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Editorial on the Research Topic

Advances in Osteoimmunology

The association between chronic inflammation and bone destruction has long been recognized,
but the molecular bases of the underlying mechanisms were identified only 20 years ago
with the discovery of the essential role of the RANK/RANKL axis in bone and immune cell
physiopathology [reviewed in (1)]. From this moment, the term “osteoimmunology” was proposed
to define a new discipline covering the interplay between the bone and the immune system
(2). Osteoimmunology has become an essential discipline for the study of a huge variety of
inflammatory diseases such as rheumatic diseases, aging as manifested in osteoporosis, chronic
inflammation such as inflammatory bowel disease, bone infection and bone healing such as
is apparent in periodontitis and after surgery, as well as for cancer. Publications related to
osteoimmunology are steadily increasing in number and cover fields as varied as immunology,
endocrinology and metabolism, cell biology, biochemistry, rheumatology, experimental medicine,
pharmacology, dentistry, biomaterials, and hematology (from Web of Science). This Research
Topic brings together 24 contributions by 162 authors from all over the world, from North-
(10) and South-America (21), Europe (113), Asia (3), and Australia (15). When summarizing all
contributions, the topic has deepened our understanding on four topics in particular.

COMPONENTS OF THE IMMUNE SYSTEM CONTROLLING
OSTEOCLAST OR OSTEOBLAST DIFFERENTIATION AND
FUNCTION

The first major question in osteoimmunology has been to understand how the immune system
controls the differentiation and activity of bone cells. Initially, an important role was attributed to
Th17 cells that produce RANKL, IL-17, and TNF-α all increasing osteoclast formation, as reviewed
in this topic in the context of arthritis (Coury et al.), inflammatory bowel disease (Madel et al.) and
periodontal diseases (Alvarez et al.). Biphotonic microscopy became an important tool that enables
visualization of the dynamic interaction between osteoclasts and T cells, as presented by Hasegawa
et al.. The B cell lineage also plays an important role in controlling osteoclastogenesis. As reviewed
by Coury et al., autoantibodies against citrullinated proteins (ACPA) mediate bone destruction in
rheumatoid arthritis. The underlying mechanisms linking ACPA and osteoclastogenesis in arthritis
were further explored in the review of Steffen et al.. The role of the adaptive immune system appears
therefore essential in osteoimmunology. This was further emphasized in two papers from the group
of Schmidt-Bleek. Bucher et al. demonstrated that, during aging in mice, the acquisition of a more
experienced adaptive immune system alters the bone structure and mechanical properties and
decreases the bone healing capacity of the mice. The same group (Wendler et al.) reported that

6
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the immune suppressive drug Iloprost stimulates the osteogenic
capacity of mesenchymal cells and bone healing by reducing the
production of proinflammatory cytokines by CD8+ T cells and
modulating the M1/M2 balance in macrophages.

Nowadays, the effect of the immune system on bone
cells appears much more complex, and beside T cells, many
other immune cells also influence bone formation and/or
resorption. Of course, myeloid cells greatly contribute to
osteoimmune interactions mainly because some of them
represent osteoclast progenitors. In a systematic literature review,
de Vries et al. highlighted two common cell types participating in
osteoclastogenesis in chronic diseases and bone metastasis: blood
CD16+ monocytes as major osteoclast progenitors, and T cells
producing TNF-α that support pathological osteoclastogenesis.
The origin of osteoclasts frommyeloid cells was further reviewed
byMadel et al.. They pointed out that dendritic cells contribute to
osteoclast formation in pathological conditions related to chronic
inflammation and cancer, always in the presence of high levels of
IL-17, TNF-α, and RANK-L.

Two reviews present the importance of macrophages in
osteoimmunology. Humbert et al. reassessed the reciprocal
interactions between macrophages and mesenchymal stromal
cells that modulate immune suppression and bone regeneration
in bone healing after calcium-phosphate implant transplantation.
Biguetti et al. demonstrated using Ti-implants that Damage
Associated Molecular Patterns (DAMP) such as HMGB1 and
Rage are essential for osteointegration by controlling the balance
between M1 and M2 macrophages. As discussed by Pieters et al.,
macrophages produce extracellular vesicles (EVs) that mediate
their interaction with bone cells. Among the various compounds
carried by these EVs, alarmins, which are DAMPs released upon
stress or inflammation, influence bone remodeling, decreasing
or increasing bone resorption and formation depending on
the content of the vesicles. EVs also carry miRNAs that
are able to control bone cell differentiation. The role of
miRNAs in osteoclastogenesis was further considered in a review
by Lozano et al..

These data emphasize the importance of danger signals in
osteoimmune interactions. This was further discussed by Souza
and Lerner who, showed that Toll like receptors that recognize
signals from bacteria and other microorganisms participate in
the control of osteoclast, osteoblast, or MSC differentiation
and function. In their review, Seebach and Kubatzky showed
that implant-associated bone infection induces an immune-
compromised environment where bacteria can persist, resulting
in increased bone resorption. In this environment, different
immune cells—including osteoclasts—may participate in an
immune-suppressive environment that favors the chronicity
of infection.

CONTROL OF INFLAMMATION AND
IMMUNE CELLS BY BONE CELLS

The interaction between the bone and immune system is
reciprocal. Mesenchymal stromal cells have an important
immunosuppressive function that participates in regulating

inflammatory responses (Xiao et al.) and in bone healing
(Humbert et al.). In rheumatoid arthritis, Luque-Campos et al.
analyzed the capacity of MSCs to restore the balance between
inflammation and tolerance, which is of high interest for
therapeutic purpose. Moreover, cells from the mesenchymal
lineage are a major component of hematopoietic niches. Using
lipodystrophic mouse models, Wilson et al. demonstrated
that adipocytes are required for maintaining an environment
that favors the retention of hematopoietic progenitors in the
bone marrow.

An emerging field in osteoimmunology is the immune
function of osteoclasts. Madel et al. provided the first review
on this novel aspect of osteoclast activity. In line with the
different origins of osteoclasts, they discussed the heterogeneity
of mature osteoclasts as well as their function as innate immune
cells. They showed that besides their bone resorption activity,
osteoclasts are immuno-competent cells able to initiate T cell
responses toward tolerance or inflammation depending on their
context and origin (3). This opens new research avenues on
the heterogeneity of osteoclasts in steady state and in chronic
inflammatory conditions.

SIGNALING AND REGULATORY
PATHWAYS IN OSTEOIMMUNOLOGY

At the molecular level, the topic has contributed in refining
osteoclast signaling pathways in the context of the immune
system and diseases with bone destruction. Sobacchi et al.
updated us on the importance of RANK-RANKL signaling
not only for osteoclast formation in bone (4), but also for
T-cell maturation in the thymus. Using various TNF-α and
RANKL knock-out, and overexpression mouse models, Papadaki
et al. demonstrated that overall, arthritis was weakened in the
absence of RANKL, but increased osteoclast formation at the
pannus area was observed when TNF-α was overexpressed even
in the absence of RANKL, confirming a RANKL-independent
osteoclast formation (5). In contrast, overexpression of TNF-
α was not able to compensate osteopetrosis in the absence
of RANKL, indicating that disease-associated osteoclasts and
turnover or physiological osteoclasts may have a different
dependency on RANKL or TNF-α for their formation (as
discussed in de Vries et al.; Madel et al.).

Cytokine signaling toward osteoblasts and osteoclasts
has always been a key topic in osteoimmunology (6).
Persson et al. interfered with family members of the gp130
receptor cytokine family in osteoblasts. When activating Shc1,
Oncostatin M-mediated RANKL upregulation and subsequent
osteoclastogenesis through interference with STAT3 signaling
was achieved. Various studies suggest a role for inflammation in
the onset of formation of heterotopic bone (7). In a model for
spinal cord injury-induced heterotopic ossification, Alexander
et al. showed that injured muscles display increased STAT3
signaling, activating JAK1/2 tyrosine kinases. When inhibiting
this pathway, heterotopic ossification was diminished.

Two review articles described the importance of S1P-S1PR
signaling in egression of immune cells to inflammatory bone
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(Hasegawa et al.; Xiao et al.). One of the future challenges in
the osteoimmunology field is to map the osteoclast-immune
cell-interactions. When do and what kind of T cells interact
with bone resorbing osteoclasts, and will these stimulate or
inhibit their activity? The life cell imaging of bone-immune
cell interactions (Hasegawa et al.) as developed by the group

of Ishii (8, 9) will certainly assist herein. Syk is a non-
receptor tyrosine kinase critically involved in signaling by various
immune receptors. Mouse models where hematopoietic lineage
or osteoclast specific knock-out of Syk is accomplished, develop
osteopetrosis, demonstrating the role of Syk in osteoclasts
(Csete et al.).

FIGURE 1 | Interaction network of articles from the Research Topic “Advances in Osteoimmuology”. The network is built on the keywords from the 24 articles using

VosViewer (http://www.vosviewer.com/) (ref https://doi.org/10.1007/s11192-009-0146-3). Keyword colors are determined by the cluster to which they belong. Each

line represents an interaction among the keywords Distance between keywords approximately indicates their relatedness in network. The size of each keyword label

and circle depends on the weight of the keyword.
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PATHOLOGICAL IMPLICATIONS OF
OSTEOIMMUNOLOGY

For the understanding of the pathophysiology of inflammatory
bone diseases, our series of articles has contributed in
highlighting the role of osteoimmunology in various
diseases. First of all, possible common ground for the
various inflammatory bone diseases in peripheral blood
was found at the level of monocyte precursor type
priming within the circulation by inflammatory cytokines
such as TNF-α and a role for activated RANKL and/or
TNF-α expressing T cells (de Vries et al.). Secondly,
common osteoimmunology ground was searched for
in diseases of the oral cavity such as periodontitis, oral
cancer and degradation of the temporomandibular joint
(Alvarez et al.).

For rheumatoid arthritis, our series had three review
contributions, one general review (Coury et al.), and two more
specialized ones describing a putative role for mesenchymal stem
cells (Luque-Campos et al.) or autoantibodies (Steffen et al.) in
disease modulation.

Obesity is a growing health care concern in Western society,
a condition associated with an altered immune system (10,
11). Obese children display a deviant monocyte subpopulation
distribution and concomitant increased osteoclast formation,
which can be modulated with dietary substances such as
sweet cherry polyphenols that reduce RANK-L and TNF-α
production (Corbo et al.). At the other side of the spectrum,
in two mouse models that lack adipocytes, hematopoiesis
moved outside the bone marrow to the spleen and liver
(Wilson et al.).

Bone infections, such as around implants or around teeth,
may alter the immune system-driven osteoclast formation.
Osteoclasts ultimately may contribute to implant or tooth
loosening when not treated properly. Seebach and Kubatzky
have investigated whether immune modulation could be a
therapeutic target for chronic bone infections. Osteoclast
precursors such as monocytes originate from the bone marrow
or blood. Once at the site of a bacterial infection, they make
a differentiation decision, either into macrophages, combating
the infection, or into osteoclasts. These monocyte or osteoclast
precursor cells respond with toll-like receptors to bacterial
products. This toll on the route when egressing from the
circulation determines the fate and can be both inhibitory
and stimulatory (Souza and Lerner). Despite all attempts
of cell biologists to mimic inflammation in a Petri dish,
the influence of mechanical loading is often neglected. Fahy
et al. have taken up the challenge to map the contribution
of mechanical loading and found that mechanically loaded
monocytes secrete a different repertoire of cytokines than the
unloaded ones.

CONCLUDING REMARKS

Bone quality and bone healing are age-dependent, with a
decreased osteogenesis and an increased osteoclastogenesis over
time. Parallel to this, the immune system also changes over
time and can be “learned” or “naïve.” In order to dissect both
components, bone strength and in vitro osteogenic capacity were
analyzed in mice of various age, and the effect of learned and
naïve immune system was analyzed. Supernatants of immune
cells inhibited osteogenic capacity of mesenchymal stem cells,
stronger so in older mice and in immune-stimulated mice
(Bucher et al.). Suppression of inflammatory milieu at early
stages of bone fracture may improve bone repair (Wendler
et al.). Inflammatory processes also take place during early
phases of implant osseointegration. Biguetti et al. have assessed
the role of HGMB1 and RAGE in titanium osseointegration
and demonstrated that activity of these immune modulators is
essential for successful osseointegration. Many devices used for
implantation are coated with calcium-phosphate. Humbert et al.
reviewed the state-of-the-art of these implants in conjunction
with co-transplantation of mesenchymal stem cells, which may
provoke positive immune modulation.

For 20 years, osteoimmunology has more and more found its
way into the field of immunology, even at the undergraduate
level (12). The topic “Advances in Osteoimmunology” shows
great diversity in the themes that were addressed. Relatively new
is the attention for implants and the role of immune cells and
bone cells. The key cell still seems to be the osteoclast (Figure 1).
Concerning a deeper understanding in the pathophysiology of
osteoclasts formed under the control of the immune system,
specific markers, of for instance, osteoclast membrane markers
such as CX3CR1 [Madel et al.; (3)] or blood-derived precursors
such as miRNAs (Lozano et al.) could generate disease-specific
fingerprints. However, one can never be certain about the fate of
these latter circulating markers. Generation of osteoclasts from
monocytes from patients will only partially provide fingerprint
answers, since only very few cells turn into multinucleated
osteoclasts in any in vitro experiment. Therefore, isolation and
characterization of pure osteoclasts, such as which has recently
been described (13) isolated from bone biopsies, may further
advance the field. High-throughput technologies such as single
cell RNAseq analysis (14) are bound to be successful in future
research, deciphering the phenotypic and functional diversity
of bone marrow cells (15) including for osteoclasts. This will
pave the road for understanding of deregulated osteoimmune
interactions and more specific targeting of cells participating in
pathological bone loss.
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Adult hematopoiesis takes place in the perivascular zone of the bone cavity, where

endothelial cells, mesenchymal stromal/stem cells and their derivatives such as

osteoblasts are key components of bone marrow (BM) niches. Defining the contribution

of BM adipocytes to the hematopoietic stem cell niche remains controversial. While

an excess of medullar adiposity is generally considered deleterious for hematopoiesis,

an active role for adipocytes in shaping the niche has also been proposed. We thus

investigated the consequences of total adipocyte deletion, including in the BM niche,

on adult hematopoiesis using mice carrying a constitutive deletion of the gene coding

for the nuclear receptor peroxisome proliferator-activated receptor-γ (PPARγ). We show

that Pparg1/1 lipodystrophic mice exhibit severe extramedullary hematopoiesis (EMH),

which we found to be non-cell autonomous, as it is reproduced when wild-type donor

BM cells are transferred into Pparg1/1 recipients. This phenotype is not due to a specific

alteration linked to Pparg deletion, such as chronic inflammation, since it is also found in

AZIPtg/+ mice, another lipodystrophic mouse model with normal PPARγ expression, that

display only very moderate levels of inflammation. In both models, the lack of adipocytes

alters subpopulations of both myeloid and lymphoid cells. The CXCL12/CXCR4 axis

in the BM is also dysregulated in an adipocyte deprived environment supporting the

hypothesis that adipocytes are required for normal hematopoietic stem cell mobilization

or retention. Altogether, these data suggest an important role for adipocytes, and possibly

for the molecular interactions they provide within the BM, in maintaining the appropriate

microenvironment for hematopoietic homeostasis.

Keywords: lipodystrophy, PPARγ null mice, AZIPtg/+ mice, bone marrow adipocytes, hematopoiesis,

extramedullary hematopoiesis, inflammation, non-cell autonomous alteration of hematopoiesis in PPARγ null

mice
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INTRODUCTION

Bones and hematopoiesis are intimately linked. Adult
hematopoiesis takes place in the bone cavity, where a
variety of cells and molecular contacts create a niche allowing
hematopoietic stem cells (HSCs) to undergo cell division and
differentiation in a highly regulated manner. The concept of a
stem cell niche was first coined by Schofield, who hypothesized
that the cellular environment in the bone compartment
creates multiple cell-cell contacts that are crucial for HSC
function (1). Depending on the location in the bone cavity, the
different cell types involved and different functions proposed,
BM niches are described as endosteal, reticular, sinusoidal
or perivascular, mainly involving osteoclast precursors,
osteoblast and spindle-shaped osteoblast precursors (SNO),
CXCL12-abundant-reticular (CAR) cells, Nestin+mesenchymal
stromal cells (MSCs), E-selectin+ endothelial cells, LeptinR+
perivascular stromal cells, and non-myelinating Schwann cells,
respectively [reviewed in (2–4)].

The role of adipocytes, present in large numbers in the
BM cavity, remains disputed. Adipocytes, which are the
specialized cells of adipose tissue, store energy in the form
of lipids, and release it when required by the organism.
Adipocytes also secrete cytokines known as adipokines that
participate in endocrine-mediated homeostasis (5). Both gain
of adipose tissue, as in obesity, and the generalized lack of
adipose tissue (generalized lipodystrophy), such as is seen in
Berardinelli-Seip syndrome, causes metabolic disorders such
as hypertriglyceridemia, metabolic syndrome, and type 2
diabetes (6, 7). While most adipocytes are found within depots
forming the diverse adipose tissues, some of them are also
found in substantial numbers in a less organized manner,
particularly within the BM where their (local) role is less well
characterized (8). The first link between adipocytes and the
bone microenvironment is the fact that both adipocytes and
osteoblasts are derived from a commonmesenchymal progenitor,
and their respective production is due to a balance between
adipogenesis and osteoblastogenesis. A more direct contribution
of adipocytes to the stem cell niche in the BM has been
previously explored, albeit with contradictory results. First, using
leptin deficient mice (ob/ob mice), Claycombe et al. showed
that supplementation with leptin, a major adipokine secreted
by adipocytes, rescued appropriate levels of lymphopoiesis and
myelopoiesis in the BM (9). Second, a combination of in
vitro and in vivo experiments has suggested that adiponectin,
another adipokine expressed by adipocytes in the BM, is
required for optimal HSC growth (10, 11). Third, BM adipocytes
also secrete Stem Cell Factor, which contributes to restoring
hematopoiesis after irradiation in the long bones but not in the
vertebral bones (12). Finally, experiments performed in AZIP-F1
(AZIPtg/+) transgenic mice carrying a C/EBP dominant negative
transgene that induces deletion of mature adipocytes, showed
improved marrow engraftment after irradiation, suggesting that
in this specific context adipocytes are negative regulators of
hematopoiesis (10, 13). A similar negative effect is also proposed
when adipocytes overfill the medullary space upon BM failure in
Fanconi Anemia (14).

In the present report, we reveal a novel aspect of the cross-
talk between hematopoiesis and adipocytes, by exploiting
a generalized lipodystrophic mouse model carrying a
constitutive total-body deletion of the nuclear receptor
peroxisome proliferator-activated receptor-γ (PPARγ)
(15, 16). Pparg1/1 mice show a complex phenotype
including total lipoatrophy, increased lean mass, and
hypermetabolism. They develop severe type 2 diabetes,
characterized by hyperglycemia, hyperinsulinemia, polyuria,
and polydipsia (personal communication, manuscript in
preparation). Herein, we demonstrate that the total lack of
adipocytes is accompanied by extramedullary hematopoiesis
(EMH), which is defined as the production of blood cells
occurring outside of the BM, mainly in the liver and spleen
(17). We further evaluate the causes of this EMH and
provide new insights in the role of adipocyte signaling in
hematopoiesis.

MATERIALS AND METHODS

Mice
Genotype designations in this work follow the rules
recommended by the Mouse Genome Database Nomenclature
Committee. Procedures using mice were authorized by the
Cantonal Commission for Animal Experimentation of the
Canton of Vaud and carried out in accordance with the
International Guiding Principles for Biomedical Research
Involving Animals. Sox2-Cre transgenic mice (Sox2-Cre tg/+;
Tg(Sox2-cre)1Amc/J), CD45.1+ (B6.SJL-PtprcaPepcb/BoyJ)
mice (Jackson Laboratory, Bar Harbour, MA), and ob/ob mice
were kept in the University of Lausanne Animal Facility.
Construction of the Pparg floxed (hereafter referred to as
Ppargfl) and Pparg-null alleles resulting from Cre recombination
(hereafter referred to as Pparg1), as well as the mating strategy
for the generation of Sox2-Cretg/+Ppargem1/1 (Pparg1/1)
mice and their control littermates (CTL) with no Sox2-Cre
transgene but two functional Pparg alleles (Ppargfl/+) have
been previously described (16, 18). This strategy ended
up with a conditional epiblast-specific deletion of Pparg
mediated by the Sox2-Cre transgene. The preservation of
Pparg expression in the trophoblast (16) circumvented the
embryonic-lethality of homozygous PPARγ knockout mice due
to a placental defect (15, 16). Normal placental development
allows Sox2-Cretg/+Ppargem1/1 pups to be born, and as
expected, these mice are totally deprived of any form of
adipose tissue. Both male and female mice 12–22 weeks
of age were used. AZIP/F1 mice on an FVB background
[Tg(AZIP/F)1Vsn; hereafter referred to as AZIPtg/+] and
corresponding wild-type FVB controls were obtained from
Charles Vinson and the colony was raised as previously
described (19).

No Pparg expression could be detected in the long bones
of Pparg1/1 mice and the total lack of adipocytes in the
BM in these two models, was confirmed by using Resistin,
an adipokine specifically expressed by adipocytes and, herein,
used as a surrogate marker for the presence of mature
adipocytes. Expression of Resistin was indeed barely measurable
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above the detection threshold in mRNA extracted from
Pparg1/1 bones, and at very low levels in AZIPtg/+ bones
(Supplementary Figure S1).

Flow Cytometry
BM cell suspensions from all mouse strains described above
were prepared by crushing the long bones (2 femurs and
2 tibias per mouse) into DMEM/3% FCS. Bone fragments
were removed by filtration through 40-µm filters. Splenocyte
suspensions were obtained by mashing the organs through sieves
into DMEM/3% FCS, washing by centrifugation and filtering
through a 40-µm filter cap. Liver hematopoietic mononuclear
cells were obtained by mashing entire livers through sieves,
after which the cells were washed in DMEM/3% FCS and
centrifuged using a Percoll (GE Healthcare) gradient (40%
Percoll layered over 80% Percoll) for 30 mins at 2,000 rpm to
remove hepatocytes and other non-hematopoietic cells. Cells
localized at the interface were recovered, diluted in DMEM/3%
FCS, centrifuged and filtered through 40-µm filter caps. Single-
cell suspensions were stained as previously described (20).
Monoclonal antibody conjugates used for flow cytometry are
listed in Supplementary Table S1. Cells were analyzed on a 5-
laser LSR II cytometer equipped with 355, 405, 488, 561, and
640-nm lasers (Becton Dickinson, San Jose, CA), and the data
were analyzed with FlowJo V9 software (TreeStar, Ashland,
OR).

Colony Forming Cell (CFC) Assay
Splenocyte cell suspensions were obtained by mashing the spleen
through sieves into DMEM/3% FCS, washing by centrifugation
then filtering through 70-µm filter caps. BM cells suspensions
were obtained as described above. Splenocytes (3 × 105) and
BM cells (2 × 104) were seeded into 35mm dishes in Mouse
Methylcellulose Complete Media containing cytokines/growth
factors such as EPO, IL-3, IL-6, SCF, or the combination thereof
according to the manufacturer’s instructions (R&D Systems).
After 10–12 days of culture at 37◦C in 5% CO2, Colonies were
identified by eye with phase-contrast microscopy.

BM Transplantation
BM chimeras were prepared as previously described (21). Briefly,
12-week old host mice (CD45.1+) were lethally irradiated (1000
rads) and reconstituted with 107 T-depleted BM cells (CD45.2+)
from either Pparg1/1 mice or their littermate controls (CTL).
For reverse chimeras, 12-week old host mice (Pparg1/1 or
CTL) were reconstituted with 107 T-depleted BM cells from
CD45.1+ wild-type controls. Hematopoietic reconstitution was
assessed by FACS staining of ficoll-purified peripheral blood
cells 6 weeks after transfer as described above. Mice were
euthanized and analyzed 12 weeks after transfer. Owing to
variable reconstitution efficiency between animals, the BM
chimera results were expressed as the percentage of donor-
derived cells.

Quantitative RT-PCR
Total RNA was isolated from long bones (bone fragments and
BM combined), liver, and spleen, using TRIzol LS reagent

(ThermoFisher, Waltham, MA) and purified with the RNeasy
kit (Qiagen, Hilden, Germany). RNA quality was verified by
chip electrophoresis (Agilent 2100 Bioanalyzer; Santa Clara,
CA), and the concentration was determined using Nanodrop
(Wilmington, DE). Total RNA (500 ng to 1 µg) was reverse-

transcribed using the iScript
TM

cDNA Synthesis Kit (Bio-Rad
Laboratories, Hercules, CA) according to the manufacturer’s
instructions. Real-time PCR was performed with SYBR R©

Green PCR mastermix using an ABI PRISM R© 7900 PCR
machine (ThermoFisher). The results were normalized to
the levels of Actin beta (Actb). For primer sequences, see
Supplementary Table S2.

Histology
Spleen were fixed in 4% paraformaldehyde and paraffin
embedded. Four micro meter paraffin sections were stained
with hematoxylin and spleen area as well as white pulp (WP)
area were calculated by measuring spleen or WP surface area,
using ImageJ software (http://rsbweb.nih.gov/ij/). Red pulp (RP)
area was calculated as total spleen area minus WP areas. One
representative section per spleen and 3 spleens were analyzed per
genotype.

Immunohistochemistry was performed on 8 µm-thick frozen
sections of OCT-embedded spleen, which were fixed using
acetone followed by primary and secondary antibodies or
streptavidin (found in Supplementary Table 1), as described
previously (22). Images were acquired with a Zeiss Axioplan
microscope and treated with Photoshop (Adobe) or Image J
opensource software.

Serum Levels of Parathyroid Hormone
(PTH) and Inflammatory Markers
Blood was obtained by cardiac puncture immediately after
euthanasia. After clotting and centrifugation, serum was
collected and stored at −80◦C until use. Parathyroid
hormone (PTH) was measured by ELISA according to the
manufacturer’s protocol (Stoughton, MA; LifeSpan Biosciences,
Inc., Seattle,WA). Serum levels of Serum Amyloid A (SAA),
IL-1β and IL-6 were measured using commercial ELISA kits
(Bio-techne, Abingdon, UK). Assays were run in duplicate
using adequate dilution buffer (for SAA, sera were diluted
between 1:200 and 1:2,000; for IL-1β and IL-6, sera were
used pure or diluted 1:2), according to the manufacturer’s
protocol. A four-parameter logistic formula was used to calculate
the sample concentrations from the standard curves. Limit
of quantification was 0.022 ng/ml for SAA (manufacturer’s
data).

Statistical Analyses
The statistical analysis was performed using GraphPad Prism
6 software. Two-group comparisons were performed using
Student’s t-tests or Mann-Withney U-test for non-parametric
data, as indicated. All data are presented as mean± SEM.
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RESULTS

Significant Increase in Hematopoietic Cells
in the Spleen and Liver of Lipodystrophic
Pparg1/1 Mice
To explore both the systemic and local involvement of adipose
tissue, we characterized the hematopoietic phenotype of mice
carrying a constitutive deletion of the two Pparg alleles. We
have previously shown that the ablation of PPARγ expression
leads to the total absence of both white and brown adipose
tissue (18) and the development of various metabolic disorders,
which include the early onset of a type 2 diabetes [(23)
and unpublished observations]. Adult Pparg1/1 mice had
significantly enlarged spleens and livers, both in volume
and weight (Figures 1A,B). Histological analyses revealed an
alteration of the red pulp of the spleen, with an increase in the
red pulp compartment size (Supplementary Figures S2A,B)
and the presence of numerous and large polynuclear cells
corresponding to megakaryocytes (Figure 1C). The total surface
occupied by the white pulp was similar in the spleen sections
from control and Pparg1/1 mice while the average white pulp
cords were smaller (Supplementary Figures S2A,B). However,
the overall perturbation might lead to an underestimation
of the white pulp. Immunohistochemical characterization
of the spleen further showed that the segregation of various
immune cells into the red and white pulp compartment as
well as into the B and T zone of the white pulp was not
significantly altered in spleens of Pparg1/1 mice. Similarly,
only a mild reduction in splenic germinal centers was
observed (Supplementary Figures S2C–E). During fetal life
the liver and spleen are the major sites of hematopoiesis,
and the perturbations observed, particularly the presence
of numerous megakaryocytes, are suggestive of altered
hematopoiesis.

Consistent with a perturbation of hematopoiesis, significant
increases in total hematopoietic mononuclear cell numbers were
observed in the liver and spleen of Pparg1/1 mice (Figure 1D).
Flow cytometric analysis of the major hematopoietic subsets
in these organs showed significant increases (10-fold or
more) in the numbers of granulocytes, macrophages
and erythroblasts.

In contrast to these peripheral organs, the total numbers
of hematopoietic cells in the BM of Pparg1/1 mice were
marginally decreased compared to the controls (Figure 1D).
While the numbers of granulocytes and macrophages in the
BM did not differ in Pparg1/1 mice compared to the controls,
lymphopoiesis was affected with numbers of B cells and T cells
reduced 1.5-fold in Pparg1/1 mice, and erythroblasts decreased
∼two-fold (Figures 1E,F). However, this hematopoietic cell
dysregulation was associated with only minor changes in the
peripheral blood counts (Supplementary Figure S3). Thus, while
BM hematopoiesis is mildly altered in the absence of PPARγ,
substantial increases in numbers of myeloid (granulocytes and
macrophages) and erythroid (erythroblasts and RBCs) lineage
cells are observed in peripheral hematopoietic organs such as the
liver and spleen.

Lipodystrophic Pparg1/1 Mice Exhibit
Active Extra-Medullary Hematopoiesis
To determine whether the massive increase in hematopoietic
cells observed in the peripheral organs was due to a local
increase in their production, we assessed the number of
HSCs and progenitor cells in these organs as well as in the
BM. Under homeostatic conditions, adult hematopoiesis occurs
almost exclusively in the BM, where mature hematopoietic
lineages are normally produced from HSCs and progenitor cells
(Supplementary Figure S4) located in specialized BM niches
(24). However, under certain conditions (such as BM failure,
myelostimulation, or inflammation), substantial numbers of
HSCs and multi-potent progenitor cells (MPPs), as well as
developing myeloid and erythroid lineages, can be found in
peripheral organs such as the spleen and liver, contributing to an
extramedullary hematopoiesis (EMH) [reviewed in (17)].

To evaluate and identify cells belonging to the different
hematopoietic precursor populations, we analyzed by flow
cytometry the LSK (Lin−, Sca-1+, cKit-r+) and LK (Lin−,
Sca-1−, cKit-r+) populations. The LSK subset contains long-
term (LT-) and short-term (ST-) HSCs, and several Multi-
Potent Progenitors (MPPs) populations, while the LK subset
contains the Common Myeloid Progenitors (CMPs), and gives
rise to both Megakaryocyte Erythroid Progenitors (MEPs)
and Granulocyte Monocyte Progenitors (GMPs; see also
Supplementary Figure S4). Significant increases in both the
relative proportion and total numbers of LSK and LK cells were
observed in the spleen and liver of Pparg1/1 mice compared to
control mice. In contrast, the absolute and relative number of
LSK and LK cells in the BM of Pparg1/1 mice were modestly
affected (Figures 2A–C).

To further identify subsets present in the LSK population,
we analyzed the distribution of the markers CD34, CD48, and
CD150, which define LT- and ST-HSCs as previously described
[(20); Supplementary Figure S4]. Although LT-HSC (CD34−

CD48− CD150+) andMPP1 (ST-HSC; CD34+ CD48+ CD150+)
subsets were marginally decreased in the BM, the MPP2 (CD34+

CD48− CD150+) and MPP3/MPP4 (CD34+ CD48+ CD150−

CD135+/−) subsets were unchanged (Figure 2C). Thus, the HSC
and MPP subsets were largely unaffected in the BM of mice
lacking PPARγ. In contrast, a global 10- to 100-fold increase
in LT-HSC and all MPP subsets (MPP1-4) was observed in the
spleen and liver of Pparg1/1 mice with no changes in their
relative proportions compared to those seen in the BM of wild-
type controls. These important increases were still observed when
calculated as a % of the total cell number in these two organs
(Figures 2D,E). The clonogenic potential of these hematopoietic
precursor populations found in the spleen was also confirmed by
performing a Colony Forming Unit assay on BM and spleen cells
(Supplementary Table S3).

As B cells and T cells are derived from hematopoietic
progenitors via a Common Lymphoid Precursor (CLP), which
is defined as Lin−, Sca-1lo, cKit-rlo and CD27+, CD127+,
CD135+(25), we quantified the proportion and number of CLPs
in the BM and spleen of control and Pparg1/1 mice. No
significant changes were observed in the proportion or in the
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FIGURE 1 | Evaluation of hematopoiesis-derived cell populations in the bone marrow (BM) and peripheral organs of Pparg1/1 mice. (A) Representative photographs

of the spleens and livers of Pparg1/1 (γ1/1) mice (lower panels) and littermate control (CTL) mice (upper panels). (B) Spleen and liver weight in grams (top panels)

and expressed as % of the body weight (bottom panels). (C) Hematoxylin & eosin staining of spleen sections; White pulp areas are circled by a dotted line. The white

arrow indicates one of the numerous megakaryocytes present in the red pulp in Pparg1/1 mice. The black bar indicates 200 micrometers. (D) Total hematopoietic cell

(Continued)
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FIGURE 1 | numbers in the BM (2 tibias and 2 femurs from each mouse), spleen, and liver of control and Pparg1/1 mice. Mean ± SEM, n = 7–8 mice per genotype.

(E) Total numbers of mature hematopoietic cell subsets in the BM (left panel), spleen (middle panel) and liver (right panel) of control (dark bars) and Pparg1/1 (light

bars) mice. (F) Same as in (E), with cell numbers expressed as a % of the total cell number in the corresponding organ. T cells (CD3+); B cells (B220+); Gran:

granulocytes (Gr1+CD11b+), Macs: macrophages (Gr1−CD11b+), Ebs: erythroblasts (Ter119+CD71+); Mean ± SEM n = 7–8 mice per genotype. All significant

p-values are indicated above the corresponding bars.

number of CLPs in the BM and spleen of Pparg1/1 compared
to control mice (data not shown).

Taken together, the increases observed in these HSC and
progenitor cell subsets along with the increase in mature myeloid
and erythroid subsets in peripheral organs are consistent with a
significant EMH occurring in Pparg1/1 mice.

The EMH Observed in Pparg1/1 Mice Is
Non-cell Autonomous
To determine whether the EMH observed in Pparg1/1 mice
was driven by a hematopoietic cell-autonomous mechanism
or by a perturbation of the BM microenvironment, BM
transplantation was performed. Lethally γ-irradiated CD45.1+

wild-type recipient mice were reconstituted with either
Pparg1/1 or control littermate T-depleted BM cells (CD45.2+).
After 3 months, reconstitution from the donor was verified
by staining peripheral blood lymphocytes (PBLs) for the
allelic markers CD45.2 and CD45.1, and the mice were
sacrificed for organ analyses. When wild-type recipients were
reconstituted with donor BM from Pparg1/1 or control
mice, no significant difference was observed in either the
number or proportions of most mature hematopoietic cell
types (Supplementary Figure S5A). Furthermore, there was no
evidence of EMH in these chimeras, as no increases in LSK or LK
cells were observed in the spleen or the liver (Figure 3A).

We then performed the reciprocal experiment in which
lethally irradiated Pparg1/1 (CD45.2+) recipients were
reconstituted with wild-type BM from CD45.1+ mice (reverse
chimeras). In contrast to what we observed when using WT
recipients, the EMH observed in the peripheral organs of
Pparg1/1 recipient mice was largely recapitulated (Figure 3B).
Increased numbers and proportions of erythroblasts,
granulocytes, lymphocytes, and macrophages were observed
in the spleen (Supplementary Figure S5B), and liver (data not
shown) in these reverse chimeras. Further evidence of EMH
was provided by the increase in proportions of LSK and LK
cells in the peripheral organs of Pparg1/1 recipients, but not
of control recipients, reconstituted with wild-type donor BM
(Figure 3B).

Taken together, these results indicate that the EMH observed
in Pparg1/1 mice is non-cell autonomous. Although LT-HSCs
(and other stem/progenitor subsets) appeared to home to and
seed normally in the BM cavity in lethally irradiated Pparg1/1

mice, they were also able to efficiently seed peripheral organs
such as the spleen and liver and to mobilize to these organs.
This suggests that the resulting EMH, rather than a defect of
the hematopoietic cells themselves, was driven either by systemic
cues or by changes in the microenvironment or factors produced
by cells within the local microenvironment.

Respective Contributions of Inflammation
and Lipodystrophy to EMH Onset
One important known systemic cause of EMH is inflammation.
In a previous report, we showed that Pparg1/1 mice have altered
skin hair follicles, which with aging provoke an inflammatory
response in the skin (18). To evaluate the contribution of these
systemic disorders in the occurrence of EMH in Pparg1/1

mice, we analyzed another mouse model that shares a similar
phenotype with respect to lipodystrophy, but does not exhibit
overt inflammation.

The AZIPtg/+ mouse is a hemizygous transgenic mouse strain
in which a dominant negative protein (A-ZIP) expressed under
the control of the adipose tissue-specific aP2 enhancer/promoter
inhibits expression of members of the C/EBP and Jun families of
transcription factors. AZIPtg/+ mice are born with no WAT and
with severely decreased brown adipose tissue (19). One difference
between Pparg1/1 mice and AZIPtg/+ mice is the presence of
systemic inflammation, suggested in Pparg1/1 mice by the high
levels of Serum Amyloid A (SAA) protein, which is a highly
sensitive marker for inflammation particularly in the acute phase,
and moderate increased levels of IL-1β. In contrast, SAA, IL-1β,
and IL-6 levels were not significantly increased in AZIPtg/+ mice,
indicating that the inflammation in these mice is very low, if not
null (Figure 4A and data not shown).

We thus further analyzed the liver and the spleen of
the lipodystrophic AZIPtg/+ mice. While these animals also
displayed enlarged spleens and a significant increase in total
numbers of hematopoietic mononuclear cells, these increases
were predominantly due to increased numbers of myeloid
and erythroid cells (Supplementary Figure S6). Importantly, the
EMH observed in the absence of PPARγ was recapitulated in
AZIPtg/+ mutants (Figure 4B), with a significant increase in the
numbers of LSK cells in the spleen and the liver, and an increase
of LK cells in the spleen and to a lesser extent in the liver
(Figure 4C).

This observation demonstrated that even though
inflammation likely contributes to the EMH observed in
Pparg1/1 mice, the lipodystrophy per se is responsible for the
EMH.

Distinct Features of the EMH in Pparg1/1

and in AZIPtg/+ Mice
In the BM, inflammation provokes an increased demand on
the granulocyte/macrophage lineage. This lineage is derived
from one of the two cell populations that arise from the
CMPs (defined as CD34+, CD16/32−): the MEPs (CD34−,
CD16/32+) and the GMPs (CD34+, CD16/32+). We thus
further analyzed the relative proportions of MEPs, GMPs, and
CMPs found within the BM, according to these markers (see
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FIGURE 2 | Hematopoietic cell populations in the bone marrow (BM) and peripheral organs of Pparg1/1 mice. (A) Representative FACS plots showing Sca-1 vs.

CD117 staining on lineage-negative BM (left panels), spleen (middle panels), and liver (right panels) cells from littermate control (CTL, upper panels) or Pparg1/1

(lower panels) mice. The red frames on the left and right of each plot indicate the gating and numbers of LK (Lineage-negative, Sca-1−CD117+) and LSK

(Lineage-negative, Sca-1+CD117+) cells, respectively, as a percentage of lineage-negative cells from each organ. (B) Histograms showing the percentage of LSK

(top panel) and LK (bottom panel) cells, with respect to the total cell numbers in the BM, spleen and liver of control (dark bars) and Pparg1/1 (light bars) mice. Mean

± SEM, n = 7–8 mice per genotype. (C) Same as in (B), expressed as absolute numbers of LSK (left panels) and LK cells (right panels). (D) Quantification of LT-HSC

(CD34−CD150+CD48−), MPP1 (CD34+CD150+CD48−), MPP2 (CD34+CD150+CD48+), and MPP3/4 (CD34+CD150−CD48+) subsets in the LSK population of

the BM, spleen, and liver from control (dark bars) and Pparg1/1 (light bars) mice. Mean ± SEM, n = 7–8 mice per genotype. (E) Same as in (D), expressed as a

percentage of the total cell number in the corresponding organ. All significant p-values are indicated above the corresponding bars.
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FIGURE 3 | Extramedullary hematopoiesis is non-cell autonomous. (A) Chimeras using wild-type recipient: Control or Pparg1/1 donor BM (both CD45.2+) was

transferred into wild-type (WT) recipient CD45.1+ mice. Hematopoietic reconstitution was evaluated by FACS analysis 3 months after lethal γ-radiation and i.v. transfer

of T-depleted BM. Left panels: representative FACS plots of Sca-1 vs. CD117 (cKit-r) on lineage-negative donor (CD45.2+) BM (left), spleen (middle) or liver (right) cells

from mice reconstituted with control BM (top row) or Pparg1/1 BM (lower row). The red frames on the left and right of each plot indicate the gating and percentage of

LK (Lineage-negative, Sca-1−CD117+) and LSK (Lineage-negative, Sca-1+CD117+) cells, respectively. Right panels: Relative proportions (in %) of LSK cells (top

panel) and LK cells (bottom panel) over the total cell population of the BM, spleen, and liver. Dark bars represent donor control BM, and light bars represent donor

Pparg1/1 BM, both transplanted into WT host mice. Mean ± SEM, n = 3 mice per genotype. There are no significant p-values. (B) Reverse chimeras: Wild-type (WT)

control donor BM (CD45.1+) was transferred into CTL or Pparg1/1 recipient CD45.2+ mice. Left panels: representative FACS plots of Sca-1 vs. CD117 (cKit-r) on

lineage-negative donor (CD45.1+) BM (left), spleen (middle), or liver (right) cells transferred into either CTL (upper row) or Pparg1/1 (lower row) recipient mice. The red

frames on the left and right of each plot indicate the gating and percentage of LK (Lineage-negative, Sca-1−CD117+) and LSK (Lineage-negative, Sca-1+CD117+)

cells, respectively. Right panels: Relative proportions (in %) of LSK cells (top panel) and LK cells (bottom panel) over the total cell population of the BM, spleen, and

liver. Dark bars represent donor control BM into CTL mice, and light bars represent donor control BM into Pparg1/1 mice. Mean ± SEM, n = 3 mice per genotype.

All significant p-values are indicated above the corresponding bars.

Supplementary Figure S4). In the BM, MEPs were decreased
and GMPs increased, whereas CMPs were unchanged, resulting
in a relatively lower proportion of MEPs and a higher
proportion of granulocyte/macrophage progenitors in the BM
of mice lacking PPARγ compared to wild-type controls
(Figures 5A,B). These results were consistent with the gene
expression profiles of their key regulators, with elevated levels

of both Sfpi/PU1 and Gata2 in the long bones of Pparg1/1

mice compared to control mice, whereas Gata1 remained
unchanged (Figure 5D). Thus, a bias in favor of myeloid over
erythroid development in the BM was observed in the absence
of PPARγ.

Importantly, the observed shift in the ratio of GMPs to MEPs
within the LK subset in Pparg1/1 mice was also recapitulated
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FIGURE 4 | Investigation of extramedullary hematopoiesis in AZIPtg/+ mice.

(A) Serum levels of the inflammatory marker Serum Amyloid A in Pparg1/1

and in AZIPtg/+, evaluated by ELISA. Mean ± SEM for 3 to 8 mice per

genotype. (B) Representative FACS plots showing Sca-1 vs. CD117 staining

on lineage-negative bone marrow (BM; left panels) and spleen (middle panels)

and liver (right panels) cells from AZIPtg/+ (lower row) mice and their wild-type

(WT) littermates (upper row). The red frames on the left and right of each plot

(Continued)

FIGURE 4 | indicate the gating and percentage of LK (Lineage-negative,

Sca-1−CD117+) and LSK (Lineage-negative, Sca-1+CD117+) cells,

respectively, expressed as a percentage of lineage-negative cells from each

organ. (C) Histograms showing total numbers of LSK (left panel) and LK (right

panel) cells in the BM, spleen and liver of WT control (dark bars) and AZIPtg/+

(light hatched bars) mice. Mean ± SEM, n = 3–6 mice per genotype. All

significant p-values are indicated above the corresponding bars.

in the reverse chimeras in the BM (Figures 6A,B), when wild-
type cells were used to reconstitute the BM of irradiated
Pparg1/1 mice. However, in AZIPtg/+ mice, which harbor no
inflammation, increase of the LK cell population was observed in
all progenitor subsets without alteration of theMEP to GMP ratio
(Figure 5C). Consistent with this observation, mRNA expression
levels of the myeloid-promoting transcription factor SFPI1/PU.1
were not increased in the bones of AZIPtg/+ mice (Figure 5D).
Altogether, these data suggest that the increased ratio of GMPs
over MEPs is in part linked to the systemic inflammation,
whereas the EMH is linked to the lipodystrophy context.

Another distinct feature between the phenotypes of Pparg1/1

and AZIPtg/+ mice is that no decrease is observed in the
numbers of B lymphocytes in the BM of AZIPtg/+ mice
(Supplementary Figures S6A,B). Further analyses in Pparg1/1

mice demonstrated more specifically that while the early
immature B cell subsets (PreProB, ProPreB, PreBI and large
and small PreBII) were similar in control and Pparg1/1 mice,
the numbers of later-stage B cells (IgM+ immature and mature
cells) were significantly decreased in the absence of PPARγ (data
not shown). These observations, not seen in AZIPtg/+ mice, are
therefore unlikely to be directly due to the lack of adipocytes in
the BM.

Altered HSC Retention in Lipodystrophic
Mice BM Contributes to EMH in Peripheral
Organs
The next question was therefore which common mechanism
in these two models of lipodystrophy would promote EMH.
One important systemic perturbation observed in these two
models, which is directly due to the lack of adipose tissue,
is a severe type 2 diabetes phenotype with hyperglycemia and
hyperinsulinemia. To evaluate the possible impact of these
metabolic disorders in the induction of EMH, we analyzed
the occurrence of EMH in a well-characterized model of type
2 diabetes, the leptin-deficient ob/ob mice. In contrast to the
Pparg1/1 and AZIPtg/+ mice, no increase in spleen size was
observed in ob/ob mice (data not shown). Moreover, normal
numbers of LSK and LK cells were observed in the spleen of ob/ob
mice (Supplementary Figures S6C,D), thus ruling out metabolic
perturbation as a possible cause of EMH.

As the EMH observed in Pparg1/1 mice was not due to a cell
autonomous defect in hematopoietic cells, and was reproduced
in another model of lipodystrophy, we hypothesized that the
lack of adipocytes or factors produced by adipocytes could be
responsible for this phenomenon. Indeed, one mechanism by
which peripheral organs such as the liver and the spleen harbor
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FIGURE 5 | FACS analyses of progenitor cell subsets in the LK population of the bone marrow (BM), spleen, and liver of Pparg1/1 and AZIPtg/+ mice. (A)

Representative FACS plots of CD34 vs. CD16/32 expression in the LK subset of the BM (left panels), spleen (middle panels) and liver (right panels) of control (CTL,

upper row) and Pparg1/1 (lower row) mice. As there were insufficient liver cells to make a FACS plot for the CTL mice, the gating strategy for the progenitor subsets

is indicated instead. The respective percentages of MEPs (CD34−CD16/32−), CMPs (CD34lowCD16/32−), and GMPs (CD34+CD16/32+) are indicated in each plot.

LK (Lineage-negative, Sca-1−,cKit-r /CD117+); MEP (Megakaryocyte Erythroid Progenitor); CMP (Common Myeloid Progenitor); GMP (Granulocyte Monocyte

Progenitor). (B) Histograms showing the proportion (%) of CMPs, MEPs and GMPs in the BM LK subset of control (dark bars) and Pparg1/1 (light bars) mice. Mean

± SEM, n = 7–8 mice per genotype. (C) Histograms showing the proportion (%) of CMPs, MEPs, and GMPs in the BM LK subset of wild-type (dark bars) and

AZIPtg/+ (light hatched bars) mice. Mean ± SEM, n = 7 mice per genotype. (D) mRNA expression levels of the transcription factors Gata1, Gata2, Sfpi1/PU1

evaluated by qRT-PCR in total cellular extracts from the long bones of control (dark bars) vs. Pparg1/1 mice (light bars) or wild-type (dark bars) and AZIPtg/+ (light

hatched bars) mice. Mean ± SEM, n = 5–7 mice per genotype. All significant p-values are indicated above the corresponding bars.

HSC/progenitor cells is through egression of cells from the BM.
This also occurs under normal homeostatic conditions, since
small numbers of HSC/progenitor cells can be found, albeit at
barely detectable levels, in the peripheral organs of normal mice
(see for example Figures 2A–C).

The lack of adipocytes in the BM of Pparg1/1 and AZIPtg/+

mice may disrupt the local microenvironment. We thus explored
whether the EMH observed in the absence of adipocytes resulted
from an increase in cellular egress from the BM. As the
CXCL12/CXCR4 axis is the main source of retention signals that
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maintain hematopoietic stem and progenitor cells (HSPCs) in
the BM (26), we evaluated the expression levels of this cytokine
(Cxcl12) and its receptor (Cxcr4) in mRNA isolated from the long
bones. These extracts included both stromal and hematopoietic
cell niche components. In the two models we studied, the levels
of Cxcl12 remained unaffected, whereas a significant reduction
of Cxcr4 was observed. Albeit it remains speculative, these results
suggest that the retention of HSPCs in the BMmight be impaired,
contributing to the EMH in Pparg1/1 and in AZIPtg/+ mice.
In contrast, Cxcl12 is decreased in the spleen, whereas Cxcr4
expression is not affected, indicating that these signals do not
contribute to retaining HSCs in the spleen (Figure 7). The
Sphingosine kinase/sphingosine 1-phosphate (S1P)/S1P receptor
axis as well as the Parathyroid hormone (PTH) and its receptor
PTHRP, two signals that play a role in this context (27, 28) are not
different between the two genotypes (Figure 7), excluding their
contribution to the phenotype.

Altogether, these results highlight that the occurrence of EMH
in lipodystrophic mouse models results from a lack of adipocytes
and is aggravated when systemic inflammation occurs.

DISCUSSION

In this study, we explored the role of adipocytes in BM
homeostasis and regulation of hematopoiesis and showed that
the total lipodystrophy in Pparg1/1 mice is accompanied by a
severe EMH that impacts upon all hematopoietic lineages. After
a thorough analysis of the cell lineages found in the spleen
and liver, we first demonstrated that the EMH observed in
Pparg1/1 mice is not a direct consequence of the lack of PPARγ

in hematopoietic cells that normally express PPARγ (29, 30).
Indeed, the EMH was reproduced when WT cells were used to
reconstitute lethally irradiated Pparg1/1 mice.We then observed
EMH in an independent model of lipodystrophy (AZIPtg/+).
Albeit, we cannot exclude a contribution of inflammation
in Pparg1/1 mice, data from both models indicate that the
most likely causes of EMH are linked to the lipodystrophy
with possible local alterations of the BM microenvironment.
Thus, the combination of the two experimental models of
lipodystrophy used, Pparg1/1 and AZIPtg/+, allowed us to reveal
an important contribution of adiposity in setting the appropriate
BM microenvironment required for normal hematopoiesis.

There are three main known causes of EMH in the clinics
and in experimental settings. The first one is associated
with myelofibrosis disorders, which trigger a compensation in
hematopoietic organs such as the spleen and liver to maintain
functional hematopoiesis (31). Primary myelofibrosis begins as
a myeloproliferative disorder and leads to an altered marrow
with cellular abnormalities. Along this line, EMH has also been
observed in mice carrying hypomorphic Pparg alleles and was
shown to result from structural changes in the bones and thus
reduced numbers of BM cells (32). In contrast, we found here
that the BM in Pparg1/1 and AZIPtg/+ mice exhibited close
to normal cell numbers, with neither myeloproliferation nor
dramatic changes in theHSC population, excludingmyelofibrosis
as the cause of EMH. The second main cause of EMH

is hypoxia, in which the increased need of red blood cell
production is the trigger. The stress response to hypoxia in the
context of hemoglobinopathy (33) stimulates erythropoiesis and
increases hematocrit. Again, neither increases in erythropoiesis
nor increased hematocrit were observed in the absence of PPARγ

or in AZIPtg/+ mice, making this hypothesis also unlikely.
The third main cause of EMH is the presence of severe

systemic inflammation, particularly in rodents, where it is
associated with a marked increase in granulopoiesis (17). Local
skin inflammation is indeed observed in Pparg1/1 mice and
was associated with PPARγ-dependent scarring alopecia (18).
However, this feature is specific to Pparg1/1 mice and not
found in AZIPtg/+ mice. In addition, the blood levels of the
inflammatory markers are significantly increased in Pparg1/1

mice but not in AZIPtg/+ mice. Thus, although we cannot rule
out a contribution of inflammation, particularly in the case of
the Pparg1/1 mice, it does not explain the presence of EMH in
AZIPtg/+ mice. These distinct features in terms of inflammation
also provide an explanation for the biased development of CMPs
toward the myeloid lineage at the expense of the erythroid
and megakaryocyte lineages seen only in Pparg1/1 and not in
AZIPtg/+ mice. The inflammation seen in the former and not in
the latter likely contributes to this shift in CMP commitment. The
resulting relative decrease in the number of erythroblasts in the
BM of Pparg1/1 mice might thus be compensated for by active
EMH.

Finally, although the three mouse models described in this
study (Pparg1/1, AZIPtg/+, and ob/ob) are all affected by type
2 diabetes, the fact that ob/obmice did not exhibit EMH excludes
this systemic metabolic disorder as a common causative factor.
Thus in this context, the most likely hypothesis is that adipocytes
function to contribute to hematopoietic homeostasis in the BM.

The BM transfer experiment that we performed clearly
indicates that the bone cavity micro-environment was involved
in the EMH observed in our experimental models. The BM stem
cell niche concept was first defined as a local microenvironment
that maintains and regulates the function of stem and progenitor
cells (1), and many cell types have been shown to be involved in
these processes [reviewed in (2–4)]. BM adipocytes may or may
not be considered as part of the niche per se, but they are present
in large numbers and could contribute to the microenvironment
in several ways. First, they play a role in bone homeostasis,
which may indirectly affect the BM stem cell niche. This is
due to the fact that adipocytes and osteoblasts are linked via
their common mesenchymal progenitors, resulting in a balance
between adipogenesis and osteoblastogenesis. PPARγ is central
in this balance since this nuclear factor is a crucial regulator of
MSC orientation toward adipocytes, as it’s ex vivo or in vitro
activation using synthetic agonists results in an adipogenic MSC
phenotype, whereas it’s pharmacological blockade or genetic
deletion result in the opposite phenotype i.e., an osteoblastic
phenotype (34, 35). Moreover, leptin and adiponectin, which are
secreted by adipocytes, also exert a local and systemic role in bone
homeostasis [reviewed in (36)]. Second, a direct function for
adipocytes in supporting the proliferation of hematopoietic cells
has been proposed, albeit the nature of this support function is
not well described. It could combine energy sources and specific
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FIGURE 6 | FACS analyses of progenitor cell subsets in the LK population in chimeras and AZIPtg/+ mice. (A) Chimeras using wild-type recipients and control or

Pparg1/1 donor BM. Hematopoietic reconstitution was evaluated by FACS analysis 3 months after the transfer (see also Figure 3A). The histograms show the

proportion (%) of CMPs (CD34lowCD16/32−), MEPs (CD34−CD16/32−), and GMPs (CD34+CD16/32+) in the LK cell subset, in the BM, the spleen and the liver of

WT mice reconstituted with control (dark bars) or Pparg1/1 (light bars) BM. Mean ± SEM, n = 3 mice per genotype. No significant p-value. (B) Reverse chimeras

using wild-type (WT) control donor BM transferred into Pparg1/1 or their littermate control (CTL) recipient. The histograms show the proportion (%) of CMPs, MEPs

and GMPs in the LK cell subset in the BM, the spleen and the liver of control (dark bars) or Pparg1/1 (light bars) mice reconstituted with wild-type donor BM. Mean ±

SEM, n = 3 mice per genotype. All significant p-values are indicated above the corresponding bars.

adipokines, which have been proposed to mediate various aspects
of HSC maintenance, quiescence and proliferation in vitro (9,
37, 38). In contrast, two reports have shown an anti-correlation
between the number of adipocytes present in the bone cavity
and the rapidity of recovery after BM irradiation (13, 39). One
possible way to reconcile these conflicting observations is that the
support provided by adipocytesmay differ between in vitro and in
vivo conditions as proposed by Spindler et al. (40). In agreement
with our results, it is tempting to speculate on a specific role for

BM adipocytes in this phenotype. However, our experiments do
not exclude the possibility of a systemic cue directly related to the
generalized lipoatrophy.

A possible consequence of an altered BM microenvironment
is a modification of the balance between active retention and
mobilization of HSCs. We showed that in the absence of PPARγ,
all hematopoietic lineages are increased. Thus, the most likely
explanation for the observed EMH is reduced BM colonization
at birth or an increase in egress of HSCs and early progenitors
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FIGURE 7 | Gene expression of key factors of cell egress from the BM in Pparg1/1 and AZIPtg/+ mice. (A,B) Cxcl12 and Cxcr4 mRNA expression in the long bones

of Pparg1/1 (A) and AZIPtg/+ (B) mice and their controls, CTL and WT, respectively, as indicated. Mean ± SEM for 3 to 6 mice per genotype. (C,D) Cxcl12 and

Cxcr4 mRNA expression in the spleen (C; Mean ± SEM for 5 mice per genotype) and the liver (D; Mean ± SEM for 6 to 7 mice per genotype) of Pparg1/1 mice and

their control. (E) Expression levels of Sphingosine Sphingosine kinase/sphingosine 1-phosphate receptors genes, S1pr1, S1pr2, S1pr3, in the long bone of Pparg1/1

mice and their control. (F) Parathyroid hormone (PTH) serum levels and gene expression of its receptor PTHR1 in long bones of Pparg1/1 mice and their control

Mean ± SEM for 3 to 4 mice per genotype. All significant p-values are indicated above the corresponding bars.
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from the BM. This is consistent with the fact that HSCs within
the BM are very mobile cells, and that a small number of HSCs
are constantly released into the circulation (41). Nevertheless, the
best characterized mechanism of HSC and progenitor cell egress
from the BM is the one provoked by pharmacological doses of
G-CSF administered to patients for stem cell mobilization prior
to autologous transplantation. This involves down-regulation of
CXCL12, which is expressed by perivascular MSCs and CAR
cells, as well as by osteoblast lineage cells. This decreased
expression prevents interaction of CXCL12 with its receptor
CXCR4 expressed by HSCs and progenitors, and the retention
and survival of HSCs and progenitor cells in the BM (42, 43).
In the models presented herein, Cxcl12 expression levels in
the BM were not altered, but gene expression of its receptor
CXCR4 was significantly impaired. Pharmacological antagonists
of CXCR4 are among the main recent innovations improving
HSC mobilization in patients (44). Altogether, our observations
are consistent with an alteration of the BM microenvironment
due to the total lack of adipocytes, with loss of retention and/or
increased egress of HSCs and progenitor cells from the BM
to the peripheral organs, albeit this mechanistic hypothesis
remains speculative. Nevertheless, we cannot completely exclude
the contribution of an increased pool of splenic HSCs during
development in both models of lipodystrophic mice. This could
be due to reduced BM colonization at birth, when stem cell niches
are being formed, or to an increased retention in spleen and
liver, which are the primary sites of hematopoiesis before birth,
although the decrease in CXCL12 expression in the spleen, does
not favor this hypothesis.

The main limitation of the present study originates from the
fact that mice, like most rodents, are more prone to develop
EMH than humans. Nonetheless, our results strongly support
the fact that lack or scarcity of adipocytes is deleterious for
BM hematopoiesis. A deeper analysis of the adipocytes in
the BM stem cell niche itself, more particularly with respect
to their paracrine activity and cell-cell contacts may help to
better define the role of adipocytes in cell retention/egress from
the BM and highlight the importance of some key factors of
interest for clinical situations of BM transfer. Alternately, and
not exclusively, the search for a systemic cue linked to the
generalized lipodystrophymight provide new avenues of research
in hematopoiesis.
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Receptor activator of nuclear factor-κB ligand (RANKL), a member of the Tumor Necrosis

Factor (TNF) superfamily, constitutes the master regulator of osteoclast formation and

bone resorption, whereas its involvement in inflammatory diseases remains unclear.

Here, we used the human TNF transgenic mouse model of erosive inflammatory

arthritis to determine if the progression of inflammation is affected by either genetic

inactivation or overexpression of RANKL in transgenic mouse models. TNF-mediated

inflammatory arthritis was significantly attenuated in the absence of functional RANKL.

Notably, TNF overexpression could not compensate for RANKL-mediated osteopetrosis,

but promoted osteoclastogenesis between the pannus and bone interface, suggesting

RANKL-independent mechanisms of osteoclastogenesis in inflamed joints. On the other

hand, simultaneous overexpression of RANKL and TNF in double transgenic mice

accelerated disease onset and led to severe arthritis characterized by significantly

elevated clinical and histological scores as shown by aggressive pannus formation,

extended bone resorption, and massive accumulation of inflammatory cells, mainly

of myeloid origin. RANKL and TNF cooperated not only in local bone loss identified

in the inflamed calcaneous bone, but also systemically in distal femurs as shown

by microCT analysis. Proteomic analysis in inflamed ankles from double transgenic

mice overexpressing human TNF and RANKL showed an abundance of proteins

involved in osteoclastogenesis, pro-inflammatory processes, gene expression regulation,

and cell proliferation, while proteins participating in basic metabolic processes were

downregulated compared to TNF and RANKL single transgenic mice. Collectively, these

results suggest that RANKL modulates modeled inflammatory arthritis not only as a

mediator of osteoclastogenesis and bone resorption but also as a disease modifier

affecting inflammation and immune activation.

Keywords: RANKL, TNF, inflammation, arthritis, transgenic models, proteomics

INTRODUCTION

Receptor Activator of Nuclear Factor κB Ligand (RANKL), a Tumor necrosis factor (TNF)
superfamily member, is the master regulator of osteoclast-induced bone resorption (1), that is
necessary for the lifelong process of bone remodeling where mature bone tissue is removed from
the skeleton and new bone tissue is formed by osteoblasts. RANKL binds as a trimer to its
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receptor RANK to promote osteoclast differentiation, activity
and survival, which subsequently leads to bone resorption
(2, 3). Osteoclasts derive from the myeloid lineage and have
the unique ability to resorb bone through the decalcification
and degradation of the bone matrix by hydrochloric acid and
proteolysis, respectively (4). Genetic ablation of either RANKL
or RANK results in severe osteopetrosis, a disease caused by
osteoclast deficit, demonstrating that the RANKL/RANK system
is indispensable for osteoclastogenesis (5–7). The function of
RANKL is physiologically inhibited by the action of the decoy
receptor osteoprotegerin (OPG) that binds to RANKL and
prevents the process of osteoclastogenesis (8). An imbalance
at the RANKL:OPG ratio caused by abundant RANKL levels
is believed to be a major determinant in the development
of bone loss diseases, including postmenopausal osteoporosis,
a metabolic bone disease characterized by decreased bone
density and increased fracture risk (9). The critical role of
RANKL in osteoporosis is now well-established by the efficacy
of denosumab, a human monoclonal anti-RANKL antibody,
that specifically inhibits the interaction between RANKL and
RANK, in postmenopausal osteoporosis (10). Although RANKL
is best known for its function in osteoclastogenesis, it also plays
multiple roles in the immune system (11), as it has been shown
to enhance dendritic cell survival and regulates lymph node
organogenesis. In addition, RANKL controls the development
of autoimmune regulator (AIRE)+ medullary thymic epithelial
cells suggesting a key role of RANKL/RANK signals in the
regulation of central tolerance. RANKL expression could also
be detected in synovial fibroblasts and inflammatory cells
isolated from the synovial fluid of Rheumatoid Arthritis (RA)
patients, facilitating osteoclast maturation even in the absence of
osteoblasts. Although the inhibition of RANKL effectively arrests
progression of arthritic osteolysis, there are no evidence so far to
support proinflammatory properties of RANKL (12). Thus, the
role of RANKL in the progression of inflammation in RA remains
unclear.

RA is a complex inflammatory disease characterized by
synovial hyperplasia, cartilage damage, and bone erosions,
leading to progressive disability. Inflammatory synovium, mainly
including macrophage-like and fibroblast-like synoviocytes,
leads to pannus formation that destroys the local articular
structures through proteolytic digestion of the extracellular
matrix (13). The destructive processes in RA involve a
complex interplay between synovial fibroblasts, lymphocytes,
macrophages, proinflammatory cytokines, and chemokines,
inducing osteoclast-mediated bone resorption. TNF is a key
proinflammatory cytokine in RA (14), as experimentally shown
by the spontaneous development of chronic inflammatory
polyarthritis upon TNF overexpression in transgenic mice (15,
16) and clinically by the efficacy of anti-TNF therapies in RA
patients (17). Apart from its proinflammatory role, TNF also
promotes bone resorption at sites of chronic inflammation,
through the induction of osteoclastogenesis (18). Even though
the RANK/RANKL signaling is also involved in local osteolysis
induced by chronic inflammation, it remains unclear whether
it is the absolute pathway. Previous studies have shown that
proinflammatory cytokines such as TNF can compensate for
RANKL during osteoclastogenesis in vitro (19–21), whereas

it is unclear whether TNF can lead to osteoclastogenesis
independently of RANKL, in vivo.

In the present study, we investigated the role of RANKL
as a disease modifier in TNF-driven inflammatory arthritis
employing two proprietary genetic models of RANKL-mediated
pathologies; an osteopetrosis model caused by osteoclast
absence due to a functional mutation in the RANKL gene
(22) (Rankltles/tles mice) and osteoporosis transgenic models
that overexpress human RANKL (TgRANKL mice) displaying
increased osteoclast activity and bone resorption (23). Our
results showed that the onset and the progression of TNF-
mediated arthritis is dramatically affected by deregulated RANKL
expression, supporting an underestimated role of RANKL in
inflammatory osteolytic diseases.

MATERIALS AND METHODS

Mouse Husbandry
Osteopetrotic Rankltles/tles mice (22), osteoporotic Tg5516 and
Tg5519mice (23), and arthritic Tg197mice (15) were maintained
and bred under specific pathogen free conditions in the animal
facility of Biomedical Sciences Research Center “Alexander
Fleming.” All animal procedures were approved and carried
out in strict accordance with the guidelines of the Institutional
Animal Care and Use Committee and the Region of Attica
Veterinarian Office.

Arthritic Clinical Score
Arthritis was evaluated macroscopically weekly in ankle joints in
a blinded manner using the following semi-quantitative arthritis
score (24); 0: no arthritis (normal appearance and grip strength);
(1) mild arthritis (joint swelling); (2) moderate arthritis (severe
joint swelling and digit deformation, no grip strength); and
(3) severe arthritis (ankylosis detected on flexion and severely
impaired movement). Grip strength was evaluated as regards the
ability of the mouse to grasp the cage grid cover.

Histological Processing and Scoring of
Joints
Ankle joints and femurs were fixed in 10% formalin overnight
at 4◦C, decalcified in 13% EDTA for 14 days, and embedded
in paraffin. Sections of 5µm thickness were stained with
hematoxylin and eosin, and the histopathologic score was
evaluated microscopically, in a blinded manner using a
modified scoring system (24) as follows; 0: no detectable
pathology; 1: hyperplasia of the synovial membrane and
presence of polymorphonuclear infiltrates; 2: pannus and
fibrous tissue formation and focal subchondral bone erosion;
3: articular cartilage destruction and bone erosion; 4: extensive
articular cartilage destruction and bone erosion, and 5: massive
destruction of ankle joint with undefined structure. Osteoclasts
were stained for TRAP (Tartrate Resistant Acid Phosphatase)
activity using the leukocyte acid phosphatase kit 386A (Sigma-
Aldrich), whereas cartilage was stained with Toluidine Blue
(Sigma-Aldrich). TRAP staining was quantified as an osteoclast
surface fraction (percentage of osteoclast surface in total bone
surface, Oc.S/BS, %) focusing either in the bone marrow
compartment area or the pannus-bone interface area using the
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open source software for bone histomorphometry “TrapHisto”
(25).

MicroCT Analysis
Bone samples (ankles and femurs) were fixed in 10% formalin
overnight at 4

◦
C and then washed and stored in PBS.

Microarchitecture of the ankle joints and the distal femurs
from 6 weeks old mice was evaluated using a high-resolution
SkyScan1172 microtomographic (microCT) imaging system
(Bruker). Images were acquired at 50 KeV, 100 µA with
a 0.5mm aluminum filter. Three-dimensional reconstructions
(8.8mm cubic resolution) were generated using NRecon software
(Bruker) as previously described (26). For the trabecular area
of the calcaneous bone, we assessed the bone volume fraction
(BV/TV, %), and trabecular number (Tb.N, mm−1). Calcaneous
trabecular geometry was assessed using 75 continuous CT slides
(300µm) located at trabecular area underneath the growth plate
of the calcaneous bone. For the trabecular area of the distal femur
bone we assessed the bone volume fraction (BV/TV, %), and the
trabecular number (Tb.N, mm−1). Femoral trabecular geometry
was assessed using 300 continuous CT slides (1,800µm) located
at the trabecular area underneath the growth plate. Femural
cortical geometry was assessed using 100 continuous CT slides
(600µm) located at the femoral midshaft, where the bone volume
fraction (BV/TV, %) and the bone volume (Ct.BV, mm3) were
measured.

Flow Cytometry
Mice were sacrificed, ankle joints were removed and cells were
extracted from the synovium based on a modified protocol
(27). In brief, synovial tissue from ankle joints was minced
in RPMI medium containing 5% FBS, glutamine and freshly
made Collagenase type II isolated from Clostridium histolyticum
(Worthington) and incubated in a shaking waterbath for
90min at 37◦C. Single cell suspensions were generated through
pushing the tissue on a size-40 metallic mesh disc (Sigma-
Aldrich). Cells were filtered through a 100-µm sheet, centrifuged,
resuspended in FACS buffer (1% FBS in PBS) and counted using
a hematocytometer. 106 cells were plated in a 96 V-bottom
well plate (Costar) and stained with antibodies against CD45-
Alexa 700, CD11b-PE, Gr1-FITC, TCRα-APC/Cy7, and B220-
PerCP (Biolegend). Cells were incubated for 30min at 4

◦
C, and

then were washed and transferred to tubes for analysis. BD
FACS Canto II Flow Cytometer (BD Biosciences) was used for
processing the samples and results were analyzed with FlowJo
v7.6 software.

Quantitative Expression Analysis
Total RNA was extracted from ankle joints using a monophasic
solution of guanidine isothiocyanate and phenol according to
the manufacturer’s instructions (TRI Reagent, MRC). After
removal of DNA remnants with DNase I treatment (Sigma-
Aldrich), first strand cDNA was synthesized using 2 µg of
total RNA and MMLV reverse transcriptase (Sigma-Aldrich).
Templates were amplified with SsoFast EvaGreen Master Mix
(Bio-Rad Laboratories) on the CFX96 real time PCR instrument
(Bio-Rad Laboratories). Quantitative Real Time PCR (qPCR)
was performed at 55

◦
C for all genes (except: IL6 at 58

◦
C)

for 40 cycles. Specific primer pairs (Eurofins Genomics) were
used for the quantitative expression as follows (sequences 5′

to 3′, sense and antisense): human RANKL: ACGCGTATT
TACAGCCAGTG and CCCGTAATTGCTCCAATCTG; mouse
RANKL: TGTACTTTCGAGCGCAGATG and AGGCTTGTT
TCATCCTCCTG; human TNF: GAGGCCAAGCCCTGGTATG
and CGGGCCGATTGATCTCAGC; mouse TNF: CAGGCG
GTGCCTATGTCTC and CGATCACCCCGAAGTTCAGTAG;
mouse IL-1β: ATCTTTTGGGGTCCGTCAACT and CCCTCA
CACTCAGATCATCTTCT; and mouse IL-6: TAGTCCTTC
CTACCCCAATTTCC and TTGGTCCTTAGCCACTCCTTC.
The samples were normalized to GAPDH expression (TTA
GCACCCCTGGCCAAGG and CTTACTCCTTGGAGGCCA
TG). Relative expression was calculated as the fold difference
compared with control values using BioRad CFX96TM. For each
experiment at least three biological and two technical replicates
were used.

Proteomics
For the proteomic analysis, ankle joints were isolated from 6-
week-old WT, Tg5519, Tg197 and Tg197/Tg5519 mice (6–8 mice
per genotype).

Protein Extraction and Lysis
Ankle joints from the four different genotypes (WT, Tg5519,
Tg197, and Tg197/Tg5519) were ground to powder in liquid
nitrogen using a pestle and mortar and solubilized in 150 µl lysis
buffer containing 100mM Tris-HCl, pH 7.6, 4% SDS and freshly
made 100mM DTT. Samples were incubated for 3min at 95◦C,
followed by 20min incubation in a sonication water bath in order
to shear the DNA. Finally, the samples were centrifuged at 17,000
× g for 30min at 4◦C and the supernatants were transferred to
new tubes.

Protein Digestion
The protein extracts were processed according to the Filter Aided
Sample Preparation (FASP) protocol using spin filter devices
with 10 kDa cutoff (Sartorius, VN01H02). 40 µl lysate were
diluted in 8M Urea/100mM Tris-HCl pH 8.5, the filters were
extensively washed with the urea solution, covered with 10mg/ml
iodoacetamide in the urea solution and incubated for 30min in
the dark for the alkylation of cysteines. The proteins on the top
of the filters were washed three times with 50mM ammonium
bicarbonate and finally the proteins were digested adding 1
µg trypsin/LysC mix in 80 µl 50mM ammonium bicarbonate
solution (Mass spec grade, Promega) and incubated overnight
at 37◦C. The peptides were eluted by centrifugation, followed by
speed-vac-assisted solvent removal, reconstitution in 0.1% formic
acid, 2% acetonitrile in water, and transferring to LC-MS glass
sample vials. Peptide concentration was determined by nanodrop
absorbance measurement at 280 nm.

Ultra High Pressure NanoLC
2.5 µg peptides were injected and pre-concentrated with a flow
of 3 µl/ min for 10min using a C18 trap column (Acclaim
PepMap100, 100µm× 2 cm, Thermo Scientific) and then loaded
onto a 50 cm C18 column (75µm ID, particle size 2µm, 100 Å,
Acclaim PepMap RSLC, Thermo Scientific). The binary pumps of
theHPLC (RSLCnano, Thermo Scientific) consisted of solutionA
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(2% v/v ACN in 0.1% v/v formic acid) and solution B (80% ACN
in 0.1% formic acid). The peptides were separated using a linear
gradient of 4–40% B in 450min at a flow rate of 300 nl/min. The
column was placed in an oven operating at 35◦C.

MS/MS
The purified peptides were ionized through nanoESI and
analyzed by an LTQ Orbitrap XL Mass spectrometer (Thermo
Fisher Scientific). Full scan MS spectra were acquired in the
orbitrap (m/z 300–1,600) using profile mode with a data-
dependent acquisition method were the resolution was set to
60,000 at m/z 400 and the automatic gain control target at 106

ions. The six most intense ions were sequentially isolated for
collision-induced MS/MS fragmentation and their detection in
the linear ion trap. Dynamic exclusion was set to 1min and
activated for 90 sec. Ions with single charge states were excluded.
Lockmass of m/z 445.120025 was used for internal calibration.
Xcalibur (Thermo Scientific) was used to control the system and
acquire the raw files.

Data Analysis
The raw files were analyzed using MaxQuant (version 1.6.0.16),
the complete Uniprot Mus musculus (228 311 entries / Oct-
2016) and a common contaminants database by the Andromeda
search engine. The search parameters used were strict trypsin
specificity, allowing up to two missed cleavages. Oxidation of
methionines, deamidation of asparagine and glutamine residues
and N-terminal acetylation were set as variable modifications.
Cysteine carbamidomethylation was set as a fixed modification.
“Second peptide” option was enabled. The protein and peptide
false discovery rate (FDR) was set to 0.01 for both proteins and
peptides with a minimum length of seven amino acids that was
determined by searching a reverse database. Protein abundance
was calculated on the basis of the normalized spectral protein
intensity as label free quantitation (LFQ intensity) enabling
the “match between runs” option (set at 0.7min). LFQ was
performed with a minimum ratio count of 2.

Proteomics Statistical Analysis
The statistical analysis was performed using Perseus (version
1.6.1.3) (28). Proteins identified as contaminants, “reverse” and
“only identified by site” were filtered out. The LFQ intensities
were transformed to logarithmic values (log2(x)). The biological
replicas were grouped together. The protein groups were filtered
to obtain at least 4 valid values in at least one group. A total of
2,009 label free quantified proteins were subjected to statistical
analysis with ANOVA test (permutation based FDR with 0.05
cutoff) for the comparison of all groups. The 1,019 statistically
significant proteins were then Z-scored, visualized by Euclidean
hierarchical clustering and grouped into three main clusters (I,
II and III) consisting of 403, 179, and 437 proteins, respectively.
Tukey’s honestly significant difference (THSD) was performed
on the ANOVA significant hits to determine in exactly which
pairwise group comparisons, a given protein was differentially
expressed. Enrichment analysis was performed with ClueGO (29)
(version 3.6.1), a Cytoscape plug-in, using KEGG (30) pathways
database. Only pathways that had p-value<0.05 (hypergeometric

test with Benjamini–Hochberg correction) were considered and
“is Specific” was set to 60%. Default values were used for the other
parameters.

Statistical Analysis
All results are expressed as mean ± standard error mean
(SEM). Statistical significance was calculated for two groups
using Student’s t-tests or the Mann-Whitney test for non-
parametric distribution. The log-rank test was used for survival
curve comparison. One-Way analysis of variance (ANOVA) and
Tukey post-hoc test was performed to compare means of multiple
groups. P-values <0.05 were considered significant; ∗p < 0.05,
∗∗p < 0.01, ∗∗∗p < 0.001 when not otherwise specified.

RESULTS

Significant Attenuation of TNF-Mediated
Inflammatory Arthritis in the Absence of
Functional RANKL
To elucidate the role of RANKL in the progression of
TNF-mediated inflammatory arthritis in vivo, we generated
Tg197/Rankltles/tles mice by crossing Tg197 arthritic mice
overexpressing human TNF with Rankltles/tles osteopetrotic
mice carrying a functional mutation in the RANKL gene (22).
The Tg197 transgenic mouse model spontaneously develops
inflammatory arthritis characterized by swelling of the ankles,
infiltration of inflammatory cells, synovial hyperplasia, articular
cartilage destruction and bone erosion, closely resembling
the human pathology of rheumatoid arthritis. Rankltles/tles

mice, expressing an inactive form of RANKL incapable of
forming trimers, are osteopetrotic due to osteoclast absence
(22). Tg197/Rankltles/tles mice also displayed an osteopetrotic
phenotype as shown by failure of tooth eruption, and
growth retardation similarly to Rankltles/tles mice, whereas
an improvement was observed in their survival percentage
compared to Rankltles/tles mice even though not significant
(Figures 1A,B). Macroscopically, arthritis appeared in Tg197
mice at 3 weeks of age as detected by mild swelling of the ankle
joint, which progressed with severe joint swelling and distortion
accompanied by movement deterioration by the 10th week of
age, the end point of the study (Figure 1C). However, arthritis
signs were not detected in Tg197/Rankltles/tles mice throughout
the study period (Figure 1C). Histological analysis at 10 weeks
of age, when Tg197 control mice reached the peak of disease,
demonstrated a dramatic attenuation of inflammatory arthritis
in Tg197/Rankltles/tles mice, as shown by moderate synovial
hyperplasia (Figures 1D,E). These results indicate that RANKL
loss significantly attenuates inflammatory arthritis onset and
progression.

RANKL-Independent Formation of
Osteoclasts in TNF-Driven Inflammatory
Arthritis
So far, it has been shown that RANKL is necessary for the
physiological process of bone remodeling. However, it is unclear
whether osteoclasts can be formed in a TNF-driven inflammatory
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FIGURE 1 | Dramatic attenuation of TNF-driven arthritis upon RANKL genetic inactivation. Tg197/Rankltles/tles mice and sex-matched control littermates WT

(Rankltles/+), Tg197 (Tg197/Rankltles/+), and Rankltles/tles were assessed until the 10th week of age for (A) body weight gain (n = 6–7 per genotype), (B) percent

survival (n = 15 per genotype), (C) clinical arthritic score (from 0 to 3) in both ankles for each mouse (n = 7 per genotype), and (D) histological arthritic score (from 0 to

5) in both ankles for each mouse at 10 weeks of age (n = 12–14 per genotype). Control group includes Rankltles/+ and Rankltles/tles mice. (E) Representative

histological images of hematoxylin/eosin (H&E) and Tartrate-resistant acid phosphatase (TRAP) stained ankle joint sections from two Tg197/Rankltles/tles mice,

displaying either mild (Image 1), or moderate inflammatory arthritis (Image 2), and their littermate controls at 10 weeks of age. Boxed areas at TRAP staining show a

higher magnification of regions harboring TRAP+ cells in Tg197 (a) and Tg197/Rankltles/tles mice (b,c). Scale bars: 300µm at H&E and TRAP, 80µm at boxed areas

in TRAP. TRAP staining was measured as osteoclast surface fraction (Oc.S/BS, %) quantification in (F) the bone marrow compartment area, and (G) the pannus-bone

interface (n = 5–8 per genotype). Data represent mean values ± SEM. One-Way ANOVA and Tukey post-hoc test was performed for statistical analysis of more than

two groups and Mann-Whitney test was performed for statistical analysis between two groups. The log-rank test was used for survival curve comparison. Asterisks

mark statistically significant difference (*p < 0.05, **p < 0.01, ***p < 0.001).

environment even without RANKL signaling in vivo. To
investigate this possibility, we analyzed the hematoxylin/eosin
stained sections for osteopetrosis and in parallel we stained
serial sections from all experimental groups with Tartrate-
resistant acid phosphatase (TRAP), which is an osteoclastic
marker. As expected, Rankltles/tles mice failed to develop TRAP+
osteoclasts and developed osteopetrosis, whereas enhanced
osteoclastogenesis and bone resorption was identified in arthritic

Tg197mice at sites of pannus invasion into bone (Figures 1E–G).
However, TNF overexpression failed to reverse the RANKL-
mediated osteopetrotic phenotype in Tg197/Rankltles/tles mice,
which was further confirmed by the absence of osteoclastogenesis
in the bone marrow compartment (Figures 1E,F). Instead,
TRAP+ osteoclasts were identified in the inflamed synovium
of Tg197/Rankltles/tles mice (Figures 1E,G), indicating RANKL-
independent mechanisms of osteoclastogenesis at sites of
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TNF-induced inflammation in vivo. Notably, the extent of
osteoclastogenesis, either limited or moderate, depended on
arthritis severity in Tg197/Rankltles/tles ankles (Figures 1E,G).
Collectively, our results suggest that TNF overexpression
can induce RANKL-independent osteoclastogenesis at sites
of inflammatory invasion into the ankle joints but cannot
compensate for RANKL in bone remodeling in vivo as the
osteopetrotic phenotype is not affected.

RANKL Overexpression Exacerbates
TNF-Driven Inflammatory Arthritis
We next investigated whether the progression of inflammatory
arthritis in the TNF transgenic model was affected by human
RANKL (huRANKL) overexpression. This was achieved by
crossing Tg197 mice with the TgRANKL transgenic lines Tg5516
and Tg5519 that express huRANKL at a physiological relevant
tissue-specific pattern. Tg5516 mice expressing huRANKL at

FIGURE 2 | RANKL overexpression exacerbates TNF-driven arthritis. Assessment of arthritis progression was conducted in Tg197/TgRANKL mice (Tg197/Tg5516,

Tg197/Tg5519), Tg197 and sex-matched control littermates (WT, Tg5516, and Tg5519) till the 6th week of age. (A) Body weight curves (n = 10 per genotype), (B)

clinical arthritic scores (n = 10–15 per genotype), (C) histological arthritic score (n = 10–15 per genotype), and (D) representative ankle joint sections from each

genotype (n = 10–15) at the 6th week of age stained with hematoxylin/eosin (H&E), TRAP for osteoclasts and Toluidine Blue (TB) for articular cartilage destruction.

