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Abstract

Obijective: This study investigates the effect of mesenchymal stem cells (MSC), an immune-
privileged cell source for tissue repair, Interluken (IL-10), an immune inhibitory factor, and
platelet lysate (PL) on the fracture healing process.

Methods: Forty adult male Sprague-Dawley rats were anesthetized, and left tibia mid shaft fractures
were created. The rats were randomly assigned to 5 groups and received injections with saline ( A);
MSC and PL (B); IL-10 and PL (C); PL (D); and MSC, PL, and IL-10 (E). Lateral radiographs of four
randomly selected rats in each group were taken at different days post-fracture. Four rats from each
group were sacrificed at day twenty one post-fracture, with left tibiae harvested for histological
analysis.

Results: At 7 days post-fracture, the highest level of callus formation and bone healing was observed
in group E (treated with MSC, PL, and IL-10) followed by groups B (treated with MSC and PL). The
same results were obtained at days 14, 21 and 28 post-fracture. At 21days post-fracture, histological
analysis revealed that the callus of fractured tibiae in group A consisted mostly of chondrocytes, while
in groups C and D, extensive remodeling with a limited amount of chondrocytes present at the
fracture. Combination of MSC, PL, and IL-10was associated with the greatest fracture healing
performance. After 3 weeks of treatment in group E and B, trabecular bone formation and cortex
remodeling were observed.

Conclusions: The use of MSC in combination with IL-10 and PL is a promising alternative treatment
to promote fracture healing.
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tissue. There are many stages of fracture ending with remodeling. Several factors are
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known to have a positive effect on the bone
healing process. Platelets and platelet
derivatives has acquired clinical relevance as a
means of accelerating bone healing. Platelet
beneficial effect is attributed to the release of
growth factors and other bioactive substances
able to wound and bone healing.

The process of bone healing is finely
orchestrated by the action of locally released
growth factors and cytokines at the site of
fracture. Studies have documented the effect of
several growth factors including PDGF, TGF-
B, IGF, and b-FGF as well other hormones and
cytokines on bone regeneration both in vitro
and in vivo">**>9),

All of these growth factors and others are
present at high concentrations in platelets.
Platelet rich plasma (PRP) is defined as “the
volume of plasma fraction of autologous blood
having a platelet concentration above
baseline™”. PRP has a wide range of
applications, in particular for the treatment of
muscular and skeletal injures™. Gandhi et al.
demonstrated that PRP has the potential to
serve as a concentrated autologous source of
growth factors through local percutaneous
administration of PRP at the site of fracture in
a diabetic rat model of femur fracture®.
Animal fracture models in both normal and
osteoporotic rats treated with PRP reported
increased callus to cortex width ratio and
higher trabecular bone mass formation
compared to control groups, indicating

considerable
(3,10)

enhanced  healing  over
controls”™ . The presence of PRP not only
accelerated fracture healing but also
regeneration in bone defects in an
ovariectomized osteoporotic rat model""
Early in vitro experiments assessing the effect
of platelet lysate (PL) on bone marrow
mesenchymal stem cell differentiation into

osteogenic lineage revealed that PL increased

cellular proliferation and expansion at the

differentiation!?,

expense of  cellular
Subsequently, PL has been used as a serum
substitute"”, and use of PL from the beginning
of culture and during induction of the
differentiation program resulted in superior
osteoblastic  differentiation and increased
expression of osteogenic marker genes'”. In
addition, clinical trials have been conducted
confirming the efficacy of administering PRP
on alveolar bone regeneration following

(15)

removal of the third molar'~’, intra-articular

calcaneal fracture healing in combination with

(16)

allograft'™™, and relieving early knee pain

associated with osteoarthritis''”.

Earlier data indicated that treating
mesenchymal stem cells with IL-10 suppressed
alkaline phosphatase (ALP), osteocalcin, and
matrix mineralization formation, and this
inhibitory effect was mediated through the
suppression of TGF-p"**? However, IL-10
exerts this inhibitory function at the stage of
stem cell specification to osteoblasts and is
incapable of this effect in early committed
osteoblastic cultures already expressing ALP,
osteocalcin, and collagen typel©?.

