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Abstract
Like other tissue injuries, bone fracture triggers an inflammatory response, which plays an
important role in skeletal repair. Inflammation is believed to have both positive and negative
effects on bone repair, but the underlying cellular mechanisms are not well understood. To assess
the role of inflammation on skeletal cell differentiation, we used mouse models of fracture repair
that stimulate either intramembranous or endochondral ossification. In the first model, fractures
are rigidly stabilized leading to direct bone formation, while in the second model, fracture
instability causes cartilage and bone formation. We compared the inflammatory response in these
two mechanical environments and found changes in the expression patterns of inflammatory genes
and in the recruitment of inflammatory cells and osteoclasts. These results suggested that the
inflammatory response could influence skeletal cell differentiation after fracture. We then
exploited matrix metalloproteinase 9 (MMP9) that is expressed in inflammatory cells and
osteoclasts, and which we previously showed is a potential regulator of cell fate decisions during
fracture repair. Mmp9-/- mice heal stabilized fractures via endochondral ossification, while wild
type mice heal via intramembranous ossification. In parallel, we observed increases in
macrophages and T cells in the callus of Mmp9-/- compared to wild type mice. To assess the link
between the profile of inflammatory cells and skeletal cell fate functionally, we transplanted
Mmp9-/- mice with wild type bone marrow, to reconstitute a wild type hematopoietic lineage in
interaction with the Mmp9-/- stroma and periosteum. Following transplantation, Mmp9-/- mice
healed stabilized fractures via intramembranous ossification and exhibited a normal profile of
inflammatory cells. Moreover, Mmp9-/- periosteal grafts healed via intramembranous ossification
in wild type hosts, but healed via endochondral ossification in Mmp9-/- hosts. We observed that
macrophages accumulated at the periosteal surface in Mmp9-/- mice, suggesting that cell
differentiation in the periosteum is influenced by factors such as BMP2 that are produced locally
by inflammatory cells. Taken together, these results show that MMP9 mediates indirect effects on
skeletal cell differentiation by regulating the inflammatory response and the distribution of
inflammatory cells, leading to the local regulation of periosteal cell differentiation.

© 2012 Elsevier Inc. All rights reserved.

Corresponding author: Céline Colnot INSERM U781 Université Paris Descartes-Sorbonne Paris Cité Institut Imagine Tour Lavoisier
2ème étage Hôpital Necker-Enfants Malades 149 rue de Sèvres-75015 Paris France Tel 33 01 40 61 56 04 Fax 33 01 44 49 51 50
celine.colnot@inserm.fr.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Bone. Author manuscript; available in PMC 2014 January 01.

Published in final edited form as:
Bone. 2013 January ; 52(1): 111–119. doi:10.1016/j.bone.2012.09.018.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



1. Introduction
The recruitment of skeletal stem/progenitor cells and their differentiation into osteoblasts
and chondrocytes is key to the success of bone repair. Many factors can influence skeletal
progenitors during the early stages of repair, including mechanical stimuli and inflammatory
factors. The mechanical environment is crucial in determining healing via endochondral
versus intramembranous ossification [1, 2]. A stabilized environment favors osteogenic
differentiation, whereas the loss of stabilization favors chondrogenic differentiation at the
fracture site. These cell fate decisions occur during the inflammatory phase of fracture repair
[3, 4], however the role of inflammatory signals in skeletal cell fate is not well
characterized.

The inflammatory phase of bone repair is marked by the infiltration of inflammatory cells
that contribute to formation of the hematoma and removal of damaged tissue. While a
controlled inflammatory response is necessary for stimulating tissue regeneration, prolonged
inflammation can hinder the completion of the repair process [5-7]. The multiple
inflammatory cell types and factors involved makes it difficult to define the specific impacts
of inflammation on bone healing. Thus far, several studies have shown negative effects of
the adaptive immune system and positive effects of the innate immune system [8-11].
However, these studies mostly revealed inflammatory functions during the remodeling phase
of repair. Less is known about the role of inflammation on skeletal progenitors that are
recruited at the beginning of the inflammatory phase during the first few days after fracture.
Inflammatory mediators such as tumor necrosis factor-α (TNFα) are required for bone
formation but can also impair later stages of repair by stimulating cartilage degradation
[12-14]. Likewise, apparent opposite results have been reported on the role of nonsteroidal
anti-inflammatory drugs (NSAIDs), which target various cell types at different stages of
repair including osteoblasts, chondrocytes and osteoclasts [15-18]. In orthopaedic trauma,
NSAIDs are given to patients to reduce pain; however, the extent to which they affect repair
is not well defined. The lack of Cox2, a target of NSAIDs, inhibits osteoblast differentiation
in the periosteum [19, 20]. The role of Cox2 is counterbalanced by 5-lipoxygenase (5-LO)
and leukotriene inhibitors can stimulate cartilage and bone formation in the early phase of
repair through direct actions on chondrocytes [21]. Interestingly, transplanted mesenchymal
stem cells (MSCs), which can improve healing, have systemic anti-inflammatory effects on
the cytokines released after fracture including TNFα and interleukin-1β (IL1β) [22]. These
results suggest that inflammatory cells and skeletal progenitors influence each other.