Arrows at H&E indicate focal pannus invasion into subchondral bone regions. Scale bars: 300µm at H&E and TRAP; 150µm at TB. Data represent mean values ±

SEM. One-Way ANOVA and Tukey post-hoc test was performed. Asterisks mark statistically significant difference (*p < 0.05, **p < 0.01, ***p < 0.001).
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low levels develop mild trabecular bone loss, while a more
severe osteoporotic phenotype is identified in the Tg5519 line
overexpressing huRANKLwith features of severe trabecular bone
loss and cortical porosity (23). Simultaneous overexpression of
RANKL and TNF in Tg197/TgRANKL mice resulted in an
aggressive arthritic phenotype, characterized by earlier arthritis
onset and exacerbated clinical symptoms, such as reduced
body weight gain and increased arthritis scores compared to
Tg197 arthritic control mice (Figures 2A,B). Histopathological
analysis at 6 weeks of age, when arthritic manifestations
in Tg197 mice were restricted on synovial hyperplasia and
focal pannus formation, showed significantly increased arthritis
progression in Tg197/Tg5519 mice characterized by aggravated
inflammatory pannus formation, increased osteoclastogenesis,
massive bone destruction and surface cartilage degradation
as indicated by staining with hematoxylin/eosin, TRAP and
Toluidine blue (Figures 2C,D). Similarly, Tg197/Tg5516 mice
displayed an exacerbation of inflammatory arthritis compared
to Tg197 mice but to a lesser extent as regards Tg197/Tg5519
mice, indicating a RANKL dose effect on arthritis progression
(Figures 2C,D).

A hallmark of RA is the accumulation of inflammatory
cells such as monocytes, neutrophils and lymphocytes in the
proliferating synovium that penetrates the cartilage and the bone
in the form of pannus causing aberrant joint destruction. So
far, the role of RANKL in inflammation remains enigmatic.
To examine whether the exacerbated arthritis phenotype
developed in Tg197/TgRANKLmice correlates with an increased
inflammatory profile, we analyzed the synovial tissue for
inflammatory cells through flow cytometry (Figure 3). Our
analysis showed a significant increase in the number of infiltrated
cells extracted from Tg197/Tg5519 inflamed ankles compared
to Tg197 mice (Tg197/Tg5519: 13.15 ± 2.72 × 106 cells vs.
Tg197: 4.39± 0.16× 106 cells), supporting arthritis exacerbation.
More specifically, CD45+ hematopoietic-derived cell infiltrates
were increased 4 times in the synovium of Tg197/Tg5519 mice
compared to Tg197 mice (Tg197/Tg5519: 9.59 ± 2.2 × 106 cells
vs. Tg197: 2.51 ± 0.09 × 106 cells), while no statistical changes
were identified between Tg5519 and WT mice (Figure 3A). The
synovium of Tg197/Tg5519 mice was infiltrated by 2-fold more
CD11b+Gr1− monocytes/macrophages (Tg197/Tg5519: 2.91 ±

0.28 × 106 cells vs. Tg197: 1.36 ± 0.11 × 106 cells), and 5-fold
more CD11b+Gr1+ granulocytes (Tg197/Tg5519: 2.4 ± 0.73 ×

106 cells vs. Tg197: 0.44 ± 0.04 × 106 cells) than Tg197 mice,
where monocytes and synovial macrophages are the dominant
inflammatory cells (Figure 3B). The absolute numbers of B220+
B lymphocytes (Tg197/Tg5519: 0.98 ± 0.11 × 106 cells vs.
Tg197: 0.51 ± 0.06 × 106 cells) and TCRα+ T lymphocytes
(Tg197/Tg5519: 1.27 ± 0.27 × 106 cells vs. Tg197: 0.5 ± 0.05
× 106 cells) were also significantly increased in comparison
to Tg197 mice, however to a lesser extent than myeloid cells
(Figure 3B).

As regards the percentage of inflammatory cells in the arthritic
synovium, flow cytometry revealed a statistical increase of the
percentage of CD45+ hematopoietic cells in Tg197/Tg5519 mice
compared to Tg197, supporting exacerbation of inflammation
(Figure 3C). Even though the percentages of B and T

lymphocytes were rather low in the inflamed synovium of
double transgenic mice (Tg197/Tg5519) and arthritic mice
(Tg197), CD11b+/Gr1− macrophages/monocytes were prevalent
in Tg197, while CD11b+/Gr1+ granulocytes in Tg197/Tg5519
mice (Figure 3D), indicating probable differences in pathogenic
mechanisms. Similarly, inflamed synovium from Tg197/Tg5516
mice also contained increased numbers and percentages of
CD45+ hematopoietic cells (Tg197/Tg5516: 72.4 ± 1.2% cells
vs. Tg197: 59.02 ± 0.37%) and CD11b+/Gr1+ granulocytes
(Tg197/Tg5516: 15.63 ± 0.62% vs. Tg197: 10.9 ± 1%) compared
to Tg197. Collectively, the aberrant co-expression of TNF and
RANKL,modifies the inflammatory profile in the inflamed ankles
toward a massive accumulation of inflammatory cells mainly of
myeloid origin.

Furthermore, the cytokine profile of the inflamed ankle
joints was investigated through qPCR. Expression analysis for
endogenous RANKL showed a progressive increase in Tg197
and Tg197/Tg5519 mice compared to control groups WT and
Tg5519, indicating a positive correlation with arthritis severity
(Figure 3E). Similarly, the expression levels of the huRANKL
transgene were significantly increased in Tg197/Tg5519 mice
compared to Tg5519 mice (Figure 3F), supporting an impact of
the arthritic milieu in the regulation of the transgene’s expression
since it carries regulatory regions. In contrast, the expression
levels of the endogenous TNF and those of the human TNF
transgene were similar between Tg197 and Tg197/Tg5519 mice
(Figures 3E,F), excluding their possible involvement in arthritis
aggravation upon RANKL overexpression. We also investigated
the expression of two proinflammatory cytokines, IL-6 and
IL-1b in inflamed ankles (Figures 3G–I). Both cytokines were
significantly upregulated in Tg197 mice compared to WT mice.
The expression level of IL-6, a proinflammatory cytokine of
the acute phase response that promotes neutrophil production,
was further 1.5-fold increased in Tg197/Tg5519 mice compared
to Tg197 (Figure 3G), in line with the granulocytic arthritic
phenotype developed in such mice (Figures 3B,D). Instead,
IL-1b, a proinflammatory cytokine expressed by activated
macrophages, was 2-fold decreased in Tg197/Tg5519 compared
to Tg197 mice (Figure 3I), which could be explained by the
proportional decrease of macrophages in the inflamed synovium
of Tg197/Tg5519 mice (Figure 3D).

Cooperative Effect of RANKL and TNF in
Local and Systemic Bone Resorption
We further investigated whether the exacerbated arthritis
phenotype identified in Tg197/TgRANKL mice affected bone
erosion locally. Histological examination of the inflamed ankles
from Tg197/TgRANKL mice showed pronounced inflammatory
bone destruction. To quantify bone loss locally, we performed
microcomputed tomography (microCT) at the trabecular region
of the calcaneous bone, which is proximal to the inflamed
synovium and contains an organized trabecular structure.
Both TgRANKL osteoporotic mice and Tg197 arthritic mice
showed trabecular bone loss in the calcaneous bone at 6
weeks of age (Figure 4), while the calcaneous bone loss
was further exacerbated in Tg197/RANKL mice compared

Frontiers in Immunology | www.frontiersin.org 7 February 2019 | Volume 10 | Article 9732

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Papadaki et al. RANKL as Modifier in Arthritis

FIGURE 3 | Increased inflammatory cell infiltration in the synovium of Tg197/TgRANKL mice. (A,B) Absolute cell counts and (C,D) percentage of synovial

subpopulations from 6 week-old Tg197/Tg5519 mice and sex-matched littermates (WT, Tg5519, Tg197) as determined by flow cytometry using antibodies against

CD45 (hematopoietic cells), CD11b (myeloid cells), Gr1 (granulocytes), B220 (B lymphocytes) and TCRα (T lymphocytes) (n = 4–5 per genotype). qPCR analysis in

inflamed ankles from 6 week-old Tg197/Tg5519 mice and littermate controls (n = 3–4) for (E) mouse RANKL and mouse TNF, (F) human RANKL and human TNF, (G)

IL6 and (I) IL1b cytokine. Data represent mean values ± SEM. One-Way ANOVA and Tukey post-hoc test was performed for more than two groups and Student’s

t-test for two groups. Asterisks mark statistically significant difference (*p < 0.05, **p < 0.01, ***p < 0.001).

to the control littermate groups (WT, TgRANKL, Tg197).
In the severe osteoporotic model Tg5519 the presence of
the huTNF transgene promoted bone loss in an additive

manner. Assessment of the trabecular bone volume fraction
(BV/TV, %) demonstrated a 28% reduction in Tg5519, 46%
in Tg197 and 73% in Tg197/Tg5519 compared to WT
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FIGURE 4 | Synergistic effect of RANKL and TNF in inflamed bone loss. MicroCT analysis in the trabecular region of the calcaneous bone from mice of each group at

6 weeks of age as shown by (A) representative longitudinal sections and (B) cross-sectional sections. Quantitative measurements with microCT in the trabecular area

of the calcaneous bone for BV/TV (Bone Volume/Total Volume, %), and Tb.N (Trabecular Number per mm) in (C) Tg197/Tg5519 and littermates (n = 8–10, equal

number of sexes per genotype), and (D) Tg197/Tg5516 and littermates (n = 8, equal number of sexes per genotype). Data represent mean values ± SEM. One-Way

ANOVA and Tukey post-hoc test was performed for more than two groups. Asterisks mark statistically significant difference (*p < 0.05, **p < 0.01, ***p < 0.001).

group (Figures 4A–C). Furthermore, a synergistic effect was
identified when huTNF was introduced in the mild osteoporosis
model Tg5516, as Tg197/Tg5516 mice displayed a 62%
reduction in BV/TV, while Tg5516 and Tg197 together
reached a 48% reduction compared to WT (Figure 4D). These
results indicate that the exacerbated arthritis developed in

Tg197/TgRANKL mice coincides with a cooperative local bone
loss.

To investigate whether simultaneous overexpression of
RANKL and TNF also affected other skeletal sites outside
of the inflamed ankles, we analyzed both metaphyseal and
diaphyseal regions in distal femurs from Tg197, TgRANKL, and
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Tg197/TgRANKL mice (Figure 5). Similarly to the calcaneous
bone, both the trabecular and the cortical regions of the non-
inflamed Tg197/TgRANKL femurs displayed exacerbated bone
loss. The severe osteoporotic phenotype in Tg5519 was further
aggravated, while mild osteoporosis in Tg5516 mice converted to
severe osteoporosis upon huTNF expression, indicating that TNF
and RANKL also cooperate in systemic bone loss.

Proteomic Analysis of Inflamed Joints
To identify altered biological processes and changes in the
proteome at osteolytic inflammatory arthritis aggravated by the
overexpression of RANKL, we utilized a comparative proteomic
approach using LC-MS/MS and label free quantitation in ankles
from 6 week-old Tg197/Tg5519 transgenic mice and control
groups, including Tg197, Tg5519, and WT littermate mice.
Analysis was performed on whole ankle joints in order to capture
deregulated protein networks at the time of isolation while also
maintaining all the populations and the potential interactions
in inflamed ankles. For each ankle we quantified 2,009 proteins
using label-free quantitation (LFQ) determined by theMaxQuant
software (31, 32). We achieved high biological reproducibility as
reflected by the unsupervised clustering of the genotypes in the
composed heatmap (Figure 6A). To define significant regulated
proteins, we performed one-way ANOVA analysis between
the four genotypes and identified 1,019 significantly regulated
proteins (Figure 6A). Hierarchical clustering of significantly
regulated proteins revealed three major groups. Cluster I consists
of 403 proteins, Cluster II of 179 and Cluster III of 437 proteins
(Figure 6A). Bioinformatic “annotation enrichment analysis” in
these clusters using ClueGO/CluePedia software (29) identified
the main biological pathways (KEGG database) regulated by
these proteins. Cluster I contained proteins involved in basic
metabolic processes such as citrate cycle (TCA), oxidative
phosphorylation or glycolysis/gluconeogenesis that were found
specifically downregulated in arthritic groups Tg197 and
Tg197Tg5519 (Figure 6B and Supplementary Table 1). Cluster
II is composed mostly of ribosomal proteins which are enriched
in huRANKL overexpressing mice Tg5519 and Tg197/Tg5519
(Figure 6C and Supplementary Table 2). Enrichment analysis
in Cluster III revealed a high prevalence of proteins involved
in phagosome, lysosome, proteasome, cytoskeleton regulation,
leukocyte transendothelial migration and Fcγ-receptor-mediated
phagocytosis in arthritic Tg197 and Tg197/Tg5519 mice
compared to control groups Tg5519 and WT (Figure 6D
and Supplementary Table 3), suggesting activation of immune
responses.

To elucidate the most prominent proteins involved in RA
aggravation by RANKL, Tukey’s honestly significant difference
was performed on the ANOVA significant hits. A total of
231 proteins, 120 downregulated and 111 upregulated, were
found statistically altered in Tg197/Tg5519 compared to Tg197
mice. Enrichment analysis in downregulated proteins based on
KEGG pathway database revealed classification to processes
related with metabolism, and muscle contraction (Figure 7A
and Supplementary Table 4). In contrast, the upregulated
proteins were grouped to processes associated with RA,

protein processing and amino acid metabolism (Figure 7B and
Supplementary Table 5).

To exclude a possible involvement of the osteoporotic
background in the deregulated proteins identified in
Tg197/Tg5519 compared to Tg197, we examined which of
the above mentioned 231 differentially expressed proteins
were also statistically significant between Tg197/Tg5519 and
Tg5519 mice. This analysis revealed 65 proteins downregulated
(Supplementary Table 6) and 36 upregulated (Figure 7C,
Table 1) in Tg197/Tg5519 compared to control groups
Tg197 and Tg5519. Subcategorization of the 65 significantly
downregulated proteins in Tg197/Tg5519 mice based on their
biological function, showed that the majority of the proteins
participated in metabolic processes of carbohydrates, lipids,
amino acids and nucleotides as well as in mitochondrial function
(Supplementary Table 6). On the other hand, the proteome of
the inflamed ankles from Tg197/Tg5519 mice was enriched for
proteins expressed in activated osteoclasts and vacuolar-type
H+ ATPase subunits either osteoclast-specific or ubiquitous
(Figure 7C, Table 1), indicating extended bone resorption.
Similarly, upregulation was observed for proteins involved in
DNA, RNA and protein processing, suggesting activation of
chromatin remodeling and gene expression. Moreover, increased
levels have been identified for proteins involved in intracellular
signal transduction, vacuolar transport and cell migration.
Many of the upregulated proteins have been implicated in
inflammatory responses, and cell proliferation regulation that
fully correlate with the aggressive inflammatory phenotype
developed in the ankles of Tg197/Tg5519 mice.

DISCUSSION

The importance of the RANKL/RANK/OPG system in the
development of bone destruction in RA has been recently
established, since RANKL is highly expressed in the synovial
tissue of RA patients (33–35) and inhibition of RANKL with
denosumab results in amelioration of bone destruction in RA
(36, 37). Paradoxically, there are limited clinical trials that inhibit
RANKL in RA, and from the available ones an effectiveness has
been demonstrated for bone resorption but not for inflammation
during a short-term treatment period from 6 to 12 months (36–
39). Thus, the role of RANKL in the progression of inflammation
in RA remains unclear. Here, we investigated if the progression
of TNF-mediated erosive inflammatory arthritis is affected either
by genetic inactivation (22) or overexpression of RANKL in
transgenic mouse models (23). Our previous studies have shown
that the G278R substitution identified in Rankltles/tles mice allows
normal RANKL gene expression and protein production but
abrogates RANKL trimer formation and subsequently receptor
binding. Therefore, mutant RANKL lacks biological activity as it
fails to induce osteoclastogenesis both ex vivo and in vivo leading
to an osteopetrotic phenotype (22). Our results demonstrated
that modeled arthritis was significantly attenuated in the absence
of functional RANKL, as shown by the absence of clinical
arthritis signs and significant decrease in synovial hyperplasia.
The unexpected improvement of survival in Tg197/Rankltles/tles
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FIGURE 5 | Cooperative effect of RANKL and TNF in systemic bone loss. MicroCT analysis in the distal femur from mice of each genotype at 6 weeks of age as

shown by (A) representative longitudinal sections and (B) cross-sectional sections at mid-diaphysis. Quantitative analysis with microCT of trabecular bone in the

metaphyseal region of the distal femur of (C) Tg197/Tg5519 mice and their littermate controls (n = 8–10, equal number of sexes per genotype) and (D)

Tg197/Tg5516 mice and their littermate controls (n = 8, equal number of sexes per genotype) for BV/TV (Bone Volume/Total Volume, %), and Tb.N (Trabecular

Number per mm). Quantitative analysis with microCT of cortical bone in the mid-diaphyseal region of the femur of (E) Tg197/Tg5519 mice compared to their littermate

controls (n = 8–10, equal number of sexes per genotype), and (F) Tg197/Tg5516 and their littermates (n = 8, equal number of sexes per genotype) for Ct.BV/TV

(Cortical Bone Volume/Total Volume, %), and Ct. BV (Cortical Bone Volume, mm3). Data represent mean values ± SEM. One-Way ANOVA and Tukey post-hoc test

was performed for more than two groups. Asterisks mark statistically significant difference (*p < 0.05, **p < 0.01, ***p < 0.001).
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FIGURE 6 | Proteomic analysis in inflamed ankle joints of Tg197/TgRANKL mice. Comparative proteomic analysis using LC-MS/MS and label free quantitation in

ankles from 6 week-old Tg197/Tg5519 mice and control groups including Tg197, Tg5519, and WT littermate mice (n = 6–8 biological replicas). (A) Heat map of

statistical significant proteins (one-way ANOVA analysis). Columns represent each individual sample, labeled on top, and each row represents single proteins with an

assigned color from blue (low expression) to red (high expression). Not detectable proteins are colored gray. Hierarchical Euclidean clustering created 3 protein

clusters (gray, pink, and black). # indicates one Tg5519 mouse. Annotation enrichment analysis was performed using KEGG pathways database for (B) cluster I, (C)

cluster II, and (D) cluster III.
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FIGURE 7 | Identification of upregulated proteins in the inflamed ankles of Tg197/TgRANKL mice. Enrichment annotation analysis based on KEGG database for (A)

downregulated and (B) upregulated proteins in Tg197/Tg5519 compared to Tg197 mice. Bars represent the –Log(p-value) of pathways and the associated number of

genes is presented at the end of the bar. (C) Abundance heat maps for proteins upregulated in Tg197/Tg5519 mice compared to Tg197 and Tg5519 control mice

(Tukey’s analysis). The average abundance of biological replicas (n = 6–8) is represented in each cell of the heat map.

mice compared to control Rankltles/tles mice, could indicate
a compensatory role for TNF in a RANKL-null background
and needs further investigation. It is possible that the observed
amelioration of arthritis is caused by the osteopetrotic phenotype
rather than RANKL inactivation per se. In contrast, previous
reports using c-fos deficient osteopetrotic mice crossed with TNF
arthritic mice demonstrated that osteopetrosis is dispensable
for TNF-mediated arthritis as synovial inflammation was not
affected whereas bone resorption was blocked (40), supporting
RANKL involvement in arthritis as shown in Tg197/Rankltles/tles

mice. Moreover, it is also possible that the attenuation of arthritis

identified in Tg197/Rankltles/tles mice is caused by the failure of
RANKL deficient mice to develop a functional immune system
(5, 6, 22).

Although several studies have revealed that TNF mediates
osteoclastogenesis using in vitro cell culture systems (19,
20), there is still a central controversy of whether TNF can
compensate for RANKL during osteoclastogenesis in vivo. Even
though administration of high doses of exogenous TNF leads
to the formation of osteoclast-like cells in RANK knockout
mice at the site of calvarial injection (41), introduction of
the Tg3647 TNF-expressing transgenic model displaying late
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TABLE 1 | Proteins identified significantly overexpressed in the ankles from Tg197/Tg5519 mice compared to those isolated from their littermates Tg197, and Tg5519.

Gene Name Protein ID ANOVA p-value WT Tg5519 Tg197 Tg197/Tg5519

OSTEOCLAST ACTIVITY

Acp5 (Trap) Q05117 5.1E-08 18.46 21.24 21.24 22.73

Ctsk P55097 2.2E-04 0.00 19.14 17.94 20.61

V-TYPE ATPASES

Atp6v0d1 P51863 8.8E-07 18.26 19.14 19.52 20.05

Atp6v1a P50516 7.0E-10 21.83 22.60 22.74 23.37

Atp6v1b2 P62814 1.2E-10 21.20 22.03 22.01 22.73

Atp6v1d P57746 1.9E-08 17.95 19.33 18.78 19.47

Atp6v1e1 P50518 1.5E-08 20.34 21.33 21.50 21.85

Tcirg1 Q9JHF5 2.2E-08 18.13 19.23 19.59 20.57

DNA PROCESSING

Hmgb1 P63158 9.5E-03 21.69 21.06 20.96 22.48

Hmgb2 P30681 8.3E-05 20.44 19.78 20.59 21.66

Hp1bp3 Q3TEA8 1.2E-03 17.51 0.00 17.47 18.22

Smc1a Q9CU62 2.6E-02 17.38 17.11 17.13 17.75

RNA PROCESSING

U2af2 P26369 2.7E-04 19.10 18.86 18.83 19.91

Hnrnpm Q9D0E1 2.5E-03 21.95 22.03 22.06 22.46

Snrpd2 Q9CQI7 1.3E-02 19.58 19.11 18.96 19.68

Srrt Q99MR6 5.3E-03 17.36 17.31 17.25 18.03

Pcbp1 P60335 1.3E-03 22.19 21.93 22.11 22.39

Ddx21 Q9JIK5 9.7E-04 18.70 18.82 18.76 19.64

Ddx58 Q6Q899 1.5E-03 17.00 17.40 17.77 18.56

PROTEIN PROCESSING

Rpl35 Q6ZWV7 3.7E-03 20.45 21.16 20.43 22.08

Eif5b Q05D44 9.0E-06 17.17 17.64 17.03 18.64

Erp29 P57759 7.5E-05 20.24 20.59 20.77 21.09

Scamp3 O35609 1.7E-03 18.44 18.62 18.54 18.95

Xpnpep1 Q6P1B1 9.1E-03 20.79 20.63 20.68 20.98

Uap1l1 Q3TW96 1.4E-05 20.54 20.69 20.96 21.34

SIGNAL TRANSDUCTION

Stk24 Q99KH8 5.9E-04 17.66 17.96 18.02 19.43

Prkcd P28867 7.6E-06 17.96 18.36 19.31 19.83

Commd3 Q63829 1.8E-02 0.00 17.98 17.91 18.70

VACUOLAR TRANSPORT, ENDOCYTOSIS, INVASIVENESS

Myo1b P46735 2.2E-03 17.84 18.23 18.27 19.08

Acap2 Q6ZQK5 7.8E-03 17.72 0.00 17.82 18.36

Csrp2 P97314 5.1E-05 18.22 0.00 18.37 19.36

BIOSYNTHETIC PROCESS

Aprt P08030 9.7E-06 19.19 19.41 19.72 20.38

Umps P13439 2.3E-02 0.00 17.31 17.35 18.34

H6pd Q8CFX1 6.2E-07 18.94 19.07 19.31 19.58

Mthfd1l Q3V3R1 4.0E-04 19.55 19.73 19.75 20.25

Aldh6a1 Q9EQ20 7.2E-03 22.27 22.04 21.68 21.53

Logarithmic LFQ mean values are provided for each genotype.

onset arthritis in a RANK knockout background, showed that
upon TNF overexpression osteoclastogenesis does not occur
in the absence of RANKL/RANK signaling (42). Our results
demonstrated that TNF overexpression could not compensate
for RANKL-mediated osteopetrosis in Tg197/Rankltles/tles mice,

supported by the absence of osteoclasts in the bone marrow
compartment. The fact that osteoclasts were identified between
the pannus and bone interface in Tg197/Rankltles/tles mice,
indicates that this effect is driven by TNF-induced inflammation
in vivo. However, the involvement of a subtle RANKL signaling
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in TNF-driven osteoclastogenesis cannot be excluded and needs
further investigation. Similarly, previous reports have shown that
induction of K/BxN serum transfer arthritis in RANK-deleted
mice, resulted in osteoclastogenesis in the inflamed synovium
but not in the bone marrow, supporting RANKL-indepedent
mechanisms for osteoclast formation in vivo in a sufficiently
inflamed environment (43).

Following a similar approach, the effect of RANKL
overexpression in arthritis progression was studied in
Tg197/TgRANKL double transgenic mice that simultaneously
overexpress TNF and RANKL. Our results demonstrated that
abundance of RANKL accelerated TNF-driven arthritis onset
and disease severity characterized by massive osteoclastogenesis
and bone resorption, aggressive pannus expansion and immense
infiltration of inflammatory cells mainly of myeloid origin.
Even though in the inflamed ankles of Tg197 mice the
dominant inflammatory cells were CD11b+Gr1− monocytes
and synovial macrophages, the synovium of Tg197/Tg5519
mice had a 5-fold increase in CD11b+Gr1+ granulocytes
and 2-fold in CD11b+Gr1− monocytes/macrophages. The
percent composition of various infiltrated populations showed
a clear prevalence of granulocytes in TNF-driven arthritis
upon RANKL overexpression. Neutrophils, the most abundant
type of granulocytes, are short-lived and highly motile cells
that constitute an essential component in innate immune
system, as they are among the first cells that arrive in inflamed
tissues (44). They are involved in various chronic inflammatory
diseases such as RA, where are found in synovial fluid and
rheumatoid pannus. It has been previously demonstrated that
the membrane-associated form of RANKL is expressed in
healthy blood neutrophils as well as in SF neutrophils (45),
suggesting a role for inflammatory neutrophils infiltrated at
the hypertrophied synovium, in osteoclastogenesis and bone
resorption. Apart from that, RANKL was recently demonstrated
to potently activate human neutrophil degranulation (46) and
treatment with anti-RANKL improved cardiac infarct size and
function by potentially impacting on neutrophil-mediated injury
and repair (47). Thus, the dramatic increase in the population of
granulocytes in inflamed ankles from Tg197/Tg5519 mice could
promote bone destruction.

Proteomics, the largescale study of the proteome, has emerged
as a powerful technique to identify biomarkers for diagnosis,
prognosis, disease monitoring and discovery of novel disease
targets in RA (48). To identify proteome alterations in osteolytic
inflammatory arthritis aggravated by the overexpression of
RANKL, we utilized a comparative proteomic approach in
inflamed ankles from Tg197/Tg5519 and control mice. Our
analysis revealed 65 significantly downregulated proteins in
Tg197/Tg5519 mice compared to Tg197 and Tg5519 mice, while
their classification based on biological function, showed that
the majority of the proteins participated in metabolic processes
of carbohydrates, lipids, amino acids and nucleotides as well
as in mitochondrial function. These results indicate that severe
inflammation developed in the ankles of Tg197/Tg5519 mice is
related to altered metabolic profile and probably mitochondria
dysfunction asmanymitochondrial proteins were downregulated
(Supplementary Table 6). In RA the inflamed joint is profoundly

hypoxic as a result of dysregulated angiogenesis, impaired
mitochondrial function and inflammation, which leads to a
bioenergetic crisis. Under these conditions synovial cells display
adaptive survival responses, which in conjunction with altered
metabolism, activate key transcriptional signaling pathways that
further exacerbate inflammation (49). Notably, there is also
downregulation of proteins functioning as protease inhibitors,
such as Alpha-1-antitrypsin encoded by the SERPINA1 gene,
that protect tissues from enzymes of inflammatory cells,
especially neutrophil elastase (50), suggesting extensive tissue
damage in Tg197/Tg5519 mice. Moreover, downregulation of
proteins involved in muscle contraction in Tg197/Tg5519 mice
is indicative of muscle degeneration caused by movement
impairment due to severe arthritis progression.

In contrast, the proteome of the inflamed ankles from
Tg197/Tg5519 mice was enriched for proteins expressed in
activated osteoclasts, including TRAP and cathepsin K (CTSK),
and vacuolar-type H+ ATPase subunits. TRAP prompts
the dephosphorylation of bone matrix phosphoproteins and
allows osteoclast migration, and further resorption to occur
(51), while Cathepsin K, a member of cysteine proteases,
is involved in the degradation of bone matrix proteins,
especially type I collagen (52). Apart from bone resorption,
Cathepsin K plays an important role in the immune system
as shown by suppression of experimental arthritis through its
pharmacological inhibition (53). The vacuolar type H+ ATPases
(V-ATPase) are ATP-driven proton pumps that establish and
maintain the acidic environment of intracellular organelles,
including secretory granules, endosomes, and lysosomes, as
well as extracellular compartments by specialized cells (54).
Within intracellular membranes, V-ATPases function in a
variety of processes, including antigen processing in dendritic
cells and lysosomal degradation, while their presence in the
plasma membrane mediates extracellular acidification (55).
The mammalian V-ATPase proton pump is a macromolecular
complex composed of at least 14 subunits that are expressed
and function in a tissue-specific manner. Genetic studies
implicate a critical role for subunits ATP6V1B2, ATP6V1C1,
ATPV0D2, and ATP6V0A3 (TCIRG1) in osteoclast activity as
relevant mutations lead to osteopetrosis (56). Osteoclasts employ
plasma membrane V-ATPases to release hydrogen ions (H+)
into the resorption lacunae in order to dissolve the mineral
component of bone and concomitantly to enhance the activity
of enzymes that digest the organic matrix (56). The fact that
Tg197/Tg5519 inflamed ankles overexpress various V-ATPase
subunits either osteoclast specific such as ATP6V1B2, and
TCIRG1 or ubiquitous ATP6V1A, ATP6V1E1, and ATPV0D1
indicates an overwhelming osteoclastic activity that causes
massive joint destruction, which is also confirmed by the
histological analysis. Upregulated V-ATPase subunits could also
have an impact on inflammatory responses such as phagocytosis,
cytokine secretion and exocytosis of neutrophil granules (57,
58). Notably, recent studies have shown that in inflammatory
conditions, osteoclasts can differentiate from dendritic cells
in the presence of RANKL and behave as antigen-presenting
cells (59). Therefore, increased osteoclastogenesis identified in
Tg197/TgRANKL mice could not only contribute to bone
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destruction, but may also participate in perpetuating the
inflammatory response.

In inflamed ankles from Tg197/Tg5519 mice there is also
upregulated expression of proteins involved in DNA, RNA
and protein processing, suggesting activation of chromatin
remodeling and gene expression. Of special importance are
DNA binding proteins, HMGB1 and HMGB2, members of
the High-mobility group box (HMGB) family displaying two
functions. In the nucleus, HMGB proteins bind to DNA in a
DNA structure-dependent but nucleotide sequence-independent
manner to function in chromatin remodeling. Extracellularly,
HMGB proteins function as alarmins or damage-associated
molecular pattern (DAMP) molecules, which are endogenous
molecules released upon tissue damage to activate the immune
system and drive inflammatory responses (60). Circulating
HMGB1, the prototype member, has a crucial role in sterile
inflammation caused by tissue injury or mitochondria damage,
while its levels are increased in many human inflammatory
diseases such as rheumatoid arthritis and their associated
experimental models (61–63). Secreted HMGB1 binds to several
immune receptors, principally toll-like receptors (TLRs) and
through activation of NF-κB signaling (64) triggers inflammation
by inducing cytokine release and recruitment of leucocytes.
Thus, upregulation of HMGB1 and HMGB2 in inflamed ankles
suggests extensive tissue damage and sustained inflammatory
responses.

Moreover, proteomic analysis in Tg197/Tg5519 inflamed
ankles identified high expression of RNA-binding proteins
involved in mRNA splicing, and miRNA biogenesis. Among
these proteins, U2AF2 (U2 Small Nuclear RNA Auxiliary
Factor 2) is a central splicing complex member involved in pre-
mRNA splicing and 3′-end processing (65) with an impact in the
regulation of transcriptome in activated CD4T lymphocytes (66).
Moreover, HNRNPM (Heterogeneous nuclear ribonucleoprotein
M), a component of the spliceosome machinery, promotes
alternative spicing, cell proliferation and progression of breast
cancer (67), while SRRT (Serrate, RNA Effector Molecule)
participates to mRNA splicing and primary miRNA processing
(68), it is involved in cell cycle progression at S phase, and
its genetic deletion resulted in defective hematopoiesis in bone
marrow and thymus (69). DDX21 and DDX58, as RNA helicases
unwind their RNA substrates, and are involved in multiple
biological processes related to RNA metabolism, including viral
dsRNA sensing by innate cells, initiation of host antiviral
responses and production of proinflammatory cytokines (70).
Emerging evidence indicate that HMGBs bind to immunogenic
nucleic acids (promiscuous sensing), which is required for
subsequent recognition by specific pattern recognition receptors
(discriminative sensing) such as DDXs to activate the innate
immune responses. Such helicases also interact with endogenous
RNAs regulating ribosome biogenesis (71) or translation of
specific targets such as NF-κB1 (72). This category of nuclear
RNA-binding proteins suggests increased transcription, RNA
biogenesis and processing, while it remains unclear whether there
is a specific correlation with regulation of inflammatory genes.

As regards intracellular signal transduction, there is
abundance of protein kinases such as Serine/threonine kinase

(STK24), and Protein kinase Cδ (PKCδ) in Tg197/T5519 ankles.
STK24 plays an important role in controlling interleukin 17
(IL-17)-triggered inflammation and autoimmune diseases, since
STK24 deficiency or knockdown markedly inhibited IL-17-
induced phosphorylation of NF-κB and impaired IL-17-induced
chemokines and cytokines expression (73). PKCδ, a signaling
kinase with multiple downstream target proteins, is an essential
regulator of peripheral B-cell development with a critical role in
immune homeostasis. Among its main roles, PKCδ is responsible
for the regulation of survival, proliferation, and apoptosis in
a variety of cells including lymphocytes, while deficiency in
PKCδ leads to systemic autoimmunity (74). Moreover, COMM
domain-containing protein 3 (COMMD3) is an uncharacterised
member of the COMMD family of proteins that interact with
NF-κB and modulate its response (75).

Another group of proteins found upregulated in
Tg197/Tg5519 ankles are involved in intracellular vesicular
transport, endocytosis and invasiveness in extracellular matrix.
MYO1B (Myosin IB) along with actin have been implicated in
the control of secretory granule biogenesis and invagination
of the plasma membrane during endocytosis (76). ACAP2
(ArfGAP With Coiled-Coil, Ankyrin Repeat And PH Domains
2), is a GTPase-activating protein that plays central role in
endocytosis and FcγR-mediated phagocytosis (77), while CRP2
(Cysteine Rich Protein 2) is a new cytoskeletal component of
invadopodia promoting breast cancer cell invasiveness and
metastasis (78).

To our knowledge, this is the first study showing a
proinflammatory role of RANKL in modeled arthritis apart from
its well-established bone resorbing properties. A similar effect
of RANKL has been identified in experimental periodontitis as
RANKL antagonists inhibit both tissue inflammation and bone
loss (79). Given that RA is a heterogeneous disease and so far
the effect of denosumab in RA has been addressed only for a
12-month period, further studies are needed to investigate the
inflammatory properties of RANKL in RA patients. Our results
support that RANKL synergizes with TNF not only in local and
systemic bone resorption but also in the inflammatory phenotype
developed in modeled arthritis. Abundance of RANKL in TNF-
driven arthritis worsens arthritis severity as shown by an increase
in bone resorption, inflammatory cells and protein biomarkers
indicative of extented osteoclastogenesis, tissue damage and
activation of the immune system. Moreover, RANKL is essential
for physiological and inflammation-induced bone remodeling,
while TNF induces osteoclastogenesis in vivo at contact sites
between synovium and bone. Therefore, RANKL provides an
interesting candidate for resolution of inflammatory resorption
in RA, whereas a dual inhibition of RANKL and TNF seems
a promising therapeutic approach for severe inflammatory
osteolytic arthritis.

AUTHOR CONTRIBUTIONS

ED conceived and designed the study, supervised experiments,
and wrote the manuscript. MP performed and analyzed the
majority of experiments and prepared the manuscript. VR

Frontiers in Immunology | www.frontiersin.org 16 February 2019 | Volume 10 | Article 9741

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Papadaki et al. RANKL as Modifier in Arthritis

performed microCT analysis and edited the manuscript.
FV and MS conducted proteomic analysis and edited the
manuscript. TT performed statistic analysis in proteomics
data. GP provided scientific insight and edited the
manuscript.

FUNDING

This work was supported by the Seventh Framework Programme
Marie Curie Initial Training Network Osteoimmune Grant FP7-
PEOPLE-2011-ITN-289150 (to ED).

ACKNOWLEDGMENTS

We thank Professor George Kollias (Biomedical Sciences
Research Center Alexander Fleming) for kindly providing Tg197
human TNF transgenic mice.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fimmu.
2019.00097/full#supplementary-material

REFERENCES

1. Fuller K, Wong B, Fox S, Choi Y, Chambers TJ. TRANCE is necessary and
sufficient for osteoblast-mediated activation of bone resorption in osteoclasts.
J Exp Med. (1998) 188:997–1001. doi: 10.1084/jem.188.5.997

2. Lacey DL, Timms E, Tan HL, Kelley MJ, Dunstan CR, Burgess T, et al.
Osteoprotegerin ligand is a cytokine that regulates osteoclast differentiation
and activation. Cell (1998) 93:165–76. doi: 10.1016/S0092-8674(00)81569-X

3. Yasuda H, Shima N, Nakagawa N, Yamaguchi K, Kinosaki M,
Mochizuki S, et al. Osteoclast differentiation factor is a ligand for
osteoprotegerin/osteoclastogenesis-inhibitory factor and is identical
to TRANCE/RANKL. Proc Natl Acad Sci USA. (1998) 95:3597–602.
doi: 10.1073/pnas.95.7.3597

4. Seeman E, Delmas PD. Bone quality–the material and structural basis
of bone strength and fragility. N Engl J Med. (2006) 354:2250–61.
doi: 10.1056/NEJMra053077

5. Kong YY, Yoshida H, Sarosi I, Tan HL, Timms E, Capparelli C, et al.
OPGL is a key regulator of osteoclastogenesis, lymphocyte development and
lymph-node organogenesis. Nature (1999) 397:315–23. doi: 10.1038/16852

6. Kim D, Mebius RE, MacMicking JD, Jung S, Cupedo T, Castellanos Y,
Rho J, et al. Regulation of peripheral lymph node genesis by the tumor
necrosis factor family member TRANCE. J Exp Med. (2000) 192:1467–78.
doi: 10.1084/jem.192.10.1467

7. Dougall WC, Glaccum M, Charrier K, Rohrbach K, Brasel K, De Smedt T,
et al. RANK is essential for osteoclast and lymph node development. Genes
Dev. (1999) 13:2412–24. doi: 10.1101/gad.13.18.2412

8. Simonet WS, Lacey DL, Dunstan CR, Kelley M, Chang MS, Lüthy R, et al.
Osteoprotegerin: a novel secreted protein involved in the regulation of bone
density. Cell (1997) 89:309–19. doi: 10.1016/S0092-8674(00)80209-3

9. Darby AJ. Bone formation and resorption in postmenopausal osteoporosis.
Lancet (1981) 2:536. doi: 10.1016/S0140-6736(81)90931-4

10. Cummings SR, San Martin J, McClung MR, Siris ES, Eastell R, Reid IR,
et al. Denosumab for prevention of fractures in postmenopausal women with
osteoporosis. N Engl J Med. (2009) 361:1914. doi: 10.1056/NEJMoa0809493

11. Leibbrandt A, Penninger JM. Novel functions of RANK(L) signaling
in the immune system. Adv Exp Med Biol. (2010) 658:77–94.
doi: 10.1007/978-1-4419-1050-9_9

12. Tanaka Y. Clinical immunity in bone and joints. J Bone Miner Metab (2018).
doi: 10.1007/s00774-018-0965-5. [Epub ahead of print].

13. Firestein GS. Evolving concepts of rheumatoid arthritis. Nature (2003)
423:356–61. doi: 10.1038/nature01661

14. Feldmann M, Brennan FM, Foxwell BM, Maini RN. The role of TNF alpha
and IL-1 in rheumatoid arthritis. Curr Dir Autoimmun. (2001) 3:188–99.
doi: 10.1159/000060522)

15. Keffer J, Probert L, Cazlaris H, Georgopoulos S, Kaslaris E, Kioussis
D, et al. Transgenic mice expressing human tumour necrosis factor:
a predictive genetic model of arthritis. EMBO J. (1991) 10:4025–31.
doi: 10.1002/J.1460-2075.1991.TB04978.X

16. Kontoyiannis D, Pasparakis M, Pizarro TT, Cominelli F, Kollias G. Impaired
on/off regulation of TNF biosynthesis in mice lacking TNF AU- rich elements:
implications for joint and gut-associated immunopathologies. Immunity

(1999) 10:387–98. doi: 10.1016/S1074-7613(00)80038-2

17. Elliott MJ, Maini RN, Feldmann M, Long-Fox A, Charles P, Bijl H, et al.
Repeated therapy with monoclonal antibody to tumour necrosis factor
alpha (cA2) in patients with rheumatoid arthritis. Lancet (1994) 344:1125–7.
doi: 10.1016/S0140-6736(94)90632-7

18. Boyce BF, Li P, Yao Z, Zhang Q, Badell IR, Schwarz EM, et al. TNF-
alpha and pathologic bone resorption. Keio J Med. (2005) 54:127–31.
doi: 10.2302/kjm.54.127

19. Azuma Y, Kaji K, Katogi R, Takeshita S, Kudo A. Tumor necrosis factor-alpha
induces differentiation of and bone resorption by osteoclasts. J Biol Chem.
(2000) 275:4858–64. doi: 10.1074/jbc.275.7.4858

20. Kobayashi K, Takahashi N, Jimi E, Udagawa N, Takami M, Kotake S, et al.
Tumor necrosis factor stimulates osteoclast differentiation by a mechanism
independent of the Odf/rankl-rank interaction. J ExpMed. (2000) 191:275–86.
doi: 10.1084/jem.191.2.275

21. Fuller K, Murphy C, Kirstein B, Fox SW, Chambers TJ. TNFα potently
activates osteoclasts, through a direct action independent of and
strongly synergistic with RANKL. Endocrinology (2002) 143:1108–18.
doi: 10.1210/en.143.3.1108

22. Douni E, Rinotas V, Makrinou E, Zwerina J, Penninger JM, Eliopoulos E,
et al. A RANKL G278R mutation causing osteopetrosis identifies a functional
amino acid essential for trimer assembly in RANKL and TNF. Hum Mol

Genet. (2012) 21:784–98. doi: 10.1093/hmg/ddr510
23. Rinotas V, Niti A, Dacquin R, Bonnet N, Stolina M, Han CY, et al. Novel

genetic models of osteoporosis by overexpression of human RANKL in
transgenic mice. J Bone Miner Res. (2014) 29:1158–69. doi: 10.1002/jbmr.2112

24. Douni E, Sfikakis PP, Haralambous S, Fernandes P, Kollias G. Attenuation of
inflammatory polyarthritis in TNF transgenic mice by diacerein: comparative
analysis with dexamethasone, methotrexate and anti-TNF protocols. Arthritis
Res Ther. (2004) 6:R65–72. doi: 10.1186/ar1028

25. van ’t Hof RJ, Rose L, Bassonga E, Daroszewska A. Open source software
for semi-automated histomorphometry of bone resorption and formation
parameters. Bone (2017) 99:69–79. doi: 10.1016/j.bone.2017.03.051

26. Bouxsein ML, Boyd SK, Christiansen BA, Guldberg RE, Jepsen KJ,
Müller R. Guidelines for assessment of bone microstructure in rodents
using micro-computed tomography. J Bone Miner Res. (2010) 25:1468–86.
doi: 10.1002/jbmr.141

27. Armaka M, Gkretsi V, Kontoyiannis D, Kollias G. A standardized protocol
for the isolation and culture of normal and arthritogenic murine synovial
fibroblasts. Protoc Exch (2009). doi: 10.1038/nprot.2009.102

28. Tyanova S, Cox J. Perseus: a bioinformatics platform for integrative analysis
of proteomics data in cancer research.Methods Mol Biol. (2018) 1711:133–48.
doi: 10.1007/978-1-4939-7493-1_7

29. Bindea G, Mlecnik B, Hackl H, Charoentong P, Tosolini M, Kirilovsky A,
et al. ClueGO: a cytoscape plug-in to decipher functionally grouped gene
ontology and pathway annotation networks. Bioinformatics (2009) 25:1091–3.
doi: 10.1093/bioinformatics/btp101

30. Ogata H, Goto S, Sato K, Fujibuchi W, Bono H, Kanehisa M. KEGG: kyoto
encyclopedia of genes and genomes. Nucleic Acids Res. (1999) 27:29–34.
doi: 10.1093/nar/27.1.29

31. Cox J, Mann M. Maxquant enables high peptide identification rates,
individualized p.p.b.-range mass accuracies and proteome-wide protein
quantification. Nat Biotechnol. (2008) 26:1367–72. doi: 10.1038/nbt.1511

Frontiers in Immunology | www.frontiersin.org 17 February 2019 | Volume 10 | Article 9742

https://www.frontiersin.org/articles/10.3389/fimmu.2019.00097/full#supplementary-material
https://doi.org/10.1084/jem.188.5.997
https://doi.org/10.1016/S0092-8674(00)81569-X
https://doi.org/10.1073/pnas.95.7.3597
https://doi.org/10.1056/NEJMra053077
https://doi.org/10.1038/16852
https://doi.org/10.1084/jem.192.10.1467
https://doi.org/10.1101/gad.13.18.2412
https://doi.org/10.1016/S0092-8674(00)80209-3
https://doi.org/10.1016/S0140-6736(81)90931-4
https://doi.org/10.1056/NEJMoa0809493
https://doi.org/10.1007/978-1-4419-1050-9_9
https://doi.org/10.1007/s00774-018-0965-5
https://doi.org/10.1038/nature01661
https://doi.org/10.1159/000060522)
https://doi.org/10.1002/J.1460-2075.1991.TB04978.X
https://doi.org/10.1016/S1074-7613(00)80038-2
https://doi.org/10.1016/S0140-6736(94)90632-7
https://doi.org/10.2302/kjm.54.127
https://doi.org/10.1074/jbc.275.7.4858
https://doi.org/10.1084/jem.191.2.275
https://doi.org/10.1210/en.143.3.1108
https://doi.org/10.1093/hmg/ddr510
https://doi.org/10.1002/jbmr.2112
https://doi.org/10.1186/ar1028
https://doi.org/10.1016/j.bone.2017.03.051
https://doi.org/10.1002/jbmr.141
https://doi.org/10.1038/nprot.2009.102
https://doi.org/10.1007/978-1-4939-7493-1_7
https://doi.org/10.1093/bioinformatics/btp101
https://doi.org/10.1093/nar/27.1.29
https://doi.org/10.1038/nbt.1511
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Papadaki et al. RANKL as Modifier in Arthritis

32. Cox J, Hein MY, Luber CA, Paron I, Nagaraj N, Mann M. Accurate proteome-
wide label-free quantification by delayed normalization and maximal peptide
ratio extraction, termed maxlfq. Mol Cell Proteomics (2014) 13:2513–26.
doi: 10.1074/mcp.M113.031591

33. Gravallese EM, Manning C, Tsay A, Naito A, Pan C, Amento
E, et al. Synovial tissue in rheumatoid arthritis is a source of
osteoclast differentiation factor. Arthritis Rheum. (2000) 43:250–8.
doi: 10.1002/1529-0131(200002)43:2<250::AID-ANR3>3.0.CO;2-P

34. Shigeyama Y, Pap T, Kunzler P, Simmen BR, Gay RE,
Gay S. Expression of osteoclast differentiation factor in
rheumatoid arthritis. Arthritis Rheum. (2000) 43:2523–30.
doi: 10.1002/1529-0131(200011)43:11<2523::AID-ANR20>3.0.CO;2-Z

35. Takayanagi H, Iizuka H, Juji T, Nakagawa T, Yamamoto A, Miyazaki
T, et al. Involvement of receptor activator of nuclear factor κB
ligand/osteoclast differentiation factor in osteoclastogenesis from
synoviocytes in rheumatoid arthritis. Arthritis Rheum. (2000) 43:259–69.
doi: 10.1002/1529-0131(200002)43:2<259::AID-ANR4>3.0.CO;2-W

36. Cohen SB, Dore RK, Lane NE, Ory PA, Peterfy CG, Sharp JT, et al. Denosumab
treatment effects on structural damage, bone mineral density, and bone
turnover in rheumatoid arthritis: a twelve-month, multicenter, randomized,
double-blind, placebo-controlled, phase II clinical trial. Arthritis Rheum.
(2008) 58:1299–309. doi: 10.1002/art.23417

37. Takeuchi T, Tanaka Y, Ishiguro N, Yamanaka H, Yoneda T, Ohira T, et al. Effect
of denosumab on Japanese patients with rheumatoid arthritis: a dose-response
study of AMG 162 (Denosumab) in patients with rheumatoid arthritis
on methotrexate to validate inhibitory effect on bone erosion (DRIVE)
- A 12-month, multicentre, randomi. Ann Rheum Dis. (2016) 75:983–90.
doi: 10.1136/annrheumdis-2015-208052

38. Sharp JT, Tsuji W, Ory P, Harper-Barek C, Wang H, Newmark R.
Denosumab prevents metacarpal shaft cortical bone loss in patients
with erosive rheumatoid arthritis. Arthritis Care Res. (2010) 62:537–44.
doi: 10.1002/acr.20172

39. Deodhar A, Dore RK, Mandel D, Schechtman J, Shergy W, Trapp R, et al.
Denosumab-mediated increase in hand bone mineral density associated with
decreased progression of bone erosion in rheumatoid arthritis patients.
Arthritis Care Res. (2010) 62:569–74. doi: 10.1002/acr.20004

40. Redlich K, Hayer S, Ricci R, David J, Tohidast-Akrad M, Kollias G, et al.
Osteoclasts are essential for TNF-alpha-mediated joint destruction. J Clin

Invest. (2002) 110:1419–27. doi: 10.1172/JCI15582
41. Li J, Sarosi I, Yan XQ, Morony S, Capparelli C, Tan HL, et al. RANK is the

intrinsic hematopoietic cell surface receptor that controls osteoclastogenesis
and regulation of bonemass and calciummetabolism. Proc Natl Acad Sci USA.
(2000) 97:1566–71. doi: 10.1073/pnas.97.4.1566

42. Li P, Schwarz EM, O’Keefe RJ, Ma L, Boyce BF, Xing L. RANK signaling
is not required for TNFalpha-mediated increase in CD11(hi) osteoclast
precursors but is essential for mature osteoclast formation in TNFalpha-
mediated inflammatory arthritis. J Bone Miner Res. (2004) 19:207–13.
doi: 10.1359/JBMR.0301233

43. O’Brien W, Fissel BM, Maeda Y, Yan J, Ge X, Gravallese EM, et al. RANK-
independent osteoclast formation and bone erosion in inflammatory
arthritis. Arthritis Rheumatol. (2016) 68:2889–900. doi: 10.1002/art.
39837

44. Lipsky PE, Davis LS, Cush JJ, Oppenheimer-Marks N. The role of cytokines
in the pathogenesis of rheumatoid arthritis. Springer Semin Immunopathol.
(1989) 11:123–62. doi: 10.1007/BF00197186

45. Poubelle PE, Chakravarti A, Fernandes MJ, Doiron K, Marceau AA.
Differential expression of RANK, RANK-L, and osteoprotegerin by
synovial fluid neutrophils from patients with rheumatoid arthritis and
by healthy human blood neutrophils. Arthritis Res Ther. (2007) 9:R25.
doi: 10.1186/ar2137

46. Quercioli A, Mach F, Bertolotto M, Lenglet S, Vuilleumier N, Galan
K, et al. Receptor activator of NF-κB ligand (RANKL) increases the
release ofneutrophil products associated with coronary vulnerability. Thromb

Haemost. (2012) 107:124–39. doi: 10.1160/TH11-05-0324
47. Carbone F, Crowe LA, Roth A, Burger F, Lenglet S, Braunersreuther V, et al.

Treatment with anti-RANKL antibody reduces infarct size and attenuates
dysfunction impacting on neutrophil-mediated injury. J Mol Cell Cardiol.
(2016) 94:82–94. doi: 10.1016/j.yjmcc.2016.03.013

48. Park Y-J, ChungMK,HwangD, KimW-U. Proteomics in rheumatoid arthritis
research. Immune Netw. (2015) 15:177–85. doi: 10.4110/in.2015.15.4.177

49. Fearon U, Canavan M, Biniecka M, Veale DJ. Hypoxia, mitochondrial
dysfunction and synovial invasiveness in rheumatoid arthritis. Nat Rev

Rheumatol. (2016) 12:385–97. doi: 10.1038/nrrheum.2016.69
50. Potempa J, Korzus E, Travis J. The serpin superfamily of proteinase inhibitors:

structure, function, and regulation. J Biol Chem. (1994) 269:15957–60.
doi: 10.1021/ed056pA86.2

51. Ek-Rylander B, Flores M, Wendel M, Heinegard D, Andersson G.
Dephosphorylation of osteopontin and bone sialoprotein by osteoclastic
tartrate-resistant acid phosphatase. Modulation of osteoclast adhesion in

vitro. J Biol Chem. (1994) 269:14853–6. doi: 10.1111/j.1095-8649.2004.00473.x
52. BossardMJ, Tomaszek TA, Thompson SK, Amegadzie BY, Hanning CR, Jones

C, et al. Proteolytic activity of human osteoclast cathepsin K: expression,
purification, activation, and substrate identification. J Biol Chem. (1996)
271:12517–24. doi: 10.1074/jbc.271.21.12517

53. Asagiri M, Hirai T, Kunigami T, Kamano S, Gober HJ, Okamoto K, et al.
Cathepsin K-dependent toll-like receptor 9 signaling revealed in experimental
arthritis. Science (2008) 319:624–7. doi: 10.1126/science.1150110

54. Cotter K, Stransky L, McGuire C, ForgacM. Recent insights into the structure,
regulation, and function of the V-ATPases.Trends Biochem Sci. (2015) 40:611–
22. doi: 10.1016/j.tibs.2015.08.005

55. Trombetta ES, Ebersold M, Garrett W, Pypaert M, Mellman I. Activation of
lysosomal function during dendritic cell maturation. Science (2003) 299:1400–
3. doi: 10.1126/science.1080106

56. Qin A, Cheng TS, Pavlos NJ, Lin Z, Dai KR, Zheng MH. V-ATPases in
osteoclasts: structure, function and potential inhibitors of bone resorption. Int
J Biochem Cell Biol. (2012) 44:1422–35. doi: 10.1016/j.biocel.2012.05.014

57. Gilman-Sachs A, Tikoo A, Akman-Anderson L, Jaiswal M, Ntrivalas E,
Beaman K. Expression and role of a2 vacuolar-ATPase (a2V) in trafficking of
human neutrophil granules and exocytosis. J Leukoc Biol. (2015) 97:1121–31.
doi: 10.1189/jlb.3A1214-620RR

58. Scherer O, Steinmetz H, Kaether C, Weinigel C, Barz D, Kleinert H,
et al. Targeting V-ATPase in primary human monocytes by archazolid
potently represses the classical secretion of cytokines due to accumulation
at the endoplasmic reticulum. Biochem Pharmacol. (2014) 91:490–500.
doi: 10.1016/j.bcp.2014.07.028

59. Ibáñez L, Abou-Ezzi G, Ciucci T, Amiot V, Belaïd N, Obino D, et al.
Inflammatory Osteoclasts Prime TNFα-Producing CD4+T Cells and Express
CX3CR1. J Bone Miner Res. (2016) 31:1899–908. doi: 10.1002/jbmr.2868

60. Lotze MT, Tracey KJ. High-mobility group box 1 protein (HMGB1):
nuclear weapon in the immune arsenal. Nat Rev Immunol. (2005) 5:331–42.
doi: 10.1038/nri1594

61. Yanai H, Ban T, Wang Z, Choi MK, Kawamura T, Negishi H, et al. HMGB
proteins function as universal sentinels for nucleic-acid-mediated innate
immune responses. Nature (2009) 462:99–103. doi: 10.1038/nature08512

62. Andersson U, Tracey KJ. HMGB1 is a therapeutic target for sterile
inflammation and infection. Annu Rev Immunol. (2011) 29:139–62.
doi: 10.1146/annurev-immunol-030409-101323

63. Taniguchi N, Kawakami Y,Maruyama I, LotzM.HMGBproteins and arthritis.
Hum Cell (2018) 31:1–9. doi: 10.1007/s13577-017-0182-x

64. Park JS, Svetkauskaite D, He Q, Kim JY, Strassheim D, Ishizaka A,
et al. Involvement of toll-like receptors 2 and 4 in cellular activation
by high mobility group box 1 protein. J Biol Chem. (2004) 279:7370–7.
doi: 10.1074/jbc.M306793200

65. Millevoi S, Loulergue C, Dettwiler S, Karaa SZ, Keller W, Antoniou
M, et al. An interaction between U2AF 65 and CF Imlinks the
splicing and 3′ end processing machineries. EMBO J. (2006) 25:4854–64.
doi: 10.1038/sj.emboj.7601331

66. Whisenant TC, Peralta ER, Aarreberg LD, Gao NJ, Head SR,
Ordoukhanian P, et al. The activation-induced assembly of an RNA/protein
interactome centered on the splicing factor U2AF2 regulates gene
expression in human CD4T cells. PLoS ONE (2015) 10:e0144409.
doi: 10.1371/journal.pone.0144409

67. Yang W-H, Ding M-J, Cui G-Z, Yang M, Dai D-L. Heterogeneous nuclear
ribonucleoprotein M promotes the progression of breast cancer by regulating
the axin/β-catenin signaling pathway. Biomed Pharmacother. (2018) 105:848–
55. doi: 10.1016/j.biopha.2018.05.014

Frontiers in Immunology | www.frontiersin.org 18 February 2019 | Volume 10 | Article 9743

https://doi.org/10.1074/mcp.M113.031591
https://doi.org/10.1002/1529-0131(200002)43:2$<$250::AID-ANR3$>$3.0.CO;2-P
https://doi.org/10.1002/1529-0131(200011)43:11$<$2523::AID-ANR20$>$3.0.CO;2-Z
https://doi.org/10.1002/1529-0131(200002)43:2$<$259::AID-ANR4$>$3.0.CO;2-W
https://doi.org/10.1002/art.23417
https://doi.org/10.1136/annrheumdis-2015-208052
https://doi.org/10.1002/acr.20172
https://doi.org/10.1002/acr.20004
https://doi.org/10.1172/JCI15582
https://doi.org/10.1073/pnas.97.4.1566
https://doi.org/10.1359/JBMR.0301233
https://doi.org/10.1002/art.39837
https://doi.org/10.1007/BF00197186
https://doi.org/10.1186/ar2137
https://doi.org/10.1160/TH11-05-0324
https://doi.org/10.1016/j.yjmcc.2016.03.013
https://doi.org/10.4110/in.2015.15.4.177
https://doi.org/10.1038/nrrheum.2016.69
https://doi.org/10.1021/ed056pA86.2
https://doi.org/10.1111/j.1095-8649.2004.00473.x
https://doi.org/10.1074/jbc.271.21.12517
https://doi.org/10.1126/science.1150110
https://doi.org/10.1016/j.tibs.2015.08.005
https://doi.org/10.1126/science.1080106
https://doi.org/10.1016/j.biocel.2012.05.014
https://doi.org/10.1189/jlb.3A1214-620RR
https://doi.org/10.1016/j.bcp.2014.07.028
https://doi.org/10.1002/jbmr.2868
https://doi.org/10.1038/nri1594
https://doi.org/10.1038/nature08512
https://doi.org/10.1146/annurev-immunol-030409-101323
https://doi.org/10.1007/s13577-017-0182-x
https://doi.org/10.1074/jbc.M306793200
https://doi.org/10.1038/sj.emboj.7601331
https://doi.org/10.1371/journal.pone.0144409
https://doi.org/10.1016/j.biopha.2018.05.014
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Papadaki et al. RANKL as Modifier in Arthritis

68. Gruber JJ, Zatechka DS, Sabin LR, Yong J, Lum JJ, Kong M, et al. Ars2 Links
the nuclear cap-binding complex to RNA interference and cell proliferation.
Cell (2009) 138:328–39. doi: 10.1016/j.cell.2009.04.046

69. Elahi S, Egan SM, Holling GA, Kandefer RL, Nemeth MJ, Olejniczak SH.
The RNA binding protein Ars2 supports hematopoiesis at multiple levels. Exp
Hematol. (2018) 64:45–58.e9. doi: 10.1016/j.exphem.2018.05.001

70. Steimer L, Klostermeier D. RNA helicases in infection and disease. RNA Biol.
(2012) 9:751–71. doi: 10.4161/rna.20090

71. Xing YH, Yao RW, Zhang Y, Guo CJ, Jiang S, Xu G, et al. SLERT regulates
DDX21 rings associated with Pol I transcription. Cell (2017) 169:664–78.e16.
doi: 10.1016/j.cell.2017.04.011

72. Zhang H-X, Liu Z-X, Sun Y-P, Zhu J, Lu S-Y, Liu X-S, et al. Rig-I regulates NF-
B activity through binding to Nf- b1 3′-UTR mRNA. Proc Natl Acad Sci USA.
(2013) 110:6459–64. doi: 10.1073/pnas.1304432110

73. Jiang Y, Tian M, Lin W, Wang X, Wang X. Protein kinase serine/threonine
kinase 24 positively regulates interleukin 17-induced inflammation by
promoting IKK complex activation. Front Immunol. (2018) 9:1–16.
doi: 10.3389/fimmu.2018.00921

74. Salzer E, Santos-Valente E, Keller B, Warnatz K, Boztug K. Protein kinase C
δ: a gatekeeper of immune homeostasis. J Clin Immunol. (2016) 36:631–40.
doi: 10.1007/s10875-016-0323-0

75. Bartuzi P, Hofker MH, van de Sluis B. Tuning NF-κB activity: a
touch of COMMD proteins. Biochim Biophys Acta (2013) 1832:2315–21.
doi: 10.1016/j.bbadis.2013.09.014

76. Delestre-Delacour C, Carmon O, Laguerre F, Estay-Ahumada C, Courel M,
Elias S, et al. Myosin 1b and F-actin are involved in the control of secretory

granule biogenesis. Sci Rep. (2017) 7:5172. doi: 10.1038/s41598-017-05
617-1

77. Egami Y, Fujii M, Kawai K, Ishikawa Y, Fukuda M, Araki N. Activation-
inactivation cycling of Rab35 and ARF6 is required for phagocytosis of
zymosan in RAW264 macrophages. J Immunol Res. (2015) 2015:429439.
doi: 10.1155/2015/429439

78. Hoffmann C, Mao X, Dieterle M, Moreau F, Absi A Al, Steinmetz A,
et al. CRP2, a new invadopodia actin bundling factor critically promotes
breast cancer cell invasion and metastasis. Oncotarget (2016) 7:13688–705.
doi: 10.18632/oncotarget.7327

79. Yuan H, Gupte R, Zelkha S, Amar S. Receptor activator of nuclear
factor kappa B ligand antagonists inhibit tissue inflammation and bone
loss in experimental periodontitis. J Clin Periodontol. (2011) 38:1029–36.
doi: 10.1111/j.1600-051X.2011.01780.x

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Papadaki, Rinotas, Violitzi, Thireou, Panayotou, Samiotaki and

Douni. This is an open-access article distributed under the terms of the Creative

Commons Attribution License (CC BY). The use, distribution or reproduction in

other forums is permitted, provided the original author(s) and the copyright owner(s)

are credited and that the original publication in this journal is cited, in accordance

with accepted academic practice. No use, distribution or reproduction is permitted

which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org 19 February 2019 | Volume 10 | Article 9744

https://doi.org/10.1016/j.cell.2009.04.046
https://doi.org/10.1016/j.exphem.2018.05.001
https://doi.org/10.4161/rna.20090
https://doi.org/10.1016/j.cell.2017.04.011
https://doi.org/10.1073/pnas.1304432110
https://doi.org/10.3389/fimmu.2018.00921
https://doi.org/10.1007/s10875-016-0323-0
https://doi.org/10.1016/j.bbadis.2013.09.014
https://doi.org/10.1038/s41598-017-05617-1
https://doi.org/10.1155/2015/429439
https://doi.org/10.18632/oncotarget.7327
https://doi.org/10.1111/j.1600-051X.2011.01780.x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


ORIGINAL RESEARCH
published: 05 March 2019

doi: 10.3389/fimmu.2019.00383

Frontiers in Immunology | www.frontiersin.org 1 March 2019 | Volume 10 | Article 383

Edited by:

Claudine Blin-Wakkach,

UMR7370 Laboratoire de Physio

Médecine Moléculaire (LP2M), France

Reviewed by:

Melanie Haffner-Luntzer,

University of Ulm, Germany

Valérie Trichet,

University of Nantes, France

Emeline Groult,

UMS3760 Institut de Biologie et

Chimie des Protéines (IBCP), France

*Correspondence:

Martin J. Stoddart

martin.stoddart@aofoundation.org

Specialty section:

This article was submitted to

Inflammation,

a section of the journal

Frontiers in Immunology

Received: 08 November 2018

Accepted: 14 February 2019

Published: 05 March 2019

Citation:

Fahy N, Menzel U, Alini M and

Stoddart MJ (2019) Shear and

Dynamic Compression Modulates the

Inflammatory Phenotype of Human

Monocytes in vitro.

Front. Immunol. 10:383.

doi: 10.3389/fimmu.2019.00383

Shear and Dynamic Compression
Modulates the Inflammatory
Phenotype of Human Monocytes
in vitro
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Monocytes and their derived macrophages are found at the site of remodeling tissue,

such as fracture hematoma, that is exposed to mechanical forces and have been

previously implicated in the reparative response. However, the mechanoresponsive of

monocytes and macrophages to skeletal tissue-associated mechanical forces and their

subsequent contribution to skeletal repair remains unclear. The aim of this study was

to investigate the potential of skeletal tissue-associated loading conditions to modulate

human monocyte activation and phenotype. Primary human monocytes or the human

monocyte reporter cell line, THP1-Blue, were encapsulated in agarose and exposed

to a combination of shear and compressive loading for 1 h a day for 3 consecutive

days. Exposure of monocytes to mechanical loading conditions increased their

pro-inflammatory gene and protein expression. Exposure of undifferentiated monocytes

to mechanical loading conditions significantly upregulated gene expression levels of

interleukin(IL)-6 and IL-8 compared to free swelling controls. Additionally, multiaxial

loading of unstimulated monocytes resulted in increased protein secretion of TNF-α (17.1

± 8.9 vs. 8 ± 7.4 pg/ml) and MIP-1α (636.8 ± 471.1 vs. 124.1 ± 40.1 pg/ml), as well as

IL-13 (42.1 ± 19.8 vs. 21.7 ± 13.6) compared monocytes cultured under free-swelling

conditions. This modulatory effect was observed irrespective of previous activation with

the M1/pro-inflammatory differentiation stimuli lipopolysaccharide and interferon-γ or the

M2/anti-inflammatory differentiation factor interleukin-4. Furthermore, mechanical shear

and compression were found to differentially regulate nitric oxide synthase 2 (NOS2)

and IL-12B gene expression as well as inflammatory protein production by THP1-Blue

monocytes. The findings of this study indicate that human monocytes are responsive to

mechanical stimuli, with a modulatory effect of shear and compressive loading observed

toward pro-inflammatory mediator production. This may play a role in healing pathways

that are mechanically regulated. An in depth understanding of the impact of skeletal

tissue-associated mechanical loading on monocyte behavior may identify novel targets

to maximize inflammation-mediated repair mechanisms.

Keywords: osteoimmunology, immune regulation, fracture repair, mechanoregulation, bone healing, macrophage
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INTRODUCTION

The repair process following traumatic injury to the
musculoskeletal system is known to be influenced by the
mechanical environment. The natural course of bone healing
can be intramembranous ossification resulting from stable
fracture fixation and subsequent low interfragmentary
motion, or endochondral ossification which is associated
with moderate interfragmentary movement (1). In addition
to driving fracture healing responses, mechanical forces of an
appropriate magnitude are also key to maintaining cartilage
homeostasis within the articulating joint (2).

A wound healing response is initiated during the process of
bone fracture repair, as well as marrow stimulation techniques
applied in cartilage repair strategies where the subchondral
bone is penetrated. This involves inflammatory cell exudation
or infiltration to the site of injury, followed by coagulation
activation and fibrin clot formation, which is known to regulate
monocyte chemotaxis and proliferation (3, 4). Monocytes and
monocyte-derived macrophages are key immune effector cells
playing a vital role in host defense, as well as contributing to tissue
remodeling and repair (5). Macrophages are associated with a
high degree of plasticity having the potential to change phenotype
in response to environmental cues, and may be classified
according to pro-inflammatory (M1) or anti-inflammatory (M2)
subsets (5). Pro-inflammatory macrophages are associated with
high production of pro-inflammatory cytokines and increased
microbicidal activity, whereas anti-inflammatory macrophages
are associated with wound healing and immunoregulatory
functions (3, 6).

Infiltrating monocytes and macrophages may influence the
success of musculoskeletal tissue repair processes. Macrophage
depletion has been previously demonstrated to negatively
impact endochondral ossification and subsequently delay bone
fracture healing (7–9). Furthermore, monocyte and macrophage
associated inflammatory cytokines such as IL-6 and TNF-
α are known to promote bone repair, with inhibition of
TNF-α signaling shown to delay both intramembranous and
endochondral bone formation (10, 11). In contrast to bone
healing, pro-inflammatory factors such as IL-1β and TNF-
α produced by both activated monocytes and M1 polarized
macrophages, induce destructive processes in cartilage tissue
including catabolic enzyme expression and reduced extracellular
matrix deposition (12–14). However, recruitment of anti-
inflammatory macrophages to the site of subchondral drill holes
within osteochondral defects using chitosan-glycerol phosphate
composites was reported enhance subchondral bone repair and
improve cartilage resurfacing, further highlighting the impact
of macrophages on skeletal tissue repair (15). Monocytes and
macrophages are found at the site of remodeling tissue that
is exposed to mechanical forces and have been previously
implicated in the reparative response (16–18). As the area
of osteoimmunology gains in importance, the influence of
mechanical stimulation on immune cell phenotype needs to
be investigated in greater detail. However, the responsiveness
of macrophages and monocytes, their lineage precursors, to
mechanical forces that are native to skeletal tissues and the

effect of such mechanical stimuli on macrophage phenotype
requires further elucidation. Therefore, the aim of this study was
to investigate the impact of mechanical shear and compressive
loading on monocyte activation and phenotype. Unstimulated,
M1 or M2-stimulated primary human monocytes as well as
the human monocyte reporter cell line, THP1-Blue, were
exposed to a combination of shear and compressive loading
in vitro. Gene expression levels of inflammatory mediators and
inflammatory protein secretion was assessed following 3 days of
mechanical stimulation.

MATERIALS AND METHODS

Human Monocyte Isolation
Human monocytes were isolated from buffy coats left over
from voluntary whole blood donations after informed consent
of the donors according to the regulations of Swiss Red Cross
Blood Service. Buffy coats were processed within 23 h after blood
donation by centrifugation at 5,000 g for 15min and subsequent
separation on Compomat G5 (Fresenius, Oberdorf, Switzerland)
using top-and-bottom 450ml blood bag systems pre-filled with
Citrate-Dextrose-Phosphate Solution (Fresenius). Buffy coats
were anonymized prior to delivery from the Blood Service to AO
Institute in line with the ethics code provided by the Swiss Drug
Law (Heilmittelgesetz). For the isolation of peripheral blood
mononuclear cells (PBMCs), each buffy coat was diluted at a
1:5 ratio with 0.1% bovine serum albumin (BSA) in phosphate
buffered saline (PBS). Thirty milliliter of diluted buffy coat was
layered on 15ml of Ficoll and centrifuged at 1,000 g for 15min
without brake. Following centrifugation, the interphase layer
containing PBMCs was removed and washed with 0.5% BSA/PBS
containing 2mM EDTA. Isolated PBMCs were labeled with
100 µl of anti-CD14 magnetic bead solution (Miltenyi Biotec
Bergisch Gladbach, Germany) in the dark at 4

◦
C for 20min.

Monocytes were isolated utilizing MACS LS Separation columns
and a MidiMACSTM Separator (Miltenyi Biotec), according to
manufacturer’s instructions. Purity of isolated CD14+ cells was
assessed by fluorescence activated cell sorting (FACS) analysis.
1 × 105 monocytes were incubated with APC-Cy7-conjugated
anti-human CD14 antibody (BD pharmingen) for 20min in the
dark at 4

◦
C. FACS analysis was performed using a BD Aria III

machine, and data analyzed using BD FACS Diva 6.1.3 software
(BD Biosciences). The average purity of CD14+monocytes from
all donors was found to be 95% (data not shown). Monocytes
were isolated from two individual buffy coat donors and pooled
per experiment.

THP1-Blue
TM

Cell Culture
The human monocyte reporter cell line THP1-BlueTM

(InvivoGen, CA, USA) which expresses an NF-κB and AP-
1-inducible secreted embryonic alkaline phosphatase (SEAP)
reporter gene, was cultured in RPMI-1640 medium (2mM
L-glutamine; Gibco, Carlsbad, USA) supplemented with 1%
penicillin/streptomycin (Gibco) and 10% heat inactivated
fetal bovine serum (FBS; Pan Biotech, Aidenbach, Germany).
Monocyte suspension cultures were maintained at a density of at
3–8× 100,000 cells/ml.
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Agarose Gel Seeding and Culture
To evaluate the effect of mechanical loading on monocyte
phenotype, human primarymonocytes and THP1-Blue cells were
encapsulated in 2% low melting temperature agarose (Lonza) at
a cell density of 3× 106 monocytes per gel. In brief, a 4% agarose
solution was prepared by dissolving low melting temperature
agarose in sterile phosphate buffered saline and heated. The 4%
agarose solution was cooled and mixed with an equal volume
of cells suspended in pre-warmed culture media, composed
of RPMI-1640 medium supplemented with 2mM L-glutamine,
1% penicillin/streptomycin and 10% heat inactivated FBS. Two
hundred and fifty microliters of cells/agarose suspension was
added to a sterile cap of an Eppendorf tube and gels were
allow to set at 37

◦
C for 20min. All agarose constructs were

carefully removed from the Eppendorf cap, placed in a sterile
PEEK sample holder and cultured with 2.5ml of culture
medium. To investigate the effect of mechanical loading on
macrophage phenotype, CD14+ monocytes were stimulated
with 10 ng/ml IFN-γ (PeproTech, Rocky Hill, NJ, USA) and
100 ng/ml lipopolysaccharide to induce differentiation toward a
pro-inflammatory/M1 phenotype, 10 ng/ml IL-4 (PeproTech) for
an anti-inflammatory/M2 phenotype or unstimulated for 72 h
prior to loading. Agarose gels containing THP1-Blue monocytes
were prepared 24 h prior to loading.

Mechanical Loading
CD14+monocyte seeded agarose gels were mechanically loaded
using a custom built multi-axial load bioreactor based on a
32mm ceramic hip ball that can apply compression, shear or a
combination of the two, to the sample as previously described
(19, 20). Shear (±25◦ ball rotation at 1Hz) and compression
(10% compression superimposed on top of a 10% pre-strain
at 1Hz) loading was applied for 1 h a day for 3 consecutive
days. This protocol was chosen as it has been shown to direct
osteochondral differentiation of human MSCs and therefore we
aimed to investigate similar loading patterns on the modulation
of macrophage phenotype (21). Control gels were maintained in
free-swelling conditions for the duration of the experiment. To
investigate the effect of shear or compression alone on monocyte
phenotype, THP1-Blue monocytes were stimulated with shear or
compression alone as well as multiaxial loading for 1 h a day for
3 consecutive days. Control gels were maintained in free-swelling
conditions for the duration of the experiment. Cell culture media
was refreshed every 24 h prior to loading.

Reverse Transcription and PCR
Monocyte-seeded agarose gels were homogenized in 1ml TRI
reagent (Molecular Research Center Inc., Cincinnati, OH,
USA). Homogenized samples were supplemented with 100 µl
of 1-Bromo-3-chloropropane (Sigma-Aldrich) and processed
according to manufacturer’s instructions to achieve phase
separation. Following phase separation the aqueous phase was
removed, supplemented with an equal volume of 70% ethanol
(Sigma-Aldrich) and transferred to a RNeasy spin column
(Qiagen, Hilden, Germany). RNA was extracted using RNeasy
mini spin columns according to manufacturer’s instructions.
The purity of isolated RNA was assessed using a NanoDrop

spectrophotometer (Fisher Scientific, Delaware, USA) based on
the absorbance ratios 260/280 nm and 260/230 nm. Reverse
transcription was performed using random hexamer primers
and TaqMan reverse transcription reagents (Applied Biosystems,
Carlsbad, CA, USA). Quantitative real time PCR was performed
in 10 µl reactions on cDNA using the Applied Biosystems
QuantStudio 6 Flex Real Time PCR system (Applied Biosystems).
Primers for cyclooxygenase(COX)-2 (PTGS2) were synthesized
by Microsynth AG (Balgach, SG, Switzerland; Table 1). Gene
expression assays for 18S ribosomal RNA (18S), interleukin(IL)-
6 (IL6), IL-8 (IL8), IL-10 (IL10), tumor necrosis factor
(TNF)-α (TNF), chemokine (C-C motif) ligand 18 (CCL18),
mannose receptor CD206 (MRC1), nitric oxide synthase 2
(NOS2), and monocyte chemoattractant protein 1 (CCL2) were
purchased fromApplied Biosystems, Switzerland (Table 1). Gene
expression levels were normalized to 18S rRNA, and relative
expression calculated via a 11CT comparison.

Cytokine Assays
Levels of IL-6, IL-8, and CCL18 in cell culture supernatant
were quantified utilizing commercially available human IL-6
and CCL18 DuoSet ELISA kits according to manufacturer’s
instructions (R&D Systems, Minneapolis, Minnesota). Levels
of IL-10, IL-13, IL-1β, C-X-C motif chemokine 10 (IP-
10), macrophage-derived chemokine (MDC), monocyte
chemoattractant protein-1 (MCP-1), macrophage inflammatory
protein-1α (MIP-1α), and TNF-αweremeasured utilizing aMeso
Scale Development multiplex assay according to manufacturer’s
instructions (Meso Scale Discovery, Maryland, USA).

Secreted Alkaline Phosphatase Assay
Secreted embryonic alkaline phosphatase (SEAP) levels were
detected in cell culture supernatant using a QUANTI-BlueTM

enzymatic assay (InvivoGen) according to manufacturer’s
instructions. SEAP levels were determined qualitatively following
spectrophotometric measurement at 620 nm.

Statistical Analysis
IBM SPSS Statistics 21.0 (IBM, New York, USA) and GraphPad
Prism software version 6 (GraphPad Software Inc., La Jolla,
USA) were used for all statistical analysis. To take donor
variability into account between primary monocyte donors,
mixed models analysis was applied to test for statistical
differences between loaded and free-swelling groups with
monocyte donor considered a random factor. THP1-Blue
monocyte data sets were analyzed using a Kruskal–Wallis test
followed by Dunn’s multiple comparisons test. For all analyses,
differences were considered statistically significant at P < 0.05.

RESULTS

Pro-inflammatory Gene and Protein
Expression by Differentially Activated
Primary Human Monocytes Following
Multiaxial Loading
Monocytes encapsulated in 2% agarose gel were unstimulated,
LPS and IFN-γ or IL-4-stimulated for 3 days, prior to subjection
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TABLE 1 | Gene expression assays utilized for quantitative real time PCR.

Gene name Alias Assay ID/Primer sequence

Human 18S rRNA (18S) 18S ribosomal RNA (18S rRNA) Hs99999901_s1

Human interleukin-8 (IL8) C-X-C motif chemokine ligand 8 (CXCL8) Hs00174103_m1

Human interleukin-10 (IL10) Cytokine Synthesis Inhibitory Factor (CSIF) Hs00961622_m1

Human interleukin-6 (IL6) B-Cell Stimulatory Factor (BSF)- 2 Hs00985639_m1

Human tumor necrosis factor (TNF) Tumor Necrosis Factor (TNF)-α Hs01113624_g1

Human chemokine (C-C motif) ligand 18 (CCL18) Macrophage Inflammatory Protein (MIP)-4 Hs00268113_m1

Human mannose receptor, C type 1 (MRC1) Macrophage Mannose Receptor (MMR, CD206) Hs00267207_m1

Human C-C motif chemokine ligand 2 (CCL2) Monocyte Chemoattractant Protein (MCP)-1 Hs00234140_m1

Human nitric oxide synthase 2 (NOS2) Inducible Nitric Oxide Synthase (INOS) Hs01075529_m1

Human interleukin 12B (IL12B) Natural Killer Cell Stimulatory Factor Hs01011518_m1

Human Prostaglandin-Endoperoxide Synthase 2 (PTGS2) Cyclooxygenase (COX)-2 Forward: 5′-TTG TAC CCG GAC AGG ATT CTA

TG-3′

Reverse: 5′-TGT TTG GAG TGG GTT TCA GAA

ATA-3′

Probe(5′FAM/3′ TAMRA):

5′-GAA AAC TGC TCA ACA CCG GAA TTT TTG

ACA A-3′

to multiaxial loading or free-swelling conditions and analysis
of inflammatory gene and protein expression. Monocytes
stimulated with LPS and IFN-γ had significantly higher gene
expression levels of the pro-inflammatory genes IL8 and CCL2
under free-swelling conditions compared to IL-4 stimulated
monocytes (10.3- and 28.3-fold increases, respectively),
confirming their pro-inflammatory phenotype (Figure 1A).
Additionally, IL-4 stimulated monocytes were associated with
significantly higher CCL18 expression compared to LPS and
IFN-γ stimulated monocytes (41.5-fold increase), confirming
their polarization toward an M2-like phenotype. Unstimulated
primary human monocytes significantly upregulated gene
expression levels of the pro-inflammatory genes IL6 (5.9-fold
change) and IL8 (2.8-fold change) following 3 days of mechanical
loading compared to monocytes cultured in free-swelling
conditions (Figure 1B). Additionally, expression of the anti-
inflammatory macrophage marker IL10 was decreased in all four
donors compared to free-swell controls, with gene expression
levels undetectable in donors 1 and 3 following loading. No
significant difference was observed in the expression levels of
inflammatory mediators CCL18, TNF, and CCL2. Although a
similar trend was observed toward inflammatory gene expression
by LPS and IFN-γ activated monocytes following mechanical
loading, larger variation was observed between donors and
these findings were not statistically significant (Figure 1C).
However, expression of CCL2 was significantly decreased
(1.9-fold decrease). Additionally, gene expression levels of IL10
were also undetectable in LPS and IFN-γ stimulated monocytes
from donors 1 and 3 following loading. In a similar manner to
unstimulated monocytes, IL-4 activated cells were also associated
with a significant increase in IL6 (8.9-fold change) and decrease
of IL10 (3.1-fold) expression (Figure 1D).

Compared to free-swelling controls, mechanical loading of
unstimulated monocytes significantly increased production of
the pro-inflammatory mediators TNF-α (17.1 ± 8.9 vs. 8 ± 7.4

pg/ml) and MIP-1α (636.8 ± 471.1 vs. 124.1 ± 40.1 pg/ml), as
well as IL-13 (42.1 ± 19.8 vs. 21.7 ± 13.6) (Figure 2). Protein
levels of IL-10, CCL18, IP-10, MCP-1, MDC, and IL-1β produced
by loaded unstimulated monocytes did not significantly differ
from free-swelling controls. In a similar manner to gene
expression levels, a trend toward an increase in IL-6 production
was observed in response to loading of unstimulated monocytes.
However, large donor variation was observed and this finding
was not statically significant. Mechanical stimulation of LPS
and IFN-γ stimulated monocytes significantly increased MDC
levels in addition to TNF-α, MIP-1α, and IL-13 (Figure 2). In a
similar manner to gene expression data, IL-4 activatedmonocytes
were associated with significantly increased production of pro-
inflammatory factors IL-6, IL-8, TNF-α, MIP-1α, IP-10, IL-13,
IL-1β as well as IL-10 in response to mechanical loading, and
decreased expression of CCL18 and MDC (Figure 2).

