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It is well established that inflammatory processes in the vicinity of bone often
induce osteoclast formation and bone resorption. Effects of inflammatory
processes on bone formation are less studied. Therefore, we investigated the
effect of locally induced inflammation on bone formation. Toll-like receptor
(TLR) 2 agonists LPS from Porphyromonas gingivalis and PAM2 were injected
once subcutaneously above mouse calvarial bones. After five days, both agonists
induced bone formation mainly at endocranial surfaces. The injection resulted in
progressively increased calvarial thickness during 21 days. Excessive new bone
formation was mainly observed separated from bone resorption cavities. Anti-
RANKL did not affect the increase of bone formation. Inflammation caused
increased bone formation rate due to increased mineralizing surfaces as
assessed by dynamic histomorphometry. In areas close to new bone
formation, an abundance of proliferating cells was observed as well as cells
robustly stained for Runx2 and alkaline phosphatase. PAM2 increased the mRNA
expression of Lrp5, Lrp6 and Wnt7b, and decreased the expression of Sost and
Dkk1. In situ hybridization demonstrated decreased Sost mRNA expression in
osteocytes present in old bone. An abundance of cells expressed Wnt7b in
Runx2-positive osteoblasts and R-catenin in areas with new bone formation.
These data demonstrate that inflammation, not only induces osteoclastogenesis,
but also locally activates canonical WNT signaling and stimulates new bone
formation independent on bone resorption.
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Introduction

Local bone loss is a common consequence of inflammatory
processes in vicinity of the skeleton. Articular bone erosion and
breakdown of juxtaarticular bone in patients with rheumatoid
arthritis (RA) or psoriasis arthritis, and of alveolar bone
surrounding roots of teeth in patients with periodontitis, are
important events causing joint destruction and tooth loss (1-4).
Inflammation induced bone loss is also the reason why joint
prostheses and tooth implants can lose their attachments to bone
(5, 6). Bone is lost adjacent to inflammatory processes mainly due to
increased osteoclast formation and excessive bone resorption (7-
11). In contrast to physiological remodeling of bone, where bone
resorption is coupled to increased bone formation in order to keep
bone mass constant (12), inflammation induced bone resorption is
commonly associated with decreased bone formation which further
contributes to decreased bone mass (2).

Evidence that inflammation inhibits bone formation has been
obtained in several studies including in a mouse model with K/Bx/N
serum transfer arthritis (13). Bone surfaces with active
mineralization were reduced in areas adjacent to inflammation
compared to surfaces with no inflammation. Although an
abundance of early osteoblast progenitors expressing Runx2 was
observed in the vicinity of inflammation, the numbers of cells
expressing markers of late osteoblasts such as alkaline
phosphatase (ALP) and osteocalcin were reduced. Inflammation
induced decrease of bone formation has also been observed in
collagen-induced arthritis, in human tumor necrosis factor (TNF)
transgenic (hTNFtg) mice and in adjuvant arthritic rats (14-16). In
these arthritic models, inhibition of bone formation has been
attributed to TNF and increased expression of the WNT inhibitor
DKKI1. Further support for the view that TNF may be important for
inhibition of bone formation in inflammatory conditions comes
from in vitro studies using cell lines, and primary human and mouse
cells (rev. in (17)), showing that TNF can decrease osteoblast
differentiation and synthesis of bone matrix proteins (18) through
enhanced degradation of the osteoblastic transcription factor Runx-
2 (19). In contrast to these findings, however, there are several
reports (rev. in (17)) showing that TNF can stimulate osteoblastic
differentiation using human, rat and mouse mesenchymal stem cells
through upregulation of the expression of Runx2 and Sp7 (encoding
osterix) (20, 21). TNF has also been reported to enhance the
expression of Wnt5a and Wntl10b in human mesenchymal stem

Abbreviations: Acp5, gene encoding TRAP; ALP, alkaline phosphatase; Bglap,
gene encoding osteocalcin; BFR, bone formation rate; BMD, bone mineral
density; BS, bone surface; CT, computed tomography; Ctsk, gene encoding
cathepsin K; DKk, gene encoding Dickkopf; hTNFtg, human TNF transgenic;
LPS, lipopolysaccharide; LRP, lipoprotein receptor-related protein; MAR,
mineral apposition rate; MS, mineralizing surface; OPG, osteoprotegerin;
PAM2, palmitoyl-2-Cys-Ser-(Lys)4; pQCT, peripheral quantitative computed
tomography; RA, rheumatoid arthritis; RANKL, receptor activator of nuclear
factor kappa B ligand; Sost, gene encoding sclerostin; Sp7, gene encoding osterix;
TLR2, Toll-like receptor 2; TNF, tumor necrosis factor; TRAP, tartrate resistant
acid phosphatase; Tnfrsfl1b, gene encoding OPG; Tnfsfll, gene encoding
RANKL; WNT, Wingless-related integration site.
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cells, in which TNE-stimulation causes increased ALP and
enhanced mineralization (22). Similar to these paradoxical
findings, it has been observed that bone formation can either be
stimulated (20) or inhibited (23) by activation of NF-kB, an
important transcription factor involved in TNF signaling.

Enhanced numbers of osteoblasts and osteoid deposition at
endosteal surfaces have been observed in patients with RA (24).
Regensburger et al. reported that patients with RA have increased
areas with osteosclerotic, endocortical bone in the joints in addition
to the osteolytic lesions (25). More frequently, new bone formation
in addition to erosions has been observed in the joints of patients
with psoriatic arthritis (26, 27). Ankylosing spondylitis is another
inflammatory disease characterized by bone loss, increased risk for
osteoporosis and new local bone formation called syndesmophytes
(28). Osteoarthritis is an inflammatory disease affecting joints in
which new bone formation can be observed in the form of enhanced
subchondral bone mass and sometimes as osteophytes (29). These
findings indicate that not only bone erosions can be observed in
patients with arthritic diseases, but that also that new bone
formation can be induced in certain areas in joints harboring
inflammatory processes.

Loss of bone due to inflammatory induced increased bone
resorption is the cause of loosened joint prosthesis, however,
enhanced bone formation can also be observed in these patients,
as demonstrated by increased, local uptake of technetium (10).
Histopathological analysis has shown the presence of numerous
osteoclasts as well as distinct areas with cuboid, active osteoblasts
and new bone formation (30). Similarly, enhanced bone formation,
as indicated by increased technetium uptake, has been observed in
the jaw bones surrounding teeth with active periodontitis (31). In
patients with chronic osteomyelitis and Garre s osteomyelitis, bone
marrow inflammation and bone loss are seen together with
osteosclerotic areas (32, 33).

