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Background: Toll-like receptor 4 (TLR4) has been implicated in inflammation-
induced bone destruction in various chronic bone diseases; however, its direct
influence on bone healing is not well understood. The authors’ previous study
showed accelerated bone healing with higher osteoclastogenesis gene expression
in toll-like receptor 4 knockout mice (TLR47). This study aimed to further elu-
cidate the underlying cellular mechanisms during fracture healing by generating
a myeloid cell-specific toll-like receptor 4 knockout model (LyzTLR4” mice).
Methods: Calvarial defects, 1.8 mm in diameter, were created in wild-type,
TLR4”, and LyzTLR4”" mice. Bone healing was investigated using micro—
computed tomography and histologic, histomorphometric, and immunohisto-
chemistry analyses. Primary bone marrow—derived cells were also isolated from
wild-type, TLR4”, and Lyz-TLR4”- mice to measure their osteoclast differentia-
tion and resorption properties.

Results: A similar faster bone healing response, with active intramembranous
bone formation, intense osteopontin staining, and more osteoblast infiltration,
was observed in TLR4” and LyzTLR4” mice. Tartrate-resistant acid phosphatase
staining showed more osteoclast infiltration in Lyz-TLR4”- mice than in wild-type
mice at day 7. Primary bone marrow—derived cells isolated from TLR4”- and
LyzTLR4”- mice presented enhanced osteoclastogenesis and resorption activity
compared with those from wild-type mice. Comparable M0, M1, and M2 macro-
phage infiltration was found among all groups at days 1, 4, and 7.
Conclusions: This study revealed that inactivation of toll-like receptor 4 in
myeloid cells enhanced osteoclastogenesis and accelerated healing response
during skull repair. Together with the role of toll-like receptor 4 in inflam-
mation-mediated bone destruction, it suggests that toll-like receptor 4 might
regulate inflammation-induced osteoclastogenesis under different clinical

settings.

keletal development and tissue regenera-

tion use many similar molecular mecha-

nisms, some of which lie dormant and
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activate only in response to injury. Inflammation,
an integral component of the injury response,
is involved not only in the host defense against
infectious pathogens but also in tissue repair and
regeneration, dynamically balancing its tissue-
destructive and tissue-constructive properties."?
For decades, osteoimmunology has focused
mostly on investigating osteoclasts and metabolic
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bone disease as they relate to pathologic bone
resorption.” Recently, interest has increased in
elucidating the positive interactions between the
immune and skeletal systems during the fracture
healing process.*

Toll-like receptors are a family of transmem-
brane receptors that activate the innate immune
response by recognizing conserved molecular
patterns of microbial products and endogenous
ligands.” Toll-like receptor 4 (TLR4) signaling
is of particular interest in regenerative biology
because of its pronounced impact on healing in
diverse models of injury and sterile inflammatory
disease.®’ It can recognize a wide range of patho-
gen-associated molecular patterns and damage-
associated molecular patterns, including bacterial
lipopolysaccharide® and endogenous molecules
such as fibrinogen,’ fibronectin,'” heat shock pro-
teins 60 and 70," B-Defensin 2,'* and high-mobil-
ity group protein B1."”

Toll-like receptor 4 is expressed mainly in
immune cells, such as monocytes/macrophages,
dendritic cells, T cells and B cells, and bone cells
such as osteoblasts and osteoclasts.'"* Although
the expression of different toll-like receptors
varies with different stages of osteoclast differ-
entiation, expression of toll-like receptor 2 and
toll-like receptor 4 has been reported within all
osteoclast-lineage cells." Thus, it is not surprising
that toll-like receptor 4 is involved in inflamma-
tion-induced osteoclast differentiation and bone
destruction in various chronic bone diseases, such
as osteoarthritis and periodontitis.”'® In addi-
tion, toll-like receptor 4 polymorphism has also
been shown to play a role in the etiopathogenesis
of postmenopausal osteoporosis and periodonti-
tis.'”!® However, the direct influence of toll-like
receptor 4 signaling components on fracture heal-
ing is not thoroughly understood.