Inflammatory Gene and Protein Expression
by THP1-Blue Monocytes Following
Mechanical Shear or Compression
To evaluate the potential of mechanical shear or compression to
differentially regulate inflammatory gene and protein expression
by human monocytes, unstimulated THP1-Blue monocytes
were subjected to multiaxial loading conditions, or mechanical
shear or compression alone. THP1-Blue monocytes significantly
upregulated gene expression levels of the pro-inflammatory
markers NOS2 and IL12B in response to compression alone
compared to the combination of compression and shear, as
well as shear alone following 3 days of loading (Figure 3).
Gene expression levels of IL6, IL-8, TNF-α, PTGS2, IL-10,
CCL2, and CCL18 did not significantly differ between loading
conditions, or compared to free-swelling controls at this time
point. However, significantly increased levels of TNF-α, IL-10,
IL-8, IL-13, and MDC were detected in the cell culture media
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FIGURE 1 | Inflammatory gene expression by differentially activated primary human monocytes following multiaxial loading. (A) Gene expression by primary

monocytes cultured for 6 days under free-swelling conditions as measured by real-time PCR. Gene expression levels were normalized to the housekeeper gene 18S

rRNA. (B) Gene expression levels by unstimulated primary human monocytes, or LPS & IFN-γ (C) or IL-4 (D) stimulated monocytes following 3 days of multiaxial

loading. Gene expression levels were normalized to the free swelling control, represented by the dashed line. Data is represented as dot plots including the median for

4 monocyte donors, each assessed in experimental triplicate. Missing points indicate undetectable gene expression. Statistical significance was determined utilizing a

mixed model analysis, *P < 0.05.

harvested from gels subjected to the combination of compression
and shear, as well as compression and shear alone for 3 days
compared to control (Figure 4A). Additionally, the application
of compressive loading alone significantly upregulated IL-1β
production by monocytes, whereas shear alone increased the
release of MCP-1 compared to all other culture conditions.
Levels of IL-6 and IP-10 did not significantly differ in response
to any loading condition compared to free-swelling cultures.
In addition to modulating inflammatory cytokine production,
the application of both compression and shear or shear alone
induced the release of secreted alkaline phosphatase by THP1-
Blue monocytes, indicative of NF-κB and AP-1 transcription
factor activation (Figure 4B).

DISCUSSION

Monocytes and their derived macrophages are considered key
players in tissue remodeling and repair processes. Mechanical
loading has been previously shown to influence the levels
or pro and anti-inflammatory macrophages in a model of
tendon healing (18). Additionally, cyclic strain has been
reported to modulate macrophage polarization state toward
a reparative phenotype which promoted extracellular matrix
synthesis (22). Monocytes are found at the site of skeletal
tissue injuries resulting from either traumatic bone fractures, or
microdrilling of the subchondral bone to facilitate microfracture-
mediated cartilage repair (23). However, the mechanoresponsive

of monocytes and their derived macrophages to skeletal
tissue-associated mechanical forces, and their subsequent
contribution to skeletal repair remains unclear. The aim
of this study was to investigate the potential of shear and
compressive forces to modulate human monocyte activation
and phenotype. In the present study, exposure of monocytes to
mechanical loading conditions increased their production of
pro-inflammatory mediators. Furthermore, mechanical loading
modulated the production of inflammatory factors produced
by monocytes irrespective of previous activation with the
M1/pro-inflammatory differentiation stimuli LPS and IFN-γ or
the M2/anti-inflammatory differentiation factor IL-4.

Bone fractures associated with less mechanical stability are
known to heal via the process of endochondral ossification,
involving inflammation, callus formation and tissue remodeling
processes (1). Infiltration of macrophages into the fracture callus
occurs at an early stage of fracture healing, and inhibition of
macrophage recruitment impairs vascularization, decreases
callus formation and delays repair (24). Macrophages are
associated with a high degree of plasticity and can change
phenotype according to environmental cues, encompassing both
pro-inflammatory/M1 and anti-inflammatory/M2 phenotypes
(5). In an experimental osteotomy model, M1-polarized
macrophages were identified as the primary macrophage
phenotype in the osteotomy area 24 h post-surgery (7).
Interestingly, M1 polarized macrophages have also been
reported to promote the osteogenic differentiation of bone
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FIGURE 2 | Inflammatory mediator production by primary human monocytes following multiaxial loading. Levels of inflammatory mediators produced by primary

monocytes following 3 days of multiaxial loading as quantified by ELISA and multiplex assay. Data is represented as dot plots including the median for 4 monocyte

donors, each assessed in experimental triplicate. Missing points indicate undetectable protein levels. Statistical significance was determined utilizing a mixed model

analysis, *P < 0.05. IL-6, Interleukin-6; IL-10, Interleukin-10; CCL18, chemokine (C-C motif) ligand 18; TNF-α, Tumor necrosis factor-α; MIP-1α, Macrophage

inflammatory protein-1α; IP-10, C-X-C motif chemokine 10; MCP-1, Monocyte chemoattractant protein-1; IL-13, Interleukin-13; MDC, Macrophage-derived

chemokine; IL-1β, Interleukin-1β; IL-8, Interleukin-8.
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FIGURE 3 | Levels of inflammatory genes expressed by THP1-Blue monocytes in response to multiaxial loading, shear or compression alone. Gene expression by

THP1-Blue monocytes following 3 days of multiaxial loading, shear, or compression alone as measured by real-time PCR. Gene expression levels were normalized to

the free-swelling control, represented by the dashed line. Data is represented as dot plots including the median for three separate experiments, each assessed in

experimental triplicate except for experiment 2 compression only group, which was assessed in duplicate. Statistical significance was determined by a Kruskal–Wallis

test followed by Dunn’s multiple comparisons test. *P < 0.05. Comp, Compression.

marrow-derived mesenchymal stem cells (MSCs) (25).
Furthermore, macrophage infiltration and prevalence of a
M1-like phenotype has been observed in association with
MSC-mediated bone repair in vivo (26, 27). In the present study,
we have observed a skewing of monocyte activation toward a
M1-like phenotype following 3 days of shear and compressive
loading, highlighting the responsiveness of human monocytes
to mechanical stimuli. These findings may shed some light on
how the biomechanical environment may play a role in guiding
monocyte/macrophage polarization, and potentially contribute
to skeletal tissue repair.

In the present study, we have observed an increase in TNF-
α, MIP-1α, and IL-13 protein production by unstimulated as
well as LPS and IFN-γ and IL-4 activated monocytes following
mechanical shear and compression. Two of four donors in the
unstimulated group also substantially increased IL-6 production
upon loading. Furthermore, levels of the pro-inflammatory

cytokines IL-1β, IL-8, and IL-6 produced by IL-4 activated
monocytes were increased following loading. Additionally, gene
expression levels of IL-8 and IL-6 were increased by unstimulated
primary human monocytes subjected to the combination of
mechanical compression and shear. This could indicate that
these factors would be induced within an unstable fracture.
Previous reports have highlighted an influence of mechanical
stimuli resulting from fracture fixation stability upon gene
expression of matrix metalloproteinase (MMP)-9 and MMP-
13 by fracture hematoma in rats (28). Both MMP-9 and
MMP-13 are known to play a key role during the process of
endochondral bone formation, facilitating extracellular matrix
and cell migration (29). Additional studies have demonstrated
an upregulation in the expression of genes involved in cartilage
and skeletal development by callus tissue following mechanical
stimulation, in a rat osteotomy model (30). However, the impact
of mechanical stimuli upon the induction of inflammatory
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FIGURE 4 | Shear and compression differentially regulate inflammatory mediator expression by THP1-Blue monocytes. (A) Levels of inflammatory mediators

produced by THP1-Blue monocytes following 3 days of multiaxial loading, shear or compression alone as measured by ELISA and multiplex assay. Protein levels were

normalized to the free-swelling control, represented by the dashed line. Data is represented as dot plots including the median for 3 separate experiments, each

assessed in experimental triplicate except for experiment 2 compression only group, which was assessed in duplicate. (B) SEAP levels detected in cell culture

supernatant following 3 days of loading, as measured by spectrophotometric measurement. Statistical significance was determined by a Kruskal–Wallis test followed

by Dunn’s multiple comparisons test. *P < 0.05. IL-6, Interleukin-6; IL-10, Interleukin-10; CCL18, chemokine (C-C motif) ligand 18; TNF-α, Tumor necrosis factor-α;

MIP-1α, Macrophage inflammatory protein-1α; IP-10, C-X-C motif chemokine 10; MCP-1, Monocyte chemoattractant protein-1; IL-13, Interleukin-13; MDC,

Macrophage-derived chemokine; IL-1β, Interleukin-1β; IL-8, Interleukin-8; Comp, Compression.
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gene expression by fracture hematoma in vivo requires further
investigation. Production of IL-6 and TNF-α is characteristic
of activated monocytes and pro-inflammatory M1 macrophages
(5, 31). Both IL-6 and TNF-α signaling are known to play a
key role in bone fracture healing (32, 33). Additionally, TNF-
α is involved in osteoclastic bone resorption (34). Interestingly,
in addition to acting as a chemotactic cytokine for monocytes
and neutrophils, IL-8 has been reported by Ringe et al. to
induce migration of human MSCs (35, 36). Furthermore, IL-8 is
known to promote angiogenesis (37, 38). Mechanical stimulation
of early human fracture hematoma has also been previously
reported to result in increased production of the pro-angiogenic
protein vascular endothelial growth factor (VEGF) (39). MIP-
1α, also known as CCL3, has been previously implicated in the
recruitment of macrophages to the site of injury during bone
repair (40). In contrast to the observed upregulation of pro-
inflammatorymediators bymonocytes in response to mechanical
loading, we also detected increased levels of IL-13 protein
irrespective of cell activation with LPS and IFN-γ or IL-4. The
pleiotropic cytokine IL-13 is known to polarize macrophages
toward an M2 phenotype, encompassing anti-inflammatory and
tissue repair subsets (41). Additionally, IL-13 is a key mediator of
tissue fibrosis, reported to stimulate transforming growth factor
(TGF)-β1 production by monocytes and macrophages, as well
as increasing TGF-β1 activation (42, 43). TGF-β signaling may
promote extracellular matrix deposition and tissue remodeling
(44, 45). In addition to mediating tissue fibrosis and macrophage
polarization, a role for IL-13 in osteoclast differentiation
and bone resorption has been previously highlighted (46).
Macrophages have been previously reported to change their
phenotype throughout the course of bone healing, with a more
predominant role of the M2 subset identified at later stages of
repair (7). Given that in the current study loading of monocytes
also resulted in production of the M2-polarization factor IL-13,
whether a longer duration of loading may switch the balance
fromM1/M2 requires further investigation.

Having identified an influence of mechanical loading upon the
phenotype of M1 or M2-differentiated as well as undifferentiated
primary human monocytes, we next sought to investigate
whether shear forces or compression alone may be responsible
for this effect. In addition to compressive loading, cartilage in
the articulating joint and fractures that have not been rigidly
fixated, are also subjected to shear. Therefore, we next sought
to examine whether shear or compression alone may exert
differential effects on undifferentiated monocytes, to gain further
insight into whether loading associated with various skeletal
tissues may differentially modulate monocyte activation. The
human monocyte cell line THP1-BlueTM was utilized to assess
the effect of shear, compression or the combination of both
on inflammatory mediator expression by monocytes. THP1-
BlueTM cells are a reporter cell line, which express secreted
embryonic alkaline phosphatase (SEAP) following activation of
the transcription factors NF-κB and AP-1. Both NF-κB and
AP-1 are activated in monocytes following toll-like receptor
4 (TLR4) stimulation and are involved in the induction of
inflammatory gene expression (47). In a similar manner to
primary human monocytes, the application of both compression

and shear increased expression of inflammatory mediators TNF-
α, IL-13, macrophage-derived chemokine (MDC), and IL-10.
Interestingly, IL-10 is an anti-inflammatory cytokine but is
also produced by monocytes in response to pro-inflammatory
stimulation a part of a regulatory feedback mechanism (48).
Furthermore, IL-10 is a factor also known to induce the
differentiation of macrophages toward an anti-inflammatory
phenotype (5). MDC is chemotactic for monocytes and is also
considered a marker of M2 macrophages (49, 50). Additionally,
we observed differential effects of compression or shear alone
on monocyte phenotype. Application of compression alone
increased expression of the pro-inflammatory genes IL12B and
NOS2 compared to shear alone or the combination of both
stimuli. Interestingly, inducible nitric oxide synthase, which is
encoded by the gene NOS2, has been previously shown to
be expressed the initial phase of bone fracture repair (51).
Compression alone also significantly increased IL-1β production
compared to control, whereas shear alone was found to increase
MCP-1. Furthermore, stimulation with both compression and
shear or shear alone significantly increased SEAP expression
compared to free-swelling controls, suggestive of potential TLR4
activation by monocytes in response to shear force (47). TLR4
has been previously implicated in the pro-inflammatory response
of chondrocytes to high fluid shear, and increasing evidence
highlights a role of TLR4 activation in inflammatory and
catabolic processes associated with osteoarthritis pathogenesis
(52–54). Our present findings may provide further insight to
the mechanism of the effect of mechanical loading on monocyte
activation, however further investigation is required to evaluate
the effect of such mechanical stimuli directly on monocyte
TLR expression and activation. These mechanically induced
changes suggest that the initial monocyte containing hematoma
would respond to mechanical motion by upregulating pro-
inflammatory cytokines. This could be a danger signal that
recruits cells to the site of damage and regulates their response.
Rigid fixation would reduce this inflammatory signal leading to a
different response. However, further investigation is required to
fully determine the impact of mechanical stimuli resulting from
fracture fixation stability upon monocyte behavior in vivo, and
the subsequent influence of mechanically-stimulated monocytes
upon skeletal tissue repair.

The findings of the present study highlight the mechanical
sensitivity of human monocytes to skeletal tissue-associated
loading conditions. Monocyte-derived macrophages have been
previously shown to respond to mechanical strain in vitro, with
an observed upregulation of MMP-1 and MMP-3 expression
as well as the transcription factors c-fos and c-jun (55).
Furthermore, Yang et al. highlighted a potential role of
mechanical strain in the induction of monocyte to macrophage
differentiation, mediated by upregulation of the monocyte
differentiation-associated transcription factor PU.1 (55). In line
with our findings, shear stress has also been shown to promote
macrophage differentiation toward a pro-inflammatory M1-like
phenotype in a model of atherosclerosis (56). Interestingly,
extracellular physical cues resulting from surface stiffness have
been reported to modulate TLR signaling by macrophages
(57). However, whether these signaling pathways play a role
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in the responsiveness of monocytes and monocyte-derived
macrophages to shear and compressive forces native to skeletal
tissue requires further elucidation. This study has several
limitations. Primary peripheral blood monocytes treated with
LPS and IFN-γ or IL-4 were used as a model in vitro culture
system to evaluate the effect of loading on M1 or M2-polarized
cells, respectively. Investigation of the effect of mechanical
loading on M1 and M2 pre-differentiated macrophages and a
longer duration of study may be required to specifically examine
the modulatory effect of mechanical loading on macrophage
polarization state. Additionally, 2% agarose was used in this
study as a cell-carrier system in our in vitro model to
investigate the short-term response of human monocytes to
skeletal tissue-associated mechanical stimuli. However, previous
studies have highlighted an impact of different scaffold materials
toward the cellular mechanical response (58). Therefore, further
investigation may be required to determine whether monocyte
interactions with different scaffold materials such as fibrin gels,
as a more specific model of the wound healing phase of tissue
repair, may determine their response to such mechanical stimuli.
Furthermore, additional examination utilizing in vivo models
of fracture healing is required to relate this observed induction
of inflammatory mediators by mechanical loaded monocytes to
skeletal tissue repair.

In conclusion, the findings of the present study indicate
that human monocytes are responsive to mechanical stimuli,
with a modulatory effect of shear and compressive loading
observed toward pro-inflammatory mediator production.
An in depth understanding of the impact of skeletal tissue-
associated mechanical loading on monocyte behavior and
their subsequent influence on local cellular responses
and tissue repair processes, may identify novel strategies

to maximize inflammation-mediated repair mechanisms.
Furthermore, the findings of this study may provide insights
for the development of novel rehabilitation medicine
strategies to improve therapeutic outcome for skeletal
tissue repair.

DATA AVAILABILITY

The datasets generated for this study are available on request to
the corresponding author.

AUTHOR CONTRIBUTIONS

NF performed the experiments, processed samples, analyzed,
and interpreted the data. UM processed samples and analyzed
the data. MA supported in data analysis and interpretation. MS
conceived and designed the study, and interpreted the data. NF,
UM, MA, and MS drafted and critically revised the manuscript
for important intellectual content. All authors have approved the
final submitted manuscript.

FUNDING

This work was supported by the AO Foundation and the Swiss
National Science Foundation (Grant no. 31003a_146375/1).

ACKNOWLEDGMENTS

We acknowledge the technical support of Dr. Reinhard
Henschler and the team of Swiss Red Cross Blood Service
Graubünden, CH-7000 Chur with buffy coats from whole
blood donations.

REFERENCES

1. Claes L, Recknagel S, Ignatius A. Fracture healing under healthy
and inflammatory conditions. Nat Rev Rheumatol. (2012) 8:133–43.
doi: 10.1038/nrrheum.2012.1

2. Sanchez-Adams J, Leddy HA, McNulty AL, O’Conor CJ, Guilak F. The
mechanobiology of articular cartilage: bearing the burden of osteoarthritis.
Curr Rheumatol Rep. (2014) 16:451. doi: 10.1007/s11926-014-0451-6

3. Johnson K, Aarden L, Choi Y, De Groot E, Creasey A. The proinflammatory
cytokine response to coagulation and endotoxin in whole blood. Blood.
(1996) 87:5051–60.

4. Altieri DC. Proteases and protease receptors in modulation of leukocyte
effector functions. J Leukocyte Biol. (1995) 58:120–7. doi: 10.1002/jlb.58.2.120

5. Mosser DM, Edwards JP. Exploring the full spectrum of macrophage
activation. Nat Rev Immunol. (2008) 8:958–69. doi: 10.1038/nri2448

6. Murray PJ, Allen JE, Biswas SK, Fisher EA, Gilroy DW, Goerdt S, et al.
Macrophage activation and polarization: nomenclature and experimental
guidelines. Immunity. (2014) 41:14–20. doi: 10.1016/j.immuni.2014.
06.008

7. Schlundt C, El Khassawna T, Serra A, Dienelt A, Wendler S, Schell H, et al.
Macrophages in bone fracture healing: their essential role in endochondral
ossification. Bone. (2018) 106:78–89. doi: 10.1016/j.bone.2015.10.019

8. Raggatt LJ, Wullschleger ME, Alexander KA, Wu AC, Millard SM, Kaur S,
et al. Fracture healing via periosteal callus formation requires macrophages
for both initiation and progression of early endochondral ossification. Am J

Pathol. (2014) 184:3192–204. doi: 10.1016/j.ajpath.2014.08.017

9. Vi L, Baht GS, Whetstone H, Ng A, Wei Q, Poon R, et al. Macrophages
promote osteoblastic differentiation in-vivo: implications in fracture
repair and bone homeostasis. J Bone Miner Res. (2015) 30:1090–102.
doi: 10.1002/jbmr.2422

10. Gerstenfeld LC, Cullinane DM, Barnes GL, Graves DT, Einhorn TA.
Fracture healing as a post-natal developmental process: molecular, spatial,
and temporal aspects of its regulation. J Cell Biochem. (2003) 88:873–84.
doi: 10.1002/jcb.10435

11. Gerstenfeld LC, Cho TJ, Kon T, Aizawa T, Cruceta J, Graves BD, et al.
Impaired intramembranous bone formation during bone repair in the absence
of tumor necrosis factor-alpha signaling.Cells Tissues Organs. (2001) 169:285–
94. doi: 10.1159/000047893

12. Westacott CI, Barakat AF,Wood L, PerryMJ, Neison P, Bisbinas I, et al. Tumor
necrosis factor alpha can contribute to focal loss of cartilage in osteoarthritis.
Osteoarthr Cartil. (2000) 8:213–21. doi: 10.1053/joca.1999.0292

13. Shakibaei M, John T, Schulze-Tanzil G, Lehmann I, Mobasheri A. Suppression
of NF-kappaB activation by curcumin leads to inhibition of expression
of cyclo-oxygenase-2 and matrix metalloproteinase-9 in human articular
chondrocytes: implications for the treatment of osteoarthritis. Biochem

Pharmacol. (2007) 73:1434–45. doi: 10.1016/j.bcp.2007.01.005
14. Johnson K, Hashimoto S, Lotz M, Pritzker K, Terkeltaub R.

Interleukin-1 induces pro-mineralizing activity of cartilage tissue
transglutaminase and factor XIIIa. Am J Pathol. (2001) 159:149–63.
doi: 10.1016/S0002-9440(10)61682-3

15. Hoemann CD, Chen G, Marchand C, Tran-Khanh N, Thibault M,
Chevrier A, et al. Scaffold-guided subchondral bone repair: implication

Frontiers in Immunology | www.frontiersin.org 10 March 2019 | Volume 10 | Article 38354

https://doi.org/10.1038/nrrheum.2012.1
https://doi.org/10.1007/s11926-014-0451-6
https://doi.org/10.1002/jlb.58.2.120
https://doi.org/10.1038/nri2448
https://doi.org/10.1016/j.immuni.2014.06.008
https://doi.org/10.1016/j.bone.2015.10.019
https://doi.org/10.1016/j.ajpath.2014.08.017
https://doi.org/10.1002/jbmr.2422
https://doi.org/10.1002/jcb.10435
https://doi.org/10.1159/000047893
https://doi.org/10.1053/joca.1999.0292
https://doi.org/10.1016/j.bcp.2007.01.005
https://doi.org/10.1016/S0002-9440(10)61682-3
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Fahy et al. Loading Modulates Human Monocyte Phenotype

of neutrophils and alternatively activated arginase-1+ macrophages.
Am J Sports Med. (2010) 38:1845–56. doi: 10.1177/03635465103
69547

16. Hibino N, Yi T, Duncan DR, Rathore A, Dean E, Naito Y, et al. A
critical role for macrophages in neovessel formation and the development
of stenosis in tissue-engineered vascular grafts. FASEB J. (2011) 25:4253–63.
doi: 10.1096/fj.11-186585

17. Arras M, Ito WD, Scholz D, Winkler B, Schaper J, Schaper W. Monocyte
activation in angiogenesis and collateral growth in the rabbit hindlimb. J Clin
Invest. (1998) 101:40–50. doi: 10.1172/JCI119877

18. Blomgran P, Blomgran R, Ernerudh J, Aspenberg P. A possible link between
loading, inflammation and healing: immune cell populations during tendon
healing in the rat. Sci Rep. (2016) 6:29824. doi: 10.1038/srep29824

19. Wimmer MA, Grad S, Kaup T, Hanni M, Schneider E, Gogolewski S, et al.
Tribology approach to the engineering and study of articular cartilage. Tissue
Eng. (2004) 10:1436–45. doi: 10.1089/ten.2004.10.1436

20. Neumann AJ, Gardner OF, Williams R, Alini M, Archer CW, Stoddart
MJ. Human articular cartilage progenitor cells are responsive to mechanical
stimulation and adenoviral-mediated overexpression of bone-morphogenetic
protein 2. PLoS ONE. (2015) 10:e0136229. doi: 10.1371/journal.pone.0136229

21. Li Z, Kupcsik L, Yao SJ, Alini M, Stoddart MJ. Mechanical load
modulates chondrogenesis of human mesenchymal stem cells
through the TGF-beta pathway. J Cell Mol Med. (2010) 14:1338–46.
doi: 10.1111/j.1582-4934.2009.00780.x

22. Ballotta V, Driessen-Mol A, Bouten CV, Baaijens FP. Strain-dependent
modulation of macrophage polarization within scaffolds. Biomaterials. (2014)
35:4919–28. doi: 10.1016/j.biomaterials.2014.03.002

23. Hoff P, Gaber T, Strehl C, Schmidt-Bleek K, Lang A, Huscher D, et al.
Immunological characterization of the early human fracture hematoma.
Immunol Res. (2016) 64:1195–206. doi: 10.1007/s12026-016-8868-9

24. Xing Z, Lu C, Hu D, Yu YY, Wang X, Colnot C, et al. Multiple roles
for CCR2 during fracture healing. Dis Models Mech. (2010) 3:451–8.
doi: 10.1242/dmm.003186

25. Guihard P, Danger Y, Brounais B, David E, Brion R, Delecrin J,
et al. Induction of osteogenesis in mesenchymal stem cells by activated
monocytes/macrophages depends on oncostatin M signaling. Stem Cells.
(2012) 30:762–72. doi: 10.1002/stem.1040

26. Tour G, Wendel M, Tcacencu I. Bone marrow stromal cells enhance the
osteogenic properties of hydroxyapatite scaffolds by modulating the foreign
body reaction. J Tissue Eng RegenMed. (2014) 8:841–9. doi: 10.1002/term.1574

27. Gamblin AL, Brennan MA, Renaud A, Yagita H, Lezot F, Heymann
D, et al. Bone tissue formation with human mesenchymal stem
cells and biphasic calcium phosphate ceramics: the local implication
of osteoclasts and macrophages. Biomaterials. (2014) 35:9660–7.
doi: 10.1016/j.biomaterials.2014.08.018

28. Ode A, Duda GN, Geissler S, Pauly S, Ode JE, Perka C, et al. Interaction of
age and mechanical stability on bone defect healing: an early transcriptional
analysis of fracture hematoma in rat. PLoS ONE. (2014) 9:e106462.
doi: 10.1371/journal.pone.0106462

29. Ortega N, Behonick D, Stickens D, Werb Z. How proteases regulate
bone morphogenesis. Ann N Y Acad Sci. (2003) 995:109–16.
doi: 10.1111/j.1749-6632.2003.tb03214.x

30. Salisbury Palomares KT, Gerstenfeld LC, Wigner NA, Lenburg ME, Einhorn
TA, Morgan EF. Transcriptional profiling and biochemical analysis of
mechanically induced cartilaginous tissues in a rat model. Arthritis Rheum.

(2010) 62:1108–18. doi: 10.1002/art.27343
31. Agbanoma G, Li C, Ennis D, Palfreeman AC, Williams LM, Brennan FM.

Production of TNF-alpha in macrophages activated by T cells, compared with
lipopolysaccharide, uses distinct IL-10-dependent regulatory mechanism. J
Immunol. (2012) 188:1307–17. doi: 10.4049/jimmunol.1100625

32. Gerstenfeld LC, Cho TJ, Kon T, Aizawa T, Tsay A, Fitch J, et al. Impaired
fracture healing in the absence of TNF-alpha signaling: the role of TNF-alpha
in endochondral cartilage resorption. J Bone Miner Res. (2003) 18:1584–92.
doi: 10.1359/jbmr.2003.18.9.1584

33. Yang X, Ricciardi BF, Hernandez-Soria A, Shi Y, Pleshko Camacho N,
Bostrom MP. Callus mineralization and maturation are delayed during
fracture healing in interleukin-6 knockout mice. Bone. (2007) 41:928–36.
doi: 10.1016/j.bone.2007.07.022

34. Bertolini DR, Nedwin GE, Bringman TS, Smith DD, Mundy GR. Stimulation
of bone resorption and inhibition of bone formation in vitro by human
tumour necrosis factors. Nature. (1986) 319:516–8. doi: 10.1038/319516a0

35. Mukaida N. Pathophysiological roles of interleukin-8/CXCL8 in pulmonary
diseases. Am J Physiol Lung Cell Mol Physiol. (2003) 284:L566–77.
doi: 10.1152/ajplung.00233.2002

36. Ringe J, Strassburg S, Neumann K, Endres M, Notter M, Burmester
GR, et al. Towards in situ tissue repair: human mesenchymal stem cells
express chemokine receptors CXCR1, CXCR2 and CCR2, and migrate upon
stimulation with CXCL8 but not CCL2. J Cell Biochem. (2007) 101:135–46.
doi: 10.1002/jcb.21172

37. Brat DJ, Bellail AC, Van Meir EG. The role of interleukin-8 and its receptors
in gliomagenesis and tumoral angiogenesis. Neuro Oncol. (2005) 7:122–33.
doi: 10.1215/S1152851704001061

38. Li A, Dubey S, Varney ML, Dave BJ, Singh RK. IL-8 directly enhanced
endothelial cell survival, proliferation, and matrix metalloproteinases
production and regulated angiogenesis. J Immunol. (2003) 170:3369–76.
doi: 10.4049/jimmunol.170.6.3369

39. Groothuis A, Duda GN, Wilson CJ, Thompson MS, Hunter MR, Simon
P, et al. Mechanical stimulation of the pro-angiogenic capacity of human
fracture haematoma: involvement of VEGFmechano-regulation. Bone. (2010)
47:438–44. doi: 10.1016/j.bone.2010.05.026

40. Kawao N, Tamura Y, Horiuchi Y, Okumoto K, Yano M, Okada K, et al. The
tissue fibrinolytic system contributes to the induction of macrophage function
and CCL3 during bone repair in mice. PLoS ONE. (2015) 10:e0123982.
doi: 10.1371/journal.pone.0123982

41. Van Dyken SJ, Locksley RM. Interleukin-4- and interleukin-
13-mediated alternatively activated macrophages: roles in
homeostasis and disease. Ann Rev Immunol. (2013) 31:317–43.
doi: 10.1146/annurev-immunol-032712-095906

42. Fichtner-Feigl S, Strober W, Kawakami K, Puri RK, Kitani A. IL-13 signaling
through the IL-13alpha2 receptor is involved in induction of TGF-beta1
production and fibrosis. Nat Med. (2006) 12:99–106. doi: 10.1038/nm1332

43. Lee CG, Homer RJ, Zhu Z, Lanone S, Wang X, Koteliansky V, et al.
Interleukin-13 induces tissue fibrosis by selectively stimulating and activating
transforming growth factor beta(1). J Exp Med. (2001) 194:809–21.
doi: 10.1084/jem.194.6.809

44. Burns WC, Twigg SM, Forbes JM, Pete J, Tikellis C, Thallas-Bonke V,
et al. Connective tissue growth factor plays an important role in advanced
glycation end product-induced tubular epithelial-to-mesenchymal transition:
implications for diabetic renal disease. J Am Soc Nephrol. (2006) 17:2484–94.
doi: 10.1681/ASN.2006050525

45. Zhu Z, Homer RJ, Wang Z, Chen Q, Geba GP, Wang J, et al. Pulmonary
expression of interleukin-13 causes inflammation, mucus hypersecretion,
subepithelial fibrosis, physiologic abnormalities, and eotaxin production. J
Clin Invest. (1999) 103:779–88. doi: 10.1172/JCI5909

46. Palmqvist P, Lundberg P, Persson E, Johansson A, Lundgren I, Lie A,
et al. Inhibition of hormone and cytokine-stimulated osteoclastogenesis
and bone resorption by interleukin-4 and interleukin-13 is associated with
increased osteoprotegerin and decreased RANKL and RANK in a STAT6-
dependent pathway. J Biol Chem. (2006) 281:2414–29. doi: 10.1074/jbc.M5101
60200

47. GuhaM,MackmanN. LPS induction of gene expression in humanmonocytes.
Cell Signal. (2001) 13:85–94. doi: 10.1016/S0898-6568(00)00149-2

48. Donnelly RP, Freeman SL, Hayes MP. Inhibition of IL-10 expression by
IFN-gamma up-regulates transcription of TNF-alpha in human monocytes.
J Immunol. (1995) 155:1420–7.

49. Godiska R, Chantry D, Raport CJ, Sozzani S, Allavena P, Leviten D, et al.
Human macrophage-derived chemokine (MDC), a novel chemoattractant for
monocytes, monocyte-derived dendritic cells, and natural killer cells. J Exp
Med. (1997) 185:1595–604. doi: 10.1084/jem.185.9.1595

50. Jaguin M, Houlbert N, Fardel O, Lecureur V. Polarization profiles of human
M-CSF-generated macrophages and comparison of M1-markers in classically
activated macrophages from GM-CSF and M-CSF origin. Cell Immunol.

(2013) 281:51–61. doi: 10.1016/j.cellimm.2013.01.010
51. Zhu W, Diwan AD, Lin JH, Murrell GA. Nitric oxide synthase

isoforms during fracture healing. J Bone Miner Res. (2001) 16:535–40.
doi: 10.1359/jbmr.2001.16.3.535

Frontiers in Immunology | www.frontiersin.org 11 March 2019 | Volume 10 | Article 38355

https://doi.org/10.1177/0363546510369547
https://doi.org/10.1096/fj.11-186585
https://doi.org/10.1172/JCI119877
https://doi.org/10.1038/srep29824
https://doi.org/10.1089/ten.2004.10.1436
https://doi.org/10.1371/journal.pone.0136229
https://doi.org/10.1111/j.1582-4934.2009.00780.x
https://doi.org/10.1016/j.biomaterials.2014.03.002
https://doi.org/10.1007/s12026-016-8868-9
https://doi.org/10.1242/dmm.003186
https://doi.org/10.1002/stem.1040
https://doi.org/10.1002/term.1574
https://doi.org/10.1016/j.biomaterials.2014.08.018
https://doi.org/10.1371/journal.pone.0106462
https://doi.org/10.1111/j.1749-6632.2003.tb03214.x
https://doi.org/10.1002/art.27343
https://doi.org/10.4049/jimmunol.1100625
https://doi.org/10.1359/jbmr.2003.18.9.1584
https://doi.org/10.1016/j.bone.2007.07.022
https://doi.org/10.1038/319516a0
https://doi.org/10.1152/ajplung.00233.2002
https://doi.org/10.1002/jcb.21172
https://doi.org/10.1215/S1152851704001061
https://doi.org/10.4049/jimmunol.170.6.3369
https://doi.org/10.1016/j.bone.2010.05.026
https://doi.org/10.1371/journal.pone.0123982
https://doi.org/10.1146/annurev-immunol-032712-095906
https://doi.org/10.1038/nm1332
https://doi.org/10.1084/jem.194.6.809
https://doi.org/10.1681/ASN.2006050525
https://doi.org/10.1172/JCI5909
https://doi.org/10.1074/jbc.M510160200
https://doi.org/10.1016/S0898-6568(00)00149-2
https://doi.org/10.1084/jem.185.9.1595
https://doi.org/10.1016/j.cellimm.2013.01.010
https://doi.org/10.1359/jbmr.2001.16.3.535
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Fahy et al. Loading Modulates Human Monocyte Phenotype

52. Wang P, Zhu F, Tong Z, Konstantopoulos K. Response of chondrocytes to
shear stress: antagonistic effects of the binding partners Toll-like receptor 4
and caveolin-1. FASEB J. (2011) 25:3401–15. doi: 10.1096/fj.11-184861

53. Kim HA, Cho ML, Choi HY, Yoon CS, Jhun JY, Oh HJ, et al. The
catabolic pathway mediated by Toll-like receptors in human osteoarthritic
chondrocytes. Arthritis Rheum. (2006) 54:2152–63. doi: 10.1002/art.21951

54. Bobacz K, Sunk IG, Hofstaetter JG, Amoyo L, Toma CD, Akira S, et al. Toll-
like receptors and chondrocytes: the lipopolysaccharide-induced decrease in
cartilage matrix synthesis is dependent on the presence of toll-like receptor 4
and antagonized by bone morphogenetic protein 7. Arthritis Rheum. (2007)
56:1880–93. doi: 10.1002/art.22637

55. Yang JH, Sakamoto H, Xu EC, Lee RT. Biomechanical regulation of human
monocyte/macrophage molecular function. Am J Pathol. (2000) 156:1797–
804. doi: 10.1016/S0002-9440(10)65051-1

56. Seneviratne AN, Cole JE, Goddard ME, Park I, Mohri Z,
Sansom S, et al. Low shear stress induces M1 macrophage
polarization in murine thin-cap atherosclerotic plaques. J Mol

Cell Cardiol. (2015) 89(Pt B):168–72. doi: 10.1016/j.yjmcc.2015.
10.034

57. Gruber E, Heyward C, Cameron J, Leifer C. Toll-like receptor signaling
in macrophages is regulated by extracellular substrate stiffness and Rho-
associated coiled-coil kinase (ROCK1/2). Int Immunol. (2018) 30:267–78.
doi: 10.1093/intimm/dxy027

58. Hunter CJ, Mouw JK, Levenston ME. Dynamic compression of chondrocyte-
seeded fibrin gels: effects on matrix accumulation and mechanical stiffness.
Osteoarthr Cartil. (2004) 12:117–30. doi: 10.1016/j.joca.2003.08.009

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Fahy, Menzel, Alini and Stoddart. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Immunology | www.frontiersin.org 12 March 2019 | Volume 10 | Article 38356

https://doi.org/10.1096/fj.11-184861
https://doi.org/10.1002/art.21951
https://doi.org/10.1002/art.22637
https://doi.org/10.1016/S0002-9440(10)65051-1
https://doi.org/10.1016/j.yjmcc.2015.10.034
https://doi.org/10.1093/intimm/dxy027
https://doi.org/10.1016/j.joca.2003.08.009~
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


ORIGINAL RESEARCH
published: 07 March 2019

doi: 10.3389/fimmu.2019.00377

Frontiers in Immunology | www.frontiersin.org 1 March 2019 | Volume 10 | Article 377

Edited by:

Claudine Blin-Wakkach,

UMR7370 Laboratoire de Physio

Médecine Moléculaire (LP2M), France

Reviewed by:

Frederic Blanchard,

INSERM U1238 Sarcomes Osseux et

Remodelage des Tissus Calcifiés,

France

Florent Elefteriou,

Baylor College of Medicine,

United States

Nicole Horwood,

University of Oxford, United Kingdom

*Correspondence:

Jean-Pierre Levesque

jp.levesque@mater.uq.edu.au

†These authors share first authorship

Specialty section:

This article was submitted to

Inflammation,

a section of the journal

Frontiers in Immunology

Received: 30 November 2018

Accepted: 14 February 2019

Published: 07 March 2019

Citation:

Alexander KA, Tseng H-W, Fleming W,

Jose B, Salga M, Kulina I, Millard SM,

Pettit AR, Genêt F and Levesque J-P

(2019) Inhibition of JAK1/2 Tyrosine

Kinases Reduces Neurogenic

Heterotopic Ossification After Spinal

Cord Injury. Front. Immunol. 10:377.

doi: 10.3389/fimmu.2019.00377

Inhibition of JAK1/2 Tyrosine Kinases
Reduces Neurogenic Heterotopic
Ossification After Spinal Cord Injury
Kylie A. Alexander 1†, Hsu-Wen Tseng 1†, Whitney Fleming 1, Beulah Jose 1,
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Neurogenic heterotopic ossifications (NHO) are very incapacitating complications of

traumatic brain and spinal cord injuries (SCI) which manifest as abnormal formation of

bone tissue in periarticular muscles. NHO are debilitating as they cause pain, partial or

total joint ankylosis and vascular and nerve compression. NHO pathogenesis is unknown

and the only effective treatment remains surgical resection, however once resected,

NHO can re-occur. To further understand NHO pathogenesis, we developed the first

animal model of NHO following SCI in genetically unmodified mice, which mimics most

clinical features of NHO in patients. We have previously shown that the combination of

(1) a central nervous system lesion (SCI) and (2) muscular damage (via an intramuscular

injection of cardiotoxin) is required for NHO development. Furthermore, macrophages

within the injured muscle play a critical role in driving NHO pathogenesis. More recently

we demonstrated that macrophage-derived oncostatin M (OSM) is a key mediator of

both human and mouse NHO. We now report that inflammatory monocytes infiltrate

the injured muscles of SCI mice developing NHO at significantly higher levels compared

to mice without SCI. Muscle infiltrating monocytes and neutrophils expressed OSM

whereas mouse muscle satellite and interstitial cell expressed the OSM receptor (OSMR).

In vitro recombinant mouse OSM induced tyrosine phosphorylation of the transcription

factor STAT3, a downstream target of OSMR:gp130 signaling in muscle progenitor

cells. As STAT3 is tyrosine phosphorylated by JAK1/2 tyrosine kinases downstream

of OSMR:gp130, we demonstrated that the JAK1/2 tyrosine kinase inhibitor ruxolitinib

blocked OSM driven STAT3 tyrosine phosphorylation in mouse muscle progenitor cells.

We further demonstrated in vivo that STAT3 tyrosine phosphorylation was not only

significantly higher but persisted for a longer duration in injured muscles of SCI mice

developing NHO compared to mice with muscle injury without SCI. Finally, administration

of ruxolitinib for 7 days post-surgery significantly reduced STAT3 phosphorylation in

injured muscles in vivo as well as NHO volume at all analyzed time-points up to 3

weeks post-surgery. Our results identify the JAK/STAT3 signaling pathway as a potential

therapeutic target to reduce NHO development following SCI.

Keywords: spinal cord injury complications, heterotopic ossification, JAK- STAT signaling pathway, ruxolitinib,

oncostatin M receptor
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INTRODUCTION

Neurogenic heterotopic ossification (NHO) is the
abnormal formation of extra-skeletal bones in muscles (1),
mostly periarticular (2), and is a frequent and very incapacitating
complication in patients with spinal cord injury (SCI) (15–25%)
and traumatic brain injuries (5–12%) (3, 4). NHO prevalence
is higher in combat-inflicted trauma particularly in victims
of explosive blasts with associated SCI or TBI where NHO
prevalence is over 60% (5, 6). NHOs are debilitating due to their
size (up to 2 kg), causing significant pain and gradual reduction
in the range of motion of affected limbs, often progressing to
complete joint ankylosis. This exacerbates functional disabilities
by increasing difficulty in sitting, eating and dressing (7). NHO
growth can also cause nerve, blood vessel compression, and
irreversibly damage the affected joint further increasing patient
morbidity (8). Despite knowing this pathology for 100 years,
treatment is currently limited to surgical resection after NHO
have matured and become symptomatic (2, 7, 9–11). The surgical
procedure is challenging, particularly when ossifications entrap
joints, large blood vessels and nerves. Furthermore, even after
resection, NHO recurrence is observed in at least 6% patients
(1, 2, 9, 12). The development of improved treatments for NHO
has been slow and trials of pharmacological interventions have
continued to show limited effectiveness, reflecting the current
limited knowledge on the etiology and pathophysiology of NHO.
Identification of therapeutic targets to block NHO development
in SCI/TBI patients remains a priority in order to decrease the
prevalence and morbidity of this pathology (5).

We have developed the first clinically relevant animal model
of NHO following SCI in genetically unmodified mice (13).
In this model the combination of two injuries is necessary to
trigger NHO development in the muscle: a severe lesion of
the central nervous system such as a SCI in combination with
a muscle injury (13). Development of NHO following spinal
cord transection in this model was triggered by macrophages
infiltrating damaged muscles exclusively in the context of a
complete SCI (13, 14). More recently we established that the
inflammatory cytokine oncostatin M (OSM) secreted in part
by macrophages infiltrating the inflamed muscle contribute
to both human and mouse NHO development (15). This
is consistent with the pleiotropic role of OSM in regulating
skeletal bone formation and resorption (16, 17) and the previous
demonstration that macrophage-derived OSM can promote
mesenchymal stem cell osteogenic differentiation (18) and
intramembranous bone formation (19). OSM was shown to be
elevated in the serum of patients developing NHO and OSM
produced by activated macrophages isolated from NHO biopsies
promoted osteoblastic differentiation and mineralization of
human muscle-derived stromal cells extracted from NHOs (15).
Likewise in mice, SCI caused the abnormal and persistent
expression of OSM in the injured muscles. Importantly, mice
defective for the OSM receptor (OSMR) α chain gene Osmr
had significantly reduced NHO volumes in response to SCI and
muscle injury (15). Overall our results provide strong evidence
that macrophages contribute to NHO formation in part through
the osteogenic action of OSM on muscle cells suggesting that

OSM/OSMR signaling could be a suitable therapeutic target
for NHO.

OSM is a member of the interleukin (IL)-6 family of
cytokines which include IL-6, IL-11, leukemia inhibitory factor
(LIF), cardiotrophin-1, and ciliary neurotrophic factor. These
cytokines bind to diverse heteromeric receptors with a common
glycoprotein 130 (Gp130) chain. Binding of IL-6 family cytokines
to their cognate receptors, all of which comprise a common
gp130 subunit, causes the activation of Janus tyrosine kinase
(JAK)-1 and JAK2 which in turn tyrosine phosphorylate signal
transducer and activator of transcription (STAT)-1 and STAT3
(20, 21). Once tyrosine phosphorylated (p), pSTAT1, and pSTAT3
translocate to the nucleus and activate the transcription of a
large array of genes depending on the cell type. Mouse OSM
binds with a strong affinity to the OSMR:gp130 complex and
with a 30-fold lower affinity to the leukemia inhibitory factor
receptor (LIFR):gp130 complex (22). Typically, OSM binding
to the OSMR:gp130 complex causes the phosphorylation and
activation of both STAT1 and STAT3 via JAK1/2 (23, 24) which
in turns leads the transcription of a large range of genes that
include suppressor of cytokine signaling (SOCS)-3. A negative
feed-back loop is triggered by SOCS3, which binds to both gp130
and activated JAKs, suppressing this signaling cascade and STAT1
and STAT3 activation (25, 26).

Since OSM and OSMR play an important role in NHO
pathogenesis following SCI (15), we further examined STAT3
activation status in mouse muscles during NHO development.
We confirmed that muscle satellite and interstitial cells isolated
from mouse muscles express OSMR, with JAK1/2-dependant
tyrosine phosphorylation of STAT3 in response to OSM. In
addition, we found higher and persistent STAT3 tyrosine
phosphorylation in injured muscles of SCI mice developing
NHO. We show that this persistent STAT3 phosphorylation
and activation in the injured muscle is an important driver
of NHO as administration of ruxolitinib, a small synthetic
inhibitor of JAK1/2 tyrosine kinases used to treat myelofibrosis
and polycythemia vera caused by activating mutations of JAK2
(27, 28), significantly reduced STAT3 phosphorylation in the
injured muscles of mice. Importantly, ruxolitinib administration
also significantly reduced NHO development following SCI.

MATERIALS AND METHODS

Animals
C57BL/6 mice were obtained from Animal Resource Center
(Perth, Australia). All mouse procedures were approved by the
Health Sciences Animal Ethics Committee of The University of
Queensland and performed in accordance with the Australian
Code of Practice for the Care and Use of Animals for
Scientific Purposes.

NHO Mouse Model
NHO mouse model was carried out as previously described
(15) by performing a spinal cord transection between T11 and
T13 together with intramuscular injection (i.m.) of cardiotoxin
(CDTX) purified from the venom of Naja pallida (Latoxan) at
0.32 mg/kg in the hamstring muscles under general anesthesia
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(100 mg/kg Ketamine, 10 mg/kg xylazine, and 1% isofluorane).
Control mice underwent sham-surgery and/or intramuscular
injection of equal volume of phosphate buffered saline (PBS).
In this model, NHO develop in the CDTX-injected muscle
within 1–3 weeks (13, 15). Post-surgery, mice were administered
ruxolitinib phosphate (LC Laboratories) 60 mg/kg by oral gavage
twice daily from day 0 to day 7 post-surgery. Ruxolitinib
phosphate powder was first dissolved as a 4X stock in dimethyl
sulfoxide (DMSO) then diluted to 1X in vehicle (5 mg/ml
hydroxypropyl methylcellulose, 0.1% Tween 20 in water).
Control mice were gavaged with 25% DMSO in vehicle.

Tissue Collection
At 1–3 weeks post-surgery mice were euthanized by CO2

asphyxiation. For histological analysis, the hind limbs were fixed
in PBS with 4% paraformaldehyde as previously described (15).
For western blots, muscle samples were harvested at specified
time points and immediately placed in ice-cold protein extraction
buffer (300mM NaCl, 30mM Tris-HCl, 1% Triton-X 100)
containing a house made cocktail of phosphatase inhibitors
(10mM EDTA, 0.1% NaN3, 20mM NaF, 1mM Na3VO4, 10mM
β-glycerophosphate, 10mM levamisole) buffered at pH 7.4 and
supplemented with 1X protease inhibitor cocktail (CompleteTM

ULTRA Tablets, Roche) and snap frozen in liquid nitrogen
until extraction.

Muscle Cell Isolation, Sorting, and Culture
Isolation, sorting and culture of muscle
CD45−Ter119−CD31−CD34+Sca1− satellite cells and
CD45−Ter119−CD31−CD34+Sca1+ interstitial cells was
carried out as previously described (15). For pSTAT3 phos-flow
analysis, cultured muscle satellite cells, interstitial cells, and
the mouse mesenchymal progenitor cell line Kusa4b10 cells
(29, 30) were detached by incubating cell monolayers in PBS
plus 4mM EDTA for 5min at 37◦C. Once in suspension, cells
were washed in Dulbecco modified essential medium (DMEM,
Gibco, Life Technologies), centrifuged and resuspended in
DMEM. Cell aliquots (1 × 106) were then preincubated with
or without 1µM ruxolitinib (LC Laboratories), for 30min at
37◦C and subsequently stimulated by addition of 25 ng/mL
recombinant mouse OSM (R&D Systems) for 10min. Cells were
then immediately washed in 10mL ice cold Tris-buffered saline
pH 7.4 containing 1mM Na3VO4, centrifuged, and cell pellets
resuspended for fixation and permeabilization (BD Cytofix,
Perm buffer IV, BD Biosciences) for 10 and 30min respectively,
cells were then stained with AlexaFluor647-conjugated mouse
anti-pSTAT3 (pY705) monoclonal antibody (BD Biosciences,
catalog # 557815) for 30min on ice, cells were then washed and
subsequently run on a LSR Fortessa x20 flow cytometer (BD
Biosciences). Files were subsequently analyzed with Flow Jo
software version 10.4.

Protein Extraction and Western Blot
Frozen muscle samples were thawed and homogenized using a
TissueRuptor (Qiagen), in ice cold protein extraction buffer for 3
rounds of 20 s at top speed, incubated on a horizontal rotator at
4◦C for 15min. Tissue debris were removed by centrifugation at

15,000 g at 4◦C for 20min. Supernatants were taken and protein
concentrations measured using a BCA assay (ThermoFisher).
Muscle lysates (25 µg protein per lane, one separate mouse
per lane) were loaded on a 4–12% acrylamide Bis-Tris pre-
cast gel (ThermoFisher), and subsequently wet transferred
onto a Hybond C Extra membrane (Amersham Biosciences)
and blocked with Odyssey Blocking Buffer. Primary antibodies
included an anti-total-STAT3 rabbit monoclonal antibody (mAb)
clone 79D7 diluted at 1/2,000 (Cell Signaling), anti-phospho-
STAT3 (Tyr705) XP R© rabbit mAb clone D3A7 (Cell Signaling)
diluted 1/1,000. IRDye R© 800CW-conjugated donkey anti-rabbit
IgG (H+L) (LI-COR Biosciences) was used to detect primary
antibodies using an Odyssey scanner (LI-COR Biosciences).
Western blot zip files were uploaded onto Image Studio Lite
Software (Version 5.2). Boxes were drawn around the bands with
background boarder width set at 2 value for above and below
the box. Intensity values minus background of pSTAT3 were
divided by the values obtained for total STAT3, normalized to
the average value obtained in control mice (SHAM+PBS) at the
defined time-point, plotted, and significance calculated.

Mouse Muscle Monocyte Isolation
All leukocytes were isolated from either SHAM-operated or SCI
mice with an intramuscular injection of CDTX as described
above. Injected hamstrings were harvested at 4 days post-surgery
and muscle monocyte populations were isolated using a skeletal
muscle dissociation kit (Miltenyi Biotech). In brief, hamstrings
were cut into 1mm pieces and up to 0.5 g of tissue was used
per dissociation sample as per manufactures instructions. Total
muscle leukocytes were subsequently separated into multiple
populations using a Beckman Coulter Life Sciences CytoFLEX
benchtop flow cytometer using the following antibodies
(Biolegend); PerCP/Cyanine (CY) 5.5 anti-mouse/human
CD11b (clone M1/70), FITC anti-mouse CD48 (clone HM48-1),

APC anti-mouse F4/80 (clone BM8), Pacific Blue
TM

anti-mouse
Ly-6C (clone HK1.4), APC/Cy7 anti-mouse Ly-6G (clone 1A8),

and Zombie Aqua
TM

Fixable Viability Kit. Subsequently total
muscle leukocytes were also sorted into multiple populations
using a BD FACS Aria Fusion using the following antibodies

(Biolegend): Brilliant Violet 785
TM

anti-mouse CD45 (clone
30-F11), FITC anti-mouse TER-119/Erythroid Cells (clone TER-
119), FITC anti-mouse/human CD45R/B220 (clone RA3-6B2),
FITC anti-mouse CD3ε (clone 145-2C11), APC anti-mouse
F4/80 (clone BM8), Brilliant Violet 510TM anti-mouse/human
CD11b (clone M1/70), PE anti-mouse Ly-6G (clone 1A8),

APC/Cy7 anti-mouse CD48 (clone HM48-1), Pacific Blue
TM

anti-mouse Ly-6C (clone HK1.4), and 7-aminoactinomycin
D (Life Technologies). Files were subsequently analyzed with
Flow Jo software version 10.4. Muscle monocyte populations
were sorted directly into trizol LS (ThermoFisher) and frozen
until extraction.

mRNA Extraction and qRT-PCR Analysis
For RNA isolation, frozen muscle was homogenized using a
TissueRuptor (Qiagen), directly in Trizol (Life Technologies).
After chloroform separation, RNA was isolated from aqueous
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phase. mRNA of sorted and cultured cells was isolated using
chloroform separation followed by GeneJET RNA cleanup and
concentration micro kit (ThermoFisher). Reverse transcription
was performed using the iScript cDNA kit (BioRad) as per
manufacturer’s instructions. Analysis of mRNA expression for
Osm, Osmr, and Hprt and was carried out using the Taqman Fast
Advanced Master Mix and primer / probe sets (ThermoFisher):
Osmr (Mm01307326_m1), Osm (Mm01193966_m1), and Hprt
(Mm03024075_m1) on ViiA 7 Real-Time PCR System (Life
Technologies) with PCR setting: 20 s at 95◦C, then 40 cycles of
95◦C (1 s) and 60◦C (20 s). Results were normalized relative to
Hprt mRNA expression.

Micro-Computerized Tomography (µCT)
and NHO Volume Quantification
NHO volume was measured in vivo or ex vivo using the
Inveon positron emission tomography/computed tomography
(PET-CT) multimodality system (Siemens Medical Solutions
Inc.) as previously described (15). In brief, parameters were as
follows: 360◦ rotation, 180 projections, 500ms exposure time,
80 kV voltage, 500 µA current, and effective pixel size 36µm.
3D reconstitutions were performed with the Inveon Research
Workplace (Siemens Medical Solutions). To calculate NHO
volumes, the region of interest (ROI) was drawn around the
muscles containing NHO, and was carefully checked from three
dimensions. After defining the ROI, the NHO region was defined
by setting the threshold Hounsfield units (HU) to 450 HU.

Histology
Fixed hind limbs were decalcified and processed as previously
described (15). Five µm sections were cut and stained using
Masson’s Trichrome. In brief sections were deparaffinized and
rehydrated then stained for 10min inWeigert’s iron hematoxylin,
rinsed under tap water for 10min, differentiated in 1% acid
alcohol (1% hydrochloric acid) for 15–30 s, rinsed in tap water
(3min) then distilled water, followed by staining in Biebrich
scarlet-acid fuchsine solution for 10–15min (Biebrich scarlet,
1% aqueous, Acid fuchsine, 1% aqueous, glacial acetic acid),
slides are then washed in distilled water and differentiated in
5% phosphomolybdic −5% phosphotungstic acid solution for
10–15min or until collagen is not red. Slides were transferred
into aniline blue solution for 5–10min and rinsed in 1%
acetic acid for 2–5min, dehydrated, and mounted in resinous
mounting medium. Immunohistochemistry was performed as
previously described (15). Primary antibodies used were: rat
anti-mouse F4/80 mAb (clone CI:A3-1, Abcam), rabbit anti-
mouse Osterix/Sp7 polyclonal IgG (ab22552, Abcam), rabbit
anti-mouse collagen type 1 polyclonal IgG (C7510-13, US
Biological), or relevant isotype control antibodies; ratIgG2b
(400602, Biolegend), or rabbit IgG (ab27478, Abcam). A
3-step procedure was employed using biotinylated F(ab)2
secondary antibodies (biotinylated goat anti-rat IgG and goat
anti-rabbit IgG antibodies, Vector Labs) and VECTASTAIN
Elite ABC -Peroxidase Kit (Vector Labs), was used to detect
primary antibodies. Slides were viewed using an Olympus BX50
microscope with an attached DP26 camera and imaged using
Olympus CellSens standard 1.7 imaging software (Olympus).

Quantification of
F4/80 Immunohistochemistry
Immunohistochemistry staining for the pan macrophage marker
F4/80 was imaged using an Olympus VS120 (Olympus) at
40X magnification. Automated digital image analysis was
subsequently performed using the Visiopharm Integrator System
(Visiopharm, Hoersholm, Denmark). In each sample, at each
sectional depth (4 depths analyzed with each depth at least
50µm apart), ROIs were generated which contained all damaged
muscle. Automated analysis was performed from the ROIs and
the data was calculated as percent of F4/80+ staining per total
area of injured muscle. All cases were visually reviewed to ensure
accuracy. Data was represented separately at each sectional
depth as the area of damaged tissue is not uniform throughout
each hamstring.

Statistical Analysis
Statistically significant differences were determined using
ANOVA with post-hoc Tukey’s multiple comparison test or
Mann-Whitney test using PRISM 6 or 7 (GraphPad software, La
Jolla, CA, USA).

RESULTS

Increased Ly6Chigh Monocyte Infiltration in
Injured Muscles of Mice Following SCI
We have previously reported that systemic depletion of
phagocytic macrophages and monocytes by injections of
clodronate-loaded liposomes significantly reduces NHO
development (13). Therefore, we further characterized the
macrophage/monocyte populations present within the muscles
of mice developing NHO by flow cytometry. In this model,
only mice that undergo both SCI + i.m. CDTX injection
develop NHO exclusively in the CDTX injected muscle
(13, 15). Mice underwent SCI or SHAM surgery followed by
an intramuscular injection of CDTX to cause muscle injury
or a control PBS injection. At 4 days post-surgery leukocytes
were extracted from the hamstrings of all mice and isolated
into four subsets based on forward scatter, side scatter as well
as zombie aqua negativity (viable cells), F4/80, Ly6G, CD11b,
and Ly6C expression (Figure 1A). Preliminary flow cytometry
analysis confirmed that CDTX-induced intramuscular injury
caused a large and significant accumulation of total F4/80+

monocyte/macrophages (Figure 1Bi p < 0.0001) in SCI+CDTX
and SHAM+CDTX groups compared to control groups
(SCI+PBS and SHAM+PBS). When the total F4/80+ population
was sub-gated based on expression of Ly6C, we observed
a significantly higher frequency of Ly6Chigh ‘inflammatory
monocytes/macrophages’ (CD11b+F4/80+Ly6G−Ly6Chi)
in the mice that develop NHO (SCI+CDTX), compared
to SHAM+CDTX mice (Figure 1Bii p = 0.0002). Minimal
Ly6Chi monocyte/macrophages were noted in the SCI+PBS
and SHAM+PBS groups. The frequencies of Ly6Cmid/lo

monocyte/macrophages (CD11b+F4/80+Ly6G−Ly6Cmid/lo)
was unchanged between SCI+CDTX and SHAM+CDTX
groups (Figure 1Biii). We also observed the presence of

Frontiers in Immunology | www.frontiersin.org 4 March 2019 | Volume 10 | Article 37760

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Alexander et al. JAK/STAT3 Signaling Drives NHO

FIGURE 1 | Increased inflammatory monocyte infiltration in injured muscles of mice developing NHO. (A) C57BL/6 mice underwent either SCI or Sham surgery

followed by an intra muscular injection of CDTX or PBS. Muscle leukocytes were extracted from hamstrings at day 4 post-surgery and isolated into four subsets

(Continued)
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FIGURE 1 | based on forward scatter, side scatter as well as zombie aqua negativity (viable cells), F4/80, Ly6G, CD11b, and Ly6C expression. (B) Frequencies of

each leukocyte population relative to total live muscle cells using the gating strategy outlined: (i) “Total F4/80+ cells” (CD11b+F4/80+, blue gates in A), (ii) “Ly6Chi

inflammatory monocytes” (F4/80+CD11b+Ly6G− CD48+Ly6Chi, blue gates in A), (iii) “Ly6Cmid/lo monocytes/macrophages” (F4/80+ CD11b+ Ly6G−CD48+

Ly6Cmid/lo, blue gates in A), and (iv) “granulocytes” (F4/80−CD11b+Ly6G+, red gates in A). The frequency of Ly6Chi inflammatory monocytes (relative to total live

muscle cells) in mice developing NHO (SCI+CDTX), compared to all other treatment groups was significantly higher (p = 0.0002 ANOVA n = 3–5/group). Each dot

represents an individual mouse. Bars represent as mean ± SD. (C) Muscle leukocytes were extracted from hamstrings at day 4 post surgery, and 4 separate leukocyte

populations were identified by flow cytometry using the following gating strategy: (i) “Ly6Chi inflammatory monocytes” as CD45+ lineage (Ter119,CD3ε,B220)-negative

F4/80+ CD11b+ Ly6G− CD48+Ly6Chi, red gates, (ii) “Ly6Cmid monocytes/macrophages” CD45+ Lin− F4/80+ CD11b+ Ly6G−CD48+ Ly6Cmid, red gates, (iii)

“Ly6Cneg monocytes” CD45+ Lin− F4/80+ CD11b+ Ly6G− CD48+ Ly6Cneg red gates, and (iv) “granulocytes” CD45+ Lin− F4/80neg CD11b+ Ly6G+, blue gates.

(D) Frequencies of each myeloid subset relative to total live muscle cells and to total live CD45+ muscle leukocytes. There was a significant increase in frequency of

Ly6Chi monocytes relative to total live muscle cells (Di, p < 0.0001 Mann-Whitney test) and to CD45+ live muscle leukocytes (Di, p < 0.0001 Mann-Whitney test) after

SCI+CDTX compared to Sham+CDTX. Each dot represents an individual mouse, n = 25–27/treatment group. Bars represent mean ± SD.

granulocytes (CD11b+F4/80−Ly6Ghi) (Figure 1Biv), albeit
with lower frequencies compared to monocyte/macrophage
subsets. In view of these preliminary results, we focused our
subsequent analysis on leukocyte populations infiltrating the
CDTX-injured muscles in SCI+CDTX and SHAM+CDTX
groups in a larger cohort of mice to achieve higher statistical
power. Leukocytes were isolated into 4 separate populations
based on forward scatter, side scatter as well as 7-actinomycin D-
negativity (7AAD− viable cells), CD45, lineage (Ter119, CD3ε,
B220), F4/80, Ly6G, CD11b, Ly6C expression (Figure 1C).
Although we initially wanted to incorporate antibodies specific
for CD169, Mer tyrosine kinase and VCAM-1 which clearly
identifies macrophages from monocytes (31), preliminary
experiments on bone marrow cells where macrophages and
monocytes are abundant confirmed this was not possible as
these antigens are cleaved from the cell surface by the protease
cocktail used to extract leukocytes from skeletal muscles (data
not shown). Despite this limitation, we again observed that the
frequency of “Ly6Chi inflammatory monocytes/macrophages”
(CD45+Lin−CD11b+F4/80+Ly6G−Ly6Chi) in live muscle cells
was significantly higher in mice that develop NHO (SCI+CDTX)
mice compared to SHAM+CDTX mice (Figure 1Di, left panel
p < 0.0001). When the frequency of Ly6Chi monocytes
was calculated relative to all CD45+ leukocytes present,
the frequency of these inflammatory monocytes was also
significantly increased (Figure 1Di, right panel p < 0.0001). The
frequencies of other monocyte/macrophage subsets identified
as CD45+Lin−CD11b+F4/80+Ly6G−Ly6Cmid monocytes
(Figure 1Dii), CD45+Lin−CD11b+F4/80+Ly6G−Ly6Cneg

monocytes (Figure 1Diii), as well as
CD45+Lin−CD11b+F4/80−Ly6G+ neutrophils (Figure 1Div)
were not significantly different in SCI+CDTX compared to
SHAM+CDTX mice.

Expression of OSM and OSMR in Muscle
Cell Populations
We have previously confirmed by qRT-PCR, that Osm mRNA is
significantly upregulated in the wholemuscles ofmice developing
NHO (15). As there is no commercial monoclonal antibody
specific for mouse OSMR that works by flow cytometry, we
isolated RNA from the sorted myeloid populations described
in Figure 1D at 4 days post-surgery, as well as whole skeletal
muscle from naïve mice and mouse muscle progenitor cell
populations; CD45−Ter119−CD31−CD34+Sca1− satellite cells

and CD45−Ter119−CD31−CD34+Sca1+ interstitial cells [also
known as fibro-adipogenic progenitors or FAP (32)] freshly
sorted from naïve skeletal muscle, to establish which cell types
express Osm and Osmr mRNA. Osm mRNA was detected in all
myeloid populations infiltrating the SCI+CDTX-injured muscle
with the highest abundance in granulocytes (Figure 2A), whereas
no Osm was detected in whole naïve skeletal muscle. These
results are consistent with the tissue expression profile of mouse
OsmmRNA in the BioGPS database (http://biogps.org). In sharp
contrast, Osmr mRNA was undetectable in myeloid populations
in the muscle but was expressed by both muscle satellite cells
and interstitial cells (Figure 2B). This suggests that OSM can
act directly on muscle progenitor cells that express its receptor
OSMR rather than indirectly via infiltrating myeloid cells.

OSM Induces STAT3 Y705 Phosphorylation
in Cultured Mouse Muscle Cells
Given that both muscle satellite cells and interstitial cells
expressed Osmr mRNA, we further investigated OSM/OSMR
signaling in these cells. The OSMR/gp130 receptor complex
is known to activate both JAK1 and JAK2 tyrosine kinases
following OSM binding (23, 24). Once activated, JAK1 and JAK2
tyrosine phosphorylate STAT1 and STAT3 (23) which enable
their nuclear translocation to initiate transcription of OSM
responsive genes. In preliminary experiments, we were unable to
detect phosphorylated JAK1 and JAK2 by immunoprecipitation
and western-blot of whole muscle lysates because the very low
levels of total JAK1 and JAK2 proteins (data not shown). Instead,
we measured the tyrosine phosphorylation status of the JAK1/2
substrate STAT3 in response to recombinant mouse OSM in
satellite and interstitial cells sorted from the muscles of naïve
mice. The mouse mesenchymal progenitor cell line Kusa4b10
(29, 30) was used as a positive control. By flow cytometry
with a mAb specific for STAT3 phosphorylation on tyrosine
705 (pSTAT3 Y705), we confirmed that recombinant mouse
OSM caused a rapid phosphorylation of STAT3 Y705 on all cell
types tested (Figure 2C), confirming that OSMR is functional
on mouse muscle satellite and interstitial cells. To confirm that
STAT3 Y705 phosphorylation was mediated by JAK1/2, we also
preincubated cells for 30min with the small synthetic JAK1/2
inhibitor ruxolitinib (27, 28). Ruxolitinib completely inhibited
phosphorylation of STAT3 Y705 in response to mouse OSM in
all three cell types (Figure 2C). Together these results suggest
that OSMR expressed by satellite and interstitial cells are able
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FIGURE 2 | OSM and OSMR expression and signaling in muscle cells. (A) Osm mRNA expression by qRT-PCR. Osm is expressed by all sorted infiltrating myeloid

populations but absent in whole naïve skeletal muscle. Each dot represents an individual mouse (n = 3–4/group). Bars represent mean ± SD. (B) Osmr mRNA

expression is only present in sorted mouse muscle satellite and interstitial cells, not in any sorted myeloid population infiltrating the injured muscle (C) Phos-flow of

pSTAT3 Y705 phosphorylation in cultured CD45−Ter119−CD31−CD34+Sca1+ muscle interstitial cells (IC), CD45−Ter119−CD31−CD34+Sca1− muscle satellite

cells (SC), and Kusa4b10 cells. Cells were incubated for 10min at 37◦C with medium alone (unstimulated), or 25 ng/ml recombinant mouse OSM plus DMSO or of

25 ng/ml OSM plus 1µM ruxolitinib. Cell were then fixed and permeabilized before staining with AlexaFluor647-conjugated mouse mAb anti-pSTAT3 (Y705) and

analyzed by flow cytometry. Representative figures were one of two independent experiments.

to respond to upregulated OSM in muscle and activate down-
stream JAK1/2-STAT3 signaling pathway.

Persistence of STAT3 Tyrosine
Phosphorylation in the Injured Muscle
Following SCI
Next, we examined STAT3 Y705 phosphorylation in the muscles
of mice developing NHO. Western blots for pSTAT3 Y705
and total STAT3 were performed using whole muscle lysates
from hamstrings of mice that underwent either (1) SCI+CDTX,
(2) SCI+PBS, (3) SHAM+CDTX, or (4) SHAM+PBS at
day 4, 7, and 14 days post-surgery. At 4 days post-surgery
there was a clear increase in STAT3 Y705 phosphorylation
in muscle injured with CDTX (Figure 3A). Importantly the
ratio of pSTAT3 Y705 vs. total STAT3 normalized to the
pSTAT3/STAT3 ratio measured in control mice (SHAM+PBS),
was significantly higher in SCI+CDTX mice compared to
SHAM+CDTXmice (Figure 3A). Seven days post-injury, STAT3
Y705 phosphorylation persisted in the injured muscles from the
SCI+CDTX group while it was resolving in the SHAM+CDTX
group (Figure 3B). This pattern of persistent STAT3 Y705

phosphorylation in the injured muscles of the SCI+CDTX group
that developed NHO was noted up to 14 days post-surgery
(Figure 3C) whereas in SHAM+CDTX, pSTAT3 Y705 had
returned to levels not significantly different from those observed
in controls without muscle injury as expected from previous
reports showing that without a SCI, CDTX-injured muscles are
mostly repaired 14 post-injury (33). These data establish that
the combination of SCI with muscle injury, compared to all
other control treatments, caused enhanced STAT3 signaling in
the injured muscle which persisted for an extended period of
time after the initial injury. Overall these data establish that
in the context of a SCI, STAT3 phosphorylation is exaggerated
and persists over a longer period of time in injured muscles
developing NHO.

JAK1/2 Inhibition Significantly Reduced
NHO Development Following SCI
From this we hypothesized that exaggerated and persistent
STAT3 tyrosine phosphorylation and activation by JAK1/2 in
injured muscles of SCI mice is functionally important in NHO
pathogenesis. To test this, we treated mice that underwent
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FIGURE 3 | Persistence of STAT3 tyrosine phosphorylation in injured muscles following spinal cord injury. Western-blots of whole muscle lysates collected from mice

that underwent either SCI or SHAM surgery together with an intramuscular injection of either CDTX or PBS. Western blot of whole muscle lysates from individual mice

taken on day 4 (A), 7 (B), or 14 (C) post-injury. Each membrane was probed with rabbit anti-pSTAT3 Y705 mAb, stripped and then re-probed with rabbit anti-total

STAT3 mAb. Band fluorescence intensity was quantified and ratio of signal intensity of pSTAT3 vs. total STAT3 calculated for each individual mouse and normalized

relative to the average pSTAT3/STAT3 ratio in control mice (SHAM+PBS) at each time-point. Each lane and each dot represents a separate mouse, n = 2–4

mice/treatment/time-point. Bars represent mean ± SD. P values were calculated by ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

SCI+CDTX with ruxolitinib bi-daily for the first 7 days post-
surgery. Ruxolitinib treatment significantly reduced STAT3 Y705
phosphorylation at 7 days post-surgery (Figure 4A ∗p = 0.03).
Micro CT (µCT) confirmed a significant reduction in NHO bone
volume at day 7, 14, and 23 post surgery in mice treated with
ruxolitinib for the first 7 days post-injury (Figure 4Bi,ii ∗∗p =

0.0076, ∗p = 0.031, and ∗p = 0.015). Visual representation of
collagen+ NHO by Masson’s trichrome staining at 3 weeks post-
surgery was consistent with µCT quantification and confirmed
the presence of collagen+ NHO foci in the muscles of vehicle

treated SCI+CDTX mice (Figure 4C, crosshatches). Collagen+

NHO foci were reduced after ruxolitinib treatment. As previously
described by us (13, 15) and others (33), in SHAM+CDTX mice
at 3 weeks post-surgery, no NHO and little collagen deposition
was observed, with reformation of muscle fibers confirming
that in the absence of SCI, the CDTX-injured muscle repairs
within 7–14 days post-injury (33). Immunohistochemistry
with anti-collagen type I or anti-osterix/SP7 antibodies were
consistent with both µCT and Masson’s trichrome staining
and confirmed that in vehicle treated SCI+CDTX mice the
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FIGURE 4 | Inhibition of JAK1/2 kinases with ruxolitinib reduces NHO development after SCI in vivo. (A) Western-blots of whole muscle lysates collected at day 7

from SCI+CDTX mice that were treated with either vehicle control or ruxolitinib (60 mg/kg bi-daily) from day 0–7 post surgery. Western-blots of whole muscle lysates

were probed with rabbit anti-pSTAT3 Y705 mAb, and rabbit anti-total STAT3 mAb, then band fluorescence was quantified and ratio of signal intensity of pSTAT3

versus total STAT3 calculated for each individual mouse. Each lane and each dot represents a separate mouse, n = 4–5/treatment group. Data represented as mean

± SD, *p = 0.03 by Mann-Whitney test. (B) Measurement of NHO volume by micro CT (µCT) in mice which received SCI+CDTX and treated with either vehicle

control or ruxolitinib (60 mg/kg bi-daily) from day 0–7 post surgery. (i) NHO volumes were quantified in vivo by µCT at indicated time points post-surgery illustrating the

(Continued)
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FIGURE 4 | reduction in NHO development. Each dot represents a separate mouse, n = 4–10 mice/treatment/time point. Data represented as mean ± SD, **p =

0.0076, *p = 0.031, and p = 0.015 respectively by Mann-Whitney test. (ii) Representative µCT images at 7 days post-surgery (C) Masson’s trichrome staining 3

weeks post-surgery confirming the development of multiple NHO bone and collagen+ foci (crosshatches) within the muscle in vehicle treated mice, which are reduced

after ruxolitinib treatment, and absent in control mice (SHAM+CDTX) (D) Immunohistochemistry staining of serial sections from SCI+CDTX mice 3 weeks

post-surgery (top and middle panels). Mice were treated with vehicle or ruxolitinib (60 mg/kg bi-daily) from day 0–7 post surgery. Stains were performed with either rat

anti-F4/80 mAb, rabbit anti-collagen I (CT1), or anti-osterix antibodies. Isotype control (rat IgG2b for F4/80; Rabbit IgG for CT1, and Osterix) are also shown to confirm

specificity of staining. In vehicle treated mice CT1+ NHO foci are present within the damaged muscle (crosshatch), these foci are surrounded by F4/80+

macrophages and have Osterix+ cells lining the NHO foci surface (arrows). After ruxolitinib treatment there are still F4/80+ macrophages within the damaged muscle,

however there are less CT1+ NHO foci with Osterix+ cells lining the surface. *symbols denote the same anatomical landmark in each image. NHO development is

absent in SHAM+CDTX mice 3 weeks post-surgery, with no CT1, and Osterix expression (bottom panel). (E) Quantification of F4/80 expression via IHC confirmed

that ruxolitinib treatment did not change F4/80+ macrophage expression within the hamstrings of vehicle vs. ruxolitinib treated mice, 7 days post-surgery. Each dot

represents a separate mouse, n = 2–5/treatment group/sectional depth. Four different depths were analyzed for each sample with at least 50µm between each

depth. Data represented as mean ± SD. All images taken at 40X magnification, scale bar represents 50µm.

collagen type I+ NHO foci were lined with osterix+ osteo-
lineage cells (Figure 4D, top panel, arrows). Reduced osterix-
positive osteo-lineage cells and type 1 collagen deposition was
noted after ruxolitinib treatment (Figure 4D, middle panel). In
SHAM+CDTX mice there was little expression of collagen type
I and osterix (Figure 4D, bottom panel). Ruxolitinib treatment
had minimal impact on the density of F4/80+ macrophages
within the injured muscles 7 days post-surgery (Figure 4E).

DISCUSSION

The inflammatory component that frequently accompanies
severe trauma of the central nervous system and the spine
has been suggested to be a key factor in NHO development
(5, 34, 35). We have previously established in a mouse model
of SCI-induced NHO in which macrophages infiltrate the
damaged muscles was critical for NHO development (13–15).
Our current study demonstrates that SCI causes an increased
infiltration of Ly6Chi inflammatory monocytes/macrophages
into injured muscles. Furthermore, we show that myeloid cells
infiltrating the injured muscle express the pro-inflammatory
cytokine OSM. Binding of OSM to OSMR, which is expressed
by satellite cells and interstitial cells isolated from muscle,
activates JAK1/2 tyrosine kinases with subsequent STAT3
tyrosine phosphorylation and activation in vitro. In vivo we
established that SCI with accompanying muscle injury caused
an increase in STAT3 phosphorylation in injured muscles which
persisted for up to 2 weeks only in the muscles that develop
NHO. Finally, in vivo inhibition of JAK1/2 with ruxolitinib
reduced STAT3 phosphorylation in injured muscles and most
importantly reduced NHO volume subsequent to SCI combined
with muscle injury.

OSM has been recently reported to induce muscle satellite
cell quiescence in vivo, and conditional deletion of the Osmr
gene specifically in satellite cells led to reduced myofiber
regeneration in response to injury (36). In agreement with this,
STAT3, which is activated by JAK1/2 immediately downstream
of the OSMR:gp130 complex, has been implicated in controlling
satellite cell expansion and muscle repair after muscle injury
(37). In addition, STAT3 knock-down or conditional Stat3 gene
deletion in satellite cells increased satellite cell proliferation
following muscle injury but impaired muscle repair, suggesting
that STAT3 activation is required for accelerated muscle repair

(37, 38). In contrast, OSM is known to promote osteogenic
differentiation of mesenchymal stromal cells in vitro (18, 39)
and osteoblast differentiation and bone formation in vivo (16,
17, 19). Therefore, OSM plays an important role in both
muscle repair and osteogenic differentiation and activity. This
is consistent with our observations that (1) OSMR is expressed
in skeletal muscles by both satellite cells, which regenerate
myoblasts following muscle injury (40), and by interstitial cells
which are of mesenchymal origin (32), and (2) that OSM
causes STAT3 phosphorylation in both cell types in vitro. A
limitation of our study is that we were unable to demonstrate
STAT3 phosphorylation specifically in muscle satellite cells or
interstitial cells in vivo. The extended enzymatic digestion of
muscles at 37◦C required to obtain single cell suspension
amenable for flow cytometry, removes OSM protein from the
extracellular milieu thus disrupting OSMR ligation on satellite
and interstitial cells and downstream JAK/STAT signaling.
Further immunohistological experiments using reporter mice in
which muscle satellite cells or mesenchymal cells are specifically
labeled with a fluorescent reporter will be required to definitively
prove STAT3 activation in vivo in these two cell types.

It is also important to note that in our experiments,
ruxolitinib may also block STAT activation in additional cell
types particularly myeloid cells that infiltrate the injured
muscle. Indeed, these myeloid cells express receptors for other
inflammatory cytokines such as IL-6 (41), granulocyte colony-
stimulating factor (G-CSF) (42) and granulocyte macrophage
colony-stimulating factors (GM-CSF) (43) which also activate
STATs via JAK1/2. Although it remains to be determined whether
IL-6, G-CSF, and GM-CSF contribute to NHO pathogenesis (44),
the ruxolitinib-mediated inhibition of JAK1/2 in both muscle
progenitor cells and infiltrating myeloid cells may also contribute
to the overall inhibition of NHO in our model.

Intriguingly, while STAT3 inhibition has been reported to
improve muscle repair in mice without SCI (37, 38), we did
not note improved muscle repair following JAK1/2 inhibitor
administration in mice that underwent SCI as macrophage
infiltration and collagen deposits remained in the injuredmuscles
even after ruxolitinib treatment. A few hypotheses can be
formulated to explain this divergent outcome in terms of muscle
repair. Firstly, the SCI may cause a dramatic change in the
function of macrophages orchestrating muscle repair (33) and in
muscle satellite and interstitial cells, such that inhibition of either
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STAT3 or JAK1/2 is not sufficient to re-establish coordinated
muscle regeneration. A second possibility is that the JAK1/2
inhibitor used in our study also inhibits the activation of other
STAT proteins such as STAT1 and STAT5 which may be activated
in response to OSM (16) as well as STAT activation in response
to other cytokines such IL-6, IL-12, G-CSF, or GM-CSF in muscle
cells and macrophages which orchestrate muscle regeneration as
discussed above.

It is also important to note that despite the significant effect
of ruxolinitib in reducing STAT3 phosphorylation in muscles
of mice developing NHO, and the reduction in NHO volume
after ruxolitinib treatment, while pronounced was only partial
(Figure 4). Herein we find that SCI and muscle injury caused an
exaggerated infiltration of Ly6Chi inflammatory monocytes into
the injured muscles consistent with our previous observation
that in vivo depletion of phagocytes with clodronate-loaded
liposomes markedly inhibited NHO formation (13). Because
of this increased inflammatory monocyte infiltration, it is
likely that other pro-inflammatory cytokines and mediators
are released within the injured muscle and participate to
NHO development. For instance we have previously reported
in this model of SCI-induced NHO that substance P may
contribute to NHO development (13). Others have reported in
a rat model of multi-trauma, that the retinoic acid receptor-
γ agonist Palovarotene also partially decreased heterotopic
ossification (45). In a similar rat model of multi-trauma,
rapamycin was also found to partially decrease heterotopic
ossification, suggesting that mammalian targets of rapamycin
(mTOR) may also play an important role (46). Altogether these
findings suggest that many other pathways could be abnormally
activated in injured muscles in the context of a SCI. Indeed
since NHO is driven by two different insults, it is unlikely that
the pathogenesis converges to a single pathway. Therefore,
a highly effective therapy is likely to require a combined
approach. We are currently undertaking transcriptome
analyses on injured muscles with and without SCI to elucidate
the molecular pathways that could potentially promote
NHO development.

Although ruxolitinib caused a pronounced but still partial
reduction in NHO development, inhibitors of JAK1/2 or STAT3
may represent a new therapeutic approach to decrease NHO
development in patients or perhaps to avoid NHO re-occurrence
after surgical resection, which is observed in 6% of NHO
patients (2, 9, 12). However, the roles of STAT3 and JAK1/2
in spinal cord recovery will need to be carefully evaluated.
In a rat model of SCI, treatment with a STAT3 inhibitor
post-surgery promoted neural stem cell differentiation (47).
In other studies, augmentation of IL-6 after SCI resulted in
enhanced infiltration of neutrophils and macrophages with a
subsequent increase in lesion size and reduction in axonal
growth, suggesting that balanced IL-6 signaling is required for
efficient repair after SCI (48). However, other studies have
demonstrated that conditional deletion of STAT3 in reactive
astrocytes leads to the limited migration of astrocytes, higher
infiltration of inflammatory cells, demyelination, and more
severe loss of motor function following SCI (49, 50). The

SCI-NHO model used in our studies involves a complete spinal
cord transection and further analysis on neurological recovery
was not possible in this model. Therefore, further studies in a
SCI-NHO model where neurological recovery is achievable are
necessary to effectively determine whether ruxolitinib treatment
to reduce NHO development has any beneficial or negative
impact on neurological recovery following SCI.