The observations in humans indicate that although increased
bone resorption is a common consequence of inflammatory process
within or in the vicinity of the skeleton, there is also evidence of new
bone formation in response to inflammation. Thus, the skeleton can
respond to inflammatory processes similar to the response to
skeletal metastases of malignant tumors where both osteolytic and
osteosclerotic reactions can be observed (34).

Experimental evidence that increased osteoblast activity and
bone formation can be induced close to inflammatory sites has been
provided by observations in hTNFtg mice. Overexpression of hTNF
results not only in joint inflammation, osteoclast formation and
periarticular bone loss but also in enhanced bone formation (16,
35). In these studies, the numbers of osteoblasts expressing
osteocalcin were enhanced at endosteal surfaces close to
inflammatory infiltrates. Increased osteoid formation and
enhanced mineralizing surfaces were also observed in these areas.
In addition, new bone formation adjacent to bone resorption has
been observed 2-4 weeks after injection of Staphylococcus aureus in
mouse tibia (36).

Local injection of bacterial components on the top of calvaria is
an experimental model that has been used to stimulate
inflammation-induced osteoclast formation and to assess effects
of potentially pro- and anti-osteoclastogenic molecules by us
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(37, 38) and several other groups since the pioneering report by
Boyce et al. (39). In the present study, we investigated if local
inflammation in the periosteum of mouse calvaria induced by Toll-
like receptor 2 (TLR2) agonists is associated with effects on bone
formation. We, here, show that periosteal inflammation not only
induces local and systemic osteoclast formation and bone
resorption, but also local, excessive new bone formation
independent on bone resorption and associated with increased
WNT signaling.

Materials and methods
Animals

Mice were either CsA from our own inbred colony, wild type
C57BL/6] or Tlr2-deficient” (B6.129 TIr*™ ™ /]) mice from Jackson
laboratories at Umea University, or C57BL/6N mice from Charles
River Laboratories at University of Gothenburg. Results obtained
with the different wild type mouse strains were comparable in all
experiments. Ethical permit for the use of mice was approved by the
Ethical Committee for Animal Research in Gothenburg and Umea
and the care of the animals was in accordance with relevant
guidelines and regulations. Mice were randomized into body
weight matched groups and treatment groups were housed in
separate cages. All treatment groups included 10 mice at the start
of the experiment. Mice that showed severe signs of systemic
response and lost more than 20% body weight were anesthetized
and sacrificed. At the end of experiments, femur and calvaria were
dissected and used for either computed tomography (CT), RNA
preparation or different histological analyses.

Induction of inflammation

Five to seven week-old male mice were injected with 100 ul of
either Porphyromonas gingivalis LPS (500 pg)(version 10G2D-MY;
Invivogen), palmitoyl-2-Cys-Ser-(Lys), (PAM2; 50 ug)(Invivogen)
or vehicle (NaCl, 9 mg/ml) s.c. over the calvaria. After 1-21 days, the
calvarial bones and femur were dissected and bone mass analyzed
with CT and then processed for histological analyses, dynamic
histomorphometry or in situ hybridization. In separate
experiments, mice were similarly treated and calvarial bones
harvested for gene expression analysis. The LPS and PAM2
preparations have previously been shown to be without effects on
periosteal inflammation and effects on mouse calvaria in TIr2-
deficient mice (38).

Treatment with anti-RANKL antibodies and
zoledronic acid

To block osteoclast formation and bone resorption mice were

treated with anti-RANKL or zoledronic acid in combination with
PAM2. Anti-RANKL (clone IK22/5, Nordic Biosite, 1.5 mg/ml) or
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vehicle (NaCl, 9 mg/ml) were given i.p (200 ul) three days before
PAM2 (day -3), at the same day as PAM2 (day 0) and three days
after PAM2 injection (day 3). Zoledronic Acid (Actavis, Teva, 20
pg/ml) or vehicle (NaCl, 9 mg/ml) were given i.p (200 ul) 7 days
before (day -7) and on the same day (day 0) as PAM2 injections.
Calvarial bones were harvested eight days after PAM2 injection.
Vehicle and PAM2-treated mice were also given anti-RANKL
isotype antibodies (rat IgG2a, clone 2A3, Nordic Biosite) using
the same protocol as that for anti-RANKL. The isotype antibodies
did not affect the loss of bone in PAM2-treated mice as assessed by
uCT analysis (data not shown).

High resolution microCT

High resolution uCT analyses were performed on parietal bones
at 14 um resolution using a SkyScan, 1172 (Bruker; 50 kV and 200
uA X-ray source with a 0.5mm Aluminium filter). The scanning
angular rotation was 180° and the angular increment was 0.7°.
Volume of interest was selected from the posterior tip of the frontal
bone, extending posteriorly with approximately 8.5 mm in width
and 2.67 mm in length, bilateral symmetry along the sagittal suture.
Datasets were reconstructed by NRecon (version 1.6.9.8; provided
by Bruker) and further analyzed by CTAn (version 1.13.2.1;
provided by Bruker).

Peripheral quantitative
computed tomography

Femur bones were dissected and fixed in formalin for 48h and
thereafter stored in 70% EtOH until CT scans were performed with
the pQCT XCT RESEARCH M (version 4.5B, Norland) and
analyzed using the CT software Stratec XCT, Research M pQCT
v. 6.20C), as described previously (40). The resolution was 70 pm.
The growth plate at distal femur was used as reference line for
measuring the metaphysis and diaphysis. The trabecular analysis
was positioned in the metaphysis of the femur at a distance
proximal from the reference line corresponding to 3% of the total
length of the femur. Total bone BMD and trabecular BMD was
determined in a single metaphyseal scan, and the inner 45% of the
total cross-sectional area was defined as pure trabecular bone
region. Cortical bone was determined with the threshold set to
710 mg/cm?, and. cortical bone parameters were analyzed in a single
scan in the approximate mid-diaphyseal region of the femur, at a
distance 36% of the total femur length proximal from the growth
plate *. Cortical thickness was calculated by the software as the
average thickness using a circular model (41)..

Static histology
Calvaria and femur were fixed in 4% phosphate-buffered

paraformaldehyde, decalcified in 10% EDTA in Tris-buffer pH
6.95, and embedded in paraffin. Sections were stained for TRAP
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using the Naphtol AS-BI phosphate method together with
hematoxylin (Htx) to detect osteoclasts and van Gieson or
Masson’s trichrome to visualize collagen fibers. Staining was
performed by Histocenter AB, Gothenburg, Sweden according to
their accredited protocol.