Matrix metalloproteinases (MMPs) play important roles in bone development and repair and
these enzymes may participate in the interaction between inflammatory cells and skeletal
progenitors [3, 23-27]. MMP9, along with other MMPs, is expressed in inflammatory cells
and regulates inflammation in other tissues and diseases [28-33]. Our previous work showed
that MMP9 operates both during the inflammatory and remodeling phases of repair [3].
During the inflammatory phase, MMP9 may regulate skeletal cell fate, as MMP9-/- but not
wild type skeletal progenitors differentiate into chondrocytes in both non-stabilized and
stabilized fractures. We hypothesized that MMP9 mediates the inflammatory and progenitor
cell responses to mechanical stimuli during bone repair. In this study, we assessed the
relationship between inflammation and the differentiation of skeletal progenitors under
different mechanical stimuli at the fracture site, and the role of matrix metalloproteinase 9
(MMP9) in coordinating these events. We used bone marrow transplantation and bone
grafting to functionally test the role of the mechanical environment and inflammation on cell
differentiation within the periosteum, a key source of skeletal progenitors for bone repair
[34].
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2. Materials and methods
2.1. Non-stabilized and stabilized fractures

All protocols were approved by the Institutional Animal Care and Use Committee of the
University of California at San Francisco. Mmp9–/– mice (12- to 16-week-old males) and
their wild-type (WT) littermates were anesthetized with an intraperitoneal injection of
Ketamine/Medetomidine. Non-stabilized or stabilized tibia fractures were generated in the
mid-diaphysis via three point-bending [1, 3]. Mice received analgesics and were monitored
for signs of pain as described [26]. Mice were sacrificed by cervical dislocation following an
intraperitoneal injection of 2% Avertin 2, 5, 7, 10, and 14 days after fracture.

2.2. Microarrays
One centimeter of the wild type fractured hind limb between knee and ankle was collected
free of skin followed by RNA extraction at day 2 (stabilized: n=4; non-stabilized: n=3) and
day 7 (non-stabilized: n=4; stabilized: n=4) and from uninjured limbs (n=4) using Trizol
(Invitrogen, Carlsbad, CA). Microarrays were performed using Agilent Mouse single-color
4×44K arrays. Image analysis was performed using Agilent's Extraction 9.1. Comparisons of
stabilized vs. no fracture, non-stabilized vs. no fracture, and stabilized vs. non-stabilized at
each time point were assessed with ANOVA and t-statistics were assigned using R/
Bioconductor. Genes with differential expression were analyzed for functional enrichment
using DAVID (NIAID/NIH). K-means clustering was performed in MeV4.1.02.

2.3. Fluorescence-activated cell sorting
Wild type and Mmp9–/– mice were euthanized following anesthesia at days 0 (unfractured),
2 and 5 post-fracture (n=5 or 6 per group). The fractured hind limb between the knee and the
ankle was collected free of skin. The bone marrow and soft tissues (periosteum, muscle and
hematoma) were separated. Bone marrow cells were flushed and harvested in PBS. The
minced soft tissue was digested with collagenase/dispase (Roche, Palo Alto, CA) for one
hour at 37°C and the cells were filtered through a cell strainer (BD Falcon, Bedford, MA).
The cells were incubated with a panel of monoclonal antibodies to identify various
inflammatory cell types including anti-F4/80, anti-CD4 and anti-CD8 (Serotec, Raleigh,
NC), anti-FcεRIα, anti-CD11b, anti-CD19, anti-Ly6G, and anti-IgM (eBiosciences, San
Diego, CA), and anti-CD117 (BD Pharmingen, San Diego, CA). Monoclonal antibodies
were conjugated with fluorescein isothiocyanate (FITC) or phycoerythrin (PE). Single or
double staining was performed to identify the following inflammatory cell populations:
macrophages (F4/80+ or CD11b+/Ly6G-), neutrophils (CD11b+/Ly6G+), T-helper
lymphocytes and cytotoxic T cells (CD4+ and CD8+, respectively), B cells (CD19+/IgM+),
and mast cells (CD117+/FcεRIα+). Cells were washed and analyzed by fluorescence-
activated cell sorting (FACS) using a Facscaliber (Becton Dickinson, San Jose, CA). The
percentage of inflammatory cells was determined after gating on the entire viable
population. Cells were analyzed by flow cytometry using the Cell Quest software (Becton
Dickinson, San Jose, CA). The results were analyzed using both ANOVA and unpaired
Student's t test to assess the effects of genotype, fracture stability, tissue type (bone marrow
versus soft tissue) and time post-fracture. Significance was determined at P < 0.05.