In a previous study, we observed accelerated
bone healing with higher RANKL (receptor acti-
vator of nuclear factor kappa-B ligand) expres-
sion in toll-like receptor 4 global knockout mice
at day 4 after surgery (TLR47") in a noncompro-
mised mouse calvarial defect model." Because
of the apparent correlation between increased
osteoclastogenesis and improved bone heal-
ing, we hypothesized that the increased healing
observed in TLR4”" mice was attributable to the
loss of toll-like receptor 4 signaling in osteoclast
precursor cells. To test this hypothesis, we used
a myeloid cell- specific TLR4”~ mouse model
(TLR4flox/»yzere o TLR4lxp/Lyzere) 1o further eluci-
date the underlying cellular mechanisms during
facture healing.

MATERIALS AND METHODS

Mouse Strains and Generation of Myeloid-
Specific TLR4/- Mice

Wild-type (C57BL-6]; The Jackson Laboratory,
Bar Harbor, Me.), TLR4", and Lyz-TLR4” female
mice between 10 and 16 weeks of age and weighing
20 to 30 g were used in this study. Lyz-TLR4”- mice
were developed by breeding TLR4¥/=by=ere mijce
with TLR4'"*/1*P mice.?**! Tail snips of offspring
were collected at 21 days of age for genotyping
using polymerase chain reaction. As TLR4”" mice
are viable without baseline abnormalities, we
anticipated no baseline phenotypic variation in
the mice with toll-like receptor 4 deleted from
specific cell types. All procedures were carried out
in accordance with regulations regarding for the
care and use of experimental animals published
by the National Institutes of Health and approved
by the University of Pittsburgh Institutional Ani-
mal Use and Care Committee.

Surgical Procedure

Wild-type, TLR4”, and LyzTLR4” mice
were anesthetized with isoflurane (4% by inhala-
tion and 2% by duration), and 1.8-mm-diameter
defects were created on mouse parietal bones as
described previously."” Ketoprofen (Fort Dodge
Animal Health, Fort Dodge, Iowa), 1 mg/kg, was
administered as an analgesic immediately and for
2 days after surgery. All mice were killed by means
of carbon dioxide overdose followed by cervical
dislocation at designated time points.

Micro—Computed Tomographic Analyses

Wild-type, TLR4”, and Lyz-TLR4”~ mice were
killed at 0, 7, and 28 days after surgery. The skulls
were dissected and stored in 4% paraformaldehyde
overnight and later stored in 70% ethanol. The
calvarial defect healing process was analyzed in
three dimensions using a high-resolution micro—
computed tomography system (Inveon microCT;
Siemens, Erlangen, Germany) with a fixed isotro-
pic voxel size of 15 um. Three-dimensional images
were reconstructed using Amira software (FEI Visu-
alization Sciences Group, Burlington, Mass.) and
OsiriX software. Quantitative data were analyzed
by OsiriX software with a global fixed threshold
-330 and a region of interest (4mm? x 2.09mm)
was defined.” Standard micro—computed tomo-
graphic measurements (regenerated bone volume
= bone volume within the region of interest at day
7, and 28 — bone volume at day 0) were calculated
for each sample using OsiriX software.
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Histology and Histomorphometric Analyses

Wild-type, TLR4”", and Lyz-TLR4”" mice were
killed at day 0 and postoperative days 1, 4, 7, 14,
and 28. Calvariae and surrounding soft tissues
(e.g., skin, brain) were harvested and fixed in 4%
paraformaldehyde for 24 hours. Samples were
decalcified in 10% ethylenediaminetetraacetic
acid before being dehydrated through a series
of ethanol and embedded in paraffin."” Paraffin-
embedded specimens were sectioned through the
coronal plane at a thickness of 5 to 6 pm. Slides
were stained with Harris’ hematoxylin and eosin
(Surgipath Medical Industries, Richmond, Ill.)
for conventional, qualitative brightfield light
microscopy.

