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Resolving Macrophages Counter Osteolysis
by Anabolic Actions on Bone Cells
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Abstract

Progression of inflammatory osteolytic diseases, including rheumatoid arthritis and periodontitis, is characterized by increased
production of proinflammatory mediators and matrix-degrading enzymes by macrophages and increased osteoclastic activity. Phenotypic
changes in macrophages are central to the healing process in virtually all tissues. Using a murine model of periodontitis, we assessed
the timing of macrophage phenotypic changes and the impact of proresolving activation during inflammatory osteolysis and healing.
Proinflammatory macrophage activation and TNF-o. overproduction within 3 wk after induction of periodontitis was associated with
progressing bone loss. Proresolving activation within | wk of stimulus removal and markers of resolving macrophages (IL-10, TGF-j,
and CD206) correlated strongly with bone levels. In vivo macrophage depletion with clodronate liposomes prevented bone resorption
but impaired regeneration. Induction of resolving macrophages with rosiglitazone, a PPAR-y agonist, led to reduced bone resorption
during inflammatory stimulation and increased bone formation during healing. In vitro assessment of primary bone marrow—derived
macrophages activated with either IFN-y and LPS (proinflammatory activation) or IL-4 (proresolving activation) showed that IL-4-activated
cells have enhanced resolving functions (production of anti-inflammatory cytokines; migration and phagocytosis of aged neutrophils) and
exert direct anabolic actions on bone cells. Cystatin C secreted by resolving but not inflammatory macrophages explained, in part, the
macrophage actions on osteoblasts and osteoclasts. This study supports the concept that therapeutic induction of proresolving functions

in macrophages can recouple bone resorption and formation in inflammatory osteolytic diseases.
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Introduction

Macrophages coordinate inflammation resolution and healing
by limiting proinflammatory stimuli, removing dead cells
through efferocytosis, and facilitating neovascularization
required for tissue regeneration (Murray and Wynn 2011).
Despite their low numbers in periodontal tissues, macrophages
exhibit functional plasticity by switching between proinflam-
matory (M1-like) and anti-inflammatory and proresolving
(M2-like) phenotypes, making them amenable to therapeutic
modulation (Dutzan et al. 2016; Yu et al. 2016). Disease pro-
gression in periodontitis and rheumatoid arthritis is associated
with high levels of macrophage-derived proinflammatory
cytokines interleukin 1 (IL-1$) and tumor necrosis factor o
(TNFa) at bone resorption sites. Inhibition of these pathways
reduces disease progression (Delima et al. 2001; Mayer et al.
2009). However, since these cytokines play divergent roles,
modulating innate and adaptive responses to pathogens and
bone healing, this antagonism poses risks for altered compe-
tence in fighting infections and delayed tissue regeneration
(Mountziaris and Mikos 2008). The anti-inflammatory cyto-
kines IL-10 and IL-4, which skew macrophages to a resolving
phenotype, are associated with disease remission and protec-
tion against bone resorption in rheumatoid arthritis and peri-
odontitis (Lubberts et al. 2000; Garlet 2010). The overreaching
impact of IL-10 and IL-4 on the healing process seems to relate

to proinflammatory cytokine and matrix metalloprotease
downregulation and osteoblast stimulation (Garlet 2010), indi-
cating resolving macrophage roles in coupling bone resorption
and formation.

The timing and relative contribution of macrophage activa-
tion states in osseous regeneration are important to delineate
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for drug development. In vitro and in vivo experiments with
macrophage-depleted osteoblast cultures and mouse models
demonstrate that reducing macrophages produces low bone
mass phenotypes through reduced bone formation (Xing et al.
2010; Raggatt et al. 2014). In addition to temporally regulated
macrophage recruitment and activation during bone healing,
the location of macrophages relative to the remodeling bone
surface seems to relate to efficient coupling of resorption and
formation. In recent years, osteal macrophage—or osteomac—
characterization in the canopy structures surrounding osteo-
blasts has indicated an important role for these cells in bone
mass maintenance (Alexander et al. 2011; Cho et al. 2014).
Phenotypically, osteomacs resemble resolving macrophages
by sustaining anabolic processes through osteoblast stimula-
tion and control of proinflammatory environments around
bone (Chang et al. 2008; Wu et al. 2013). Failure to resolve
inflammatory bone loss in chronic osteolytic diseases depends
in part on continuous MCP-1 (CCL2)-mediated recruitment
and activation of inflammatory macrophages (Koch et al.
1992; Graves 1999).