2.4. Bone marrow transplantation
Ten-week-old Mmp9–/– or wild type males were lethally irradiated with two 6 Gy doses of
γ-irradiation 3–4 hours apart. Bone marrow cells from wild type and Mmp9–/– mice were
transplanted into irradiated wild type (WT-WT and KO-WT) and Mmp9–/– (WT-KO and
KO-KO) hosts from the same FVB/N background as previously described [35]. Following a
6-week recovery period, stabilized or non-stabilized fractures were produced. Mice were
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sacrificed 2 days after fracture to collect cells from bone marrow and soft tissue for FACS
analysis of inflammatory cell populations. At 10 and 14 days post-injury, callus tissues from
stabilized and non-stabilized fractures respectively were collected and processed for
histological and histomorphometric analyses (n=5 or 6 per group).

2.5. Histological and histomorphometric analyses
Fractured tibiae were harvested free of skin, fixed overnight in 4% paraformaldehyde at 4°C,
decalcified in 19% EDTA (pH 7.4) for 14 days, then dehydrated and embedded in paraffin.
Sections (10 μm) through the entire callus were collected. Histomorphometry was
performed as previously described [3, 6]. To determine the volume of cartilage within each
callus, every thirtieth section (300 μm) was stained with Safranin-O/Fast Green (SO/FG)
and photographed using a Leica DM 5000 B light microscope (Leica Microsystems GmbH,
Wetzler, Germany) that was equipped with a camera (Diagnostic Instruments, Inc., Sterling
Heights, MI). The captured images were analyzed with Adobe Photoshop to determine the
area of cartilage in each section.

2.6. Detection and quantification of inflammatory cells and osteoclasts on tissue sections
Immunohistochemistry was performed every tenth slide throughout the callus using rat anti-
F4/80 and rat anti-Ly6G antibodies (eBiosciences, San Diego, CA) to detect macrophages
and neutrophils respectively. Sections were treated with 20 μg/mL proteinase K (37°C, 20
minutes), incubated with primary antibodies at 4°C overnight. Endogenous peroxidase
activity was blocked by incubating the sections with 0.3% H2O2 in PBS at room temperature
for 10 minutes. Sections were then incubated with Biotin Goat Anti-Rat IgG Polyclonal (BD
Pharmingen, San Diego, CA) at room temperature for 1 hour followed by streptavidin-
horseradish peroxidase conjugate (Amersham Biosciences, Arlington. Heights, IL). Staining
was detected using diaminobenzidene and the tissue was counterstained with 0.1% fast
green. On adjacent sections, tartrate-resistant acid phosphatase (TRAP) staining was
performed to detect osteoclasts using a leukocyte acid phosphatase kit (Sigma, St. Louis,
MO) [36].

Macrophages, neutrophils and osteoclasts were quantified using stereology in all tissues of
the hind limb between knee and ankle, excluding the bone marrow compartment. This area
corresponds the soft tissue compartment analyzed via FACS. Immunoreactive- or TRAP-
positive cells were counted using an Olympus CAST system (Olympus, Center Valley, PA)
and software by Visiopharm (Visiopharm, Hørsholm, Denmark). The total area was outlined
at low magnification (2x) and the cells were counted at high magnification (20x) in counting
frames: ten to thirty fields covering approximately 3% of the tissue section were randomly
acquired by unbiased uniform random sampling. Four counting frames covering 50% of the
area within a field were overlaid on each field. The number of positive cells (q) and the
points of area (p) within these fields were determined. Values were expressed as number of
cells per mm2 tissue. The results were analyzed using Student's t test. Significance was
determined at P < 0.05.