Russell-Movat pentachrome staining (Ameri-
can MasterTech, Lodi, Calif.) was performed to
further differentiate the following tissues within
the defect: hematoma/fibrin (intense red), elastic
fibers (black), newly formed woven bone (yellow),
and lamellar bone (red). For tartrate-resistant
acid phosphatase staining, sectioned slides were
first incubated in phosphate-buffered saline
(pH = 5) at 37°C for 5 minutes and then incu-
bated in tartrate-resistant acid phosphatase buffer
(pH = 5) containing 0.1 mol/liter acetate buffer,
0.3 mol/liter sodium tartrate, 10 mg/ml naph-
thol AS-MX phosphate (Sigma-Aldrich Corp., St.
Louis, Mo.), 100 pul Triton X-100, and 0.3 mg/ml
Fast Red Violet LB salt (Sigma-Aldrich) for 1 hour
at 37°C. Sections were counterstained with 0.02%
fast green (Sigma-Aldrich) before mounting in
Cytoseal 280 (Fisher Scientific, Pittsburgh, Pa.).
Osteoclasts were detected as tartrate-resistant acid
phosphatase—positive cells.

Histomorphometric analyses were performed
to quantify cellular infiltration and two-dimen-
sional areas of new bone formation using a Leica
MZ12 microscope (Leica Microsystems Ltd.,
Heerbrugg, Switzerland) and Northern Eclipse
(vb.0) image analysis software (Empix, Imaging,
Inc., Cheektowage, N.Y.). Bone healing data were
calculated based on three to five slides per ani-
mal. New areas of bone formation were visually
identified under 100x magnification. New bone
area was calculated as the sum of the areas of each
bone section, including within the defect and on
both sides of the calvaria. The sum totals of newly
formed bone areas were averaged by the numbers
of slides per animal.** Osteoblasts were calculated
as the total number of osteoblasts per osteoblast-
lining bone surface under 100x magnification.
Osteoclasts were calculated as the total number
of osteoclasts per field under 200x magnification.
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Data were expressed as mean = SEM. All measure-
ments were performed in a blinded fashion.

Immunohistochemistry Analyses

Sections from wild-type, TLR4”-, and Lyz-
TLR4”- mice were deparaffinized with xylenes and
rehydrated through a decreasing series of ethanol
to distilled water. Antigen retrieval was performed
on all samples using a Universal Antigen Retrieval
Kit (R&D Systems, Minneapolis, Minn.). Follow-
ing the manufacturer’s instructions, sections were
incubated in 10% blocking serum for 1 hour at
room temperature. Sections were then incubated
in primary antibodies, which were suspended
in 10% blocking serum overnight at 4°C. Sec-
tions were incubated in horseradish peroxidase—
conjugated secondary antibody (dilution, 1:250)
for 30 minutes at room temperature. Color was
developed by application of a diaminobenzidine kit
(Vector Laboratories, Burlingame, Calif.). Horse
and goat blocking serum came from Vector Labo-
ratories. Primary antibodies were goat polyclonal
anti-osteopontin (dilution, 1:250) as a marker
of osteogenic differentiation, rabbit polyclonal
anti-F4/80 (dilution 1:250) as a marker for MO
macrophages, rabbit polyclonal anti-CD163 (dilu-
tion, 1:250) as a marker for M1 macrophages, and
goat polyclonal anti-arginasel (dilution, 1:250)
as a marker for M2 macrophages (Santa Cruz
Biotechnology, Santa Cruz, Calif.; Abcam, Cam-
bridge, Mass.). Secondary antibodies were anti-
goat horse immunoglobulin G and anti-rabbit
goat immunoglobulin G (Vector Laboratories).
Sections were dehydrated and mounted before
examination under 25x, 50x, 100x, 200x, and
400x magnifications.