Using a murine periodontitis model based on endogenous
biofilms matured on silk ligatures placed in the gingival sulci of
molars, we tested the hypothesis that proresolving macrophage
activation reduces bone resorption and accelerates bone gain
during progression and healing of periodontitis, respectively.
We performed 1) in vivo macrophage depletion and proresolv-
ing (M2-like) activation in mice to assess their impact on bone
changes in periodontitis and 2) in vitro anti-inflammatory and
proresolving (M2) activation to assess its impact on bone cells.

Materials and Methods

Animals

All procedures were carried out in accordance with the Guide
for the Humane Use and Care of Laboratory Animals (National
Research Council). were approved by the University of Toronto
Animal Care Committee, and conformed to the ARRIVE
(Animal Research: Reporting of In Vivo Experiments) guide-
lines. C57BL/6 male mice (Charles River), 8 to 12 wk of age,
were housed in the animal facility at the University of Toronto
with 12-h dark/light cycles at 21 °C to 23 °C and 45% to 55%
relative humidity. Whenever possible, samples collected from
different treatment groups were processed and analyzed by
investigators/personnel blinded to treatment received.

Bone Loss and Regeneration

Bone loss was induced by placing 9.0 silk sutures (Ethicon) in
the gingival sulci of maxillary left second molars as previously
described (Sima et al. 2014; Sima et al. 2016). Biofilm-
retentive subgingival silk ligatures stimulate local inflamma-
tion that results in osteoclast-mediated bone resorption. To
evaluate the pattern of bone loss with this model, ligatures
were placed in healthy male mice, and groups of 4 mice were
sacrificed on days 1, 6, 11, 16, and 21. In a subset of mice, liga-
tures were removed on day 21 under brief isoflurane anesthesia
and lesions left to heal for 42 d. Groups of 4 mice were

sacrificed at days 28, 35, 42, and 49 to evaluate bone regenera-
tion during healing.

In Vivo Macrophage Depletion
and Proresolving Activation

Macrophage depletion was accomplished with clodronate lipo-
somes (Vrije University) as previously described (Rooijen et
al. 2003), administered at 1 pg/g of body weight, or with an
equal volume of phosphate-buffered saline liposomes by intra-
peritoneal injections every 2 d. In one experiment, mice
received clodronate liposomes from day 4 prior to ligature
placement (periodontitis induction), which continued for 3 wk
after induction. In another experiment, mice received clodro-
nate liposomes from day 18 after induction; ligatures were
removed on day 21; and treatment continued for 1 wk during
healing (day 28). To induce M2-like macrophage activation,
mice were administered oral rosiglitazone (30 mg/kg; Avandia)
or sodium starch glycolate (15 g of feed per 100 g of body
weight) daily with the clodronate study design.

Skull Morphometry and Micro—computed
tomography

Dry skulls were stained with methylene blue and imaged for
assessment of bone loss. Bone level was measured from the
cementoenamel junction to the alveolar bone crest on the buc-
cal aspect of ligated and contralateral nonligated second
molars. The bone-level ratio was calculated as the ratio
between day 28 and day 21. To assess 3-dimensional bone
changes, skulls were scanned by micro—computed tomography
at 11-um resolution in all spatial dimensions (Scanco Medical
AG). Reconstructed 3-dimensional maxillary regions were
cropped from consecutive slice images as the volume of inter-
est with Amira software (FEI Visualization Sciences Group).
Volumetric analysis was performed after global thresholding of
bone tissue (3,400 to 11,000 AU). Bone volume around second
molars was measured in a digital volume of interest (apical,
occlusal, buccal, lingual) and tooth volume excluded by thresh-
olding and segmentation of tooth structures.