2.7. Detection of BMP-2 expressing cells on tissue sections
Immunohistochemistry was performed using a goat anti-BMP-2 antibody (Santa Cruz
Biotechnology, Santa Cruz, CA) to detect BMP-2 expressing cells. After deparaffinization
and rehydration, sections were treated with 0.3% Triton X-100 in PBS for 10 minutes to
permeabilize the cells and then treated with 0.05% Trypsin in PBS for recovery of
antigenicity (37°C, 20 minutes). Endogenous peroxidase activity was blocked by incubating
the sections with 0.3% H2O2 in PBS at room temperature for 20 minutes. Potential
nonspecific binding sites were blocked with 3% bovine serum albumin in PBS for 1 hour.
Sections were incubated with the primary antibody in humidity chambers at 4°C overnight.
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After washes in PBS, sections were incubated with biotin-conjugated donkey anti-goat
polyclonal IgG-B (Santa Cruz Biotechnology, Santa Cruz, CA) for 1 hour and then
incubated with avidin-biotinylated horseradish peroxidase conjugate (Vector Laboratories,
Burlingame, CA) for 30 minutes. Staining was detected using diaminobenzidene and the
tissue was counterstained with 0.1% Fast Green.

2.8. Bone graft transplantation and histological analyses
Live bone graft transplantation was performed as previously described [34]. Briefly, bone
grafts were isolated from adult wild type mice that express GFP and Mmp9–/– mice (males,
10 week–5-month-old). A fragment of cortical bone was cut in the anterior-proximal area of
each tibia. The periosteum was kept intact while the endosteum and bone marrow were
removed from the graft using a razor blade. Fresh bone grafts were transplanted into FVBN
wild type mice and Mmp9–/– hosts (males, 10 week–5-month-old) to obtain four
experimental groups: wild type grafts into wild type donors (WT-WT; n=5), Mmp9–/– grafts
into Mmp9–/– hosts (Mmp9–/– - Mmp9–/–; n=6), wild type grafts into Mmp9–/– hosts (WT-
Mmp9–/–; n=5) and Mmp9–/– grafts into wild type hosts (Mmp9–/– -WT; n=5). Tibias were
harvested and fixed for 24 h at 4°C in 4% paraformaldehyde (PFA) at 4°C, then samples
were decalcified and cryo-embedded [35]. Safranin-O/Fast Green and trichrome staining
were performed to visualize cartilage and bone, respectively. GFP immunostaining was
performed on adjacent sections to confirm the origins of donor versus host cells (data not
shown) [25].

3. Results
3.1. Inflammatory genes are differentially expressed in stabilized and non-stabilized
fractures

To begin understanding how fracture stability may regulate inflammation and the initial
phase of fracture repair, we compared the genomic response in stabilized and non-stabilized
mechanical environments using microarray analysis. mRNA transcripts of inflammatory
genes appeared at days 2 and 7 after injury in stabilized and non-stabilized fracture
environments (Table 1 and Supplemental Fig. 1), indicating that inflammatory genes are up-
regulated after fracture regardless of the mechanical environment. While inflammatory gene
profiles were indiscernible in stabilized and non-stabilized fractures at day 2 after injury
(data not shown), inflammatory genes were significantly up-regulated at day 7 after injury in
the stabilized fractures as compared to the non-stabilized fractures (Table 1 and
Supplemental Fig. 1), indicating that the inflammatory response lasts longer in stabilized
fractures.

We identified distinct sets of genes differentially expressed in stabilized and non-stabilized
fractures. Although inflammatory genes were up-regulated in stabilized fractures, genes
encoding extracellular matrix proteins were up-regulated in non-stabilized fractures
(Supplemental Fig. 1), including several members of the Mmp family, such as Mmp2,
Mmp9, Mmp10 and Mmp13, that are involved in extracellular matrix remodeling and
inflammation. These results suggested that co-regulation of members of clusters that include
important candidates for regulating osteogenesis and chondrogenesis occurs during the
inflammatory phase of fracture healing.

3.2. Inflammatory cell recruitment differs in stabilized and non-stabilized fractures
To determine whether molecular changes correlate with changes in the recruitment of
inflammatory cells in wild type stabilized and non-stabilized fractures, we quantified the
inflammatory cell populations within bone marrow and soft tissues around the fracture site
using FACS analysis. In unfractured tibias, immune/inflammatory cells were detected in the
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bone marrow, but not in the soft tissues surrounding the bone (Fig. 1 and data not shown).
After fracture, inflammatory cells were detected in bone marrow as well as in soft tissues
surrounding the fracture site. In stabilized and non-stabilized fractures, all inflammatory cell
types were detected at the fracture site and surrounding soft tissues by day 2, except for
CD8+ T cells (Fig. 1 and Supplemental Fig. 2). In both mechanical environments, most
inflammatory cells were found around the fracture site from days 2 to 5 (Fig. 1). However,
we observed increased proportions of macrophages and CD4+ T lymphocytes at days 2 and
5 in stabilized fractures compared to non-stabilized fractures (Fig. 1B, H; p<0.05), whereas
the proportions of neutrophils, mast cells and B cells were unchanged in the two groups
(Fig. 1E and supplemental Fig. 2).