In Vitro Bone Marrow—Derived Osteoclast
Differentiation Assay

Femora and tibiae were excised from 9- to
10-week-old female mice (wild-type, TLR4”, and
Lyz-TLR4”"). The soft tissue and connective tissue
were carefully removed and the ends of the bones
were cut off. Bone marrow was flushed out using
a 5-ml syringe into a 50-ml tube with Dulbecco’s
Modified Eagle Medium (Life Technology, Grand
Island, N.Y.). Bone marrow suspension was centri-
fuged at 1000 rpm, 4°C, for 5 minutes. The super-
natant was removed and the cells were suspended
in the Dulbecco’s Modified Eagle Medium media
containing 10% fetal bovine serum, 1% penicillin/
streptomycin, and 10 ng/ml macrophage colony-
stimulating factor (Life Technologies, Carlsbad,
Calif.). The cell suspension was seeded onto a 6-cm
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diameter cell culture dish overnight. Unattached
cells were collected and seeded with Dulbecco’s
Modified Eagle Medium containing 10% fetal
bovine serum, 1% penicillin/streptomycin, and
30 ng/ml macrophage colony-stimulating factor
at 10* cells/well on a 96-well plate (Corning Osteo
Assay Surface; Corning, Tewksbury, Mass.). Three
days after seeding, the medium was changed to
fresh Dulbecco’s Modified Eagle Medium contain-
ing 10% fetal bovine serum, 1% penicillin/strep-
tomycin, 30 ng/ml macrophage colony-stimulating
factor, and 50 ng/ml RANKL (Life Technologies).

For tartrate-resistant acid phosphatase staining
and resorption assay, at days 8 and 11 after osteo-
clast differentiation culture, cells were fixed with
10% buffered paraformaldehyde solution. Fixed
cells were stained with a tartrate-resistant acid
phosphatase kit (Takaba, Clontech Laboratories,
Calif.) according to the manufacturer’s protocol.
After staining, tartrate-resistant acid phospha-
tase—positive multinucleated cells were quanti-
fied under 100x magnification. The osteoclast
ratio was calculated as the number of osteoclasts

TLR4™
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over the total number of cells per image. To per-
form resorption analysis, 10% bleach solution was
added to lyse cells. After washing three times with
phosphate-buffered saline, plates were air-dried
at room temperature for 5 hours. Resorption
pits were imaged under 100x magnification and
Adobe Photoshop (Adobe Systems, Inc., San Jose,
Calif.) was used for quantification analysis.

Statistical Analyses

Statistical analyses were performed using IBM
SPSS Version 20.0 software (IBM Corp., Armonk,
N.Y.). Data (i.e., mean bone volume calculation
from micro-computed tomographic analyses,
mean areas of newly formed bone, number of
osteoblasts/bone surface and number of osteo-
clasts/bone area collected from histomorphomet-
ric measurements, and osteoclast ratio and areas
of resorption pits from in vitro osteoclast differ-
entiation analyses) were compared using one-way
analysis of variance followed by the post hoc least
significant difference test. A value of p < 0.05 was
considered significant.

Lyz-TLR4™

Regenerated BV (mm3)

0.0 -

D7 D28

Fig. 1. Micro—-computed tomographic analyses of calvarial defect healing at postoperative days 0, 7, and 28 of wild-type, TLR4",
and Lyz-TLR4" mice. (Left) Representative three-dimensional reconstructions of calvarial defects in the transverse plane at dif-
ferent time points. Faster healing was evident in TLR4” and Lyz-TLR4” mice, as indicated by more mineralized tissue around the
defect edges at day 7 (arrows). Similar bone healing was shown among the three groups on day 28. (Right) Bone volume (BV) mea-
surements at different time points. Significantly larger bone volume was found in TLR4” and Lyz-TLR4" mice relative to wild-type
mice at day 7, whereas no significant differences were seen between the three groups at day 28. No significant difference in bone
volume between TLR4" and Lyz-TLR4" mice was seen at either days 7 or 28 (n = 6 to 8 mice per group per time point, mean + SEM;

scale bar = 500 um; p < 0.05, *versus wild-type).
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RESULTS