In conclusion our experiments suggest that STAT3 activation
persists in the muscles of mice that are developing NHO
following SCI and that targeting STAT3 activation via transient
JAK1/2 inhibition immediately following SCI may be a possible
therapeutic approach to reduce NHO development in patients.
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MicroRNAs (miRNAs) are small non-coding single-stranded RNAs that represent

important posttranscriptional regulators of protein-encoding genes. In particular, miRNAs

play key roles in regulating cellular processes such as proliferation, migration, and cell

differentiation. Recently, miRNAs emerged as critical regulators of osteoclasts (OCs)

biology and have been involved in OCs pathogenic role in several disorders. OCs are

multinucleated cells generated from myeloid precursors in the bone marrow, specialized

in bone resorption. While there is a growing number of information on the cytokines and

signaling pathways that are critical to control the differentiation of osteoclast precursors

(OCPs) into mature OCs, the connection between OC differentiation steps andmiRNAs is

less well-understood. The present review will first summarize our current understanding

of the miRNA-regulated pathways in the sequential steps required for OC formation,

from the motility and migration of OCPs to the cell-cell fusion and the final formation of

the actin ring and ruffled border in the functionally resorbing multinucleated OCs. Then,

considering the difficulty of working on primary OCs and on the generation of robust

data we will give an update on the most recent advances in the detection technologies

for miRNAs quantification and how these are of particular interest for the understanding of

OC biology and their use as potential biomarkers.

Keywords: microRNA, osteoclast, differentiation, regulation, detection, biomarker

INTRODUCTION

MicroRNAs (miRNAs) are key regulatory molecules that control cellular processes such as
proliferation, migration and cell differentiation small. As shown in Figure 1, in the canonical
pathway, miRNAs are transcribed by RNA polymerase II as large RNA precursors called primary
(pri-) miRNAs that will be cleaved in the nucleus by themicroprocessors complex into short hairpin
precursors (pre-miRNAs) of about 70-nucleotides in length (1, 2). Pre-miRNAs are subsequently
exported to the cytoplasm to be processed by DICER and yield mature miRNA duplexes (∼22
nucleotides long) prior their loading onto the Argonaute-containing RNA-induced silencing
complex (RISC). They bind through imperfect complementarity, mostly to the 3′-UTR regions of
their target mRNAs, and lead to translation inhibition or degradation (3). These single-stranded
RNAs thus modulate gene expression mostly at a posttranscriptional level. Current database
describes more than 1,917 miRNA genes, which can contain 3 and 5p miRNAs. MiRNAs are
recognized as crucial regulators of the expression of more than 60% of mammalian genes. The
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FIGURE 1 | Schematic miRNA biogenesis and mode of action. miRNA biogenesis begins in the nucleus with transcription of miRNA gene into a pri-miRNA, followed

by the action of the enzyme Drosha to produce pre-miRNA hairpins. After exportation into the cytosol, pre-miRNA, are processed into an intermediary miRNA duplex

by Dicer. One miRNA strand is loaded onto the RNA-induced silencing complex (RISC) to form mature miRNA, which can regulate the expression of target mRNAs.

The miRNA/RISC complex can also be incorporated into extracellular vesicles such as exosomes or microvesicle bodies, to be released into extracellular space. Then,

miRNAs can be found in body fluids and travel across the entire body till elimination, or can be incorporated into a recipient cell and specifically regulate the expression

of target genes into this new cell. Drosha, RNase III-type endonuclease family protein; Dicer, endoribonuclease; RISC; RNA- used silencing complex; EV, extracellular

vesicles.

number of encoded miRNAs is limited compared to mRNAs and
proteins expressed; however, one miRNAmay regulate hundreds
of mRNAs/lncRNAs and, as a result, may have substantial
effects on gene expression networks. Although a lot of miRNAs
have conserved sequences between species, the targeted mRNA
sequences may be poorly conserved and biological effects are
difficult to predict. In silico analyses using updated databases
are thus useful to screen for putative targets according to the
species and to find the miRNA sequence homology. In vitro
functional studies are however needed to validate the miRNA
targets, which may provide clues on the biological effects of the
miRNA. In addition, available and freely accessible algorithms
have been designed to identify potential miRNA-promoter
interactions conserved between species that could represent

additional clues to further push toward experimental validation
(4). In vivo studies add indeed robustness to the biological role of
miRNA-mediated regulation in pathophysiological conditions.

As to many other biological processes, miRNAs act as
fine modulators to maintain bone homeostasis. Key evidence
that miRNAs are essential to osteoclastogenesis is provided by
genetic studies deleting one enzyme essential for their biogenesis,
DICER1. DICER deficient mouse and osteoclast-specific DICER
gene deficiency both lead to impaired osteoclast (OC) formation
and activity (5, 6). Since then, the field of bone biology has
regularly reviewed the role of miRNAs in OC biology or bone
remodeling, mostly in the context of osteoporosis (7–13). A
growing interest in miRNA-based therapeutic strategies has also
emerged in bone-related disorders [for review see (14)]. Although
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the role of miRNAs in the OC lineage and ontogeny is a current
hot topic, it remains poorly studied.

OCs are multinucleated cells specialized in bone resorption
and derived from myeloid precursors that differentiate in situ
in the bone marrow (15). The commitment of myeloid
precursors in osteoclastic differentiation is controlled by micro-
environmental factors to maintain bone homeostasis. Among
them, osteoblasts, osteocytes and bone marrow stromal cells
stimulate OC differentiation through the production of receptor
activator of nuclear factor kappa-B ligand (RANKL), which
binds to its receptor RANK. The growth factor macrophage
colony-stimulating factor (MCSF) is also required to initiate
the differentiation of osteoclastic precursors by binding its
receptor CSF1R (colony stimulating factor 1 receptor). The
Wnt-5a ligand is another pro-osteoclastic factor secreted by
osteoblasts and OCs themselves (16, 17). In addition to
these pro-osteoclastogenic factors, there are several inhibitory
regulators including the osteoprotegerin (OPG), a soluble
protein secreted by stromal cells that binds soluble and
membrane forms of RANKL, thus preventing the activation
of the RANK/RANKL signaling pathway. Indirectly, estrogens
repress bone resorption by stimulating the production of
OPG. Other environmental factors such as cytokines and lipid
mediators impact on the osteoclastogenesis (18, 19). In addition
to these well-known regulatory mechanisms, other elements
could influence the commitment of myeloid precursors to
the osteoclastic lineage. Instead of being differentiated into
OCs, the myeloid precursors can also be differentiated into
macrophages, especially in the presence of MCSF. Indeed, the
osteoclastic and macrophagic lineages are thought to originate
from an immediate bipotent precursor (20), demonstrating
their close proximity. OCs retain the phagocytic potential
and the ability to present the antigen of macrophages
(21) but are the only cells capable of bone resorption.
Among critical regulators of the polarization toward the
OC vs. macrophage lineage, the mitochondrial metabolism
has been involved (22). Although the role of miRNAs in
the commitment of hematopoietic (23) and osteoblastic (24)
lineages has been reviewed, only few studies have addressed
the involvement of miRNAs in the commitment of the
osteoclastic lineage.

The initiation of osteoclastogenesis requires the major
signaling pathways RANK/RANKL and CSF1R/MCSF. The
transcription factor NFATC1 (nuclear factor of activated T cells
1) is the cornerstone of the early phase of osteoclastogenesis. An
amplification loop of NFATC1 induces the expression of many
genes of the late phase, such as ACP5 (acid phosphatase 5, tartrate
resistant), CTSK (Cathepsin K), and DCSTAMP (dendrocyte
expressed seven transmembrane protein) [reviewed in (25)].

Under physiological conditions, the selective expression of
miRNAs promoting and repressing the generation of OCs relies
on the regulation of their own promoter (a shared promoter
in case of miRNA clusters) and is thus closely linked to the
sequential signaling pathways involved in the different steps
of OC differentiation. MiRNAs are thus essential in a lot of
biological feedback loops, including in the regulation of the
OC biology.

Our present review will focus on the miRNA-mediated
regulation of the sequential steps of OC formation. We will
also report on the most recent advances in technologies used
for the quantification of miRNAs. Finally, we will discuss the
contribution of these technologies to the field of OC biology and
the questions that remain to be asked.

miRNAs AND THE COMMITMENT OF
PROGENITORS TOWARD OCs

There are very few studies available on the miRNA-mediated
regulation of OC commitment. Osteoclastogenesis is repressed
by miR-155-mediated control of the transcription factor MITF
(melanocyte inducing transcription factor) that is involved
in the differentiation of monocytes toward macrophages
(26). Conversely, miR-29 family (miR-29a, b, c) guides the
commitment of bone marrow precursors toward the OC
lineage by inhibiting GPR85 and CD93, two molecules involved
in macrophage engagement (27). Authors showed that the
transfection of the mouse monocytic cell line RAW264.7 with
an inhibitor of miR-29 promotes macrophage differentiation,
as evidenced by an up-regulation of the F4/80 surface marker
and of the phagocytosis, even in presence of the major pro-
osteoclastogenic cytokine RANKL.

miRNAs IN THE EARLY PHASE OF OCs
GENERATION

Majority of the studies have described the global impact of
miRNAs on the terminal OC formation, as evidenced by OC
number and bone resorption activity. Few studies addressed
beyond this final step which cellular processes are impacted.
In Figure 2, we have summarized the miRNAs involved in the
functional steps paving the generation of OCs, including cell
survival, proliferation and motility of OC precursors. We also
provide an updated list of their validated target genes (Table 1).

Pro-Osteoclastogenic miRNAs
In addition to its role in the OC commitment of precursors,
miR-29 family may promote migration of precursors since
miR-29 neutralization inhibits the migration RAW264.7 cells
(27). Furthermore, miR-29 family is involved in early phase
of osteoclastogenesis by targeting NFIA (nuclear factor I A),
a negative regulator of CSF1R (27). CSF1R is also indirectly
induced by miR-223 through NFIA targeting as a positive
feedback loop enhanced by the transcription factor PU.1 induced
downstream of the MCSF/CSF1R (5). Same authors however
previously reported contradictory findings using the same
RAW264.7 cell line, as overexpression of miRNA-223 suppressed
TRAP-positive OC formation (28). These later data were in
agreement with a work performed on human peripheral blood
mononuclear cells (PBMCs) (29). Bone loss is enhanced in
arthritic condition due to activation of OC differentiation, and
miR-223 is intensely expressed in rheumatoid arthritis (RA)
synovium, particularly in monocyte/macrophage and CD4+ T-
cell subsets (29). All these findings suggest an important role of
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FIGURE 2 | miRNA regulation of osteoclast differentiation. Illustration of the 3 phases of osteoclastogenesis. The early phase is associated with pre-osteoclast (OC)

survival, motility, and proliferation; the late phase focused on pre-OC cell fusion and OC acting-ring formation; and the mature OC phase consists in the degradation of

the mineralized matrix by mature OC. Green, red and black colors indicate down, up and normal miRNA expression, respectively. Arrows and bars indicate positive or

negative effects on osteoclastogenesis respectively. M-CSF, macrophage colony-stimulating factor; RANKL, Receptor activator of NF-κB ligand.

miR-223 in the early phase of osteoclastogenesis, but an in-depth
evaluation of the expression level of miR-223 under physiological
osteoclastogenesis requires further studies.

The early phase of OC generation triggers increased NFATC1
expression, together with reduced expression of its three negative
regulators MAFB (MAF bZIP transcription factor B), IRF8
(interferon regulatory factor 8), and BCL6 (BCL6, transcription
repressor) (25). MAFB is a relevant target of miRNAs in
OC precursors. Up-regulation of miR-199a-5p and miR-148a
promotes the amplification loop of NFATC1 and the formation
of resorbing OCs by targeting MAFB in RAW264.7 cells (30)
and in CD14+ PBMCs (31), respectively. MiR-9718 is a newly
described miRNA specifically expressed in the OC lineage,
which promotes OC differentiation by targeting PIAS3 (protein
inhibitor of activated STAT3) (32), another negative modulator
of NFATC1 (33). Finally, the injection of molecules neutralizing
miR-148a or miR-9718 in ovariectomy-induced osteoporotic
mice increases total bonemass and decreases the OC number and
activity (31, 32).

Among the other miRNAs up-regulated in OCs, the pro-
osteoclastogenic role of miR-21 was demonstrated in vivo
using the miR-21 KO mouse that display a slight increase
in the trabecular bone mass and a reduced OC number
and bone resorption (34). The expression of miR-21 is
induced by c-Fos, which activation upon RANKL treatment of
mouse bone marrow-derived macrophages (BMMs) operates a

positive feedback loop by targeting the programmed cell death
protein 4 (PDCD4) (35). The binding of c-Fos to miR-21
promoter is strikingly diminished by estrogen E2 treatment in
RANKL-induced osteoclastogenesis. Estrogen attenuate miR-21
biogenesis, leading to increased FasL protein level and caspase-
3 activity in mouse BMMs precursors (36). These results suggest
that miR-21 expression is important in the development of OCs,
particularly by controlling pre-osteoclast survival.

The activation of mitogen activated protein kinases (MAPKs)
downstream of the early RANKL pro-osteoclastogenic signaling
cascade is supported by the reactive oxygen species (ROS)
produced by RANK-NADPH oxidase 1-dependant pathway
(25). ROS production by mouse BMMs is regulated by heme
oxygenase 1 (HMOX1), which attenuates osteoclastogenesis,
specifically during the early phase of OC formation (37).MiR-183
is up-regulated by RANKL and targets HMOX1, thus promoting
the early phase of osteoclastogenesis (38).

The PI3K/AKT pathway is induced by RANKL signaling and
promotes cell survival (39). By reversing the action of PI3K
(phosphoinositide 3-kinase), PTEN (phosphatase and tensin
homolog) negatively impacts on OC precursor motility in
the early phase of osteoclastogenesis (40). It was shown that
miR-214 enhances the OC precursor differentiation via the
PTEN/PI3K/AKT pathway, downstream of RANK signaling in
RAW264.7 and primary mouse BMMs. In vivo, OC-specific
miR-214 transgenic mice exhibit reduced expression of PTEN,
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TABLE 1 | MiRNAs involved in the early phase of OC generation.

miRNAs Species Up/Down Overall impact Targets Early steps impacted References

miR-21 Mousea,b Up Positive PDCD4

FASLG

Survival (34–36)

miR-29 family Mousea Up Positive NFIA

CDC42

SRGAP2

ND (27)

miR-148a Humana

Mouse a,b
Up Positive MAFB ND (31)

miR-183 Mousea Up Positive HMOX1 ND (38)

miR-199a-5p Mousea Up Positive MAFB ND (30)

miR-214 Mousea,b Up Positive PTEN Motility (41)

miR-223 Mousea,b Up Pos/neg NFIA ND (5)

miR-9718 Mousea,b Up Positive PIAS3 ND (32)

miR-34a Mousea,b

Human a
Down Negative TGIF2 NS (survival, proliferation) (54)

miR-124 Mousea

Rat a,b
Down Negative NFATC1 Proliferation, motility (67, 68)

miR-125a Humana Down Negative TRAF6 ND (48)

miR-141 Monkeya,b Down Negative EPHA2 CALCR ND (56)

miR-144-3p Humana Down Negative RANK Survival, proliferation (47)

miR-145 Mousea,b Down Negative SMAD3 ND (58)

miR-155 Mousea Down Negative SOCS1 MITF ND (61)

miR-155 Mousea Down Positive TAB2 ND (63)

miR-218 Mousea Down Negative ND Motility (52)

miR-218 Mousea Down Negative TNFRSF1A ND (53)

miR-340 Mousea Down Negative MITF ND (65)

miR-503 Humana

Mouse a,b
Down Negative RANK ND (46)

miR-9; miR-181a Mousea ND Negative CBL Survival, motility (45)

miR-146a Humana

Mouse a,b
ND Negative TRAF6 ND (50, 51)

Species and experimental context of the model used are indicated (a, in vitro). Up- or down-regulation of respective miRNAs during OC generation and the overall impact on OC

differentiation are given. We detailed steps impacted in OC precursors (pre-OC) such as cell survival, proliferation and motility. Validated targets are also listed. PDCD4, programmed cell

death protein 4; FASLG, Fas ligand; NFIA, nuclear factor I A; CDC42, cell division cycle 42; SRGAP2, SLIT-ROBO Rho GTPase activating protein 2; MAFB, MAF bZIP transcription factor

B; HMOX1, heme oxygenase 1; PTEN, phosphatase and tensin homolog; PIAS3, protein inhibitor of activated STAT3; TGIF2, TGFB induced factor homeobox 2; NFATC1, nuclear factor

of activated T cells 1; TRAF6, TNF receptor associated factor 6; EphA2: EPH receptor A2; CALCR, calcitonin receptor; RANK, receptor activator of nuclear factor kappa-B; SMAD3,

SMAD family member 3; SOCS1, suppressor of cytokine signaling 1; MITF, melanocyte inducing transcription factor; TAB2, TGF-beta activated kinase 1 binding protein 2; TNFRSF1A,

TNF receptor superfamily member 1A; CBL, Cbl proto-oncogene. ND, not determined; NS, not significant.

increased OC resorption activity, and reduced bone mineral
density (41). Since a miR-214/PTEN axis has been involved in
cell proliferation and invasion of various cancer cells (42–44), it
would be of particular interest to investigate the specific role of
miR-214 on cell proliferation, survival and motility in the context
of OC lineage.

The over-expression of miR-9 and miR-181a diminishes
the migration of RAW264.7 cells and primary mouse
OC survival by repressing the expression of the proto-
oncogene Cbl, which enhances the amount of the
pro-apoptotic protein Bim (45). This was the first
study reporting a functional role for miR-9 and miR-
181a by targeting proteins belonging to the apoptosis
pathway. Further experiments are needed to confirm the
potential role of these miRNAs on the precursor survival
during osteoclastogenesis.

miRNAs With an Inhibitory Role on OC
Precursors
The initiation of the OC precursor differentiation is largely
mediated by RANK/RANKL signaling. The expression density
of RANK at the cell surface conditions the efficacy of RANK
trimerization and downstream signal transduction. In human
CD14+ precursors, miR-503 targets RANK mRNA in the
coding sequence (CDS) region, leading to reduced RANK
protein level, OC numbers and cell density in vitro (46).
In vivo, treatment of OVX mice with anti-miR-503 reduced
bone resorption (46). The 3′ untranslated region (UTR) of
RANK is also targeted by miR-144-3p in CD14+ precursors,
controlling OC formation, proliferation and survival of OC
precursors (47).

The binding of RANKL to RANK induces the recruitment
of the adaptor protein TRAF6 (TNF Receptor Associated
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Factor 6). This important signaling adaptor for RANK is
targeted by miR-125a and miR-146a in human PBMCs (48,
49). The expression of miR-125a is controlled by NFATC1,
which directly binds to the promoter of miR-125a during
osteoclastogenesis and reduces its expression (48). MiR-146a has
been extensively studied inmonocytes in pathological conditions,
including pathologies associated with bone erosion such as
RA. The expression of miR-146a is induced by LPS, TNFα,
or IL1β signaling cascades, through the activation of NF-κB
(nuclear factor kappa B), which directly binds to the miR-
146 promoter (49). It was shown that miR-146a inhibits OC
formation from human PBMCs in a dose-dependent manner
and that the treatment of collagen-induced arthritic mice with
miR-146 mimics attenuates bone resorption (50). We recently
demonstrated that the reduced expression of miR-146a in the
Ly6Chigh monocyte subset of arthritic mice is involved in
the pathogenic bone erosion, and that it can be rescued by
specific delivery of miR-146 mimics to Ly6Chigh monocytes (51).
Taken together, these findings evidence a negative regulation
of osteoclastogenesis by NFκB-induced miR-146a to partly
counterbalance the deregulated differentiation of OC precursors
in inflammatory disorders.

The RANK/TRAF6 signaling cascade activates the NFκB
and MAPK pathways, which may represent additional
miRNA targets. Indeed, miR-218 over-expression inhibits
osteoclastogenesis by controling the p38MAPK pathway
in mouse BMMs (52). Interestingly, miR-218 negatively
impacts on the migration of RANKL-treated BMMs. Although
authors also reported a decrease of actin-ring formation,
it was most probably a consequence than a cause of the
decreased OC number. The putative targets of miR-218 were
not explored in this study. A recent study confirmed the
negative regulation of osteoclastogenesis by miR-218, and
show that it was mediated by targeting TNFRSF1A (TNF
receptor superfamily member 1A), which leads to the inhibition
of the NFκB pathway activation in RAW264.7 cells (53).
Overall, miR-218 may act on both NFκB and MAPK pathways
in OC precursors to control OC precursor differentiation,
and further studies are required to unravel the molecular
mechanisms involved.

The early RANKL signaling is mediated by two transcription
factors, NFκB and AP1, which are essential to the initiation of
the NFATC1 amplification loop. AP1 components such as c-
Jun and c-Fos could be critical targets to modulate NFATC1
activation in OC precursors. The transcriptional regulator TGIF2
(TGFB induced factor homeobox 2) is induced by NFATC1,
c-Fos and c-Jun and potentiates the activity of NFATC1 and
c-Jun in turn, promoting the osteoclastogenesis in a positive
feedback loop (54). Interestingly, TGIF2 is a direct target of
miR-34a, and OC-specific miR-34a transgenic mice exhibit lower
bone resorption and higher bone mass, with no alteration of
OC precursor survival and proliferation (54). Finally, miR-34a
seems to negatively regulate the NFATC1 pathway during OC
differentiation, mostly in the early phase upon RANKL signaling.

RANKL signaling enhances another co-stimulatory signal
mediated by the ephrinA2-EphA2 interaction at the cell surface

of OC precursors. EphrinA2 expression is rapidly induced in
a c-Fos-dependent manner and cleaved by metalloproteinases
to release an active soluble form able to interact with its
receptor EphA2, enhancing osteoclastogenesis (55). In rhesus
monkey BMMs EphA2 is a potential target of miR-141 (56).
OC differentiation and bone resorption are suppressed in vitro
by miR-141, and in vivo using repeated injections of an OC-
targeted delivery system into aged monkeys (56). The calcitonin
receptor (CALCR) is also a target of miR-141 in rhesus OCs.
A down-regulation of CALCR is however expected to suppress
the negative effect of calcitonin on OC differentiation and to
enhance bone resorption, whereas miR-141 globally inhibits OC
differentiation and activity, both in vitro and in vivo. One can
speculate that the targeting of CALCR by miR-141 may represent
a minor part of the effects of miR-141 functions in rhesus OCs.

Another critical interaction in RANKL-induced osteoclast
ogenesis is the cooperation between Smad complex and c-Fos,
which leads to NFATC1 transcription (57). Recently, miR-145
was shown to target Smad3, thus reducing the formation of p-
Smad2/3 complex, repressing c-Fos and NFATC1 transcription
in mouse OC precursors, and decreasing OC number (58).
Smad proteins are induced by members of the transforming
growth factor beta (TGFβ) super family, and Smad pathway
has become of particular interest in inflammatory disorders
[reviewed in (59)]. TGFβ1/Smad4 signaling directly induces
miR-155 expression, a negative regulator of osteoclastogenesis
(60). In addition, miR-155 is induced by interferon (IFN)-β
and mediates its suppressive effect on OC differentiation by
targeting the pro-osteoclastogenic gene SOCS1 (suppressor of
cytokine signaling 1) in OC precursors (61). These data were
suggestive of a suppressive role of miR-155 in osteoclastogenesis.
In physiological condition, miR-155 is downregulated during
osteoclastogenesis. Nevertheless, miR-155 is up-regulated in
activated immune cells, such as lymphocyte B-cells, T-cells and
dendritic cells, promoting the inflammatory response and thus
aggravating the inflammatory-induced arthritis and bone erosion
in vivo through the indirect immune-mediated activation of
OCs [reviewed in (62)]. In lipopolysaccharide (LPS)-induced
inflammatory condition, miR-155 directly induces autophagy
in OCs as well as OC differentiation and activity by targeting
TGFβ-activated kinase 1-binding protein 2 (TAB2) (63). A fine
modulation of the TAB2 expression level may promote the
destabilization of the inactive complex TAB2/Beclin1, leading to
(i) the release of Beclin1 and induction of autophagy and (ii) the
interaction of the adaptor proteins TAB2 and TAK1 that activates
the RANK/TRAF6/NFκB pathway. These findings illustrate the
variable role of miR-155 in osteoclastogenesis depending on
the microenvironment, i.e., according to the presence of LPS,
IFNβ, or TGFβ-mediated inflammatory signals. To make things
even more complex, miR-155 also targets the transcription factor
MITF that is up-regulated upon RANKL signaling (60, 61). MITF
plays a critical role in the OC differentiation by collaborating
with NFATC1 in the early phase of osteoclastogenesis (64). In
summary, miR-155 seems to globally inhibit the OC generation
in physiological condition by acting both in the commitment of
myeloid precursors (26) and in osteoclastogenesis (61) through
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TABLE 2 | MiRNAs involved in the late phase of OC generation.

miRNAs Species Up/Down Overall impact Targets Late steps impacted References

miR-26a Mousea Up Negative CTGF Actin ring formation (82)

miR-31 Mousea Up Positive RHOA Actin ring formation (70)

miR-34c Mousea Up Positive LGR4 OC survival (74)

miR-7b Mousea Down Negative DCSTAMP Cell fusion (79)

miR-29b Humana Down Negative FOS MMP2 Actin ring formation (77)

miR-30a Mousea Down Negative DCSTAMP Actin ring formation (80)

miR-124 Mousea Down Negative RAB27A ND (69)

miR-142-3p Humana Down Negative PRKCA Cell fusion, OC survival (83)

miR-186 Mousea ND Negative CTSK OC survival (84)

Species of model used are indicated; whether experiments were performed in vitro (a) or in vivo (b) is specified with superscript letters. Up- or down-regulation of respective miRNAs

during OC generation and the overall impact on OC differentiation are given. We detailed steps impacted in the late phase such as cell fusion, actin ring formation and the survival of

mature OCs. Validated targets are also listed. CTGF, connective tissue growth factor; RHOA, ras homolog family member A; LGR4, leucine rich repeat containing G protein-coupled

receptor 4; DCSTAMP, dendrocyte expressed seven transmembrane protein; FOS, Fos proto-oncogene, AP-1 transcription factor subunit; MMP2, matrix metallopeptidase 2; RAB27A,

RAB27A, member RAS oncogene family; PRKCA, protein kinase C alpha; CTSK, cathepsin K. ND, not determined; NS, not significant.

the regulation of MITF expression. MITF is also targeted by miR-
340, which inhibits the OC differentiation of mouse BMMs (65).
This reinforces the idea that MITF is a key target for miRNAs
in osteoclastogenesis.

Finally, NFATC1 has hardly been described as a direct
target of miRNAs so far. The activity of NFATC1 is regulated
by phosphorylation, which retains NFATC1 in the cytosol
compartment and inhibits its translocation into the nucleus.
Epigenetic controls of the NFATC1 gene have been reported
[reviewed in (66)]. To date, only miR-124 is predicted to bind
NFATC1 in its 3′ UTR in OC precursors (67). The targeting of
the 3′UTR of both rat and human NFATC1 mRNAs by miR-124
was confirmed using luciferase reporter assays (68). Functionally,
miR-124 represses NFATC1 expression in mouse BMMs and
diminishes the migration and proliferation of OC precursors
(67), without impact on their survival (69).

miRNAs IN THE LATE PHASE OF OC
GENERATION

To achieve OC maturation, the key transcription factors
MITF, PU.1, and NFATC1 lead to the expression of several
osteoclastogenic genes involved in the cytoskeleton organization,
the cell fusion and actin-ring formation. MiRNAs also
regulate the late stage of OC formation by targeting Rho
GTPases, DCSTAMP, CSTK, and the RANKL-receptor inhibitor
LGR4 (Table 2).

Pro-Osteoclastogenic miRNAs
One of the most up-regulated miRNAs during osteoclastogenesis
in mouse BMMs is miR-31. It specifically acts on the actin-
ring formation (70). Neutralization of miR-31 impairs the matrix
resorption and the ring-shapedOC formation, while cell-fusion is
conserved. Increased RhoA activity and protein expression level
are also observed in miR-31-deficient OC precursors, suggesting
that RhoA is targeted by miR-31 in the OC lineage (70). Small
GTPases of the Rho family (Rac1, Rac2, CDC42, RhoA, and
RhoU) play important roles in the cell-fusion of OC precursors,
podosome organization, migration, and polarization of mature

OCs [reviewed in (71)]. RhoA controls the polymerization of
actin, the turnover of podosomes, and the migration of OCs
through the bone matrix (72). While a moderate level of
RhoA activity is required to allow both stability of the sealing
zone and bone resorption, RhoA over-activation or inhibition
cause disassembly of the podosomes and thus impair the OC
activity [reviewed in (73)]. Finally, miR-31 seems essential to OC
maturation by finely modulating RhoA activity.

Another relevant miRNA in mature OC biology is miR-34c,
which promotes the OC survival at the end of maturation by
targeting the R-spondins receptor LGR4 (leucine rich repeat
containing G protein-coupled receptor 4), also known as GPR48
(74). During the OCmaturation, NFATC1 induces the expression
of LGR4 at the cell surface to negatively regulate RANK/RANKL-
signaling by a direct competition with RANK. The binding of
RANKL to LGR4 activates the NFκB-inhibitor GSK3β, which
results in OC apoptosis (75). These data suggest that miR-34c
sustains the OC formation.

miRNAs Displaying an Inhibitory Role in
OC Maturation
Based on the study of Franceschetti et al. (27), we reviewed
above the role of miR-29 family in the OC commitment and
in the early phase of OC generation. The authors however
also showed a late up-regulation of miR-29 (a, b, c) family
members at the third day of RANKL-induced OC differentiation
of mouse BMMs, suggesting another predominant role of miR-
29 in the late phase of osteoclastogenesis. They found two
targets involved in the cytoskeleton organization, CDC42 and
SRGAP2 (SLIT-ROBO Rho GTPase Activating Protein 2), which
present opposite effects. Indeed, SRGAP2 belongs to GAP family,
which inactivates Rho GTPases such as CDC42 by increasing
the intrinsic GTPase activity of Rho proteins (76). Rho GTPases
are essential in the polarization and the podosome belt/sealing
zone formation of functional OCs [reviewed in (17, 71)].The
neutralization of miR-29 family has no effect on the formation
of the actin-ring in mature RAW-derived OCs. A role for miR-
29 family in the OC maturation remains thus questionable.
Another study showed a down-regulation of miR-29b during OC
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generation, and demonstrated an inhibitory role of miR-29b in
resorption and actin-ring formation in human CD14+-derived
OCs (77). Considering only the multinucleated cells for their
analysis, authors observed disarranged nodular actin spots in
OCs over-expressing miR-29b, leading to a failure to form actin-
rings. Although the authors did not perform a validation of the
known targets of miR-29b in the OC lineage, they observed a
significant down-regulation of c-Fos and MMP2 expression in
miR-29b-transfected OCs at the end of the differentiation. The
apparent discrepancies on the role of miR-29 family members
andmiR-29b could be partially explained by the chosen approach
in the different studies, which rely either on gain-of function
of miR-29b (77) or loss-of function of miR-29 family (27),
as well as on the nature of OC precursors used (cell line vs.
primary cells).

In addition to its negative effect on cell proliferation and
motility in the early phase of osteoclatogenesis (67), miR-
124 seems to act on the late phase of the differentiation by
targeting Rab27a (69), a protein belonging to the small Rab
GTPase family and involved in vesicle trafficking and resorbing
activity of OCs (78). Notably, miR-124 is under-expressed in
the OVX mouse model, which displays a deregulated resorbing
activity (69).

DCSTAMP is a key protein involved in cell fusion. DCSTAMP
is targeted by miR-7b and miR-30a in mouse BM precursors
(79, 80). Mimics of miR-7b and miR-30a repress the expression
level of DCSTAMP, decrease the OC number and inhibit matrix
resorption. Conversely, anti-miR-7b promotes the OC formation
and increase nuclei number inmature OC, suggesting an increase
of cell fusion events (79). By measuring the membrane merge
rate, the authors confirmed that overexpression of miR-7b in
mouse BMMs significantly abrogates OC fusion (81). Anti-miR-
30a enhances the actin-ring formation (80). Similarly, miR-26a
attenuates the actin-ring formation and resorption in mouse
BMMs. MiR-26a targets the connective tissue growth factor
(CTGF), which induces and interacts with DCSTAMP (82).
Contrary to miR-7b and miR-30a, miR-26a is upregulated in
the late phase of osteoclastogenesis, suggesting a physiological
regulation of multinucleation in the OC lineage. Thus, it will be
of particular interest to evaluate the role of miR-30a and miR-26a
on cell fusion.

During OC formation from human CD14+ progenitors, the
enforced expression of miR-142-3p inhibits cell-to-cell contact,
clustering and fusion events associated with the induction of OC
apoptosis upon RANKL stimulation (83). The negative effect of
miR-142-3p on OC fusion could be partially explained by the
silencing of PKCα. Indeed, PKCα is involved in the microtubule
and actin networks and is predicted as a putative target of miR-
142-3p by prediction software. A decreased expression of anti-
apoptotic factors downstream of PKCα might also explain the
induction of cell death (83), however it has not been functionally
explored yet.

Finally, miR-186 was newly described as a negative regulator
of mature OC survival. Mimics of miR-186 induce caspase-
3/7 activity and OC apoptosis in transfected RAW264.7-derived
mature OCs (84). Moreover, miR-186 targets the CTSK gene (84)
and probably represses the resorbing function of OCs, although
it remains to be explored in functional assays.

ADVANCES IN TECHNOLOGIES FOR THE
QUANTIFICATION OF miRNAs IN
BIOLOGICAL TISSUES

MiRNAs are classically studied from the total mRNA (including
small RNAs) extracted from the tissue of interest. As miRNAs
are expressed in various cell types and tissues, it is necessary
to well define the targeted sample and to control the purity
of the elicited source of miRNAs. The study of miRNAs in
primary OCs is challenging because of the localization of OCs
into bone cavities, and thus a purified extract of primary OCs
is very hard. Finally, primary OC precursors from blood sample
or bone marrow are used to derive OCs in in vivo experiments.
Nevertheless, the OC differentiation in culture is only partial
without reaching a pure OC population. The obtained population
includes all stages from the precursor to the mature OC. The
study of miRNAs in such heterogeneous cell culture is not
satisfactory and gives a lot of variations between samples that
could impact on the reliability of the results, particularly in “end-
point” studies without a kinetic expression of miRNAs during
the OC differentiation. Some studies are based on purified OCs
using chemical methods to eliminate non- and poor-adherent
cells, as mature OCs are extremely adherent. Very recently,
a novel method of purification based on the OC sorting has
been described, allowing a standardized approach to better
characterize the miRNA profiling in mature OCs (85).

Other biological tissues are become novel sources of study
in the OC biology and the bone remodeling. Indeed, miRNAs
can be exported from a donor cell to a recipient via exosomes
and microvesicles (Figure 1), and thus participate to the cell
communication between osteocytes, osteoblasts and osteoclasts
in the bone micro-environment (86–89). Circulating miRNAs
can also be used as biomarkers in pathophysiological conditions,
reaching liquid biopsies as potential interesting samples in
clinical application.

Molecular technologies are used to detect and quantify
miRNAs, and some panels were developed to determine the
miRNA profiling. Here we provide a global and detailed view of
these technologies and their application in the quantification of
miRNAs in biological tissues.

Screening Methods for the miRNA Profiling
In recent years, technological advances in research tools
including qPCR, microarrays, and next generation sequencing
(NGS), have enabled sensitive detection of miRNAs. Typically,
miRNA biomarkers are measured with quantitative polymerase
chain reaction (qPCR) after RNA extraction and conversion into
complementary DNA (cDNA). Many other methods are available
for large screening of the miRNome to understand pathologies
or discovery of biomarkers. Mestdagh et al., have extensively
analyzed analytical parameters of many solutions available for
miRNA measurement based on qPCR, hybridization platforms
and sequencing technologies (90). Recently, new technologies for
miRNAs measurement or optimization of existing methods have
emerged. Currently, the miRbase 22 includes 1917 miRNA genes.
With the constant evolution of the miRbase, the different miRNA
detection platforms need to adapt their product. This flexibility
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however depends on the technic used. New technologies that
are more sensitive, or extraction free chemistry, are definitively
modifying the miRNA measurement landscape (Table 3).

Among these technologies, we will focus on the most
innovative technologies for miRNA detection. These
technologies provide real advance and alternative with the
direct use of matrices avoiding preprocessing step or optimized
library preparation for RNA-Seq method for the profiling of
miRNAs. For the measurement of single miRNAs, new methods
using microfluidic detection by laminar flow (91) or absolute
quantification of signal by RCA-FRET technology (92) are in
development. These last technologies may simplify the adoption
of miRNA testing in clinical laboratories.

Screening methods such as the microarrays of Affymetrix
(version 4.1) and Agilent (v21) now include 2,578 and 2,549
miRNAs, respectively, thus offering a more comprehensive
dataset. In addition to these updated microarray versions, the
company Takara Bio have recently developed the SMARTer
miRNA-Seq kit, which uses Mono-Adapter ligation and
Intramolecular Circularization (MAGIC) technology to
efficiently capture miRNA species with reduced bias inherent
to other approaches. Measurement of equimolar mixture of
963 miRNAs shows that >70% of the miRNAs are accurately
represented, whereas other competitors have 49–79% of the
miRNAs underrepresented Nevertheless, besides having less
bias than the competitors (including TruSeq and NEXTFlex),
this kit also produces large amounts of side products and as
a result did not perform better for the detection of biological
miRNAs (93). Since several years now, a new technology of
HTG Molecular (High Throughput Genomic) called EdgeSeq
provides miRNAs measurement without RNA extraction. The
technology is a combination of hybridization with nuclease
protection assay and next generation sequencing. Based on
an extraction free chemistry, the technology1 allows the direct
measurement of miRNAs from as little as 15 µl of body fluid.
This last critical point avoids biases associated to the extraction
protocols (94) and increases the sensitivity of the measure.
Correlation between replicates is very similar to those shown
previously (90) for hybridization and sequencing technologies,
whereas accuracy of the gradient of miRNA measure is superior
to other hybridization and sequencing platform2. Nevertheless,
cross reactivity is higher compared to qPCR assays2. It has been
shown that HTG EdgeSeq results were closest to the RNASeq
results with >95% concordance on tissue samples (95). The
technology also shows very good correlation with the PCR on
plasma samples, with Pearson’s coefficient of 0.93 and 0.94 for
qPCR and digital PCR (dPCR) data, respectively (96).

Circulating miRNAs as Biomarkers
In the past decade, the search for circulating miRNA for
functional studies and biomarkers research has yielded numerous
associations between miRNAs and different types of disease.
However, many of these relations could not be replicated

1From www.takarabio.com/learning-centers/next-generation-sequencing/
technical-notes/accurate-mirna-representation-in-microrna-seq,2018
2From the poster presented at ESHG, 2017, available on https://www.
htgmolecular.com/assets/htg/publications/PO-17-Aissaoui-EHSG-miRNA-
Metrics.pdf

in subsequent studies under similar experimental conditions.
Although this lack of reproducibility may be explained by
variations in experimental design and analytical methods,
guidelines of the most appropriate design and methods of
analysis are scarce. MiRNAs have significant promise as
biomarkers for diseases, due to their regulatory role in many
cellular processes, and their stability in samples such as plasma
and serum. Circulating miRNAs are moreover easily accessible.
Biomarker experiments generally consist of a discovery phase
and a validation phase. In the discovery phase, typically hundreds
of miRNAs are simultaneously measured to identify candidates.
Because of the costs of such high-throughput experiments,
numbers of subjects are often too small, which can lead to false
positives and negatives. In validation phase, a small number of
identified candidates are measured in a large cohort, generally
using quantitative PCR (qPCR). Although qPCR is a sensitive
method to measure miRNAs in the circulation, experimental
design, and qPCR data analysis remain challenging with many
sources of biases. The MIQE guidelines are useful to stress on the
most important biases in qPCR experiments and to give some
elements to improve experimental practice (97). There is still
a need for standardization or development of new methods to
reach the clinic. Thus, choosing the right tools is critical for a
successful miRNA-based experiment.

Despite new advances and evolution of technologies, many
challenges remain unmet. For example, the impact of RNA
isolation, which is known to induce biases (94), but also the
lack of standardization ofmiRNAmeasurement or normalization
of miRNAs data from plasma/serum samples, are key factors of
variation, making more challenging the translation of biomarker
discovery to diagnostic tool. Indeed, while many reports are
describing miRNAs as potential biomarkers since many years,
miRNA-based diagnostics have many difficulties to enter to the
clinic and to get IVD approval. Moreover, these kinds of tests
are likely best suited to a companion role. In contrast to RNA
or DNA-based tests, especially that indicate the presence of SNP
or a specific expression profile (98), miRNA tests produce results
that are more difficult to interpret. While many miRNAs were
reported as biomarkers in many reports (99), most miRNAs are
expressed widely in a non-cell-specific manner, and their levels
of expression are not differing drastically between patients’ group
and controls. For liquid biopsies such as blood, urine, or other
body fluids, miRNA levels are very sensitive to pre-processing
and post-processing factors. As a result, despite being very
stable, miRNA-based tests are often based on a combination of
miRNAs associated with an algorithm, and strict standardization
of the entire process, from obtaining and processing the sample
to results reporting, is mandatory and is key for reproducible
results, no matter what technology is used.

Point of care diagnostics requires short detection time, small
sample volume and portability of the device. These requests are
often not compatible with miRNA measurement technologies
since they are requesting many steps and devices. New methods
based on microfluidic chip and laminar flow assisted dentritic
amplification is currently under development, with a promise
of time to result of only 20min (91). Sensitivity and accuracy
have still to be increased, but this attractive solution could
potentially allow the compatibility of miRNAs to short diagnostic
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TABLE 3 | Technologies of miRNA profiling.

Exiqon

qiagen LNA

Open array

(Taqman)

Takara smarter

microRNA-Seq kit

Illumina

TruSeq

IonTorrent Affymetrix

miRNA 4.1

Agilent miRNA

microarray (21.0)

Nanostring

ncounter

HTG

molecular

Technology qPCR qPCR NGS NGS NGS Hybrid. Hybrid. Hybrid. Hybrid. and

NGS

Input RNA 40 ng 100 ng 100 ng 1000 ng 1000 ng 130 ng 100 ng 100 ng 15 µl/25 ng

Extraction Yes Yes Yes Yes Yes Yes Yes Yes No

miRNAs in

the assay

752 754 miRNome* miRNome* miRNome* 2,578 2,549 800 2,083

LNA, locked nucleic acid; HTG, high throughput genomic; qPCR, quantitative polymerase chain reaction; NGS, next generation sequencing; Hybrid, hybridization.

*Based on current database miRBase 22 with 1,917 entries.

delay. Without such solution able to reduce time to results, use
of miRNAs in diagnostic is only possible for non-urgent test.
Most used platforms remain qPCR, with various technologies
available such as LNA/Taqman/SybrGreen PCR, which request
high level of standardization to provide accurate and stable
results. Another novel technology that could facilitate miRNA
transfer to clinic is called RCA-FRET, which is a combination of
rolling circle amplification (RCA) and Förster resonance energy
transfer (FRET) (92). Key advantage of the technology is a simple
workflow, device needed and material for absolute quantification
results. This last point is of key importance since normalization
of miRNA data is a true hurdle.

Indeed, accurate quantification of miRNAs using qPCR
is largely dependent on proper normalization techniques,
the absence of which can lead to misinterpretation of
data and incorrect conclusions (100). The goal of most
miRNA experiments using qPCR is to identify differences in
expression between two groups of samples. In this case, cell-free
miRNAs from biofluids are emerging as important noninvasive
biomarkers because of their stability. Many works are describing
miRNAs as potential blood biomarkers. One challenge in
studying miRNAs from serum and plasma is their relatively low
abundance and lack of reliable endogenous controls. It has been
shown that hsa-miR-24, hsamiR-126, hsa-miR-484 (101), hsa-
miR-16-5p, hsa-miR-93-5p (102), hsamiR-484, and hsa-miR-191-
5p (103) are stable normalizers in serum. Nevertheless, some
reports indicate also these miRNAs not as normalizers but as
biomarkers, as for miR-16-5p described in the progression of
gastric cancer for example (104). In the absence of reliable
endogenous controls in serum/plasma, exogenous or spike-in
controls can be used to normalize miRNA expression data.
Exogenous controls can also be used to monitor extraction
efficiency or sample input amount for difficult samples (e.g.,
serum, plasma, or other biofluids).

In addition to most common used matrices, extracellular
vesicles (EVs) are emerging and even more challenging to
get reliable results. EVs are nanometer-scale particles, which
include exosomes, microvesicles, and apoptotic bodies. EVs
are intercellular communicators released by most cell types
with key functions in physiological and pathological processes
(86, 105). EVs deliver specific proteins, microRNAs and other
cellular components. One of the most important aspects of
EV research is analyzing their nucleic acid cargo, particularly

miRNAs. These are commonly quantified by RT-qPCR or,
increasingly, by comprehensive transcriptomic profiling using
NGS or hybridization technologies. One critical issue is the
methods for RNA extraction that can influence downstream
analyses by yielding non-identical, kit-specific results. This is of
particular challenge since typical concentration of this type of
sample is low, RNA integrity is decreased and associated to high
individual variability. Several kits are on the market and tested
(106) but optimal isolation methodology is mainly dependent on
the respective research setting and downstream analyses.

Overall, it is not easy to give a simple answer to a complex
problem. Many methods are available for miRNAs measurement
and generate complex data that need to be validated. Real efforts
have to be done on standardization and analytical validation until
one can consider to successfully translate biomarker discovery to
the clinic.

CONCLUSION

In the present review we have shown the complexity of
understanding OC biology and pointed out key miRNAs that
have been involved in OC differentiation as key regulators,
with very specific roles in the different phases progressing from
early progenitors toward fully mature OC. We also stressed the
challenge to get reliable data from miRNA measurement either
for supporting the knowledge of OC regulation or the translation
into biomarker tools for clinical application.
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Local priming of osteoclast precursors (OCp) has long been considered the main and

obvious pathway that takes place in the human body, where local bone lining cells

and RANKL-expressing osteocytes may facilitate the differentiation of OCp. However,

priming of OCp away from bone, such as in inflammatory tissues, as revealed in

peripheral blood, may represent a second pathway, particularly relevant in individuals

who suffer from systemic bone loss such as prevalent in inflammatory diseases. In

this review, we used a systematic approach to review the literature on osteoclast

formation in peripheral blood in patients with inflammatory diseases associated with

bone loss. Only studies that compared inflammatory (bone) disease with healthy controls

in the same study were included. Using this core collection, it becomes clear that

experimental osteoclastogenesis using peripheral blood from patients with bone loss

diseases in prevalent diseases such as rheumatoid arthritis, osteoporosis, periodontitis,

and cancer-related osteopenia unequivocally point toward an intrinsically increased

osteoclast formation and activation. In particular, such increased osteoclastogenesis

already takes place without the addition of the classical osteoclastogenesis cytokines

M-CSF and RANKL in vitro. We show that T-cells and monocytes as OCp are the

minimal demands for such unstimulated osteoclast formation. In search for common

and disease-specific denominators of the diseases with inflammation-driven bone loss,

we demonstrate that altered T-cell activity and a different composition—such as the

CD14+CD16+ vs. CD14+CD16– monocytes—and priming of OCp with increased

M-CSF, RANKL, and TNF- α levels in peripheral blood play a role in increased osteoclast

formation and activity. Future research will likely uncover the barcodes of the OCp in the

various inflammatory diseases associated with bone loss.

Keywords: peripheral blood, osteoclast formation, T-cells, CD14+CD16+, osteoclast precursor priming,

inflammatory bone diseases
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INTRODUCTION

Close inspection of skeletons as seen in anatomy museums
may show signs of inflammatory bone loss, present as joint
erosions and bone degradation of the tooth sockets that surround
teeth. This betrays an evoked activity of bone degradation
by inflammation steered osteoclasts, so different from turn-over
osteoclasts that in fact leave the rest of the skeleton seemingly
normal. The different bone cells, osteoclasts, bone-lining cells,
osteoblasts and osteocytes are responsible for a lifelong balanced
remodeling process. When this process becomes unbalanced,
such as during inflammatory diseases with bone-loss, it may
result in severe bone loss, locally, or systemically. The key
cell-type in this disturbed bone balance is the osteoclast,
the multinucleated cell responsible for breaking down bone
tissue (1).

Osteoclasts derive from cells of the monocyte/macrophage
lineage (2–4) present in bone marrow (5), but also present in
peripheral blood (6). Osteoclasts play a key role in diseases that
are associated with increased bone loss (7). Such diseases include
common diseases such as the rheumatic diseases, osteoporosis,
periodontitis, cancers that metastasize to bone and Crohn’s
disease. Less common diseases that also give rise to bone loss
are chronic liver disease, Gaucher’s disease, Turner’s syndrome,
and phenylketonuria. Bone loss is also frequently observed in
patients with chronic kidney disease. In nearly all of these
diseases, excessive osteoclast generation and activation, with a
key contribution to the altered immune system plays a dominant
role. All these diseases are discussed in detail below.

Growth factors and cytokines that can be produced by a
wide range of cells in the human body regulate the activity
and formation of osteoclasts. The principle differentiation
factors for osteoclast differentiation are macrophage colony-
stimulating factor (M-CSF), receptor activator of nuclear factor
kappa-B ligand (RANKL) (8) and the inhibitor of osteoclast
differentiation, the “protector of bone,” osteoprotegerin (OPG)
(9). These cytokines are produced by osteocytes and bone lining
cells/osteoblasts (10). However, RANKL can also be produced
by T-cells (11, 12), by synovial fibroblasts from inflamed joints
(13) and by tooth-associated fibroblasts (14). Apart from this
classical pathway, it was demonstrated by Kim et al. using
RANK-/- mouse models, that osteoclasts may also form through
stimulation with inflammatory cytokines such as tumor necrosis
factor-α (TNF-α) (15).

Apart from the common culture methods of osteoclasts using
M-CSF and RANKL, there are strong indications that osteoclast
precursors may differentiate into multinucleated osteoclasts in
the absence of added osteoclastogenesis stimulating factors M-
CSF and RANKL. This is referred to as “spontaneous” or
unstimulated osteoclast formation (16, 17), recently excellently
reviewed by Salamanna et al. (7). A better term for this could
be self-stimulatory osteoclastogenesis, where the combination
of T-cells that may provide the osteoclastogenesis signals with
primed OCp may give rise to osteoclast formation. Here,
and experimental evidence is provided below, cells from
peripheral blood, such as T-cells, may provide the necessary
differentiation factors for the monocytic, CD14+ osteoclast

precursor cells in blood. These studies are based on experimental
in vitro studies which suggest an activation of the OCp by
inflammatory mediators present in the plasma of patients with
inflammatory bone disease or an intrinsic change of cells toward
more osteoclastic differentiation. Examples include periodontitis,
osteoporosis, Crohn’s disease, rheumatoid arthritis, and bone
metastatic cancer and will be further described later on in
this review.

The aim of this systematic literature review is to provide an
overview and an interpretation of experimental in vitro studies
involving osteoclast formation from peripheral blood of patients
with inflammatory diseases that lead to bone loss compared to the
osteoclast formation from peripheral blood of healthy controls.
This will gain insight into the various mechanisms that play a
role in the activation of osteoclasts from peripheral blood in these
inflammatory bone diseases. The similarities and differences
in peripheral blood-mediated osteoclast formation between the
various inflammatory diseases associated with bone loss will be
examined and discussed.

LITERATURE SEARCH

Themethodological approach of systematic review was used. The
PRISMA (Preferred Reporting Items for Systematic Reviews and
Meta-Analyses) was used to reduce the bias in the selection of
publications for this review.
Search strategy
Search Query

#1 Peripheral blood
#2 Osteoclast OR osteoclasts
#3 Osteoclast formation OR osteoclast differentiation
OR osteoclastogenesis
#4 (Periodontitis OR periodontal disease) OR rheumatoid
arthritis OR psoriatic arthritis OR inflammatory bowel
disease OR Crohn’s disease OR osteoporosis OR bone
metastatic cancer
#5 (#1 AND #2 AND #3 AND #4) AND
(“2002/01/01”[PDat]: “2018/07/31”[PDat])

The electronic search for relevant studies was carried out
in the three databases Pubmed, Embase, and Web of
science. The keywords used for the search were “peripheral
blood,” “osteoclast,” “osteoclasts,” “osteoclast formation,”
“osteoclast differentiation,” “osteoclastogenesis,” “periodontitis,”
“periodontal disease,” “rheumatoid arthritis,” “psoriatic arthritis,”
“inflammatory bowel disease,” “Crohn’s disease,” “osteoporosis,”
“bone metastatic cancer.” In terms of time and language,
articles published from 2002 until 2018 were assessed and only
publications in English were included in this study.

SCREENING AND SELECTION

A set of inclusion and exclusion criteria were used to retrieve
relevant in vitro studies. All in vitro studies involving exogenously
added cytokine driven and spontaneous osteoclast formation
from peripheral blood from patients with periodontitis or
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rheumatoid arthritis or psoriatic arthritis or osteoporosis or
Crohn’s disease or bone metastatic cancer were included for
further examination.

The titles and abstracts of all publications identified by the
electronic search were manually screened and discussed by two
reviewers (IB and TdV). When the suitability of an article for
this review could not be determined based on the title and
abstract, the full text was read and examined by one reviewer
(IB) and reported and discussed (IB and TdV). Outcomes of in
vitro studies included comparison between osteoclast formation
from peripheral blood of patients with one of the diseases listed
above and healthy controls. All articles that did not meet with the
primary outcome of interest, (spontaneous) osteoclast formation
from PBMCs or monocytes of diseased patients compared to
healthy controls were excluded, leaving 29 papers in the core-
collection (Figure 1).

Apart from the systematic approach on the common diseases
osteoporosis, periodontitis and rheumatoid arthritis, literature
on less frequent diseases (Turner, Gaucher, chronic liver disease,
Crohn’s disease, and phenylketonuria) that was found with this
search strategy was incorporated.

PERIPHERAL BLOOD OSTEOCLAST
FORMATION IS INCREASED IN A WIDE
SPECTRUM OF BONE DISEASES

Overall it can be concluded that osteoclast formation from
peripheral blood cells is increased in a wide range of diseases
(Table 1). Results per disease or group of diseases are discussed
in detail below.

Rheumatic Diseases
Rheumatoid Arthritis
Rheumatoid arthritis is a chronic inflammatory joint disease that
is characterized by chronic synovitis and exaggerated local and
systemic bone loss. It was established by Gravallese et al., that
osteoclasts accumulate in the joints of RA patients (44) and
that RANKL, the key osteoclastogenic mediator, is expressed
locally in the joints of RA patients (45). Systemically, increased
circulating osteoclast precursors have been reported in RA, which
express key osteoclastogenic molecules on their surface (46, 47).
Notably, when exposing similar numbers of peripheral CD14+
cells to osteoclastogenic conditions, more osteoclasts form in
RA patients than in healthy controls (20), which is a strong
argument that these peripheral osteoclast precursors are primed
in the circulation. Moreover, elevated osteoclast formation in
RA was shown to be correlated to local and systemic bone
loss in RA (23). In addition, data showed that RA affects the
longevity of osteoclasts, with a significantly lower number of
osteoclasts undergoing apoptosis in RA compared to the healthy
controls (22).

Enhanced osteoclastogenesis in RA essentially depends on
T cells (48). Thus, in T-cell (CD3+ cells) depleted cultures,
osteoclast precursors from RA patients show significantly lower
spontaneous differentiation. Addition of exogenous RANKL to
these cultures resulted in partial recovery of osteoclast formation.

Together, these data indicate a crucial role for T-cells in osteoclast
formation in RA, in line with earlier studies that demonstrated
the activating role of T-cells in osteoclast formation (8, 49) which
initiated osteoimmunology research. Miranda-Carus et al. (21)
showed that T-cells present in peripheral blood play a major
role in the formation of osteoclasts in RA patients. They interact
with the osteoclast precursors of the monocyte/ macrophage
lineage in vitro. An increased level of TNF-α, IL-1, IL-17, and
RANKL was also found in the autologous T-cell/monocyte co-
cultures derived from patients with early RA and established RA
compared with controls (21) suggesting that these cytokines drive
osteoclast differentiation in RA. Especially CD4+ T-cells play a
role in osteoclastogenesis. OPG, anti-TNF-α and anti-IL-1 in this
study, were shown to inhibit osteoclast formation (21).

Psoriatic Arthritis
Psoriatic arthritis (PsA) is a chronic inflammatory joint disease,
which develops in about 30% of patients with psoriasis and is
characterized by local bone erosions and systemic bone loss.
TNFa and the interleukins 17 and −23 are key mediators of
bone loss in PsA (50). In 2003, Ritchlin et al. (18) showed
that the number of osteoclast precursors is increased in patients
with PsA. In part, the development of osteoclasts in PsA
could be independent from M-CSF or RANKL. This could be
explained by a higher number of circulating OC precursors or
by the ability of maturation of osteoclast precursors without
supplementation with exogenous levels of M-CSF or RANKL.
Ritchlin et al., also showed strong RANKL expression in synovial
tissue of PsA patients as well as strong RANK expression
in osteoclasts at areas with bone erosion. Fewer osteoclasts
formed from blood of PsA patients after anti-tumor necrosis
factor-α (TNF-α) treatment, indicating that TNF-α primes OC
precursors in PsA (16). The original findings of Ritchlin et al.,
were also corroborated by Colucci et al., who showed that
more TRAP+ multinucleated cells formed in cultures from
PsA patients. Interestingly, supplementation of inflammatory
cytokines abrogated these differences between PsA patients
and controls (Table 1). This finding indicates an intrinsically
higher osteoclastogenesis potential of blood from PsA patients.
Increased osteoclast formation in PBMCs appears to be T-cell
dependent, since the formation of osteoclasts was absent in
T-cell-depleted PBMC cultures, which implies that T-cells are
responsible for osteoclast formation. These results also suggest
that blockade of RANKL and TNF-α might be used as an
effective strategy for inhibiting enhanced osteoclastogenesis in
PsA patients (19). Indeed such concept is supported by data
on TNF inhibitors, which effectively inhibit osteoclast formation
(51). Notably, aside from inflammation, PsA is strongly linked
to obesity and the metabolic syndrome. In this context it is
interesting that Xue et al., found an elevated value of certain
adipokines, cytokines derived from adipose tissues, in the
circulation of patients with PsA (52). Adipokines like leptin,
adiponectin, chemerin, and omentin may not only play a role
in inflammation but also in osteoclastogenesis in patients with
PsA. Higher levels of leptin and omentin, for instance, positively
correlated with the number of osteoclast precursors found in
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FIGURE 1 | Flow chart of the literature search strategy.

PsA patients, while adiponectin was negatively correlated with
osteoclast precursors.

Osteoarthritis
In osteoarthritis (OA) (24), the key degenerative joint disease,
it was found that the number of TRACP+ multinucleated
osteoclasts is higher than in healthy controls providing an
explanation for the sometimes bone erosive phenotype of OA.
No significant difference was found between OA and healthy
controls regarding the number of circulating CD14+ cells.
However, osteoclasts from the OA patients were found capable of
resorbing a significantly larger (4 times) area than the osteoclasts
from the healthy controls. The higher number of osteoclast-
like cells formed by the PBMCs from the osteoarthritis group
compared to the PBMCs from the control group could be
responsible for enhanced local bone resorption in OA.

Though strictly speaking not a rheumatoid disease, Charcot’s
arthropathy that is associated with diabetes co-incides with joint
erosions, in particular of the foot (53). Charcot’s arthropathy is
associated with increased peripheral blood osteoclast formation,
with more osteoclasts than in matched diabetes patients without
Charcot’s arthropathy is or healthy controls (26). A later study
from the same group showed that higher numbers of CD14+ cells

prevail in blood of patients with Charcot foot, concomitant with
higher peripheral blood TNF-α levels (53).

Acroosteolysis
Also patients suffering from acroosteolysis, which is part
of the systemic sclerosis disease spectrum, show increased
osteoclast formation compared to healthy controls. In this
context, the increased osteoclast formation is associated
with higher VEGF levels in the peripheral blood (27).
VEGF can substitute for M-CSF in driving osteoclast
differentiation (54).

Ankylosing Spondylitis
Ankylosing spondylitis is an inflammatory rheumatic disease
of the spine, which is characterized by loss of trabecular bone
but periosteal apposition of cortical bone leading to bony
spur formation sometimes leading to fusion of vertebra (55).
Interestingly, ankylosing spondylitis is the only rheumatic disease
where data showed that less osteoclasts form in vitro and
where data on serum CTX levels show that lower overall
bone resorption happens. Lower osteoclast numbers correlated
with lower RANKL/OPG ratios. Furthermore, osteoclasts from
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TABLE 1 | Unstimulated and stimulated osteoclast formation is increased in peripheral blood from patients with bone loss.

Unstimulated

[without cytokines]

Stimulated

[M-CSF + RANKL]

Disease, study Disease Healthy control Resorption? Disease Healthy control Resorption?

REUMATOID DISEASES

PsA, Ritchlin et al. (18) 168 3.7* D>C N.D. N.D. D>C

PsA, Colocci et al. (19) 49 0 [n.t.]* D>C 55 50 [n.t.] N.D.

PsA, Ikic et al. (20) N.D. N.D. N.D. 120 40* N.D.

RA, Miranda-Carus et al. (21) 100 5* D>C N.D. N.D. N.D.

RA and OA, Durand et al. (22) N.D. N.D. N.D. 450* 350 N.S

RA, Ikic et al. (20) N.D. N.D. N.D. 360* 40 N.D.

RA, Shang et al. (23) N.D. N.D. N.D. 125* 75 N.S.

OA, Durand et al. (24) N.D. N.D. N.D. 248* 210 D>C

AS, Caparbo et al. (25) N.D. N.D. N.D. 700 750*

Charcot’s osteoarthropathy, Mabilleau et al. (26) N.D. N.D. N.D. 96* 56 (diabetes) 21 (HC) D>C

Acroosteolysis, Park et al. (27) ND ND ND 142 18* D>C

OSTEOPOROSIS

Jevon et al. (28) 9 7 D>C ND ND ND

D’Amelio et al. (17) 48 15* D>C 50 40 N.D.

D’Amelio et al. (29) 145 5* D>C 180 140 N.D.

Koek et al. (30) N.D. N.D. N.D. 28 27 N.S.

PERIODONTITIS

Brunetti et al. (12) 59 5* D>C 70 62 N.D.

Tjoa et al. (31) 14 8 N.D. 14 15

Herrera et al. (32) 17 8* D>C ns ns N.S.

CANCER

Solid tumors, Roato et al. (33) 172 48* D>C 161 132 [n.s.] N.S.

Solid tumors, Roato et al. (34) 60 20*

Prostate cancer, Roato et al. (35) 216 73* N.D. N.D. N.D. N.D.

Gastric, D’Amico et al. (36) N.D. N.D. N.D. 90 40 N.S.

CHRONIC LIVER DISEASE

Olivier et al. (37) 35 20* 45 37 D>C

CROHN’S DISEASE

Oostlander et al. (38) 380 50* 0 ND ND

CHRONIC KIDNEY DISEASE

Cafiero et al. (39) 20 1* D>C ±40 40 N.D.

TURNER’S SYNDROME

Faienza et al. (40) 49 5* D>C ±42 ±50 N.D.

GAUCHER

Mucci et al. (41) N.D. N.D. N.D. ±140 ±75* D>C

Reed et al. (42) N.D. N.D. N.D. ±120 ±40* D>C

PHENYLKETONURIA

Roato et al. (43) 149 91* D>C 189 124* ND

N.D., not determined; *, significantly different from disease; N.N., not significantly different from disease; D, Disease; C, control. Numbers of osteoclasts formed between studies are

not comparable, since culture conditions differed between the studies.

ankylosing spondylitits patients were less prone to apoptosis (25)
which has also been observed in other rheumatic diseases (24).

Osteoporosis
Osteoporosis is a skeletal disease characterized by lower bone
mass and micro-architectural deterioration of bone leading to an
increased risk of fractures (56). Several indications show that this
phenomenon is caused by a higher activity of osteoclasts due to
an imbalance of the osteoclasts and osteoblasts, postmenopausal

bone loss is triggered by estrogen deficiency that increased
osteoclastogenesis through several pathways, and in particular
by the activation of T cells that produce higher level of pro-
inflammatory and pro-osteoclastogenic cytokines as TNFα and
RANKL (57). Bone fractures are the severe consequence of
osteoporosis and represent a major health problem in the
increasingly older (58). Old patients experiencing a femoral
fracture have a decreased life expectancy and may become
care-dependent in half the survivors. The presence of a fragility
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fracture increases the risk of new fractures creating a “domino
effect”: one vertebral fracture doubles the risk of subsequent
femoral fracture within a year, the presence of vertebral fractures
as well as of femoral fracture impair patients’ quality of life and
increase mortality.

In a first study comparing the peripheral blood osteoclast
formation from patients and controls, similar numbers of
osteoclasts formed, but the resorptive capacity was higher in
osteoclasts from osteoporosis patients (28), suggesting that the
peripheral OCp had the same osteoclastogenic potential, but
were somehow primed to form more active osteoclasts (28).
D’Amelio et al. (17, 57) investigated the osteoclast formation in
osteoporosis. The first study compared the osteoclast formation
in osteoporotic women compared to healthy controls, without
adding M-CSF, TNF-α, or RANKL to the cultures (17). A
higher number of osteoclasts was formed in the cultures
from osteoporosis blood compared to healthy controls. After
supplementation of M-CSF and RANKL the numbers of
osteoclasts reached a same level in controls and patients. A
significantly higher level of TNF-α and RANKL was found in
the PBMC cultures of the osteoporotic group. Adding 1,25-OH
vitamin D3 to the PBMCs cultures resulted in both groups in
lower numbers of osteoclasts, but higher resorption. The lacunar
resorption area was significantly higher in the osteoporotic
patients group compared to the healthy subjects with and
without the addition of 1,25-OH vitamin D3. Comparable results
were reported in the second paper by the same group (29):
higher levels of TNF-α and RANKL in the PBMC cultures
and higher osteoclast formation in the osteoporotic group
compared to the healthy subjects. Antibodies against TNF-
α and RANKL decreased spontaneous osteoclast formation
strongest in the osteoporotic group. Additionally this study
demonstrated that the T-cells of osteoporosis patients play a
key role in the osteoclastogenesis by increasing the TNF-α and
RANKL production. It was shown that osteoclast formation
was severely suppressed when depleting the T-cells from the
PBMCs cultures. This indicates that T-cells play a crucial role
in osteoclast formation and that they secrete cytokines necessary
for osteoclast formation in osteoporosis. In a fourth study, no
differences in osteoclast formation were found between controls
and osteoporotic patients (30), but in this case only M-CSF
and RANKL stimulated cultures were studied. This was in line
with the previous studies (17, 28, 57) regarding the stimulated
osteoclastogenesis, where addition of M-CSF and RANKL may
shield possible differences.

Periodontitis
Periodontitis is the inflammatory bone-destructive disease
affecting the alveolar bone between teeth. It’s individual
susceptibility is driven by an oral bacterial dysbiosis, genetic
factors (59) and life style (60). Currently, it is estimated that no
<46% of Americans adults have moderate to severe periodontitis
(61). When peripheral blood mononuclear cells (PBMC) from
chronic periodontitis patients were cultured in the absence of M-
CSF and RANKL, more osteoclast-like cells form from chronic
periodontitis patients (12). Osteoclast-like cells in the control
group were fewer and smaller. The addition of stimulating

factors M-CSF and RANKL resulted in comparable numbers
of osteoclast-like cells in control and periodontitis group. M-
CSF and RANKL only triggered osteoclast formation in the
control group, osteoclast numbers of the periodontitis group did
not increase after cytokine treatment. The osteoclasts formed
spontaneously from the PBMC cultures from the periodontitis
patients and showed a significantly higher resorbtive activity
compared to the controls. A T-cell dependent osteoclastogenesis
was shown in this study, since the number of osteoclasts
was low in the T-cell depleted unstimulated PBMCs cultures
from the periodontitis patients. Addition of stimulating factors
M-CSF and RANKL to these cultures led to a significantly
higher formation of numerous large osteoclasts. An explanation
for this finding is the overexpression of RANKL and TNF-
α by T-cells, which was shown to be higher by the T-cells
from the patient group. Addition of anti-RANKL and anti-
TNF-α antibodies induced a dose dependent inhibition of
the osteoclast formation in the periodontitis group (12). Also
Tjoa et al., aimed to determine if there was a difference in
osteoclast formation between the PBMC from patients suffering
from chronic periodontitis and matched healthy controls (31).
In this study, no differences were observed in unstimulated
osteoclast formation between controls and periodontitis patients.
A significant difference was shown however after the stimulation
with M-CSF between control and diseased group. Larger and
more multinucleated cells were found in the control group,
whereas the patient group was insensitive to stimulation with M-
CSF (31), suggesting that the OCp in this group were already
primed in the circulation. In another study, it was shown
that peripheral blood monocytes from periodontitis patients
are more prone to differentiate into mature multinucleated
osteoclasts (32). In other words, this study shows that these
monocytes were primed in peripheral blood and prepared here
for enhanced osteoclast formation. Only the stimulation with
RANKL and not with M-CSF and RANKL gave significant
differences between the periodontitis group and healthy controls
regarding the osteoclast-like cells formed. A significantly higher
level of M-CSF was found in the periodontitis group (32).
This could be an explanation for the insensitive response of
PBMC from periodontitis patients to stimulation with M-CSF
in the study of Tjoa et al. (31), since the osteoclast precursors
could be already pre-activated by higher M-CSF levels present
in serum.

Cancer That Metastasizes to Bone
Hematological Cancers
B cell multiple myeloma was studied by Colucci et al. who
cultured 10 times more osteoclasts in the absence of added
cytokines from myeloma blood than from control blood. As
described repetitively above, this difference was no longer
seen when the M-CSF and RANKL was added to these
cultures. Colluci et al., found that peripheral blood contained
upregulated OPG and RANKL levels. OPG co-precipitated with
TRAIL, by which more RANKL became available. Autologous
T-cells added to these osteoclasts, prolonged survival of
osteoclasts (11).
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Solid Tumor
Using blood from patients with bone metastasis from diverse
primary tumors such as melanoma, lung, prostate, kidney,
breast, and colon, it was found that these cultures gave rise
to more osteoclast compared to controls when no cytokines
were added (33). Addition of M-CSF and RANKL nullified
this effect. OCp from tumor patients were further characterized
and apart from CD14 and CD11, these precursors, and not
in the control group, also expressed the osteoclast marker the
vitronectin receptor αvβ3, which could be typical for precursors
that are a bit further differentiated, indicating that the OCp in
peripheral blood of cancer patients are already a step further in
differentiation. Addition of OPG did not inhibit unstimulated
osteoclast formation (33). It was shown that anti-TNF blocked
osteoclast formation (33), which was recently confirmed in
a separate study (51) Only T-cells from osteolysis patients
expressed TNF-α, and also osteoclasts derived from cancer
patients expressed TNF-α (33). The same group showed in
subsequent years with a relatively large cohort of heterogeneous
tumors (34) and in a group of prostate cancer (35) that most
osteoclasts are formed without stimulation in patients with bone
metastasis, compared to cancer patients without metastasis, and
least osteoclasts formed from blood from controls. In both
studies, a role of IL-7 was described. IL-7 serum levels were high
in patients with metastasis, lower in sera from patients without
and lower in control sera. T-lymphocytes could be identified
as the source for IL-7, antibodies against IL-7 significantly
inhibited osteoclast formation (34, 35). In a group of gastric
cancer patients, no differences were observed in numbers of
osteoclasts that differentiation from blood from patients with
metastases, from patients without metastases and controls (36).
An important difference with the other solid tumor studies was
that only cytokine stimulated conditions were considered.

Rarer Bone Diseases Associated With
Increased Bone Loss
Diseases Associated With Osteopenia: Chronic Liver

Disease, Crohn’s Disease and Chronic Kidney

Disease
Chronic liver disease can lead to osteoporosis, but not in all
individuals with chronic liver disease. In attempt to explain this
phenomenon, osteoclasts were cultured from blood of chronic
liver disease patients with osteopenia, without osteopenia and
matched healthy controls. More osteoclasts formed without
adding osteoclastic cytokines M-CSF and RANKL from blood
of osteopenic patients compared to non-osteopenic and healthy
controls (37). Interestingly, and in line with what was found in
the periodontitis study from the same group (31), only controls
responded with higher osteoclast numbers when stimulated
with M-CSF, whereas both osteopenic and non-osteopenic
patients did not respond to addition of M-CSF. Serum levels
M-CSF of both patient groups were significantly higher than
controls, suggesting M-CSF priming of OCp in peripheral blood.
Furthermore, number of osteoclasts cultured in vitro, correlated
negatively with the lumbar spine density score (37).

Though Crohn’s disease is an intestinal disease, it is associated
with inflammatory flair-ups periods. Some of the patients develop
osteoporosis, including those who are not on high levels of
corticosteroids. In a study with patients in a quiescent disease
stage, Oostlander et al. (38) were the first to describe the pre-
stages of unstimulated osteoclast formation. It was shown that
the formation of osteoclasts is preceded with a stage of cell
clusters, the number of which correlate with the numbers of
osteoclasts that form (38). In a similar approach as in a previous
study (57), OCp were either cultured with purified autologous
B-cells, T-cells or the combination or without. Osteoclasts only
formed in combinations where T-cells were present, which also
made part of the cell clusters that preceded osteoclast formation.
More osteoclasts formed from OCp:T-cell cultures from Crohn’s
disease than from controls and correlated to IL-17 levels in vitro.
TNF-α levels were highest in OCp+ T-cells, compared to T-cells
alone (no secretion) or monocytes only (lower levels), indicating
that the T-cell:OCp interaction induces TNF-expression (36),
later confirmed by Moonen et al. (3). Interestingly, the diverse
combinations of T-cells, B-cells, or T-Cells+ B-cells did not affect
control monocytes, indicating that the osteoclastogenesis driving
T-cell activity is increased in Crohn’s disease.

Bone disease in patients with chronic kidney disease (CKD) is
a major clinical concern due to its prevalence and consequences
that greatly impact patients quality of life (62). CKD patients
may be affected by both higher and lower bone turnover
disease, in patients with high bone turnover disease increased
osteoclastogenesis is sustained by both increased in inflammatory
and pro-osteoclastogenic cytokines and by increased PTH due
to the decreased ability of kidney to hydroxylate vitamin D
into its active form 1,25OHvitamin D. Patients with terminal
kidney failure who are on dialysis, experience a chronically
inflammatory state with often skeletal complications. Osteoclast
formation was studied both without and cytokine stimulation
(39). Osteoclast formation was lowest in controls, and higher
in early chronic patients and higher in late chronic patients
and highest in hemodialysis patients, similar correlations were
seen with resorptive capacity. RANKL was expressed on T-
lymphocytes in renal patients, not in controls. RANK-Fc can
inactive RANKL, and when added it dose dependently decreased
osteoclastogenesis, demonstrating that osteoclast formation was
RANKL dependent (39).

Rare Diseases Associated With Bone Loss: Turner’s

Syndrome, Gaucher’s Disease and Phenylketonuria
Patients with Turner’s syndrome may present with decreased
bone due to hypergonadism associated with the disease.
Estrogen deficiency could be the course for such bone loss (40).
Unstimulated osteoclast formation resulted in more osteoclasts
that were more active, both in the group with high levels
of follicle stimulating hormone (FSH) and with low levels.
These osteoclasts resorbed more calcium phosphate. Osteoclast
numbers from monocytes with addition of M-CSF and RANKL
were similar between controls and patients. The increased
unstimulated osteoclast formation in Turner’s syndrome
correlated with a lower percentage of osteoclastogenesis
inhibitory CD4+CD25+ cells and a higher percentage of CD3+
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NKT cells. The CD8+TNF-α+ cells were higher in Turner’s
syndrome, as well as the CD14+TNF-α+ monocytes. This
skewness could contribute and be responsible for the increased
osteoclast formation (40).

Gaucher’s disease is a heritable disease with deficiency of
the lysomal enzyme glucocerebrosidase, resulting in excess of
glycosylceramide, which is then stored in high quantities in
macrophages, concomitant with a disturbed immunological
balance and cytokine secretion profiles (42). Approximately 3-
fold more osteoclasts formed from Gaucher patient’s PBMC
cultured with M-CSF and RANKL. These osteoclasts were larger
in size and number of nuclei and resorbed larger areas of
bone. When distinguishing between active and non- active bone
disease, the Gaucher patients with active bone disease formed
more osteoclasts. Especially the Gaucher cultures were relatively
independent of M-CSF (42), in line with data from periodontitis
(31) and chronic liver disease patients (37). When control
PBMC were cultured with inhibitors of glucocerebrosidase,
increased numbers of osteoclast formed (42), indicating that
this enzyme plays a key role in tempering osteoclast numbers.
The increased osteoclast formation in Gaucher’s disease was
confirmed by Mucci et al. (41). Here, it was shown that
Gaucher’s disease blood contained a higher percentage of
non-classical/inflammatory CD14+CD16+ cells compared to
the classical CD14+CD16– monocytes. When culturing with
an enzyme that replenishes the missing glucocerebrosidase,
osteoclast numbers decreased only in Gaucher patients cultures,
again indicating that glucocerebrosidase tempers osteoclast
formation. T-cells from Gaucher’s disease express more RANKL
(41). Osteoclast cultures from controls were insensitive to OPG
or anti-TNF-α treatment, whereas osteoclast numbers went
significantly down in Gaucher’s PBMC cultures that were treated
with OPG or anti-TNF-α (41).

Phenylketonuria (PKU) is a rare, inherited disease with
a defect in the synthesis of the amino acid phenylalanine.
These patients have a hitherto not understood progressive
bone impairment. Also with this disease, increased osteoclasts
were cultured both without osteoclastogenesis stimulating
cytokines and with these cytokines (43). As shown for Gaucher
(41), the blood of PKU also contains a higher proportion
of CD14+CD16+ monocytes, which co-express CD51/CD61,
or αvβ3 integrin, that is typical for osteoclasts (63). The
unstimulated osteoclastogenesis cultures contained increased
levels of TNF-α and RANKL in PKU patients. Only RANK-
Fc, that blocks RANKL activity, decreased osteoclast numbers
in PKU cultures. PKU patients contained activated T- cells of
the CD4+CD25+CD69+ signature, a cell type that was absent
in controls.

GENERAL OSTEOCLASTOGENESIS
FEATURES OF INFLAMMATORY BONE
DISEASES

When summarizing the osteoclastogenesis capacity of the various
inflammatory bone disease, several features become apparent
(Table 1). Firstly, when taking together all 29 summarized

studies, more osteoclasts formed, be it unstimulated or stimulated
with M-CSF and RANKL. This was the case for 24 of the
29 studies. Secondly, in all cases where resorptive activity was
determined, the osteoclasts from bone loss diseases were more
active. Thirdly, osteoclasts can be cultured without exogenous
addition of M-CSF and RANKL, only when cultured from
PBMC or at least the addition of T-cells to OCp. These
osteoclasts often displayed lytic activity of calcium phosphate
coatings, but also bone resorption activity has been reported.
Fourthly, those studies that have compared unstimulated and
M-CSF and RANKL stimulated osteoclast formation, often
found increased osteoclast formation in unstimulated cultures,
whereas these differences were often not found any more
when cultured with M-CSF and RANKL. This accounted for a
variety of diseases, such as psoriatic arthritis (19), osteoporosis
(17, 57), periodontitis (12, 31), multiple myeloma (11), solid
tumors (33), chronic liver disease (37), kidney disease (39),
and Turner’s syndrome (40). This suggests that stimulation
with unphysiological levels of M-CSF and RANKL may hide
the intrinsically increased osteoclastogenic activities present in
peripheral blood. Especially these studies with self-stimulatory
osteoclastogenesis cocktails of T-cells and OCp can give us
clues of common and disease specific determinants of increased
osteoclast formation. Below, three common denominators which
stood out when comparing the various inflammatory bone
diseases, being (1) inflammatory mediators in serum, (2) the role
of T-cells and (3) differential priming or skewness in monocyte
distribution are worked out for the inflammatory bone diseases.

Common Inflammatory Mediators in
Serum Prepares OCp in the Circulation
A different priming whilst in the circulation by increased
levels of pro-osteoclastogenic mediators could make monocytes
more equipped to differentiate into osteoclasts. Most commonly
described is the increased presence of TNF-α, see the above
paragraph where it’s presence is discussed in the context of T-
cells, but also in serum from patients with Charcot’s disease,
where it co-incides with increased numbers of CD14+ cells (53).
Another such pro-osteoclastogenic cytokine is M-CSF. Higher
levels of M-CSF in the circulation have been described for
periodontitis (32) and chronic liver disease (37). This could
make PBMC from these patients less responsive to exogenous
M-CSF (31, 37).

A Common Role for T-Cells in Osteoclast
Formation in the Various Inflammatory
Bone Diseases
The general role of T- cells in osteoclast regulation (64),
the role of osteoclast activating T-cells such as Th17 (65)
and the regulatory role of Treggs (66) have been reviewed
elsewhere. Here, we describe the T-cell findings in the context
of inflammatory diseases with bone loss in the context of
the core collection used for this review. When reviewing the
above literature it is clear that T-cells are indispensable for
spontaneous osteoclastogenesis: without T-cells, no osteoclasts
form. This has been investigated for psoriatic arthritis (19, 48),
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osteoporosis (57), periodontitis (12) and Crohn’s disease (38).
Themechanism by which they adhere and stimulate OCp is likely
by LFA-1: ICAM-1 interaction, since antibodies against LFA-1
interfere both with cell cluster formation and with osteoclast
formation (38). TNF-α is most commonly reported as the
cytokine secreted by T-cells in the various diseases. T-cells from
patients with inflammatory bone loss diseases secrete more
TNF-α, as shown for psoriatic arthritis (19), osteoporosis (57),
periodontitis (12), and Turner’s syndrome (40). Exclusively the
T-cells from peripheral blood from patients with osteolytic solid
tumors and not those without osteolytic tumors were reported to
express detectable levels of TNF-α (34). Treating unstimulated
osteoclastogenesis cultures with anti TNF-α agent infliximab
reduces both cell cluster formation and osteoclast formation (51).
Anti-TNF-α treatment also decreased osteoclast formation in
patients with RA (18), periodontitis (12), and Gaucher’s disease
(41). T-cells from inflammatory bone diseases express more
RANKL, as reported for RA (21), osteoporosis (57), and chronic
kidney disease (39). Anti RANKL reduced osteoclast formation
in Gaucher’s disease more than in controls (41), and also
in phenylketonuria patients (43), chronic kidney disease (39).
Studies with RANKL-independent osteoclast formation were also
reported (33, 37). In these studies, OPG or RANK-Fc did not
affect osteoclast formation. Two osteoclastogenesis studies from
solid tumors report spontaneous osteoclastogenesis stimulated
by T-cell secreted IL-7 (34, 35). This has not been studied in
the other inflammatory bone loss diseases. Finally, it has been
reported for myeloma derived osteoclasts that autologous T-cells
added to osteoclast cultures may prolong osteoclast survival (11).

A Different Distribution of Monocytes
Subtypes and Different Monocyte Priming
in Inflammatory Diseases
A third commonality between the different diseases is that due
to the inflammatory disease, a skewed distribution of monocytes
that is better equipped to differentiate into osteoclasts populate
the peripheral blood. The existence of different monocyte
populations (2, 67) which distributions are then different between
disease and controls, is indeed a very attractive explanation
for the outcome of more osteoclasts in inflammatory disease.
One way to achieve a relatively crude and likely heterogeneous
populations of OCp is with CD14+ positive isolation. Studies
that show more osteoclasts as outcome, where equal numbers
of purified CD14+ monocytes were uses in disease vs. healthy
controls, provide a first indication for a better equipment of
these cells for osteoclast differentiation. This has been shown for
RA and psoriatic arthritis (20) and for periodontitis (32). When
comparing monocyte heterogeneity, two different criteria have
been used in the articles assessed in this review: an approach
based on CD14, CD11b, and the vitronectin receptor (VNR)
expression and themore commonly used CD14/CD16 expression
of monocytes. One study that has used CD14+ in conjunction
with CD11b and the vitronectin receptor or αvβ3 showed that
peripheral blood of osteolytic cancers contained more VNR+
monocytes, which correlated to higher osteoclast formation (33).

