials Science: Materials in
Medicine, vol. 23, no. 8, pp. 1941-1949, 2012.

G. Giavaresi, M. Fini, J. Salvage et al., “Bone regeneration
potential of a soybean-based filler: experimental study in a rab-
bit cancellous bone defects,” Journal of Materials Science:
Materials in Medicine, vol. 21, no. 2, pp. 615-626, 2010.

A. L Pearce, R. G. Richards, S. Milz et al., “Animal models for
implant biomaterial research in bone: a review,” European
Cells and Materials, vol. 13, pp. 1-10, 2007.

H. Ohgushi, V. M. Goldberg, and A. I. Caplan, “Repair of bone
defects with marrow cells and porous ceramic: experiments in
rats,” Acta Orthopaedica Scandinavica, vol. 60, no. 3, pp. 334-
339, 1989.

S. P. Bruder, A. A. Kurth, M. Shea, W. C. Hayes, N. Jaiswal,
and S. Kadiyala, “Bone regeneration by implantation of
purified, culture-expanded human mesenchymal stem cells,”
Journal of Orthopaedic Research, vol. 16, no. 2, pp. 155-162,
1998.

E. W. H. Bodde, J. G. C. Wolke, R. S. Z. Kowalski, and J. A.
Jansen, “Bone regeneration of porous pS-tricalcium phos-
phate (Conduit™ TCP) and of biphasic calcium phosphate
ceramic (Biosel®) in trabecular defects in sheep,” Journal
of Biomedical Materials Research: Part A, vol. 82A, no. 3,
pp. 711-722, 2007.

J. Dong, T. Uemura, Y. Shirasaki, and T. Tateishi, “Promotion
of bone formation using highly pure porous beta-TCP
combined with bone marrow-derived osteoprogenitor cells,”
Biomaterials, vol. 23, no. 23, pp. 4493-4502, 2002.



10

(39]

(40]

[41]

[42]

(43]

(44]

(45]

[46]

(47]

(48]

(49]

(50]

(51]

(52]

P. H. Hernigou, G. Mathieu, A. Poignard, O. Manicom,
F. Beaujean, and H. Rouard, “Percutaneous autologous bone-
marrow grafting for nonunions: surgical technique,” The Jour-
nal of Bone and Joint Surgery-American Volume, vol. 88,
pp. 322-327, 2006.

H. Kitoh, M. Kawasumi, H. Kaneko, and N. Ishiguro, “Difter-
ential effects of culture-expanded bone marrow cells on the
regeneration of bone between the femoral and the tibial
lengthenings,” Journal of Pediatric Orthopedics, vol. 29, no. 6,
pp. 643-649, 2009.

R. Cancedda, B. Dozin, P. Giannoni, and R. Quarto, “Tissue
engineering and cell therapy of cartilage and bone,” Matrix
Biology, vol. 22, no. 1, pp. 81-91, 2003.

R. Quarto, M. Mastrogiacomo, R. Cancedda et al., “Repair of
large bone defects with the use of autologous bone marrow
stromal cells,” The New England Journal of Medicine,
vol. 344, no. 5, pp. 385-386, 2001.

K. Le Blang, L. Tammik, B. Sundberg, S. E. Haynesworth, and
O. Ringdén, “Mesenchymal stem cells inhibit and stimulate
mixed lymphocyte cultures and mitogenic responses indepen-
dently of the major histocompatibility complex,” Scandinavian
Journal of Immunology, vol. 57, no. 1, pp. 11-20, 2003.

M. Krampera, L. Cosmi, R. Angeli et al., “Role for interferon-y
in the immunomodulatory activity of human bone marrow
mesenchymal stem cells,” Stem Cells, vol. 24, no. 2, pp. 386-
398, 2006.

P. Niemeyer, M. Kornacker, A. Mehlhorn et al., “Comparison
of immunological properties of bone marrow stromal cells and
adipose tissue-derived stem cells before and after osteogenic
differentiation in vitro,” Tissue Engineering, vol. 13, no. 1,
pp. 111-121, 2007.

M. L. Ren, W. Peng, Z. L. Yang et al,, “Allogeneic adipose-
derived stem cells with low immunogenicity constructing
tissue-engineered bone for repairing bone defects in pigs,” Cell
Transplantation, vol. 21, no. 12, pp. 2711-2721, 2012.