Accelerated Intramembranous Bone Formation
in TLR4” and Lyz-TLR4’- Mice

To characterize the bone healing process,
micro—computed tomography was performed on
three groups of mice (wild-type, TLR4”", and Lyz-
TLR47") at postoperative days 0, 7, and 28. Repre-
sentative three-dimensional reconstructed images
are shown in Figure 1. No group showed complete
bone healing within 28 days of observation. At day
7, areas of mineralized tissue were observed in
TLR4”  and Lyz-TLR4”- mice, whereas no obvious
new bone formation was evident in wild-type mice
(Fig. 1, left). Significantly larger bone volume was
found in TLR4”- and LyzTLR4/ mice compared
with wild-type mice on day 7, but not on day 28
(Fig. 1, right). No significant difference in bone
healing based on micro—computed tomography
was found between TLR4/ and Lyz-TLR4/ mice
at any time point (Fig. 1, right).

To further demonstrate the accelerated heal-
ing response in TLR4” and LyzTLR4” mice,
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hematoxylin and eosin staining, pentachrome stain-
ing, and immunohistochemistry staining for osteo-
pontin were performed. Histologic healing patterns
at day 7 demonstrated larger areas of newly formed
woven bone at the endocortical side of calvaria bone
in TLR4” and LyzTLR4”- mice compared with wild-
type mice, accompanied by active osteoblast infiltra-
tion and enhanced osteopontin staining (Fig. 2, left
and Fig. 3, lefl). Histomorphometric measurements
showed significantly larger areas of newly formed
bone and significantly more infiltrated osteoblasts
in the TLR4”- and LyzTLR4”~ mice compared with
wild-type mice at day 7 (Fig. 2, right and Fig. 3, right).
On day 28, similar histologic characteristics were
seen among the three groups. Although woven bone
matrix was still evident, mature lamellar bone was
present on the ectocortical and endocortical calvar-
ial sides in all groups on day 28. [See Figure, Supple-
mental Digital Content 1, which shows comparable
bone formation among all groups on day 28. (Lefl) A
similar histologic healing pattern was observed in all
groups, and no groups showed complete bone heal-
ing at day 28. (Right) One-way analysis of variance

0.06 4

0.04 4

D7 histo B.r (mm?)
g

0.00 -

WT TLR4™ Lyz-TLR4™

Fig. 2. Fast bone formation in TLR4”-and Lyz-TLR4” mice. (Left) Representative hematoxylin and eosin-stained images
at day 7. Disorganized loose connective tissue completely filled the bone defect on day 7 in all groups. Larger area
of newly formed cellularized-woven bone was observed in TLR4” and Lyz-TLR4”- mice compared with wild-type (WT)
mice. (Right) One-way analysis of variance showed significantly large areas of bone formation in TLR4”- and Lyz-TLR4”"
mice compared with wild-type mice at postoperative day 7 (n = 3 to 5 per group per time point, mean + SEM; scale
bar = 50 pm; bold arrow, defect margin; Ob, osteoblast; Wo, woven bone; B.r, bone area; p < 0.05, *versus wild-type).
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Fig. 3. Accelerated intramembranous bone formation in TLR4” and Lyz-TLR4” mice. (Left) Representative pentachrome-stained
and anti-osteopontin-stained images. One or two layers of bone surface-lining osteoblasts were observed on the endocortical
side of calvarial bone in wild-type (WT) mice. More infiltrated osteoblasts, larger areas of newly formed woven bone matrix (yellow
in pentachrome staining), and more intense osteopontin staining were evident in both TLR4” and Lyz-TLR4" mice than in wild-
type mice. (Right) One-way analysis of variance showed significantly more osteoblasts in TLR4” and Lyz-TLR4"" mice compared
with wild-type mice at postoperative day 7 (n =3 to 5 per group per time point for histologic analyses, mean + SEM; scale bar = 50
um; bold arrow, defect margin; Ob, osteoblast; Wo, woven bone, Endo, endocortical side; p < 0.05, *versus wild-type).