The muchmore commonly used classification of monocytes is
based on their CD14 and CD16 expression. The CD14+CD16–
are the classical monocytes that become the phagocytic cells
in tissues and comprise the majority of blood monocytes,
intermediate monocytes are CD14+CD16+ and are pro-
inflammatory and play a role in wound healing, and the
CD14+CD16++ cells are the non-classical monocytes that play a
role in patrolling and fibrosis (2, 67). Initial description on either
CD16– and CD16+, before the subsequent refinement of CD16+
monocytes into intermediate and non-classical monocytes (68)
and also recent literature on the transcriptome of the classical
and non-classical monocytes (69) suggest that the physiological
osteoclasts derive from classical, CD14+CD16– monocytes. This
was refined recently by Sprangers et al., who found that all
three monocyte subtypes differentiate equally well on plastic,
but that only the classical and intermediate ones form resorbing
osteoclasts on bone (6). On bone slices, non-classical monocytes
hardly differentiated and no resorption was observed. For some
of the inflammatory bone loss diseases, however, several studies
indicate that likely the CD16+ monocytes are important for
osteoclast formation. A skew distribution compared to healthy
controls was demonstrated for several inflammatory bone loss
diseases. It was demonstrated for multiple myeloma, that
CD14+CD16+ monocytes are predominant in active disease

FIGURE 2 | Common denominators for osteoclast formation in diseases with

inflammatory bone loss. 1. Serum of patients with inflammatory bone loss

diseases contains more osteoclastogenesis stimulating factors such as

RANKL, TNF-α, IL-7, and M-CSF. 2. These serum factors prime OCp present

in peripheral blood. These OCp are skewed toward more CD14+CD16+ cells.

3. T-cells from patients with inflammatory bone diseases express more IL-17,

RANKL, and TNF-α. When these different OCp and T-cells—both of them

different from controls—are added together, more osteoclasts are formed that

are more active in bone resorption.
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compared to smoldering disease. These cells gave rise to larger
osteoclasts (70). Also in kidney disease, more CD14+CD16+
monocytes were found in peripheral blood, and exclusively more
“inflammatory” monocytes expressed RANKL, providing the
possibility for auto-stimulation (39). Patients with Gaucher’s
disease (41) and patients with phenylketonuria (43) have more
CD14+CD16+ monocytes in peripheral blood than matched
controls. All the above studies are association studies, where
a higher percentage of CD14+CD16+ in blood of patients is
associated with increased osteoclast formation. To prove that
these cells indeed give rise to more osteoclasts, Chiu et al., have
sorted the three subtypes of OCp from psoriatic arthritis patients
and healthy controls (71). Interestingly, the CD16+ monocytes
from controls gave rise to low levels of osteoclasts, whereas the
CD16+ monocytes from patients gave rise to high numbers of
osteoclasts. This suggests that apart from the common distinction
of OCp with the CD14 and CD16 markers, other features have
been acquired by psoriatic arthritis patients, making them more
equipped to differentiate into osteoclasts. An experiment with
healthy control OCps confirmed the relative inertness of CD16+
monocytes in healthy controls. When adding increasing numbers
of CD16+ monocytes to a constant number of CD14+CD16–
monocytes in an osteoclastogenesis experiment, there was no
increase in osteoclast numbers, suggesting that under these
conditions, only the CD14+CD16– monocytes contributed to
the formation of a syncytium (72).

Concluding Remarks on the Common
Denominators for Increased Osteoclast
Formation in Patients With Inflammation
Related Bone Loss
In summary, this core collection of studies with well-matched
bone-loss patient—healthy controls, unequivocally shows an

increased osteoclast formation and activity in patients with
inflammatory bone loss. In search for the conditions that give
rise to this, several factors that are shared between diseases
can be identified. First of all, the serum that surrounds
OCp in the circulation is beneficiary for the differentiation
of OCp. Second, T-cells that secrete TNF-α and RANKL are
present in the circulation of patients. In light of the fact that
inflammatory bone loss diseases may occur simultaneously,
anti-TNF-α treatment could benefit more than one disease,
as was shown for instance in rheumatoid arthritis patients
receiving anti-TNF-α medication infliximab, who had lower
periodontal indices. Finally, the patient blood may contain
more OCp and differently primed OCp, probably containing the
CD14+CD16+ phenotype rather than CD14+CD16–. On top of
that, either disease specific or a general immunological stimulus
has given the OCp from bone loss patients a profile to facilitate
enhance osteoclast formation (Figure 2). Future research will
likely uncover the barcodes of the OCps in the various
inflammatory diseases associated with bone loss. This knowledge
of the biological mechanisms underlying the alterations of
monocytes and osteoclasts will likely reveal future therapeutic
targets that will specifically target the immune system-steered
osteoclast formation.
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Bone is a highly dynamic organ that is continuously being remodeled by the reciprocal

interactions between bone and immune cells.We have originally established an advanced

imaging system for visualizing the in vivo behavior of osteoclasts and their precursors

in the bone marrow cavity using two-photon microscopy. Using this system, we

found that the blood-enriched lipid mediator, sphingosine-1-phosphate, controlled the

migratory behavior of osteoclast precursors. We also developed pH-sensing chemical

fluorescent probes to detect localized acidification by bone-resorbing osteoclasts on

the bone surface in vivo, and identified two distinct functional states of differentiated

osteoclasts, “bone-resorptive” and “non-resorptive.” Here, we summarize our studies on

the dynamics and functions of bone and immune cells within the bonemarrow.We further

discuss how our intravital imaging techniques can be applied to evaluate themechanisms

of action of biological agents in inflammatory bone destruction. Our intravital imaging

techniques would be beneficial for studying the cellular dynamics in arthritic inflammation

and bone destruction in vivo and would also be useful for evaluating novel therapies in

animal models of bone-destroying diseases.

Keywords: intravital imaging, two-photon microscopy, cellular dynamics, bone, osteoclast, pH probe

INTRODUCTION

The interdisciplinary research field focusing on the crosstalk between the bone and immune
systems, termed “osteoimmunology,” has revealed extensive reciprocal interplay between the two
systems (1–3). Over the past two decades, a number of molecules, including cytokines, receptors,
and transcription factors, have been shown to link the two systems, leading to successful translation
of research into therapeutic approaches in osteoimmune diseases, such as rheumatoid arthritis
(RA) (4). Bone and immune cells are in close contact with each other, and mechanisms of cell
migration play a key role in their interplay. The development of an intravital imaging system
using two-photon microscopy, combined with an increasing variety of fluorescent reporter mouse
strains and fluorescence probes, has provided insight into the dynamic behavior of osteoclasts,
osteoblasts, macrophages, and T cells in the bone marrow of living mice. This approach facilitates
investigation of cellular dynamics in the pathogenesis of osteoimmune diseases and enables direct
observation of complex biological phenomena in vivo. In this review, we discuss how the advances
of imaging methods in living mice have contributed to our understanding of the bone–immune
cell interaction in bone destruction. Furthermore, we introduce our recent studies, including
evaluation of the interaction between osteoclasts and osteoblasts, and our novel approach for
evaluating the mechanisms of action of different biological agents used for the treatment of
bone-destructive diseases.

95

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2019.00596
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2019.00596&domain=pdf&date_stamp=2019-03-26
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles
https://creativecommons.org/licenses/by/4.0/
mailto:mishii@icb.med.osaka-u.ac.jp
https://doi.org/10.3389/fimmu.2019.00596
https://www.frontiersin.org/articles/10.3389/fimmu.2019.00596/full
http://loop.frontiersin.org/people/702751/overview
http://loop.frontiersin.org/people/657409/overview
http://loop.frontiersin.org/people/654293/overview


Hasegawa et al. Imaging the Bone-Immune Cell Interaction

TABLE 1 | Comparison of different modalities used for bone research.

Modalities Advantages Disadvantages

Multi-photon

microscopy (MPM)

√
Efficient light detection

√
Reduced phototoxicity

√
Penetrates deeper into

tissues
√

Detection of bone by

second harmonic

generation (SHG)

√
Higher cost

√
Artifacts caused by

autofluorescence
√

Difficult to image more

than four colors

Confocal

microscopy

√
Easy to perform

simultaneous, multicolor

imaging
√

High spatial and

temporal resolutions

√
High phototoxicity and

photobleaching
√

Not suitable for thick

tissues because of light

scattering
√

Artifacts caused

by autofluorescence

MicroCT
√

Three-dimensional

visualization of bone

architecture
√

Rapid

√
No cellular information

√
No molecular information

Histochemistry
√

Inexpensive
√

Highly specific for

individual molecules

√
No vital cell information

√
Enzymatic stains cannot

be easily combined

INTRAVITAL TWO-PHOTON IMAGING OF
BONE TISSUE

Bone is the hardest tissue in the body. It is technically
difficult to visualize interactions between bone and immune
cells in the bone marrow cavities of living animals. Although
conventional methods such as micro-computed tomography,
histomorphological analyses, and flow cytometry, can yield
information on the bone structures and molecular expression
patterns, in vivo information on dynamic cell movements
and cellular interactions is not available (Table 1). Fluorescent
microscopy imaging allows us to better understand the cellular
dynamics of organs in vivo (5, 6), and we have established an
imaging system to visualize living bone tissue using intravital
two-photon microscopy (7–10).

Two-photon excitation-based laser microscopy affords several
advantages compared to conventional confocal microscopy. In
the latter technique, a fluorophore absorbs energy from a single
photon and subsequently releases that energy as an emitted
photon. In contrast, in the former technique, a fluorophore
simultaneously absorbs two photons but only in the region
of the focal plane where the photon density is high. Thus,
all images are of high resolution. Second, excitation by a
laser operating at near-infrared wavelength reduces phototoxic
tissue damage, which is essential to yield reliable results. Third,
light of near-infrared wavelengths penetrates deeper into tissue
(to 100–1,000µm) compared to confocal microscopy, which
yields data to only a depth of <100µm. Thus, two-photon
excitation microscopy affords efficient light detection, reduces
phototoxicity, and penetrates deeper into tissues, which makes
it an important imaging tool for intravital visualization of the
dynamic cellular behavior of deep tissues (5, 6).

Bone marrow is surrounded by calcium phosphate crystals
of the bone matrix, which can readily scatter light of near-
infrared wavelengths. However, in parietal bones of mice, the
distance from the bone surface to the bone marrow cavity is
only 80–120µM, which is sufficiently thin to permit controlled
fluorophore excitation within the cavity. Intravital two-photon
imaging of skull bone tissue allows in vivo visualization of
the real-time behavior of bone and immune cells in bone
marrow cavities, such as osteoclasts, osteoblasts, macrophages,
and lymphocytes. Moreover, such imaging may be useful when
it is desirable to evaluate the effects of novel drugs targeting
skeletal disease.

MIGRATORY CONTROL OF OSTEOCLAST
PRECURSORS

Osteoclasts develop from cells of the monocyte/macrophage
lineage. However, the means by which osteoclast precursor cells
migrate to bony surfaces remain elusive. In previous work,
intravital two-photon imaging of skull bone tissue allowed us to
define the in vivo behavior of osteoclast precursor macrophages
in the bonemarrow (Figure 1A).We found that a blood-enriched
mediator of lipid metabolism, sphingosine-1-phosphate (S1P),
controlled the migratory behavior of osteoclast precursors in
combination with several chemokines (7, 8).

S1P is a bioactive sphingolipid metabolite that regulates
various biological activities, including cell proliferation, motility,
and survival (11). S1P signaling is involved in T cell egress
from lymphoid organs to circulatory fluids (12). Fingolimod
(FTY720), a modulator of S1P receptor activity, was the first
US Food and Drug Administration-approved oral therapy for
relapsing forms of multiple sclerosis (MS) (13). S1P signaling
involves five receptors, designated S1PR1 to S1PR5 (14, 15);
osteoclast precursors in the bonemarrow express both S1PR1 and
S1PR2. S1PR1 is extremely sensitive to low S1P concentrations,
promoting cell movement toward higher S1P concentrations
in circulatory fluids, whereas S1PR2 requires a higher S1P
concentration for activation and negatively regulates the S1PR1
response.Whenmacrophages enter a low-S1P environment, such
as the bone marrow, S1PR1 is transported to the cell surface and
then osteoclast precursor macrophages move from bone tissue
into the blood vessels, reflecting positive chemotaxis along an S1P
gradient. Thus, the number of osteoclast precursor macrophages
on bone surfaces is determined by bidirectional exchange of
osteoclast precursors with the circulation. Many preclinical
studies of S1P receptor modulators have been performed on
autoimmune diseases (16), with an emphasis on the roles
they play in inhibiting T cell migration, but their combined
effects on cells of the monocyte/macrophage lineage require
further exploration.

We have also showed that vitamin D controls the migratory
behavior of osteoclast precursor macrophages by suppressing
S1PR2 expression (10). In that study, intravital two-photon
microscopy of bone marrow revealed that the motility of
osteoclast precursor macrophages was significantly increased in
mice treated with active vitamin D derivatives, suggesting that
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FIGURE 1 | Intravital imaging of CX3CR1
+ osteoclast precursors and mature osteoclasts in the bone marrow. (A) Image of the calvaria of CX3CR1-EGFP knock-in

mice taken by two-photon microscopy. Osteoclast precursors are CX3CR1-EGFP
+ (green). Blood vessels were stained via intravenous injection of Texas

Red-conjugated dextran (red). Scale bar: 50µm. The maximum intensity projections (MIPs) of two-dimensional image stacks of vertical calvarial slices are shown.

(B) Images of the calvaria of TRAP-tdTomato transgenic mice taken by two-photon microscopy. Mature osteoclasts are tdTomato+ (red). Scale bar: 50µm. Second

harmonic fluorescence generated from two-photon excitation of collagen fibers defines the bone matrix (blue). The maximum intensity projections (MIPs) of

two-dimensional image stacks of vertical calvarial slices are shown. (C) Schematic diagram of osteoclast localization and activity evaluation using a pH-sensing

fluorescent probe. (D) Representative intravital two-photon images of the bone marrow of heterozygous TRAP-tdTomato transgenic mice treated with a pH-sensing

fluorescent probe. Mature osteoclasts expressing TRAP-tdTomato signals (red), fluorescent signals from high H+ concentration (green), and second harmonic

generation (SHG) defining the bone matrix. Some green fluorescent signal (arrow) could be detected along the bone surfaces near to osteoclasts. Scale bars: 50µm.

A two-dimensional image of the calvaria is shown.

in vivo administration of active vitamin D suppresses both S1PR2
expression andmobilization of osteoclast precursor macrophages
from the blood to the bone marrow. This results in suppression
of osteoclastic bone resorption in vivo and it is the principal effect
of active vitamin D. Thus, elucidation of the migratory behavior
of osteoclast precursor macrophages to the bone surface has led
to a better understanding of the mechanism of conventionally
used medications.

REGULATION OF BONE RESORBING
CAPACITY OF MATURE OSTEOCLASTS

Mature osteoclasts must be fluorescently labeled to allow their
visualization by fluorescence microscopy. Fully differentiated
osteoclasts form a tight attachment zone (a “sealing zone”) via

interactions between integrin αvβ3 on the osteoclast membrane
and bone matrix components (17). A number of vacuolar type
H+-ATPases (V-ATPase) are specifically expressed along the
ruffled border membrane to maintain highly acidic conditions
in the resorption pit (18). V-ATPase is composed of multiple
subunits, each of which has several isoforms. Of these, the
a3 isoform of the a-subunit is preferentially and abundantly
expressed in mature osteoclasts (19, 20). To fluorescently label
mature osteoclasts, we generated mice expressing a3 subunit-
GFP fusion proteins under the control of the original promoter
of the a3 subunit (a3-GFP knock-in mice).

We also generated pH-sensing chemical fluorescent probes
capable of detecting localized acidification by bone-resorbing
osteoclasts on the bone surface in vivo (Figures 1C,D). These
probes are based on the boron-dipyrromethene (BDPM) dye
combined with a bisphosphonate group. BDPM dyes are used
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in several applications because of their environmental stability,
large molar absorption coefficients, and high fluorescence
quantum yields (21). The bisphosphonate group replaces the
phosphate ion of hydroxyapatite (the principal component of
bone tissue) to forms a tight bond with the bone matrix.
Therefore, the bisphosphonate group facilitates probe delivery
and fixation to bone in living animals (22). When mature
osteoclasts secrete H+ for bone resorption, the probe detects the
fall in local pH and emits a green fluorescent signal from the bone
surface (9).

Our system that allows imaging of mature osteoclasts
and bone-resorbing lesion in vivo via intravital two-photon
microscopy has enabled us to identify two distinct functional
states of osteoclasts; bone-resorbing (R) cells that are firmly
adherent to bones and dissolve the bonematrix by secreting acids,
and non-resorbing (N) cells that are relatively loosely attached
to bones and moved laterally along bone surfaces (9). Treatment
with recombinant RANKL, an essential osteoclastogenic cytokine
under both homeostatic and arthritic conditions (23–28),
changes the composition of these populations and the total
number of mature osteoclasts. We have found that RANKL
not only promotes osteoclast differentiation but also regulates
the bone-resorptive function of fully differentiated mature
osteoclasts (9).

Furthermore, CD4+ T helper 17 (Th17) cells, but not Th1,
preferentially adhere to mature osteoclasts, although both T cell
types migrate into bone marrow cavities to the same extent (9).
Th17 cells express RANKL on the surface (29) and intravital
bone imaging has shown that RANKL-bearing Th17 cells
stimulate osteoclastic bone destruction by directly contacting
N-state osteoclasts, converting such cells into the R-state (9).
Pretreatment of Th17 cells with anti-RANKL neutralizing
antibody or osteoprotegerin (OPG) reduces the interactions of
such cells with the osteoclasts, but anti-RANKL antibody does
not affect the mobility of Th1 cells. Thus, Th17 cells play a novel
role, interacting with mature osteoclasts during inflammatory
bone destruction.

CROSSTALK BETWEEN OSTEOCLASTS
AND OSTEOBLASTS

Bone is a dynamic tissue that undergoes continuous remodeling
by bone-resorbing osteoclasts and bone-forming osteoblasts
(30). Tight control of bone remodeling through a complex
communication network between osteoblast and osteoclast
lineage cells is critical for maintenance of bone homeostasis in
response to structural and metabolic demands. In addition, the
functional balance between these two cell types determines the
final clinical manifestations of arthritic diseases, such as RA and
psoriatic arthritis (PsA). In RA, pathological osteoclasts on the
outer surface of the periarticular bone trigger devastating bone
erosion, whereas PsA is characterized by inflammation of the
connective tissue between tendon and bone, leading to new bone
formation at enthesial sites created by osteoblasts. Therefore, it
is essential to understand the spatiotemporal relationships and
interactions between mature osteoblasts and osteoclasts in vivo.

FIGURE 2 | Intravital imaging of mature osteoclasts and osteoblasts in the

bone marrow. Images of the calvaria of TRAP-tdTomato/Col2.3-ECFP double

fluorescently labeled mice taken via two-photon microscopy. Scale bar:

50µm. Maximum intensity projections (MIPs) of two-dimentional image stacks

of vertical calvarial slices. Mature osteoclasts express TRAP-tdTomato signals

(red) and mature osteoblasts express Col2.3-ECFP signals (cyan). Arrowhead

indicates the direct osteoclast-osteoblast interaction.

To visualize mature osteoclasts, we generated transgenic
reporter mice expressing tdTomato (a red fluorescent protein)
in the cytosol of osteoclasts (TRAP-tdTomato mice) (Figure 1B)
(9). To visualize mature osteoblasts, we recently generated
mice expressing enhanced cyan fluorescent protein (ECFP)
in the cytosol of osteoblasts (Col2.3-ECFP mice) (31). To
visualize communications between osteoclasts and osteoblasts,
we crossed TRAP-tdTomato mice with Col2.3-ECFP mice
to generate TRAP-tdTomato/Col2.3-ECFP doubly fluorescent
mice (Figure 2). Using intravital two-photon microscopy, we
successfully visualized the in vivo behaviors of living osteoclasts
and osteoblasts on the bone surface; imaging revealed direct
interactions between osteoclasts and osteoblasts in vivo. In wide-
field views of skull bones obtained under normal conditions, the
osteoclasts and osteoblasts appeared to be separately distributed,
although some direct osteoclast-osteoblast interactions were
identified (Figure 2). Time-lapse images showed that several
osteoclasts that were in contact with osteoblasts developed
dendritic shapes and projected synapse-like structures toward
the osteoblasts. Use of our imaging technique to visualize the
osteoclasts and osteoblasts of animal models of arthritis may
allow us to (at least in part) define why arthritis triggers osteolysis
in certain disorders (such as RA) and osteogenesis in others
(such as PsA).

In addition, a pH-sensing fluorescence probe revealed that
osteoclasts secrete H+ for bone resorption when they are
not in contact with osteoblasts, whereas osteoclasts in contact
with osteoblasts are non-resorptive, suggesting that osteoblasts
inhibit the bone resorption capacity of osteoclasts in a contact-
dependent manner. Intermittent administration of parathyroid
hormone led to a mixed distribution of osteoblasts and
osteoclasts, thus increasing cell–cell contact to induce bone
anabolic effects. The precise molecular mechanisms involved in
the direct cell–cell contact should be explored in detail.

An earlier study used another mouse line featuring an
osteoblast reporter, the Col2.3–GFP reporter line, to explore
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FIGURE 3 | Different modes of action of biological disease-modifying antirheumatic drugs (DMARDs). Anti-IL6R and anti-TNFα monoclonal antibodies affect mature

osteoclasts and switch bone-resorbing osteoclasts to non-resorbing cells. CTLA4 mobilizes osteoclast precursors, eliminating their attachment to bone surfaces.

the interactions between T-cell acute leukemia and bone
marrow microenvironment via two-photon microscopy (32).
Further technical improvement in terms of bone marrow
microenvironment imaging may reveal the detailed interplay
between bone and the immune system not only in autoimmune
diseases, but also in bone metastases and infectious diseases.

VISUALIZATION OF THE EFFECTS OF
BIOLOGICAL AGENTS ON MACROPHAGE
DYNAMICS DURING INFLAMMATORY
BONE DESTRUCTION

Arthritic bone erosion in RA has been a major research
topic in osteoimmunology. Works on the interplay between
the immune and bone systems have suggested many useful
drug development strategies. For example, proinflammatory
cytokines, such as interleukin (IL) 6 and tumor necrosis
factor α (TNFα), promote osteoclast differentiation by inducing
RANKL in mesenchymal cells, and may directly stimulate both
osteoclastogenesis and the bone-resorbing capacity of mature
osteoclasts (33–37). Biological agents, such as monoclonal
antibodies (mAbs) against IL-6 receptor (IL-6R) and TNFα, and
CTLA4, have markedly improved the therapeutic outcomes of
RA. Despite the differences in the molecular targets of these
drugs, they equivalently suppress bone erosion in patients with
RA and little is known about the differences in their modes
of actions.

Using the LPS injection model, we directly visualized the
in vivo behavior of mature osteoclasts and their precursors
during inflammatory bone destruction, and explored how
different biological agents affect the dynamics of these cells
in vivo (38). We found that anti-IL-6R and anti-TNFα

mAbs affected mature osteoclasts and switched bone-
resorbing osteoclasts to non-resorbing cells. On the other
hand, CTLA4 had no effect on mature osteoclasts but
mobilized osteoclast precursor macrophages, eliminating
the firm attachment of such cells to bone surfaces. In
agreement with these results, CD80/86, the target molecules
of CTLA4, were prominently expressed in osteoclast precursor
macrophages, but were suppressed during osteoclast maturation
(Figure 3). Taken together, these data indicate that various
biological agents acted at specific therapeutic points in
states of inflammatory bone destruction, and these new
findings may enable us to optimize treatment efficacy
for each patient by adjusting therapeutic regimens and
doses, representing an important step toward personalized
medicine. The development of intravital bone imaging
techniques for other inflammatory bone destruction
models, such as collagen-induced arthritis, will allow us to
better understand the modes of action of biologics within
arthritic joints.

In addition, macrophages of osteal tissues are reported
to be involved in the regulation of osteoblast function, and
subsequently bone dynamics (39). The additive role played of
CTLA4 in bone remodeling through mobilizing osteal tissue
macrophages should be further examined in the future.

CONCLUSION

Considerable progress has been made in clarifying the interplay
between bone and immune cells under both physiological
and inflammatory conditions. However, their dynamic crosstalk
within living animals is still largely obscure. Intravital two-
photon imaging provides unbiased spatiotemporal information
on the biological phenomena in living organisms, which are often
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much more complex than we may have hypothesized. Therefore,
it is important to incorporate technical developments in imaging,
such as two-photonmicroscopy, to directly observe the biological
phenomena in vivo and determine the precise interplay between
bone and immune systems in future studies.
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The identification of Receptor activator of nuclear factor kappa B ligand (RANKL) and its

cognate receptor Receptor activator of nuclear factor kappa B (RANK) during a search

for novel tumor necrosis factor receptor (TNFR) superfamily members has dramatically

changed the scenario of bone biology by providing the functional and biochemical proof

that RANKL signaling via RANK is the master factor for osteoclastogenesis. In parallel,

two independent studies reported the identification of mouse RANKL on activated T cells

and of a ligand for osteoprotegerin on a murine bone marrow-derived stromal cell line.

After these seminal findings, accumulating data indicated RANKL and RANK not only

as essential players for the development and activation of osteoclasts, but also for the

correct differentiation of medullary thymic epithelial cells (mTECs) that act as mediators of

the central tolerance process by which self-reactive T cells are eliminated while regulatory

T cells are generated. In light of the RANKL-RANK multi-task function, an antibody

targeting this pathway, denosumab, is now commonly used in the therapy of bone loss

diseases including chronic inflammatory bone disorders and osteolytic bone metastases;

furthermore, preclinical data support the therapeutic application of denosumab in the

framework of a broader spectrum of tumors. Here, we discuss advances in cellular and

molecular mechanisms elicited by RANKL-RANK pathway in the bone and thymus, and

the extent to which its inhibition or augmentation can be translated in the clinical arena.

Keywords: osteoclasts, denosumab, thymus, central tolerance, rheumatoid arthritis, osteoporosis, tumor

INTRODUCTION

Receptor activator of nuclear factor kappa B (RANK) and its ligand (RANKL), encoded,
respectively, by the Tumor necrosis factor receptor superfamily member 11A (Tnfrsf11a) and the
Tumor necrosis factor ligand superfamily member 11 (Tnfsf11) genes, constitute a receptor-ligand
pair initiating a signaling pathway of paramount relevance in many pathophysiological contexts
(1). They have been described in the context of T cell-dendritic cell interactions (2), in bone and
in the immune system (3, 4), thus triggering the start of the osteoimmunology era. This axis has
revealed an unexpected role in the thermoregulation by the central nervous system (5) and in
mammary epithelium development during pregnancy and progesterone-driven breast cancer (3, 6).
The RANKL-RANK axis has also been involved in diverse immune-mediated diseases affecting
the bone (7–9) as well as other tissues (10), and in cancer settings (11). Overall, this pathway has
emerged as a potential target of therapy in a wide range of conditions; which at the same time
implies monitoring many different physiological functions when interfering with this axis.
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As schematically depicted in Figure 1, here we focus
on advances in cellular and molecular mechanisms elicited
by RANKL-RANK signaling in two functionally related
compartments: the bone and the thymus. Moreover, we review
novel perspectives to translate inhibition or enhancement of this
pathway in the clinic.

RANKL-RANK AXIS IN THE BONE

The identification of RANKL-RANK signaling in bone represents
a milestone in bone biology (12, 13). Its indispensable role in
osteoclast formation is clearly demonstrated by the complete
absence of osteoclasts in the Rankl−/− and Rank−/− murine
models (3, 4, 14, 15), as well as in their human counterpart,
i.e., patients affected by RANKL-deficient and RANK-
deficient osteoclast-poor Autosomal Recessive Osteopetrosis
(16, 17). Nonetheless, the possibility of RANKL-independent
osteoclastogenesis, particularly in pathologic conditions, has
been a matter of a long-lasting debate (18–22) and a general
consensus in the field has not been reached, yet.

RANKL is mainly produced by stromal cells in bone, in
normal conditions, and primarily by osteocytes (23–25). RANKL
is mostly membrane-bound and can be shed to form a soluble
protein; the former is sufficient for most functions, while the
latter contributes to physiological bone remodeling, as recently
demonstrated in mice expressing a sheddase-resistant form of
RANKL (26).

Themembrane functional receptor RANK ismainly expressed
by cells of hematopoietic origin, including also osteoclasts
and their precursors, and has been recently detected also
in Mesenchymal Stem Cells (MSCs) (27, 28), raising the

Abbreviations: ACPA, Anti-Citrullinated Protein Antibodies; AIRE, Auto
Immune Regulator; anti-CarP, anti-Carbamylated Protein; anti-CCP2, anti-Cyclic
Citrullinated Peptide 2; Bcl-xl, B-cell lymphoma-extra-large; CCL20, C-C Motif
Chemokine Ligand 20; CCR5, C-C chemokine receptor type 5; CCR6, C-C
chemokine receptor type 6; cTEC, cortical Thymic Epithelial Cell; CXCR3, C-
X-C Motif Chemokine Receptor 3; CXCR4, C-X-C Motif Chemokine Receptor
4; bDMARDs, biological Disease-Modifying Anti-Rheumatic Drugs; DETC,
dendritic epidermal T cell; DP, Double Positive; FTOC, fetal thymic organ
culture; GAGs, glycosaminoglycans; IL-1, Interleukin 1; IL-6, Interleukin 6;
IL-17, Interleukin 17; IFNβ, Interferon beta; IFNAR, Interferon-α/β receptor;
IRF7, Interferon Regulatory Factor 7; ITAM, Immunoreceptor Tyrosine-based
Activation Motif; LGR4, Leucine Rich Repeat Containing G Protein-Coupled
Receptor 4; LTα Lymphotoxin α; LTi, Lymphoid Tissue inducer cells; MAP kinase,
Mitogen Activated Protein kinase; MHC, Major Histocompatibility Complex;
MSCs, Mesenchymal Stem Cells; mTEC, medullary Thymic Epithelial Cell;
NFATc1, Nuclear Factor Of Activated T Cells 1; NF-κB, Nuclear Factor kappa
B; OPG, Osteoprotegerin; OVX, ovariectomized; PI3K, Phosphoinositide 3-
kinase; RA, Rheumatoid Arthritis; RANK, Receptor Activator of Nuclear Factor
kappa B; RANKL, Receptor Activator of Nuclear Factor kappa B Ligand; RF,
Rheumatoid Factor; ROS, Reactive Oxygen Species; SP, Single Positive; STAT1,
Signal Transducer and Activator of Transcription 1; TCR, T Cell Receptor; Th1,
T helper 1 cells; Th17, T helper 17 cells; TNFα, Tumor Necrosis Factor α; TNFR,
Tumor Necrosis Factor Receptor; TNFRSF11A, Tumor Necrosis Factor Receptor
Superfamily Member 11A; TNFSF11, Tumor Necrosis Factor Ligand Superfamily
Member 11; TRAF6, TNF Receptor-Associated Factor 6; TRAIL, TNF-Related
Apoptosis Inducing Ligand; TRAs, Tissue Restricted Antigens; Treg, T regulatory
cells; vWF, von Willebrand factor; XCL-1, X-C Motif Chemokine Ligand 1;
ZAP-70, Zeta Chain Of T Cell Receptor Associated Protein Kinase 70.

intriguing hypothesis of an autocrine/paracrine loop in these
cells (Figure 1A).

The RANKL-RANK signaling pathway in the osteoclast
lineage comprises a plethora of molecules (29). Essentially,
upon engagement by its ligand, RANK recruits a number of
adaptors (most importantly, TNF Receptor-Associated Factor 6,
TRAF6) (30), which converge on kinases activation, including
Phosphoinositide-3-Kinase (PI3K) and Mitogen Activated
Protein (MAP) kinases. This promotes nuclear translocation and
activation of transcription factors, Nuclear Factor of Activated
T cell 1 (NFATc1) (31), c-fos (32), and Nuclear Factor kappa B
(NF-κB) (33), comprising the master regulator of the osteoclast-
specific transcriptional program. The RANKL-RANK pathway
interacts with costimulatory signals from immunoreceptor
tyrosine based activation (ITAM)-motif containing proteins,
further regulating NFATc1 activation (34, 35).

RANKL signaling during osteoclastogenesis results in the
generation of reactive oxygen species (ROS), which further
stimulate osteoclast formation and bone resorption (36). On the
other hand, a variety of antioxidant mechanisms monitors ROS
levels and the reciprocal control between these opposite functions
(i.e., ROS production and scavenging) importantly impacts on
bone homeostasis (37–39).

The RANKL-RANK axis is counterbalanced by the soluble
decoy receptor osteoprotegerin (OPG) (40), which is itself
controlled by many ligands, including the TNF-Related
Apoptosis Inducing Ligand (TRAIL), von Willebrand factor
(vWF), and glycosaminoglycans (GAGs) (41). Moreover, the
Leucine-rich repeat-containing G protein-coupled receptor
4 (LGR4) is an additional membrane receptor for RANKL,
competing with RANK for ligand binding and negatively
regulating osteoclastogenesis through the inhibition of
NFATc1 activation (42). LGR4 acts also as an R-spondin
receptor in bone marrow MSCs and has been recently
demonstrated as a key molecule in mesoderm-derived
tissue development and MSC differentiation (43), whether
RANKL might be involved in this specific context has to be
investigated (Figure 1A).

The recognition of the crucial role of RANKL-RANK
signaling in osteoclast biology led to the development of the anti-
RANKL antibody denosumab, a fully human Immunoglobulin
(Ig) G2monoclonal antibody with high affinity and specificity for
human soluble and membrane-bound RANKL (44). Specifically,
denosumab binds to the DE loop region of the ligand, which is
one of the surface loop structures interacting with the functional
receptor on responding cells (44). Denosumab is used as an
antiresorptive drug for diverse indications, such as osteoporosis
(45), primary bone tumors (46), and osteolytic bone metastases
(47). Its use is under evaluation also in other fields, such as
solid tumors (11) and Rheumatoid Arthritis (48), and has been
very recently proposed in the prevention of BRCA1-associated
breast cancer (49). Finally, denosumab administration has been
considered in the field of rare diseases too, for example for the
treatment of persistent severe hypercalcemia after hematopoietic
stem cell transplantation in patients affected by Autosomal
Recessive Osteopetrosis (50), in patients affected by Fibrous
Dysplasia (51), or by Osteogenesis Imperfecta, even though
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FIGURE 1 | Schematic representation of cellular and molecular players involved in RANKL-RANK signaling axis in the bone and thymus in physiological and in

pathological conditions. (A) Membrane-bound and soluble RANKL produced by cells of the osteoblast lineage and by immune cells induce osteoclastogenesis upon

its binding to RANK on osteoclast precursors. OPG is the soluble decoy receptor for RANKL. Moreover, RANKL binding to LGR4 on osteoclasts hinders their

maturation. RANK expression by MSC and osteoblasts points to a potential RANKL autoregulatory mechanism affecting bone formation. In addition,

osteoclast-derived RANK-expressing extracellular vesicles (EV) trigger a reverse signaling on osteoblast. (B) The inflammatory bone environment in pathological

condition, such as osteoporosis and rheumatoid arthritis, results in increased production of RANKL by immune cells, osteoblastic cells and synovial fibroblasts. This

exacerbates osteoclast generation and bone loss, which are target of denosumab treatment. (C) In the thymus, RANKL produced by resident and recirculating T cells,

invariant NKT and LTi cells fosters mTEC AIRE expression and maturation via RANK receptor, allowing correct establishment of central tolerance. (D) In the presence

of thymic dysfunction, pharmacological sRANKL administration boosts thymic regeneration, and T cell reconstitution. Similarly, in the early phases of thymic

regeneration after body irradiation, CD4+ and LTi cells upregulate RANKL. This results in increased expression of LTα in LTi cells. OBs, osteoblasts; OCs, osteoclasts;

OCYs, osteocytes.

some variability in the clinical outcome has been reported
(52) (Figure 1B).

Clinical case series and a recent analysis of the FREEDOM
and FREEDOM Extension Trials about osteoporosis treatment
with the anti-RANKL antibody have pointed to an increased risk
of multiple vertebral fractures after denosumab discontinuation
due to a rebound in bone resorption (53, 54), thus raising

a note of caution. In an attempt to identify potential
alternative antiresorptive therapies, scientific interest about
natural compounds possibly interfering with the RANKL-
RANK axis (e.g., flavonoids, alkaloid compounds, triterpenoids,
polysaccharides as well as monomeric sugars) has been growing
exponentially, as demonstrated by the number of publications
evaluating this kind of approach (55–58).
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In parallel, recent papers pointed to an unexpected osteogenic
function of RANKL through (at least) two different, not
mutually exclusive mechanisms: an autocrine-paracrine loop
activated by RANKL binding to its receptor(s) on MSCs (27);
and a reverse signaling elicited by osteoclast-derived RANK-
expressing extracellular vesicles, which might induce membrane-
RANKL clustering on osteoblasts (59, 60). This might represent
an additional means for osteoblast-osteoclast crosstalk. As a
perspective, it might be exploited by means of a new drug
with two simultaneous activities: dampening of bone resorption
by preventing RANKL binding to RANK receptors on the
osteoclasts, and stimulating osteogenesis by triggering RANKL
signaling in the osteoblasts (Figure 1A).

Actually, the biological relevance of these new findings in
the framework of the overall bone homeostasis has to be clearly
defined; for the sake of completeness, opposite results have
been reported by others (28). Nevertheless, the possibility of an
osteogenic function of RANKL is worth further investigations
since it could pave the way to the development of new therapeutic
strategies, thus fulfilling a medical need.

RANKL-RANK AXIS IN THE THYMUS

The thymus is a primary lymphoid organ responsible for the
development of T lymphocytes expressing a T cell repertoire
capable of responding to a diverse array of foreign antigens but
tolerant to self-antigens (61, 62). Migrant lymphoid progenitors,
arising in the liver during embryonic life and in the bone
marrow in postnatal life, enter the thymus where they undergo
different phases of differentiation throughout a complex journey
from the cortical region to the medullary compartment (63).
The early phases of thymocyte differentiation strictly depend
on stromal derived signals mediated by the interaction of
CD4+CD8+ double positive (DP) T cell precursors with
cortical thymic epithelial cells (cTECs) and indirectly by the
production of soluble factors (Figure 1C). cTECs foster lineage
commitment during the early stages of T cell differentiation
(double negative, DN, stage) through the expression of Notch
ligand Delta-like 4 (64, 65) and mediate positive selection of DP
T cells by presenting a broad array of self-peptides via major
histocompatibility complex (MHC) class I and II molecules. This
process results in the survival of thymocytes, which migrate into
the thymic medulla where T cells are negatively selected to single
positive (SP) CD4+CD8− and CD8+CD4− T cells (66). Mature
medullary thymic epithelial cells (mTECs) mediate central
tolerance process by expressing the transcriptional coactivator
AutoImmune Regulator (AIRE), which drives the expression of
self-antigens, including tissue restricted antigens (TRAs) leading
to the clonal deletion of autoreactive T cells, while inducing
the generation of regulatory T cells (67, 68), and the intra-
thymic positioning of X-C Motif Chemokine Ligand 1 (XCL1)+

dendritic cells (69).
Various factors modulate the development and maturation

of the thymic epithelial compartment, including several signal
transducers regulating NF-κB pathway and the NF-κB family
member RelB (70–76). Signaling mediated by four receptors
of the tumor necrosis factor family [RANK, OPG, CD40, and
lymphotoxin (LT) β receptor] acts as important modulator of

thymic microenvironment along with the cross talk between
thymocytes and TECs (77–79). In addition, the Ets transcription
factor family member Spi-B, which was found to be associated
with autoimmune phenomena (80), mediates OPG expression
via a negative feedback regulatory loop thus limiting the
development of mature TECs (81). RANKL is mainly produced
by CD4+ cells, a small subset of CD8+ cells, invariant (Natural
Killer T) NKT cells and CD4+CD3− lymphoid tissue inducer
(LTi) cells (82, 83). Of note, during embryonic life at the
initial stages of thymus development, invariant Vγ5+ dendritic
epidermal T cells (DETCs) and Vγ5+ γδ T cells T cells contribute
to central tolerance establishment by promoting CD80−Aire−

mTECs to become CD80+Aire+ mTECs (84–86) thus supporting
a critical role for RANK signaling in the interaction between
fetal γδ T cell progenitors and mTECs (87, 88). Of note, these
immune cell subsets provide different physiological levels of
RANKL and CD40 Ligand (CD40L) during ontogeny. During
fetal life, mTEC development is controlled by the expression of
RANKL by LTi and invariant Vγ5+ DETC progenitors, while
after birth is controlled by RANKL and CD40L produced by αβ

T Cell Receptor (TCR)high CD4+ thymocytes (89).
Transgenic mice expressing Venus, a fluorescent protein to

track RANK expression, showed that this receptor is mainly
expressed by mTECs at different stages of differentiation
(90). Moreover, activated T cells recirculating to the thymus
further contribute to the production of RANKL (91). Thus,
it is tempting to speculate that the increased production of
RANKL may support the skewing toward mTEC lineage, with
consequent maturation of T cells leading to the exhaustion
of the progenitor pool. These observations might explain the
age-related changes observed in thymic epithelium during
aging or thymic dysmorphology found in some pathological
conditions (92, 93).

Extensive in vitro and in vivo studies have further confirmed
the relevant role of the RANKL-RANK axis in the establishment
and maintenance of the central tolerance process. In vitro
stimulation of fetal thymic organ culture (FTOC) with
recombinant RANKL or agonistic anti-RANK antibody results
in the upregulation of CD80 and Aire expression by mTECs
(87, 94). In parallel, mice deficient in TCRα or murine models
with a reduced number of CD4+ T cells for instance lacking
molecules of the MHC II complex have a dramatic reduction
in Aire+ cells and decreased mTEC compartment (95, 96).
Other molecular players contribute to TEC differentiation and
among them a peculiar role is played by the interferon regulatory
factor 7/interferon β/ interferon-α/β receptor/signal transducer
and activator of transcription 1 (IRF7/IFNβ/IFNAR/STAT1)
pathway (97). During embryonic life, the absence of RANK
or RANKL severely affects mTEC maturation resulting in the
complete loss of Aire+ mTECs (87, 94, 98). However, after
birth other factors compensate the absence of RANK signaling
allowing the maturation of few Aire+ mTECs (94). Furthermore,
OPG is expressed by mTECs and genetically deletion in mice
causes enlargement of the medulla area (82, 90). Overall, these
data indicate that the RANKL-RANK axis is essential for the
correct differentiation and development of mTECs and for the
formation of the thymic medulla and consequent establishment
of self-tolerance (Figure 1C). Consistently with the role of
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RANKL as a potent mTEC inducer and indirectly as a key player
in the control of central tolerance, systemic administration
of soluble RANKL (sRANKL) can be considered to treat
primary or secondary thymic dysfunction (99). Transgenic mice
constitutively overexpressing human sRANKL displayed thymic
medulla enlargement (100) and increased number of Aire+

mTECs (101). Interestingly, during in vivo administration of
recombinant soluble RANKL (sRANKL) to cure the bone defect
in Rankl−/− mice, we observed a dramatic effect of the cytokine
on thymic architecture (102) further confirming data reported
in literature. Pharmacological sRANKL treatment induced
expansion of the medulla in Rankl−/− mice and increase of
Aire+ mTECs. Improvement of thymic epithelium resulted in
higher frequency of CD4+ and CD8+ SP and reduction of double
positive thymocytes (102). These data suggest that the exogenous
administration of RANKL may be a new therapeutic strategy to
boost thymic regeneration. In line with this, compelling evidence
indicate that upon body irradiation CD4+ cells and LTi cells
up-regulate RANKL in the early phase of thymic regeneration.
Upon tissue damage, RANKL mediates the increased expression
of LTα by LTi cells and reduces the expression of pro-apoptotic
genes while increases the expression of the B-cell lymphoma-
extra large (Bcl-xl) anti-apoptotic gene (103). The administration
of RANKL to wild-type animals confirmed its crucial role in
thymic recovery by enhancing TECs, thymocyte numbers, and in
parallel increasing vasculature. Improved T cell reconstitution is
also mediated by the increased expression of adhesion molecules
and chemokines, which foster thymus homing of lymphoid
progenitors. Remarkably, since RANKL is the master gene of
osteoclastogenesis, it is tempting to speculate that the increased
osteoclast activity may also boost hematopoiesis and consequent
migration of thymic progenitors. Overall, these in vivo findings
confirm the therapeutic effect of RANKL suggesting its putative
use to boost immune reconstitution in transplanted elderly
patients or in patients affected by primary thymic epithelial
defects (104–106) (Figure 1D). Conversely, transient inhibition
of RANKL in murine models indicate its effect on thymic
negative selection of self-reactive T cells specific for tumor
antigens, and resulting in an improvement of antitumor immune
response (107, 108). However, in vivo inhibition of RANKL
during prenatal life in rats and mice or long-life inhibition
after birth did not show gross effects on innate or humoral
immune response (109), thus supporting a possible repurposing
of denosumab as anti-tumoral agent in combinatorial treatments
and extending its use in the clinical arena.

T CELLS AND RANKL-RANK SIGNALING
IN BONE PATHOLOGY

The overall picture described highlighted the importance of the
RANKL-RANK axis in the bone and thymus compartments:
in the former, RANKL-RANK signaling influences the bone
remodeling process regulating bone cells activities; in the latter,
it is pivotal in thymic cell development and T cell maturation
and functioning.

After maturation, T cells exert their function centrally and
in all the other peripheral organs, going back also to the
bone. Although T cell levels represent about 3–8% of total
nucleated bone marrow cells in homeostatic conditions (110),
in pathological settings T cell recruitment from the periphery
may occur and induce molecular and metabolic changes in bone
cells, contributing to the bone loss phenotype associated with
various conditions such as post-menopausal osteoporosis and
Rheumatoid Arthritis (RA) (Figure 1B).

In post-menopausal osteoporotic patients an increase in
RANKL production by activated T cells (and B cells, too), alone
or in combination with TNFα, has been reported (111, 112).
A similar finding has been shown in surgically ovariectomized
(OVX) pre-menopausal women (113), further confirming the
causative link between estrogen deprivation, T cell activation
and RANKL-mediated bone loss previously observed in the
murine model (114). Accordingly, 17β-estradiol inhibits thymic
expansion after OVX in mice and T cell development, and
protects against bone loss, while selective estrogen receptor
modulators exhibit agonistic activity on bone but do not affect
T lymphopoiesis (115). Of note, a study in thymectomized
pre-menopausal women showed a drop in T cell counts after
surgery, as expected, with enhanced activation and production
of osteoclastogenic factors by the remaining T cells (116). On
the other hand, the authors of the study hypothesized that the
establishment of not clarified compensatory mechanisms could
be responsible for maintaining bone density at levels similar to
euthymic age-matched controls.

Another example of bone-thymus interplay is RA, a
chronic inflammatory autoimmune disease characterized by
joint inflammation, involving mainly synovial membranes, and
bone and cartilage destruction (117, 118). In this condition,
the synovium and articular tissues are highly enriched in
inflammatory leukocytes, likely due to cell recruitment in the
inflamed tissue (119), sustained by resident stromal cells of
mesenchymal origin (120). The inflammatory process in the
joints is suggested to enhance bone loss in patients with
RA, in particular when Anti-Citrullinated Protein Antibodies
(ACPA), Rheumatoid Factor (RF) and anti-Carbamylated
Protein Antibodies (anti-CarP) are present (121, 122). Most
of the T cells recruited from the circulation are T helper
1 (Th1), Th17, and Treg cells (123), which express C-X-C
Motif Chemokine Receptor 3 (CXCR3), CXCR4, C-C chemokine
receptor type 5 (CCR5), and CCR6 (mainly on Th17 cells)
receptors that permit their entry into the inflammatory site
upon attraction by the high levels of chemokines (e.g., CCL20)
found in arthritic joints (124–126). The relevant presence of
these cells exacerbates bone erosion by osteoclasts located at
the interface between the synovial membrane and bone (48).
The pathological bone loss is not compensated by osteoblast-
repairing activity since this process is inhibited by synovial
inflammation (127). Pro-inflammatory cytokines, such as IL-1,
IL-6, and more importantly TNFα and IL-17 are produced in
the inflamed synovium and strongly induce RANKL production
through the activation of NF-κB pathway in synovial cells and
T cells, which in turn massively activate osteoclasts (22, 48,
128). In patients with early RA, RANKL plasma levels have
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been associated with bone destruction and with radiological
progression of the disease after 24 months of follow-up (129).
Moreover, the combined presence of increased RANKL levels and
the positivity for anti-Cyclic Citrullinated Peptide 2 (anti-CCP2)
antibodies correlated with a more destructive process. These data
were confirmed in a case-control study conducted in RA pre-
symptomatic patients, where RANKL plasma levels were higher
in pre-symptomatic individuals as compared to control subjects,
increased over time until the onset of RA symptoms and were
associated with levels of inflammatory cytokines. However, the
positivity for ACPA/RF/anti-CarP preceded the rise of RANKL
plasma levels (129).

Based on this, preventing bone erosion by targeting RANKL-
RANK axis could be an effective strategy for intervention (130).
In fact, taking into account that RANKL-RANK axis is a
pivotal immune modulator in DC development and function, in
memory B cells, Th17, and Treg cells (131), RANKL blockade
might modulate the immune response thus contributing to limit
pathological bone erosion and joint damage occurring in RA.

In a phase II trial (Denosumab in patients with RheumatoId
arthritis on methotrexate to Validate inhibitory effect on bone
Erosion -DRIVE- study) on Japanese RA patients treated with
methotrexate, denosumab significantly inhibited the progression
of bone erosion at 12 months, and preserved the bone mineral
density (132). In addition, in a retrospective cohort trial, the
decrease of bone erosion in patients treated with denosumab in
combination with biological disease-modifying anti-rheumatic
drugs (bDMARDs), at 12 months was significantly higher
as compared to denosumab alone, with no adverse effects.
Therefore, blocking RANKL-RANK signaling in RA patients by
the addition of denosumab to conventional treatment agents may
represent a potential new therapeutic option for patients to limits
RA pathological outcome (Figure 1B).

Importantly, RA is primarily an autoimmune disease, in which
defects in central and peripheral T cell tolerance are involved.
Altered intra-thymic selection for the removal of autoreactive T
cells may have a great impact on the onset of T cell mediated
autoimmune disease (133). In the SKG strain murine model
of autoimmune arthritis, bearing a spontaneous point mutation
in Zeta Chain of T Cell Receptor Associated Protein Kinase
70 (ZAP-70), alterations in αβ TCR signaling in the thymus
have been linked to the escape of autoreactive T cells from
negative selection, playing an essential role in immune response
in the periphery (134). In turn, the onset of RA may be due
to impaired peripheral tolerance mechanisms, mainly elicited
by Treg cells, in controlling autoreactive T cells (135, 136). In
addition, recirculation of peripheral T cells back to the thymus
has been described, and the re-entering cells (mainly Treg cells)
might alter central tolerance and induce the deletion of thymic
antigen presenting cell populations. This could be considered a
mechanism for silencing autoreactive T cells in an RA setting
where impaired thymic functions are present (133). Whether
alteration of this process may be linked to T cell mediated
autoimmunity is still not clear and how T cell production
in the thymus and their effector functions in the periphery
regulate tolerance maintenance needs further investigation from
a therapeutic point of view.

Overall, although targeting RANKL-RANK axis in RA with
a RANKL antagonist can improve bone and joints pathological
features, it remains to be defined whether an effect on central
tolerance and autoimmune reactions is achieved too, because of
RANKL requirement for the correct thymic development and
production of functional T cells.

Finally, interest has recently grown in another field, i.e.,
regarding the possibility to exploit immune-related mechanisms
based on RANKL-RANK signaling in cancer settings for
therapeutic purposes (11). In malignancies with enhanced
RANKL expression, such as Multiple Myeloma, denosumab
alone is well-known to be effective in terms of overall survival
and skeletal-related events (137). In different tumor types that
usually have low expression of RANKL, denosumab treatment
combined with immune check-point inhibitors might lead to
a cross-modulation of antitumor immunity (138, 139). The
mechanisms proposed are various: denosumab might act on
RANKL-expressing tumor infiltrating lymphocytes and relieve
their anticancer activity that is otherwise blocked by engagement
of the ligand with RANK receptor on cells of the tumor
microenvironment (138, 139). Moreover, RANKL antagonists
might put a break on central tolerance by transiently inhibiting
negative selection in the thymus, resulting in the release of self-
specific T cells in the periphery (108). Finally, the activation
of reverse-signaling pathways might be proposed (140, 141), in
line with mechanisms described in bone (142). At present, all
these possibilities require further investigations; their elucidation
might shed light on novel therapeutic perspectives.

CONCLUSIONS

The RANKL-RANK axis exerts pleiotropic effects and
consistently involves an ever-increasing number of molecular
and cellular players. In the bone and thymus compartments,
where the crucial role of RANKL signaling was recognized
first, novel functions have recently been discovered. This
extends our understanding of the basic biology of these tissues
and has translational implications in terms of current therapies
monitoring. In particular, opposite effects are expected in the case
of blocking or activating the RANKL-RANK pathway on bone
and immune tolerance: while used as an antiresorptive drug, the
anti-RANKL antibody denosumab might have adverse effects
on the establishment of central tolerance, which would deserve
attention. On the other hand, recent advances might support
efforts toward drug repurposing strategies and development of
new medicines, based on limitations of those currently available.
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A wide variety of biomaterials have been developed as both stabilizing structures for the

injured bone and inducers of bone neoformation. They differ in chemical composition,

shape, porosity, and mechanical properties. The most extensively employed and studied

subset of bioceramics are calcium phosphate materials (CaPs). These materials, when

transplanted alongside mesenchymal stem cells (MSCs), lead to ectopic (intramuscular

and subcutaneous) and orthotopic bone formation in preclinical studies, and effective

fracture healing in clinical trials. Human MSC transplantation in pre-clinical and clinical

trials reveals very low engraftment in spite of successful clinical outcomes and their

therapeutic actions are thought to be primarily through paracrine mechanisms. The

beneficial role of transplanted MSC could rely on their strong immunomodulatory

effect since, even without long-term engraftment, they have the ability to alter both

the innate and adaptive immune response which is critical to facilitate new bone

formation. This study presents the current knowledge of the immune response to the

implantation of CaP biomaterials alone or in combination with MSC. In particular the

central role of monocyte-derived cells, both macrophages and osteoclasts, in MSC-CaP

mediated bone formation is emphasized. Biomaterial properties, such as macroporosity

and surface microstructure, dictate the host response, and the ultimate bone healing

cascade. Understanding intercellular communications throughout the inflammation, its

resolution and the bone regeneration phase, is crucial to improve the current therapeutic

strategies or develop new approaches.

Keywords: osteoimmunology, mesenchymal stromal cell, calcium phosphate biomaterial, bone regeneration,

osteoclast, immune modulation

INTRODUCTION

Bone regeneration strategies remain a critical challenge in the treatment of delayed union and
non-union fractures (1), bone loss due to tumor resection (2), metabolic bone diseases, or to
heritable skeletal dysplasia such as osteogenesis imperfecta. Autologous bone grafting is the current
clinical gold standard to repair large bone defects. This entails harvesting the patient’s own bone
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fragments, and transplanting them to the site of injury (3). There
are ∼2.2 million bone graft procedures performed annually
worldwide, including 1 million procedures in Europe (4). Indeed,
after blood, bone is the most frequently transplanted tissue. The
significant disadvantages of bone grafting, including the severe
pain and morbidity endured by patients as a consequence of the
bone harvest site, have prompted advances in the development
of synthetic biomaterials targeting bone repair. Human bone
comprises ∼70% of calcium phosphate (CaP) mineral; therefore
CaPs are the biomaterials of choice to heal injured bone. They
were first introduced in the 1920s as materials to facilitate
bone repair (5) and have since undergone intense chemical and
physical developments aimed at optimizing porosity, surface
architecture, resorption rates, and mechanical strength in order
to improve their bone healing capacities. Despite these advances
in biomaterial design, CaPs still lack adequate osteogenecity
to heal large, critical sized bone defects, and thus cell therapy
has been employed for bone defect treatment with biomaterial
bone substitutes such as CaPs to increase bone regeneration
efficiency. Mesenchymal stromal stem cells (MSCs), derived
primarily from the bone marrow and isolated by adherence to
plastic, show great capacity for bone healing in unison with CaPs
(6, 7). Although it is yet to be adopted into standard clinical
practice, this state-of-the-art cell therapy is currently the most
promising regenerative medicine strategy and has demonstrated
successful bone healing in patients in clinical trials (8). The
initial premise that MSCs, through cellular differentiation,
regenerated damaged tissue was largely disregarded following
observations that very few transplanted cells survive and
engraft (9–11). Few children with severe osteogenesis imperfecta
have received allogenic bone marrow transplant or allogenic
MSC and showed faster growth, higher bone mineral content
and less bone fracture than before transplant (12–16). Such
growth and mineralization improvements were associated with
<5% of donor cell engraftment. Consequently, it is proposed
that the therapeutic benefit of transplanted MSCs is largely
through a paracrine mechanism that stimulates recruitment of
host cells, which ultimately form the new bone tissue. The
underlying mechanisms involved have yet to be delineated,
however evidence to date reveals that roles of MSCs and
their secretions such as modulating immune responses (17),
attenuating inflammation, and promoting angiogenesis (18),
together act to ultimately ameliorate healing and restore function.
The host immune-modulatory response to both CaPs and MSCs,
encompassing both innate and adaptive immunity, and how this
contributes to bone healing in the context of tissue engineered
implants is the focus of the current review.

OSTEOIMMUNOLOGY OF CALCIUM
PHOSPHATE CERAMICS IN BONE
REGENERATION

A wide variety of CaP biomaterials have been developed to
fill bone defects as alternatives to autologous bone grafting.
Synthetically synthesized ceramics mainly comprise sintered
CaPs in order to achieve higher mechanical strength, including

β-tricalcium phosphate (β -TCP), hydroxyapatite (HA), or their
mixtures (biphasic calcium phosphate: BCP). These CaPs are
therefore widely described in terms of their interactions with
cells and tissues following implantation, as well as in relation
to their bone forming abilities. Synthetic CaPs bioceramics
are used successfully to fill bone defects in various clinical
indications since they are considered biocompatible, bioactive
and osteoconductive, thereby permitting guidance of the bone
healing process (19). In vivo, the chemical and physical properties
of the biomaterial dictate the host response and the ultimate bone
healing cascade and osteoinduction has been achieved by various
CaP ceramics, which demonstrate ectopic bone formation
when implanted in the muscles or subcutaneously in animals
[reviewed in (13)].While the interactions of these CaP materials
with body fluids, cells, and tissues have been investigated at
both the microscopic and ultrastructural levels, there is still
a lack of understanding of the potential mechanisms leading
to osteoinduction. Early on, the dissolution and precipitation
of an apatite layer on CaP materials was identified as a
potential major trigger for bone formation (20). It was further
proposed that concentration of bone growth factors from body
fluids, especially BMPs onto the biomaterial surface, attracts
circulating stem cells to form bone tissue (21). The geometry
of the biomaterial is certainly a critical parameter for bone
induction. Studies demonstrate that in order for CaPs to exhibit
osteoinductive properties, both a macroporous structure and
surface microporosity are prerequisites. Micro- and macro-
porous BCP biomaterials demonstrated the ability to induce
mature lamellar bone tissue after 6 months without the addition
of osteogenic cells or bone growth factors when implanted
ectopically in sheep (22). Macro pores are introduced into CaPs
by the addition of pore makers during the fabrication process.
The importance of macrostructure in efficient osteoinduction is
highlighted as bone formation occurs primarily in concavities
(23). Microporosity is controlled by the sintering temperature,
with lower sintering temperatures resulting in higher surface
microporosity. Interestingly, the microporous CaPs bioceramics
exhibited higher bone growth in critical size bone defects
in goats compared with autologous bone grafts or the same
CaPs bearing larger surface micropores and lower specific
surface area (higher sintering temperature) (24). Increasing the
microporosity increases the surface area thus possibly enhancing
the dissolution/reprecipitation phenomenon (21). Further to
biomaterial geometry, it has been speculated that low oxygen
tension in the central region of the implants might provoke
dedifferentiation of pericytes from blood vessels into osteoblasts
(25). Most recently, Bohner and Miron added the idea that
depletion of calcium and/or phosphate ions in the center of
an implanted material could induce bone formation via the
calcium-sensing of immune and bone cells (26).

In early reports, bone induction by CaPs ceramics was thought
to be limited to the muscles of large animals such as rabbits,
sheep, goats, dogs, and baboon, until Barradas et al. screened
various different mouse strains and found osteoinduction by
CaPs ceramics in FVB/NCrl mice (27). This study was a major
step for further understanding the biological mechanisms of
osteoinduction by these ceramics because there are abundant
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immunohistochemistry protocols available for mice compared
to large animals, not to mention their ease of handling and
low cost.

Innate Immune Response to Calcium
Phosphate Biomaterials
Various innate immune cells participate in the host-cell response
to the implantation of CaP materials including mast cells,
neutrophils, monocytes, macrophages, and multinucleated giant
cells (MNGCs) (28). In addition to their role in the innate
immune response, macrophages have tissue-specific functions.
Osteal macrophages (so called OsteoMacs), a specific type
of specialized macrophages residing in the periosteum and
endosteum, are an important cell type for the regulation of bone
healing (29) but less is known about their relationship with
implanted biomaterials (30). Depletion of OsteoMacs in mice
demonstrates their key role in regulating bone regeneration in
normal bone healing in a bone injury model (31, 32), suggesting
that resident macrophages may also possess the phenotypic
capability to instruct bone regeneration upon implantation
of biomaterials used for bone repair. Previous studies have
documented that resident or infiltrating monocyte-derived
macrophages present at early time points after tissue trauma
or the implantation of a biomaterial are characterized as pro-
inflammatory (M1 macrophages), typified by their secretion
of inflammatory cytokines such as TNFα, IL-1, IL-6, and IL-
12, while macrophages present at later time points exhibit
a predominantly anti-inflammatory profile (M2 subtype) and
promote healing by secretion of cytokines such as IL-10 and TGF-
β, stimulating angiogenesis, and recruiting cells for tissue repair
(33–36). Importantly, macrophage polarization can be switched
between M1 and M2, rendering them highly sensitive and
adaptive to their environment. Moreover, mounting evidence
suggests that macrophage polarization occurs over a continuous
spectrum, rendering the M1/M2 classification paradigm too
simple to accurately characterize their dynamic phenotypic
changes and plasticity in vivo. In any case, macrophages are
among the first cells present at the site of CaP implantation
and play an integral role in MSC migration and bone formation
(Table 1). The infiltration of macrophages and the subsequent
homing of MSCs and ectopic bone formation was observed after
CaP implantation in mice (44). Interestingly, MSCs migration
and osteogenic differentiation was significantly enhanced by
conditioned media (CM) from macrophages cultured on BCP,
compared to CM from macrophages cultured on tissue culture
plastic (43, 44). Furthermore, it was shown that macrophage-
secreted MCP-1 and MIP-1α were the effectors of enhanced
MSC migration.

Osteoclasts, which originate from the same hematopoietic
precursor as macrophages, are multi-nucleated cells capable of
efficiently degrading both the organic and inorganic fractions
of bone. Activated osteoclasts have a characteristic morphology
including a ruffle border by which they secrete proteases,
such as cathepsin K and matrix metalloproteinases, and release
hydrogen ions by proton pumps to acidify the resorptive pit.
Histologically, osteoclasts can be identified by intensely positive

tartrate-resistant acid phosphatase (TRAP) activity, which relates
to their functional activity in resorbing bone or mineralized
substrates such as CaPs (45). Osteoclastogenesis is essentially
regulated, both in vivo and in vitro, by the macrophage colony-
stimulating factor (M-CSF) and the tripartite system constituted
by the receptor activator of nuclear factor κB (RANK), its
ligand (RANKL) and osteoprotegerin (OPG). M-CSF permits
survival and proliferation of osteoclast-precursors, also allowing
them to respond efficiently to RANKL stimulation. RANKL
triggers differentiation into osteoclasts by binding RANK, while
OPG can prevent the interaction as a decoy receptor for
RANKL (46). Osteoclasts are important players in the bone
healing cascade. Several studies have documented that osteoclast
presence at the site of CaP implantation precedes new bone
formation (39). Evidence to demonstrate the crucial interplay
between osteoclasts and osteoblasts, in association with CaPs, was
highlighted by several studies (Table 1). Bisphosphonates are a
class of drug employed to inhibit bone resorption by induced
osteoclast apoptosis (47). The first-line medical management for
osteogenesis imperfecta is based on bisphosphonates to inhibit
osteoclasts, while the disease relies on osteoblast dysfunction.
Bisphosphonates allow an increase of bone mineral density
and a 20% decrease of fractures in long-bone in the pediatric
osteogenesis imperfecta population (48, 49). However, in CaP-
mediated bone formation, several osteoclast depletion strategies
including the administration of bisphosphonates highlight
the important role of osteoclasts, suggesting that coupling
mechanisms linking osteoclast resorption to osteogenesis may
be involved (50). Of note, Takeshita et al. convincingly showed
that osteoclasts in association with CaP or bone secrete
CTHRC1, which enhances osteoblastogenesis, thereby coupling
bone resorption to formation. CTHRC1-triggered bone turnover
was attenuated when resorption was inhibited by bisphosphonate
(alendronate) treatment, and OC-specific CTHRC1 KO mice
led to reduced bone formation and lower bone mass (37). This
concurs with findings by other groups that bisphosphonates
inhibited osteoclasts and osteoinduction by CaPs in baboons
(38) or rabbits (41). Furthermore, depletion of osteoclasts by
local injection of liposome-encapsulated clodronate impeded
heterotopic bone formation by intrinsically osteoinductive
microstructured CaPs after subcutaneous implantation in mice
(42). Surface microstructure stimulates osteoclastogenesis and
therefore may be a primary trigger for subsequent de novo bone
formation for certain CaPs which do not require the addition
of MSCs or growth factors to induce bone formation (40). The
biological mechanism by which osteoclasts stimulate subsequent
osteogenesis in response to these microstructured CaPs is still
not understood. Even more interesting, non-microstructured
CaPs, which possess no intrinsic osteoinduction potential, have
been show to induce heterotopic bone formation when first
seeded with osteoclasts prior to implantation. Taken together, OC
depletion and enrichment strategies combined with implanted
CaPs points to an essential role of this cell type in inducing new
bone formation

Distinct from osteoclasts, MNGCs are observed in human
histological samples around various CaP bone substitutes and
their presence correlates with a higher maintenance of bone
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TABLE 1 | Implication of macrophages and osteoclasts in the bone formation induced by calcium phosphate biomaterials.

CaP biomaterial In vitro and in vivo models Outcome References

Hydroxyapatite (HA) In vitro: Osteoclasts (OCs) were differentiated from

bone marrow monocytes from C57BL/6 mice.

Primary osteoblasts (OBs) were derived from the

calvaria. Ex vivo: Organ culture of explanted

calvaria. In vivo model: C57BL/6mice

CTHRC1 protein is secreted by mature OCs. CTHRC1

mRNA expression is elevated in OCs cultured on HA

compared to tissue culture plastic (TCP). CTHRC1

stimulates osteoblastogenesis (gene expression and

mineralized matrix deposition). CTHRC1 expression and

bone turnover in vivo was increased by RANKL injections

and conversely decreased by alendronate treatment.

OC-specific CTHRC1 KO mice led to reduced bone

formation and lower bone mass.

(37)

Coral derived calcium

carbonate (CC)/ HA

constructs

In vivo model: Intramuscular implantation in Chacma

baboons

Osteoinduction of biomaterials was inhibited by

preloading constructs with the bisphosphonate

zoledronate.

(38)

β-TCP In vivo model: Intramuscular implantation in female

beagle dogs

CaP induces the formation of TRAP and Cathepsin K

positive, multinucleated cells on the biomaterial, and

their presence precedes ectopic bone formation

(39)

β-TCP with different surface

microstructures

In vitro: Osteoclasts were differentiated from a

murine macrophage cell line RAW264.7 Human

MSCs were isolated from bone marrow harvested

from femoral heads. In vivo model: Intramuscular

implantation in male mongrel dogs

In vitro, CaPs with submicron-scale surfaces lead to

increased differentiation of OCs and higher secretions of

factors that induced osteogenic differentiation of MSCs.

In vivo, submicro-structured CaPs formed bone and

OCs presence was significant, whereas micro-structured

CaPs formed no bone and OC presence was spare.

(40)

β-TCP In vivo model: Rabbit femoral condyles Loading of Alendronate (bisphosphonate) onto β-TCP

inhibited the presence of TRAP-positive cells on the

surface of the biomaterial and abrogated the

CaP-mediated bone formation.

(41)

β-TCP In vivo model: FVB/NCrl strain mice CaPs induced osteoclastogenesis and ectopic bone

formation. Depletion of osteoclasts by local injection of

liposome-encapsulated clodronate impeded bone

formation by CaPs.

(42)

Biphasic calcium phosphate

(BCP) HA/ β-TCP composite

In vitro: Mouse macrophage cell line RAW264.7.

Mouse bone marrow-derived MSCs.

Macrophages upregulated gene expression of

inflammatory factors (IL-1, IL-6, MCP-1) and growth

factors (EGF, PDGF, and VEGF) as a consequence of

their CaP substrate. This macrophage conditioned

media (CM) increased MSC migration and osteogenic

differentiation (osteogenic gene expression and

mineralized matrix deposition).

(43)

BCP (HA/ β-TCP) In vitro: Mouse macrophage cell line RAW264.7.

Mouse bone marrow-derived MSCs. In vivo model:

Implantation into thigh muscle of male BALB/c mice.

BCP implantation in vivo caused infiltration of

macrophages to the site, followed by homing of MSCs

and subsequent ectopic bone formation. BMSCs

migrated significantly faster under stimulation by CM

from macrophages cultured on BCP, compared to CM

from macrophages cultured on TCP. Secretion of MCP-1

and MIP- 1α by macrophages was increased by culture

on BCP and were shown to be the effectors of enhanced

migration since blocking these in macrophage CM had

inhibited MSC migration.

(44)

mass in grafted sites (51). Such MNGCs are formed by fusion
of monocytes/macrophages on various bone substitutes not
surrounded by bone. Histologically, they are slightly TRAP
positive and occasionally associated with small resorption
lacunae, indicating a potential osteoclast-like activity. In vitro,
they can be obtained by stimulation of monocytes with IL-4 and
IL-13 (52, 53). These in vitro generated MNGCs can dissolve
hydroxyapatite, although not as efficiently as osteoclasts, but they
cannot digest the bone matrix (54). The case in vivomay however
be more complex, particularly since mononucleated and fused
macrophages found at the surface of implanted biomaterials or

wounds may express a variety of markers spanning both classical
M1 and alternatively activated M2 phenotypes.

Dendritic cells (DC) have been described as the scavenging
sentinel cells also responsible for identifying foreign materials
and organisms in the host. Although 25% of monocytes present
at the site of injury or inflammation differentiate into DCs, the
current knowledge of how DCs interact with biomaterials is
incomplete—particularly whether they interact with the foreign
body distinctly or in concert with macrophages and MNGCs
(55). This is compounded by the heterogeneity of DC subsets,
similar to macrophages (56). Still, it is clear that DCs also possess
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phagocytic ability and can readily internalize CaP particles
or polymeric beads. Such particle internalization causes DCs
to secrete inflammatory cytokines as well as migrate back to
the lymph nodes and instruct the adaptive immune response
through T cell priming (55, 57). Because these cells interrogate
and recognize foreign bodies as well as prolifically express
surface antigens, DCs represent an important bridge between
the innate and adaptive immune system and may mediate
the polarization or transition between inflammatory or anti-
inflammatory adaptive immunity. Illustrating this immune-
modulatory role, DCs have been implicated with suppression
of a chronic inflammatory response to implanted biomaterials
and thus may play a key role in mediating the transition from
fibrous encapsulation to functional tissue regeneration, and
as the case may be with CaPs implanted in bony locations,
the regeneration of bone tissue. Similar to macrophages,
DCs have been shown to distinctly respond to biomaterial
surface chemistry, hydrophobicity, and topography which direct
activated vs. suppressive states of DCs (58). Some work has been
conducted to explore the role of DCs in mediating the innate
and adaptive immune response to subcutaneously implanted
polymeric materials in vivo (59), but less is known about how
DCs may interact with resorbable biomaterials such as calcium
phosphates, particularly those that are too large to phagocytose.

These studies emphasize the crucial role of the innate immune
system and osteoclastogenesis in modulating and facilitating
bone healing and how CaP biomaterial properties such as
surface microporosity significantly affect such responses. It
should be noted that the combination of CaP biomaterial and
natural (collagen, fibrinogen etc.) or synthetic polymers are
also developed to influence the osteoinductive capacities of
the implant (60) and could therefore influence the immune
response. In spite of the significant improvements in CaPs,
yielding well tolerated, osteoconductive biomaterials with
some osteoinductive capability, most CaPs still lack adequate
osteoinduction capacity for regenerating large bone defects.
Therefore, they are generally employed for treating small bone
defects, to supplement autologous bone grafting, or, increasingly,
as scaffolds to deliver cells or growth factors targeting bone
repair (61, 62).

OSTEOIMMUNOMODULATION AND
OSTEOINDUCTION BY MSC/CaP
COMBINATIONS

Bone marrow derived mesenchymal stromal cells may overcome
the challenges of autologous bone grafting for the regeneration
of large defects. Transplanted in unison with CaP bioceramics,
MSCs achieve ectopic (intramuscular and subcutaneous) (7, 9,
63) and orthotopic bone formation and critical-sized defect
healing in preclinical studies, and efficient fracture healing
and bone augmentation in clinical trials (64, 65). The key
role of implanted MSCs was initially thought to be their
differentiation into bone forming osteoblast cells and studies
observing transplanted MSCs within osteocyte lacunae of newly
formed bone support this hypothesis (6, 66–68). However, in

general, cell engraftment of transplanted MSCs is very low
or completely absent, in spite of successful outcomes (10, 11,
69), leading to the contention that the therapeutic benefit of
transplanted MSCs is largely through a paracrine mechanism.
These conflicting observations of the fate of transplanted MSCs
is present throughout the literature and could be caused by
a multitude of reasons such as initial cell dosage, biomaterial
scaffold employed, implantation site, and host immune response.
In our own hands, we have observed instances of some, albeit
a small proportion, transplanted MSCs present in newly formed
bone (9), and others where cell engraftment was not detected
(10), while both resulted in ectopic bone formation. Although
not quantified, it appears the transplanted MSCs persisted in
outcomes of abundant bone formation and interestingly human
MSCs resided in osteocyte lacunae in the vicinity of host
(mice) osteocytes, with host osteocytes representing the larger
proportion (9). MSCs secrete a vast array of paracrine factors into
their conditioned media (MSC-CM) in vitro and interestingly,
administration of MSC-CM in vivo, induces healing in many
tissues including bone (70–72) providing evidence that the MSC
secretome can initiate the bone tissue regeneration cascade. The
MSC secretome comprises all factors secreted byMSCs, including
soluble secretions (cytokines, growth factors, chemokines, and
hormones) as well as vesicular secretions, or extracellular vesicles
(EVs), which encompass exosomes, microvesicles, and apoptotic
bodies. EVs are nanoparticles (ranging in size from 30 to
1,000 nm) that are secreted by all cells and carry bioactive cargo
from the parental cells including lipids, proteins, RNA, and DNA
(73, 74). It was recently reported that EVs secreted by MSCs
have therapeutic potential in preclinical studies targeting bone
repair (75–78). While not yet investigated in the context of
bone regeneration, it has been observed in other settings that
EVs secreted fromMSCs mimic the immune-regulatory function
of MSCs (79).

The Immune System Influences
MSC-Based Bone Regeneration
Several studies have observed that MSCs enhance bone repair
by modulating the foreign body response to CaPs. Macrophages
are an important innate immune cell population for the
regulation of MSC-based bone regeneration. Interestingly,
it was observed that the mobilization of macrophages to
the site of CaP implantation was significantly enhanced by
MSC transplantation prior to MSC-mediated ectopic bone
formation (10, 17). Early studies indicated that inflammatory
macrophages suppressed osteoblastogenesis, through secretion
of TNFα and IL1b [reviewed in (50)]. However, in contrast
to this, both Tour et al. (17) and Gamblin et al. (10)
independently observed that transplanted MSCs led to a M1
dominant macrophage phenotype, which was followed by bone
formation. In line with these in vivo studies, several in vitro
studies have demonstrated the impact of M1 macrophages
on enhancing the osteogenic differentiation of MSCs. We
previously demonstrated that inflammatory M1 macrophages
secrete Oncostatin M (OSM) to improve osteoblastogenesis
in vitro (80). In addition, OSM production by macrophages
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sustained bone regeneration in a mouse model of tibia injury
(81). Furthermore, MSCs treated with conditioned media (CM)
from lipopolysaccharide (LPS) stimulated monocytes exhibited
increased osteogenic differentiation (82), an effect partially
imparted by extracellular vesicles secreted by the activated
monocytes (83). Conversely, other in vitro studies have reported
that M2, and not M1 macrophages, enhanced osteogenic
differentiation of MSCs (84). The exact role of resident vs.
monocyte-derived macrophages or of M1 vs. M2 alternatively
activated macrophages in response to transplanted MSCs are
still not clear. The M1/M2 paradigm is certainly a key for
successful bone regeneration, since resolution of inflammation
and tissue repair are tightly linked (85). Interestingly, M1
and M2 macrophages were both recently demonstrated to
modulate MSC osteogenic differentiation but in disparate
manners, whereby M1 macrophages enhanced early osteogenic
differentiation without any effect on matrix mineralization,
which was subsequently enhanced by M2 macrophages (86). In
addition, it was demonstrated that macrophages preferentially
recruit fibroblasts over MSCs. Pre-incubation of macrophages
with immunomodulatory MSCs impairs fibroblast recruitment
(87). Taken together, these studies indicate that macrophage
polarization is important for distinct roles in the bone healing
cascade byMSCs in association with CaPs, much like how normal
tissue repair encompasses a transition from a pro-inflammatory
status to a pro-reparative status.

Osteoclasts also play a central role in the regulation of
MSC-based bone regeneration. It was demonstrated in vitro
that osteoclasts secrete factors (S1P, BMPs, WNTs etc.) which
induce MSC migration and osteogenic differentiation (88, 89).
Interestingly, MSCs transplanted with BCP were shown to
positively influence the foreign body reaction by attracting
circulating monocytes and inducing their differentiation into
osteoclasts, thus favoring bone formation. Importantly, depletion
of osteoclasts by local injection of clodronate or injection of
neutralizing anti-RANKL antibodies impeded bone formation,
highlighting the imperative role of osteoclasts in MSC-mediated
bone formation (10).

The adaptive immune system also plays an important role
in MSC-modulated bone regeneration, which was elegantly
shown by Liu et al. (90) and is discussed in detail in
Table 2. Briefly, MSCs together with CaP particles induced
ectopic bone formation in immuno-deficient mice but failed
to do so in immune competent C57BL/6 mice (90). Moreover,
infusion of CD4+ T cells in nude mice blocked ectopic
bone formation through secretion of TNFα and IFNγ, which
inhibited MSC differentiation and induced MSC apoptosis (90,
92). Interestingly, infusion of CD4+ CD25+ Treg abolished
TNFα and IFNγ production and improved MSC-mediated bone
regeneration in critical-sized calvarial bone defects in C57BL/6
mice (90). These observations were corroborated by findings
that MSC from immune-competent mice formed ectopic bone
in immune deficient mice, but much less in syngenic mice
with the initiation of an inflammatory reaction involving Th1,
Th2, and cytotoxic T-cell responses (91). Collectively these data
demonstrate that modulation of both the innate and adaptive
host immune response facilitates MSC-based bone regeneration.

IMPACT OF MSC STRESS ON
IMMUNOMODULATION

As indicated above, implantation of MSCs with CaP results
in the local recruitment of various innate immune cells
including mast cells, neutrophils, monocytes, macrophages,
and several types of multinucleated giant cells. An exhaustive
overview of how MSC influence the innate and adaptive
immune system is outside the scope of this review. Rather,
we focus on how transplanted MSCs in association with
CaPs may modulate the immune system by focusing on the
conditions that MSCs encounter following transplantation and
the potential impact that these cell stresses can have on
MSCs immunomodulation.

MSC Influence the Innate and Adaptive
Immune System
Since MSCs express low levels of MHC-II and costimulatory
molecules (CD40, CD80, CD86), but substantial amount of
the tolerogenic HLA-G molecule, they are considered as
immunoprivileged cells, and thus would be ideal for tissue
repair even in allogeneic transplantation (92, 93). Moreover, the
discovery of the immunomodulatory roles of MSCs fostered their
therapeutic use to suppress inflammation and limit pathogenic
immune responses in graft-vs-host and auto-immune diseases
such as multiple sclerosis, diabetes, and rheumatoid arthritis.
Indeed, MSCs tend to limit macrophage polarization to M1,
favoring M2 polarization. They also favor the generation of
regulatory dendritic cells. They inhibit mast cells degranulation
and NK cell effector functions (Figure 1). MSC production of
PGE2, IL-6, TGFβ, and IDO for example has a key role in these
suppressive effects on innate immune cells (93, 94). With regard
to adaptive immune cells, MSCs favor the development of Th2
and Treg cells, with suppression of CD4+ T cells proliferation
and polarization toward Th1 and Th17 cells. They also inhibit
B cell activation, proliferation, and differentiation into plasma
cells. These suppressive effects depend on MSCs production of
NO, TGFβ, PGE2, IL-10, and ligation of PD-1/PD-L1 for example
(93, 94). Interestingly, culture of MSC on BCP did not impair
their suppressive effect toward T, B, and Natural Killer (NK) cells
(95). Extracellular vesicles produced by MSC are also implicated
in immunomodulation (96). It is important to note that the
immunosuppressive effect of MSCs when delivered systemically
is well documented, but the possible role of MSCs in regulating
the innate and adaptive immune responses when delivered locally
to regenerate bone remains elusive.

Impact of Stressful Conditions on
MSCs Phenotype/Secretome
Because MSCs disappear shortly after implantation with CaP,
it is important to consider the impact of cell stress or cell
death on MSCs immunomodulation activity. The primary
factors responsible for the large cell death of transplanted
BMSCs include the ischemic environment and the lack of
glucose that the BMSCs encounter (97–100). It is unclear
the exact means of MSCs death after implantation with CaP
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TABLE 2 | Osteoimmunology of mesenchymal stem cells transplantation with calcium phosphate biomaterials.

CaP

Biomaterial

MSC origin In vitro and In vivo

models

Outcome References

BCP (HA/

β-TCP)

Human bone marrow

derived MSCs

In vivo model: Intramuscular

implantation in

immunocompromised nude

NMRI Nu/Nu female mice

Both macrophage and osteoclast presence at the CaP

site was significantly enhanced by MSC transplantation.

Their presence preceded MSC-mediated ectopic bone

formation. Depletion of osteoclasts by local injection of

clodronate impeded bone formation, highlighting the

imperative role of osteoclasts in MSC-mediated bone

formation

(10)

HA Rat (Lewis) bone marrow

derived MSCs

In vivo model: Rat calvaria

critical-sized defects

MSCs increase bone formation by modulating (both up-

and down-regulation) the foreign body reaction. MSCs

increased macrophage presence at the CaP implantation

site and enhanced bone healing. However, MSCs

reduced the immune cell presence (macrophages and

eosinophils at the site when the scaffold was delivered

with extracellular matrix produced by fibroblasts (dermis

of Sprague-Dawley rats), indicating that MSCs modulate

the host immune response depending on the

environment with the aim of positively influencing the

tissue healing cascade.

(17)

BCP (HA/

β-TCP)

Bone marrow MSCs

C57BL/6-Tg

(CAG-EGFP)1Osb/J mice

In vivo model:

Subcutaneous and calvaria

implants. Female C3H/HeJ,

C57BL6J,

B6.129S7-Ifngtm1Ts/J,

C57BL/6-Tg(CAG-

EGFP)1Osb/J,

B6.MRL-Faslpr/J,

immunocompromised nude

mice (Beige

nude/nudeXIDIII).

Firstly, MSC transplantation with CaP formed ectopic

bone in nude mice but not in C57BL/6 mice. Interestingly

CD8+ T cells, and CD4+ T cell infusion into nude mice

partially and totally blocked bone formation, respectively.

Inhibition of MSC-mediated bone formation in C57BL/6

was caused by interferon (IFN)-γ induced

down-regulation of the runt-related transcription factor 2

(Runx-2) pathway and tumor necrosis factor

(TNF)-α-induced MSC apoptosis. Treatment with IFN-γ

and TNF-α also inhibited MSC-mediated bone formation

in nude mice and interestingly antibodies to neutralize

IFN-γ and TNF-α, as well as infusion of Treg cells rescued

bone formation by transplanted MSCs in C57BL/6 mice.