Histology and Quantitative Reverse Transcription
Polymerase Chain Reaction

Fixed maxillae (10% formaldehyde) were decalcified (10%
ethylenediaminetetraacetic acid) and paraffin embedded.
Coronal sections (5 pm thick) were then 1) stained for tartrate-
resistant acid phosphatase (TRAP) with the Leukocyte Acid
Phosphatase Kit (Sigma-Aldrich; hematoxylin counterstain),
2) stained with Masson’s trichrome, or 3) probed with anti-
mouse antibodies for F4/80 (1:100; Vector Labs), TNF-a
(1:100), CD206 (1:100; LifeSpan Biosciences), osterix (1:300;
Abcam), and cystatin C (1:200; R&D Systems). Nonspecific
binding was blocked with Protein Block Serum-Free (Dako) or
Normal Horse Serum (Vector Labs). Gene expression was
quantified with the LightCycler 480 SYBR Select Master Mix
(Applied Biosystems). mRNA was measured at ligated sites
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relative to nonligated sites and normalized to the HPRT house-
keeping gene (hypoxanthine-guanine phosphoribosyltransfer-
ase) via the AACq method. Correlations between gene
expression and bone-level ratios (days 21 vs. 28) were calcu-
lated for ligated and nonligated sites. Protocols are detailed in
the Appendix.

Macrophage Activation and Cystatin C Depletion

Primary bone marrow monocytes were collected from tibia and
femora of 8- to 12-wk-old C57BL/6J mice. Isolated cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 10% fetal bovine serum and 1% penicillin/strep-
tomycin. Cells to be activated to MI-like phenotype were
stimulated with 10 ng/mL of GM-CSF, and those to be activated
to M2-like phenotype were stimulated with 20 ng/mL of M-CSF
for 2 d. On day 3, cells were incubated with either of the follow-
ing for 2 d (Peprotech):

M1 activation: 10 ng/mL of GM-CSF plus 1 ng/mL of IFN-
v and 10 ng/mL of LPS (purified from Escherichia coli)
M2 activation: 20 ng/mL of M-CSF plus 10 ng/mL of IL-4

The conditioned media of M2 cells (5 x 10°) was depleted with
anti-cystatin C antibody (7 uM; R&D Systems) for 16 h at
4 °C, followed by incubation with Pierce Protein A/G Agarose
Beads (Thermo Fisher Scientific) for 2 h and supernatant
added to primary osteoblast and osteoclast cultures.

Functional Assays

The assays used to characterize macrophage activation states
(flow cytometry, mass spectrometry, Western blotting, phago-
cytosis, and migration) or osteoclast and osteoblast activity are
detailed in the Appendix.

Statistical Analyses

All statistical analyses were carried out with SPSS v24 (IBM)
and GraphPad Prism 7. One-way analysis of variance, fol-
lowed by Tukey’s post hoc test or Student’s ¢ test, was used as
indicated. Statistical significance was considered at P = 0.05.
For in vivo testing, a minimum of 4 mice per group was needed
to detect 1) a difference of 25% £ 10% in bone levels between
healthy and diseased sites or between treatment groups at dis-
eased sites and 2) a 2- + 0.5-fold difference in gene expression
between inflammatory and resolution phases, with a power of
0.8 at an alpha level of 0.05.

Results

Macrophage Activation Is Differentially

Regulated in Inflammation and Healing

of Periodontal Osteolytic Lesions

To investigate macrophage activation in the healing versus

inflammatory phase of periodontitis, we used a murine model
of silk biofilm—induced bone loss and regeneration. With this