Further analyses of non-stabilized fractures by stereology showed that following this initial
phase of inflammation, the proportion of neutrophils decreased in the callus by day 7
compared to days 2 and 5 (Fig. 1F, p<0.05), whereas macrophages and osteoclasts were still
found within the callus at day 7 post-fracture and their proportions were increased compared
to days 2 and 7 (Fig. 1 C, I, p<0.05).

3.3. Loss of MMP-9 affects inflammatory cell populations in fracture calluses
MMP9 is a known mediator of inflammation and plays a role in fracture repair [3, 29]. The
profile of inflammatory cell recruitment differed between Mmp9-/- and wild type mice and
changes were mostly observed for macrophages and CD4 T cells between genotypes
(p<0.001). In Mmp9-/- stabilized fractures, we observed an increase in the proportions of
macrophages at days 2 and 5, and neutrophils at day 2 compared to wild type stabilized
fractures (Fig. 1A-B, D-E). Although the proportion of CD4+ T cells was increased in the
bone marrow of Mmp9-/- compared to wild type stabilized fractures, this difference was not
observed in the surrounding soft tissues (Fig. 1G-H). The proportions of other inflammatory
cells were unchanged in Mmp9-/- and wild type stabilized fractures (Supplemental Fig. 2).

In non-stabilized fractures, the proportion of macrophages and CD4+ T cells increased in
Mmp9-/- compared to wild type mice (Fig 1 A-C, G-H). In contrast, osteoclast recruitment
was markedly decreased in the Mmp9-/- calluses compared to wild type (Fig. 1I). No
difference was observed for other inflammatory cell types including neutrophils, mast cells
and B cells via flow cytometry (Fig. 1 D-E and supplemental Fig. 2). Thus the absence of
MMP9 affected the recruitment of inflammatory cells in the callus of stabilized and non-
stabilized fractures.

3.4. Bone marrow transplantation rescues the fracture healing phenotype in Mmp9-/- mice
We next tested whether changes in the proportions of inflammatory cells in Mmp9-/- mice
impacts skeletal cell differentiation in stabilized and non-stabilized fractures. MMP9 is
expressed both by bone marrow-derived myeloid cells and non-myeloid cells [37]. To
determine if the production of MMP9 by myeloid cells was responsible for the changes in
inflammatory cell recruitment and skeletal cell differentiation during fracture repair, we
transplanted Mmp9-/- bone marrow to provide Mmp9-/- hematopoietic cells in a wild type
host environment [25, 35]. When we created stabilized fractures in these wild type mice that
received Mmp9–/– bone marrow transplants, healing occurred via direct bone formation as
observed in wild type mice or in control wild type hosts transplanted with wild type bone
marrow (Fig. 2B). Therefore the presence of Mmp9–/– inflammatory cells alone was not
sufficient to induce chondrogenic cell differentiation at the fracture site. However,
transplantation of wild type bone marrow in Mmp9–/– hosts prevented cartilage formation,
which is normally observed in Mmp9–/– calluses as well as in Mmp9–/– controls transplanted
with Mmp9–/– bone marrow (Fig. 2B)[3]. Indeed, 0 of 5 Mmp9–/– mice transplanted with
wild type bone marrow exhibited cartilage in the callus, while 3 of 5 Mmp9–/– mice
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transplanted with Mmp9–/– bone marrow exhibited cartilage at day 10 (Fig. 2B). Therefore,
wild type bone marrow could rescue the cartilage phenotype in Mmp9–/– stabilized
fractures.

Bone marrow transplantation also rescued the cartilage remodeling defect in Mmp9–/– non-
stabilized fractures. By histomorphometric analyses, the cartilage volume in the Mmp9-/-

mice transplanted with wild type bone marrow cells was significantly smaller than the
Mmp9-/- controls transplanted with Mmp9-/- bone marrow at 14 days post non-stabilized
fracture (Fig. 2C). We verified that changes in inflammatory cell profiles inMmp9–/– mice
paralleled the cartilage phenotype in stabilized and non-stabilized fractures. The proportions
of macrophages decreased in Mmp9–/– mice transplanted with wild type compared to
Mmp9–/– bone marrow (Fig. 2D). The proportions of neutrophils remained unchanged and
the proportions of CD4+ T cells decreased although not significantly (Fig. 2D). Osteoclast
recruitment was also restored as osteoclast number was significantly higher in Mmp9–/–

mice transplanted with wild type compared to Mmp9–/– bone marrow (Fig. 2E).