Together, this reveals that pro-inflammatory T cells inhibit

transplanted MSC-mediated bone repair.

(90)

BCP (HA/

β-TCP)

Bone marrow MSCs from

C57BL/6 mice

In vivo model:

Subcutaneous implantation

in C57BL/6 and

immunocompromised nude

mice (NMRI Nu/Nu)

MSC transplantation into nude mice led to abundant

ectopic bone and bone marrow formation, whereas MSC

transplantation into syngenic C57BL/6 mice resulted in

only minor quantities of ectopic bone formation and

significant quantities of multinucleated giant cells

(MNGCs). MSCs survived for a shorter duration in

immune-competent mice and the implant site was

characterized by Th1, Th2, and cytotoxic T-lymphocyte

activation, highlighting the benefit T-lymphocyte absence

in nude mice for bone formation.

(91)

but senescence, apoptosis, necrosis, or other types of cell
death could presumably be implicated which can have a
profound effect on MSC-mediated immunomodulation. MSCs
are considered relatively resistant to programmed apoptosis
and prefer senescent growth arrest or autophagy to cell death
(101). In general, necrotic (necroptotic, pyroptotic) cell death
is associated with inflammation and exacerbated immune
responses, whereas apoptosis avoids an inflammatory response
and rather contributes to its resolution. For example, Laing et al.
demonstrated that systemic injection of H2O2-induced apoptotic
MSCs is more efficient than injection of live MSCs to induce a
robust immune suppressive reaction in an ovalbumin induced
model of allergic airway inflammation (102). Similarly, Galleu
et al. showed that after infusion of apoptotic MSCs in a murine

model of graft-vs-host disease, recipient phagocytes engulf
apoptotic MSCs and produce IDO, which is ultimately necessary
for effecting immunosuppression (103). The authors also
observed that cytotoxic cells, such as CD8+ T lymphocytes and
NK cells, induce MSCs apoptosis through perforin, granzyme B,
and FasL, and that PBMCs from patients that responded to MSC
therapy had more cytotoxic activity against MSCs. Another level
of complexity is that when apoptotic cells are not cleared in an
efficient and timely manner, they progress to secondary necrosis
and lose their membrane integrity. This results in a leakage
of immunostimulatory, danger associated molecular patterns
(DAMPs) such as HMGB1 and nucleosomes (104, 105). They
induce an inflammatory response which can become chronic and
even induce an adaptive immune response, a situation that would
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FIGURE 1 | Known immunomodulatory secretions from mesenchymal stem cells favoring (↑) or inhibiting (-) various cells potentially involved in bone formation on a

biomaterial during early inflammation or the later stage of tissue repair. MSC, mesenchymal stem cell; M1, pro-inflammatory macrophages; M2, alternatively activated

macrophages; NK, natural killer; DC, dendritic cell; OSM, oncostatin M; TNFα, tumor necrosis factor alpha; IL, interleukin; VEGF, vascular endothelial growth factor;

PGE2, prostaglandin E2; iNOS, inducible nitric oxide synthase; TGFβ, transforming growth factor beta; IDO, indoleamine 2,3-dioxygenase; RANKL, receptor activator

of nuclear factor kappa-B ligand; IFNγ, interferon gamma; NO, nitric oxide; PD-1/PD-L1, programmed cell death protein 1/programmed cell death-ligand 1.

presumably preclude local bone formation. Additional studies
are mandatory in the context of bone regeneration induced by
MSC-CaP combination.

Upon aging and in age-related deficiencies, compromised
MSC-mediated immunological responses have been observed
and attributed to MSC senescence. Senescence by replicative
exhaustion or genotoxic stress during ex vivo culturing
was also demonstrated (69). Acute, transient senescence
induced by cell stresses such as hypoxia is presumably
beneficial, because senescent cells secrete a plethora of molecules
as part of the senescence-associated secretory phenotype
(SASP), leading to rapid MSC clearance by immune cells,
modulation of innate and adaptive immune cells, followed by
tissue healing and regeneration (106). However, when chronic
senescence occurs, for example upon aging, it impacts on the
SASP, the local microenvironment and causes local and/or
systemic inflammation.

The modifications of the secretome of MSCs induced by
various stimuli, either mimicking physiological situations such
as hypoxia and inflammatory stress or specific in vitro culture
conditions to enhance the immunomodulatory properties of
the cells, were previously widely reviewed (107–109). Those
stresses could also alter the production and composition of
EVs (110–112). Hypoxia is a main characteristic of the natural
environment of MSCs and a major difference with in vitro
culture. Overall, culture under low-oxygen atmosphere results in
higher proliferation rate, survival, differentiation potential, and
immune modulating secretions (113). For example, Paquet et al.
(114) reported an upregulation of proangiogenic and chemotactic
mediators (VEGF-A/-C, IL-8, MCP-1, and RANTES) and a
downregulation of inflammatory mediators (IL-1b, IL-6, IL-
15, IL-1Ra) with close to anoxic conditions (0.1% O2). An
artificial overexpression of the hypoxia-inducible factor 1 (HIF-1)
in dental stem cells leads to an improved resistance to NK

cells, an upregulation of CXCL12, CCL5, and IL-6 as well as a
downregulation of CXCL10 (115).

Inflammatory stress is also characteristic of an implantation
site and is mimicked in vitro by exogenous addition of LPS,
TNFα, and/or IFNγ, usually termedMSC priming.When primed
with inflammatory cytokines, MSCs increase their suppressive
capacities (95). MSCs express constitutively many mitogenic
growth factors, chemokines and matrix metalloproteinases at
various levels. They are sensors and modulators of their
microenvironment; i.e., MSC response to TNFα by increasing
expression of some growth factor receptors, growth factors,
chemokines, and matrix metalloproteases (116). Just as hypoxia,
MSCs stimulated with LPS or TNFα produced more VEGF and
FGF2 but also more HGF and IGF-1 via the activation of NFκB
(117). Stimulation with IFNγ increases the expression of anti-
inflammatory and regenerative molecules such as IDO, TGFβ or
PGE2 for example (60). The addition of hypoxia to a TNFα and
IFNγ stimulation on adipose-derived stem cells did not impair
their higher secretion of immunomodulatory molecules IDO and
PD-L1 (118).

PROPOSED MECHANISM OF BONE
FORMATION AFTER MSC-CAP
IMPLANTATION

It has been shown in many studies that only the combination
of CaP and MSCs has the ability to induce abundant bone
formation. MSCs have numerous, complex, and sometimes
antagonist effects on the immune system depending on the
physiological context. Their role in bone regeneration on CaP
biomaterials remains unclear but evidence indicate that their
immunomodulatory properties are involved. We previously
highlighted the crucial role that osteoclasts seem to play and
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FIGURE 2 | The two possible outcomes of subcutaneous implantation of mesenchymal stem cells on calcium phosphate ceramic in mice. Histology of the implants:

TRAP staining for osteoclasts detection after 4 weeks and Masson’s trichrome to evaluate bone formation after 8 weeks. On the left, chronic inflammation (o) with

formation of TRAP negative MNGCs followed by fibrous encapsulation and no sign of bone formation. On the right, osteoclastogenesis on the biomaterial followed by

abundant bone formation (*). NK, natural killer; BCP, biphasic calcium phosphate; MNGC, multi-nucleated giant cell; OC, osteoclast; OBs, osteoblasts; TRAP,

tartrate-resistant acid phosphatase.

the rapid disappearance of implanted MSCs before new bone
is formed. Therefore, we hypothesize that MSCs, through
their dialogue with various cells of the immune system, favor
osteoclastogenesis on lieu of MNGCs formation, i.e., inducing
a switch from chronic inflammation and fibrous encapsulation
to bone formation via the recruitment and differentiation of
new MSCs or skeletal stem cells in the bone remodeling
process (Figure 2).

In detail, the environment just after implantation consists
of the biomaterial exhibiting specific properties (chemical
composition, micro-/macro-porosity, topography) and theMSCs
adhering and reacting to it. Neutrophils, mast cells and
macrophages are the first immune cells in contact with the
implant, the latter mostly polarizing toward the inflammatory
M1 phenotype (28). Therefore, inflammatory cytokines, ions
released by the biomaterial, lack of O2 (98), and nutrients
(97), presence of cytotoxic CD8+ T and NK cells are all

environmental factors influencing MSCs’ behavior in the early
stages of implantation. Most of those stresses were individually
found to increase the production of pro- or anti-inflammatory
molecules by MSCs (107–109). Given the osteogenic effect of
the biomaterial (119) and the M1 population of macrophages
(86), implanted MSCs might also express some markers of
early osteoblast precursors. Eventually, MSCs will disappear
by senescence, apoptosis and/or necrosis, releasing novel pro-
and anti-inflammatory signals. Clearance of dead MSC by
immune cells would also modulate the innate and adaptive
immune system.

We believe that the secretions from those highly stimulated
MSCs directly or indirectly (through modulation of innate and
adaptive immune cells) favor the formation of osteoclasts at the
expense of MNGCs. Indeed, MSC-based bone formation was
significantly altered by anti-RANKL mAB (10) or clodronate
(42) administration. While clodronate also affects MNGCs, the

Frontiers in Immunology | www.frontiersin.org 9 April 2019 | Volume 10 | Article 663120

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Humbert et al. Immune Modulation by CaP-MSCs

anti-RANKL mAB is specifically restricting osteoclastogenesis.
Due to their common origin and similar morphology, osteoclasts,
and MNGCs are difficult to distinguish. Theoretically, both
osteoclasts and MNGCs can arise from the fusion of circulating
monocytes, M1/M2macrophages or even of dendritic cells. An in
depth description of the known differences between osteoclasts
and MNGCs have already been well reviewed (120). Both cell
types share a lot of markers but they can be differentiated
by expression of the calcitonin receptor and RANK only in
osteoclasts, or CD86 (B7-2), CD206, and HLA-DR only present
in MNGCs. Interestingly, MNGCs are able to express low levels
of TRAP a few days after formation (both in vitro and in vivo)
while there seem to be two distinct populations expressing or
not Cathepsin K (121, 122). Miron et al. also discussed the
polarization potential ofMNGCs, in parallel with the polarization
of macrophages, with a proposed distinction between pro-
inflammatory M1-MNGCs that were also called foreign body
giant cells (FBGCs) and wound-healing M2-MNGCs. It is
impossible to state whether the suggested M2-MNGCs are the
MNGCs observed in close contact to the CaP materials leading
to bone formation or if M2-MNGCs can differentiate further
into true osteoclasts even if this last statement seems unlikely
due to their unresponsiveness to RANKL in vitro (54). In our
hypothesis, M2-MNGCs are likely to be involved in late stages
of chronic inflammation, leading to fibrous encapsulation. In
any case, there is an urgent need to better characterize those
MNGCs and to discover the cell communications involved in
their formation.

Preliminary results showed that conditionedmedia fromMSC
culture could have a positive direct impact on osteoclastogenesis
(123). This effect of MSCs could rely on enhanced secretion

or membrane expression of RANKL. Activated T cells were
also reported to increase osteoclastogenesis in vitro (124)
but they cannot be the main source of RANKL in MSC-
based bone formation as many successful experiments were
carried out in Nude mice. Also, a number of factors are
known to influence osteoclastogenesis, primarily by modifying
RANKL/RANK signaling (125). In vitro, TGFβ (a known
product of MSC but also Treg) promote osteoclast formation
from RANKL stimulated precursors but also decreases RANKL
expression in osteoblasts resulting in fewer osteoclasts in co-
culture (126). In mice, activation of the non-canonical Wnt
pathway by Wnt5a in osteoclast precursors increases the
production of RANK (127). These are only few examples
of molecules that could be implicated in the MSC-osteoclast
communications and future studies will certainly better delineate
this key step toward MSC-CaP induced bone formation.

As the newly formed bone comes mostly from host
osteoblasts, it entails recruitment and differentiation of new
MSCs or the newly characterized subset of skeletal stem cells
[SSC, (128)]. We hypothesize that osteoclasts might be the
essential attractor for those cells, setting off a local bone
remodeling cycle. The basic mechanisms and the major signaling
molecules involved in the osteoclast-osteoblast crosstalk during
the physiological coupling of bone resorption and formation
are well described (129, 130). Osteoclasts are known to release
growth factors from the degradation of bone matrix and,
most importantly in our case, to express chemotactic and
osteogenic coupling factors toward cell of the osteoblastic
lineage such as BMP6, WNT10b, and S1P (131). The CTHRC1
protein, expressed by mature osteoclasts, promote osteoblastic
differentiation in vitro and an osteoclast-specific KO induce

FIGURE 3 | Proposed mechanism of MSC-CaP immune modulation leading to bone formation. The local innate and adaptive immune response will determine the

fate of the implanted biomaterial (central part of the drawing). On the left, is displayed the classical foreign body reaction characterized by activation of M1

macrophages, mast cells, neutrophils, Th1, and Th2 CD4+ lymphocytes. It leads to the formation of MNGCs, chronic inflammation and subsequent fibrous

encapsulation of the implant. On the right, adjunction of MSCs to the biomaterial favor M2 macrophages, Th1, Treg, and osteoclastogenesis followed by recruitment

of new stem cells, likely from the skeletal subtype, that differentiate into bone forming osteoblasts. MSC, mesenchymal stem cell; BCP, biphasic calcium phosphate;

M1, pro-inflammatory macrophages; M2, alternatively activated macrophages; Th1/Th2/Treg, type 1 helper/type 2 helper/regulatory T cells; MNGC, multi-nucleated

giant cell; OC, osteoclast; OBs, osteoblasts.
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a low bone mass phenotype in mice (37). More recently, an
important study unveiled a reverse signalingmechanismwhereby
osteoclasts secrete extracellular vesicles expressing RANK which
are able to stimulate membrane RANKL on the surface of
osteoblasts to induce bone formation (132). Also, as osteoclasts
can degrade the biomaterial, they modulate the local calcium and
phosphate concentrations, thus influencing the deposition of the
apatite layer and the calcium sensing of other cell types (26, 133).

Simultaneously to this main phenomenon, MSCs are likely to
induce a switch from M1 macrophages to the M2 phenotype,
the formation of regulatory dendritic cells and the suppression
of B, NK, CD4+, and CD8+ T cells while promoting Th2 and
Treg cells. The timing of activation of the various cells is critical
as the initial acute inflammation is necessary to recruit all the
immune cells but is detrimental if it becomes chronic and favors
the formation of MNGCs. The M1/M2 balance of macrophages
phenotype has a key role in this switch to resolve inflammation
and move on to bone formation (85, 134). Moreover, the M2
phenotype favored by MSCs is thought to help in late stages of
osteoblastic differentiation and mineralization (86). The stressful
conditions and, eventually, the apoptosis of implanted MSCs
might increase their inherent immunomodulatory properties.

CONCLUSION

The implantation of CaP biomaterials in combination withMSCs
emphasizes the central role of the host immune system in
bone regeneration. It is important to consider that the cellular
events hypothesized here may only occur on an osteoconductive

CaP material. The implanted MSCs potentiate the effect of the
biomaterial allowing ectopic bone formation by creating a bone-
like microenvironment. We highlighted here the pivotal role that
macrophages and osteoclasts play in the multistep process of
bone formation induced by MSC-CaP implantation (Figure 3)
but this complex mechanism is just beginning to be explored.
Over the course of several weeks, multiples cells types and
molecules appear implicated in a coordinated manner before
bone is formed. Any dysregulation would lead to unwanted
chronic inflammation and fibrosis. A better comprehension
of these spatiotemporal cell communications is mandatory to
reach more efficient bone healing and develop better cell-
free approaches.
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Over the past two decades, the field of osteoimmunology has emerged in response

to a range of evidence demonstrating the reciprocal relationship between the immune

system and bone. In particular, localized bone loss, in the form of joint erosions and

periarticular osteopenia, as well as systemic osteoporosis, caused by inflammatory

rheumatic diseases including rheumatoid arthritis, the prototype of inflammatory arthritis

has highlighted the importance of this interplay. Osteoclast-mediated resorption at

the interface between synovium and bone is responsible for the joint erosion seen in

patients suffering from inflammatory arthritis. Clinical studies have helped to validate

the impact of several pathways on osteoclast formation and activity. Essentially, the

expression of pro-inflammatory cytokines as well as Receptor Activator of Nuclear factor

κB Ligand (RANKL) is, both directly and indirectly, increased by T cells, stimulating

osteoclastogenesis and resorption through a crucial regulator of immunity, the Nuclear

factor of activated T-cells, cytoplasmic 1 (NFATc1). Furthermore, in rheumatoid arthritis,

autoantibodies, which are accurate predictors both of the disease and associated

structural damage, have been shown to stimulate the differentiation of osteoclasts,

resulting in localized bone resorption. It is now also evident that osteoblast-mediated

bone formation is impaired by inflammation both in joints and the skeleton in rheumatoid

arthritis. This review summarizes the substantial progress that has been made in

understanding the pathophysiology of bone loss in inflammatory rheumatic disease and

highlights therapeutic targets potentially important for the cure or at least an alleviation

of this destructive process.

Keywords: inflammatory rheumatic diseases, rheumatoid arthritis, spondyloarthritis, bone erosion, inflammatory

bone loss, osteoclast

INTRODUCTION

The close relationship between the immune and bone systems has long been noted since
pioneering work on soluble immune cell-derived osteoclast-activating factors performed in the
early 1970s (1, 2) and was termed osteoimmunology (3). The most significant osteoimmunological
example arose from the observation of osteoclast-mediated bone loss in inflammatory rheumatic
diseases. Inflammatory rheumatic diseases encompass more than 100 heterogeneous multisystem
disorders which can affect joints and lead to disability. However, rheumatoid arthritis (RA) and
the spondyloarthritis group (SpA) are the most common inflammatory rheumatic diseases that
preferentially affect joints and cause tenderness, swelling, and destruction of joints. Consequently,
in this review, we will confine the term “inflammatory rheumatic diseases” to these particular
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diseases. SpA, also termed “seronegative” as they do not
produce rheumatoid factor nor the anti-citrullinated peptide
antibodies (ACPA) observed in RA, represent a group
of diseases with common genetic and clinical features,
including ankylosing spondylitis (AS), reactive arthritis,
psoriatic arthritis (PsA), and SpA associated with inflammatory
bowel disease.

RA is considered to be the prototype of destructive
inflammatory arthritis with bone loss at sites of articular and
peri-articular inflammation. SpA also causes inflammation of the
axial skeleton and extra-articular entheses leading to not only
bone degradation but also to ectopic bone formation—which
in some cases can even lead to bony ankylosis of the joint.
Genetic and experimental evidence has associated the activation
of IL23-IL17 axis with inflammation and entheseal new bone.
The ectopic bone formation aspect of SpA will not be discussed
further, as herein review focus is restricted to bone loss, formation
is reviewed elsewhere (4). This dissimilarity in the anatomical
sites of bone affected and in bone formation patterns highlights
the differences in pathophysiological mechanisms involved in
these conditions.

Herein, we briefly highlight the key concepts and recent
advances in the osteoimmunology field within the context of
bone loss in inflammatory rheumatic diseases.

DIFFERENTIAL BONE LOSS IN
INFLAMMATORY RHEUMATIC DISEASES

Three forms of bone loss have been identified in patients
with inflammatory rheumatic diseases: localized bone loss
with erosion, periarticular osteopenia, and generalized bone
loss (Table 1).

Although cortical bone erosion revealed by radiography is
commonly considered to be a hallmark of RA, it can also be
observed in SpA as well as other rheumatic diseases such as
gout or osteoarthritis—with a distinct radiographic appearance
and location. Erosion begins early in inflammatory rheumatic
diseases, even prior to the clinical onset of arthritis: erosion
has been described in ACPA-positive healthy subjects (5). For
long considered as being less destructive than RA, PsA is
muchmore aggressive than previously thought. Essentially, about
20% of PsA patients develop a mutilating form of arthritis
and 40–60% of PsA patients develop erosions in the first 2
years of the disease (6). Usually considered to be irreversible,
bone erosion is a key outcome in inflammatory rheumatic
diseases and correlates with disease severity and functional
deterioration. The radiographic assessment of bone erosion
is the ≪ gold standard ≫ for diagnosis, in daily clinical
practice as well as in randomized controlled clinical trials of
disease-modifying antirheumatic drugs, but is challenging. The
development of more sensitive and reproducible analysis using
ultrasound, magnetic resonance imaging or high-resolution
peripheral quantitative computer tomography would be a
promising development for erosion detection and monitoring
in daily clinical practice. Periarticular trabecular bone is also
altered in RA likely with similar mechanisms involved in

TABLE 1 | Common features and differences in bone loss between SpA and RA.

SpA RA

(AS, PsA, reactive

arthritis)

Erosions • DIP, PIP joints

• Evenly distributed

• Small, � or

tubule-shaped

• Poorly demarcated

• Periarticular site

• Association with

enthesitis and

bone formation

• MTP, MCP, PIP, and wrist

joints

• Radial sites

• U-shaped

• Neatly demarcated

• Joint margins

• No association with

enthesitis and

bone formation

Periarticular

osteopenia

• absent • May precede bone

erosion

Generalized

bone loss

• Axial skeleton

• Vertebral fractures

• Association with ectopic

new bone formation

• Axial and appendicular

skeleton

• Vertebral and non-

vertebral fractures

• No association with

ectopic new

bone formation

Bone

remodeling

• ↑ Bone resorption • ↑ Bone resorption

• ↓ bone formation

DIP, distal interphalangeal; MTP, metatarsophalangeal; MCP, metacarpophalangeal; PIP,

proximal interphalangeal. RA erosions, Neatly demarcated and located at joint margins

where the inflamed synovium is in direct contact with bone, erosions in RA are U-

shaped and observed predominantly in metacarpophalangeal / metatarsophalangeal and

proximal interphalangeal joints with a strong preponderance for radial sites; PsA erosion,

Poorly demarcated, smaller in size and depth, Ω or tubule-shaped, and are more evenly

distributed. They are located in the periarticular site in proximal and distal interphalangeal

joints and are closely associated with bone formation.

generalized bone loss. Radiographic periarticular osteopenia is
one of the earliest radiological manifestations and may precede
bone erosion or joint space narrowing in RA (7). In contrast,
it appears that there is no periarticular bone loss in early
PsA (8).

Secondary systemic osteopenia or osteoporosis involving
the axial and appendicular skeleton remote from synovial
inflammation is an important co-morbidity in inflammatory
rheumatic diseases. In effect, the prevalence of densitometric
osteoporosis in RA patients is increased about two fold compared
with the general population and is responsible for a risk
of both vertebral and non-vertebral fractures (9). Although
patients with SpA have radiographic evidence of ectopic new
bone formation, many present evidences of marked osteopenia,
and osteoporosis in the spine that is associated with a high
prevalence of vertebral fractures—even in early axial SpA (10,
11). Inflammation is the major mechanism involved in bone loss
in inflammatory rheumatic diseases. Proinflammatory cytokines
increase osteoclast activation and subsequent bone resorption in
both rheumatic disease types (12) but inhibit bone formation
only in RA (13, 14). As a consequence, treatment with TNF-
blockers both in RA and SpA has been shown to improve
skeletal remodeling (15, 16). Apart from inflammation, others
factors play a role such as the adverse skeletal effects of
corticosteroids used to treat these diseases and immobility, due to
painful joints, muscle weakness, and spine ankylosis—although
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bone loss is observed well-before the development of spinal
immobility (17–19).

OSTEOCLAST DIFFERENTIATION AND
FUNCTION IN INFLAMMATORY
RHEUMATIC DISEASES

Osteoclasts are responsible for bone erosion and have been
identified at sites of focal erosion at the pannus-bone interface
both in RA patients (20, 21) and animal models of arthritis
(22–26). This role was definitively demonstrated by osteoclast-
deficient mouse models of arthritis which were shown to
be fully protected from bone erosion (25, 26). Osteoclasts
are multinucleated bone resorbing cells which originate
from the fusion of mononucleated cells belonging to the
myeloid lineage in the presence of macrophage colony-
stimulating factor (M-CSF) and Receptor Activator of
Nuclear factor-κB Ligand (RANKL). Osteoclast formation
is governed by a regulatory triad, the receptor activator of
NF-κB (RANK), its ligand RANKL and a decoy receptor
osteoprotegerin (OPG) also known as osteoclastogenesis
inhibitory factor. OPG binds to RANKL hampering RANK-
RANKL interaction, though RANKL/OPG ratio determines
osteoclast number, lifespan and activity. Activation of RANK
on mononuclear osteoclast precursors initiates a transcriptional
cascade culminating in osteoclast differentiation. Interestingly,
transcription factors important for osteoclast differentiation
are key regulators of immune responses—such as NF-κB and
nuclear factor of activated T cells cytoplasmic 1 (NFATc1).
RANKL signaling in osteoclasts is strengthened by the
synergistic activation of Immunoreceptor tyrosine-based
activation motif (ITAM)-containing proteins, DNAX-
activating protein of 12 kDa (DAP12) and Fc gamma receptor
(FcRγ) (27, 28).

RANKL expression is high in synovial tissue from RA, PsA,
and SpA peripheral joint disease patients (29–32). Treatment
with non-biologic disease-modifying anti-rheumatic drugs
(DMARDs) or glucocorticoids decreases the RANKL/OPG ratio
in RA synovium and is satisfyingly associated with improved
radiographic scores (17, 33). In addition, pharmacological
inhibition of osteoclasts either by bisphosphonate zolendronic
acid, or denosumab, a RANKL-specific monoclonal blocking
antibody, also demonstrated some efficacy in impairing
the progression of bone erosion in both arthritic mice and
RA patients (34–38). However, these anti-resorptive drugs
targeting osteoclasts are inadequate because they also alter
physiological bone remodeling, necessitating the discovery of
new targets.

ROLE OF T CELLS
IN OSTEOCLASTOGENESIS

T cells have emerged as primary players through both direct
and indirect mechanisms in the pathogenesis of bone loss
in arthritis (39). Although osteoblasts, osteocytes and T cells
express RANKL, the major RANKL-expressing cell subset in

arthritic joints has been shown to be synovial fibroblasts [(39),
(Figure 1)]. However, these cells express RANKL under the effect
of interleukin-17 (IL-17) produced by T helper (Th) 17 cells (40).
Congruent with this result, IL-17A promotes osteoclast precursor
increase, bone resorption biomarker induction, and bone erosion
(41, 42); its inhibition leads to improvement of inflammatory
arthritis animal models (24, 43). Nevertheless, while IL-17A
inhibition has demonstrated robust efficacy in SpA including PsA
(44–46), it has shown only limited effect in the treatment of active
RA (47–51).

IL-17-producing Th17 cells are the exclusive pro-
osteoclastogenic Tcell subset while Th1 and Th2 subsets
inhibit osteoclastogenesis through their respective canonical
cytokines IFN-γ and IL-4 (52). Similarly, regulatory T
cells inhibit osteoclastogenesis through anti-inflammatory
cytokines such as IL-10 and through cytotoxic T lymphocyte
antigen 4 (CTLA4) signaling, a negative regulator of T cell
activation (47, 49, 50). The anti-erosive effect of abatacept,
a CTLA4-Ig fusion protein efficacious in patients with
RA and active PsA, underlines this effect. Deficiencies
in regulatory T cell function and Th17/regulatory T cell
imbalance have been identified in RA and psoriasis (53, 54).
However, data on the presence and distribution of regulatory
T cells in inflamed synovial tissue and on the effects of
abatacept on regulatory T cell function are both limited and
conflicting (8, 55–57).

ACPA-MEDIATED BONE EROSION

ACPA targets are citrullinated proteins—mainly fibrinogen,
α-enolase, and vimentin. Citrullination, a posttranslational
conversion of arginine residues to citrulline performed by
peptidylarginine deiminases, is a physiological process which can
be pathologically triggered by smoking, a well-known risk factor
for RA (58).

ACPA currently constitute the most specific serological
marker for the diagnosis of RA and have been thereby included
in the American College of Rheumatology (ACR)/European
League Against Rheumatism (EULAR) 2010 RA classification
criteria (59). ACPA are also a strong predictive factor for
the development of bone erosion (60, 61) and can emerge
long before the onset of synovitis during an initial pre-
clinical phase of autoimmunity, which is either asymptomatic
or only associated with arthralgia (62–65). Remarkably, the
hypothesis that bone damage in RA precedes the clinical onset
of disease is supported by the discovery of systemic bone
loss and cortical bone erosion in a cohort of healthy ACPA-
positive individuals (5), suggesting that ACPA directly trigger
bone loss.

ACPA mainly belong to the IgG subtype and thus are
recognized by FcγR on immune cells. It was therefore originally
proposed that ACPA indirectly mediate bone loss through the
enhanced production of TNF by monocytes / macrophages
(66), but in recent years two groups have shown that ACPA
also bind directly to citrullinated proteins on the surface of
osteoclast precursors and directly enhance osteoclastogenesis
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FIGURE 1 | Signaling network between synovial membrane and bone in inflammatory rheumatic disease. Left panel RA and right panel SpA cytokine signaling at

inflamed joint. Plain arrows indicate an action of the cytokine, factor or auto-antibodies on the cells. Dotted arrows indicate cytokine, factor or auto-antibody

production by the cells. ACPA, anti-citrullinated peptide antibodies; BMPC, bone marrow progenitor cells; DKK-1, Dickkopf-1; FLS, Fibroblast-like synoviocytes. B, B

cells; Th17, Th17-cells; cDC, circulating dendritic cells. M, Macrophages.

(67, 68) (Figure 1). Remarkably, ACPA glycosylation patterns
shift the change toward a more pro-inflammatory phenotype
only within the 3 months prior to the onset of RA (69,
70). Furthermore, in newly differentiating antibody-producing
cells, β-galactoside α2,6-sialyltransferase expression is regulated
by Th17 cells in an IL-22- and IL-21- dependent manner,
determining the glycosylation profile of IgG produced by
plasma cells (70). Consequently, while IL-17 inhibition has
a limited effect in the treatment of active RA, it may have
a role when instituted at the early stages. Moreover, insofar
as ACPA can promote bone resorption and some biologic
DMARDs such as abatacept and rituximab (a monoclonal
antibody against B cell CD20) can decrease ACPA levels in
RA patients, the goal of achieving immunological remission
with these treatments is enticing (71). However, the real
value of reducing ACPA in RA patients still needs to
be determined.

Taken together, these studies support a pathogenic role for
ACPA in mediating bone loss in RA. In contrast, PsA is not
frequently associated with circulating autoantibodies, including
ACPA (72). This is probably the reason why rituximab, is
effective in RA and not in PsA. However, when ACPA are
present in PsA, titers are usually low but the disease phenotype
is more severe with polyarticular involvement and erosive
disease (73).

PROINFLAMMATORY
CYTOKINE-MEDIATED BONE
RESORPTION

Bone loss correlates well with disease activity and severity,
supporting the current therapeutic strategy in inflammatory
rheumatic diseases of targeting the best control of synovitis
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and the biological inflammatory syndrome. Indeed, conventional
DMARDs, such as methotrexate, enable protection from bone
erosion simply by their ability to reduce synovitis (74). However,
some RA patients in sustained clinical remission or low disease
activity still continue to accrue bone erosions (38, 75), likely
because of subclinical synovial inflammation (76). This evolution
is probably similar in SpA, but it has not yet been clearly
demonstrated in the absence of well-defined remission criteria.

TNF overexpression is sufficient to induce arthritis in mice
(77). TNF operates by several mechanisms: it promotes bone
resorption indirectly in conjunction with IL-6 by up-regulating
RANKL expression in synovial fibroblasts (78, 79) and directly
by aiding the differentiation of osteoclasts from mononuclear
precursors in synovial tissues in synergy with RANKL (80)
(Figure 1). Recent evidence suggests that combinations of
cytokines, such as TNF plus IL-6, may drive RANK/RANKL-
independent osteoclast formation (81) but this process still needs
confirmation using other models. TNF also expands the pool of
osteoclast precursor cells (82). Additionally, IL-1 is a mediator of
TNF-induced osteoclastogenesis (83) while IL-6 is an important
factor for Th17 differentiation. Accordingly, clinical trials—only
in RA—with TNF blockers (16) and the Il-6 receptor blockade
(84), have confirmed the impact of pro-inflammatory cytokines
on osteoclastogenesis as they can retard or arrest the occurrence
of bone erosion. As for the IL-1 blockade, despite having a
limited effect on swelling, it protects from bone erosion in
RA (85).

OSTEOFORMATION AND
EROSION REPAIR

In RA only, the inflammatorymilieu also impairs bone formation
and erosion repair. TNF is the instrumental cytokine that
unbalances bone homeostasis, blocking osteoblast differentiation
and maturation through Wingless (Wnt) ligand signaling (86).
Bone formation is governed by Wnt pathways which are
critical for the osteoblast transcriptional differentiation program
through the canonical β catenin-dependent activation. The Wnt
ligands interact with the membrane-bound co-receptor frizzled
and the low–density lipoprotein receptor-related proteins LRP-
5 or LRP-6. This activated receptor complex stabilizes β catenin
transcription factor, allowing its translocation to the nucleus to
directly coactivate Runx2 and OPG (87, 88). In inflammatory
rheumatic diseases, bone erosion repair is scarcely observed, even
under biologic therapies such as TNF or IL-6 receptor blockers,
and manifests only as apposition of new bone (sclerosis) at the
base of the erosion (89, 90). Paradoxically, analysis of histological
sections of arthritic samples, either from humans or frommurine
models, has shown the presence of osteoblast lineage cells close
to the eroded bone once inflammation resolves (21, 91). In
addition, intermittent parathyroid hormone (PTH) treatment -
an anabolic agent for bone- used for treatment of osteoporosis,
fails to reduce erosion volume in patients with established RA
with disease activity controlled by TNF blockers (92). By contrast
to humans, treatment of hTNFtg mice with a combined therapy
consisting of anti-TNF together with intermittent PTH led to

regression of local bone erosion and bone repair, demonstrating
new bone formation (93). An alternative to anabolic treatment
aiming at increasing bone formation and repair, is to block bone
formation antagonists. Indeed, Wnt pro-osteogenic function is
controlled and tempered by several physiological antagonists:
Dickkopf proteins (DKK-1 and 2), soluble frizzled-related
proteins (sFRPs) (94, 95) and sclerostin that—in the presence
of Wnt ligands—antagonizes LRP-6 internalization (96, 97).
In RA, TNF lessens osteoformation by up-regulating DKK-1
expression, for instance DKK-1 level is found to be elevated
in RA patients’ sera and in hTNFtg mice, CIA, and GPI-
induced arthritis mice, (98, 99). In hTNFtg mice only, DKK-
1 inhibition is able to prevent bone erosion and to promote
bone formation, generating osteophytes around inflamed joints
(99). Soluble frizzled-related proteins sFRP1 and sFRP2 are
Wnt antagonist that sequestrate Wnt ligands, preventing them
to activate frizzle/Lpr5 receptors, were also found elevated in
synovial fluids of KBxN serum transfert inflammation induced
mice model (91). Among the Wnt ligand antagonists, sclerostin
is an attractive therapeutic target for bone loss pathologies.
Sclerostin-neutralizing antibodies have been shown to have
strong bone-building effects in mice, rats, monkeys, and humans
(97–101). This treatment prevents the decrease of bone mineral
density and bone volume at axial and appendicular sites in
Collagen-Induced Arthritis mice but does not protect from
erosion on the periarticular bone and fails to repair focal
erosions (102). On the other hand, in hTNFtg mice, TNF
induced sclerostin expression in inflammatory synoviocytes,
unexpectedly, the absence of sclerostin in hTNFtg/ Sost−/− mice,
instead of reversing the inflammatory bone destruction, elicited
exacerbation of the disease. These observations suggest that
sclerostin may be involved in regulating other pathways besides
Wnt signaling or has an anti-osteoclastogenic effect in TNF-
dependent chronic arthritis (103). In line with this paradigm of
uncovered sclerostin functions, recent findings surprisingly show
that overexpressing sclerostin in murine skeletal stem cells forms
overgrown bones when engrafted. This observation indicates that
sclerostin could have an osteoforming effect on skeletal stem cells
(104). Moreover, a recent study using non-inflammatory bone
loss mouse models, unveiled a compensatory mechanism leading
to increased expression of sclerostin when DKK-1 is inhibited. It
would therefore perhaps be prudent before embarking upon anti-
sclerostin treatments for RA, to conduct further studies in animal
models of RA using Sost tissue-specific ablation to help obtain a
better understanding of the precise role of sclerostin in chronic
inflammatory diseases.

In contrast to RA, bone formation is observed in SpA
at entheseal sites, resulting in endochondral bone formations.
IL32γ, among others pro-inflammatory cytokines, is found
elevated in SpA synovial fluid, it is proposed that IL32γ enhances
osteoblast differentiation via DKK-1 suppression, thereafter
promoting abnormal bone formation (105). Indeed, lower levels
of DKK-1 in AS and PsA patients and sclerostin in AS
patients have been reported, potentially explaining the non-
impediment of osteoblast activity (99, 106, 107). In conflict
with the above report, a recent meta-analysis showed no
significant difference in sclerostin serum levels in AS and RA
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patients vs. healthy controls which suggests that sclerostin
may not be associated with the pathogenesis of AS and
RA (108). Last, a recent and challenging study revealed that
vesicular RANK produced by mature osteoclasts stimulate
early osteoblast differentiation through osteoblastic RANKL
reverse signaling (109). Consequently, the development of
a biological compound to trigger RANKL reverse signaling
in osteoblast would be a new promising lead to promote
bone formation.

CONCLUSIONS

In inflammatory rheumatic diseases, systemic and local bone
loss constitute a common key outcome in terms of functional
capacity and reflects the tight interaction between the immune
system and bone, leading to an increase in osteoclast activity
and a consequent uncoupling of bone resorption from formation.
Once established, bone erosions are at present, still irreversible. It

is to be hoped that a better future understanding of the molecular
pathways involved in bone loss and bone formation—particularly
in the context of inflammation—will enable the development of
new therapies that can selectively and directly halt, or even repair,
bone erosion.
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Within an aging population, fracture incidences will rise and with the augmented risks

of impaired healing the overall risk of delayed bone regeneration will substantially

increase in elderly patients. Thus, new strategies to rescue fracture healing in the

elderly are highly warranted. Modulating the initial inflammatory phase toward a

reduced pro-inflammation launches new treatment options for delayed or impaired

healing specifically in the elderly. Here, we evaluated the capacity of the prostacyclin

analog Iloprost to modulate the inflammatory phase toward a pro-regenerative milieu

using in vitro as well as in vivo model systems. In vitro, Iloprost administration led

to a downregulation of potential unfavorable CD8+ cytotoxic T cells as well as

their pro-inflammatory cytokine secretion profile. Furthermore, Iloprost increased the

mineralization capacity of osteogenic induced mesenchymal stromal cells through both

direct as well as indirect cues. In an in vivo approach, Iloprost, embedded in a biphasic

fibrin scaffold, decreased the pro-inflammatory and simultaneously enhanced the anti-

inflammatory phase thereby improving bone healing outcome. Overall, our presented

data confirms a possible strategy to modulate the early inflammatory phase in aged

individuals toward a physiological healing by a downregulation of an excessive pro-

inflammation that otherwise would impair healing. Further confirmation in phase I/II trials,

however, is needed to validate the concept in a broader clinical evaluation.

Keywords: bone healing, immune modulation, prostacyclin analog, T cell, macrophage, immune cell, Iloprost

INTRODUCTION

Bone is one of the few tissues in the human body capable of regenerative, scar-free healing. Thus,
a bony injury can result in complete restoration of form and function, a restitutio ad integrum.
However, the complex bone healing process consisting of sequential, partly overlapping phases
is prone to failure (1–4). Even in today’s medical routine 5–10% of fracture patients suffer from
delayed healing or a resulting non-union (5–7). Therefore, impaired bone repair after injury is
still a clinically relevant problem, which will even further increase in the overall aging population
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(8). Thus, a better and deeper understanding of the underlying
biological mechanisms under unimpaired healing conditions is
necessary for the development of novel therapeutic treatment
strategies to improve unsuccessful bone regeneration.

The tight interaction of the immune system and bone
healing has been recognized in the emerging research field of
osteoimmunology. Especially the early phase of healing, the
inflammatory phase seems to be a promising target for immuno-
modulatory approaches to enhance bone healing (9, 10). The pro-
inflammatory reaction following injury (11) is an essential trigger
or initiator of the healing process. However, a pronounced or
prolonged pro-inflammatory reaction (due to a lack or damped
anti-inflammatory phase) will negatively impact the healing
process (12–14). Recently, specific subsets of the immune system
have been shown to negatively influence bone formation: Effector
and effector memory CD8+ T cells are producers of TNFα
(tumor necrosis factor alpha) and IFNγ (interferon gamma),
highly pro-inflammatory cytokines which have been found to
deter osteogenic differentiation (15). Therefore, downregulation
of the negative influence of immune cell subsets could potentially
enhance bone healing. Anti-inflammatory cytokines such as
interleukin (IL) 4/IL-13 further the M2/Th2 response, thus
promoting the immune response triggered by tissue injury under
a regulatory phenotype rather than a M1/Th1 pro-inflammatory
phenotype. A proof of concept study showed that applying
IL-4/IL-13 during the initial bone healing phase could indeed
enhance bone formation (16). However, a distinct initiation of
an anti-inflammation has not been evaluated so far.

Within this study, a prostacyclin (PGI2) analog was tested
as a possible immune modulatory drug to enhance bone
formation. PGI2 is a small molecule derived from arachidonic
acid by cyclooxygenase-2 (Cox-2) and prostacyclin synthase.
Endogenous PGI2 is already well-known playing an important
role in cardiovascular diseases due its vasodilatory function
(17, 18). In recent years, a potential role of PGI2 as
immune modulatory agent was detected by promoting an
anti-inflammatory and immunosuppressive effect (19, 20). In
particular, the PGI2 receptor (IP) is present on platelets,
medullary thymocytes, neutrophils, dendritic cells, eosinophils,
T regulatory cells, and activated T cells (21, 22). Thus, PGI2
has an impact on both, cells of the innate, and of the adaptive
immunity. Due to the strong interconnectivity of the immune
system and the skeletal system during bone regeneration, PGI2
could represent a potential and promising agent to further bone
fracture healing. In the context of bone injuries, the PGI2 analog
Iloprost was already successfully used to treat bone marrow
edema and avascular necrosis (23, 24). However, the effect of
PGI2 on the process of bone formation/regeneration was not
analyzed by any study so far. In the here presented study,
we investigated the immune modulatory effect of PGI2 in the
context of bone regeneration. Since the half-life of endogenous
PGI2 is very short, the PGI2 analog Iloprost was used. Iloprost
is approved as treatment for pulmonary arterial hypertension
(25) and peripheral arterial occlusive disease (26), respectively.
Within the here presented study, we focused on the immune
suppressive capacities of Iloprost, especially on CD8+ T cells and
macrophages. Immune modulatory properties were confirmed

and the postulated positive osteogenic effect was verified in vitro.
In a final proof of concept in vivo trial, the positive impact of an
application of Iloprost during the early bone healing phase was
demonstrated in a mouse osteotomy model.

MATERIALS AND METHODS

Animal Model
Female C57BL/6N (Charles River Laboratories, Wilmington,
MA, USA) were used for the analysis of the bone healing
capacity in vivo. All mice were purchased at an age of 8
weeks and mice were housed in small groups in our animal
facility. Animals were kept for at least 4 weeks in the non-
SPF area of the animal facility (area in the animal facility
without filtered air supply for the cages and without additional
barrier) to allow a higher environmental pathogen exposure to
challenge and tomoderately activate the adaptive immune system
of the animals. All mice experiments were carried out with
the ethical permission according to the principles and policies
established by the Animal Welfare Act, the National Institutes
of Health Guide for Care and Use of Laboratory Animals, and
the National Animal Welfare Guidelines. All animal experiments
were approved by the local legal representative animal rights
protection authorities (Landesamt for Gesundheit und Soziales
Berlin: G0008/12; T0119/14; T0249/11). All results are reported
according the ARRIVE guidelines.

Sample Harvesting for the in vitro Analysis
With Immune Cells
For the immunomodulatory analysis in vitro, femora, and humeri
were harvested from C57BL/6N mice. To isolate the bone
marrow, the epiphyses were cut off from the bones and the
bone marrow was flashed out into RPMI 1640 media (Biochrom,
Berlin, Germany). The bone marrow was pushed through a
40µm cell strainer to get a single cell suspension. Residing
erythrocytes were lysed for 4min at room temperature (RT) in
ACK lysing buffer (Gibco Life Technologies GmbH, Darmstadt,
Germany). After centrifugation, cells were resuspended in 10ml
RPMI 1640 media and counted.

Isolation of CD8+ T Cells
CD8+ T cells were isolated from bones harvested from
C57BL/6N mice. The isolation was performed via the CD8
S-pluriBeads anti-ms kit (pluriSelect Life Sciences, Leipzig,
Germany). The isolation was carried out following the
manufacturer’s instructions. Briefly, complete bone marrow
cells were resuspended in a 1:2 mixture of the isolation and
wash buffer and 40 µl S-pluriBeads were added per 1 x 106

target cells and the mixture was incubated for 30min at RT
while continuous slowly shaking (horizontal roller mixer). Cell
mixture was washed trough a S-pluriStrainer and target cells
remained on the S-pluriStrainer. To detach the CD8+ T cells
from the S-pluriBeads, detachment activation buffer D was
added to the cells. Detached isolated cells were collected in a new
tube, washed, and counted.

The purity of the isolated CD8+ T cells was confirmed by
flow cytometry. The following antibodies were used: Life/Dead,
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α-CD3 PerCP, α-CD4 AF700, and α-CD8 eF450. The incubation
with the antibodies was done on ice for 20min. After the staining,
cells were washed, fixed, and analyzed with a flow cytometer LSR
II (Becton Dickinson Bioscience, Heidelberg, Germany).

Study Design for the in vitro Analysis of the
Osteogenic and Osteoimmunological
Effect of Iloprost
The objective of this study was to investigate the potential of
the prostacyclin analoque Iloprost to improve bone healing. For
this analysis, the osteogenic and osteoimmunological effect of
Iloprost was first evaluated in vitro. Subsequently, Iloprost was
inserted into a fibrin clot in order to confirm the pro-osteogenic
potential of Iloprost in an in vivo proof of concept approach
in a mouse osteotomy model. For the in vitro analysis, Iloprost
was directly added to the osteogenic differentiation culture of
bone marrow mesenchymal stromal cells (BM MSCs) isolated
from the femur of C57BL/6Nmice (Figure 1, left). To investigate
an indirect effect of Iloprost on the mineralization capacity of
osteogenic induced BM MSCs, all bone marrow cells or isolated
CD8+ T cells from the bone marrow were stimulated with α-
CD3/α-CD28 and the obtained conditioned media were added
to the osteogenic differentiation culture of BM MSCs (Figure 1,
right). The osteogenic differentiation was quantified based on
mineralization by Alizarin Red staining.

Cell Stimulation for the Production of
Conditioned Media
Bone marrow and isolated CD8+ T cells were stimulated by
an α-CD3/α-CD28 stimulation for 2 days in 96 well-plates. The
stimulation was performed in RPMI 1640 media supplemented
with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin
(P/S), 50µM β-mercaptoethanol, and 10 ng/ml IL-2. In the
respective experimental setup, either PBS or 300 nM or 3µM
Iloprost were added to the culture. 5 x 105 cells in 225 µl were
plated per well of a 96 well-plate. After the two stimulations,
the supernatant was harvested (conditioned media) and stored
at−80C.

Isolation and Polarization of Macrophages
1 x 106 isolated bone marrow cells were plated per well into
a 96 well-plate and incubated for 3 days in RPMI complete
media: RPMI 1640 supplemented with 50 ng/ml macrophage
colony-stimulating factor (M-CSF), 1% P/S, 10% FBS, and 50µM
β-mercaptoethanol. Subsequently, RPMI complete media was
replaced by the respective polarization media and cells were
polarized for additional 3 days. For M8: RPMI complete media
with PBS; M1: RPMI complete media with 20 ng/ml IFNγ and
M2: 20 ng/ml IL-4/IL-13. The produced conditioned media was
harvested and stored at −80◦C. Macrophage monolayers were
washed twice with PBS and fixed with 4% PFA/PBS for 10min.
Storage was done in PBS at 4◦C for subsequent confirmation of
polarization via immunofluorescence.

Immunofluorescence Staining of Polarized
Macrophage Subsets
The immunofluorescence staining of polarized macrophages
were realized on fixed cellular macrophage monolayers. Cells
were shortly washed with PBS, permeabilized in 100 µl PBS
supplemented with 0.1% Tween for 30min and subsequently
blocked for 30min with PBS supplemented with 5% FBS. The
following antibodies were used for the staining: α-CD68 FITC,
α-CD206 PE, and α-CD80 AF647. Antibodies were incubated
for 1 h in the dark at RT. Cells were washed with PBS and cell
nuclei were stained with DAPI for 10min in the dark at RT. Cell
monolayers were washed twice with PBS and wells were kept at
4◦C in the dark until imaging. Imaging was performed with a
standard fluorescence microscope (Axio Observer, Carl Zeiss).

Investigation of the Immunomodulatory
Effect of Iloprost
To investigate the immunomodulatory effect of Iloprost on
immune cells, ELISA were performed analyzing the secretion
of IFNγ, TNFα, and IL-10 as indicated. Frozen conditioned
media were thawed and analyzed with respective ELISA kits
following the manufacturer’s protocol. ELISA was performed
with a Mouse IFNγ ELISA Ready-SET-Go! R©, Mouse TNFα
ELISA Ready-SET-Go! R©, and Mouse IL-10 ELISA Ready-SET-
Go! R© from eBioscience (Affymetrix, Santa Clara, CA USA).
The samples were incubated at 4◦C overnight. Final staining
reactions were stopped with 1M H3PO4 and absorbance values
were acquired at 450 nm with a reference wavelength of
570 nm with Tecan Infinite M200 PRO (Tecan, Männedorf,
Switzerland) and analyzed with i-control 1.9 software (Tecan,
Männedorf, Switzerland).

Isolation and Cultivation of Mesenchymal
Stromal Cells
At least 3 x 107 isolated bone marrow cells were cultured
in expansion media: low glucose DMEM media supplemented
with 10% FBS, 1% P/S, and 1% glutamax. Media exchange was
performed twice a week to remove non-adherent cells until
cultures were confluent. To detach the MSC monolayers, cells
were washed once with PBS. TrypLE was added to themonolayer,
incubated for 5min at 37◦C. The cell suspension was washed,
centrifuged and the passaged cells were plated with increasing
surface area.

Osteogenic Differentiation of MSCs and
Quantification by Alizarin Red Staining
1.5 x 104 MSCs were seeded per well into a 96 well-plate. Cells
were cultured in expansion media for 2 days. Subsequently,
osteoinductivemedia was applied to the cells: low glucose DMEM
media supplemented with 10% FBS, 100 nM dexamethasone,
10mM β-glycerol phosphate, 50µM L-ascorbate-2-phosphate,
1% P/S, and 1% glutamax. Osteogenic differentiation was stopped
after 14 days including a media exchange every 3–4 days. When
conditioned media of stimulated bone marrow or CD8+ T cells
was supplemented, double concentrated osteoinductive media
was mixed 1:2 with the respective conditioned media.
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FIGURE 1 | Methodological scheme for the in vitro analysis of the osteogenic effect and osteoimmunological effect of Iloprost. BM MSC, bone marrow mesenchymal

stromal cells; BM cells ,bone marrow cells; CM, conditioned media.

Alizarin Red staining was applied to quantify the osteogenic
differentiation of the cultured MSCs. After a 14 days culture
in osteoinductive media, well-plates were washed twice with
PBS. Cell layers were fixed for 10min at RT in 50 µl 4%
paraformaldehyde/PBS (PFA/PBS). Cell nuclei were stained for
DAPI for 10min in the dark at RT. Cells were washed in
ddH2O and incubated with 0.5% Alizarin Red for 10min at RT.
Cells were washed five times with ddH2O and cell layers were
dried before imaging. For the quantification, Alizarin Red was
detached with 10% cetylpyridinium chloride for 30min at RT and
optical density was measured and quantified with the plate reader
Infinite M200 PRO (Tecan, Männedorf, Switzerland).

Chondrogenic Differentiation of MSCs and
Quantification by Histomorphometry
3 x 105 MSCs were transferred into a 15ml tube for the
chondrogenic differentiation. Cells were centrifuged and
chondrogenic induction media was carefully added to the
cells without resuspension: high glucose DMEM media
supplemented with 100 nM dexamethasone, 50µg/ml L-
ascorbate-2-phosphate, 350µM L-proline, 2mM sodium
pyruvate, 6.25µg/ml Insulin-transferrin-sodium selenite media
supplement, 1.25 mg/ml bovine serum albumin, 5.35µg/ml
linoleic acid, 10 ng/ml TGF-β1, 10 ng/ml BMP-2, 1% P/S, and
1% glutamax. Pellets were cultured for 21 days under hypoxic
conditions. Chondrogenic inductive media was changed twice
a week.

For quantification, chondrogenic differentiated cell pellets
were paraffin embedded, cut and stained with Alcian Blue

(staining of the proteoglycans). Therefore, cell pellets were fixed
for 2 h in 4% PFA/PBS, washed twice in PBS and dehydrated in an
increasing alcohol series: 30 s in 70% EtOH, 20min in 80% EtOH,
20min 96% EtOH and twice 20min in 100% EtOH. Cell pellets
were incubated for 15min in Xylol and subsequently paraffin
embedded. Four micrometer thick sections were cut from three
different areas of each pellet. Deparaffinized sections (incubation
of the sections twice in Xylol for 10min each and in a descending
alcohol series) were washed in ddH2O for 2min, equilibrated in
3% acetic acid for 3min, stained in 1% Alcian Blue for 45min,
washed in 3% acetic acid, washed in ddH2O, and stained for
cell nuclei in Nuclear Fast Red for 2min. Pellets were shortly
washed in ddH2O and 70% EtOH. After an ascending alcohol
series, pellets were incubated twice in Xylol, 10min each, and
embedded. Acquired images were quantified based on the blue
values of bright field images.

Investigation of the Cellular Metabolic
Activity by Prestoblue
Using the PrestoBlue Cell Viability Reagent (Thermo Fisher
Scientific, Waltham, MA, USA), the metabolic activity of the
stimulated cells was investigated after manufacturer’s protocol.
The reagent was diluted in RPMI complete media (for bone
marrow cells) or low glucose DMEM (for MSCs), respectively,
and applied to the cultured cells. After a 1 h incubation, the
supernatant was collected and fluorescence top reading was
performed at 560 nm excitation and 590 nm emission with the
plate reader. For background correction, fluorescence values of
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no-cell control wells, which contained only reagent solution were
averaged and subtracted from values of experimental wells.

Setting of an Osteotomy for the in

vivo Analysis
The pro-regenerative potential of Iloprost was evaluated in a
mouse osteotomy model. Therefore, mice were anesthetised by
inhalation of Isoflurane. Before surgery, the animals received
subcutaneous injection of the analgesic Buprenorphine (0.03
mg/kg s.c.) and of the antibiotic Clindamycin (0.02ml s.c.). The
operation area of the left femur was shaved and disinfected. The
skin was opened by a longitudinal cut from the knee to the hip.
The femur was bluntly exposed and stabilized by an external
fixator (MouseExFix, RISystem AG, Davos, Switzerland). An
osteotomy of 0.7mm was introduced between the middle pins
using a Gigli wire saw (RISystem AG, Davos, Switzerland). A
biphasic fibrin clot (loaded with either 3µM Iloprost or PBS)
(Tissucol-kit Immuno, Baxter) was inserted into the osteotomy
gap. The skin was closed and sutured. Mice were brought back
to the cage and observed until they were fully mobile again. As
post-operative analgesia, Tramadol hydrochloride (0.1 mg/ml)
was added to the drinking water for 3 days.

Micro-Computed Tomography of
Osteotomized Mouse Bones
To evaluate the healing outcome after Iloprost administration,
fractured femora were harvested 21 days post-osteotomy
and analyzed by µCT. Therefore, mice were euthanized by
administering ketamine and xylazine (i.p., ketamine: 120 mg/kg,
xylazine: 16 mg/kg) and cervical dislocation in deep anesthesia.
After preparation of the femora, they were directly fixed in
4% PFA/PBS for 4 h at 4◦C. Subsequently, the bones were
dehydrated in an ascending sugar series: 10, 20, and 30%, for
24 h for each at 4◦C. The bones were scanned in a µCT Viva
40 (SCANCO Medical AG, Brüttisellen, Switzerland). For the
scan, the following parameters were used: 10.5µm voxel size,
55keVp, and 145 uA. A gray value threshold was defined before
analysis in order to be able to distinguish between mineralized
and non-mineralized bone tissue (27). The global threshold for
defining mineralized bone was set to 242, which corresponds
to a mineralization of 369.9mg hydroxyapatite (HA)/cm2. The
scanned volume of interest (VOI) included 190 slices around the
middle of the fracture gap to the distal and proximal part of
the femur, respectively. For the quantification of the µCT data,
cortical bone was excluded from newly formedmineralized bone.

Histological and
Immunohistological Analysis
For histological and immunohistological analysis, fractured
bones were cryo embedded. Seven micrometer thick sections
were cut and stained either for Movat’s Pentachrome (overview
staining) or the following cell types (immunofluorescence
staining): CD4+ and CD8+ T cells, IFNγ-producing
CD8+ T cells, osteoblasts, osteoclasts and differentially
polarized macrophages.

The Movat pentachrome staining was done as follows: cryo-
sections were thawed for 1 h at RT and fixed for 10min in
4% PFA/PBS. Sections were washed twice in PBS/Tween-20
for 5min. Subsequently, sections were incubated for 3min in
3% acetic acid, for 30min in 1% Alcian Blue/3% acetic acid,
and differentiated for 5min in 3% acetic acid. After washing
in ddH2O, sections were incubated for 1 h in ethyl alcohol,
washed twice in tap water, shortly in ddH2O and stained in iron
hematoxylin (after Weigert) for 10min. After washing with tap
water, sections were incubated for 15min in brilliant crocein-
acid fuchsine. Tissue slides was shortly placed in 0.5% acidic
acid, followed by a 20min incubation in 5% phosphotungstic
acid. After 1min in 0.5% acetic acid, slides were incubated 3x à
5min in 96% EtOH and stained with Saffron-du-Gatinais for 1 h.
Subsequently, they were washed again 3x in 96% EtOH for 2min
each, 2x in Xylol for 10min each and embedded.

Analysis of the immune cell subsets and osteoblasts,
osteoclasts was done by immunofluorescence staining. All steps
were performed at RT in a humidified chamber. Thawed cryo-
sections were fixed for 20min in 4% PFA/PBS/Tween-20 and
washed twice with PBS/Tween-20. Sections were blocked in 1x
TBS supplemented with 7% FBS and 0.05% Tween-20 for 1 h.
Blocking buffer was decanted and the primary antibodies were
applied to the respective section in the following combinations:
(1) CD4+ and CD8+ T cells and osteoblasts: CD4 AF594, CD8
PE, osteocalcin; (2) IFNγ-producing CD8+ T cells: CD8 PE and
IFNγ; and (3) differentially polarized macrophages: CD68 FITC,
CD206 PE, and CD80 AF647. Tissue sections were washed in
1x TBS and, if necessary, incubated for 2 h with a secondary
antibody: anti-rabbit AF647 for osteocalcin or anti-rat AF594
for IFNγ and for CD4. For the staining of osteoclasts, antigen
retrieval was performed with ProteinaseK for 15min on thawed
cryo-sections. Sections were washed PBS/Tween-20 and fixed
as described above. After washing and blocking, sections were
stained for cathepsinK in 3.5% FBS, 0.025% Tween in tris-
buffered saline (TBS) for 2 h. Sections were washed and stained
for CD68 (FITC) and the secondary antibody for cathepsinK
anti-rabbit AF647 in 3.5% FBS, 0.025% Tween in TBS for 2 h.
Sections were washed, stained for cell nuclei with DAPI for
10min and subsequently embedded. Sections were analyzed
with a laser scanning microscope LSM 710 (Carl Zeiss AG,
Oberkochen, Germany).

Statistics
The statistical evaluation of the presented data was done with
the programs Graph Pad Prism and SPSS. Data were presented
as dot plot graphs. Statistics were done by using the Mann-
Whitney U test and data were statistically significant if p ≤ 0.05.
For comparison of more than two study groups the Bonferroni’s
post-hoc test was used.

RESULTS

Immunomodulatory Effects of Iloprost on
Immune Cells
We first tested the immunomodulatory properties of Iloprost on
murine immune and mesenchymal stromal cells (MSCs) in vitro.

Frontiers in Immunology | www.frontiersin.org 5 April 2019 | Volume 10 | Article 713140

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Wendler et al. Immune Modulation to Enhance Bone Healing

Both, immune cells and MSCs are known to be essential for the
early healing phase in bone regeneration.

In a first attempt, two different concentrations of Iloprost
were tested on the whole bone marrow cellular composition:
300 nM and 3µM. As readout, the secretion of the pro-
inflammatory cytokines IFNγ and TNFα was analyzed. Both
cytokines play an important role as signaling molecules in bone
repair, especially in the early fracture healing phase. However,
too high amounts of them negatively affect bone repair by
diminishing the formation of mineralized matrix by MSCs
(15). After a 2-day stimulation of the cells by the different
concentrations of Iloprost, the concentration of secreted IFNγ

and TNFα was significantly decreased in comparison to the
control (PBS supplementation) (IFNγ: ∼130 to ∼55 ng/ml;
TNFα: ∼65 to ∼40 pg/ml) (Figures 2A,B). Comparing the
two different concentrations of Iloprost, the supplementation
of the higher one (3µM) led to an even more pronounced
decrease of the secreted cytokines. As expected, non-activated
cells showed almost no secretion of IFNγ and TNFα. The
metabolic activity of the stimulated bone marrow cells was also
downregulated by the supplementation of Iloprost in comparison
to the control (Figure 2C).

In patients, we already showed that a too high amount of
CD8+ T cells, one special subset of the adaptive immunity,
negatively regulates successful bone repair (15). CD8+ T cells
are one of the main producer of pro-inflammatory cytokines
in the early bone repair phase. Therefore, as a next step, we
evaluated the immunomodulatory effect of Iloprost on murine
CD8+ T cells. CD8+ T cells were isolated via PluriBeads
(pluriSelect) from bone marrow and spleen. The purity of the
isolated cells was confirmed by flow cytometry after separation
as well as after the duration of the in vitro stimulation and stayed
above 80% (Figure 3A). Similar to the stimulation of the whole
bone marrow cellular fraction, isolated CD8+ T cells showed
a decreased secretion of IFNγ and TNFα under the presence
of 3µM Iloprost in comparison to the control (IFNγ: ∼410
to ∼250 ng/ml; TNFα: ∼275 to ∼180 pg/ml) (Figures 3B,C).
The metabolic activity was again slightly downregulated by
the Iloprost supplementation (Figure S1).

Besides cells of the adaptive immunity, also cellular
compartments of the innate immune system play a key role
in the early fracture healing phase. Macrophages are one of
the first cells infiltrating the fracture area and are necessary
for (a) the clearance of the cell debris as well as for (b) the
recruitment of further cells important for the progression of the
healing cascade due to their secreted cytokine profile (16, 28).
We already demonstrated the importance of macrophages in
bone regeneration using an in vivo mouse osteotomy model.
After a chemically induced reduction of the macrophage cell
population, a disturbed bone healing outcome was observed
in comparison to the control group while an induction of
the regulatory M2 macrophage phenotype (addition of IL-
4/IL-13) lead to a significantly enhanced healing outcome
(16). In the here presented study, we further tested whether
the supplementation of Iloprost promotes simultaneously the
downregulation of pro-inflammatory and the upregulation
of anti-inflammatory cytokines by M8, M1, or M2 polarized

macrophages, respectively (Figure 4). Regarding the secretion
of TNFα, the supplementation of Iloprost led to a decreased
secretion by MΦ as well as by pro-inflammatory M1 (∼50
to ∼20 pg/ml) (Figure 4A). Whereas, the secretion of the
anti-inflammatory cytokine IL-10 was significantly upregulated
in the M2 type, but unaffected in the M8 and M1 macrophages
(∼290 to∼410 pg/ml) (Figure 4B). The polarization culture was
confirmed by immune fluorescence staining of the stimulated
and polarized cells (Figure 4C). M8 macrophages were
identified by the marker expression CD68 (green fluorescence
signal). M1 were double positive for CD68 and CD80 (CD80:
white fluorescence signal) and M2 double positive for CD68
and CD206 (CD206: red fluorescence signal). Cell nuclei were
identified by DAPI (blue fluorescence signal).

Effects of Iloprost on the Osteogenic and
Chondrogenic Differentiation Capacity of
Mesenchymal Stromal Cells
MSCs are the precursor cells for cartilage producing
chondrocytes and bone forming osteoblasts. During secondary
bone healing, a cartilage template is first build. These
chondrocytes further get hypertrophic, mineralize and are
subsequently replaced by newly formed woven bone produced
by osteoblasts. Thus, a cartilage template is indispensable for
successful bone regeneration. Therefore, the osteogenic and
chondrogenic differentiation capacity of MSCs was investigated
under the influence of Iloprost. We tested again two different
concentrations of Iloprost: 300 nM and 3µM, respectively.

For the osteogenic differentiation, monolayers of MSCs
cultured for 14 days in osteoinductive media were stained with
Alizarin Red to reveal the calcification of the cells (Figure 5).
The quantification of the Alizarin Red staining demonstrated
that Iloprost had no negative effect on the osteogenic capacity
of MSCs (Figures 5A,B). The metabolic activity as well as the
cell number of the cultured MSCs were also unaffected by the
presence of Iloprost in the osteoinductive media (Figures 5C,D).

After the demonstration that Iloprost is not affecting the
mineralization capacity of MSCs, we evaluated the impact of
Iloprost on their capacity to differentiate into the chondrogenic
cell lineage. Representative images of Alcian Blue stained paraffin
sections of cartilage pellets are presented in Figure 6A. The
quantification of the Alcian Blue staining revealed no negative
effect on the proteoglycan production of chondrogenically
induced MSC pellets under the supplementation of Iloprost in
comparison to the PBS control (Figure 6B).

Osteoimmunological Effect of Iloprost
In the first part of the study, we demonstrated that the
supplementation of Iloprost promotes the functionality of
immune cells toward both, a reduction of pro-inflammatory
signals and an induction of anti-inflammatory ones. We further
showed that Iloprost had no negative effect on the osteogenic as
well as chondrogenic differentiation capacity of MSCs. Next, we
wondered, whether the immune modulatory effect of Iloprost on
immune cells is also influencing the osteogenic capacity of MSCs.
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FIGURE 2 | Immunomodulatory effects of Iloprost on bone marrow cells. Bone marrow cells were stimulated for 2 days by α-CD3/α-CD28 in addition to either PBS or

two different concentrations of Iloprost (300 nM or 3µM, respectively). The following secreted cytokine concentrations were evaluated: IFNγ (A) and TNFα (B). The

metabolic activity of the stimulated bone marrow cells was measured via Prestoblue (C). n = 6.

FIGURE 3 | Immunomodulatory effects of Iloprost on isolated CD8+ T cells. The purity of the isolated CD8+ T cells after bead-based separation as well as after

in vitro stimulation was confirmed by flow cytometry (A). CD8+ T cells were stimulated by α-CD3/α-CD28 in addition to either PBS or 3µM Iloprost. The following

secreted cytokine concentrations were evaluated: TNFα (B) and IFNγ (C); n = 6.

Therefore, conditioned media (CM) of α-CD3/α-CD28
stimulated and Iloprost treated bone marrow cells and
isolated CD8+ T cells, respectively, were added to the
osteoinductive culture of MSCs. The CM of activated bone
marrow cells significantly decreased the mineralization
capacity of MSCs in comparison to the control (cultivated
MSCs in osteoinductive media, OM) (Figures 7A,B). The
supplementation of Iloprost during the α-CD3/α-CD28
stimulation of bone marrow cells was able to compensate
partially the negative impact on mineralization induced by
the activation (Iloprost, activated). CM of non-activated bone
marrow cells had no effect on the mineralization capacity of
MSCs (PBS, non-activated).

Repeating the analysis of the osteoimmunological effect
of Iloprost on MSCs with isolated CD8+ T cells, similar
results were obtained. CM of activated CD8+ T cells led
to a significant decrease of mineralized matrix synthesis of

cultured MSCs compared to the control (MSCs cultured in
OM) (Figures 8A,B). Again, the supplementation of Iloprost
to the stimulation of CD8+ T cells significantly improved
the osteogenic matrix production by MSCs (Figures 8A,B;
Iloprost, activated). However, this was still significantly lower
in comparison to the OM control. CM of non-activated
CD8+ T cells had no effect on the mineralization of MSCs
(PBS, non-activated).

Summarizing the data from our in vitro study, we confirmed
the immune modulatory effect of Iloprost on the secreted
cytokine profile of immune cells. We also showed that Iloprost
had no effect on the cartilage and bone forming capacity
of MSCs. Thus, Iloprost is not negatively affecting the pro-
regenerative functionality of MSCs. In a next step, we tested
the capacity of Iloprost as a bone healing promoting agent
in our mouse osteotomy model in a proof of concept
in vivo approach.
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FIGURE 4 | Immunomodulatory effects of Iloprost on polarized bone marrow macrophages. Macrophages were polarized for 3 days toward the M1 or M2 type,

supplemented with either PBS or 3µM Iloprost. (A,B) The following secreted cytokine concentrations were evaluated: TNFα (A) and IL-10 (B) of M1-type induced and

M2-type induced polarized macrophages, respectively. (C) Representative immune fluorescence images of unpolarised CD68+ M8 macrophages (on top),

CD68+CD80+ M1 macrophages (middle), and CD68+CD206+ M2 macrophages (bottom). Color code of the immune fluorescence images: CD68 = green, CD80 =

white, CD206 = red, and cell nuclei = blue (DAPI). Scale bars: 100µm; n = 6.

Iloprost–A Potent Agent to Promote Bone
Fracture Healing in vivo?
In bone regeneration, a first pro-inflammatory phase is
indispensable for the initiation of the healing cascade. Due to
the anti-inflammatory effect of Iloprost via its effect on immune
cell function shown in vitro, we chose an application strategy,
where the applied Iloprost will be successively released from
a biphasic fibrin scaffold, thus allowing the pro-inflammatory
phase to proceed. Fibrous tissue is a component of the classical
healing cascade in bone regeneration and thus represents an
endogenous material, which is already present in the fracture
gap. Furthermore, fibrin is biocompatible and biodegradable.
Iloprost embedded in a fibrin clot was inserted during surgery
in the osteotomy gap. Due to the biphasic structure of the fibrin
scaffold, the included Iloprost would not be directly released in
the fracture zone at the onset of the surgery but with a delay. This
delay allows the initial pro-inflammatory phase to proceed and to
initiate the healing cascade.

The healing outcome was evaluated 21 days post-surgery. The
model was chosen to enable detection of healing enhancement–
with a gap size of 0.7mm the healing is not concluded

after 21 days (control) (Figure 9, PBS). Regarding the Iloprost
treated group, µCT analysis 21 days post-surgery showed an
improved healing outcome of the mice receiving Iloprost in
comparison to the control group (mice with fibrin scaffold,
PBS supplementation) (Figure 9; Iloprost: mice with Iloprost
supplementation; PBS: control group). The quantification of the
µCT data confirmed the already visually seen improved healing
by a significant increase of bone volume, total callus volume
and the ratio of bone volume/total callus volume in the Iloprost
treated animals with regard to the control (Figures 9B–D).

Next to the µCT evaluation, histological and
immunohistological analyses were performed on cryosections
of the fractured femora 3 days and 21 days post-osteotomy
(Figures 10, 11). Movat Pentachrome staining was performed
to evaluate the relative amount of mineralized bone, cartilage,
connective tissue and bone marrow (Figure 10). In Figure 10A,
representative Movat Pentachrome pictures are presented to
illustrate the tissue formation in and around the osteotomy
gap at the respective time point. Three days post-surgery, the
fibrin scaffold was still visible within the osteotomy gap in
both groups, the control (PBS) and Iloprost treated animals
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FIGURE 5 | Effect of Iloprost on mineralization capacity of osteogenically induced MSCs. Monolayers of MSCs were stained with Alizarin Red to visualize the

formation of mineralized matrix. (A,B) Representative images of the Alizarin Red staining of cultured MSCs with osteoinductive media after 14 days of cultivation.

Different concentrations of Iloprost were supplemented to the osteoinductive media (300 nM and 3µM, respectively) (A). Quantification of the Alizarin Red staining (B).

The metabolic activity of the cultured MSCs was measured by Prestoblue (C). Determination of the cell number of the cultured MSCs under the different stimuli (D).

Scale bars: 200µm; n = 6.

FIGURE 6 | Effect of Iloprost on cartilage formation capacity of chondrogenically induced MSCs. (A) Alcian Blue stained paraffin sections of cartilage pellets after 21

days of incubation in chondroinductive media, supplemented with different concentration of Iloprost (300 nM and 3µM, respectively) or PBS as control.

(B) Quantification of the Alcian Blue staining. Scale bars: 200µm; n = 6.

(Iloprost), indicated by a red color after Movat’s Pentachrome
staining (Figure 10A, left). After 21 days, no fibrin scaffold
was detected anymore in or around the osteotomy area
(Figure 10A, right). Histomorphometrical analysis of the
tissue distribution revealed a significantly higher amount of
mineralized bone and cartilage tissue 21 days post-surgery in

the Iloprost treated group in comparison to the control animals
(Figure 10B). Three days post-osteotomy, both groups showed
almost no proportion of mineralized bone or cartilage tissue.
Both groups showed just slightly differences in the amount of
connective tissue at both investigated time points (Figure 10D,
connective tissue). Regarding the area of bone marrow, the
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FIGURE 7 | Osteoimmunological effect of Iloprost treated bone marrow cells. α-CD3/α-CD28 activated bone marrow cells were cultured either with Iloprost or PBS as

control. Obtained conditioned media was added to an osteogenic differentiation culture of MSCs and the secretion of mineralized matrix was measured by Alizarin

Red staining. (A) Representative images of the Alizarin Red staining of the different culture conditions. (B) Quantification of the Alizarin Red signal. OM, osteoinductive

media. Scale bars: 200µm; n = 6.

FIGURE 8 | Osteoimmunological effect of Iloprost treated isolated CD8+ T cells. Isolated α-CD3/α-CD28 activate CD8+ T cells were cultured either with Iloprost or

PBS as control. Obtained conditioned media was added to an osteogenic differentiation culture of MSCs and the secretion of mineralized matrix was measured by

Alizarin Red staining. (A) Representative images of the Alizarin Red staining of the different culture conditions. (B) Quantification of the Alizarin Red signal. OM,

osteoinductive media. Scale bars: 200µm; n = 6.

Iloprost treated mice displayed a slightly higher amount 21 days
after surgery.

To better understand the impact and direct influence
of Iloprost during the early phase of bone healing,
immunohistochemical (IHC) analyses were performed on
bone sections of mice sacrificed 3 days post-osteotomy. At
this time point, Iloprost conducted its immune modulatory
effect as shown below (Figure 9). In addition, around 3 days

post-osteotomy, the starting shift of the pro-inflammatory into
the anti-inflammatory phase is observed in our chosen mouse
osteotomy model system.

First, the distribution of CD4+ and CD8+ T cells (identified
by CD4 and CD8, respectively), as well as osteoblasts (identified
by osteocalcin, OCN) was investigated in a defined region of
interest (ROI) in and around the fracture zone (Figures 11A,B).
Quantification of the analyzed bone sections revealed a
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FIGURE 9 | Proof of concept approach of Iloprost to improve bone fracture healing in vivo. µCT analysis of the healing outcome 21 days post-osteotomy in a mouse

osteotomy model. (A) Representative µCT images of the Iloprost treated (right) and control (left, PBS) group. The upper row shows the 3D reconstruction of the µCT

measurement. In the lower row, 3D reconstruction was cut in the middle to evaluate the healing progression. The color code indicates the mineralization state,

increasing from blue to red. (B–D) Quantification of the µCT results; n = 6.

significantly reduction of the relative amount of CD4+ and
CD8+ T cells in the Iloprost treated mice in comparison
to the control. The relative number of osteoblasts was not
affected by Iloprost treatment. Next, we were interested in the
IFNγ producing CD8+ T cells, which were already shown to
be detrimental for successful bone repair. Iloprost treatment
led to a clear decrease of IFNγ producing CD8+ T cells
with regard to the control group (Figure 11C, highlighted by
arrows). Next to the T cells, the distribution of M8, M1,
and M2 type macrophages was also evaluated 3 days post-
osteotomy. Corresponding to the chosen marker set for the in
vitro analysis, CD68 was used as pan-macrophage marker, CD68
and CD80 for M1 and CD68 and CD206 for M2 (Figure 11D).
Due to the Iloprost administration in the fracture zone, a
simultaneous significant decrease of pro-inflammatory M1 and
significant increase of anti-inflammatory and pro-regenerative
M2 macrophages was detectable. In order to evaluate if Iloprost
administration has an impact on bone resorption, osteoclasts
were also investigated by IHC. Osteoclasts were identified
by the myeloid-lineage marker CD68, the collagen digesting
enzyme cathepsinK (CTSK) and presence of multiple nuclei
(Figure 11E). No significant differences were observed in both
groups 3 days post-osteotomy.

Summarizing the data from the proof of concept study in
our in vivomouse osteotomy model system, the pro-regenerative

effect of Iloprost in bone healing was confirmed. We further
revealed underlying changes in the immune cell composition
in and around the fracture zone in the early inflammatory
phase toward a reduced pro-inflammatory and increased anti-
inflammatory cell phenotype caused by the application of
Iloprost. Thus, Iloprost is a promising agent to improve bone
regeneration by the downregulation of partial unfavorable pro-
inflammatory and a simultaneous support of anti-inflammatory
and pro-regenerative mediators.

DISCUSSION

Healing is impaired if a prolonged (pro-) inflammatory
phase persists and an early anti-inflammatory stimulus is
required. Thus, developing strategies that would ensure or
even enhance anti-inflammatory stimuli appears mandatory.
Iloprost is a well-known drug to treat diseases of the
vascular system like pulmonary arterial hypertension and
scleroderma (25, 29, 30). Its main function is conducted
via vasodilatation (widening of blood vessels). Regarding the
bone system, Iloprost is already successfully used to treat
bone marrow oedema, partially also in the context of bone
injuries (23, 24).

In the here presented study, the immune modulatory effect
of the synthetic prostacyclin analog Iloprost was evaluated for
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FIGURE 10 | Histological analysis of in vivo experiments in mouse osteotomies at days 3 and 21 post-osteotomy. (A) Representative Movat’s pentachrome pictures

are displayed for the respective time point and group. (B–E) Histomorphometrical analysis of the Movat Pentachrome stainings: (B) bone marrow, (C) cartilage tissue,

(D) connective tissue, and (E) mineralized bone tissue. Color coding of the Movat Pentachrome staining: mineralized bone = yellow, cartilage = dark blue-green,

connective tissue = light blue-green, muscle fibers = light orange, cell nuclei = purple, fibrin clot = red/orange. Scale bars equal 500µm, n = 6.

bone fracture healing. The impact of Iloprost was investigated
on immune cells and MSCs in vitro as well as in a well-
established mouse osteotomy model in vivo. We demonstrated
that the supplementation of Iloprost led to a decrease in
the expression of pro-inflammatory cytokines by immune
cells (T cells and macrophages) and thus promoted a shift
in the function of these cells toward the anti-inflammatory
path. The metabolic activity of the stimulated immune cells

was also downregulated by Iloprost further supporting the
observed decrease of the secreted pro-inflammatory cytokine
profile. Iloprost had no negative effect on the osteogenic
as well as chondrogenic function of MSCs. In an in vivo
proof of concept approach, the pro-regenerative capacity
of Iloprost as potential agent to further bone regeneration
was confirmed, evaluated by an improved healing outcome
after 21 days. Immunohistochemical analysis of the cellular
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FIGURE 11 | Immunohistochemical (IHC) analysis of the distribution of immune cells in the fracture zone 3 days post-osteotomy. (A) A section of a fractured femur

from the Iloprost treated group is displayed, Movat Pentachrome staining. The region of interest (ROI) for the quantitative analysis of IHC images is enlarged (red

rectangle). The black rectangle represents the region from which the representative examples of the respective IHC staining for (B) CD4+ and CD8+ T cells and

osteoblasts, (C) IFNγ producing CD8+ T cells; CD8+IFNγ+ cells = white indicator, (D) macrophages; M1-type macrophages = white indicator; M2-type

macrophages = yellow indicator, and (E) osteoclasts were taken. The quantification of the cellular distributions are displayed in the corresponding dot plot graphs.

Color code: Movat Pentachrome mineralized bone = yellow, cartilage = dark blue-green, connective tissue = light blue-green, muscle fibers = light orange, cell nuclei

= purple, fibrin clot = red/orange; (B) osteoblasts = white, CD8+ T cells = red, CD4+ T cells = green and cell nuclei = blue; (C) osteoblasts = white, CD8+ T cells

= red, IFNγ = green, cell nuclei = blue; (D) CD68 = green, CD80 = white, CD206 = red; (E) osteoclasts: double positive for cathepsinK = white and CD68 = green

cell nuclei = blue. Scale bars: 20µm (IHC) 1,000µm (Movat Pentachrome); n = 6.
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distribution in the fracture gap revealed a decrease of potential
unfavorable IFNγ producing CD8+ cells as well as an increase
of anti-inflammatory M2 macrophages in comparison to
the control group due to Iloprost administration concurring
with the in vitro results. Both are furthering the pro-
regenerative pathway.

The signaling receptor for prostacyclin and thus also for
Iloprost is found on a variety of different cell types, among
others on cells of the innate as well as adaptive immunity.
Iloprost signaling leads to an intracellular increase of cyclic
adenosine monophosphate (cAMP) via the stimulation of the
adenylyl cyclase. cAMP is an anti-inflammatory acting agent
that suppresses the effector function of CD4+ and CD8+
T cells (31, 32). Here, we also observed a decrease of the
secretion of the pro-inflammatory cytokines TNFα and IFNγ

from whole bone marrow cells as well as (IFNγ producing)
CD8+ T cells in vitro and in vivo under the presence of Iloprost.
This observation demonstrates the immune modulatory effect
of Iloprost on cellular components of the adaptive immunity
toward a reduced pro-inflammatory and thus pro-regenerative
phenotype. This finding was further confirmed by the increase of
the pro-regenerative M2 type macrophages under the influence
of Iloprost. The group of Alkhabit also showed an immune
modulatory effect of Iloprost on macrophage polarization toward
a pro-regenerative phenotype in an in vivo model system in
rats, supporting our findings (33). Regarding bone fracture
healing, possible negative effects of Iloprost on MSCs and bone
forming osteoblasts as well as bone resorbing osteoclasts have
to be considered. No possible negative effects by Iloprost on the
osteogenic and chondrogenic capacities of MSCs were observed
in vitro, further supporting the local application of Iloprost for
bone healing scenarios in vivo. In a proof of concept approach,
we evaluated the administration of Iloprost in amouse osteotomy
model system. Iloprost was inserted into a fibrin clot delivery
system, from which the prostacyclin analog was successively
released, which was shown by a downregulation of a pro-
inflammatory cellular distribution around the fracture gap 3 days
post osteotomy. The in vivo study confirmed the positive effect
of Iloprost on bone regeneration. Animals treated with Iloprost
showed a significantly improved bone healing outcome 21 days
post-osteotomy compared to untreated control mice evaluated
by µCT as well as histomorphometry after Movat’s Pentachrome
staining. The observed significantly enhanced bone formation
in the Iloprost treated animals can be explained by an earlier
starting of the regenerative process due to the down-regulated
pro-inflammatory phase at the beginning of the healing cascade
in comparison to the PBS treated control mice. Analysis of
the cellular distribution of specific immune cells 3 days post-
osteotomy in the fractured bones showed a clear tendency toward
a reduced pro-inflammatory and increased anti-inflammatory
cellular phenotype and cytokine secretion profile, as already
observed in the preceding in vitro study. Furthermore, no effect
on the relative amount of osteoblasts and osteoclasts in and
around the fracture gap were detectable after Iloprost treatment
3 days post-osteotomy in vivo. In vitro, we also showed that
the secreted cytokine milieu of activated and either Iloprost or
untreated T cells has a significant impact on the osteogenic

capacity of MSCs cultured in osteoinductive media. Our results
showed a compensatory effect by the Iloprost treatment on the
potential anti-regenerative cytokinemilieu produced by activated
T cells. Thus, the pro-regenerative effect of Iloprost is indirectly
mediated on MSCs/osteoblasts by changes in the functionality
of (pro-inflammatory) effector T cells participating in the bone
regeneration cascade. Next to the effect of Iloprost on CD8+
T cells and macrophages, an influence on other immune cell
could further impact bone healing in vivo. The early fracture
healing phase is characterized by an infiltration of cells of the
innate immunity like mast cells and neutrophils. For both,
it was already shown, that the administration of prostacyclin
analogs led to a reduced recruitment of these cells to the
site of injury (34–36). Furthermore, an inhibitory function of
Iloprost is reported for the secretion of effector cytokines of bone
marrow dendritic cells as well as Th1 and Th2 CD4+ T cells in
vitro (37). Thus, Iloprost is not only affecting the CD8+, but
also the CD4+ T cell compartment in diminishing the (pro-
inflammatory) effector cytokine secretion and thus function.
One major key element of the potential of Iloprost to improve
bone regeneration seems to be the time point of administration
during the healing scenario. The group of Dogan reported an
inhibitory effect of Iloprost on fracture repair in rats (38). There,
Iloprost was administered by a daily injection for 5 days, starting
at the time point of surgery. Due to the immune modulatory
effect of Iloprost, a too early application of the drug could lead
to an inhibition of the indispensable early pro-inflammatory
phase initiating the healing cascade. This hypothesis is further
supported by the reported effects of Iloprost on mast cells
and neutrophils. Both cell types are indispensable for the early
fracture healing phase to initiate the healing cascade. If Iloprost
is administered directly at the time point of surgery/injury, it
will inhibit the crucial recruitment of both cells types and will
therefore disturbed the formation of the necessary cellular and
cytokine milieu for a correct progression of the regeneration
cascade (35, 36). Therefore, we used a fibrin clot for a (1)
delayed and (2) successive release of Iloprost into the fracture
gap thereby allowing the first pro-inflammatory phase to proceed.
The positive impact of Iloprost in bone healing was already
demonstrated in a small case study in the clinic for the treatment
of subchondral stress fractures of the knee. Patients receiving
Iloprost showed an improved healing of the stress fractures in
comparison to the control group receiving the opioid analgesic
Tramadol (39). Even though Iloprost is beneficial for bone
healing applied systemically, this also bears considerable risks
which would be circumvented by a local application as we proved
in our proof of concept in vivo study. Thus, also in the treatment
of patients, the possible pro-regenerative effect of Iloprost in bone
healing was confirmed further supporting our in vivo and in
vitro results.