K. H. Grinnemo, A. Ménsson, G. Dellgren et al., “Xenoreactiv-
ity and engraftment of human mesenchymal stem cells trans-
planted into infarcted rat myocardium,” The Journal of
Thoracic and Cardiovascular Surgery, vol. 127, no. 5,
pp. 1293-1300, 2004.

D.J. MacDonald, J. Luo, T. Saito et al., “Persistence of marrow
stromal cells implanted into acutely infarcted myocardium:
observations in a xenotransplant model,” The Journal of
Thoracic and Cardiovascular Surgery, vol. 130, no. 4,
pp. 1114-1121, 2005.

Y. Wang, X. Chen, M. A. Armstrong, and G. Li, “Survival of
bone marrow-derived mesenchymal stem cells in a xenotrans-
plantation model,” Journal of Orthopaedic Research, vol. 25,
no. 7, pp. 926-932, 2007.

M. W. Ronsyn, J. Daans, G. Spaepen et al., “Plasmid-based
genetic modification of human bone marrow-derived stromal
cells: analysis of cell survival and transgene expression after
transplantation in rat spinal cord,” BMC Biotechnology,
vol. 7, no. 1, p. 90, 2007.

D. Cizkova, J. Rosocha, I. Vanicky, S. Jergova, and M. Cizek,
“Transplants of human mesenchymal stem cells improve func-
tional recovery after spinal cord injury in the rat,” Cellular and
Molecular Neurobiology, vol. 26, no. 7-8, pp. 1167-1180, 2006.
A. Wei, H. Tao, S. A. Chung, H. Brisby, D. D. Ma, and A. D.
Diwan, “The fate of transplanted xenogeneic bone marrow-
derived stem cells in rat intervertebral discs,” Journal of Ortho-
paedic Research, vol. 27, no. 3, pp. 374-379, 2009.

(53]

(54]

[55]

[56]

(57]

Stem Cells International

A. Haddad-Mashadrizeh, A. R. Bahrami, M. M. Matin et al.,
“Human adipose-derived mesenchymal stem cells can survive
and integrate into the adult rat eye following xenotransplanta-
tion,” Xenotransplantation, vol. 20, no. 3, pp. 165-176, 2013.

A. Paul, S. Srivastava, G. Chen, D. Shum-Tim, and S. Prakash,
“Functional assessment of adipose stem cells for xenotrans-
plantation using myocardial infarction immunocompetent
models: comparison with bone marrow stem cells,” Cell Bio-
chemistry and Biophysics, vol. 67, no. 2, pp. 263-273, 2013.
M. Jager, 0. Degistirici, A. Knipper, J. Fischer, M. Sager, and
R. Krauspe, “Bone healing and migration of cord blood—-
derived stem cells into a critical size femoral defect after
xenotransplantation,” Journal of Bone and Mineral Research,
vol. 22, no. 8, pp. 1224-1233, 2007.

J.Y.Im, W. K. Min, C. You, H. O. Kim, H. K. Jin, and J. S. Bae,
“Bone regeneration of mouse critical-sized calvarial defects
with human mesenchymal stem cells in scaffold,” Laboratory
Animal Research, vol. 29, no. 4, pp. 196-203, 2013.

K. M. Jang, J. H. Lee, C. M. Park, H. R. Song, and J. H. Wang,
“Xenotransplantation of human mesenchymal stem cells for
repair of osteochondral defects in rabbits using osteochondral
biphasic composite constructs,” Knee Surgery, Sports Trauma-
tology, Arthroscopy, vol. 22, no. 6, pp. 1434-1444, 2014.



	Human Bone Marrow Mesenchymal Stromal Cells Promote Bone Regeneration in a Xenogeneic Rabbit Model: A Preclinical Study
	1. Introduction
	2. Materials and Methods
	2.1. Isolation and Growth of hMSC
	2.2. Flow Cytometric Analysis (FCA) of hMSC
	2.3. Multilineage Differentation Potential of hMSC
	2.4. Material
	2.5. Animals and Surgical Procedures
	2.6. Histological Study
	2.6.1. Evaluation of Bone Regeneration

	2.7. Immunofluorescence
	2.8. Data Analysis

	3. Results
	3.1. Isolation and Characterization of hMSC
	3.2. Clinical Observations
	3.3. Histological Analysis
	3.4. Histological Score

	4. Discussion
	Data Availability
	Conflicts of Interest