showed that no significant difference was detected
in bone formation among three groups on day 28 (n
=3 to 5 per group per time point, mean + SEM; scale
bar=50 um; bold arrow, defect margin; W17, wild-type;
Wo, woven bone, LB, lamellar bone; B.r, bone area),
http://links.lww.com/PRS/C264.] No significant dif-
ference in new bone areas or osteoblast numbers
was found between TLR4”~ and Lyz-TLR4” mice on
day 7 (Fig. 2, right and Fig. 3, right) or between the
three groups on day 28.

Osteoclastogenesis In Vivo and In Vitro

To gain better understanding of osteoclast
infiltration and tissue resorption during the
early phase of the fracture healing process, tar-
trate-resistant acid phosphatase staining of par-
affin-embedded slides of wild-type, TLR4”, and
Lyz-TLR4”- mice was performed on days 7 and
14. Tartrate-resistant acid phosphatase—positive
osteoclasts were evident at the defect margin and

newly regenerated woven bone in all groups at day
7 (Fig. 4, left). More intense tartrate-resistant acid
phosphatase—positive staining and significantly
more osteoclasts were detected in Lyz-TLR4”
mice relative to wild-type mice at day 7 (Fig. 4).
The number of osteoclasts did not differ signifi-
cantly between TLR4”- mice and Lyz-TLR4”/ mice
atday 7 (Fig. 4, right). No significant difference in
the number of osteoclasts was observed between
the three groups at day 14 (Fig. 4, right).

To better understand the differentiation capac-
ity and resorption activity of osteoclasts in wild-type,
TLR4”, and LyzTLR4”" mice, in vitro differen-
tiation and resorption assay were performed on
harvested bone marrow—derived primary cells. At
day-8 culture, more osteoclasts (red tartrate-resis-
tant acid phosphatase—positive, multinucleated
cells) were observed in the TLR4”- and Lyz-TLR4"
groups compared with the wild-type group (Fig. 5,
left). Large areas of resorption pits were also seen
in TLR4” and Lyz-TLR4"" groups than in wild-type
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Fig. 4. Enhanced osteoclastogenesis in TLR4” and Lyz-TLR4" mice. (Left) Representative tartrate-resistant acid phosphatase-stained
images at days 7 and 14. Tartrate-resistant acid phosphatase—positive osteoclasts were evident at the defect margin and the bone
marrow space. At day 7, more intense tartrate-resistant acid phosphatase—positive staining was shown in Lyz-TLR4"- mice compared
with wild-type (WT) mice. This observation was consistent with the tartrate-resistant acid phosphatase—positive osteoclast counts
shown (right). No significant difference in numbers of tartrate-resistant acid phosphatase—positive osteoclast was shown between
TLR4” mice and Lyz-TLR4" mice at day 7 or between all three groups at day 14 (n = 3 to 5 per group per time point for histologic
analyses, mean * SEM; scale bars = 50 um; bold arrow, defect margin, Endo, endocortical side; p < 0.05; *compared to wild-type mice).

group at day 8 (Fig. 5, second from left). Consistent
with these observations, significantly larger osteo-
clast ratio (osteoclasts/total cells) and resorption
areas were observed in the TLR47- and LyzTLR4”
groups compared to the wild-type group on day 8
(Fig. 5, second from right and right). At day 11, no
significant differences in osteoclast ratio (data not
shown) or resorption areas were found among the
three groups (Fig. 5, second from left and right).