3.5. The periosteal response is influenced by MMP9 and the inflammatory environment
The periosteum is a major contributor of chondrocytes and osteoblasts to bone repair, and
cell fate decisions in the periosteum influence healing via endochondral versus
intramembranous ossification [34, 38-40]. To determine the role of inflammation and
MMP9 on cell differentiation within the periosteum, we used a bone graft approach.
Mmp9-/- periosteal bone grafts transplanted in Mmp9-/- hosts healed via endochondral
ossification in the absence of mechanical stimuli, compared to Mmp9-/- grafts in wild type
hosts, that healed via intramembranous ossification (Fig. 3B-C, p<0.05). This result
indicated that a wild type inflammatory environment could prevent cartilage differentiation
in the Mmp9-/- periosteum. Conversely, wild type grafts healed via intramembranous
ossification in both wild type and Mmp9-/- hosts (Fig. 3D-E). Similar to the bone marrow
transplantation results, the Mmp9-/- environment did not induce cartilage differentiation in
the wild type periosteum. Thus, the lack of MMP9 in both the periosteum and inflammatory
cells was responsible for the cartilage phenotype.

We next examined the distribution of inflammatory cells at the periosteal surface and within
the callus more closely. We observed that macrophages remained within the callus as
healing progressed, while other inflammatory cell types were found at the periphery of the
callus by day 7 (Fig. 1 and data not shown). By immunohistochemistry, macrophages
accumulated as early as day 3 near the periosteal surface of the Mmp9–/–compared to wild
type stabilized fracture calluses (Fig. 4A-B, arrowheads). The altered distribution of
macrophages in Mmp9-/- stabilized fractures affected BMP2 expression. We observed a
stronger BMP2 immunostaining in the periosteum of Mmp9-/- stabilized fractures compared
to wild type (Fig. 4C-D, arrowheads).

4. Discussion
4.1. The mechanical environment affects the inflammatory response and skeletal cell
differentiation during bone repair

Bone repair is initiated by an inflammatory response, which coincides with the recruitment
and differentiation of skeletal progenitors. To elucidate the role of inflammation and
mechanical signals in skeletal cell differentiation, we compared the inflammatory response
between stabilized and non-stabilized tibial fractures. Inflammatory genes were up-regulated
by day 2 in both stabilized and non-stabilized fractures, with no major differences in gene
expression profiles in the two mechanical environments. This is likely due to the fact that
inflammation is first triggered by the same injury in these two fracture models. These results
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correlate with the timing of inflammatory response that was previously described in several
animal models of fracture repair, with a peak of inflammatory genes and cytokines
expression reported at day 2 post fracture [41-44]. This coincides with the recruitment of the
major inflammatory cell types during the early stages of repair, a crucial stage for skeletal
cell fate decisions [3, 45]. Although we detected no differences at the transcriptional level,
we observed that stabilization of the fractured bones increased the proportions of
macrophages and CD4+ T cells compared to non-stabilized fractures. These results
suggested that macrophages and/or T cells play a predominant role in influencing the mode
of repair during the inflammatory phase.

In most tissue repair processes, inflammation must resolve to support healing [32].
Following the initial inflammatory response, the expression of inflammatory genes remained
high in stabilized fractures indicating a prolonged inflammatory response. In contrast, in
non-stabilized factures, the decrease in inflammatory gene expression paralleled cartilage
and bone production within the fracture callus. Thus, differences in the inflammatory
environment clearly influence the formation of cartilage and bone in the callus, as
chondrogenesis and osteogenesis are more robust when inflammation resolves faster.
Indeed, systemic inflammation associated with polytrauma has negative effects on fracture
repair and has been associated with the accumulation of inflammatory factors [46, 47].
Robust cartilage formation in the non-stabilized fracture calluses could also play a role in
suppressing inflammation [48]. Moreover, non-stabilized fractures exhibit an enhanced
angiogenic response compared to stabilized fractures, which may facilitate the removal of
inflammatory cells [49]. Careful analyses of our histological sections showed that
inflammatory cells were present at the fracture site during the peak of inflammatory cell
recruitment. Inflammatory cells were then slowly excluded from the newly forming fracture
callus, where chondrocytes and osteoblasts are differentiating. However, the macrophages
were still located in the callus and their proportions increased until day 7. These data
provided further evidence that macrophages are a key inflammatory cell type that may
interact with chondrocytes and osteoblasts during callus formation.