approach, moderate bone loss is achieved in 21 d of induction
(25% bone loss) and almost complete regeneration in 21 d after
stimuli removal (Fig. 1A). Most of the bone resorption occurs
within 7 d of induction (P < 0.05 vs. baseline) and regeneration
within 7 d of stimulus removal (P < 0.05 vs. day 21; Fig. 1B).
Bone resorption is associated with inflammatory cell infiltra-
tion and pocket formation by day 11 (Appendix Fig. 1). To
interrogate macrophage activation changes in the early healing
phase, we assessed mRNA levels for genes coding for M1
(TNF-a,, VEGFA, iNOS, CD80, CD86) and M2 (TGF-B,
IL-10, CD206, Argl, IL1-RA) macrophage markers and for
chemokines (CXCL2, CXCL1) in gingival tissues collected on
days 21 and 28 from ligated and nonligated molars. Expression
of TGF-B, CD8&0, and TNF-a significantly increased in inflam-
mation (day 21), while CD206 significantly increased in heal-
ing (day 28; P < 0.05, day 21 vs. day 28; Fig. 1C). Tissue
expression of TNF-a in inflamed lesions concentrated around
the ligature, in perivascular areas of lamina propria, and at the
bone crest, whereas CD206 was mainly expressed along bone
crest and perivascular areas of lamina propria in healing sites
(Fig. 1D). The gingival expression of IL-10 and TGF-B
inversely correlated with, and CD206 correlated strongly with,
bone-level ratio between days 28 and 21 at ligated and nonli-
gated molars (P < 0.05; Fig. 1E). Macrophage numbers
(F4/80+) and CD206 expression in periodontal lesions signifi-
cantly increased by day 28, while TNF-a expression increased
on day 21 and decreased on day 28 (Fig. 1F). Thus, healing of
periodontal lesions relates to an inflammatory-to-resolving
macrophage phenotype shift that correlates with bone levels.

Resolving Macrophage Activation Enhances
Alveolar Bone Regeneration

We next investigated the contribution of macrophages to bone
changes in periodontitis by testing the impact of in vivo mac-
rophage depletion with clodronate liposomes and proresolving
activation with rosiglitazone on bone loss and regeneration in
experimental periodontitis. Clodronate liposome treatment
results in macrophage suicidal death upon ingestion by phago-
cytosis and intracellular clodronate release, which results in
almost complete depletion of gingival macrophages (Appendix
Fig. 2). Rosiglitazone has agonistic actions on macrophages
via PPAR-y, leading to anti-inflammatory and proresolving
activation in peripheral blood monocytes and tissue macro-
phages (Bouhlel et al. 2007). We conducted 2 experiments to
assess the impact of macrophage depletion and proresolving
activation on bone loss and regeneration (Fig. 2A, B).
Macrophage depletion and proresolving activation signifi-
cantly reduced the bone loss during the 3-wk experimental
periodontitis (clodronate vs. control, P < 0.001; rosiglitazone
vs. control, P <0.05; Fig. 2C). Rosiglitazone treatment signifi-
cantly enhanced, and clodronate impaired, bone regeneration
during healing of periodontitis lesions (P < 0.05; Fig. 2D).
Rosiglitazone was associated with reduced osteoclastic cover-
age (TRAP+) of the inner cortex of alveolar bone during
inflammation (day 21, Fig. 2E, F) and with increased expres-
sion of bone formation marker osterix during healing (day 28;
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Figure |. Resolving macrophage markers correlate strongly with bone levels during progression and healing of periodontitis lesions. (A) Periodontitis
was induced with a biofilm-retentive silk suture (ligature) placed inside the gingival sulcus of maxillary left molars for 21 d. In a subset of mice, ligatures
were removed and lesions left to heal for another 21 d. Bone loss and gain in inflammation and healing (solid line) were measured as the distance
between the cementoenamel junction (arrowheads) and alveolar bone (dotted line) crest on Masson’s trichrome—stained frontal sections. Scale

bars, 0.2 mm. (B) Bone level changes during the inflammatory and healing phases of periodontitis were calculated relative to nonligated contralateral
internal control molars (n = 4 mice/time point, *P < 0.05 vs. nonligated, paired t test). (C) mRNA levels for macrophage activation markers relative