Characterizing Macrophage Infiltration during
Early Calvarial Bone Healing

To better understand macrophage infiltration
during early fracture healing, anti-F4/80, anti-
CD163, and anti-Arginase 1 immunohistochemis-
try staining were analyzed. At day 1, similar intense
staining of anti-F4/80 indicating infiltration of
MO macrophages, anti-CD163 indicating M1
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macrophages, and anti-Arginasel staining indicat-
ing M2 macrophages were evident in all groups
(Fig. 6). [See Figure, Supplemental Digital Content
2, which shows representative anti-CD163-stained
images at day 1. Similar staining was observed in
wild-type (WT), TLR4-/-, and Lyz-TLLR4-/- mice at
day 1. (n=3 to 5 per group per time point; scale bar
=50 wm; bold arrow, defect margin; Endo, endocor-
tical side), hitp://links.lww.com/PRS/C265.] At days
4 and 7, no obvious anti-F4/80 or similar anti—
Arginasel-positive staining was observed in any of
the groups (data not shown).

DISCUSSION
The aim of this study was to investigate the
effect of toll-like receptor 4 depletion on osteo-
clastogenesis and its impact on bone healing.
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Fig. 5. In vitro osteoclast differentiation and resorption analyses at days 8 and 11. (Left) Representative tartrate-resistant acid
phosphatase-stained images at day 8. More osteoclasts (tartrate-resistant acid phosphatase—positive multinucleated cells) were
observed in TLR4" and Lyz-TLR4” mice compared with the wild-type (WT) group. This observation was consistent with osteoclast
measurement results (numbers of osteoclasts over total cells) shown (right, top). (Second from left and second from right) Repre-
sentative images of resorption pits at days 8 and 11. (Right, middle) Significantly larger areas of resorption pits were observed in
TLR4” mice and Lyz-TLR4” mice compared with wild-type mice, and in Lyz-TLR4" mice compared with TLR4" mice at day 8. (Right,
bottom) Comparable resorption areas were observed between the three groups at day 11 (n = 6 to 8 per group per time point,
mean + SEM; scale bars = 100 um; p < 0.05, *versus wild-type mice, #versus TLR4” mice).

Consistent with our hypothesis, accelerated bone
healing, increased infiltration of osteoclasts within
a noncompromised calvarial defect model, and
enhanced osteoclastogenesis and resorption activ-
ity from in vitro assay were observed in Lyz-TLR4”
mice compared to wild-type mice, suggesting an
important role of toll-like receptor 4 in regulating
osteoclastogenic differentiation during fracture
healing.

Previous studies showed that enhanced osteo-
clast activity is the main driving force for chronic
inflammation-stimulated bone destruction'?;
however, in our noncompromised calvarial defect
model, it initiates an earlier bone repair cascade.
Collectively, our data, together with previous work
linking toll-like receptor 4 with bone destruc-
tion in inflammatory disease,”* suggest that
toll-like receptor 4 may act as a “switch,” direct-
ing precursors toward differentiation into either
inflammatory cells or bone-resorbing osteo-
clasts. This regulatory role of toll-like receptor 4

in osteoclastogenesis might be because toll-like
receptor 4 can signal through two adaptor pro-
teins, MyD88 and TRIF. This unique property of
toll-like receptor 4 has also been reported in other
animal models. For example, toll-like receptor 4
signaling through the MyD88-dependent pathway
contributes to ischemic brain damage,*** whereas
TRIF-mediated signaling exerts a neuroprotective
effect against cerebral ischemia.” Thus, the func-
tional consequences of toll-like receptor 4 activa-
tion on tissue regeneration might depend on its
activation through different signaling pathways. In
addition, studies have also suggested that toll-like
receptor activation in osteoclast precursors main-
tains their phagocytic activity and inhibits their
differentiation into noninflammatory mature
osteoclasts, whereas toll-like receptor activation
on mature osteoclasts increases their survival
rate." In light of these findings, toll-like recep-
tor 4 may be involved in regulating the balance
between immune response and bone metabolism
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Fig. 6. Macrophage infiltration during early fracture healing. Representative anti-F4/80- and anti-Arginase1-stained
images at day 1. Similar anti-F4/80 staining and anti-Arginase1 staining, suggesting comparable M0 and M2 macro-
phage infiltration, was observed in wild-type (WT), TLR4", and Lyz-TLR4” mice at day 1 (n = 3 to 5 per group per time

point for histology analyses; scale bar = 50 pm; bold arrow, defect margin; Endo, endocortical side).