CONCLUSION

In the here presented study, the anti-inflammatory impact of
Iloprost was confirmed. Cellular components of the immune
system play a key role in bone fracture healing. An overwhelming
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pro-inflammatory phase in the early fracture healing cascade
is correlated with an impaired healing outcome (15). We
demonstrated that Iloprost has the potential to compensate the
partial unfavorable pro-inflammatory effect of effector T cells and
is able to stimulate the formation of an anti-inflammatory and
pro-regenerative cellular milieu improving fracture healing. In
a consecutive step, this strategy has to be confirmed in clinical
phase I/II trials.
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The release of the prototypic DAMPHighMobility Group Box 1 (HMGB1) into extracellular

environment and its binding to the Receptor for Advanced Glycation End Products

(RAGE) has been described to trigger sterile inflammation and regulate healing outcome.

However, their role on host response to Ti-based biomaterials and in the subsequent

osseointegration remains unexplored. In this study, HMGB1 and RAGE inhibition in the

Ti-mediated osseointegration were investigated in C57Bl/6 mice. C57Bl/6 mice received

a Ti-device implantation (Ti-screw in the edentulous alveolar crest and a Ti-disc in the

subcutaneous tissue) and were evaluated by microscopic (microCT [bone] and histology

[bone and subcutaneous]) and molecular methods (ELISA, PCR array) during 3, 7,

14, and 21 days. Mice were divided into 4 groups: Control (no treatment); GZA (IP

injection of Glycyrrhizic Acid for HMGB1 inhibition, 4 mg/Kg/day); RAP (IP injection of

RAGE Antagonistic Peptide, 4 mg/Kg/day), and vehicle controls (1.5% DMSO solution

for GZA and 0.9% saline solution for RAP); treatments were given at all experimental

time points, starting 1 day before surgeries. HMGB1 was detected in the Ti-implantation

sites, adsorbed to the screws/discs. In Control and vehicle groups, osseointegration was

characterized by a slight inflammatory response at early time points, followed by a gradual

bone apposition and matrix maturation at late time points. The inhibition of HMGB1 or

RAGE impaired the osseointegration, affecting the dynamics of mineralized and organic

bone matrix, and resulting in a foreign body reaction, with persistence of macrophages,

necrotic bone, and foreign body giant cells until later time points. While Control samples

were characterized by a balance between M1 and M2-type response in bone and

subcutaneous sites of implantation, and also MSC markers, the inhibition of HMGB1

or RAGE caused a higher expression M1 markers and pro-inflammatory cytokines,

as well chemokines and receptors for macrophage migration until later time points. In

conclusion, HMGB1 and RAGE have a marked role in the osseointegration, evidenced
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by their influence on host inflammatory immune response, which includes macrophages

migration and M1/M2 response, MSC markers expression, which collectively modulate

bone matrix deposition and osseointegration outcome.

Keywords: DAMPs, pre-clinical studies, inflammation, HMGB1, bioengineering, osseointegration, implants,

osteoimmunology

INTRODUCTION

Ti-based devices, such as dental implants, are classically used in
dentistry, due to their osseointegration capacity that is translated
into remarkable clinical success (1–3). However, understanding
of the molecular interactions at Ti/host interface, which drive a
beneficial equilibrium between immune/inflammatory response
and the subsequent bone apposition toward Ti surface remains
unclear (3).

A recent study performed an extensive molecular and
histological characterization of Ti mediated osseointegration
in C57Bl/6 mice, demonstrating a highly orchestrated and
transient inflammatory response coordinated with the early
stages of osseointegration (4). In view of the dominance of
innate immunity elements in the host response that paves
the way for osseointegration, in a process where numerous
inflammation- and bone healing-related molecules are up-
regulated (5, 6), macrophages have been regarded as central
determinants of osseointegration outcome (7, 8). Indeed,
macrophages can exert key regulatory functions by secreting a
range of different mediators (chemokines, cytokines, enzymes,
and growth factors) in the inflammatory microenvironment,
which consequently influence the intensity and duration of
immune response, affecting healing (9, 10). Recent studies
suggest macrophages polarization intoM1 orM2 phenotypes as a
crucial step for determining the success or failure of biomaterial
osseointegration, since the dominance of a M1-type response is
related to chronic inflammation and fibrous encapsulation of Ti
instead of successful osseointegration (7, 9, 11, 12).

Therefore, initial steps of the host inflammatory immune
response that will shape macrophages fate in the biomaterial-
implantation site seem an essential component for a successful
osseointegration outcome. Macrophage polarization around
biomaterials begins immediately post-implantation, with
biomaterial surface recognition and a transient polarization
state, which are influenced by varying microenvironmental
cues, some of which are biomaterial-based (9). Thus, it has been
supposed that the type and quantity of proteins adsorbed on a
biomaterial is influenced by its surface morphological cues and
chemistry, which may affect its recognition by macrophages
consequently influencing their phenotypic polarization (9, 13).

Considering the candidate proteins for adsorption on
Ti surface, damage associated molecular patterns (DAMPs)
are a group of endogenous intracellular or extracellular
molecules, which are released from their original sites into the
microenvironment upon breakage of tissue components caused
by trauma or stress, acting as local “danger signals” that trigger
host response (14, 15). After their release from damaged tissues,
DAMPs are recognized by a number of pattern recognition

receptors (PRRs) primarily expressed on macrophages (10, 16,
17). Among several DAMPs/PRRs pathways already described
in the literature, the interaction of High Mobility Group
Box 1 (HMGB1), the prototypical and most well-characterized
DAMP, with the Receptor for Advanced Glycation End Products
(RAGE), has been associated with the activation of inflammatory
responses and wound healing (18, 19). Indeed, while HMGB1,
alone or associated with other molecules, can play pleiotropic
functions by activating multiple receptors (TLR4 and TLR2,
RAGE, CXCR4) (18, 20, 21). It is also important to mention
that HMGB1 is a redox-sensitive molecule and consequently,
redox status of its cysteine residues (Cys23, Cys45, and Cys106)
is strongly affected by a pro-oxidative and pro-inflammatory
environment, since various reactive oxygen species (ROS) are
released in inflammatory environments (22, 23). Then, biphasic
actions on HMGB1 (pro-inflammatory activity or immune
tolerance/healing) may depends on the environment where this
molecule is released. In this context, it has been suggested
that oxidized or reduced forms of HMGB1 might differently
affect the HMGB1 binding into different receptors and induce
that biphasic actions (23). For example, oxidized form of
HMGB1 accumulates during resolution of inflammation and
tissue regeneration in liver, serving as a feedback mechanism to
control its proinflammatory activity (22).

RAGE constitute the major receptor for HMGB1 (24–26).
Importantly, the axis HMGB1/RAGE is related with several
cellular effects which are important to inflammatory and healing
outcomes, such as induction of inflammatory response and
angiogenesis, tissue remodeling, and stimulation of cellular
differentiation for regeneration (19, 27–31). In the context of
M1/M2, evidence from in vivo studies point that HMGB1 can
facilitate M1 macrophage phenotype in certain inflammatory
disease models (32, 33), mainly based on HMGB1 interactions
with TLR receptors (32). However, other in vitro (26) and in
vivo disease models (34, 35) suggested that HMGB1 can enhance
the activity of M2 macrophages, especially in a manner RAGE-
dependent (26, 35). Importantly, despite the growing focus
on macrophages role in healing, HMGB1/RAGE is a potential
trigger of the overall host inflammatory immune response at
biomaterials implantation sites, which theoretically can involve
other cell besides the macrophages. Indeed, is still unclear
how HMGB1/RAGE can trigger and regulate host responses in
different inflammatory contexts.

Considering the influence of DAMPs regulating biomaterial
incorporation, it has been demonstrated by in vitro studies that
remaining HMGB1 within xenogeneic biologic scaffolds
(after manufacturing processes) affects the response of
monocytes/macrophages to the biomaterial and consequently
can affect the inflammatory response, such as a bioactive
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molecule (36). On the other hand, in metallic and permanent
biomaterial incorporation, the molecules driving the host
response are theoretically exclusively released by host, such as
hypothesized by recent reviews in biomaterials science literature
(15, 37). Therefore, DAMPs are suggested to be released from
tissue damage immediately after biomaterial implantation,
possibly interacting with the surface and influencing the innate
inflammatory response in the site of biomaterial implantation
(15, 38). However, no previous studies have demonstrated the
presence of endogenous DAMPs in biomaterials implantation
sites, as well their putative role remains to be demonstrated in a
cause-and-effect manner.

In face of all evidences for the role of HMGB1 and its
cognate receptor RAGE in modulating inflammatory and healing
responses, the release of HMGB1 after Ti implant placement
could be a critical step for triggering inflammation and healing
outcomes in osseointegration sites. Thus, in this present study,
we investigated the role of HMGB1 during Ti-mediated oral
osseointegration in C57Bl/6 mice, by means of a cause-effect
study of pharmacological inhibition of HMGB1 or its cognate
receptor RAGE.

MATERIALS AND METHODS

Material Preparation
Titanium implant screws (titanium-6 aluminum-4 vanadium
alloy, NTI-Kahla GmbH Rotary Dental Instruments, Kahla,
Thüringen, Germany) of Ø 0.6mm were cut at a length of
1.5mm. Also, machined 6AL-4V Tinanium discs (Ti-discs) of Ø
6 and 2mm thick from commercially pure grade 2 alloy were used
for subcutaneous implantation. All material were sterilized by
autoclaving before surgical procedures, as previously described
for oral osseointegration model in C57Bl/6 mice (4).

Animals
Experimental groups comprised C57Bl/6 male mice (10-weeks-
old, 25 g of weight in average), bred and maintained in the
animal facilities of University of São Paulo, cared according to
the recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health (39) were
used in this study. The experimental protocols were performed
according to ARRIVE guidelines (40) and National Institutes
of Health guide for the care and use of Laboratory animals
(NIH Publications No. 8023, revised 1978), with approval by
the local Institutional Committee for Animal Care and Use
(CEEPA-FOB/USP, #012/2014). Mice were provided sterile water
ad libitum and were fed with sterile standard solid mice chow
(Nuvital, Curitiba, PR, Brazil) during all experimental periods of
this study, except throughout the first 72 h post-Ti implantation
for oral osseointegration model, in which diet was crumbled.
Experimental groups for oral osseointegration were comprised
by 10 animals per group/time point (3, 7, 14, and 21 days), with 6
animals per group/time point for microscopic analysis (microCT,
histological, and birefringence analysis) and 4 formolecular (Real
Time PCR array) assays; an additional 1 day time point group
with 6 animals per group was used for protein elution and
HMGB1 quantification. Experimental groups for subcutaneous

Ti disc implantation were comprised by 5 animals per group/time
point (3, 7, and 14 days) and Ti-disc was implanted in left and
right side of animal dorsa, comprising 10 biological samples for
each group/time point: 5 Ti disc samples (Ti discs containing the
surrounding tissues) from the left side for microscopic analysis
(histological, birefringence analysis, and immunohistochemistry)
and 5 Ti disc samples from the right side for molecular analysis
(Real Time PCR array) and protein elution (an additional 1
day time point was evaluated for HMGB1 quantification). All
experimental groups (oral osseointegration and subcutaneous
implantation) were divided according to each treatment: Control
(no treatment); GZA, IP injection of glycyrrhizic acid (Sigma
Aldrich) 200 mg/Kg/24 h for HMGB1 inhibition; vehicle control
for GZA (intraperitoneal [IP] injection of 1.5% DMSO solution);
RAP, IP injection of RAGE antagonistic peptide (RAP, Merck
Millipore, USA) 4 mg/Kg/24 h as previously described (41,
42); and vehicle control for RAP, IP injection of saline
solution 0.9%. Mice received daily IP injections of drugs/vehicle,
starting 1 day before the surgical procedure and continuing
toward the end of experimental periods. No antibiotics and
anti-inflammatory drugs were administered to the animals
after implantation surgery, in order to avoid interferences on
investigated inflammatory/immunological pathways (4).

Experimental Protocol for Oral
Osseointegration Model
The Ti-implant placement in edentulous alveolar crest of the oral
cavity of C57Bl/6 mice was performed as previously described
(4, 43). Briefly, mice were anesthetized previous to the surgery
by ketamine chloride 80 mg/kg (Dopalen, Agribrands Brasil,
Paulínia, SP, Brazil) and xylazine chloride 160 mg/kg (Anasedan,
Agribrands Brasil, Paulínia, SP, Brazil). Then, the mouse was
placed in dorsal decubitus position under a stereomicroscope
(DF Vasconcellos, São Paulo, SP, Brazil), and oral mucosa
was cleaned using topical chlorhexidine solution for 1min. An
incision of 2mm width parallel to the palatal crease and 1mm
in front of the left first maxillary molar was made and the
subjacent bone was drilled using a Ø 0.50mm pilot drill (NTI-
Kahla GmbH Rotary Dental Instruments, Kahla, Thüringen,
Germany) at 600 rpm using a surgical motor (NSK-Nakanishi
International, Kanuma,Tochigi, Japan). The Ti-implant was
screwed down in the implant bed using a castro viejo micro
needle holder (Fine Science Tools, British Columbia, CA, USA).
The right edentulous alveolar crest was used as Control side,
without implant placement. Importantly, animals with early
failure related to the surgical procedure (loss of primary stability
upon placement) were immediately detected and were not
included in the sample size; being only Ti implantations with
complete absence of device mobility included in the sample
for subsequent analysis, as previously characterized (4). At
the end of experimental periods, mice were euthanized and
maxillae were removed for microscopic (microtomographic,
histological, histomorphometric) or molecular analysis. Samples
selected for microscopic analysis were fixed in PBS-buffered
formalin (10%) solution (pH 7.2) for 48 h at room temperature,
washed overnight in running water and maintained in alcohol
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fixative (70% hydrous ethanol) until the conclusion of the µCT
scanning. Then, the specimens were decalcified in 4.13% EDTA
(pH 7.2) following histological processing protocols. Samples
for molecular analysis were stored in RNA later (Ambion,
Austin, TX, USA) solutions following previous protocols (44, 45),
samples for HMGB1 quantification were submitted to protein
elution protocol and subsequently frozen for posterior protein
assay (46, 47).

Experimental Protocol for Ti Implantation
on Subcutaneous Tissue
Mice were anesthetized as previous described for oral
osseointegration model. Then, a longitudinal incision was
performed in the animal dorsa, were one Ti-disc was implanted
in each side. Immediately down from Ti implantation, while
the control region remained intact. Ti discs containing the
surrounding tissues, as well control samples were collected
from the left side for microscopic and from the right side for
molecular analysis (Real Time PCR array). Samples collected
for microscopic analysis were fixed in PBS-buffered formalin
(10%) solution (pH 7.2) for 24 h at RT, then washed over-night
in running water and processed for routine histology. Samples
collected for molecular analysis were stored in RNAlater
(Ambion, Austin, TX, USA) solutions for Real Time PCR array.
For protein assay (i.e., HMGB1 detection), Ti-screws, and
Ti-discs retrieved after implantation were submitted to protein
elution protocol for posterior protein assay (46, 47).

ELISA Assay for HMGB1 Detection
Ti-screws (implanted in bone) and Ti-discs (implanted into
subcutaneous tissue) were retrieved from implantantion sites at
different time points submitted to a protein elution protocol
(46, 47). Briefly, Ti devices were subjected to five consecutive
washes with 200 µl of double-distilled water and a final wash
with 100mM NaCl in 50mM Tris-HCl to remove unadsorbed
proteins. The absorbed proteins eluate was obtained by three
consecutive submersions of the devices in a solution containing
4% SDS, 100mM DTT, and 0.5M TEAB, as previously (46,
47). Total protein of the serum was quantified for subsequent
normalization (Pierce Protein Assay Kit), and HMGB1 was
measured by ELISA according to the protocol recommended by
the manufacturer (MyBioSource). The results were expressed as
mean values ± standard deviation nanogram (ng) of protein per
milligram of tissue, and represent values of duplicates of each
sample obtained in two independent experiments.

Micro-Computed Tomography
(µCT) Assessment
Mice maxillae containing the Ti-implants were scanned by
Skyscan 1176 System (Bruker Microct, Kontich, Belgium) at 80
kV, 300 µA, 180 degrees of rotation, and exposure range of 1
degree. After scanning and previous reconstructions (NRecon
software, Bruker Microct, Kontich, Belgium), representative
three-dimensional images were obtained by CT-Vox 2.3 software,
while quantitative evaluation of bone to implant interface was
assessed using CTAn 1.1.4.1 software (Bruker Microct, Kontich,
Belgium) based in previous standardization for measuring bone

implant contact volume by means of microCT (4). Briefly, for
quantification of bone volume proportion (BV/TV, %) at the
implant-bone interface area, a cylindrical region of interest
(ROI) with a diameter of 700µm was set and the bone volume
quantification was performed only considering bone implant
contact region. After binarization and separation between
titanium body and bone by the difference of hyperdensities,
BV/TV was acquired.

Histomorphometry
The mice maxillae used for microCT scanning were processed
for histological analysis following standardized procedures (4,
45, 48). For both, osseointegration model (maxillae) and
subcutaneous, semi-serial sections considering the implantation
area were cut with 4µm thickness. A total of six samples
(biological replicates) and nine semi-serial sections (technical
replicates) from the central region of implantation sites in the
maxilla were taken for hematoxylin and eosin [H&E] staining.
For subcutaneous sites, a total of five samples (biological
replicates) and eight semi-serial sections (technical replicates)
were considered for histomorphometry. The histomorphometry
was performed by a single calibrated investigator with a binocular
microscope (Olympus Optical Co., Tokyo, Honshu, Japan) using
a 100x immersion objective. Six histological fields per each
HE section, comprising the region adjacent to thread spaces
(for osseointegration) or Ti disc space (for subcutaneous), were
observed under a 100 points grid in a quadrangular area, by
using Image J software (Version 1.51, National Institutes of
Health, Bethesda, MD, USA). Points were quantified coinciding
with the following structures found in the osseointegration
sites or in implant failure sites: blood clot, inflammatory cells,
blood vessels, fibroblasts and fibers, osteoblasts, osteoclasts, bone
matrix, necrotic bone and foreign body giant cells (FBGC),
and other elements (empty spaces left by implant space). For
subcutaneous, were quantified structures involving inflammatory
and healing process surrounding the Ti-disc space (presence
of blood clot, inflammatory cells, fibers, fibroblasts, and blood
vessels). Results were presented as the mean area density for each
structure considered in each examined group.

Birefringence Analysis
A total of six different samples (biological replicates) and four
semi-serial sections (technical replicates) for each sample were
used for picrosirius red staining and birefringence analysis of
the osseointegration model in the maxillae. For each semi-serial
section, three histological fields were evaluated comprising the
central region of bone to implant contact. In subcutaneous
tissue, five samples (biological replicates) and four semi-
serial sections (technical replicates) for each sample were
analyzed. For each section, six histological fields were analyzed
surrounding the Ti disc space. All specimens were analyzed at
40x magnification through polarizing lens coupled to a binocular
inverted microscope (Leica DM IRB/E, Leica Microsystems
Wetzlar GmbH, Wetzlar, Germany) and images were captured
with a Leica Imaging Software (LAX, LeicaMicrosystemsWetzlar
GmbH, Wetzlar, Germany). As previously described (4, 45,
48), green birefringence color indicates thin fibers; yellow and
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red colors at birefringence analysis indicate thick collagen
fibers. Three fields from each section were analyzed through
polarizing lens coupled to a binocular inverted microscope
(Leica DM IRB/E, Leica Microsystems Wetzlar GmbH, Wetzlar,
Germany), by using 40x magnification immersion objective.
Images were captured with a Leica Imaging Software (LAX,
Leica Microsystems Wetzlar GmbH, Wetzlar, Germany) and the
quantification of birefringence brightness was performed using
the software AxioVision 4.8 (Carl Zeiss Microscopy GmbH, Jena,
Germany) considering green, yellow, and red spectra pixels2.
Mean values of four sections from each animal were calculated
and submitted to statistical analysis.

Immunohistochemistry and Quantification
of Immunolabeled Inflammatory Cells
A total of five samples (biological replicate) from subcutaneous
tissue and three semi-serial sections (technical replicate) of
each sample surrounding the Ti implant were used for
individual immunodetection of Ly6g-GR1 (sc-168490), F4/80
(a pan marker for murine macrophages, sc-26642), CD80
(M1 macrophage, sc-376012), and CD206 (M2 macrophage,
sc-34577), all primary antibodies purchased from Santa Cruz
Biotechnology (Santa Cruz Biotechnology, Santa Cruz, CA,
USA). Immunohistochemistry protocol was performed as
previously described (48). Briefly, histological sections were
rehydrated and retrieved the antigens by boiling the histological
slides in 10mM sodium citrate buffer pH 6 for 30min at
100◦C. Subsequently, the sections were pre-incubated with 3%
Hydrogen Peroxidase Block (Spring Bioscience Corporation, CA,
USA) and subsequently incubated with 7% NFDM to block
serum proteins. All primary antibodies were diluted at 1:100
in diluent solution for 1 h at room temperature. Universal
immuno-enzyme polymer method was used and sections were
incubated in immunohistochemical staining reagent for 30min
at room temperature. The identification of antigen–antibody
reaction was performed using 3-3’-diaminobenzidine (DAB)
and counterstaining with Mayer’s hematoxylin. Positive controls
were performed by using mouse spleen for F4/80, CD80, and
CD206 macrophages while Ly6g-Gr1+ were directly visualized
in the inflamed tissues post-surgical trauma. The analysis of
immunolabeled cells (Gr, F4/80, CD80, CD206) was performed
by a single calibrated investigator using a 100x magnification,
considering six histological fields per section, comprising
subcutaneous tissue surrounding the Ti-disc. Three samples
(biological replicate) for each experimental period and strains
were used for quantitative analysis and a total of three sections
of each biological replicate were quantified. A grid image was
superimposed on the histological photomicrographs, with 10
parallel lines and 100 points in a quadrangular area, by using
Image J software (Version 1.51, National Institutes of Health,
Bethesda, MD, USA). Only the points coincident with the
immunolabeled cells were considered in cell counting and the
mean for each section was obtained for statistical analysis.

Real Time PCR Array Reactions
Maxillae and subcutaneous tissue from all experimental groups
and time points were dissected and samples containing only the

region of the implant bed were storage in RNA stabilization
solution (RNAlater, Thermofisher, Waltham, MA, USA) until
Real Time PCR array reactions. Samples from the right side
(without implant placement) of maxillae and samples from
the down right side of subcutaneous tissue (control region
remained intact) were used and a Control. Real Time PCR array
reactions were performed as previously described (4, 44, 45),
using initially a pool of four samples (biological replicates) from
all experimental time-points for each group for maxilla and
four samples (biological replicates) for subcutaneous tissue. For
all experiments, were performed two technical replicates. Pool
analysis were performed in order to select targets in which
expression variation presented a significant variation compared
to the Control side. Subsequently, upregulated targets were
analyzed regarding their kinetics of expression for specific time
points (3, 7, 14, and 21days) after implant placement. Briefly,
the extraction of total RNA from implantation sites and controls
was performed with RNeasy kit (Qiagen Inc, Valencia, CA, USA)
according to manufacturers’ instructions. The integrity of RNA
samples was checked by 2100 Bioanalyzer (Agilent Technologies,
Santa Clara, CA, USA), and the complementary DNA was
synthesized using 3 µg of RNA through a reverse transcription
reaction (QuantiTectRTkit, Qiagen Inc, Valencia, CA, USA) (44).
The Real Time PCR array was performed in a Viia7 instrument
(LifeTechnologies, Carlsbad, CA, USA) using custom panels
for “wound healing” (PAMM-121), “inflammatory cytokines
and receptors” (PAMM-011), and “Osteogenesis” (PAMM-026)
(SABiosciences, Frederick, MD, USA) for gene expression
profiling, followed by data analysis with the RT2 Profiler software
(SABiosciences, Frederick, MD, USA) for normalizing the initial
geometric mean of three constitutive genes (GAPDH, ACTB,
Hprt1), following normalizing the Control group; as previously
described (4). Data are expressed as heat map fold change relative
to the Control group.

Statistical Analysis
Statistical treatment of quantitative data was performed using
GraphPad Prism 5.0 software (GraphPad Software Inc., San
Diego, CA, USA). Normally distributed data were analyzed using
ANOVA followed by Bonferroni’s multiple comparison post-
hoc tests or student’s t-test where applicable. For non-normal
distributions, data were analyzed by means Kruskal-Wallis test
(followed by Dunn’s test) and Mann-Whitney test. The statistical
significance of the experiment involving Real Time PCR array
was evaluated by the Mann-Whitney test, and the values tested
for correction of Benjamini and Hochberg (49). Values of p <

0.05 were considered statistically significant.

RESULTS

Detection of HMGB1 on Sites of Bone and
Subcutaneous Implantation
HMGB1 was found to be present in the protein adsorption
layer characteristically formed in biomaterials surface after
implantation (Figure 1), as demonstrated by the protein elution
from both Ti-screws implanted in bone and Ti-discs implanted
in subcutaneous tissue. HMGB1 was present in relatively high
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FIGURE 1 | HMGB1 detection in the sites of bone Ti implantation. Ti-screws (implanted in bone) and Ti-discs (implanted into subcutaneous tissue) were retrieved

from implantantion sites at 1, 3, 7, 14, and 21 days. Samples were submitted to a protein elution protocol followed by the HMGB1 quantification by ELISA according

to the protocol recommended by the manufacturer (MyBioSource). The results were expressed as mean values ± standard deviation nanogram (ng) of protein per

milligram of tissue, from a total of five animals/samples (biological replicates) and two technical replicates per each group and time point. Different letters indicate

significant statistical differences (p < 0.05) among time periods in each group, symbol #represent “undectable levels” (Kruskal-Wallis followed by Dunn’s test).

FIGURE 2 | Micro-computed tomography (µCT) analysis of oral osseointegration model in C57Bl/6 mice under HMGB1 or RAGE inhibition. Mice received Ti-screw

implantation in the edentulous ridge of maxilla and were divided in according to each treatment: Control (C group, with no treatment); Glycyrrhizic Acid at a dosage of

200 mg/Kg/day (GZA group); or RAGE antagonistic peptide at dosage of 4 mg/Kg/day (RAP group). (A) Three-dimensional representative images obtained with the

CT-Vox software at 21 days post Ti implantation from Control, GZA, and RAP groups. (B) Quantitative analysis of bone volume/tissue volume (BV/TV, %) in the

interface bone-Ti along days 3, 7, 14, and 21 post implantation for Control, GZA, and RAP groups. Results are presented as the mean and SD from a total of six

biological replicates from each group and time point. Symbol *indicates significant statistical differences (p < 0.05) in comparison with control.

concentration in the 1 d time point, followed by a gradual
decrease in 3 and 7 days’ time points, being non-detectable at the
14 and 21 days’ time-points (Figure 1), being this pattern similar
in bone and subcutaneous implantation sites.

µCT Assessment of Osseointegration
Qualitative and quantitative analyses of mineralized bone matrix
revealed a non-significant quantity of bone around Ti threads
at 3 days among all groups, whose bone detected around Ti
threads characterized the native bone supporting the Ti-implant
(Figures 2A,B). Detectable, but not statistically significant newly
formed bone matrix was observed at 7 days (22.33 ± 1.93)
compared to 3 days (17.18 ± 1.11) post Ti-implantation in the
Control group, and osseointegration was achieved throughout a
gradual and proportion of bone apposition (BV/TV, %) around
implant threads at 14 days (32.88 ± 3.16%) and 21 days (42.25
± 3.86%; Figure 2B). On the other hand, the inhibition of
HMGB1 and RAGE, in GZA and RAP treated animals, showed
a significantly reduced BV/TV around Ti threads at 14 and 21

days compared to the Control group (Figure 2B), andDMSO and
Saline Solution vehicles treated group as well (data not shown).
The mean of BV/TV around implant threads in the GZA treated
animals was 14.76 ± 4.06% at 14 days and 16.58 ± 3.40% at 21
days, while in RAP treated animals was 18.53± 1.60% at 14 days
and 23.69± 1.40% at 21 days. The GZA and RAP vehicle control
treated groups also achieved osseointegration with no statistical
differences compared to the Control (data not shown).

Birefringence of Collagen Fibers on
Granulation Tissue and Bone Matrix During
Osseointegration
To comprehensively analyze the impact of HGMB1 or
RAGE inhibition on organic bone matrix maturation on
oral osseointegration in mice, we quantified green, yellow and
red spectrum fibers from the bone matrix and initial granulation
tissue for all groups (Figures 3A,B). All groups showed a
negligible quantity of collagen fibers starting at 3 days around
the Ti threads, emitting birefringence in the green spectrum (i.e.,
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FIGURE 3 | Birefringence analysis of collagen fibers along osseointegration model in C57Bl/6 mice under HMGB1 or RAGE inhibition. Mice received Ti-screw

implantation in the edentulous ridge of maxilla and were divided in according to each treatment: Control (C group, with no treatment); Glycyrrhizic Acid at a dosage of

200 mg/Kg/day (GZA group); or RAGE antagonistic peptide at dosage of 4 mg/Kg/day (RAP group). (A) Representative sections from oral osseointegration process

upon polarized and conventional light, to evaluate collagen fibers maturation along days 3, 7, 14, and 21 post-Ti-screw implantation in the different experimental

groups. As visualized upon polarized light, green birefringence color indicates thin fibers; yellow and red colors at birefringence analysis indicate thick collagen fibers.

Original magnification 40x. (B) Intensity of birefringence measured from Image-analysis software (AxioVision, v. 4.8, CarlZeiss) to identify and quantify area of collagen

from each birefringence color (pixels 2) and (C) total area of collagen fibers (pixel2) throughout experimental periods. Results are presented as the mean and SD of

pixels2 for each color in the birefringence analysis, from a total of six animals/samples (biological replicates) and four technical replicates per each group and time

point. Symbol *indicates a statistically significant difference vs. control (p < 0.05).

immature and thinner fibers). From 7 to 21 days, the Control
group showed a significant increase in yellow and red collagen
fibers, suggesting organic bone matrix maturation. Conversely,
inhibition of HMGB1 in GZA treated mice caused a drastic
impairment of bone collagen fibers formation, with significantly
reduced amount of all birefringent type of fibers from 7 to 21
days compared to the Control. Under inhibition of RAGE (RAP
treated mice), there was also impaired formation and maturation
of collagen fibers, with a significantly reduced amount of total
fibers at 14 and 21 days compared to the Control. No significant
differences were observed in the dynamics of collagen fibers

formation and maturation during osseointegration between
GZA and RAP Control vehicle treated groups (data not shown).

Histopathological Description and
Histomorphometry of Healing Components
During Osseointegration
Histopathological analysis revealed osseointegration in the
Control group, with intramembranous bone healing following
overlapping phases from 3 to 21 days post Ti-implant
placement in mice (Figure 4). Similar histological dynamics of
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FIGURE 4 | Histopathological analysis along oral osseointegration model in C57Bl/6 mice under HMGB1 or RAGE inhibition. Mice received Ti-screw implantation in

the edentulous ridge of maxilla and were divided in according to each treatment: Control (C group, with no treatment); Glycyrrhizic Acid at a dosage of 200 mg/Kg/day

(GZA group); or RAGE antagonistic peptide at dosage of 4 mg/Kg/day (RAP group). Chronology of oral osseointegration is observed throughout days 3, 7, 14, and 21

days. Histological slides were stained with H&E and images were captured at 10 and 100x magnification. Ti, Ti screw space; BC, Blood clot; Arrows, fibrin supporting

cell migration; Arrowheads, bone/Ti contact region; O, osseointegration; MFN, Malformed fibrin network; NB, Necrotic bone; FBR, Foreign Body Reaction.

osseointegration were observed in the GZA or RAP vehicle
treated groups (data not shown). On the other hand, both
experimental groups treated with RAP or GZA, exhibited
failure of osseointegration, with the typical presence of fibrous

connective tissue and foreign body giant cells (FBGC) formation
at 14 and 21 days post-Ti implantation. At 3 days, the bone-
implant interface in the Control group was filled predominantly
by a blood clot (Figure 5A) providing support for cell infiltration
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FIGURE 5 | Histomorphometric analysis of healing components along oral osseointegration model in C57Bl/6 mice under HMGB1 or RAGE inhibition. Mice received

Ti-screw implantation in the edentulous ridge of maxilla and were divided in according to each treatment: Control (C group, with no treatment); Glycyrrhizic Acid at a

dosage of 200 mg/Kg/day (GZA group); or RAGE antagonistic peptide at dosage of 4 mg/Kg/day (RAP group). Results are presented as the means (± SD) of area

density for each component related to osseointegration process: (A) Blood Clot, (B) Inflammatory cells, (C) Fibers + Fibroblasts, (D) Blood vessels, (E) Osteoblasts,

(F) Osteoclasts, (G) Bone matrix, (H) Necrotic Bone, and (I) FBGC. Results are presented as the mean and SD from a total of six animals/samples (biological

replicates) and nine semi-serial sections (technical replicates) per each group and time point. Symbol *indicate a statistically significant difference vs. control,
# indicate differences between RAP and GZA groups (p < 0.05).

(Figure 4, arrow). At 7 days, increased quantities of granulation
tissue components were observed (blood vessels, fibroblasts,
and fibers; Figures 5C,D), as well an initial differentiation of
osteoblasts and bone matrix from the Ti threads and bone
edges (Figure 4, arrowheads). At 14 and 21 days, granulation
tissue components significantly decreased around Ti threads
spaces, followed by an increased quantity of osteoblasts and
bone matrix in the same regions (Figures 4, 5E,G) resulting in
direct contact between implant and bone (Figure 4, arrowheads).
Furthermore, Control and vehicle groups exhibited osteoclastic
resorption lacunae and a few quantities of osteoclasts found
around bone debris and pre-existing bone during 3 and 7 days
post Ti implantation, followed by osteoclastic remodeling of
newly formed bone at 14 and 21 days.

Comparatively to the osseointegration observed in the
Control group, RAP treated mice also showed a suitable blood
clot formation the bone-implant interface, but in a slighted
reduced number, surrounded by an eosinophilic and slight
matrix of fibrin network, with identifiable support for cell
migration (Figure 4, arrows). On the other hand, the inhibition
of HMGB1 in GZA treated mice resulted in a disorganized blood
clot, with agglomerated platelets (#) and red blood cells separated

from the malformed fibrin networks (MFN) (Figure 4, GZA
group and Supplementary Figure 1) and a drastically reduced
area density of this component (Figure 5A). Both RAP and GZA
treated mice showed necrotic/non-viable bone persisting at 7–21
days post Ti-implantation, as well a foreign body reaction (FBR)
with the presence of FBGC (Figures 4, 5H,I). The inhibition of
RAGE in RAP group leaded to a negligible higher quantity of
osteoblasts and bone formation in scattered areas surrounding
Ti thread spaces compared to HMGB1 inhibition in GZA
group (Figures 4, 5E). No statistical differences were observed
in quantitative results for other elements (empty spaces, artifacts
and Ti space; data not shown).

Gene Expression Patterns in
Osseointegration Under HGMB1 or
RAGE Inhibition
A pool of samples from all periods post-Ti implantation
were initially analyzed by means of an exploratory Real Time
PCR array (Figure 6), considering molecules involved in
inflammatory response and bone healing (growth factors;
immunological/inflammatory markers; extracellular matrix,
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FIGURE 6 | Gene expression patterns in the osseointegration sites under HMGB1 or RAGE inhibition. Mice received Ti-screw implantation in the edentulous ridge of

maxilla and were divided in according to each treatment: Control (C group, with no treatment); Glycyrrhizic Acid at a dosage of 200 mg/Kg/day (GZA group); or RAGE

antagonistic peptide at dosage of 4 mg/Kg/day (RAP group) Right side without Ti-screw implantation was used as tissue control and represented as C*. Molecular

analysis of the gene expression patterns in the region of Ti screw implantation was comprised of an initial exploratory analysis by Real Time PCR array for each

experimental group (Control, RAP and GZA), considering a pool of four samples (biological replicates) and two technical replicates from all the experimental periods (3,

7, 14, 21 days). Real Time PCR array analysis was performed with the VIA7 system (Applied Biosystems Limited, Warrington, Cheshire, UK) using a customized qPCR

array comprised of the major targets from the Osteogenesis, Inflammatory Cytokines & Receptors and Wound Healing panels of the PCRarrayRT2 Profiler

(SABiosciences/QIAGEN, Gaithersburg, MD, USA). Results are depicted as the fold increase change (and the standard deviation) in mRNA expression from triplicate

measurements in relation to the control samples and normalized by internal housekeeping genes (GAPDH, HPRT, β-actin).

MSC, and bone markers). Experimental groups (C, GZA, and
RAP) were depicted as the fold increase change in relation to
Control samples (C∗), which are from the right side of maxilla
of C57Bl/6 untreated mice, without surgery. Next, targets with a
significant expression significant variation expression in pooled
samples were analyzed according to their kinetics of expression
during experimental periods (Figure 7).

For oral osseointegration model, among growth factors,
TGFβ1, and VEGFb were significantly upregulated in C group,
such as several MSC putative markers (OCT-4, NANOG, CD44,
CD34, CD73, CD146, CD105, CXCL12); while the inhibition
of HMGB1 (GZA group) and RAGE (RAP group) resulted
in an important reduction in the mRNA levels for all these
targets in pooled samples (Figure 6). Considering MSC putative
markers, mRNA levels peaked at 3 and 7 days at osseointegration
Control group and were significantly increased compared to
GZA and RAP treated mice, as well TGFb and CXCL12. A slight
upregulation for MSC markers were observed in GZA and RAP
group compared to Control samples (C∗).

Considering bone markers related to osteoblast differentiation
(BMP2, BMP4, BMP7, Runx2, ALPL, DMP1, Phex, Sost, VDR)

and bone remodeling (RANKL, OPG, CTSK), were positively
upregulated in osseointegration Control group, whereas their
expressions were drastically reduced in GZA and RAP group,
as observed in pooled samples. On the other hand, RAP group
presented an upregulation of FGF1 and FGF2 (Figure 6). In the
osseointegration Control group, the kinetics of BMP2 mRNA
levels peaked at 7 days and BMP4 peaked at 14 days. Runx2 and
ALPL were upregulated at 7 and 14 days, significantly decreasing
at 21 days, while Phex (a osteocyte differentiation marker) was
upregulated at 14 days and 21 days (Figure 7).

Considering immunological markers for M1/M2
macrophages, a higher expression of ARG1 and IL10, markers
for M2 phenotype, was particularly found in the osseointegration
process of the Control group compared to the Control tissue
(C∗), but it was not observed in GZA and RAP treated mice
(Figure 6). The mRNA levels of these M2 markers peaked at 7
and 14 days, as well TGFb in osseointegration Control group
(Figure 7). The majority of chemokines and their receptors
involved in inflammatory cells migration (CCR1, CCR2, CCR5,
CCL2, CCL3, CCL5, CCL9, CCL12, CCL17, CCL20, CCL25,
CXCL3, CXC3CL1) were upregulated in osseointegration
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FIGURE 7 | Kinetics of gene expression in the oral osseointegration sites under HMGB1 or RAGE inhibition. Mice received Ti-screw implantation in the edentulous

ridge of maxilla and were divided in according to each treatment: Control (C group, with no treatment); Glycyrrhizic Acid at a dosage of 200 mg/Kg/day (GZA group) or

RAGE antagonistic peptide at dosage of 4 mg/Kg/day (RAP group). Right side without Ti-screw implantation was used as tissue control and represented as C*.

Molecular analysis of the gene expression in the region of Ti screw implantation was performed following each experimental time point (3, 7, 14, and 21 days),

considering four samples (biological replicates) and two technical replicates per each group and time point. Targets with a significant expression variation in the

previous Real Time PCR array from pooled samples were selected. Real Time PCR array analysis was performed with the VIA7 system (Applied Biosystems Limited,

Warrington, Cheshire, UK) using a customized qPCR array comprised of the major targets from the Osteogenesis, Inflammatory Cytokines & Receptors and Wound

Healing panels of the PCRarrayRT2 Profiler (SABiosciences/QIAGEN, Gaithersburg, MD, USA). Results are depicted as the fold increase change (and the standard

deviation) in mRNA expression from triplicate measurements in relation to the control samples and normalized by internal housekeeping genes (GAPDH, HPRT,

β-actin).

sites in the Control group. On the other hand, GZA and
RAP treated mice presented a higher expression of CCR2,
CCR5, CCL5, and CXCL3 compared to the osseointegration C
group in pooled samples (Figure 6). Also, pro-inflammatory
cytokines were differentially expressed in osseointegration C
group compared to the GZA and RAP groups (Figures 6, 7).
While pro-inflammatory cytokines (IL1b, IL6, TNF), as well
chemokine receptors (CCR2, CCR5) and chemokines (CCL5,
CXCL3) were upregulated in early time points (3 and 7 days)
in the osseointegration group, their mRNA levels remained
upregulated in late time points (14 and 21 days) in GZA and
RAP groups.

Finally, among the extracellular matrix markers, Col1a1,
MMP2, and MMP9 were upregulated in all experimental
groups (Figure 6). However, the kinetics of these markers were
differently regulated comparing GZA an RAP groups to the
osseointegration C group (Figure 7). In this way, mRNA levels
of Col1a1 were significantly upregulated in the osseointegration
Control sites at 7 and 14 days compared to GZA and RAP groups.

On the other hand, GZA and RAP treated mice presented higher
mRNA levels for MMP2 and MMP9 compared to the Control
osseointegration sites (Figure 7).

Histomorphometric, Birefringence,
Immunohistochemical, and Molecular
Analysis of Subcutaneous Healing Under
Ti Implantation
Control and both GZA and RAP control vehicle treated mice
showed a suitable blood clot formation and a slight inflammatory
infiltrate at 3 days, followed by a dense connective tissue
formation, containing fibroblasts and negligible quantities of
inflammatory cells surrounding region of Ti-disc implantation
at 14 days (Figure 8A). Also, birefringence analysis revealed
a yellow/red spectrum of collagen fibers surrounding the Ti
at 14 days (Figure 8B). On the other hand, the inhibition
of HMGB1 by GZA treatment caused a disruption of blood
clot formation at 3 days (arrow, Figure 8) and a persistence
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FIGURE 8 | Histophatological, histomorphometric, and birefringence analysis of subcutaneous tissue post implantation of Ti-disc in C57Bl/6 mice under HMGB1 or

RAGE inhibition. Mice received Ti-disc implantation in the subcutaneous tissue and were divided in according to each treatment: Control (C group, with no treatment);

Vehicle (1.5% DMSO solution); Glycyrrhizic Acid at a dosage of 200 mg/Kg/day (GZA group); or RAGE antagonistic peptide at dosage of 4 mg/Kg/day (RAP group).

Vehicle or drugs were administered 1 day before the surgical procedure and were given until the end of experimental periods (3, 7, and 14 days). (A) Comparative

morphology of the healing phases post Ti disc implantation for each group, stained with H&E (40x magnification) and (B) Picrosirius red. (C–G) Results from

histomorphometry of healing parameters (blood clot, inflammatory cells, fibroblasts, fibers, and blood vessels) are presented as the mean of area density for each

structure measured in each examined group. Results are presented as the mean and SD from a total of five animals/samples (biological replicates) and eight

semi-serial sections (technical replicates) per each group and time point. (H) Intensity of birefringence performed using image-analysis software (AxioVision, v. 4.8,

CarlZeiss) for total area of birefringent collagen fibers (pixels2). Results are presented as the mean and SD from a total of five animals/samples (biological replicates)

and four semi-serial sections (technical replicates) per each group and time point. (C–H) Symbols indicate statistically significant difference (p < 0.05) between

experimental groups (GZA and RAP) vs. Control* and experimental groups vs. Vehicle# at the same time point.
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FIGURE 9 | Inflammatory cells recruited to the Ti disc implantation sites in C57Bl/6 mice treated with HMGB1 inhibitor or RAGE antagonist. Mice received Ti-disc

implantation in the subcutaneous tissue and were divided in according to each treatment: Control (C group, with no treatment); Vehicle (1.5% DMSO solution);

Glycyrrhizic Acid at a dosage of 200mg/Kg/day (GZA group); or RAGE antagonistic peptide at dosage of 4mg/Kg/day (RAP group). Vehicles or drugs were

administered 1 day before the surgical procedure and were given until the end of experimental periods (3, 7, and 14 days). (A) Representative sections of 3 days time

point post Ti implantation. Quantitative analysis of (B) GR1+, (C) F4/80+, (D) CD80+cells and (E) CD206+ cells was performed for each group at days 3, 7, and 14

days post Ti implantation. Results are presented as the mean and SD from a total of five animals/samples (biological replicates) and three semi-serial sections

(technical replicates) per each group and time point. Different letters indicate significant differences in each time point (p < 0.05); symbol *indicate significant

differences between experimental groups (GZA and RAP) vs. control at the same time point.

of blood clot and a decreased area density of blood vessels
around Ti disc implantation at 7 days (Figures 8C,E). Similarly,
both treatments (the inhibition of HMGB1 and the antagonism
of RAGE), impaired the host response to the Ti disc by a
decreased collagen fiber formation compared to the control and
control vehicles, but with no negative effects in the amount
of fibroblasts (Figures 8F,G). The reduced tissue repair in
GZA and RAP could be mainly associated with an ineffective
inflammatory response caused by the inhibition of inflammatory
signals induced by HMGB1 and RAGE. Immuhistochemistry
of GZA and RAP group showed a drastic reduction of GR1+
cells and macrophages (F4/80+ cells, CD80+ cells, CD206+
cells) migration toward the implantation sites at 3 days post Ti
implantation compared to the Ti control group (Figures 9A–E).

In parallel and in agreement with molecular results for
oral osseointegration model, the gene expression patterns in
subcutaneous implanted sites on Ti control was also revealed
growth factors involved in cell proliferation (FGF1, FGF2, FGF3,
TGFb1, EGF) and angiogenesis (VEGFa,b) significantly up-
regulated in the Ti Control group compared to the endogenous
control (Supplementary Figure 2). Consistently, tissue healing
and maturation of the ECM was also evidenced in Ti control

by a high upregulation of ECM remodeling markers, such as
the matrix metalloproteinases (MMP1a, MMP2, MMP9) and
their tissue inhibitors TIMPs (TIMP1, TIMP3), as well the
protease cathepsin G (CTSG). Among the upregulated cytokines
in Ti control samples, CXCL10, CXCL12, CXCL11, IL1β, IL6,
TNF were up regulated in the inflammatory phase of healing.
Growth factors involved in cell proliferation, mainly for FGF
family, were up regulated in GZA and RAP, such as in the
Control group, while several ECM formation (Col1a2, Col2a1)
and remodeling markers (MMP1a, MMP2, MMP9, TIMP1,
TIMP3, CTSG) were down regulated GZA and RAP compared
to the control. Importantly, GZA and RAP group presented
a downregulation of molecules involved in cell adhesion and
migration (CTGF, VTN, ITGA2, ITGA4, ITGA5). All together,
these results indicate a role of HMGB1 and RAGE on fibroblasts
migration, differentiation, and matrix deposition along tissue
repair surrounding a classic biomaterial.

DISCUSSION

Among the several DAMPs and their accompanying PRRs,
the interaction of HMGB1 with the receptor RAGE has
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FIGURE 10 | Graphical abstract of proposed roles of HGMB1 and RAGE along oral Ti osseointegration process in mice.

been associated with the activation of inflammatory responses
and wound healing, especially in non-infectious environments
(18, 19, 22). In this study, the possible involvement of the
HMGB1/RAGE pathway in the modulation of host inflammatory
immune response at Ti/host interface, and the subsequent
influence in the healing and osseointegration processes were
investigated. Therefore, to determine the role of HMGB1 and
RAGE in the osseointegration process in a cause-and-effect
manner, C57Bl/6 mice were subjected to Ti-implant surgical
placement in the maxillary edentulous area and were treated with
GZA and RAP, respectively, an HMGB1 inhibitor (41) and a
RAGE inhibitor (42).

Initially, our results demonstrated that HMGB1 was present
in the protein adsorption layer characteristically formed in
biomaterials surface after implantation, in both Ti-screws
implanted in bone and Ti-discs implanted in subcutaneous
tissue (Figure 1). Importantly, despite the general assumption
that endogenous DAMPs are released upon biomaterials
implantation, this is the first actual demonstration that DAMPs
(specifically HMGB1) are in fact released and can adsorb to
Ti surface. The kinetics of HMGB1 release and adsorption
is in agreement with the hypothesis of the injury-triggered
release, characterized by high levels in the initial time point
followed by a gradual decrease over time (50–52). Also, our
results demonstrated that inhibition of both, HMGB1 and
RAGE, impaired Ti-mediated osseointegration, as demonstrated
by the critical alterations in the dynamics of mineralized and
organic bone matrix formation (Figures 2, 3). Accordingly,
the inhibition of HMGB1 in a model of tooth extraction
in mice significantly delayed the bone healing process, but
without inhibiting it completely (21). However, it is crucial

to consider that in the present study, the presence of a
biomaterial is an important variable in the healing site; which
may account for the complete impairment of the osseointegration
process in comparison with the partial influence of HMGB1
inhibition described in the socket healing (21). Importantly, no
previous studies have described possible associations between
RAGE blockade and bone healing or osseointegration. It is
also important to mention that HMGB1 and RAGE blockade
impair the healing of subcutaneous tissue after the grafting of
a Ti-disc, reinforcing the role of HMGB1/RAGE axis in the
host response to biomaterials and in the subsequent healing
response. While the subcutaneous implantation of Ti-devices
obviously does not mimic the osseointegration response, it have
been considered a valuable model to study biomaterial/host
interaction (53), which can be very useful, especially in
mice in the view of the very limited dimensions of the Ti
implant used for osseointegration analysis, which limits some
experimental approaches.

In order to investigate the mechanisms underlying impaired
osseointegration due HMGB1 and RAGE inhibition, a series
of histomorphometric, and molecular analysis were performed,
comparing unsuccessful and successful osseointegration sites.
The process of osseointegration starts with the surgical
preparation of the bone niche/defect for implant placement,
when coagulation proteins from blood are released and then
activated to provide the clot formation and consequently
a provisional matrix for cell recruitment and migration
(15). Accordingly, in the Control group (which achieved
osseointegration), an organized blood clot was evidenced at the
host/Ti interface at 3 days post-implantation. However, HMGB1
inhibition resulted in disruption of fibrin network formation and
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impairment of the blood clot structure, followed by a significant
decrease in blood clot area density when compared to the Control
group. Indeed, HMGB1 acts synergistically with thrombin to
promote fibrin deposition and accelerate the coagulation in vivo,
evidencing its role as an organizer in post-injury wound healing
(54). Thus, the initial event of osseointegration impairment
due to GZA administration seems to be primarily related to
the disruption of the blood clot, since the establishment of
a fibrin network in association with Ti threads spaces was
drastically compromised upon HMGB1 inhibition. Additionally,
RAGE inhibition also resulted in a reduction of blood clot
area density when compared to the Control group, but without
drastic effects over clot organization as observed upon HMGB1
inhibition. Accordingly, while HMBG1 seems to also act in the
clotting process directly (i.e., in a RAGE independent way),
RAGE expressed on platelets surface is associated with their
activation by DAMPs (HMGB1 and S100 proteins) and platelet
aggregation (55, 56), which consequently influence the clotting
process, but also the release of additional HMGB1 and other pro
inflammatory molecules (56, 57).

In addition to the initial interferences in the clotting process,
previous studies demonstrated that HMGB1 promotes the
secretion of multiple cytokines in the injured sites, strongly
activating and driving the acute inflammatory response (58).
Also, it is important to consider that HMGB1 is supposed to play
also biphasic actions on injured sites (pro-inflammatory activity
or immune tolerance/healing) depending of the environment
redox state of its three conserved cysteines (Cys23, Cys45 [Box
A], and Cys106 [BoxB]) (23). In this context, it has been
proposed that during acute inflammatory response, the release
of ROS/RNS induce the active and proinflammatory form of
HMGB1 (reduced form of HMGB1); while the oxidation of
HMGB1 cause immune tolerance, allowing the healing (22, 23).
Considering the receptor RAGE, it is important to mention that
two extracellular secreted forms of RAGE can be also present
in the environment, besides the conventional receptor, they are
endogenous secretory (es) and soluble (s) RAGE, have been
identified and play active roles on skeletal biology, mainly related
to osteoporosis in aged mice (59). It has been supposed that these
RAGE isoforms (mainly sRAGE), could also their ligand-binding
ability, acting as decoy receptors preventing ligand binding to
RAGE. Importantly, while the analysis of redox modulation
of HMGB1 activities, as well of a putative role for sRAGE,
are beyond the scope of the present study, since our data
point to a role for HMGB1 in osseointegration process, future
specific studies focused in such elements may provide additional
interesting information to the field.

In this study, HMGB1 or RAGE inhibition disturbed
the natural course/fate of inflammatory response after Ti
implantation. This resulted in the persistence of inflammatory
cells around Ti threads until latter time points, comprising
primarily macrophages as suggested by the cellular morphology,
while Control mice exhibited the resolution of a transient
inflammatory response in early time points (Figure 4).
Accordingly, the molecular analysis demonstrated that HMGB1
or RAGE inhibition resulted in a persistence of high mRNA
levels of CCR2, CCR5, CCL5, which are mainly associated with

macrophage migration (48, 60), as well as pro-inflammatory
cytokines (IL1b, IL-6, and TNF) that characterize M1 activity
(61). Thus, our findings suggest a role of HMGB1 and RAGE
on the modulation/resolution of chronic inflammatory response
post Ti implantation, probably affecting the overall M1/M2
macrophages response. While the reduced size of the Ti-
device limits some additional analysis, the subcutaneous
implantation of Ti-discs allowed the characterization of the
inflammatory changes upon HMGB1 and RAGE blockade,
and demonstrate that the total macrophages, M1 and M2
cells counts were reduced in the absence of a functional
HMGB1/RAGE axis. Macrophages are considered key elements
in the connection between inflammatory and healing events (11).
The initial presence of M1 macrophages has been implicated
as an essential step for the activation of acute inflammatory
response, while the transitory presence of M2 cells in the
proliferative/regenerative phase has been suggested as favorable
for the regenerative outcome (11). Conversely, a prolonged
M1 activity has been associated with negative outcomes of
biomaterial implantation, such as chronically inflamed tissue
and severe foreign body reaction (FBR) (37). Considering
the osseointegration and subcutaneous results, it is possible
to suggest that HMGB1/RAGE axis is required for a proper
macrophage chemoattraction after Ti implantation, and that
both M1 and M2 responses, and the natural M1/M2 switch
along the healing, are compromised by HMGB1 and RAGE
inhibition. Accordingly, the molecular analysis of the successful
Ti-osseointegration sites in the Control group demonstrated
an initial M1-type response followed by a M2-type switch,
evidenced by upregulation of M2-type markers (ARG1,
TGFb, IL10, and CCL17) (62), which were disrupted by
HMGB1/RAGE blockade. These observations are in agreement
with previous studies (4, 5, 63). In view of that, the provision
of environmental cues that govern the phenotype switch of
macrophages and different healing outcomes post biomaterial
implantation have been usually based on the biomaterial
properties, in a perspective where Ti-based devices might
modulate or allow a favorable M1/M2 switch (9). However,
we demonstrated that inhibition of a DAMP or its receptor
(HMGB1 or RAGE) following biomaterial implantation, can
also drastically affect the initial microenvironmental signals
for triggering osseointegration, even using a gold standard
biomaterial such as a Ti-based device. Significantly, the effects
of HMGB1 or RAGE inhibition are not limited to macrophages,
as demonstrated by the significant reduction of granulocytes
(Gr1+ cells) in the Ti disc implantation. While the main of
focus in the cellular aspects of osseointegration (and in the
biomaterials in general) have been over macrophages (9, 62),
granulocytes are essential elements of early host response (64),
and consequently can also theoretically impact the subsequent
healing and osseointegration.

The lack of favorable biological microenvironment signals in
biomaterial implantation sites can result in persistent chronic
inflammation, consequently driving the wound healing around
the biomaterial into a foreign body response (FBR) (65). In
this manner, HMGB1 and RAGE inhibition drastically reduced
the expression of MSC markers and bone markers in the sites
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of Ti implantation, which was reflected in a fibrotic outcome
surrounding Ti threads (Figures 6, 7), with features of FBR,
such as differentiation of FBGC surrounding the biomaterial
and non-viable bone (Figure 4), increased expression of MMPs
(Figure 7), followed by fibrous tissue formation and consequent
biomaterial encapsulation (Figure 4). As previously proposed
by literature, the modulation of host response for desirable
biomaterial incorporation outcome is in part surface-based,
depending on beneficial biomaterial properties, but signals
provided from biomaterial implantation trauma have also been
suggested as crucial cues in this process (9). Accordingly to
the Control group results, in the presence of a constructive
set of external and endogenous factors, including Ti as the
external factor and HMGB1 and RAGE as part of endogenous
factors, the inflammatory signals triggered post Ti implantation
was linked to upregulation of MSC markers (CD206, OCT-
4, NANOG, CD44, CD34, CD73, CD146, CD105) at earlier
time points (3 and 7 days), and subsequent bone cells
differentiation (Runx2, Alp), bone matrix deposition (Col1a1),
remodeling (MMP2 and MMP9) (45), and bone maturation
(Phex) (66) (Figure 7).

The body of this work suggests the participation of HMGB1
in multiple stages of osseointegration process, as a blood clot
organizer and inflammatory/healing molecule (Figure 10).
Several studies have suggested that HMGB1 can act as a
regenerative mediator, by triggering inflammation (20), but
also as a healing organizer, promoting the recruitment of
MSCs, and platelets activation (20, 58). In this cause-effect
study, the inhibition of extracellular HMGB1 following
biomaterial implantation caused failure of Ti-mediated
osseointegration (Figures 2–5), which could be associated
to its multiple roles acting as a biochemical mediator for clot
formation (54, 56, 67), as well as by triggering of signaling
inflammatory pathways, which involve the activation of
different receptors, such as RAGE. In fact, under the inhibition
of RAGE, the immediate extracellular effects of released
HMGB1 were maintained, such as confirmed by a suitable
blood clot structure in the osseointegration sites at 3 days
compared to the HMGB1 inhibition group. However, under
the inhibition of RAGE, the HMGB1 cellular effects related to
HMGB1/RAGE pathway was blockade, which also resulted in
unsuccessful osseointegration.

It is also important to consider the despite the fact that a
clear biological effect was observed upon the administration of
the RAP and GZA in this study, the dosages used for both
inhibitors were based in previous studies carried in C57Bl/6
mice but in different models and kinetics of drug administration
(41, 42). Despite the effects observed in our study are compatible
with the biological role of HMGB1 and RAGE, confirming the
effectiveness of both inhibitions and demonstrating a role for
HMGB1 and RAGE in osseointegration process, future studies
including a dose-response analysis, may provide additional
interesting information to the field. Finally, future studies are
required to investigate the inhibition of HMGB1 and/or RAGE
only in initial time points during Ti-mediated osseointegration,
when these molecules are prevalent and theoretically mainly
required, in order to determine their role in each phase
of osseointegration.

CONCLUSION

Taken together, our findings suggest that HMGB1 and RAGE
actively influence the osseointegration process, by their influence
in the balance of host inflammatory immune response, which
includes macrophages migration and M1/M2 response, MSC
markers expression, and bone deposition (Figure 10).
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Supplementary Figure 1 | Histopathological analysis of blood clot in C57Bl/6

mice at 3 days post Ti implantation. Mice received Ti-screw implantation in the

edentulous ridge of maxilla and were divided in according to each treatment:

Control (C group, with no treatment); Glycyrrhizic Acid at a dosage of 200

mg/Kg/day (GZA group); or RAGE antagonistic peptide at dosage of 4 mg/Kg/day

(RAP group). Blood clot is observed throughout days 3, 7, 14, and 21 days.

Histological slides were stained with H&E and images were captured at 10 and

100x magnification.

Supplementary Figure 2 | Gene expression patterns post subcutaneous Ti disc

implantation in C57Bl/6 mice treated with HMGB1 inhibitor or RAGE antagonist.

Mice received Ti-disc implantation in the subcutaneous tissue and were divided in

according to each treatment: Control (C group, with no treatment); Glycyrrhizic

Acid at a dosage of 200 mg/Kg/day (GZA group); or RAGE antagonistic peptide at

dosage of 4 mg/Kg/day (RAP group). Four biological replicates from

subcutaneous tissue samples were removed at 3, 7, and 14 days post Ti

implantation and a pool of samples from all the experimental time periods in each

experimental group was used for a gene expression pattern analysis. Samples of

subcutaneous tissue without surgery were used as control. Two technical
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replicates were considered for each assay. Gene expression was performed by

using exploratory analysis by Real Time PCR array, with the VIA7 system (Applied

Biosystems, Warrington, UK) and a customized qPCR array comprised of the

major targets (Inflammatory Cytokines & Receptors and Wound Healing panels) of

the PCRarrayRT2 Profiler (SABiosciences/QIAGEN). Results are depicted as the

fold increase change (and the standard deviation) in mRNA expression from

triplicate measurements in relation to the control samples and normalized by

internal housekeeping genes (GAPDH, HPRT, β-actin).
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Bone formation as well as bone healing capacity is known to be impaired in the

elderly. Although bone formation is outpaced by bone resorption in aged individuals, we

hereby present a novel path that considerably impacts bone formation and architecture:

Bone formation is substantially reduced in aged individual owing to the experience

of the adaptive immunity. Thus, immune-aging in addition to chronological aging is a

potential risk factor, with an experienced immune system being recognized as more

pro-inflammatory. The role of the aging immune system on bone homeostasis and on

the bone healing cascade has so far not been considered. Within this study mice at

different age and immunological experience were analyzed toward bone properties.

Healing was assessed by introducing an osteotomy, immune cells were adoptively

transferred to disclose the difference in biological vs. chronological aging. In vitro

studies were employed to test the interaction of immune cell products (cytokines) on

cells of the musculoskeletal system. In metaphyseal bone, immune-aging affects bone

homeostasis by impacting bone formation capacity and thereby influencing mass and

microstructure of bone trabeculae leading to an overall reduced mechanical competence

as found in bone torsional testing. Furthermore, bone formation is also impacted

during bone regeneration in terms of a diminished healing capacity observed in young

animals who have an experienced human immune system. We show the impact of

an experienced immune system compared to a naïve immune system, demonstrating

the substantial differences in the healing capacity and bone homeostasis due to the

immune composition. We further showed that in vivo mechanical stimulation changed

the immune system phenotype in young mice toward a more naïve composition.

While this rescue was found to be significant in young individuals, aged mice only

showed a trend toward the reconstitution of a more naïve immune phenotype.
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Considering the immune system’s experience level in an individual, will likely allow

one to differentiate (stratify) and treat (immune-modulate) patients more effectively.

This work illustrates the relevance of including immune diagnostics when discussing

immunomodulatory therapeutic strategies for the progressively aging population of the

industrial countries.

Keywords: osteoimmunology, regeneration, bone healing, T cells, adaptive immunity, immune experience,

inflamm-aging, biological aging

INTRODUCTION

Beginning in adulthood, age-associated alterations of the
musculoskeletal system progress and eventually result in a loss of
bone mass (1, 2). With increasing life expectancy, such structural
alterations represent a growing clinical challenge: By 2050 people
over 60 years will nearly double from about 12 to 22%, to a
total of two billion (3). In parallel, trauma and associated bone
injuries increase in number and already today represent the
second most expensive medical condition (after cardio-vascular
diseases) with further increases predicted due to a more active
elderly population (4). Bone tissue is, in addition to its role
within the musculoskeletal system, the home of major parts of
the immune system. Therefore, it is not surprising that recent
research acknowledged the significant role of the immune system
in bone homeostasis (5).

The interdependency between the immune and skeletal
system has gained more and more importance in recent
orthopedic research (6–12). Bone cells require positive and
negative regulators to maintain homeostasis. Cytokines are
involved in the homeostatic and regenerative regulation
and communication between the immune system and
musculoskeletal system. Cytokines are potent mediators of
osteoclast/osteoblast function and differentiation. Classically
the cytokine regulation of bone resorption, like tumor necrosis
α (TNFα), interleukin 1 α (IL-1α), interferon γ (IFNγ), and
interleukin 17A (IL-17A), is discussed and studied but bone
forming cells are tightly regulated by cytokines as well (13–15).
Subsequent studies have identified several cytokines whose
activities inhibit bone resorption and promote bone formation,
like the IL-1 receptor antagonist (IL-1Ra), interleukin 4 (IL-4),
interleukin 10 (IL-10), interleukin 13 (IL-13), and transforming
growth factor β (TGFβ) (16). T and B cells are relevant producers
of these inflammatory cytokines but also of cytokines impacting
bone homeostasis, like osteoprotegerin (OPG) and RANK ligand
(RANKL) (17). With a better understanding of the sequential
events of the bone healing cascade, the essential role of the initial
pro-inflammatory reaction as an initiator of the healing process
has been recognized. Also, the consecutive anti-inflammatory
signaling has been acknowledged as essential in order to proceed
toward the next healing phase, the revascularization of the
fracture zone (18–20). Without reestablishing the supply, the
healing will seize. However, immune processes are not only
essential during the early healing phase. Recent research showed
that immune cells are present throughout the entire healing
process with a heightened abundance during the remodeling

phase (21) and that T cells are tightly interlinked with the
process of collagen I deposition by osteoblasts, thus defining the
structure of the newly formed bone tissue (22).

Age-related changes in the immune system have so far
not been considered in this context: Specifically, the adaptive
immune system is changing with age as a result of repetitive
pathogen/ antigen exposure (23). Due to such pathogen/antigen
exposures, there is a shift from a more naïve T/B lymphocyte
system with a huge polyclonal repertoire of antigen receptors
in young individuals toward a well-experienced (memory)
T/B lymphocyte system with only a limited antigen receptor
repertoire and thus a diminishing naïve lymphocyte pool in
aged individuals (24). Such increase in immune experience
is not directly linked to the chronological aging of an
individual and therefore described as immune-aging. An “aged”
adaptive immune system, particularly the T cells, are more
pro-inflammatory due to various reasons, including: altered
properties of memory/effector T cells in respect to tissue
infiltration, lower activation threshold and the associated
bystander activation, cytokine memory, and a diminished
control by regulatory T cells (25). In consequence, immune-
aging is accompanied with an inflamm-aging, a term recently
coined in osteoimunological research that refers to an elevated
inflammatory state in elderly (26). The heightened pro-
inflammatory capacity of an experienced adaptive immune
system is further enhanced by its effect on the innate immune
response. Pro-inflammatory cytokines such as IFNg produced
by T cells elicit a pro-inflammatory reaction through a pattern
recognition receptor mediated inflammatory response from the
innate immune system (27). Moreover, within an experienced
immune system the memory/effector T cell pool forms a self-
renewing population of tissue-resident cells which reside within
the bone marrow (28, 29). Thus, long-lived memory/effector
T cells that are fast pro-inflammatory responders to challenges
such as injuries are present in the immediate proximity of a
bone fracture and are likely to influence the healing process. We
hypothesized that immune-aging impacts bone tissue structural
properties directly, in bone homeostasis as well as in healing.

Although adaptive immunity seems to play such a central role
in homeostasis and healing, it is surprising that age-associated
changes of the immune system are so far rarely considered
(30, 31). To overcome this limitation, we present herein a
novel approach that includes animal age with and without
antigen exposure, to understand the role of adaptive immunity in
bone. Thus, the presented study aims at revealing the influence
of an experienced immune phenotype in comparison to a
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naïve immune phenotype on the tissue formation processes
in bone adaptation as well as during bone regeneration to
unravel the relevance of immune-aging and inflamm-aging
on the bone structure and thereby lay the foundation for a
more comprehensive understanding of patient treatment with
impaired bone regeneration (11).

MATERIALS AND METHODS

Animals to Study Immune-Aging
Female C57BL/6N mice were purchased from Charles River
Laboratories with an age of 8–10 weeks and were used at an age of
12, 52, and 102 weeks, respectively. Animals were imported with
a health certificate and kept under obligatory hygiene standards
that were monitored according to the FELASA standards. The
mice were kept under specific pathogen free (SPF) housing or
under non-SPF housing. Food and water was available ad libitum
and the temperature (20± 2◦C) controlled with a 12 h light/dark
circle. All experiments were carried out with ethical permission
according to the policies and principles established by the Animal
Welfare Act, the National Institutes of Health Guide for Care and
Use of Laboratory Animals, and the National Animal Welfare
Guidelines, the ARRIVE guidelines and were approved by the
local legal representative animal rights protection authorities
(Landesamt für Gesundheit und Soziales Berlin).

Mouse Osteotomy as a Model of
Fracture Healing
Bone regeneration was studied by introducing an osteotomy
on the left femur. Therefore, the mice were anesthetized with
a mixture of isoflurane (Forene) and oxygen (Induction with
2% Isoflurane and maintenance with 1.5%). First line analgesia
was done with Bubrenorphine pre surgery, antibiotics with
clindamycine and eye ointment to protect the eyes. Post-surgery,
tramadol (Tramal) was added to the drinking water for 3 days.
The surgical area was shaved and disinfected, and all surgical
procedures were performed on a heating pad (37◦C). The
osteotomy was performed as previously published (32). Shortly,
a longitudinal, lateral skin incision and dissection of the fasciae
allowed to expose the femur. The Musculus vastus lateralis and
Musculus biceps femoriswere dislodged by blunt preparation with
protection of the sciatic nerve. Thereafter, serial drilling for pin
placement (diameter: 0.45mm) through the connectors of the
external fixator (MouseExFix, RISystem, Davos, Switzerland) was
performed, resulting in a fixation of the external fixator construct
strictly parallel to the femur. Following rigid fixation, a 0.70mm
osteotomy was performed between the medial pins using a Gigli
wire saw (RISystem, Davos, Switzerland). After skin closure, mice
were returned to their cages and kept under warming lamps for
the period of immediate anesthesia recovery.

Bone Tissue Sample Preparation and
Flow Cytometry
Animals were intraperitoneally injected with a mixture of
medetomidine and ketamine to induce a deep anesthesia,
thereafter euthanized by cervical dislocation. Blood, spleen, and
the hind limbs were removed and stored for transportation in

ice cold phosphate-buffered saline (PBS). For flow cytometry the
spleen was dissected andmashed through a 70µmmesh to isolate
the splenocytes. Erythrocytes were removed by incubation with
the RBC Lysis Buffer (BioLegend, San Diego, CA USA). The
bone marrow was isolated by cutting open both end of femora
or tibia and flushing the bone marrow out of the cavity with a
24G needle and PBS. The single cell suspension was incubated
with a fixable live/dead stain (LIVE/DEADTM Fixable Blue Dead
Cell Stain Kit, for UV excitation (InvitrogenTM, Waltham, MA
USA) and subsequently washed with PBS, 0.5% BSA, and 0.1%
NaN3. Before incubation with the antibodies, the fc receptors
were blocked with the TruStain fcXTM (anti-mouse CD16/32)
Antibody (BioLegend, San Diego, CA USA). Surface epitopes
were stained with fluorochrome coupled antibodies for 20min
on ice. For intracellular staining the surface stained cells were
incubated with the eBioscienceTM Foxp3/Transcription Factor
Staining Buffer Set (InvitrogenTM, Waltham,MAUSA) according
to the manufacture’s protocol. Intracellular epitopes were stained
for 30min at room temperature. Stained cells were analyzed on a
BD LSRFortessaTM cell analyzer (BD Biosciences, Franklin Lakes,
NJ USA). For a list of used antibodies and conjugates please refer
to the Supplementary Table 1.

Biomechanical Analyses of Femur
Tissue Competence
The torsional stiffness, the maximum torque, its corresponding
angle and workload were assessed in a torsional load to failure
experiment. Following harvesting, the femora were excised
and prepared by removing all adjacent muscles and tendons.
Subsequently both epiphyses of the femora were embedded with
methylmethacrylate (Technovit 3040, Heraeus Kulzer, Hanau,
Germany) in custom made molds. Eventually, bones were
mounted into a material testing device (Bose ElectroForce LM1,
TA Instruments, Eden Prairie, MN USA) and tested by first
applying an axially preloaded of 0.3N which remained constant
during the following torsional load to failure at a rate of 0.54◦/s.
Axial displacement, load, torque, and rotationwere all acquired at
a 100Hz sample rate. All parameters were calculated by a routine
written in MATLAB (The Mathworks, Inc. Natick, MA USA).

3D Structural Analysis of Cortical and
Trabecular Bone Using microCT
Technology
Following harvesting, structural intact bones were cleaned of
excess soft tissue and fixed in buffered formalin and directly
loaded on a custom made sample holder and scanned at
a nominal resolution of 8 and 1µm, respectively, with a
Bruker SkyScan 1172 high-resolution microCT (Bruker, Kontich,
Belgium). A 0.5mm aluminum filter was employed and an x-
ray tube voltage of 70 kV. Camera pixel binning of 2 x 2 was
applied and the scan orbit was 180 degrees for 8µm and 360
degrees for 1µm, respectively, with a rotation step of 0.2 degree.
Reconstruction was carried out with a modified Feldkamp
algorithm using the SkyScan NRecon software accelerated by
GPU. Gaussian smoothing, ring artifact reduction, misalignment
compensation, and beam hardening correction were applied.
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The cortical bone was analyzed 4mm cranial from the knee
growth plate and a volume of interest (VOI) of the height of
1.6mm was extracted. The VOI for the trabecular bone was set
0.4mm above the growth plate and had a height of 5.2mm, as
this VOI included also the most cranial trabecular structures. The
cortical bone region was binarised with a global threshold and for
the trabecular bone an adaptive thresholding was applied based
on localized analysis of density, to minimize partial volume effect
and thickness biasing.

Osteotomized femora were mechanically fixed within a
serological pipette (to support integrity of the fractured bone)
and the external fixator was removed. Those bones were handled
likewise as structural intact bones. Global thresholds were
selected by the Otsu algorithm. The same global threshold values
were applied to all measured bone samples corresponding to
bone mineral density (BMD) value of 590 mg/cm3 calcium
hydroxyapatite (CaHA), calibrated by reference phantoms
(Bruker-microCT, Kontich, Belgium) containing 0.25 and 0.75
g/cm3 CaHA evenly mixed in epoxy resin rods which were
of similar diameter to the scanned bones to minimize beam
hardening error.

In vitro Assays to Analyze the
Osteogenic Differentiation
Murine Cell Culture

Splenocytes and bone marrow cells were isolated from spleen
and bone tissue from mice with different ages. The spleen was
dissected and mashed through a 70µm mesh to isolate the
splenocytes. Erythrocytes were removed by incubation with the
ACK Lysing Buffer (Gibco, Waltham, MA USA). The bone
marrow was isolated by cutting open both end of femora or
tibia and flushing the bone marrow out of the cavity with a
24G needle and PBS, after filtration through a 40µm mesh
strain, red blood cells were removed with the ACK Lysing Buffer
(Gibco, Waltham, MA USA). The splenocytes were activated at
a density of 2 × 106 cells/ml with 10 mg/ml plate bound anti-
CD3 antibody and soluble 2 mg/ml anti-CD28 (BioLegend, San
Diego, CAUSA) in RPMI-1640 medium supplemented with 10%
heat-inactivated FBS. After 48 h the conditioned medium was
collected, pooled, filtered through a 0.22µm hydrophobic filter
(Sartorius) and stored at −80◦C. Murine mesenchymal stromal
cells were obtained via outgrowth culture from bone marrow
cells. The isolated single cells from bone marrow was plated
in 25 cm2 cell culture plates with DMEM low glucose medium
(Biochrom, Berlin, Germany) supplemented with 10% FBS
(Biochrom, Berlin, Germany), 1% GlutaMAX (Gibco, Waltham,
MA USA), and 1% penicillin/streptomycin (Biochrom, Berlin,
Germany). After reaching confluency, the cells were detached
with TrypLE Express Enzyme (Gibco, Waltham, MA USA) and
cultured in passage 1 again in a 25 cm2 culture flask. By passage 2
the cells were transferred gradually with higher passage number
in 75, 150, and 300 cm2 cell culture flasks. Murine mesenchymal
stromal cells (mMSC) were used between passage 5 and 6 for the
experiments. Osteogenic differentiation of mMSC was achieved
by the supplementation with 100 nMDexamethasone, 0.05mM l-
ascorbic acid 2-phosphate, and 10mM β-Glycerolphosphate (33).

Conditioned medium was added at a dilution of one to three
(1:3). Medium was exchanged every 3–4 days. After 14 days the
experiment was stopped and the mineralized extracellular matrix
was stained with Alizarin Red S (Sigma-Aldrich, St. Louis, MO
USA) and quantification was achieved by resolving the stain with
cetylpyridiniumchlorid (Sigma-Aldrich, St. Louis, MO USA).
Optical density (OD) wasmeasured with amultimodemicroplate
reader (Tecan Infinite, Männedorf, Switzerland).

Human Cell Culture

Human mesenchymal stromal cells (hMSC) were isolated from
bone marrow of patients undergoing total hip replacement
(provided by the Center for Musculoskeletal Surgery, Charité
- Universitätsmedizin Berlin and distributed by the “Cell and
Tissue Harvesting” Core Facility of the BCRT). All protocols were
approved by the Charité - Universitätsmedizin Ethics Committee
and performed according to the Helsinki Declaration. Human
MSC were cultivated with DMEM low glucose medium
(Biochrom, Berlin, Germany) supplemented with 10% FBS
(Biochrom, Berlin, Germany), 1% GlutaMAX (Gibco, Waltham,
MA USA), and 1% penicillin/streptomycin (Biochrom, Berlin,
Germany). After three passaging steps, hMSC were characterized
by differentiation assays (osteogenic, adipogenic, chondrogenic).
Only hMSC that were capable of differentiation in all three
lineages were used in the experiment within passage 4–8. Human
peripheral blood mononuclear cells (hPBMC) were isolated from
buffy coats (provided with ethical approval by DRK, Berlin,
Germany) via density gradient centrifugation on Histopaque-
1077 (Sigma-Aldrich, St. Louis, MO USA). The buffy coats were
separated from blood donor volunteers by the Deutsches Rotes
Kreuz (DRK) and fulfilled the criteria of age >30 years old and
cytomegalovirus (CMV) positive. Isolation of naïve T cells was
achieved with the Naïve T Cell Isolation Kit (Miltenyi Biotec,
Bergisch Gladbach, Germany) and CD8+ T cells were isolated
via CD8a microbeads (Miltenyi Biotec, Bergisch Gladbach,
Germany). The hPBMC were activated at a density of 2 × 106

cells/ml with 10 mg/ml plate bound anti-CD3 antibody and
soluble 2 mg/ml anti-CD28 (BioLegend, San Diego, CA USA)
in RPMI-1640 medium supplemented with 10% heat-inactivated
FBS. After 48 h the conditioned medium was collected, pooled,
filtered through a 0.22µm hydrophobic filter (Sartorius) and
stored at −80◦C until further use. Osteogenic differentiation of
hMSC, under the influence of conditionedmedium from hPBMC
was developed likewise to murine MSC.

Enzyme-Linked Immunosorbent
Assay (ELISA)
Conditioned medium from activated murine splenocytes were
harvested as described and processed for enzyme-linked
immunosorbent assay (ELISA). ELISA for TNFα (Mouse
TNFalpha ELISA ReadySet-Go! 10x #88-7324-86, eBioscience),
IFNγ (Mouse IFN gamma ELISA Ready-SET-Go! 10x #88-7314-
86, eBioscience), and IL-10 (Mouse IL-10 ELISA Ready-SET-
Go! #88-7105-86, eBioscience) was performed according to the
manufacturer’s instructions in triplicates and optical density
was measured with a microplate reader Tecan Infinite (Tecan,
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Männedorf, Switzerland). A standard curve was generated with
a four parametric logistic curve fit.

Conditioned medium from activated human PBMC were
harvested as described and processed for quantitative cytokine
detection via ELISA. ELISA for human TNFα (Human TNF
alpha Uncoated ELISA, 88-7346, Invitrogen) and human IFNγ

(Human IFN gamma Uncoated ELISA, 88-7316, Invitrogen)
was performed according to the manufacturer’s instructions in
triplicates and optical density was measured with a microplate
reader Tecan Infinite (Tecan, Männedorf, Switzerland). A
standard curve was generated with a four parametric logistic
curve fit.

Mechano-Therapeutics: in vivo Hind Limb
Loading to Analyze Bone Adaptation and
Homeostasis
The left tibiae of 10 week (young) and 52 week (aged) old
C57Bl/6J mice (N = 6/age) underwent in vivo cyclic compressive
loading, while the right tibia was not loaded and served as an
internal control. The flexed knee and the ankle of the mice
were placed in our loading device (Bose ElectroForce LM1,
TA Instruments, Eden Prairie, MN USA) and axial dynamic
compressive loading was applied 5 days/week for 2 weeks while
the mice were anesthetized with isoflurane (2.5%). Refer toWillie
et al. (34) for further information. Shortly, the loading protocol
consisted of 216 cycles applied at 4Hz, which is the mean
mouse locomotory stride frequency (35) delivering a maximum
force of −7N for the 10 and −9N for the 52 week old mice,
engendering 900 µε at the periosteal surface in the tibia mid-
diaphysis determined by prior in vivo strain gauging studies
(36). This strain level equates to about two to three times the
strains engendered on the medial tibia when mouse ambulates
(37, 38). Mice were sacrificed on day 15, 3 days after the last
loading session.