Static histomorphometry

Number of osteoclasts and calvarial bone thickness was
determined in TRAP/Htx stained sections using the BIOQUANT
OSTEO software (version 20.8.60, Bioquant Image Analysis
Corporation). TRAP positive osteoclasts on pericranial,
endocranial and intracranial (bone marrow) bone surfaces were
counted within a distance of 3.5 mm from the mid suture and
expressed as number of osteoclasts per mm bone surface. Calvarial
bone thickness were measured every 50 um within a distance of
3.5 mm from the mid suture and expressed as the average calvarial
thickness in pum. For static histomorphometry of mineralizing
surface in ZA treated mice, mice were injected ip. with calcein
(100 pl of 7.5 mg/ml in 2% sodium bicarbonate solution) on day 7
after PAM2 injection. Calvarial bones were dissected eight days
after PAM2 injection, fixed in formalin. Metyl methacrylate
embedding, and sectioning were performed by PharmaTest
Services Ltd. (Turku, Finland). Mineralizing surface per bone
surface was determined on pericranial och endocranial surfaces
using the Osteomeasure Hisomorphometry System (Osteometrics
Inc, Atlanta, USA).

Dynamic histomorphometry

For dynamic histomorphometry of bone formation parameters
in anti-RANKL treated mice, mice were injected i.p. with calcein
(100 pl of 7.5 mg/ml in 2% sodium bicarbonate solution) on day 2
after PAM2 injection and with alizarin red (100 pl of 15 mg/ml in
2% sodium bicarbonate solution) on day 7 after PAM2 injection.
Calvarial bones were dissected eight days after PAM2 injection,
fixed in formalin. Metyl methacrylate embedding, sectioning and
dynamic histomorphometry were performed by PharmaTest
Services Ltd. (Turku, Finland). Dynamic parameters were
determined on pericranial and endocranial surfaces using the
Osteomeasure Hisomorphometry System (Osteometrics Inc,
Atlanta, USA).

Immunohistochemistry

For detection of proliferating cells, tissue sections of calvaria
were stained for the proliferation marker Ki67. After heat-induced
antigen retrieval in citrate buffer, pH 6.0, blocking of endogenous
peroxidase activity using 3% H,O, and blocking of endogenous
biotin using an avidin-biotin blocking kit (Vector, Burlingame,
CA), sections were incubated with anti-Ki67 antibody (clone SP6,
Abcam, Cambridge, UK) diluted 1:100 in PBS at for 60 minutes
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room temperature. After washings with PBS, sections were
incubated with biotinylated goat anti-rat Ig and avidin-biotin-
HRP according to the manufacturer’s instructions (Vectastain
Elite ABC Kkit, Vector). 3,3’-diaminobenzidine (DAB) was used as
substrate and Htx for nuclear counterstaining.

For detection of Runx2 positive cells, tissue sections of calvaria
were immunostained using a rabbit polyclonal anti-Runx2 antibody
(ab81357, abcam) and the Mach 3 Rabbit detection kit (RH531L,
Biocare Medical), according to the manufacturer’s description.
Antigen retrieval was performed in the Rodent decloaker buffer
(RD913L, Biocare Medical) in 60°C overnight. Background staining
was reduced by incubating sections in 1% H,O, for 10 min followed
by 10 min in the Sniper solution (BS966L, Biocare Medical).
Sections were incubated for 2 hr in room temperature with the
antibody diluted 1:50 in the Renaissance Background Reducing
Diluent (PD905L, Biocare Medical). Runx2 positive cells were
visualized by incubations with the Mach 3 Rabbit probe for
15 min followed by the Mach 3 Polymer for another 15 min and
DAB as substrate. Nuclei were counterstained with Htx.

For detection of ALP positive cells, sections of calvaria were
immunostained using a rabbit polyclonal anti- Alkaline Phosphatase
antibody (ab97384, Abcam) and the EnVision plus HRP Rabbit
detection kit (K4003, Dako), according to the manufacturer’s
description. Antigen retrieval was performed in citrate buffer
(pH=6.0) in 60°C overnight. Background staining was reduced by
incubating sections in 3% H,O, in protein blocking solution
(X0909, Dako) for 20 min. Sections were incubated for 2 hr at
room temperature with the antibody diluted 1:30 in antibody
diluent (S3022, Dako). ALP-positive cells were visualized with Htx.

For the identification of WNT-activated cells, tissue sections
underwent immunostaining using a rabbit recombinant
monoclonal anti-f3-catenin antibody (ab32572, Abcam). Antigen
retrieval was performed with Dako retrieval solution (S169984-2,
Dako), followed by quenching of endogenous peroxidase activity
using 3% H,0,. The primary antibody against f3-catenin was
diluted at 1:250 in blocking serum and incubated overnight at 4°
C. Subsequently, sections were incubated with a biotinylated
secondary antibody (PK-6101, goat anti-rabbit, Vectastain) for 1
hour, and an ABC-AP Kit (AK-5000, Vectastain) for an additional 1
hour, following the manufacturer’s instructions. The liquid red
substrate chromogen system (SK-5105, Vectastain) served as the
peroxidase substrate for enzymatic amplification. Nuclei were
counterstained with Htx.

Gene expression analysis

Total RNA from skull bones was purified by homogenization of
the tissue in Trizol reagent (Life Technologies) followed by
purification using the RNeasy® Mini kit (Qiagen). The RNA was
reverse transcribed into ¢cDNA using the High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems), and real-time PCR
analysis was performed using predesigned real-time PCR assays and
the StepOnePlus Real-Time PCR system (Applied Biosystems). The
following predesigned real-time PCR assays from Applied
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Biosystems were used for gene expression assays: Alpl
(Mm00475834_m1), Collal (MmO00801666_gl), Bglap
(Mm01741771_gl), Runx2 (Mmo00501580_m1), Sp7 (Osterix;
Mm04209856_m1l), Lrp5 (MmO01227476_m1l), Lrp6
(Mm00999795_m1), Dkkl (MmO00438422_m1), Sost
(Mm00470479_m1), Wntl (Mm01300555_gl), Wnt3a
(Mm00437337_m1), Wnt4 (Mm01194003_m1), Wnt5a
Mmo00437347_m1), Wnt7b (Mm01301717_m1), Wnt10b
(Mm00442104_m1), Wntl6 (Mm00446420_ml), TnfsI1 (Rankl;
Mm00441908_m1), Tnfrsf11b (Opg; Mm00435452_ml), Ctsk
(Mm00484036_m1), Acp5 (Trap; Mm00475698_m1). The amount
of RNA purified from the calvarias 5 days after the injection of
Pam2 was 3-4 times more than from control injected calvaria or one

10.3389/fimmu.2024.1383113

day after Pam2 injection reflecting the larger numbers of cells in
these samples (Supplementary Figure 1 and histology in Figure 1).
Three different reference genes (Rnl8s, Gapdh and Actb) were
evaluated and normalized to the amount of RNA but were
unsuitable as reference genes due to variability in expression per
RNA between vehicle and PAM2 injected calvaria, which could be
due to the difference in cell composition between vehicle and PAM2
injected calvaria (Figure 1). The relative mRNA abundance of each
gene was therefore normalized per calvarium. The relative mRNA
abundance of each gene was first compared between the different
samples (2"2°T) and then normalized to the total amount of RNA
purified from the individual calvaria and expressed as arbitrary
units (au).