to the HPRT housekeeping gene in periodontal explants from diseased sites during peak inflammation (day 21) and healing (day 28), normalized to
contralateral internal control (n = 4 mice/group, *P < 0.05 healing vs. inflammation, paired t tests). Dashed line separates proinflammatory (top) from
anti-inflammatory (bottom) markers. (D) Representative immunohistochemistry micrographs of healthy (day 0), inflamed (day 21), and healing (day
28) periodontal tissues of maxillary second molars identifying macrophage markers F4/80 (pan-macrophage), TNFa. (proinflammatory), and CD206
(proresolving). Arrows indicate areas of high expression in the superficial layer of lamina propria (F4/80) and bone crest (F4/80, TNFo, CD206),
around the ligature (TNFa), and in perivascular areas of lamina propria (TNF-o, CD206). Magnification: 40%. Scale bar, 50 um. (E) Correlations
between bone level and gene expression of IL-10, TGF-, and CD206, measured as the ratio between day 28 and day 21 at ligated and nonligated sites
(*P < 0.05, Pearson). (F) Tissue expression of F4/80, TNFa, and CD206 in periodontal tissues surrounding diseased and healing second molars (n = 3
samples/group, 6 fields/sample *P < 0.05 vs. day 0, |-way analysis of variance with multiple comparisons as unpaired t tests). Values are presented as
mean + SEM.
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Figure 2. Proresolving macrophage activation reduces in vivo bone resorption and enhances regeneration. (A) Bone loss prevention study: To test
the impact of macrophage depletion and M2 activation on inflammatory bone loss, mice were treated with clodronate (macrophage depletion) or
rosiglitazone (M2 activation) starting at 4 d prior to ligature placement and continuing for 3 wk. (B) Bone regeneration study: To test the impact of
clodronate and rosiglitazone on bone regeneration following inflammatory resorption, mice were treated with the same regimen as in panel A starting
at 4 d prior to ligature removal (day 21) and throughout the first week of healing. Micro—computed tomography volumetric analysis of bone levels

in the (C) prevention and (D) regeneration studies (n = 3 mice/group, *P < 0.05, **P < 0.01, ***P < 0.001, |-way analysis of variance with multiple
comparisons as unpaired t tests). Data represent | of 2 similar experiments. Insets: Representative 3-dimensional renderings of micro—computed
tomography scans of maxillae on day 21 (prevention study) and day 28 (regeneration study) indicating root exposure at the second molar (arrows).
(E) Representative coronal sections of diseased maxillary second molars on day 21 stained for TRAP (arrowheads, positive cells). PDL, periodontal
ligament; T, tooth. Magnification: 60x. Scale bars: 10 um. (F) Quantification of TRAP-positive area in the area of ligated versus nonligated molars on
day 21 (n = 3 mice/group, |0 micrographs/sample, *P < 0.05, |-way analysis of variance with Tukey’s honestly significant difference post hoc). (G)
Representative coronal sections of healing maxillary second molars on day 28 stained for osterix (arrowheads, positive cells along inner cortex). PDL,
periodontal ligament; T, tooth. Magnification: 60x. Scale bars: 10 pm. (H) Quantification of CD206-positive tissue area on coronal sections of ligated
versus nonligated second molars on days 2| and 28 (n = 3 mice/group, 10 micrographs/sample, *P < 0.05, day 21| vs. 28, unpaired t test). Values are
presented as mean * SEM.
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Fig. 2G). CD206 expression in periodontal tissues was signifi-
cantly increased by rosiglitazone during healing (P < 0.05; Fig.
2H). These findings indicate that resolving macrophage activa-
tion has a positive impact on alveolar bone level in ligature-
induced periodontitis.

IL-4-Activated Macrophages Have Enhanced
Inflammation Resolving and Bone Anabolic Functions