4.2. MMP9 regulates macrophage recruitment and periosteal cell fate
MMP9 is expressed both by bone marrow-derived myeloid cells and osteoclasts that are
involved in the inflammatory response and extracellular matrix remodeling during bone
repair [3, 37]. In the absence of MMP9, the inflammatory cell profile at the fracture site was
altered compared to wild type animals, and this was functionally linked to phenotypic
changes in Mmp9-/- mutants. Osteoclast recruitment was impaired in Mmp9-/- fracture
calluses and bone marrow transplants rescued the cartilage remodeling defects in non-
stabilized fractures via providing MMP9-expressing osteoclasts. This result was in
concordance with the rescue of the growth plate phenotype in Mmp9-/- developing long
bones [50]. Similarly, the recruitment of T cells and macrophages was affected Mmp9-/-

fracture calluses and transplantation of wild type bone marrow rescued the cartilage
phenotype in Mmp9-/- stabilized fractures. Since bone marrow transplantation mostly
provides cells from the hematopoietic lineage with long-term engraftment capacities [22, 25,
35, 51-55], we conclude that the modulations of the inflammatory response can indirectly
impact osteogenesis and chondrogenesis in the fracture callus. However, transplantation of
Mmp9-/- bone marrow into wild type mice did not induce the cartilage phenotype in
stabilized fractures, indicating that cartilage induction was not due to a cell autonomous
defect in inflammatory cells. Using periosteal graft transplantation, we uncovered the fact
that MMP9 acts indirectly at the level of the periosteum, a target of many signals that
regulate skeletal cell fate during the early stages of repair [39, 56-58].

This indirect effect of MMP9 on periosteal cell fate was via the regulation of macrophage
localization. Only macrophages were located within the periosteum to locally influence
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chondrogenic and osteogenic cell differentiation. CD4+ T cells were found away from the
periosteum, and so are unlikely to have an effect on chondrogenesis and osteogenesis.
Previous studies reported that changes in the infiltration of macrophages within the fracture
callus were related to the level of fracture stability, but did not provide a functional link with
changes in the osteogenic or chondrogenic response [59]. Another study illustrated the
important role of resident macrophages, so-called osteomacs, which are closely associated
with bone lining osteoblasts. These osteomacs are also associated with osteoclasts, and their
depletion impairs bone repair via intramembranous ossification [10]. Surprisingly, the
complete absence of macrophages in CCR2 KO mice does not have consequences on the
early stages of repair, but mostly impairs the remodeling phase of repair [9].

While macrophages are not required for the induction of endochondral ossification within
the callus, they are required for bone induction in pathological conditions such as
heterotopic ossification (HO) [60]. This bone induction may be due to the production of
BMPs that are expressed by macrophages and other inflammatory cells, but that are not
normally active in the muscle environment [60, 61]. During fracture repair, BMPs are
produced by many cell types and are up-regulated in the periosteum of non-stabilized
fractures, which heal via endochondral ossification [38, 56, 62]. Ectopic localization of
macrophages in the periosteum of Mmp9-/- stabilized fractures may be responsible for the
induction of endochondral ossification as we found an increase in BMP2 expression. There
are other examples of indirect mechanisms of action of MMP9. MMP9 could regulate the
mechanical properties of the extracellular matrix, which may directly impact periosteal stem
cells [57, 63, 64]. During bone development and during the replacement of cartilage by bone
in the fracture callus, MMP9 indirectly regulates angiogenesis by regulating the
bioavailability of VEGF [3, 37, 50]. Thus, MMP9 can modulate the function of important
growth factors by controlling their release from the extracellular matrix or by controlling the
spatial distribution of cells that secrete these growth factors [39, 56].

In conclusion, by elucidating the indirect effects of MMP9 on periosteal cell fate, we have
unraveled one of the multiple mechanisms by which inflammatory cells and mechanical
stimuli may influence skeletal cell differentiation during bone repair. It is clear that specific
inflammatory cell types such as macrophages can be targeted to stimulate bone repair, and
that other cell types including T cells may also be targeted. To improve the management of
inflammation following bone injury clinically, more studies will be required to dissect the
roles of numerous inflammatory and mechanical factors, and their impact on skeletal stem
cells [65-67]. These factors act in a complex healing environment where major signaling
pathways including BMPs, Wnt, Hedgehogs and Parathyroid Hormone also regulate skeletal
stem cells, and may be modulated by mechanical stimuli and inflammatory cytokines
[68-70].
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Highlights