FIGURE 1

bars; (A, C, F, I, K): 500 um, (B, D, E, G, H, J, L) = 100 um.

Bone formation in calvarial bones from mice injected with PAM2 or P. gingivalis LPS. Calvarial bones from wild type C57BL/6J mice injected with
vehicle (A, B) and new bone formation after injection with PAM2 (C—E) or P. gingivalis LPS (F—H). No inflammation or new bone formation is
observed in calvarial bones from Tir2-deficient mice injected with PAM2 (I, J) or P. gingivalis LPS (K, L). NB, new bone; OB, old bone; white
arrowheads = mature osteoclasts. Calvarial bones harvested six days after injections. Sections stained for TRAP and counterstained with Htx. Scale
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In situ hybridization (RNAscope)

Fluorescent in situ hybridization (FISH) and chromogenic in
situ hybridization (CISH) were carried out using the RNAscope
Multiplex Fluorescent Reagent Kit v2 (ACD; 323100) and
RNAscope 2.5 HD Assay — RED kit (ACD; 322360), respectively.
Standard RNAscope protocols were implemented following the
manufacturer’s instructions with slight adjustments as described
previously (42). Target probes (Mm-Wnt7b, ACD, 401131; Mm-
SOST-C2, ACD, 410031-C2 an dMm-Runx2-C3, ACD, 414021-C3)
were applied and allowed to incubate overnight at 40°C. Imaging
was conducted using Nikon spinning disk confocal microscopy and
Zeiss Axioscan 7 microscopy. Fluorescent sections were after
acquisition of fluorescent images stained with Htx/Eosin to
facilitate identification of areas with new bone formation.
Chromogenic RNAscope sections were counterstained with Htx.

Statistics

+

Numerical data and histograms are expressed as the mean
S.E.M. An unpaired Student’s t test was used to compare two
groups. One-way ANOVA followed by Dunnett’s multiple
comparison test vs CTRL was performed when three groups were
included in the experiment. The overall effect of PAM2 (PAM2 vs
CTRL), anti-RANKL treatment (anti-RL vs Vehicle), and their
interaction was assessed using 2-way ANOVA, followed by
Sidak’s multiple comparison test to evaluate the effect of PAM2 in
the absence and presence of anti-RL. The overall effect of PAM2
(PAM2 vs CTRL), ZA treatment (ZA vs Vehicle), and their
interaction was assessed using 2-way ANOVA, followed by
Sidak’s multiple comparison test to evaluate the effect of PAM2 in
the absence and presence of ZA. The overall effect on calvarial
thickness by PAM2, time and their interaction was assessed using 2-

10.3389/fimmu.2024.1383113

way ANOVA followed by Sidak’s multiple comparison test to
evaluate the effect of PAM2 at the different time points.
Quantitative analyses were made with the investigators blinded to
the treatment groups.

Results
Inflammation induces new bone formation

We have previously observed that inflammation induced by
activation of TLR2 induces excessive local formation of osteoclasts
and bone resorption, resulting in extensive loss of bone (38). The
periosteal inflammatory reaction is dominated by mononuclear
inflammatory cells but contains also some polymorphonuclear
leukocytes. We, here, report that the extensive inflammatory
process in the periosteum of the mouse calvaria caused by
injection of the two TLR2 agonists PAM2 (Figure 1C) and
P. gingivalis LPS (Figure 1F) also results in local new bone
formation (Figures 1D, E, G, H). In contrast, no periosteal
inflammation and new bone formation were observed in bones
from vehicle treated mice (Figures 1A, B). Six days after injection,
new bone was formed close to areas where osteoclasts were
resorbing old bone (Figures 1D, G); in other areas, however, new
bone was formed further from osteoclasts (Figures 1E, H). No
inflammatory reaction or new bone formation was seen after
injection with either P.gingivalis LPS or PAM2 in mice with
deletion of the TIr2 gene (Figures 11-L). The newly formed bone
appeared as woven-like in a trabecular pattern, distinct from the old
lamellar, cortical bone (Figures 1-3). In bones from mice injected
with vehicle, no inflammatory reaction was observed, and all bone
tissue was built up by lamellar, cortical bone (Figures 2F, 3F).

We next stained sections from PAM2-stimulated bones with
van Gieson (Figure 2) or Masson trichrome (Figure 3). In the van

FIGURE 2

New bone formation induced by PAM2. Calvarial bones five days after injection of PAM2 (A—E) or vehicle (F). OB, old bone; NB, new bone; Black
arrow, resorption lacunae; Pericr., pericranial side of calvaria. Endocr., endocranial side of calvaria. BM, bone marrow. Sections stained with van

Gieson. Scale bars; (A, B, D, E) = 20 um, C = 10 um, F = 50 um.
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FIGURE 3

New bone formation induced by PAM2. Calvarial bones five days after injection of PAM2 (A—E) compared with vehicle injected bones (F). OB, old
bone; NB, new bone; Black arrow, cuboid osteoblast; Black arrowheads, osteoclast; Pericr., pericranial side of calvaria; Endocr., endocranial side of
calvaria. Sections stained with Masson Trichrome. Scale bars; (A, B) = 20 um, C-F = 50 um.

Gieson stained sections, it was observed that most of the new bone
was formed on the endocranial surfaces, in areas previously not
resorbed (Figure 2A). Some bone was formed close to areas that had
been resorbed, although not in the resorption lacunae (Figure 2B).
Small amounts of new bone formation could be seen in bone
marrow compartments (Figure 2C). In some areas, new bone
bridged over areas which had been extensively resorbed
(Figure 2D). New bone formation could also be seen on
pericranial surfaces, although not to the same extent as on
endocranial surfaces; in some areas new bone formation could be
seen on both endocranial and pericranial surfaces (Figure 2E). In
contrast, no inflammation or new bone formation was observed in
vehicle treated mice (Figure 2F).

Similarly, extensive new bone formation was observed on
endocranial surfaces in sections stained with Masson Trichrome
(Figure 3A). In some areas new bone formation was observed both
on endocranial and pericranial surfaces (Figure 3B). New bone
could also be seen in close proximity to the inflammatory reaction
on pericranial surface (Figure 3C) with active cuboid osteoblasts on
the surface of the newly formed bone (Figure 3C). Occasionally,
bone resorbing osteoclasts could be seen on the pericranial surface
(Figure 3D) in areas with new bone formation present on the
endocranial surface, whereas in other areas with many osteoclasts
and extensive bone resorption no new bone formation was observed
(Figure 3E). In contrast, no inflammation or new bone formation
was observed in vehicle treated mice (Figure 3F).