We next assessed functional differences between 2 opposing
activation states across the macrophage phenotypic spectrum,
induced by IFN-y plus LPS (M1, predominantly proinflamma-
tory) and by IL-4 (M2, predominantly resolving), focusing on
inflammation resolution and bone resorption and formation.
Primary murine bone marrow—derived M1-activated macro-
phages increased production of IL-12 and expression of CD80
but not CD206, whereas M2 increased production of IL-1RA
and expression of CD206 but not CD80 (Appendix Fig. 3A,
C). M2 activation significantly increased the apoptotic neutro-
phil uptake and cell spreading and migration in response to
M-CSF as compared with M1 activation (Fig. 3A; Appendix
Fig. 3B, D). Proteomic analysis of supernatants from M2, M1,
and nonactivated (M0) macrophages identified a specific pro-
tease/antiprotease and bone anabolic protein secretory profile
of M2 cells, with cystatin C being the most abundant protease
inhibitor secreted exclusively by M2 (Fig. 3B; Appendix
Table). We next assessed the impact of M2 activation on osteo-
clast and osteoblast function in vitro. M2-activated cells
reduced the numbers of active osteoclasts (TRAP+) and inhib-
ited TRAP activity in a dose-dependent manner, whereas M1
cells increased mononuclear osteoclast numbers and TRAP
activity (P <0.01; Fig. 4A, B). Supernatants of M2 cells stimu-
lated mineral deposition by MC3T3-E1 osteoblastic cells in a
dose-dependent manner, while those of M1 cells inhibited min-
eral deposition at the highest concentration (Fig. 4C, D). Thus,
macrophage activation by IL-4 induces a proresolving pheno-
type characterized by tissue clearing and secretion of bone ana-
bolic factors.

Cystatin C Mediates the Actions of Resolving
Macrophages on Osteoclasts and Osteoblasts

Next, we asked whether M2-derived cystatin C mediates the
observed bone anabolic actions. Primary bone marrow—derived
M2-activated macrophages had a 2-fold higher expression as
compared with nonactivated (MO) and Ml-activated cells
(Figure 5A, B). Staining for cystatin C at ligated molar sites in
mice treated with rosiglitazone showed increased expression
on the inner cortex of alveolar bone in the treatment group ver-
sus control and during healing versus inflammation (Fig. 5C).
Depletion of cystatin C in M2 supernatant abolished the prom-
ineralization action on primary calvarial osteoblasts (Fig. 5D)
and reduced the inhibition of TRAP activity in osteoclasts (Fig.
SE). These findings indicate that cystatin C is required for bone
anabolic actions of IL-4-stimulated resolving macrophages.

Discussion

Increasing evidence shows that macrophages play essential
roles in regulation of bone cells. We addressed the contribution
of inflammatory and resolving macrophages to bone resorption
and regeneration in experimental periodontitis. Resolving
macrophages reduced bone resorption in periodontitis and
enhanced bone formation during healing. These actions were
attributed to inflammation resolution and osteoblast and osteo-
clast regulation.

Macrophages in resolving inflammation exhibit a pheno-
type that shares M2 features but also carries functions specific
to M1, such as production of reactive nitrogen species (Bystrom
et al. 2008). These resolution-phase macrophages proliferate,
produce chemoattractants for lymphocytes, present antigens,
and produce proresolving lipid mediators, including lipoxins,
resolvins, and protectins that mediate the active inflammation
resolution process (Bystrom et al. 2008; Stables et al. 2011).
These studies are consistent with the current general view that
the conventional M1-M2 macrophage nomenclature does not
predict in vivo behavior, and they indicate that macrophages
activated during inflammation resolution are more akin to M2b
cells, a subtype that is tolerant to bacterial inflammatory stim-
uli but produces anti-inflammatory cytokines such as IL-10
(Mantovani et al. 2004). Periodontitis progression in the sub-
gingival ligature model used is associated with biofilm matura-
tion around the ligature, containing 50% aerobic and 50%
anaerobic bacteria, and with oral dysbiosis (Sima et al. 2016).
This sustains unresolved local inflammation that results in
25% alveolar bone resorption that regenerates upon stimulus
removal in nonsusceptible animals, as demonstrated in the
present study. Bone levels correlate strongly with resolving
macrophage marker expression, indicating close relationships
between proresolving activation and bone anabolic functions.