Two recent lines of evidence have
suggested that IL-10 plays a role in enhancing
bone growth and healing. Toben et al.
demonstrated that RAG™” mice have enhanced
bone growth, endochondral ossification, and
remodeling. The cytokine profile in RAG™
mice revealed decreased expression of pro-
inflammatory cytokines including TNF and
INF-y and T-cell specific cytokines IL-2 and
IL-4. By contrast, expression of the anti-
inflammatory cytokine IL-10 was significantly
higher®". Thus, it is highly possible that the
shift in cytokine profile from pro-
inflammatory to anti-inflammatory plays a
crucial role in enhancing fracture healing,
which highlights IL-10 as a central player in
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accelerating fracture healing due to its
immunomodulatory function. lannone et al.
have shown that treating osteoarthritis
osteoblast cultures with extra-corporeal shock
waves (ESW), which enhance osteoblast
regeneration, enhanced the expression of
osteoblastic markers such as CD29/pl and
CD105. In addition, along with the increase in
cell surface osteogenic markers, IL-10
expression was  significantly  increased
compared with control healthy osteoblast
cultures®.

Mesenchymal stem cells (MSC) have
therapeutic potential to reduce the time of

@ 1t was

healing in patients with fractures
demonstrated that MSC transplant was shown
to induce a biomechanical improvement in the
healing process associated with increases in
callus volume and cartilaginous and bone

content(24)

. Intravenously administered MSC
were capable of specifically homing to the
fracture site and normalizing biomechanical,
histological, and microcomputed tomography
parameters of healing in animals®.

The use of different local factors on the
fracture to accelerate healing is attractive and
could be implemented with adequate clinical
evidence from clinical studies. In this study we
aimed to analyze the effect of local injections
of different combinations of MSC, IL-10, and

PL on the fracture healing process.
Materials and Methods

Stem cells isolation and differentiation

Animal experiments were approved by
Jordan University of Science and Technology
Institutional Animal Care and Use Committee
(IACUC).

Stem cells were isolated according to the
method of Lennon & Caplan®®. Briefly, four
Sprague-Dawley rats were sacrificed, both

tibial and femur bones were harvested, the
marrow was flushed with 5ml basal a-minimal
essential medium (MEM) (Hyclone, USA),
and the cell suspension was centrifuged at
1000 rpm for 5 minutes. The cell pellet was re-
suspended in a-MEM supplemented with 10%
fetal bovine serum (FBS) and 1%
streptomycin, penicillin, and amphotericin B
(Hyclone, USA) and seeded at a cell density of
5000 cells/cm”. Cultures were maintained in a
5% CO, humidified atmosphere at 37°C. Cells
were allowed to adhere for 3 days; the first
media change took place on the third day.
Upon reaching 80% cell confluence, cells were
passaged with 0.25% trypsin containing 1mM
EDTA (Hyclone, US). Cells at passage three
were used for downstream experiments.

Stem cells were characterized through
verification of their multi-potent capacity.
Cells were differentiated towards the
osteogenic cells. MSC were seeded at a
density of 5000 cells/ml, and after reaching
100% cell confluence, culture medium was
switched to osteogenic differentiation medium
(Hyclone, US) supplemented with 10% FBS
and 1% streptomycin, penicillin, and
amphotericin B. After 2 weeks, cells were
washed with PBS, fixed with 10% formalin,
and then washed twice with water. Alizarin red
S staining was performer according to the
manufacturer’s protocol. Stained cells were
observed under a phase-contrast microscope.
Afterl week of osteogenic induction, cells
were trypsinized and prepared for injection.

Rat platelet lysate preparation

PRP was prepared according to the method
of Ghandi et al.”’. Briefly, whole blood was
collected via cardiac puncture from 15 adult
Sprague-Dawley rats in sodium citrate-treated
tubes and centrifuged at 1800 rpm for 10
minutes. Plasma and buffy coats were pooled
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in a 15-ml centrifuge tube and centrifuged at
3600 rpm for 10 minutes. A platelet pellet was
formed, and the supernatant consisted of
platelet poor plasma (PPP). At least half the
PPP was discarded, and the rest was used to
resuspend the platelet pellet to form PRP. PRP
was subjected to 3-5 freeze-thaw cycles to
break up platelets and release their contents,
with freezing performed at -20°C and thawing
37°C  water bath, followed by
centrifugation at 4300 rpm for 15 minutes to

in a

remove platelet fragments. The supernatant
contained platelet lysate.

Fracture model and treatment groups

Forty Sprague-Dawley rats (average weight
110g) with
intraperitoneal injection of a mixture of

were  anesthetized an
ketamine hydrochloride (60 mg/kg body
weight) and 2% xylazine (10 mg/kg body
weight). The fracture site was labeled with a
marker according to anatomical landmarks and
left tibial midshaft fractures were created with
a special device as described by Schmidmaier
et al."?. The fractured tibia was stabilized with
intramedullary 0.45 mm Kirschner wire.