The increased new bone formation associated with PAM2
induced inflammation was observed 1, 2 and 3 weeks after
initiation of inflammation (Figures 4A-I) and resulted in
significantly increased thickness of the calvaria, which progressively
increased over time (Figure 4]). Interestingly, the enhanced thickness
at later time points was observed although the inflammatory reaction
had attenuated. During the first week after initiation of inflammation,
enhanced bone resorption was predominantly observed on
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pericranial surfaces (Figure 1), whereas new bone formation was
preferentially seen on endocranial surfaces (Figures 2, 3, 4G). At later
time points, the enhanced thickness of the skull bones was due both
to new bone formation on the endocranial surfaces but also to new
bone formation in previously extensively resorbed areas on
pericranial surfaces (Figures 4H, I).

Local inflammation induces systemic bone
loss with no new bone formation

The inflammatory process on the calvaria induced by
P.gingivalis LPS and PAM2 not only leads to local osteoclast
formation and bone loss, but also to systemic bone loss as shown
by the robust decrease of total bone mineral density (BMD) and
trabecular bone mass in distal femur, with no effect on cortical area
or thickness in diaphyseal femur (Supplementary Figures 2A-D).
The loss of trabecular bone and excessive formation of osteoclasts in
distal femur was also evident in histological analysis
(Supplementary Figures 2E-G). The loss of trabecular bone,
however, was not associated with any histological signs of new
bone formation.

Inflammation causes increased bone
formation rate

To assess bone formation quantitatively, we labelled bone
surfaces with fluorescent calcein and alizarin red two and seven
days after PAM2 or vehicle injections, and then analyzed labelled
surfaces in a fluorescent microscope eight days after PAM2 and
vehicle injections (Figures 5A, B). This technique allows for
quantification of actively mineralizing surfaces as measured by
the bone forming osteoblasts (MS/BS) and of rate of mineral
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FIGURE 4

Calvarial thickness increased by PAM2. Calvarial thickness 1-3 weeks following injection of PAM2 (D-I) or vehicle (CTRL; (A—C)). Photos of TRAP/Htx
stained sections (A—I) and quantification of calvarial thickness (3). NB, new bone; OB, old bone; dashed line, border of old bone. Scale bars; (A-F)=
200 um, (G-1) = 100 pum. The overall effect on calvarial thickness by PAM2, time and their interaction was assessed using 2-way ANOVA followed by
Sidak’s multiple comparison test to evaluate the effect of PAM2 at the different time points. ***P<0.001 vs CTRL, ns = non-significant.

apposition reflecting the activity of these osteoblasts (MAR). Using
these assessments, the bone formation rate between the two
injections can be calculated (BFR/BS). We found that PAM2
induced inflammation caused significantly increased MS/BS and
BFR/BS on endocranial surfaces, with no effect on MAR
(Figures 5C-E), demonstrating that inflammation caused new
bone formation by increasing the number of active osteoblasts
without affecting their activity. In contrast, no effects on these
parameters could be observed on pericranial surfaces (Figures 5F-
H), which was in line with the morphological observation that
pericranial new bone formation was less evident than endocranial
new bone formation during the first week after PAM?2 injection
(Figures 2, 3, 4G).

Inflammation-induced new bone formation
independent on bone resorption

During physiological remodeling of bone in bone multicellular
units, resorption of old bone by osteoclasts is followed by new bone
formation in the resorption lacuna due to the release of osteoblast
stimulating coupling factors either from the resorbed bone matrix or
from the osteoclasts (12). We next investigated if the inflammation
induced new bone formation was caused by coupling factors released
during bone resorption. Since the cytokine RANKL is crucial for the
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differentiation of mature, multinucleated, bone resorbing osteoclasts
from mononucleated progenitor cells (43) and since the RANKL
neutralizing antibody Denosumab inhibits bone erosion in arthritic
joints without affecting synovial inflammation in RA patients (44, 45)
we used antibodies neutralizing mouse RANKL. The increased MS/
BS and BFR/BS caused by PAM2-stimulation on endocranial surfaces
was unaffected by treatment with anti-RANKL antibodies
(Figures 5C, E). Neutralization of RANKL inhibited the increased
numbers of osteoclasts (Figure 5I) and the robust loss of bone
(Figures 5], K) induced by PAM2.

Bisphosphonates, including zoledronic acid, are potent
inhibitors of bone resorption by causing cell death of mature
osteoclasts through apoptosis (46). Zoledronic treatment
abolished the loss of bone induced by PAM2 (Supplementary
Figure 3A). In mice that received one injection with calcein the
day prior to autopsy, labeling was seen on the pericranial side in
control mice as expected, which was absent in zoledronic treated
controls (Supplementary Figure 3B). PAM2-treatment resulted in
extensive uptake of calcein which was also observed when PAM2-
treated mice were given zoledronic acid. Quantification
demonstrated a significantly increased endocranial MS/BS caused
by PAM2 which was not affected by co-treatment with zoledronic
acid (Supplementary Figure 3D).

These observations show that inhibition of bone resorption,
caused either by decreasing osteoclast differentiation with anti-
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FIGURE 5

Increased bone formation induced by PAM2 independent on bone resorption. Photos of calcein/alizarin red labeled calvarial bones (A, B) and
dynamic quantitative histomorphometry (C—H) 8 days after injection of PAM2 and/or anti-RANKL (anti-RL). Scale bars (white); (A, B) = 100 um.
Number of osteoclast per bone surface 8 days after injection of PAM2 and/or anti-RL (l). Bone volume (J) and representative 3-dimensional images
(K) of calvarial bones analyzed by micro CT 8 days after injection of PAM2 and/or anti-RL. Data presented as individual values with mean + SEM as
vertical lines. The overall effect of PAM2 (PAM2 vs CTRL), anti-RANKL treatment (anti-RL vs Vehicle), and their interaction was assessed using 2-way
ANOVA, followed by Sidak’'s multiple comparison test to evaluate the effect of PAM2 in the absence and presence of anti-RL. *P<0.05 vs CTRL,

**P<0.01 vs CTRL, ***P<0.001 vs CTRL, ns, non-significant.

RANKL or killing mature osteoclasts with zoledronic acid, does not

affect new bone formation induced by inflammation.