at different stages of differentiation by using dif-
ferent downstream pathways.

Macrophages are highly involved in regulat-
ing inflammation, and also play an integral role
in tissue regeneration. Within the first 3 days of
injury, macrophages infiltrate into the wound
bed, participating in the inflammatory response
and débridement process by means of phagocy-
tosis activity and reactive radical release.” Lee
et al. showed that macrophage activation and
polarization influence kidney injury and repair.”
Their data suggest that infusion of interferon-
y—stimulated, proinflammatory macrophages fur-
ther exacerbated kidney-damaged mice, whereas
infusion of M2 phenotype macrophages was cor-
related with kidney proliferation and repair.*" As
myeloid cells are also precursors for macrophages,
depletion of toll-like receptor 4 in myeloid cells
might also influence macrophage differentiation
and polarization during bone repair. In our study,
we observed similar infiltration levels of M0, M1,
and M2 macrophages in wild-type, TLR4”, and
Lyz-TLR4”- mice at day 1. Together, depletion of
toll-like receptor 4 expression in myeloid cells
did not seem to change macrophage-lineage dif-
ferentiation or macrophage polarization in this
calvarial defect model. However, more evidence
is needed to gain a better understanding of the
impact of toll-like receptor 4 depletion in myeloid
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cells on macrophage differentiation, phagocytic
activity, and related inflammatory reaction.

This study is limited in that Cre combinase
linked to Lyz is highly expressed in all myeloid-
derived cells, including neutrophils, Kupffer
cells, and monocytes, and as such, Lyz deletion of
toll-like receptor 4 occurs in a range of myeloid-
derived cells.?> Thus, the mouse model is not above
reproach, as it may provide a portion of cells that
are not osteoclast progenitor specific in this study.
Although there exist other animal models that tar-
get osteoclasts more specifically (e.g., cathepsin K
or tartrate-resistant acid phosphatase promotors,
which are expressed in mature osteoclasts or osteo-
clast precursors and osteoclasts, respectively),
these mouse models were not sufficient for our
aims considered in this study. We aimed to test
the effect of toll-like receptor 4 deletion on both
osteoclastogenesis and macrophage polarization,
because toll-like receptor 4 has been reported to
have a profound role in mediating innate immune
response and skeletal tissue homeostasis,'*'°
Thus, we used a calvarial defect model of myeloid
lineage-specific TLR47- mice (LyzTLR4” mice),
in which Cre under lysozyme promoter enables
inducible recombinase expression in both osteo-
clast and macrophage precursors, to test the early
development and differentiation of osteoclasts/
macrophages after calvarial fracture.
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Our data suggest that tolllike receptor 4
depletion in myeloid cells led to a similar pheno-
type (accelerated bone healing in a noncompro-
mised calvarial defect model) compared to global
TLR4/ mice. Considered together with other
studies that explored the link between toll-like
receptor 4 and bone destruction in inflammatory
disease,'*'° this study suggests that toll-like recep-
tor 4 signaling plays an important regulatory role
in promoting bone destruction and initiating
early bone healing, through controlling osteo-
clastogenesis in different settings. This highlights
a potential opportunity in which appropriate
modulation of the toll-like receptor 4 signaling
pathway can be used to reduce bone destruc-
tion in inflammatory bone diseases or enhance
early healing in bone defects to improve clinical
outcomes.
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