1. We assessed the role of inflammation during the early stages of bone repair in
mice

2. The mechanical environment impacts the inflammatory response

3. Lack of MMP9 affects the inflammatory response

4. MMP9 regulates the periosteal cell response in distinct mechanical
environments

5. MMP9 regulates the distribution of macrophages at the periosteal surface
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Fig. 1. Mechanical environment and loss of MMP9 alters the inflammatory cell populations in
tibial fractures
Quantification of (A-C) macrophages, (D-F) neutrophils, (G-H) CD4 T cells and (I)
osteoclasts in the tibia. FACS analyses of the bone marrow (left) and soft tissue (middle) of
Mmp9-/- and wild type (WT) mouse tibia at day 0 (D0, uninjured), and at days 2 (D2) and 5
(D5) following non-stabilized (NS) and stabilized (S) fracture. The percentage of
macrophages (Ly6G-negative and CD11b-positive), neutrophils (Ly6G-positive and CD11b-
positive) and CD4-positive T cells relative to the total number of cells are reported. (Right)
Quantification by stereology of macrophages (C), neutrophils (F) and osteoclasts (I) in the
soft tissue of Mmp9-/- and wild type non-stabilized (NS) fractures at days 2 (D2), 5 (D5) and
7 (D7) post-fracture. Bars represent mean ± standard deviation, Student's t-test: * P<0.05, **
P<0.01 (n=5 or 6 per group).
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Fig. 2. Transplant of wild type bone marrow prevents cartilage formation in Mmp9–/– stabilized
fractures and alters inflammatory cell profile
(A) Experimental design. (B, left) Safranin-O Fast Green staining of day 10 stabilized
fracture calluses of Mmp9–/– mice transplanted with Mmp9–/– bone marrow (Mmp9–/–-
Mmp9–/–) or with wild type bone marrow (WT-Mmp9–/–), and wild type mice transplanted
with wild type bone marrow (WT-WT) or with Mmp9–/– bone marrow (Mmp9–/–-WT). (B,
right) Histomorphometric measurements of total cartilage volume at day 10 post stabilized
fracture and percentage of samples with cartilage observed at the fracture site. (C, left)
Safranin-O Fast Green staining of day 14 non-stabilized fracture calluses of Mmp9–/– mice
transplanted with Mmp9–/– bone marrow (Mmp9–/–-Mmp9–/–) or with wild type bone
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marrow (WT-Mmp9–/–). (C, right) Histomorphometric measurements of total cartilage
volume at day 14 post non-stabilized fracture. (D) FACS analyses at day 2 post non-
stabilized fracture of macrophages, neutrophils and CD4-positive T cells in bone marrow
(BM) and soft tissue (ST) of Mmp9–/– mice transplanted with Mmp9–/– (Mmp9–/–-
Mmp9–/–) or wild type bone marrow (WT-Mmp9–/–). (E) Quantification by stereology at
day 5 post-stabilized fracture of osteoclasts in Mmp9–/– mice transplanted with Mmp9–/–

(Mmp9–/–-Mmp9–/–) or wild-type bone marrow (WT-Mmp9–/–). Bars represent mean ±
standard deviation, Student's t-test: * P<0.05; NS=Not Significant (n=5 or 6 per group).
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Fig. 3. Analysis of cartilage formation during healing of Mmp9–/– and wild type periosteal bone
grafts
(A) Experimental design. (B-E) Longitudinal sections through the tibia and histological
evaluation using Safranin-O staining at day 10 post-surgery of Mmp9–/– periosteal bone
grafts transplanted in Mmp9–/– (B, Mmp9–/– - Mmp9–/–) or wild type hosts (C, Mmp9–/–-
WT) or wild type periosteal bone grafts transplanted in wild type (D, WT-WT) or Mmp9–/–

hosts (D, WT-Mmp9–/–). Cartilage formation is only observed in Mmp9–/– mice
transplanted with Mmp9–/– bone grafts. Student's t-test: * P<0.05 (Mmp9–/–-
Mmp9–/–compared to WT-Mmp9–/–, WT-WT and Mmp9–/–-WT; n=5 or 6 per group).
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Fig. 4. Distribution of macrophages near the periosteal surface during fracture repair
Immunodetection of (A-B) macrophages using F4/80 antibody and (C-D) BMP2-expressing
cells at the periosteal surface of wild type and Mmp9–/– stabilized tibial fractures at day 3
post-injury. (A-B) Macrophages are found throughout the callus and are concentrated near
the periosteum in Mmp9–/– stabilized fractures (B, arrowheads) compared to wild type
fractures. (C-D) BMP2 immunostaining is detected in inflammatory cells at the fracture site
and near the periosteum with stronger staining found in the periosteum of Mmp9–/–

stabilized fractures (D, arrowheads) compared to wild type.
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