Animals were divided into five groups:
group A treated with 0.3 ml PBS; group B
treated with MSC (5x10° cells suspended in
0.15 ml PBS) and 0.15ml PL; group C treated
with 0.15 ml PL mixed with 75 pl IL-10 (10
ng/ml) and 75 pl PBS; group D treated with
0.15 ml PL and 0.15 ml PBS; and group E
treated with MSC (5x10° cells suspended in
0.15 ml PL) followed by 75 pl IL-10 (10
ng/ml) and 75 pl PBS). Local injections at the
fracture site were performed on day 0, 3, and 5
after induced fracture.

Radiographic analysis

Lateral radiographs of four randomly

chosen rats in each group were taken at days 0,

230

7, 14, 21, and 28 post-fracture. Tibial
radiographs were taken at 40 kV and 4 mA.X-
ray meter and films were processed and
a Kodak RP X-omat
Processor. Callus diameter was calculated at

developed using

time of radiograph. Callus and tibia diameters
were measured using Auto CAD software.
Callus
diameter of the callus divided by the diameter

index, defined as the maximum
of the bone, was calculated to stage the

fracture healing.

Histological analysis
Four rats from each group were sacrificed
at day 21 post-fracture, and the left tibia was
harvested for histological analysis. Adequate
biopsies were taken from fracture site and
fixed immediately in 10% formalin solution
for 24 hours. The tissues were then decalcified
in 10% EDTA (pH 7.4) for 7 days, processed
routinely, and stained with H&E and Safranin
O stains. Examination was performed by a
pathologist with no prior knowledge of the
treatment groups. A modified Allen et al.
grading adopted
histopathological union assessment”.

for
The
grade of histopathological change ranged from

system was

0 to V as follows: 0, no healing or only fibrous
tissue union; I, cartilage union with presence
of fibrous tissues; II, only cartilage union; III,
cartilage union with some bony ossification;
IV, approximately equal amount of trabecular
bone and cartilage union; and V, complete
bony union

Statistical analysis
A two-tailed t-test was used to compare
groups.

Results

Stem cell isolation and differentiation
Stem cells cultures were initiated from rat
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bone marrow. On the fourth day of culture
stem cell colonies were observed, and at
approximately 2 weeks the adherent
monolayer reached 80% confluence (Fig. 1A).
To assess the presence and differentiation

capability of MSC, the cells were treated with
osteogenic medium for 2 weeks, when the
differentiated cells exhibited mineralized
matrix on Alizarin Red S staining (Fig.1B).

Figure 1. Characterization of rat MSC confirming their multipotent potential

a. Confluent Primary MSC exhibitig spindle
fibroblastoid morphology

b. Alizarin Red S staining of Calcium deposits after 14 days of
osteogenic differentiation

Radiological analysis

Callus formation, which is indicative of the
bone healing process, was evaluated by lateral
radiographs of fractured tibiae. Figure 2
contains representative radiographs showing
the progression of callus formation at the
fracture site after 14 days. All fractured tibiae
achieved complete bridging by day 14
regardless of their group. Seven days post-
fracture, group A had a visible fracture line
and incomplete bridging, while in groups B, C,
and D, (Figure 2) the fracture line was less
apparent. However, group E showed complete

bridging with no visible fracture line at day 7
(Figure 2). Calculated callus indices revealed
an increase in control and treatment groups,
reaching a peak at day 21 and decreasing
afterwards (Table 1). Tibial callus index scores
of treated animals in groups B, E, and C were
significantly increased (P<0.05) at days 7 and
14 compared with the control group A. At 14
days post-fracture, the highest level of
significance (P<0.005) was seen in group E
(treated with stem cells, PL, and IL-10),
followed by groups B (treated with stem cells
and PL), C, and D (Fig. 3).
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Figure 2. Representative radiographs of fixed fractures at day 14 post-fracture

b. MSC and PL treatment group

/

c. PL and IL-10 treatment group

d. PL-only treatment group 2D
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Figure 3. The line graph depicts the mean Callus Index (Cl) in
groups A, B, C, D, and E over 28 days

Histological analysis

Safranin O/methylene light green staining
revealed that the callus of fractured tibiae in
group A consisted mostly of chondrocytes at
21 days post-fracture (Figure 4A). In Groups C
and D, extensive remodeling with a limited
amount of chondrocytes present at the fracture
and calcified tissue site was observed at 21
days post-fracture. The combination of stem

cells, PL, and IL-10 had the greatest effect on
enhancing fracture healing. After 21days of
treatment in group E and B, trabecular bone
formation and cortex remodeling were
observed, surrounded by osteoblasts and
resorptive osteoclasts (Fig. 4D and 4E). By
contrast, groups C and D demonstrated the
presence of woven bone and cartilage islands
(Fig.4B and 4C).
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Figure 4. Safranin O staining at 21 days post-fracture

a. Score 11, only cartilage union

b. Score 111, artilage union with ossification

c. Score 1V, approximately equal amounts of trabecular bone and cartilage union
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d. Score V, complete bony union

e. Score V, complete bony union

Discussion

Rat MSC, PRP, and the lack of adaptive
immune response in association with the
upregulation of IL-10 have been implicated in
the acceleration of bone healing. In this study,
the interplay of these factors and their
combined effect on the process of fracture
healing in a rat model were analyzed. The aims
of this study were to generate a clinically
relevant model of fracture and to evaluate the
functional contributions of these factors to

fracture repair after local injection.