Although tissue macrophage roles in wound healing are
well documented, its actions in bone remodeling and regenera-
tion are now being unveiled (Wu et al. 2013; Loi et al. 2016).
Resident macrophages present throughout human and murine
osseous tissues, named osteomacs, exert potent stimulating
actions on osteoblasts and control proinflammatory environ-
ments around bone, therefore being functionally bone-associ-
ated resolving macrophages (Chang et al. 2008; Wu et al.
2013). Systemic mature macrophage depletion with clodronate
liposomes was protective against inflammatory osteolysis but
detrimental to bone regeneration. Clodronate liposomes seems
to deplete mature M 1-like and stimulate M2-like macrophages
with enhanced proresolving activities, which partially explains
our observations (Winkler et al. 2010). However, M2-like acti-
vation with rosiglitazone was particularly beneficial during
healing. Rosiglitazone activates peripheral blood monocytes to
an M2-like phenotype, as opposed to switching tissue from
M1- to M2-like cells, with a net positive impact on local
inflammation (Bouhlel et al. 2007). However, a well-docu-
mented side effect of thiazolidinediones in long-term treatment
is reduction in bone quality and mass, particularly in women,
primarily to induce adipogenesis in bone marrow stromal cells
and decrease osteoblast and aromatase activities, thus altering
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score calculation. The Z-score values were hierarchically clustered. Cluster 3 includes 77 proteins highly expressed in M2-activated cells relative to MO
and MI. Inset: Proteases, antiproteases, and bone anabolic factors identified in cluster 3.

estrogen production and bone formation (Loke et al. 2009). In
the present study, short-term rosiglitazone treatment in male
mice upregulated expression of M2 marker CD206 in healing,
with a net positive impact on regaining periodontitis-associ-
ated lost bone mass. It is therefore likely that long-term treat-
ment affects monocytic lineage cells in tissue, including newly
recruited macrophages and osteoclasts, in addition to affecting
bone marrow adipocytes. We used rosiglitazone for <4 wk and
therefore expect most impact to be on circulating and recruit-
ing monocytes at inflamed sites. This further suggests that

targeting monocytes for commitment to a specific macrophage
type upon recruitment may be an effective strategy for chronic
osteolytic diseases.

Cystatin C, a cysteine proteinase inhibitor constitutively
present in virtually all tissues and body fluids, is used as bio-
marker for kidney function (Koenig et al. 2005). In saliva, cys-
tatin C was found to increase in patients with gingivitis and
periodontitis, while gingival levels were reported to decrease
proportional to disease severity (Henskens et al. 1994; Lie
et al. 2001). Cystatin C is produced by osteoblasts in addition
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Figure 4. IL-4-activated macrophages inhibit osteoclast differentiation and stimulate mineralization by osteoblasts. (A) Representative micrographs
of osteoclasts differentiated in the presence of factors secreted by differentially activated macrophages. Bone marrow—derived osteoclast precursors
were plated on glass chamber plates (2 x 10° cells/well) and incubated with M-CSF and RANKL for 8 d. On day 4, supernatants of primary activated
macrophages (MO, nonactivated; M1, IFN-y and LPS activation; M2, IL-4 activation) were added to differentiating osteoclasts and trained for TRAP/
Hoechst. Scale bars: top, 50 um; bottom, 10 um. (B) Primary osteoclast precursors were incubated with different ratios (a, I:1; b, 1:5; ¢, 1:10)

of activated macrophages or their supernatants for 4 d. Relative TRAP absorbance was measured as optical density at 405 nm (n = 3 separate

experiments run in triplicate, *P < 0.05, |-way analysis of variance with Tukey’s honestly significant difference post hoc). (C) MC3T3-El cells (7 x 10°
cells/well) were cultured to induce osteoblast differentiation (ascorbic acid, -glycerophosphate) and then incubated with different ratios (1:10, 1:5,
I:1) of activated macrophage supernatant every 3 d for 21 d. Representative micrographs of calcium deposition by primary osteoblasts incubated at
1:10 ratio with supernatants of activated macrophages assessed by alizarin red S staining. Positive and negative controls: MC3T3-E| with and without
differentiation factors, respectively. Left: alizarin red—stained calcification; right: thresholding for positive area of calcification. (D) Image] quantification
of mineral coverage area of the culture dish (n = 3, *P < 0.05, |-way analysis of variance with Tukey’s honestly significant difference post hoc). Values

are presented as mean + SEM.