Inflammation induces increased
proliferation in areas with new
bone formation

Ki67 was used as a marker of cell proliferation. In calvarial
bones from vehicle-treated mice, several Ki67 positive cells were
observed in the bone marrow. In the suture, a few weakly stained
cells were present, but no Ki67 positive cells were found on peri-
and endocranial surfaces (Figures 6A-C). In calvarial bones from P.
gingivalis LPS- and PAM2-treated mice, Ki67 positive cells were
observed on both peri- and endocranial surfaces preferentially in
areas close to bone with some few Ki67 positive cells in the
pericranial inflammatory infiltrate (Figures 6D, G). In areas close
to new bone formation, Ki67 positive cells were abundant
(Figures 6E, H) but several Ki67 positive cells could also be
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present on pericranial bone surfaces where new bone formation
had not yet started (Figures 6F, I).

Inflammation induced expression of genes
associated with bone formation

One day after initiation of the inflammatory process in vivo by
PAM?2, the gene expression of Alpl was unaffected, whereas the
expression of Collal and Bglap (encoding osteocalcin) was
decreased (Figures 7A-C). Four days later, the expression of Alpl,
Collaland Bglap was increased by the PAM2 injection (Figures 7D-
F), in line with the histological observations demonstrating new
bone formation at this time point.

In agreement with the mRNA expression data, increased protein
expression of ALP was observed in areas with new bone formation,
mainly on endocranial surfaces (Figure 7G), but also in some areas on
pericranial surfaces (Figure 7G). In bones from vehicle treated mice,
some ALP positive cells could be seen in sutures (Figure 7H).
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FIGURE 6

Inflammation induced expression of proliferation marker Ki67. Ki67 staining of calvarial bones from mice injected with vehicle (A—C), P. gingivalis LPS
(D—F) or PAM2 (G-I). NB, new bone; OB, old bone. Calvarial bones were harvested five days after injection. Scale bars; (A, D, G) = 500 um, (B, C, E,

F, H, 1) = 50 um.

The mRNA expression of Sp7 (encoding osterix) was decreased
one day after initiation of the inflammation whereas that of Runx2
was unaffected (Figures 8A, B). On day five after initiation of
inflammation, the mRNA of both Runx2 and Sp7 was upregulated
(Figures 8C, D). In agreement with the mRNA expression data,
increased protein expression of Runx2 was observed in osteoblasts
from areas with new bone formation (Figures 8E-G); in some cells,
the nuclei were strongly stained for Runx2 (Figure 8G). In bones
from vehicle treated mice, some Runx2 positive cells were seen in
sutures (Figure 8H).

Frontiers in Immunology

10

In agreement with our previous observations (38), PAM2-
induced inflammation also increased the expression of genes
associated with bone resorption. The mRNA expression of
Tnfsfl1 (encoding RANKL) was upregulated by PAM2 both at
day 1 and 5 (Supplementary Figures 4A, D). Also the expression of
Tnfrsfl1b (encoding OPG) was increased (Supplementary
Figures 4B, E) but the ratio Tnfsf11/Tnfrsfl1b was significantly
enhanced in the PAM2 treated bones compared with vehicle treated
bones at both time points (Supplementary Figures 5C, F), resulting
in increased expression of Ctsk (encoding cathepsin K) and Acp5
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Inflammation induced expression of Alpl, Collal and Bglap associated with bone formation. Gene expression of Alpl, Collal and Bglap analyzed in
calvaria dissected one (A—C) and five days (D—F) after injection of PAM2 or vehicle (CTRL). Immunohistochemical staining for ALP in calvaria
dissected 8 days after injection of PAM2 (G) or vehicle (H). OB, old bone; NB, new bone. Pericr., pericranial side of calvaria Endocr., endocranial side
of calvaria. Scale bars = 100 um. Data presented as individual values with mean + SEM as vertical lines. Statistical analyses were performed using
unpaired Student’s t test *P<0.05 vs CTRL, ***P<0.001 vs CTRL, ns, non-significant.
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Inflammation induced expression of Runx2 and Sp7. Gene expression of Runx2 and Sp7 analyzed in calvaria dissected one (A, B) and five days (C, D)
after injection of PAM2 or vehicle (CTRL). Immunohistochemical staining for Runx2 protein in calvaria dissected eight days after injection of PAM2
(E-G) or vehicle (H). OB, old bone; NB, new bone, black arrowheads, nuclear staining for Runx2 Pericr., pericranial side of calvaria Endocr.,
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(encoding TRAP) in the PAM2 treated bones (Supplementary
Figures 4G-]).

Increased expression of WNT
signaling components

Canonical and non-canonical WNT signaling has been shown
to be crucial for bone formation (47, 48). We assessed several
components in this system for their expression in the PAM2-
stimulated calvarial bones. Lipoprotein receptor-related proteins 5
and 6 (LRP5, LRP6) are co-receptors for WNT ligands in canonical

10.3389/fimmu.2024.1383113

signaling. The mRNA expression of Lrp5 and Lrp6 was decreased at
day 1 and increased at day 5 in the PAM2 treated bones
(Figures 9A-D).

Dkkl and sclerostin inhibit canonical WNT signaling by
binding to LRPs. The mRNA expression of Dkkl and Sost
(encoding sclerostin) was decreased at day 1 by PAM2 treatment;
at day 5, the mRNA expression of Sost, but not Dkk,I was still
inhibited (Figures 9E-H).

Using in situ hybridization, it was observed that the majority of
osteocytes in bones from vehicle treated mice expressed Sost mRNA
while very few cells on pericranial or endocranial surfaces expressed
Sost (Figures 91, J). In bones from mice with pericranial
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non-significant.

The effect of PAM2 on WNT signaling components. Gene expression of Lrp5, Lrp6, Sost and Dkk1 analyzed in calvaria dissected one (A, B, E, F) and
five days (C, D, G, H) after injection of PAM2 or vehicle (CTRL). In situ hybridization for expression of Sost five days after injection of vehicle (CTRL) (I,
J) or PAM2 (K, L). OB, old bone; NB, new bone. Scale bars; (I, K) = 200 pm, (J, L) = 100 um. Data presented as individual values with mean + SEM as
vertical lines. Statistical analyses were performed using unpaired Student’s t test. *P<0.05 vs CTRL, **P<0.01 vs CTRL, ***P<0.001 vs CTRL, ns,
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inflammation harvested five days after PAM2 injection, the
osteocytic expression of Sost in old bone was substantially
decreased (Figures 9K, L). Interestingly, however, several of the
osteoblasts in areas with new bone formation expressed Sost mRNA
(Figures 9K, L).