Currently, use of stem cells has been a
subject of special interest to improve the
fracture  healing process. MSC can
differentiate into several different cell types.
The ability of MSC to differentiate into bone
tissue, which enhances fracture healing and
bone regeneration, has been established
through in vitro and in vivo studies.

Inflammation is the first reaction elicited
from the immune system immediately after a
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fracture occurs in order to combat pathogenic
microorganisms when the fracture is
associated with an infection. However, in
cases where there is no simultaneous infection,
this process is dispensable and in fact has been
shown to be depressing bone regeneration®®.
RAG knockout mice exhibit enhanced fracture
healing and bone regeneration that is coupled
with  lower

pro-inflammatory  cytokine

secretion and higher anti-inflammatory
cytokine production, most importantly of IL-
10, Several lines of evidence indicate that
IL-10 is a positive regulator of bone
regeneration. IL-10 influences the expression
of genes that regulate osteoclastogenesis, thus
exerting control over the process of bone
resorption®>?”. In addition, IL-10-targeted
gene knockout mice demonstrate reduced
mechanical strength of the bone, osteopenia,
and defects in bone remodeling®”. However,
the role of IL-10 in the process of bone
regeneration remains controversial, as in vitro
studies conducted on bone marrow MSC
revealed reduced expression of critical

osteogenic proteins including ALP, collagen

Recently, PRP has been shown to have an
antibacterial effect: local application of PRP
into the sternal wound in patients undergoing
heart surgery reduced the incidence of both
deep and superficial sternal  wound
infections®®. On the other hand, the effect of
PL on bone regeneration and the osteogenic
differentiation of MSC is well established, and
PRP is widely used in the treatment of
muscular and skeletal injuries®.

In this study, we found that using either PL
alone or combined with IL-10 or MSC led to
increased evidence of healing compared to the
with  MSC and PL

demonstrating the highest callus indices

control  group,

compared to other groups. MSC injected in
combination with IL-10 and PL showed the
highest callus-to-cortex index, an indication of
enhanced fracture healing, compared to
controls and all other groups. This confirms
the synergistic effect exerted by MSC and IL-
10 on the process of bone regeneration. This
effect is either due to the anti-inflammatory
properties of IL-10 or its effect on other
processes such as bone resorption and callus

type I, and osteocalcin

(18-20)

mineralization.

Table 1. Callus indices of tibia fracture healing

Day 0 Day 7 Day 14 Day 21 Day 28
Group A 1.00 1.15+0.23 1.32+0.29 1.45+0.20 1.35+0.21
Group B 1.00 1.21+0.26* 1.65+0.22* 1.62+0.20* 1.41+0.23*
Group C 1.00 1.16+0.28* 1.44+0.21* 1.51+0.26* 1.36+0.25*
Group D 1.00 1.18+0.24 1.42+0.28* 1.53+0.24 1.34+0.21
Group E 1.00 1.24+0.21* 1.68+0.24* 1.68+0.24* 1.45+0.22%

Date expressed as mean = SD, n=4 per group

Group A: placebo, Group B: MSC and PL, Group C: IL-10 and PL, Group D: PL, Group E: MSC and IL-10

*P<0.05 vs. group A
N.S.: not significant

The obtained results indicate a synergistic
complimentary role of MSC and IL-10.

Treatment of fractured tibia with stem cells in
PL and IL-10 resulted in the most significant
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improvement over the control group. MSC are
known to have immunosuppressive and
immunomodulatory characteristics due to their
down regulation of the expression of
costimulatory molecules as well as the
production of anti-inflammatory cytokines,
most notably IL-10%***. Thus, we hypothesize
that treatment of fractures with MSC provides
cells that secrete IL-10, suppressing the
deleterious inflammatory phase that at later
stages affects osteoblast differentiation
contributing to bone regeneration. In addition,
angiogenic as well as morphogenic growth
factors are provided at higher concentrations in
the presence of PL.

Conclusions

The use of different local factors on the
fracture to accelerate healing is attractive and
could be implemented with adequate evidence
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