to other cell types, and it inhibits osteoclast-mediated bone
resorption (Lerner et al. 1997; Johansson et al. 2000; Brand
et al. 2004). Earlier reports showed that cystatin C is constitu-
tively secreted by monocytes/macrophages and that secretion
is inhibited by IFN-y, LPS, or zymosan (Warfel et al. 1987,
Chapman et al. 2012). Monocyte/macrophage-derived cystatin
C exhibits immune modulatory actions on neutrophils through
chemotaxis and superoxide inhibition (Leung-Tack, Tavera,
Gensac, et al. 1990; Leung-Tack, Tavera, Martinez, and Colle
1990). We found that cystatin C secreted by M2-activated mac-
rophages enhances mineral deposition by osteoblasts and
reduces osteoclast TRAP activity. To our knowledge, this is the
first report of cystatin C requirement for resolving macro-
phage-mediated regulation of bone cells in favor of bone for-
mation. Cystatin C likely reduces osteoclastic activity through

inhibition of cathepsins, as it binds to cathepsins B, H, L, and
S with K. < InM (Mussap and Plebani 2008). However, cys-
tatin C was found to stimulate osteoblasts through bone mor-
phogenetic protein signaling pathways (Danjo et al. 2007).
Cystatin C actions in controlling extracellular proteolysis are
likely operating in concert with other regenerative systems
involved in bone resorption and formation coupling and mac-
rophage-mediated biofilm control mechanisms that reduce the
local inflammatory burden. Although counterintuitive, macro-
phage depletion may improve the host response to pathogenic
microbes. Importantly, with the Porphyromonas gingivalis oral
challenge model, 2 groups showed that monocyte/macrophage
depletion with clodronate liposomes is protective and that
macrophage depletion improves clearance of P gingivalis
(Lam et al. 2014; Steinmetz et al. 2016).
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Figure 5. Cystatin C mediates the regulatory actions of resolving macrophages on bone cells. (A) Western blot analysis of cystatin C in cell lysates
of primary bone marrow cells activated to M- and M2-like phenotype. (B) Band intensity was measured in Image] and normalized with B-actin (n = 3
experiments, *P < 0.05, unpaired t test vs. M0). (C) Representative images of cystatin C staining in inflamed (day 21) and healing (day 28) periodontitis
lesions of mice treated with rosiglitazone, indicating increased expression with treatment at inner cortex and periodontal blood vessels (arrowheads).
L, ligature. Magnification: 60%; rosiglitazone (right): 80%. Scale bars: 10 pm. (D) Primary mouse calvarial stromal cells were differentiated to osteoblasts
(50 pg/mL of ascorbic acid, |0mM B-glycerophosphate) and incubated with different ratios (1:10, I:5, I:1) of supernatants from M1, M2, or cystatin
C—immunodepleted M2 cells for 10 d. Mineral coverage area was assessed by alizarin red S staining. Negative control: osteoblast precursors without
differentiation factors (n = 3 separate experiments run in triplicate, *P < 0.05, |-way analysis of variance with Tukey’s honestly significant difference
post hoc). (E) Bone marrow mononuclear osteoclast precursors cells were plated with different ratios (1:10, I:5, I:1) of supernatant from Ml, M2, or

cystatin C—immunodepleted M2 cells activated for 8 d. TRAP activity was measured as optical density at 405 nm (n = 3 separate experiments run in
triplicate, *P < 0.05, |-way analysis of variance with Tukey’s honestly significant difference post hoc). Values are presented as mean * SEM.

In conclusion, the present study demonstrates that resolving
macrophage activation enhances bone regeneration during
healing of periodontitis lesions, in part through direct actions
on bone cells. Resolving macrophages inhibit osteoclast activ-
ity and stimulate mineral deposition by osteoblasts via cystatin
C. These findings indicate that immune modulation of macro-
phages to gain proresolving functions can promote bone for-
mation in osteolytic diseases.
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