WNT constitutes a large family of 19 soluble ligands which can
regulate the activities of a variety different cell types, including bone
cells. It is not known, yet, which WNTs are most important in bone
physiology and pathology, but some WNTs have been shown to
stimulate osteoblast differentiation and bone formation (47, 48). In
PAM2 treated bones, we observed that the mRNA expression of
Whnt7b at day 1 and 5 was significantly increased (Figures 10A, B).
The mRNA expression of Wntl, Wntl0b and Wntl6 was
decreased at day 1, whereas Wnt4 was increased and Wnt5a was
unaffected (Supplementary Figures 5A-E). At day 5, the mRNA
expression of Wntl6 was upregulated by PAM2, whereas Wntl,
Wnt5a, and Wnt10b was not changed and Wnt4 decreased
(Supplementary Figures 5F-]). Wnt3a mRNA was undetectable at
both time points.

In situ hybridization demonstrated that Wnt7b mRNA was highly
expressed in areas with new bone formation in Runx2 mRNA
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expressing osteoblasts (Figures 10C-F). Immunohistochemistry
analysis demonstrated that cells close to areas with new bone
formation expressed 3-catenin (Figures 10G, H).

Discussion

It is commonly regarded that inflammatory processes cause
bone loss by increasing bone resorption and decreasing bone
formation (7, 8, 10, 11). We, here, show that inflammatory
processes on the top of calvaria can cause both increased bone
resorption and increased new bone formation. These observations
were made after stimulation of the innate immune system by
activating TLR2, by local s.c. injection of either P. gingivalis LPS
or the synthetic ligand PAM2. Formation of new bone was seen in
some areas close to the presence of osteoclasts and excessive bone
resorption, but in other areas the new bone was clearly distant from
osteoclasts, indicating that the skeletal reaction was due to increased
bone modeling rather than to enhanced remodeling (12, 49). A
major part of new bone was observed at endocranial surfaces

whereas bone resorption was predominantly observed on

Inflammation induced expression of Wnt7b and B-Catenin. Gene expression of Wnt7b analyzed in calvarias dissected one (A) and five days (B) after

injection of PAM2 or vehicle

(CTRL). Htx/Eosin staining (C) and in situ hybridization for expression of Wnt7b [red, (D), Runx2 [yellow, (E)] and overlay

of Wnt7b, Runx2 and Dapi staining (F) of calvaria dissected five days after injection of PAM2. Immunohistochemical staining for f-Catenin (pink) in
calvaria dissected five days after injection of vehicle (CTRL) (G) or PAM2 (H). OB, old bone; NB, new bone. Scale bars = 50 um. Data presented as
individual values with mean + SEM as vertical lines. Statistical analyses were performed using unpaired Student’s t test, **P<0.01 vs CTRL
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pericranial surfaces close to the inflammatory process. Some areas
with new bone formation without any sign of resorption were
observed in bone marrow compartments. These observations
support the view that new bone was not formed as part of
remodeling. Although new bone was not formed in resorption
lacunae, such as in physiological remodeling, the possibility exists
that new bone formation was caused by coupling factors released
either from the bone matrix or from the osteoclasts and acting in
areas remote from the resorption lacunae. However, we found
that new bone formation was observed also when osteoclast
formation and bone resorption was blocked by anti-RANKL or
zoledronic acid.

The formation of new bone seems to be mainly a local effect in
the skull bones since, although the skull bone inflammation results
also in systemic loss of trabecular bone, no signs of new bone
formation were observed in the long bones.

The type of bone formed was mainly an osteocyte-rich woven
bone where active, cuboidal osteoblasts were observed at the bone
surfaces. In most areas, new bone was formed in an irregular pattern
which was not caused by the stimulation of existing, mature
osteoblasts but rather the stimulation of proliferation and
differentiation of cells in the osteoblast-lineage. Support for the
view that new bone formation was associated with increased cell
proliferation was the observation that many Ki67 positive cells were
present in areas where new bone was formed.

One day after initiation of inflammation, the mRNA expression
of bone matrix proteins such as Collal and Bglap, and the
osteoblastic transcript factor Sp7 was decreased, in line with
observations by others showing that inflammation can inhibit
bone formation (13, 15). The expression of these genes, as well as
the mRNA expression of the osteoblastic transcription factor Runx2
and Alpl, a cellular marker of active osteoblasts, were significantly
upregulated five days later when a robust pericranial inflammatory
process was observed. In agreement with these findings, the
majority of cells in the area with new bone formation were
positively stained for ALP and Runx2 proteins. Some osteoblast
nuclei were strongly stained for Runx2, indicating nuclear
translocation of this osteoblastic transcription factor, which
demonstrates that these osteoblasts were transcriptionally
activated. These data suggest that although pericranial
inflammation seemed to decrease bone formation initially, this
inhibition was transient and that the inflammatory process has
the capability to induce stimulation of new bone formation.

Supporting our morphological evidence of new bone formation,
we also analyzed bones labelled with the fluorescent dyes calcein
and alizarin red. The dynamic histomorphometic analysis
demonstrated that the pericranial inflammatory process robustly
enhanced bone formation on endocranial surfaces during the first
week after initiation of inflammation, as assessed by increased BFR/
BS. This was due to increased numbers of osteoblasts (MS/BS) with
no effect on their bone forming activity (MAR). Using this
technique, no effect on bone formation on pericranial surfaces
was noted which reflects that new bone formation on these
surfaces during the first week was much less than on endocranial
surfaces using histological assessments.
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Formation of new bone was sustained after the first week as
shown by the finding that the width of the skull bones from mice
with pericranial inflammation increased progressively during the
following two weeks compared to vehicle treated mice although
the inflammatory reaction had attenuated. This finding show that
the enhanced osteoblast activity did not require the continuous
presence of inflammation once the cells had been activated.
Interestingly, the enhanced width was not due entirely to
endocranial bone formation since at the later time points new
bone had formed above the extensive resorption lacunae observed
on pericranial surfaces.

Increased new bone formation, associated with inflammation
induced osteoclastogenesis and bone loss, has also been observed in
murine arthritis. Mice overexpressing hTNF exhibit polyarthritis,
cartilage breakdown and local bone resorption due to synovitis (16,
35). Interestingly, these studies observed increased osteoblast
activity and new bone formation at endosteal surfaces of cortical
bone but only in close vicinity of where bone marrow inflammation
could be seen (35). The degree of new bone formation in the hTNF
model was, however, much less than the abundant formation of
woven bone observed in our model.

In patients with RA, areas with active osteoblasts depositing
wide osteoid seams on endosteal surfaces of cortical bone have been
observed (24). On these endosteal surfaces, no osteoclasts were seen.
Signs of bone formation were also found in these patients on
trabecular bone, which exhibited not only increased number of
osteoclasts but also enhanced number of osteoblasts, as compared
with healthy normal individuals.

As discussed above, new bone formation in resorption lacunae
during physiological remodeling is stimulated by coupling factors
released by osteoclasts (12). In the present experiments, the
formation of new bone was not located in the resorption lacunae.
However, since activation of periosteal inflammation in the skull
bones results in extensive formation of bone resorbing osteoclasts
(38) it might be that release of coupling factors may have reached
osteoblast progenitors remote from the resorption lacunae. To test
this hypothesis, we blocked osteoclast formation and bone
resorption by treating the mice with either anti-RANKL
antibodies or by injecting zoledronic acid and found that also
under these circumstances new bone formation was induced by
the periosteal inflammation. This finding suggests that the
formation of new bone was induced by the inflammatory process.
Signaling molecules from the pericranial inflammatory reaction
might act locally to induce pericranial new bone formation but also
reach the endocranial surfaces via sutures and microscopic vascular
channels crossing the skull bone to induce endocranial new bone
formation (50, 51).

WNT signaling plays an important role for bone formation
and bone mass as demonstrated by observations in humans and
in mice with either gain- or loss-of-function mutations or deletions
of genes involved in LRP/WNT/Frizzled signaling (47, 48).
Canonical WNT signaling is stimulated by binding of WNT
ligands to the co-receptors LRP5 or LRP6 followed by formation
of a heterotrimeric complex due to association with transmembrane
receptors Frizzled and downstream signaling. Binding sites for
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DKKI and sclerostin are present in the extracellular domains of
LRPs. When occupied by DKKI1 or sclerostin the binding of the co-
receptors to Frizzled is inhibited and WNT canonical signaling
blocked (47, 48). Sclerostin is preferentially expressed by osteocytes,
whereas DKKI1 is expressed by several cell types. The crucial
importance of sclerostin for bone formation is demonstrated by
the excessive formation of bone in patients with von Buchems
disease and sclerosteosis harboring loss-of-function mutations in
the SOST gene (52, 53) and by the use of anti-sclerostin antibodies
as an anabolic treatment for patients with osteoporosis (54, 55). In
the current study, five days after initiation of inflammation,
mRNA expression of Lrp5 and Lrp6 was significantly increased
compared with the expression in vehicle treated bone as assessed by
qPCR. Furthermore, we observed robust decreased mRNA
expression of the genes encoding the inhibitors DKK1 and
sclerostin using qPCR analyses. In line with the qPCR analysis, in
situ hybridization demonstrated substantially decreased expression
of Sost in the osteocytes present in remaining old bones from mice
with periosteal inflammation. Interestingly, several of the
osteoblasts in areas with new bone formation expressed Sost
indicating that these cells had started to be transformed to
osteocytes. Most likely, Sost is upregulated as a negative
feedback response to the abundant new bone formation. These
observations suggest that inflammatory induced recruitment and
differentiation of osteoblasts in our model was caused by canonical
WNT signaling.

There are 19 different WNT ligands (47, 48). Several WNTs
have been shown to be expressed by bone cells and to affect bone
mass through effects on osteoblasts and osteoclasts. The crucial role
of WNTs on bone mass was demonstrated by the findings that
inhibition of the intracellular processing needed for WNT secretion
by porcupine inhibition or deletion of the gene encoding Wntless
results in decreased bone formation and bone mass (56, 57).
However, much remains to be known about the specific
physiological and pathophysiological roles of the different WNTSs
in bones. We have previously reported that WNT16 is produced by
cortical osteoblasts and enhances bone mass mainly by inhibiting
osteoclast differentiation through a paracrine effect on osteoclast
progenitors but also due to a paracrine/autocrine stimulatory effect
on osteoblasts (37). Based upon large scale genome-wide
association studies it has been found that WNT16 is preferentially
important for forearm fractures with no association to hip fractures
(42), indicating that different WNTs have site-specific effect on
bone mass and fracture susceptibility. We analyzed the expression
of WNTSs known to stimulate osteoblasts in bulk RNA from skull
bones and found that the mRNA expression of Wnt7b was robustly
enhanced both one and five days after initiation of inflammation,
whereas Wntl, Wnt4, Wnt5a, Wnt10 and Wnt16 mRNA expression
was not consistently regulated and Wnt3a was not detectable. To
assess which cells expressed Wnt7b we performed fluorescent in situ
hybridization and observed that Wnt7b was expressed by Runx2-
expressing cells in areas of new bone formation. There are several
lines of evidence suggesting that Wnt7b is important for new bone
formation. Wnt7b stimulates osteoblastic differentiation of the
embryonic mesenchymal cell line C3H10T1/2 and the bone
marrow stromal cell line ST-3 (58, 59). Overexpression of Wnt7b
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in osteoblasts increases the number and activity of osteoblastic cells
causing high bone mass (60, 61). Wnt7b enhances self-renewal and
osteogenic commitment of bone marrow mesenchymal stem cells
(62). Increased levels of Wnt7b have been observed in
experimentally induced fracture healing (62) and induced
expression of Wnt7b enhances bone formation in a mouse
calvarial defect model (61). These findings indicate that Wnt7b is
likely to have an important anabolic role in our model of
inflammation-induced bone formation. Moreover, Wnt7b may
also enhance bone mass by inhibiting osteoclast differentiation
(63). The effect by Wnt7b in several of these studies has been
attributed to non-canonical WNT signaling. There are, however,
examples where canonical WNT signaling has been associated with
stimulatory effects by Wnt7b in osteoblasts (64) as well as in other
cell types (65). We found that Lrp5 and Lrp6 mRNA were
upregulated and that Sost and DkkI were downregulated by
inflammation in the calvaria which indicates that canonical WNT
signaling was involved. An important hallmark of WNT canonical
signaling is the stabilization of f3-catenin (47, 48). Further support
for the involvement of canonical WNT signaling is that positive
staining for {3-catenin was demonstrated in osteoblasts in areas with
new bone formation but final proof for which signaling pathway is
important must await more detailed analysis.

In summary, we here show that inflammation can not only
stimulate local and systemic osteoclast formation and bone loss but
also concomitantly local bone formation. This response was
independent on resorption suggesting that the formation of new
bone was induced by the inflammatory process per se and should be
regarded as inflammatory induced modeling rather than
remodeling. The effect was associated with increased expression
of the osteoblastic transcription factors Runx2 and osterix and with
effects on molecules involved in canonical WNT signaling such as
downregulation of the inhibitors Dkk1 and Sost, upregulation of the
osteoanabolic ligand Wnt7b and stabilization of {3-catenin. The
stimulation of bone formation is most likely part of the resolution of
inflammation, but likely also reflects the process by which
inflammation induces healing of skeletal fractures. Knowledge of
the cellular and molecular mechanisms causing bone formation in
inflammatory process may reveal new targets for stimulating bone
formation in diseases with local and systemic bone loss such as
osteoporosis, osteogenesis imperfecta, periodontal disease
and arthritis.
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