Humanized PBMC Mouse Model to Assess
the Osteo-Immune Crosstalk
The humanized peripheral blood mononuclear cell (hPBMC)
mouse model is described elsewhere (39–41). Shortly, human
PBMC were isolated from venous blood from volunteers
via density gradient centrifugation with Histopaque-1077
(Sigma-Aldrich, St. Louis, MO USA). Immune phenotype was
characterized with flow cytometry. Cells were incubated with a
fixable live/dead stain (LIVE/DEADTM Fixable Blue Dead Cell
Stain Kit, for UV excitation, InvitrogenTM, Waltham, MA USA)
and subsequently washed with phosphate-buffered saline (PBS),
0.5%BSA, and 0.1%NaN3. Before incubationwith the antibodies,
the fc receptors were blocked with the Fc Receptor Blocking
Solution (Human TruStain fcXTM, BioLegend, San Diego, CA
USA). Surface epitopes were stained with fluorochrome coupled
antibodies for 20min. Stained cells were analyzed on a BD
LSRFortessaTM cell analyzer (BD Biosciences, Franklin Lakes, NJ
USA). For a list of used antibodies and conjugates please refer
to the Supplementary Table 2. Experience level for stratification
was achieved via the CD8+ TEMRA level: 36% [the level was
set corresponding to Reinke et al. (42)] and higher were

classified as experienced and below 20% as naïve donors.
Donor immune phenotype characterization can be found in
the Supplementary Table 3. Ten million freshly isolated and
characterized hPBMCs were transferred at a density of 5 ×

106 cells/ml PBS via tail vein injection 1 day before surgery.
After 3 or 21 days the organs were harvested and analyzed.
An osteotomy was introduced as described in the preceding
paragraph. For the analysis 21 days after surgery the callus region
of the osteotomized femur was defined as a region of 1.4mm
(double the size of the fracture gap to include the complete callus)
around the middle of the fracture gap. The cell transfer has been
confirmed by blood sampling and consecutive flow cytometry
analysis at day 3 and day 21 after osteotomy surgery.

Statistics
Statistical analysis was carried out with SPSS V.22 and GraphPad
Prism V.7 software. All values including animal data are
expressed as boxplot distribution giving interquartile ranges,
a median, and whiskers representing min and max. All data
including in vitro studies are expressed with mean ± SD.
For animal experiments Mann-Whitney U was used as an
unpaired, non-parametric test to compare ranks (no normal
distribution of the data), for in vitro studies an unpaired t-test
with Welch’s correction was employed. Two-tailed and exact p-
value are calculated with a confidence level of 95%. P < 0.05 was
considered as statistically significant and marked with an asterisk
in all graphics. ROUT test was used to exclude outliers (Q= 1%).

RESULTS

Fracture Healing Deteriorates With Age
While it is frequently discussed that bone healing is impaired
in the aged population, it is so far not well-understood how
healing is impaired with increased chronological age apart
from the age-associated decline in bone mass and quality.
It is also recognized that bone fractures tend to heal more
effectively in young patients compared to those in elderly
(Figure 1A). To better understand how bone healing is altered
with chronological age, a clinically relevant mouse osteotomy
model was employed and bone healing was compared in young,
3 month old and elderly, 24 month old mice. Both groups of
mice received a 0.7mm osteotomy in the left femur which was
stabilized by a unilateral external fixator (MouseExFix, RISystem,
Davos, Switzerland). To quantify bone healing outcome, mice
were analyzed at 21 days post-osteotomy using microcomputed
tomography (microCT). 3D structural data analysis revealed a
more mature callus in young mice compared to aged mice. The
newly formed bone (BV) volume slightly decreased and the total
callus volume (TV) showed a trend to be increased, whereas
the ratio of bone to total callus volume decreased significantly
from 48.5(±5.2) to 38.6(±1.0)%.The number of newly formed
trabecular structures (Trabecular number, Tb.N) within the
callus decreased significantly from 4.7(±0.5) to 3.6(±0.6)/mm in
aged animals (Figures 1B,C). Thus, the comparison of young vs.
elderly mice clearly demonstrated a diminished healing capacity
of bone and matches the casual observations made in elderly
patients suffering delays in bone healing.
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FIGURE 1 | Fracture healing among young and old subjects: (A left) X-ray images from a young patient with adequate callus formation after 6 months and (A right)

from an old patient with no signs of healing after 3 months, leading to delayed fracture healing and revision surgery. This x-ray images are representative images from

the clinical routine and depict the need to understand the altered processes within the elderly population. (B) 3D rendered x-ray images from 3 to 24 month old mice,

respectively, at 21 days post-surgery. Bone healing was delayed in 24 month old compared to the 3 month old mice. (C) microCT analysis from the osteotomy gap 21

days post-surgery. Bone volume in total volume (BV/TV) and trabecular number (Tb.N) were diminished in 24 month old fracture callus. TV and BV were not

significantly affected by age, but the ratio of newly formed bone in the callus volume was significantly lowered. N = 6 animals in the 3 months old group and N = 5 in

the 24 months old group, boxplot data distribution with median, Mann-Whitney U-test, *p < 0.05.

Antigen Exposure Over Time Alters the
Immune Cell Composition
Standard preclinical models use in the majority of cases mice
kept under specific pathogen free (SPF) housing conditions—
minimizing the exposure to antigens. SPF housing significantly
demagnifies the intra-individual variabilities through abolishing
the pathogen/antigen exposure. In order to understand the
immune-aging process and the development of an immune
memory with effector and effector memory cells that are apt
to protect the organism from recurrent pathogen exposure,
mice were exposed to non-SPF housing conditions. Comparing
mice held under SPF conditions with mice that were housed
in non-SPF conditions revealed changes within the immune
cell composition that mirror the immune-aging that commonly
occurs to people while they grow old. These two groups
allow one to distinguish between the changes in bone that
occur by chronological aging and those changes that are due
to the immunological aging. For quantification, the immune
composition was characterized by flow cytometry analysis of the
spleen from 3, 12, and 24 month old mice, respectively. Antigen
exposure primarily influenced the memory compartment of the
adaptive immunity over age/time. In both groups, the adaptive
immune cell compartment, consisting primary of CD4+ and
CD8+ T cells, acquired a more experienced memory phenotype
while aging. The naïve cell pool of CD8+ cytotoxic T cells in the

SPF mice diminished over time from 90.7(±1.3) to 77.8(±8.3)%
within 2 years. However, a more drastic change was observed in
the exposed mice: Under non-SPF conditions the memory pool
increased to 95.5(±2.4)% of CD8+ T cells whereas the naïve pool
was almost completely exhausted with a remnant of 3.0(±1.8)%.
Only under non-SPF conditions such nearly complete exhausting
of the naïve T cell pool in aged mice could be observed. Similar
phenotypical changes could be observed in the CD4+ T helper
cell pool (Figure 2A).

The memory and effector pool (CD44+) can be distinguished
by the CD62L marker into central memory (TCM) and effector
memory (TEM) T cells. Both compartments of CD8+ T cells
increase with age, but only under non-SPF conditions the inter-
individual variance of comparentalization could be seen (see
Figure 2B). In the CD4+ T cell pool a similar picture could be
observed compared to CD8+ T cells with less variance between
individual animals. Interestingly, the CD4+ T central memory
pool was constant among age and housing condition groups
(Figure 2B). An increase in memory and effector function of the
adaptive immune system was revealed with age and correlated
with the housing conditions, which defined the antigen exposure
and thus the development of an immune memory.

The classification in T effector/memory (TEM), T central
memory (TCM) and T naïve cells in the CD8+ T cell pool
describes the compartmentalization, but lacks a description
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FIGURE 2 | Adaptive immunity changes level of experience among housing conditions (SPF vs. non-SPF) and aging. (A) Naïve level of CD4+ and CD8+ T cells

diminished and the memory level increased with aging. Exposing the animals to antigens boosts the memory formation significantly. (B) Classification of T cells into

central memory (TCM) and effector memory (TEM) revealed a different picture for CD4+ and CD8+ T cells: CD8+ T cells increased both compartments under

non-SPF conditions, whereas the CD4+ central memory T cells were constant among ages and housing conditions. Keeping mice under SPF conditions oppressed

the effect of memory formation. (C) CD8+ memory T cells differ in the recall efficiency after antigen encounter. Strong responder CD8+ memory T cells were not

affected by non-SPF housing, whereas intermediate responder could only be found under non-SPF conditions (intermediate responder are proven to show fast

proliferation and vast cytokine production). The low responder fraction diminished further under non-SPF conditions compared to SPF housing. N = 6 animals per age

group and housing conditions, (A,B) shows median with interquartile range, (C) shows boxplot distribution with median, Mann Whitney U-test, *p < 0.05.

of the activation phenotype. Memory CD8+ T cells differ in
their capacities to realize a recall response. To quantify the
activation potential of immune cells, the spleen of mice under
SPF or non-SPF conditions was analyzed in the different age
groups. The recall efficiency was classified by surface markers
CXCR3 (CD183), CD27, and CD43. CD8+CD44+ memory T
cells can be divided in 3 groups of low, intermediate and strong
responders. An increase in CXCR3 on the cell surface correlates
with an increased proliferative capacity and an increased IL-2
production. Whereas, the low responder characterized by low
CXCR3 and CD43 marker show low proliferative capacity and
reduced IL-2 production but an increase Granzyme B secretion.
Intermediate responder upregulate the CD43 protein on the cell
surface and are characterized by a very pronounced proliferation
and an elevated secretion of cytokines. The low responder
group of CD8+ memory T cells decreased with age and the
strong responder increased, almost doubling their population
quantity. The increase of strong responder within the memory

CD8+ T cells amplifies the earlier finding of an accumulation
of memory cells over time. Intermediate responders were
almost exclusively found in higher numbers under non-SPF
conditions. Under antigen exposure the low responder immune
cells decreased over time being replaced by intermediate
and strong responder indicating a pronounced inflammatory
reaction (Figure 2C). Thus, the activation phenotype revealed
a higher proliferative and secretory phenotype in mice kept
under non-SPF conditions undergoing an immune-aging
that consecutively lead to an amplified response capacity
upon recall.

Immune-aging (antigen exposure) became further apparent
by an in-depth immune phenotyping of these two mice
groups kept under different (SPF vs. non-SPF) housing
conditions. Strikingly, if mice were kept outside of the SPF
housing, a shift occurred from lymphoid toward myeloid
immune cells and a shift of the ratio of B and T cells toward
T cells (Figure 3A). T cells themselves underwent a shift
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FIGURE 3 | In-depth immune phenotyping showed, that keeping mice under non-SPF conditions significantly changes the immune phenotype with age. (A) A shift

from lymphoid toward myeloid immune cells could be seen in a lowered B and T cell fraction in the spleen, accompanied by a change of the ratio of B and T cells

toward T cells. (B) Dendritic cells increased under non-SPF conditions and a shift toward conventional DCs (cDC) occurred. (C) Natural killer cells (NK cells) and

especially Natural killer T cells (NKT) increased with higher age. (D) Under non-SPF conditions a shift from CD8+ T cells toward CD4+ T cells occurred, being stable

thereafter throughout aging. (E) CD8+ effector memory T cells can further be divided into memory (Tem), memory precursor effector cells (MPEC) and short-lived

effector cells (SLEC). The diversity of effector cells increased with age. (F) CD4+ T regulatory cells (Treg) increased with age. (G) CD8+ T regulatory cells (Treg) are a

rare cell population, but could be found in relevant amounts in 24 months old mice. N = 6 animals per group, boxplot distribution with median, Mann-Whitney U-test,

*p < 0.05.

of the CD4/CD8 ratio toward a more pronounced CD4+
compartment: CD4+ T cells represented ∼70–80% of all CD3+
cells under non-SPF conditions, whereas under SPF conditions
the CD4+ T cell pool represented only around 60% of all
CD3+ cells (Figure 3D). The CD8+ T effector memory pool
(CD8+CD44+CD62L-) can further be divided in T effector
memory, memory precursor (MPEC), and short-lived effector
cells (SLEC) via the markers CD127 and KLRG1. In all three
compartments, the inter-individual variance increased with
age under non-SPF housing (Figure 3E). Within the CD4+ T
cell pool the T regulatory cells (Tregs) are of great interest and
this immune cell compartment underwent significant changes
with age. With 3 month of age 10.2(±1.7)% of CD4+ T cells
were Tregs (FoxP3+CD25high), which further increased to
17.1(±3.1)% at 12 and to 23.8(±4.4)% at 24 months (Figure 3F).
While the proportion of CD8+ Tregs seemed to be stable
in the two younger groups, at 24 months the level of CD8+
Tregs increased (Figure 3G). As professional antigen presenting
cells (APCs) dendritic cells (DCs) are unrivaled in their

capability to activate T cells. We found that specifically the
dendritic cells underwent a shift from splenic CD8+ and CD4+
DCs toward conventional splenic DCs in non-SPF housing
conditions (Figure 3B). Regarding the compartments of
NK and NKT cells, both cell subpopulations showed a
significant increase in the 24-months-aged mice under non-SPF
conditions (Figure 3C).

In summary, antigen exposure appears to be very crucial
for the development of a diversified immune system, especially
impacting the development of a specific memory functionality of
the immune system.

To distinguish between changes within the bone that
occur during chronological aging and those that are caused
by the immune-aging, bones of mice with a more naïve
immune composition (aged within an SPF surrounding)
were compared, using microCT and biomechanical
testing, to bones of mice aged with the possibility to
develop an immune memory (immune-aging within
non-SPF housing).
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The Immune Signature Changes the
Mechanical Competence of Bone
Biomechanical testing of the femora was conducted with
a mechanical testing machine (Bose ElectroForce LM1, TA
Instruments, Eden Prairie, MN USA), and loaded to failure in
torsion to characterize the mechanical competence of bone under
the influence of differently experienced immune phenotypes and
in different age groups. Three groups of six animals each were
analyzed: 3 month old were considered as young mice without
an experienced immune system. Two groups with 12 month
old middle age mice were set as aged groups. One group of
aged mice was housed under SPF and one group under non-
SPF conditions to gain an experience level in the adaptive
immunity. Thus, the two aged groups only differed in their
immune cell composition and thus any changes of themechanical
competence are due to the difference in the immune phenotype.
The stiffness of the femora increased by age from initial 5.4(±0.5)
Nmm/deg at 3 months to 7.0(±0.3) Nmm/deg at 12months. This
change was accredited to the chronological aging. The excessive
increase to 8.4(±0.9) Nmm/deg seen in animals in non-SPF
housing had to be attributed to the more experienced immune
system. Torque at the yield point increased with age and was
significant higher under non-SPF conditions. The failure torque
increased with chronological age, but also showed a further
increase with an experienced immune phenotype (however
lacking statistical significance): Maximal torque at failure at 3
months of age 20.4(±2.6) Nmm increased to 28.3(±5.3) Nmm
at 12 months SPF and 31.2(±6.1) Nmm at 12 months non-
SPF, respectively. The post-yield displacement analysis revealed
a ductile fracture manner in 3 month old mice and changed to a
brittle fracture manner with age and a significant change under
non-SPF housing (Figure 4). An experienced, immune-aged
system, characterized by a higher pro-inflammatory environment
resulted in changed biomechanical competences of the bone.
To further investigate the underlying structural causes of
this difference in mechanical competence, bone structure was
analyzed using microCT analysis.

The Immune Signature Impacts the
Bone Structures
MicroCT analysis was performed on femora of 3 months young
mice and two 12 months old groups with one kept under
SPF housing (called 12 months SPF) and one kept in non-
SPF housing (called 12 months non-SPF) to allow for analyses
of chronological aging vs. immune-aging with an increased
immunological memory. Both of the old groups showed an
aged bone phenotype, additional changes of the bone structure
were found within the old mice with an experienced immune
phenotype (non-SPF).

Cortical Bone Structure

Total area (Tt.Ar) and bone area (Ct.Ar) increased with age,
however both outcome measures were significantly increased
in the 12 months non-SPF group compared to the 12 months
SPF group. The medullary area (Ma.Ar) did not significantly
differ between the groups, leaving the bone marrow canal
mostly unaffected. The ratio of bone area inside the tissue area

FIGURE 4 | Torsional testing of mouse femora with different immune

phenotype. Keeping mouse under non-SPF conditions increased the torsional

stiffness compared to 12 months old SPF mice. Yield torque and maximal

torque increased by age and was further affected by non-SPF housing. The

post-yield displacement (PYD) revelaed a more brittle fracture manner at 12

months under non-SPF compared to 12 months under SPF housing, the 3

month old bone fractured in a more ductile manner. N = 6 per group, boxplot

distribution with median, Mann-Whitney U-test, *p < 0.05.

(Ct.Ar/Tt.Ar) was also only different in the aged experienced
mouse group, showing an increased ratio of Ct.Ar/Tt.Ar.
Strikingly, the total mineral density (TMD) of the cortical bone
increased only by age and was not altered by the immune
experience (Figure 5A). One micrometer resolution scans
revealed a periosteal thickness increase with age, specifically
on the lateral aspect of the cortex (Figure 5B). While in
chronological aging, the cortical thickness increased from initial
149(±7) µm at 3 months to 165(±6) µm at 12 months, it
increased under the influence of an experienced immune system
to 192(±11) µm. Interestingly, this effect was very pronounced
on the lateral cortex and demonstrates the general impact of
altered immune experience on bone structures such as cortical
periosteal perimeter and cortical area.

To judge the mechanical competence of the structure, the
mean polar moment of inertia (MMI-polar) was calculated
to quantify the bone’s capability to resist against rotational
loads. The MMI-polar increased with age, reflecting the bone
phenotype and age associated adaptation of its mechanical
competence like the stiffness of long bones. Surprisingly, this
effect of age associated changes in polar moment of inertia were
further pronounced in a more experienced immune system.
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FIGURE 5 | MicroCT analysis of femoral cortical bone. (A) Mean total area (Tt.Ar) and cortical area (Ct.Ar) increased under non-SPF conditions compared to SPF

conditions. The medullary area (Ma.Ar) and endocortical perimeter (Ec.Pm) are slightly increased, but the periosteal perimeter (Ps.Pm) and cortical thickness (Ct.Th)

are significantly increased, demonstrating growth in lateral directions. The ratio of cortical to total area (Ct.Ar/Tt.Ar) was significantly increased in 12 months old mice

under non-SPF conditions. Therefore, polar moments of inertia (MMI-polar) were significantly higher under non-SPF conditions. The eccentricity (Ecc) was constant

throughout all groups, indicating a constant shape of the cortical femoral bone. Most strikingly the total mineral density (TMD) of the cortical bone was not affected by

the housing condition. (B top) A density map of the cortical bone comparing a 3 months old mouse with a biologically aged 12 months old mouse. (B bottom)

Representative images of the cortical bone of a 3 months old mouse compared to 12 months old mice either under SPF or non-SPF conditions. N = 6 per group,

boxplot distribution with median, Mann-Whitney U-test, *p < 0.05.

Eccentricity (Ecc) is a shape analysis used to define structural
deformation of the scanned bones. This parameter was the
same for all three analyzed groups indicating that the shape of
the cortical bone did not differ among all three groups. The
overall mean eccentricity of 0.686(±0.022) indicates a generally
elongated, more elliptical object but did not differ neither in
chronological nor immunological aged groups (Figure 5A).

Trabecular Bone Structure

Bone volume (BV/TV) and trabecular number (Tb.N) decreased
with age, independent of the immune experience. However, the
trabecular thickness (Tb.Th) was highly effected by the immune
cell composition. The trabeculae of 3 month old mice showed a
mean thickness of 38(±1) µm and 12 month SPF mice showed
an increased thickness to 47(±3) µm, while 12 month non-
SPF mice had an even further increased thickness to 53(±5)
µm. Trabecular separation indicates the distance between bony
structures and revealed that with age the distance increased
reflecting the loss of the number of structures, but the two aged
groups did not differ. The bone mineral density (BMD) is not
affected and the BMD decreases only by age and not by the
immune status (Figures 6A,B).

The femur length only differed by age, but not with exposure
to non-SPF housing conditions. Three months old mice showed
a femur length of 14.54mm± 0.07, the aged 12 months old mice
under SPF conditions showed a femur length of 16.59mm± 0.13
comparable to the non-SPF housed mice with 16.86mm ± 0.27.
The weight increased from roughly 22 g at 3 months of age to 27 g
in both of the 12 months old group of mice.

In summary, the results show clearly an impact of the immune
experience on bone structures but not on bone mineral density.
This is a new and so far not reported link between the immune
system and the bone structural properties, apparently impacting
mechanical competence of bone. The immune experience in
12 month old mice had a significant impact on cortical and
trabecular bone microstructure. An experienced immune system
led to increases in thickness of the trabecular and cortical bone.

So far, our data illustrate the relevant impact of immune
experience on the bone structure. To determine the underlying
mechanism, the influence of the immune cell signaling on the
osteogenic differentiation of mesenchymal stromal cells had
to be investigated. To simulate the immune reaction of an
inexperienced vs. an experienced immune system, conditioned
medium of activated cells from respective donors was used in
osteogenic differentiation assays.

Immune Cells Influence Differentiation and
Proliferation of Stromal Cells
To understand why cortical and trabecular microstructure
was affected by the adaptive immunity, the interdependency
of the immune cells and the bone forming osteoblasts was
investigated using mesenchymal stromal cells as an in vitro
model. To differentiate between the influence of chronological
age and experience of the immune system, immune cells from
3 to 12 month old mice were isolated from the spleen, while
mesenchymal stromal cells were isolated from bone marrow.
Aged mesenchymal stromal cells showed an alleviated ability
to differentiate toward the osteogenic lineage: Intensity of the

Frontiers in Immunology | www.frontiersin.org 10 April 2019 | Volume 10 | Article 797179

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Bucher et al. Immune Experience Impacts Bone Formation

FIGURE 6 | MicroCT analysis of femoral trabecular bone. (A) The ratio of bone volume in total volume (BV/TV) and the number of trabecular structures (Tb.N) were

both lowered with age, the separation (Tb.Sp) thereafter increased with age. The age dependent loss of trabecular bone was not affected by housing conditions, but

the diversity significantly increased under non-SPF conditions. Most strikingly, the trabecular thickness (Tb.Th) not only increased by age but further increased under

non-SPF conditions. The connectivity (Conn.D) was not affected by the housing conditions. As seen in the cortical bone analysis the mineral density (BMD) was only

affected by age but not by housing conditions. (B top) Representative 3D rendered images of trabecular bone comparing a 3 months old mouse with a biologically

aged 12 months old mouse. (B bottom) Representative images of 3D rendered images of trabecular bone of a 3 months old mouse compared to 12 months old mice

either under SPF or non-SPF conditions. N = 6 per group, these are the same samples analyzed for the cortical bone parameters (Figure 5), boxplot distribution with

median, Mann-Whitney U-test, *p < 0.05.

Alizarin red S staining of the extracellular matrix decreased with
age (Figure 7). To represent an immunologically inexperienced
immune setting, splenocytes of 3 month old, young mice
were stimulated and conditioned medium was harvested. The
experienced immune composition was simulated by gaining
conditioned medium from splenocytes of 12 month old,
immunologically experienced mice. The respective conditioned
medium was then added to young or old mesenchymal
stromal cells which underwent osteogenic differentiation. As a
control conditioned medium from non-activated splenocytes,
from both ages was used. Conditioned medium (CM) from
activated immune cells decreased the osteogenic differentiation
of mMSCs in both age groups compared to non-activated CM
and osteogenic medium control (OM). The conditioned medium
was either added to 3 months old mMSCs or to the less
competent 12 months old mMSCs. In both mMSC groups the
conditioned medium gained from the experienced immune cells
decreased the osteogenic differentiation significantly (Figure 7).
Analyses of the conditioned medium with enzyme-linked
immunosorbent assay (ELISA) revealed an increase in pro-
inflammatory cytokines like interferon γ (IFNγ) and tumor
necrosis factor α (TNFα) (Figure 7C). Amazingly, interleukin
10 (IL-10), known to have anti-inflammatory properties,
was also increased (Figure 7C). These results confirmed

that an experienced immune system shows an increased
pro-inflammatory capacity—that is negatively affecting the
osteogenic potential of MSCs. Hence, osteogenic differentiation
of mesenchymal stromal cells is damped under the influence of
an aged immune system.

The influence of the immune composition on osteogenic
processes further confirm that bone formation, mechanical
competence, and structure are dependent on the age/experience
of the immune cells. But how would a perturbation alter the
interplay of immune and bone system, such as in a homeostatic
setting? During bone homeostasis, a key modulator of tissue
formation and resorption is the mechanical loading experienced
by the bone. Bone adapts to the experienced mechanical loads
(43). Is such a mechanically induced bone formation process
also affected by the experience of the immune system? A well-
established limb-loading model was used in young and aged
animals and the changes in the immune cell composition in the
bone marrow of loaded bones were monitored.

In vivo Perturbation: Mechanical Loading
as a Rescue for Immune Experience?
The bone’s capability to adapt itsmass and architecture to changes
in the mechanical loading environment is a remarkable function.
While mechanical loading enhances bone mass in young mice,
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FIGURE 7 | Osteogenic differentiation after 14 days under the influence of

conditioned medium from immune cells. (A) 3 months old mesenchymal

stromal cells (MSC) were compared to 12 months old MSC. The 12 months

old MSC showed a reduced osteogenic differentiation potential compared to 3

months old MSC. Adding conditioned medium from immune cells

(conditioning for 48 h) that were not activated did not affect the osteogenic

differentiation, but adding conditioned medium from activated immune cells

lowered the differentiation potential. The conditioned medium from 12 months

old mice worsened the ability to differentiate into the osteogenic lineage. (B)

Representative images of the calcium deposition stained by Alizarin Red S

comparing 3 and 12 months old MSC under the influence of different

conditioned medium. Twelve months old MSC under the influence of activated

12 months old conditioned medium almost abolished the ability for calcium

deposition. (C) Analysis of the conditioned medium showed an increase of

pro- (IFNγ and TNFα) and anti-inflammatory (IL-10) cytokines from 12 months

old immune cells. N = 6 animals per age, conditioned medium was pooled

and added at a ratio of 1:3 to the osteogenic differentiation medium, assays

were performed in triplicates, mean ± SD, unpaired t-test, *p < 0.05.

FIGURE 8 | In vivo rescue of experience level in the immune system with

mechanical loading. The left tibia of 3 and 12 month old mice underwent daily

(Monday–Friday) in vivo axial compressive cyclic loading for 2 week, thereafter

the bone marrow was flow cytometric analyzed. In 3 month old mice the

mechanical loading of the tibia increased the population of naïve CD8+ T cells

and decreased the effector memory population locally in the bone marrow.

CD4+ Tregs decreased comparably to the effector memory T cells. This more

naïve immune milieu created under mechanical loading is not viable in 12

months old mice. N = 6 animals per age, boxplot distribution with median,

Mann-Whitney U-test, *p < 0.05.

this effect is reduced in aged individuals (36, 44). The question
arose whether this also relates to the immune response involved.
The left tibia of 3 and 12 month old mice underwent daily
(Monday-Friday) in vivo axial compressive cyclic loading for 2
weeks. After 2 weeks, the bone marrow from the loaded and from
the non-loaded contralateral tibia was harvested and analyzed
with flow cytometry. Strikingly, within the loaded tibia of the
young 3 months old mice a more naïve immune phenotype arose
when compared to the contralateral non-loaded bone. In the
bone marrow of the loaded tibia from the 3 months old mice, the
naïve CD8+ T cells increased to 58.7(±3.8)% of all CD8+ T cells
compared to 52.2(±4.1)% in the contralateral non-loaded control
tibia. In addition, the percentage of CD8+ effector/memory T
cells significantly decreased under the influence of loading. This
data suggests that a less inflammatory immune cell composition
supports bone formation in response to loading of young mice
(similar to what we observed in our in vitro experiments). This
more naïve immune cell milieu did not coincide with loading in
the aged, 12 months old mice. CD4+ Tregs, ascribed as potent
anti-inflammatory cells, reacted contrariwise to loading with a
decrease of their proportion within the bone marrow of the
loaded tibia (Figure 8). These findings show that the positive
effect that mechanical loading had in young mice was absent in
the aged animals, and that could indeed be related to differences
in the immune response to the mechanical stimulus.
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FIGURE 9 | Osteogenic differentiation under the influence of immune cell subsets. (A) Naïve T cells compared to CD8+ T cells did not alter the osteogenic

differentiation. Activated CD8+ T cells significantly lowered the calcium deposition. Peripheral blood mononuclear cells (hPBMC) increased the mineralization of the

extracellular matrix compared to the osteogenic medium without immune cells. This is due to a decreased proliferation (B). Conditioned medium from CD8+ T cells

increased proliferation but hindered the osteogenic differentiation of hMSC. (C) Cytokine production of activated CD8+ T cells was strong pro-inflammatory, activated

PBMC mainly produced TNFα but not IFNγ, whereas activated naïve T cells did not produce significant amounts of IFNγ and TNFα. N = 3 immune cell donors, naïve

and CD8+ T cell isolation was performed for each donor, N = 2 hMSC donors, assay was run in triplicates, boxplot distribution with median, mean depicted with a +,

ELISA data shown as mean ± SD, unpaired t-test, *p < 0.05.

To further understand the interdependency of an experienced
immune system and the osteogenic capacity of mesenchymal
stromal cells an in vitro “rescue experiment” was performed by
analyzing specific cellular subsets in view of their effect on the
osteogenic capacity. For this experiment the mouse model where
age and immune experience were distinguishable was changed to
human cells to model the patient situation more closely in vitro.

Naïve and Experienced Human Immune
Cell Subsets Differently Affect Osteogenic
Differentiation and Proliferation
To further elucidate the interrelation between bone structure
and immune experience we selected a more clinically relevant
situation by isolating naïve and experienced immune cells
directly from human peripheral blood. Distinctly different
immune subsets were tested for their influence on the
differentiation capacity of human mesenchymal stromal cells
(MSC). From density gradient isolated human peripheral blood
mononuclear cells (hPBMC) either CD8+ T cells or naïve
T cells were isolated and stimulated in vitro with CD3 and
CD28. Mesenchymal stromal cells were isolated from bone
marrow aspirates from patients undergoing hip surgery with
written consent. The osteogenic differentiation outcome was
calculated per 2000 cells to account for difference between
proliferation and differentiation. Our data clearly showed that
conditioned medium from naïve T cells did not dampen
the osteogenic differentiation ability of MSC, whereas the
conditioned medium from CD8+ T cells almost abolished the
osteogenic differentiation (Figure 9A). Interestingly conditioned
medium from activated CD8+ T cells induced proliferation

in MSC. In contrast the conditioned medium from whole
hPBMC hindered proliferation while supporting osteogenic
differentiation (Figure 9B). Apparently, signaling patterns from
specific immune cell subsets play an important role in
distinguishing whether cell proliferation or differentiation is
supported and activated. Thus, immune cells appear essential in
guiding tissue formation—such as bone formation—and thereby
impact the resulting tissue structure. Quantitative cytokine
detection revealed an inert cytokine pattern in activated naïve
T cells compared to activated CD8+ T cells, which produced a
high concentration of IFNγ and TNFα. PBMC already produced
a faint milieu of TNFα functionally inhibiting the proliferation
of MSCs and therefore promoting the differentiation process as
described within other studies (45) (Figure 9C).

Determining that the immune cell composition influences the
osteogenic potential from mesenchymal stromal cells indicates
that the immune signature will also influence the bone healing
capacity. Thus, the initial observation that aged patients show a
reduced healing capacity (confirmed in a mouse model with an
experienced non-SPF immune cell composition) could be related
to an experienced immune signature. To further investigate this
hypothesis, bone healing was analyzed in a mouse model with a
humanized immune system that was either more naive or already
more experienced.

In vivo: Bone Regeneration Benefits From
a Naïve Immune Milieu
To monitor the behavior of different immune phenotypes
on the in vivo bone regeneration, a humanized peripheral
blood mononuclear cell (hPBMC) mouse model was used: the
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humanized PBMC NOD scid gamma (NSG) mice. NOD.Cg-
Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice lack the ability to activate
their own immune system and some immune subsets are even
completely missing. Human PBMC from different donors were
analyzed toward the immune phenotype and an experience
level for stratification was achieved via the CD8+ TEMRA

level. CD8+ TEMRA cells are known from earlier studies to be
predictive for delayed bone healing as published by Reinke et al.
(42). Donors with a CD8+ TEMRA level above 30% of total
CD8+ T cells were considered as immunologically experienced.
NSG mice received intravenously either naïve or experienced
hPBMCs from stratified donors and consecutively underwent
surgery to introduce a 0.7mm osteotomy gap stabilized with
a unilateral external fixator (MouseExFix, RISystem, Davos,
Switzerland). Healing outcome was assessed 21 days post-surgery
with microCT. Three groups were analyzed: one group did not
receive human immune cells (control), one group received naïve
hPBMCs and one group received experienced hPBMCs. The
transfection efficacy and accumulation of the human immune
cells inside the tissue was verified after 3 and 21 days with
flow cytometry (Figures 10A,B). The callus 21 days post-surgery
showed an increased bone volume fracture (BV/TV) under the
influence of naïve hPBMCs compared to the control as well as
compared to experienced hPBMC. The bone volume fraction for
the group receiving experienced hPBMC did not differ to the
control. Quantifying the bone mineral density (BMD) revealed a
benefit of immune cells on newly formed bone with an increased
mineral density even with experienced immune cells compared
to the control. Remarkably, the group with naïve hPBMC
showed the highest density of mineralization among all groups.
Under the influence of injected hPBMCs newly formed bone
revealed a decrease in trabecular numbers while the thickness
of those structures significantly increased. The naïve hPBMCs
significantly increased the deposition of mineral tissue showing
the positive effect of a young/ naïve immune system on the bone
healing process (Figure 10C). These findings show that bone
regeneration benefits from a more naïve immune system.

DISCUSSION

Changes within the skeletal system upon aging have been
widely acknowledged. This study showed for the first time that
not only the chronological age but also the immunological
age substantially impacts bone mass and microstructure and
should be considered in assessing patient‘s risk factors and
healing potential (42). The immunological age is mostly
determined by changes in the adaptive immune system. With
increasing antigen exposure, the effector and effector memory
pool within the adaptive immunity of an individual increases,
while simultaneously the naïve lymphocyte pool diminishes.
This process of immune-aging is greatly influenced by time
but not per se comparable among individuals, specifically
if they have seen different immune challenges. This is also
mirrored in our data where the immune composition of exposed
mice show an increasing standard deviation in the CD8+
T central and effector memory cell population after 2 years

FIGURE 10 | Fracture healing outcome of humanized PBMC mice. (A)

Representative image of a 21 days old fracture gap. (B) Human immune cells

settled to spleen and bone marrow in significant levels after transfer. (C)

Healing under the influence of either experienced or more naïve peripheral

blood mononuclear cells (hPBMC) showed a beneficial effect of a more naïve

immune phenotype. The bone volume in total volume (BV/TV) was significantly

increased under the influence of more naïve hPBMC compared to the control

without hPBMC and more experienced hPBMC. The bone mineral density

(BMD) and trabecular thickness (Tb.Th) stood to benefit from immune cells.

The more naïve hPBMC further increased the mineral density within the

fracture gap compared to more experienced hPBMC. The number of newly

formed trabecular structures (Tb.N) seemed to decrease under the influence of

more experienced hPBMC. N = 6 animals in the naïve hPBMC group, N = 8

each in control and experienced hPBMC group, boxplot distribution with

median, Mann-Whitney U-test, *p < 0.05.

of environmental exposure (in a still relatively standardized
environment of animal housing). The direction of the immune
aging process is comparable among people, however, the pace
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with which it proceeds differs due to the living environment and
personal habits.

As a first example to illustrate the relevance of the immune
experience, we focused on the common assumption that bone
healing in the elderly is impaired (46), albeit most studies
do not properly document reasons for lack of healing in the
aged population (47). There is a paucity of supportive data
within the scientific literature on the immune experience or
its effect on various biological processes (mainly due to a
lack of proper documentation in preclinical studies). Only
recently have questionnaires such as the ARRIVE guidelines
for preclinical studies included questions related to housing
and husbandry that allow one to determine the immunological
age of an animal. To analyze the effect of the immune
experience on bone homeostasis and healing, immune aging had
to be characterized within a mouse model. By dividing mice
into two groups and keeping those under specific pathogen
free conditions and antigen exposed conditions, respectively,
during aging it became possible to distinguish between skeletal
changes caused by chronological aging vs. changes that were
dependent on the immunological age/state of the animals
(biological aging).

Analyzing immune-aging in mice showed an increase in
memory and effector function with age. The exposure to
antigens in non-SPF housings led to an amplified age-associated
phenotype of the immune system, reflecting the changes seen in
humans (23). One-year-old non-SPF housed mice appeared to be
able to reflect roughly a 40–50 years old human while 2-year-
old non-SPF mice reflected humans of around 50–60 years of
age. Using such approach, a mouse model was established that
allowed the analysis of immune-aging on the bone.

For the analysis of the impact of the immune experience
within the study a model was chosen that enabled the
investigation of mice of the same age but with a differently
developed adaptive immune system due to a difference in
housing (SPF vs. non-SPF). While the animals were held as
similar as possible in order to determine the immune experience
as the source of the changes detected in the bone, additional
influences could have had an impact. The influences of the
changed immune composition could lead to a change in other cell
compartments (e.g., the more pro-inflammatory signaling could
induce higher M1 macrophage percentages), epigenetic changes
could also occur which were not considered within this study.
Also, the microbiota is a potent modulator of the immune system
and vice versa, an influence that would offer future research
opportunities (9, 48, 49). To overcome this possible bias the
humanized PBMC mouse model was applied within this study—
these mice were identical up to the day before osteotomy when
they received the human immune cells and were kept under
identical conditions thereafter for the observation time of 21
days—a time period where the above mentioned changes would
not occur in a meaningful way.

It is well-known that biomechanical properties of bone,
specifically the energy to mechanical failure decreases with
age (50). While our data confirmed the age related changes
in biomechanical properties this is the first study to depict
that some of these changes are intensified by the immune

experience level. This loss in mechanical properties is usually
associated with age-related bone microstructural changes in
both the cortical and trabecular compartments (51–53) So far,
a link between age-related bone loss and adaptive immunity,
specifically the experience of the immune system had not been
investigated (50–54).

On the other hand, cellular senescence occurring in elderly
individuals is a major hallmark of age associated processes
representing various types of stress that cause distinct cellular
alterations, including major changes in gene expression and
metabolism, eventually leading to the development of a
pro-inflammatory secretome (55). In accordance with the
literature the monocyte-macrophage-osteoclast lineage and
the mesenchymal stem cell-osteoblast lineage are affected by
increasing age, which is associated with higher baseline levels
of inflammatory mediators, and therefore a significant reduction
in osteogenic capabilities can be observed (56). This inflamm-
aging affects different signaling pathways, gene expression,
cellular events like proliferation and differentiation, chemotaxis
of precursor cells, expression of growth regulatory factors and
the production of bone structural proteins. All these affected
processes represent the complex orchestration of interdependent
biological events that occur during fracture repair (57).

For the first time, our study clearly illustrates the influence of
the experienced immune phenotype on changes in bone mass,
microstructure, and mechanical properties that go beyond those
attributed to chronological aging. Keeping mice under non-
SPF conditions lead to increased cortical thickness. The stiffness
and maximal force at failure increased with age due to an
increased mineralization density. However, the cortical thickness
changed in conjunction with the altered immune composition.
The experienced immune signature led to an altered and a more
stiff bone structure and a more brittle fracture. Such brittleness
increases the risk of fracture upon low-impact loads or injuries—
a phenomenon frequently seen in aged patients (58). For the
first time, the reduced bone structure and phenotype of an aged
bone found in elderly patients can be seen to be even worsened
by an immune-aged or inflamm-aged setting. The strong link
between immune experience and structural properties makes
an immune diagnostic approach to stratify patients according
to their immune status a relevant perspective, so far widely
ignored in bone treatment and research. Studies from Zhao et al.
using a bioinformatics approach revealed likewise significant
changes in the inflammatory response during fracture healing
upon aging. The inflammatory response was shown to be
enriched in the elderly compared to the younger population. In
addition changes in the Wnt signaling pathway, vascularization-
associated processes, and synaptic-related functions may account
for delayed fracture healing in the elderly (59).

The interdependency of the immune and bone compartment
has been investigated from different perspectives. Concerning the
interplay of osteoclasts and immune cells the pro-inflammatory
cytokines TNFα and IFNγ which were analyzed within this
study as cytokines delaying the healing/ osteogenesis have
been discussed as promoting osteoclastogenesis (60). Bone loss
in postmenopausal osteoporosis has been addressed by anti-
TNFα treatments (61). This indicates the elevated TNFα levels
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could be causative for the postmenopausal bone loss. So far,
the immune experience and the higher TNFα levels going
hand in hand with higher levels of effector memory T cells
has however not yet been considered. That the more pro-
inflammatory state of the experienced immune system with high
numbers of TNFα producing effector memory T cells could be
responsible for reduced bone formation or even bone loss is
also mirrored in previous studies where activated T cells have
been correlated to bone loss in conditions of inflammation and
autoimmune disorders (62, 63), osteoporosis models (64, 65), or
even periodontitis and cancer (66–68).

So far, the age-related alteration in mechano-response was
solely explained by the mechanical signal losing its specificity
to activate osteoblasts or inhibit osteoclasts (69). The here
presented data suggest a reprograming of immunity toward a
more naïve phenotype and thus a potential rescue mode in
young animals. Interestingly, the rescue was only significant in
young individuals but showed similar trends in the older animals,
suggesting the immune system may play a role in the bones
reduced mechano-response with age. The impact of mechanical
loading on adaptive immunity illustrates the immune-structure
relationship, and thus identifies a re-gain in ones naïve immunity
as an additional route that could be exploited therapeutically
in the future. In a clinical study moderate intensity exercise in
adult subjects revealed a decrease of osteoclastogenic cytokines,
showing that biomechanical loading could represent a potential
immune modulator (70).

How is bone healing impacted by the immune status? Upon
a bone fracture, a cascade of sterile inflammatory reactions
are initiated which determine a successful, delayed or failed
bone healing (12, 19, 71–73). Earlier studies have shown that a
prolonged pro-inflammatory response delays the healing process.
Such a prolonged pro-inflammatory cascade could be further
enhanced by the here reported immune-aged or inflamm-
aged status resulting in a more severe delay of healing. The
reported data in the present study demonstrates clearly that
a naïve immune system leads to an effective healing while an
experienced immunity significantly delays bone formation, as
demonstrated by the humanized PBMC mouse models. Again,
patient stratification early on would allow for the identification
of patients at risk of delayed healing due to an immune-
aged status. Preemptive measures could be initiated in these
patients to compensate for their healing deficit. A biomarker
study is currently ongoing to threshold patients by the level
of CD8+ TEMRA cells for a high risk of delayed bone healing
(42). As a potential measure to reprogram immunity toward a
more naïve phenotype, a mechanical limb loading stimulation
such as those experienced in physical exercise was presented.
Although a “rescue” toward a more naïve phenotype could
clearly be found in young (leading also to an enhanced bone
homeostasis) the effect was substantially reduced in a more
aged mouse model. Thus, the effect of mechano-therapeutics
as measures to reprogram the immune system may alone not
be completely sufficient yet. Further in depth understanding of

FIGURE 11 | The immune system impacts bone formation.

Frontiers in Immunology | www.frontiersin.org 16 April 2019 | Volume 10 | Article 797185

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Bucher et al. Immune Experience Impacts Bone Formation

the processes of re-programming the immune compartment,
specifically in inflamm-aged situations seems to be important to
further elucidate the therapeutic potential of mechanical loading
in the senescent skeleton.

CONCLUSION

In conclusion, our data presented here clearly shows for the
first time a distinct link of the immune system to the structural
properties of bone as those involved in bone homeostasis,
regeneration and adaptation. The experience of the immune
system directly impacts bone formation capability and thereby
affects structural properties of trabecular and cortical bone as well
as overall mechanical competence (Figure 11).
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In the last years, mesenchymal stem cell (MSC)-based therapies have become an

interesting therapeutic opportunity for the treatment of rheumatoid arthritis (RA) due to

their capacity to potently modulate the immune response. RA is a chronic autoimmune

inflammatory disorder with an incompletely understood etiology. However, it has been

well described that peripheral tolerance defects and the subsequent abnormal infiltration

and activation of diverse immune cells into the synovial membrane, are critical for RA

development and progression. Moreover, the imbalance between the immune response

of pro-inflammatory and anti-inflammatory cells, in particular between memory Th17 and

memory regulatory T cells (Treg), respectively, is well admitted to be associated to RA

immunopathogenesis. In this context, MSCs, which are able to alter the frequency and

function of memory lymphocytes including Th17, follicular helper T (Tfh) cells and gamma

delta (γδ) T cells while promoting Treg cell generation, have been proposed as a candidate

of choice for RA cell therapy. Indeed, given the plasticity of memory CD4+ T cells, it

is reasonable to think that MSCs will restore the balance between pro-inflammatory

and anti-inflammatory memory T cells populations deregulated in RA leading to prompt

their therapeutic function. In the present review, we will discuss the role of memory T

cells implicated in RA pathogenesis and the beneficial effects exerted by MSCs on the

phenotype and functions of these immune cells abnormally regulated in RA and how this

regulation could impact RA progression.

Keywords: mesenchymal stem cells, rheumatoid arthritis, T cell, plasticity, immunomodulatory

INTRODUCTION

Mesenchymal stem cells (MSCs) are multipotent stem cells able to exert immunosuppressive
functions on both the innate and the adaptive immune cells (1). They have been isolated from
almost all mesodermal tissues including bone marrow, adipose tissue, umbilical cord blood,
umbilical cord, placenta, menstrual fluid, and dental pulp (2–5). The International Society for
Cellular Therapy (ISCT) has defined minimal criteria for characterizing MSCs that include a
fibroblastic-like morphology, the expression of mesodermal markers such as CD90, CD105, and
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CD73, the lack of hematopoietic marker expression such
as CD45, CD34, CD14, and the capacity to differentiate
into adipocytes, chondrocytes and osteoblasts (6). MSCs have
been reported as an interesting therapeutic cell candidate
for the treatment of autoimmune diseases such as RA, due
to their capacity to attenuate the exacerbated pathogenic
immune response observed in these patients (7). However,
given the complexity of RA disease as well as the mechanisms
involved in MSC immunosuppressive functions, it is mandatory
to decipher the mechanism by which MSC mediated their
immunosuppressive potential on the immune cell subsets
associated to RA to improve MSC-based therapy. In this context,
one of themain target forMSCs-based therapy are the pathogenic
memory T cells due to their critical role in autoimmune
disease progression including RA (8). Currently there is no
article focusing in discussing the importance of targeting-
memory T cells with MSCs-based therapy for autoimmune
disease treatment.

Therefore, in this review, we will focus on the effect of MSCs
on memory CD4+ T cells subsets and we will discuss about the
advantage that this knowledge could render to improve their
immunosuppressive properties in order to develop novel MSCs-
based therapy for RA treatment. During the development of this
review, we will discuss about the role of memory T cells in the
evolution of autoimmune disease focusing on RA and we will
infer studies between MSCs and their impact in memory T cells
and how the regulation of this populations could be a key player
on RA improvement.

MSC-BASED THERAPY FOR
AUTOIMMUNE DISEASE TREATMENT

MSCs have been largely propose as a therapeutic tool for
autoimmune disease treatment due to their potent suppressive
activity to inhibit proinflammatory cells from both the innate
and adaptive immune system. Indeed, it has been reported that
MSCs are able to modulate the differentiation and function
of myeloid cells toward immunosuppressive phenotypes. These
cells includes monocytes (9, 10), dendritic cells (DCs) (11, 12),
macrophages (13), myeloid-derived suppressor cells (MDSCs)
(14), and neutrophils (15). Furthermore, MSCs inhibits the
proliferation of T cells (16, 17) and B cells (18), as well as their
functions. The mechanisms involved in this immunomodulation
include cell-cell contacts and the production of soluble factors
(19). Besides, MSCs are able to migrate to inflammatory sites
in order to interact and modulate proinflammatory immune
cells in the site of inflammation (20). For all this reasons,
we can currently count a totally of 707 MSC-related clinical
trials registered on the NIH Clinical Trial Database (https://
clinicaltrials.gov/). These clinical trials mainly tend to evaluate
the therapeutic efficacy and safety of MSCs from different
sources. Moreover, until December 2018 exists several clinical
trials targeting autoimmune disease treatment such as Multiple
Sclerosis (MS) (n = 29), Crohn’s Disease (n = 7), systemic lupus
erythematous (SLE) (n = 12), and RA (n = 14). In general,
the short-term and long term use of MSCs based therapy give

positive effects with no report of serious adverse events besides
some immediate type I hypersensitivity (pruritis, rash, fever) in
<15% of patients (21). For example, Riordan et al. evaluated the
safety and efficacy of the intravenous administration of umbilical
cord-derivedMSCs (UC-MSCs) for the treatment 20MS patients
(22). MS is an inflammatory disorder of the brain and spinal
cord in which focal lymphocytic infiltration leads to damage of
myelin and axon (23). The authors demonstrated that after 1
year, MRI scans of the brain and the cervical spinal cord showed
inactive lesions in 83.3% of the subjects followed (22). In another
study, an allogeneic adipose-derived stem cells (ASCs) was used
in a phase I/IIa clinical study for Crohn’s disease treatment (24).
Crohn’s disease is a systemic inflammatory chronic disorder that
affect the digestive tract (25). ASCs based treatment showed
that 69.2% of all the patients had a reduction of the number of
draining fistulas after 24 weeks post-injection compared to the
placebo group. Moreover, this study demonstrated that eASCs
infusion was safe and a beneficial therapy to treat perianal fistula
of Crohn’s disease patients (24). Finally optimistic results have
been obtained for SLE treatment using MSCs (26). SLE is a
multisystem autoimmune disease characterized by inflammation
of multiple organs owing to in part by loss of tolerance to
self-antigens and the production of autoantibodies (27). Wang
et al. demonstrated that after 12 months using two intravenous
infusions of UC-MSCs in 40 patients with refractory SLE a well-
tolerated safety profile with 32.5% (13/40) of patients achieving
a major clinical response and a significant decrease in disease-
activity (26).

However, despite these results there are still a lot of
controversy regarding the positive effects of MSCs based therapy
since their effect strongly depends on the etiology of the disease
and the degree of inflammation. Thus, it is very important
to understand the interaction between MSCs and pathogenic
immune cells such as memory T cells since they are main
players in the generation, pathogenesis, and progression of
autoimmune disease.

MEMORY T CELLS: KEY PLAYER IN THE
PATHOGENESIS OF
AUTOIMMUNE DISEASE

After infection or immunization, naive T cells undergo a clonal
expansion leading to a high frequency of antigen-specific T
cells with a rapid effector function. Naïve CD4+ T cells can
differentiate into multiple effector T helper (Th) cell subsets such
as Th1, Th2, Th17, and T follicular helper (Tfh) cells among
others, while naïve CD8+ T cells differentiate into cytotoxic
T lymphocytes (CTLs) (28). Once the initial response of the
adaptive immune system against an antigen ends, the organism
must return to the homeostasis through the contraction of
effector T cells. During this period the small amount of cells
that survive will eventually become part of the immunological
memory: immune cells that are able to respond rapidly to
a second round of a specific antigen previously encountered
(29). The generation and persistence of memory T cells is
an important feature of the adaptive immune system acquired
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following antigen exposure that provides lifelong protection
against infections (30).

Memory T cells are an heterogeneous population of
cells classically distinguished by the expression of the
CD45RO isoform and by the absence of the CD45RA
(CD45RO+CD45RA−) (31, 32). Lately, in human, specific
subsets of memory CD4+ and CD8+ T cells in peripheral
blood mononuclear cells (PBMCs) were identified through the
expression of CC-chemokine receptor 7 (CCR7), a chemokine
receptor that controls the homing to secondary lymphoid
organs (33). CCR7 negative memory T cells were found to
produce more effector cytokines, compared to the CCR7 positive
subset (34). Based on this finding, two subsets of memory T
cells were identified: CCR7+ central memory T cells (TCM)
and CCR7− effector memory T cells (TEM) (33). Several
studies have been carried out to characterize the memory cells
present in PBMC using an extensive panel of markers. The
CD44hi, CD45ROhi, CD45RAlow, CD127hi, CD62LhiCCR7hi

TCM cells are generated and reside in secondary lymphoid
tissues in the absence of antigen while CD44hi, CD45ROhi,
CD45RAlow, CD127hi, L-selectinlow CCR7low TEM cells, are
generated in secondary lymphoid tissues and recirculate
between blood and non-lymphoid tissues in the absence of
antigen (33).

As mentioned before, the long-lived memory T cells in
the presence of secondary antigen exposure expand and
develop a more robust and stronger response. In the case
of autoimmune diseases memory T cells might become
harmful against self-antigens since these memory cells
exhibit a potent pathogenic response against self-tissues.
Moreover, due to their longevity, they are very difficult
to eliminate thus the development of novel therapies
directed against these cells are of main importance to
control autoimmunity.

In this context, the role of memory T cells in autoimmune
diseases has been studied. MS patients have an elevated numbers
of memory T cells (35–37), particularly of the TEM subsets (38,
39). Recently it has been reported that memory CD4+ CCR9+

T cells are altered in MS patients and they could be mediate
the development of secondary progressive MS progression (40).
Also, it has been reported that memory T cells subpopulation
are increased in active Crohn’s disease patients (41, 42). Indeed,
peripheral blood and intestinal mucosa memory T cells from
active Crohn’s disease patient have an increased intracellular
production of TNFα and correlate with the score of the disease
(CDAI). In addition, this peripheral blood memory T cells-
producing TNFα have an increased migratory profile to extra
nodal lymphoid tissues such as the intestinal mucosa (43).
Furthermore, there is evidence suggesting an augmentation of
CD4+ TEM cells population in SLE pathogenesis (44). Also,
the PD1+ICOS+TCM, and PD1+ICOS+TEM subpopulation are
increased in SLE patients and TEM positively cells correlated
with the severity of the disease (45). Likewise, it has been
observed an enrichment of CD4+ TEM-cell associated genes
within SLE loci, Crohn’s loci and RA loci (46). All this
evidence point memory T cell subsets as major contributors of
autoimmune pathogenicity.

Role of Memory T Cells in the Development
and Progression of RA
RA is an autoimmune disease characterized by the high
production of auto-antibodies affecting a wide variety of auto-
antigens. Among them, the rheumatoid factor (RF) and anti-
citrullinated protein antibodies (ACPAs) have been the most
described (47). RA immunopathogenesis is characterized by
deficiencies in the immune response with predominance of pro-
inflammatory cells and an alteration of the peripheral immune
tolerance which involves in particular CD4+ T cells (48, 49).
CD4+ T cells of RA patients undergo a premature transition
from a naïve to a memory phenotype. The resulting memory
CD4+ T cells are hyper-proliferative because of failures in
the cell cycle checkpoint which promote their differentiation
toward Th1 and Th17 pathogenic T cells (50). This was
confirmed in studies demonstrating that RA patients have large
numbers of memory CD4T cells that infiltrate the inflamed
synovial membrane (51–55). Moreover, the increased frequency
of TEM cell subset was observed in the synovial fluid from
RA patients (55). While TEM cells have a short lifetime they
possess a potent effector function with a high capacity to secrete
pro-inflammatory cytokines allowing them to respond faster
to antigens present in the synovial fluid (34). All together,
these studies suggest the presence of highly activated and
differentiated memory CD4+ T cells with a high capacity
to produce pro-inflammatory cytokines in synovial fluid of
RA patients.

Conventional Therapy for RA Treatment
A large variety of drugs aiming at reducing the symptoms
and gradual progression of the disease are currently available.
Among them, synthetic disease-modifying anti-rheumatic drugs
(sDMARDs) including methotrexate (MTX), leflunomide,
sulfasalazine, and hydroxychloroquine, biologic response
modifiers referred as biologics (bDMARDs) and corticosteroids.
All these treatments target inflammation and are aimed at
improving both the quality of life and prognosis of RA patients
(56) through the prevention of structural damage (erosive
disease) and control of extra-articular symptoms. Since, RA
pathogenesis is associated to alterations of immune cell functions
and cytokine secretion produced in part by pro-inflammatory
CD4+ T memory responder cells, a wide variety of bDMARDs
have been proposed to target the latter cells. For instance, the
first bDMARD tested was aimed at reducing the production
of tumor necrosis factor alpha (TNF-α) (Infliximab), a pro-
inflammatory cytokine highly produced by memory T cells of
RA patients (57). Since then, other TNF-targeting agents such
as etanercept, adalimumab, certolizumab, and golimumab as
well as other biological agents such as anti-IL6 (tocilizumab),
anti-CTLA4 (abatacept), and anti-CD20 (Rituximab) were
developed (56). However, the treatment of some RA patients
with TNF inhibitors did not significantly reduce the frequency
of pathogenic Th17 cells revealing that a high range of patients
do not respond to this treatment (57). Later, an anti-interleukin
17 (IL-17) antibody (secukinumab) and anti-IL-17RA antibody
brodalumab (AMG827) were developed and evaluated in
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clinical trials including RA patients with an inadequate response
to methotrexate. The phase II clinical study on RA patients
demonstrated that the administration of brodalumab did not
improve RA progression as revealed by the minimal response
criteria set designed by the American College of Rheumatology
(ACR) (58). Similar results were observed after secukinumab
administration in a phase Ib clinical study that included
moderate to severe RA patients (59). Indeed, the administration
of these drugs did not reduce the frequency of memory Th17
cells. Interestingly, patients with RA treated with TNF inhibitors,
possess pathogenic Th17 cells with a deleterious phenotype
because of the high production of granulocyte-macrophage
colony-stimulating factor (GM-CSF) (57). Indeed, GM-CSF is
indispensable for the differentiation of inflammatory dendritic
cells (infDCs) inducing the activation of memory CD4+ T cells
producing IL-17 (60, 61). Thus, a monoclonal antibody against
GM-CSF has been developed and described to be effective
in clinical trial for RA treatment (62). However, despite this
promising result, the use of the anti-GM-CSF antibody has not
yet been approved (62).

Inhibitors of the Janus kinases (JAKs), such as Tofacitinib and
Baricitinib, have also been developed for RA treatment (63, 64).
These inhibitors block the activation of signal transducer and
activator of transcription (STATs) signaling pathways, which
drive the signature of many cytokines including interleukin-7
(IL-7) and interleukin-15 (IL-15) that are important for memory
T cells proliferation and survival (64–66). Another approach
was the development of drugs that mimic mechanisms naturally
produced by our own immune system. For example, Abatacept
is a soluble recombinant human fusion protein comprising the
extracellular domain of human cytotoxic T-Lymphocyte Antigen
4 (CTLA-4). This protein binds to CD80 and CD86 receptors on
the antigen-presenting cells (APCs) and blocks the interaction
with T cells through the co-stimulatory molecule CD28 (67).
Clinical trials have shown promising results using Abatacept for
RA treatment (68). However, a subset of tissue-infiltrating CD4+

T cells from a group of RA patients have been shown to lose the
expression of CD28 while starting to express memory markers
(54, 69). These latter cells exhibit a high capacity to produce
pro-inflammatory cytokines such as interferon-gamma (IFNγ)
and TNFα and cytotoxic activity (69–73). Remarkably, the effect
of bDMARD administration on memory T cell population has
never been addressed.

Although a significant progress has been made with the
current state of the art RA treatment for obtaining long-
term remission-induction, still between 20 and 30% of patients
with moderate-to-severe RA do not positively respond to
mono or combinations therapy (plus Methotrexate) with these
agents (74) thus the development of novel therapies targeting
pathogenic memory T cells seems to be ideal to improve
RA progression.

MSC-Based Therapy for RA Treatment
Despite the fact that MSCs based therapy for RA treatment is
one of the main autoimmune disease model use to study the
mechanism underlying the therapeutic effect ofMSCs, nowadays,
RA MSCs-based clinical trials has been the least studied within

the autoimmune diseases. In this context, exist 14 MSC-based
therapy clinical trials for RA. Upon them, it has been reported
that the intravenous infusion of allogeneic bone marrow and
umbilical cord-derived MSC in a small group of refractory RA
patients resistant to the anti-TNF monoclonal antibody therapy,
led to a reduced erythrocyte sedimentation rate, improvement
on DAS28 clinical score and diminished on the serum anti-
cyclic citrullinated peptide (anti-CCP) antibody level, indicating
the efficacy of MSC treatment. However, the observed clinical
improvement was only partial and temporary because of the short
term follow-up (75). In another study, using allogeneic UC-MSCs
for RA treatment, the safety and effectiveness was demonstrated
in a larger number of patients (76). In this study, MSCs and
DMARDs were co-administrated intravenously in 172 patients
with active RA inducing a significant increase in the percentage
of regulatory CD4+ T cells (Treg) in the blood together with a
significant clinical improvement for up to 6 months. Moreover,
repeated infusion of MSCs after this period allowed an increased
therapeutic efficacy of the cells (76). More recently, in a phase
Ib/IIa clinical trial, the intravenous administration of allogeneic
expanded adipose-derived stem cells (ASCs) in a study that
included 53 patients with a placebo group was shown to be safe
and well tolerated in refractory RA patients (77).

Unfortunately at today there is no report that shows an
immune-monitoring of RA patients after MSCs infusion that
could allow us to compare the immune profile of RA patients
treated or not with MSCs with their clinical score before and
after MSCs infusion. Indeed, it is mandatory to deepen on how
MSCs affect the proinflammatory cells that are deregulated in
these patients in particular pathogenic memory T cells. This
information will surely help us to understand the mechanism by
which MSCs exert their therapeutic function that will allows us
to improve MSCs-based therapy.

IMMUNOMODULATORY ROLE OF MSCs
ON MEMORY T CELLS: FOCUS ON RA

Despite the significant advances that have been made in the
generation of novel therapies against RA, there are still a lot
of patients that do not respond to any treatments. Hence it is
reasonable to think that the resistance of pathogenic memory T
cells could be the main contributor to the absence of a beneficial
effect of these immunomodulatory therapies (78, 79). Therefore,
it is mandatory for the successfully development of RA therapies
to target these specific T cells subsets. In this context, the effect
of MSCs on memory T cells have been investigated. For example,
Pianta et al. demonstrated that the conditioned medium derived
from the mesenchymal layer of the human amniotic membrane
(CM-hAMSC) strongly inhibits central memory (CD45RO+

CD62L+) as well as effector memory (CD45RO+ CD62L−) T cell
subsets, although the later ones to a lower extent (80). Also, using
Peripheral Blood Mononuclear Cells (PBMC) activated with
phytohemagglutinin (PHA), it has been shown that MSCs highly
inhibit the proliferation of TCM, TEM, and effector CD4+ T cells
(81). Moreover, Mareschi et al. observed that MSCs derived from
different tissues such as bone marrow and placenta were able to
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decrease the proliferation of memory T cells (CD4+CD45RO+)
(82). In particular, PBMC stimulated with PHA were shown to
significantly decrease the frequency of CD4+ TCM and TEM cells,
that produce TNF-α, IL-2, and IFNγ, when co-cultured with
BM-MSCs (83).

Thereby, all these studies aiming at the evaluation of the
inhibitory capacity of MSCs on human memory CD4+ T cells,
demonstrate a stronger immunomodulatory effect on the TCM

cell subset. However, the effect exerted by MSCs on memory
T cell subpopulations described to play a key role in RA
immunopathogenesis, such as memory Th17 cells, memory
Treg cells and memory Tfh cells among others still need to
be investigated. Then will be describe the effect of MSCs on
particular subpopulations memory T cells that could be related
to the RA immunopathogenesis.

Effects of MSCs on Effector Memory
Vγ9Vδ2 T Cells
A high frequency of effector memory Vγ9Vδ2 T cells has been
found in the peripheral blood and synovial fluid of RA patients.
These cells have a potent capacity to secrete inflammatory factors,
such as IFNγ and IL-17, and to present antigens (84). MSCs
display a potent capacity to suppress the proliferation of γδ T
cell, as well as their cytolytic responses and cytokine production
(85, 86). This latter effect is mediated by the MSCs release of
the COX-2-dependent production of prostaglandin E2 (PGE2)
through their receptors, EP2 and EP4, expressed in Vγ9Vδ2 T
cells (85, 86). These results suggest that MSCs exert a beneficial
effect in RA through their capacity to prevent the immune
response dysfunction mediated by γδ T cells via the inhibition of
inflammatory cytokine production and the improvement of the
anti-inflammatory response.

Interaction Between Pro-inflammatory
Memory Tfh Cells and MSCs
The production of auto-antibodies by B cells and thus the
production of autoantibodies in RA patients involves in part
the cooperation of Tfh cells (87). An association between an
increased percentage of ICOS+ blood memory Tfh cells, auto-
antibody titer of RA patient sera and the activity and/or severity
of RA (88, 89). The differentiation of naïve CD4+T cells isolated
from RA patients into Tfh cells was shown to be suppressed
by human UC-MSCs in part through the indoleamine 2,3-
dioxygenase (IDO) activity of MSC induced by IFNγ produced
by Tfh cells (87). In the collagen-induced arthritis (CIA) model,
MSC injection prevented arthritis progression in mice by altering
both the number and function of Tfh cells (87). These results
indicate thatMSCsmight inhibit the differentiation of Tfh toward
the different memory subsets such as Tfh1, Tfh2, and Tfh17 and
consequently decrease the auto-reactive B cell number and the
production of auto-antibodies, such as anti-CCP.

Effects of MSC on Pro-inflammatory
Memory T Cells
Interactions between chemokines and their respective receptors
are key mediators of inflammation since they govern the
accumulation and homing of memory CD4+ T cells in the
synovial membrane of RA patients. Chemokine ligand 3 (CCL3),

CCL4, and CCL5 chemokines, which are highly produced by
different cell types present in the synovial tissue, bind to various
chemokine receptors such as CCR5 expressed at the surface of
memory T cells that are (90, 91). CCR5 expression is increased
at the surface of synovial tissue and fluid T cells and correlated
with IFN-γ expression by synovial memory CD4+ T cells of RA
patients (92–94). Synovial memory CD4+ T cells also express
lymphotoxin-alpha (LT-α) that correlates with CCR6 expression
and the presence of lymphocytic aggregates in synovial tissue
(95). CCR6 was proposed to play a role in the development of
aggregates of CD4+ T cells that are characteristically found in
inflamed rheumatoid synovium (94).

As mentioned above, IL-17 plays a critical role in RA
inflammatory process. IL-17 enhances the production of
chemokines such as CCL20 and the stromal-derived factor
1 (SDF-1) by synoviocytes thus promoting the recruitment
of memory T cells to the synovium (96–101). One of the
mechanisms associated to the therapeutic effect of MSCs is
their capacity to migrate and home into inflamed tissues (19).
MSCs are well described to constitutively secrete a variety of
different chemokines such as CCL2 (MCP-1), CCL3 (MIP-
1α), CCL4 (MIP-1β), CCL5 (RANTES), CCL7 (MCP-3), CCL20
(MIP-3α), CCL26 (eotaxin-3), CXCL1 (GROα), CXCL2 (GROβ),
CXCL5 (ENA-78), CXCL8 (IL-8), CXCL10 (IP-10), CXCL11 (i-
TAC), CXCL12 (SDF-1), and CX3CL1 (fractalkine) (102–104).
Furthermore, BM-MSCs express several chemokine receptors
such as CXCR4, CCR1, CCR4, CCR7, CCR10, CCR9, CXCR5,
and CXCR6 involved in MSCs migration (105). Thus, such
MSCs could potentially migrate into the inflamed synovium and
interact with memory T cells, inhibit their proliferation rate
or/and alter their pro-inflammatory phenotype and finally reduce
inflammation in the synovial membrane.

CXCR4 plays a central role in the homing and retention
of CD4+ T cells (96, 106). Interestingly, RA patients with
one or more susceptible HLA-DR haplotypes displayed a
significantly higher frequency of memory CXCR4+CD4+ T
cells, suggesting that synovial migration and retention of
memory CXCR4+CD4+ T cells is associated with sustained auto-
immunity and local inflammation. Moreover, the high frequency
of memory CXCR4+CD4+ T cells correlated with the elevated
expression level of HLA-DR on B cells underlying that B cells
are important antigen-presenting cells in RA (107). Xie et al.
have reported that MSCs exhibit an increased CXCR4 expression
level when Notch signaling pathway was inhibited suggesting
that notch signaling regulates MSC migration and function
(108). Altogether these studies suggest that blocking of Notch
pathway might enhance MSC therapeutic effect by increasing
their capacity to migrate and home into the synovium where they
will interact with memory CXCR4+CD4+ T cells and control
RA pathogenesis.

Effects of MSCs on Th17 and Treg Memory
T Cells
Th17 cells express the retinoic acid-related orphan nuclear
hormone receptor C (RORC) and secrete IL-17A along
with other cytokines, including IL-17F, IL-21, and IL-22.
Th17 cells are pro-inflammatory helper cells that protect the
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organism against extracellular pathogens, including Gram-
negative bacteria, mycobacteria, and fungi (109). However,
their deregulation is associated with the generation of auto-
immune diseases including RA (109). On the other side, it
is well known that human Treg cells play a central role in
the maintenance of immune homeostasis and immunological
self-tolerance (110). Treg cells exert potent immunosuppressive
effects over effector T-cell proliferation and cytokine production
through cytokine-independent mechanism requiring cell-to-
cell contact. Treg cells are characterized by high expression
level of CD25 (also referred as CD25 bright cells) and more
specifically, intracellular expression of the transcription factor
FoxP3 (111, 112). Moreover, Treg are characterized by a low
expression of CD127 (IL-7 receptor alpha-chain) (113), and a
down-regulation of CD127 which is associated with regulatory
function acquisition (114). The imbalance between Th17 and
Treg cells has been largely associated with the RA pathogenesis
due to their close differentiation pathways but their completely
opposite function. (115, 116). Indeed, Th17 cells are implicated
in RA development and progression and high levels of IL-17
have been reported in the synovial fluid of RA patients which is
positively correlated with the severity of the disease (117–120).
Furthermore, IL-17 is mainly produced by CD4+CD45RO+

memory T cell (121, 122). Another molecule, the chemokine
receptor CCR6, is expressed bymemory Th17 cells and associated
with their capacity to migrate toward inflammatory joints in
response to CCL20 highly produced by T cells and synoviocytes
(123, 124). On the other hand, CD4+CD25high Treg cells are
predominantly memory cells in the synovial fluid which is
enriched with CD4+CD25+CD127l◦wFoxP3+ Treg cells in the
synovial fluid of RA patients (111, 125, 126). Furthermore,
while the percentage of memory Treg cells subsets significantly
increased in the synovial fluid of RA patients, it did not change in
their peripheral blood, and this increased frequency of memory

Treg correlated with the DAS28 (127). However, despite the
increased number of Treg in the synovial fluid, inflammation
is maintained suggesting an alteration of their functions in
RA patients. This was confirmed by a body of studies that
has demonstrated by the reduced regulatory functions of Treg
derived from the peripheral blood (128–131) and the synovial
fluid of RA patients (132). In line with these studies, Treg
cells isolated from patients with active RA did not inhibit the
secretion of pro-inflammatory cytokine such as IFN-γ and TNFα
released by T effector cells (127–130, 133). Notoriously, TNFα
can inhibit the suppressive function of Treg (129) suggesting that
RA synovial fluid enriched in pro-inflammatory convert memory
Treg cells into cells producing pro-inflammatory cytokines such
as IL-17 unable to exert regulatory functions (134). An increased
percentage of memory CD45RA−Foxp3low non-regulatory T
cells was reported in RA synovial fluid while it did not change
in the peripheral blood of patients (55). Memory non-Treg
cells produce IL-2, IFN-γ, and IL-17 and express high levels of
RORC (135, 136).

MSCs are potent inhibitors of CD4+T-bet+CD183+

(Th1) and CD4+RORγt+CD161+ (Th17) cells proliferation
and significantly reduce their capacity to produce pro-
inflammatory cytokines such as IFN-γ, TNFα, and IL-1β
(Th1) and IL-17A and IL-22 (Th17) (80). Indeed, using memory
CD4+CD45RO+CCR6+ positive cells (Th17 cells), human
BM-MSCs have been shown to induce the generation of Th17
cells with regulatory features in an inflammatory environment
characterized by a decrease in RORC expression, an increase of
FoxP3 expression and the acquisition of immunosuppressive
functions (137).

Likewise, various studies have shown that MSCs have the
capacity to increase the percentage of Treg cells in vitro in co-
culture in mixed lymphocyte reactions (MLR) (138, 139). MSCs-
derived PGE2 and transforming growth factor beta 1 (TGFβ1)

FIGURE 1 | MSCs dampen RA progression through the induction of the balance between memory Th17 and Treg cells. In RA, MSCs can diminish the frequency of

pathogenic memory Th17 cells and the production of pro-inflammatory cytokines such as IL-17, IL-22, and GM-CSF and promote their differentiation toward an

anti-inflammatory phenotype. In parallel, MSCs might also increase the capacity of memory Treg cells to produce anti-inflammatory cytokines such as IL-10 or TGFβ1

and prolong their immunosuppressive capacity maintaining their anti-inflammatory phenotype.
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are not redundant players in this mechanism (140). This was
corroborated in a study with human adipose tissue-derivedMSCs
that were able to reduce IL-17, TNF, and IFN-γ production and
to induce IL-10-producing T cells in vitro in collagen-specific
peripheral blood T cells of RA patients (141). It is well admitted
that MSCs co-cultured with purified CD4+ T cells induce the
expression of CD25High and FoxP3+ at the surface of these latter
T cells in a contact-dependent manner (142, 143). The generation
of these CD4+CD25+FoxP3+ Treg has been shown to be, in part,
dependent on ICOSL expression by MSCs (142). Indeed, ICOS is
expressed on activated memory T cells, including Th17 cells, thus
through a contact cell-cell mechanism MSCs were proposed to
interact withmemory Th17 cells and generate memory Treg cells.
In another study, it was reported that MSCs were able to recruit
both CD4+CD25+CD45RA+ and CD4+CD25+CD45RO+ Treg
cells, but the subpopulation of naïve Treg cells was recruited to
a higher extent. Additionally, MSC regulate and maintain the
suppressive function of memory Tregs cells over time (144).
Therefore, in the context of RA, the regulation of memory Treg
cell byMSCs is critical since they are more plastic than naive Treg
cell population (136).

Altogether, these studies provide evidence that MSCs do not
only increase the generation of Treg cells and the production
of IL-10 or TGFβ1 but also extend their immunosuppressive
capacity maintaining their phenotype (FoxP3+ CD127low) and
functions (140, 144). This is a critical function exerted by
MSC, considering that Treg from RA patients exhibit an
altered functionality. In addition, MSCs by suppressing the
secretion of IL17-A by effector-memory Th17 cells decrease
the acute or chronic activation of these cells in RA. Thus,
MSCs do not only inhibit the IL-17 production but also induce
the reprogramming of immunopathogenic memory Th17 cells
toward T cells with regulatory phenotype and functions (137)
(Summarized on Figure 1).

FUTURE PERSPECTIVE

MSCs are multipotent cells with broad immunomodulatory
properties, therefore, they have been proposed as the candidate
of choice for autoimmune diseases treatment including RA.
However, the clinical benefit for RA after 3 months of MSCs
administration have shown inconsistent positive effects. Thus,
it is necessary to increase the number of patients and studies
in order to draw robust conclusions regarding MSC therapeutic
effects in RA. Additionally, it is important to highlight that at

today, clinical trials using MSCs were injected in patients with
severe and refractory RA suggesting that MSCs treatment could
be more effective at early stages of the disease (145). Also, the
studies only evaluated the short-term efficacy of MSCs, from 3
to 8 months, and therefore the assessment of MSC long-term
efficacy still needs to be addressed.

Based on the topics exposed here we believe that further
studies needs to be address in order to evaluate the effect
of MSC treatment on pathogenic memory T cells derived
from RA patients. Since MSCs upon injection will migrate
to the site of inflammation were they will find an elevated
numbers of proinflammatory memory T cells it is essential
to evaluated the effect of MSCs on RA memory T cells that
has not been explored. Moreover, it is mandatory to achieve a
detailed immune-monitoring of RA patients that analyses the
dynamic of pathogenic and non-pathogenicmemory T cells upon
MSCs infusion.

CONCLUSION

Memory T cells have been largely studied for their pivotal
role in the pathogenesis of auto-immune disease such as RA.
Although pro-inflammatory memory T cells-exhibit detrimental
effect in RA, their potential plasticity offers an approach yet
to be explored in order to better control RA progression.
In this context, MSCs, potent immunosuppressive cells that
are able to inhibit pro-inflammatory T cell proliferation and
functions while inducing the generation of regulatory T cells,
represent a strong candidate to choose for RA treatment.
Thus, deciphering the basis of the crosstalk between MSCs
and pathogenic memory T cells in RA will pave the way for
developing novel and potent strategies to successfully improve
MSC-based therapies.
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Syk is a non-receptor tyrosine kinase critically involved in signaling by various

immunoreceptors including B-cell-receptors and activating Fc-receptors. We have

previously shown that Syk also mediates immunoreceptor-like signals required for the

in vitro development and function of osteoclasts. However, the perinatal lethality of

Syk−/− mice precluded the analysis of the role of Syk in in vivo bone metabolism.

To overcome that problem, we generated mice with osteoclast-specific (Syk1OC) or

hematopoietic (Syk1Haemo) Syk deficiency by conditional deletion of Syk using Cre

recombinase expressed under the control of the Ctsk or Vav1 promoter, respectively.

Micro-CT analysis revealed increased bone trabecular density in both Syk1OC and

Syk1Haemo mice, although hematopoietic Syk deficiency caused a more severe

phenotype than osteoclast-specific Syk deficiency. Osteoclast-specific Syk deficiency

reduced, whereas hematopoietic Syk deficiency completely blocked in vitro development

of osteoclasts. Both interventions inhibited the resorptive activity of osteoclasts and

osteoclast-specific gene expression. Kinetic analysis of Syk protein levels, Cre expression

and the genomic deletion of the Sykflox allele revealed complete and early deletion of Syk

from Syk1Haemo osteoclasts whereas Syk was incompletely deleted at a later stage of

osteoclast development from Syk1OC cultures. Those results provide an explanation for

the in vivo and in vitro difference between the Syk1OC and Syk1Haemo mutant strains and

suggest late activation of, and incomplete target gene deletion upon, osteoclast-specific

Cre expression driven by the Ctsk promoter. Taken together, our results indicate that Syk

plays an indispensable role in osteoclast-mediated in vivo bone resorption and suggest

that Syk-specific inhibitors may provide therapeutic benefit in inflammatory and other

diseases characterized by excessive osteoclast-mediated bone resorption.

Keywords: SYK (spleen tyrosine kinase), tyrosine kinase, osteoclasts, Cre-Lox, in vivo, mice
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INTRODUCTION

Osteoclasts are multinuclear giant cells of hematopoietic
origin which develop from myeloid progenitors through a
unique biochemical maturation program followed by homotypic
fusion (1, 2). Osteoclasts are the sole cell types in the
mammalian organism capable of actively resorbing bone tissue
and therefore play a critical role in bone homeostasis. Defective
osteoclast development or function leads to increased bone
mass (osteopetrosis) (3), whereas excessive (pathological) bone
resorption occurs during osteoporosis (4), inflammatory joint
diseases (e.g., arthritis-induced bone erosions in rheumatoid
arthritis) (5, 6) and cancer-induced bone loss (7, 8).

Osteoclast development and function requires a number of
extracellular cues including M-CSF, RANKL, as well as integrin-
mediated adhesive processes (9). The importance of those
pathways is indicated by the severe bone resorption defects in
mice lacking M-CSF (10), RANK (11, 12), RANKL (13, 14), or
β3 integrins (15). Culturing myeloid progenitors derived from
human blood or mouse bone marrow in the presence of M-
CSF and RANKL also leads to formation of osteoclast-like cells
with in vitro bone resorbing capacity, allowing the analysis of
osteoclast development and function in cell culture.

Syk is a non-receptor tyrosine kinase critically involved in
various functions of the immune system, as well as certain non-
immune-related biological processes (16). Syk is required for B-
cell-receptor signaling and therefore the development of B-cells
(17, 18). It is a critical component of signaling by a number of
activating Fc-receptors such as Fcε-receptors and Fcγ-receptors
on neutrophils, macrophages, and mast cells (19–22), as well
as the Fc-receptor-related collagen receptor GpVI of platelets
(23, 24). Syk also mediates signaling by β1, β2, and β3 integrins in
neutrophils, monocytes/macrophages, and platelets (25–27). Syk
deficiency causes perinatal lethality (17, 18) likely due to the role
of Syk in lymphatic vascular development (28). Most, if not all
of those functions of Syk is related to its binding to receptor-
associated tyrosine-phosphorylated immunoreceptor tyrosine-
based activation motifs (ITAMs) linking immunoreceptors to
downstream signaling pathways (16, 29–32). The role of Syk
in various immune and inflammatory processes also translates
into its role in autoantibody-induced arthritis (24, 33–35) and
dermatitis (36, 37) in experimental mice.

We and others have previously shown that the ITAM-
containing adapter molecules DAP12 and FcRγ are involved
in in vitro osteoclast development and function, and that
mice lacking both DAP12 and FcRγ show strongly increased
mineralized bone mass (38–43). One of the possible mechanisms
for those phenotypes could be that, similar to immune cells
(16, 29), the ITAM-containing DAP12 and FcRγ adapters would
activate the Syk tyrosine kinase in osteoclasts, thus triggering
osteoclast development and function. Indeed, Syk-deficient
bone marrow cells failed to develop to mature multinucleated
osteoclasts or to show resorptive activity in in vitro cultures
(40, 42, 44, 45), and this in vitro phenotype was linked to ITAM
signaling by DAP12 and FcRγ (42–44). Those studies provided
an unexpected link between immunoreceptor-like signaling and
bone homeostasis and therefore provided one of the foundations

of the field of osteoimmunology (46, 47). In addition, Syk-
mediated pathways have also been linked to integrin signal
transduction and the osteoclast cytoskeleton (16, 26, 42, 44, 48).
Unfortunately, however, it is at present unclear whether Syk
is also involved in bone homeostasis in live animals, as bone
morphology of Syk-deficient animals could not be tested because
of the perinatal lethality of Syk−/− mice (17, 18).

To overcome the perinatal lethality of Syk−/− animals, we
have generated mice with osteoclast-specific or hematopoietic-
specific Syk deletion using the Cre-Lox recombination approach.
Analysis of the mice with tissue specific Syk deletion revealed
strong increase in bone mass upon osteoclast-specific and,
particularly, hematopoietic-specific Syk-deficiency, indicating a
critical role for Syk in in vivo bone homeostasis. Further
experiments aimed at understanding the different severities of
the bone phenotypes in the two strains indicated that the effect
of Syk deficiency on osteoclast development strongly depends
on the timing and extent of Cre expression and Cre-mediated
inactivation of the Syk gene.

MATERIALS AND METHODS

Animals
Mice carrying the Syktm1.2Tara (referred to as Sykflox) floxed allele
of the Syk gene (49) were obtained from Alexander Tarakhovsky
(Rockefeller University) and were maintained in homozygous
(Sykflox/flox) form. Mice carrying the Ctsktm1(cre)Ska (referred to
as CtskCre) knock-in mutation resulting in the osteoclast-specific
expression of the Cre recombinase under the control of the
endogenous promoter of the Ctsk gene and at the same time
inactivating the Ctsk gene (50) were obtained from Shigeaki
Kato (University of Tokyo) and were maintained in heterozygous
form (referred to as Ctsk-Cre) to avoid homozygous inactivation
of the Ctsk gene. Mice carrying the Commd10Tg(Vav1−icre)A2Kio

transgenic insertional mutation expressing the Cre recombinase
in the entire haemopoietic lineage from the exogenous Vav1
promoter (51) and at the same time inactivating the Commd10
gene (52) were obtained from the Jackson Laboratory and were
maintained in heterozygous form (referred to as Vav-Cre) to
avoid homozygous inactivation of the Commd10 gene. Mice
carrying the Lyz2tm1(cre)Ifo (referred to as Lyz2Cre) knock-in
mutation expressing the Cre recombinase in the entire myeloid
compartment from the endogenous promoter of lysozyme M
(53) were purchased from the Jackson Laboratory and were
maintained in homozygous form (referred to as LysM-Cre).

Osteoclast-specific deletion of Syk was achieved by
crossing the Ctsk-Cre and Sykflox/flox mice to obtain
CtskCre/+Sykflox/flox (referred to as Syk1OC) animals.
Deletion of Syk in the entire hematopoietic compartment
was achieved by crossing the Vav-Cre and Sykflox/flox mice
to obtain Commd10Tg(Vav1−icre)A2Kio/+Sykflox/flox (referred to
as Syk1Haemo) animals. Myeloid-specific deletion of Syk was
achieved by crossing the LysM-Cre and Sykflox/flox mice to obtain
Lyz2Cre/CreSykflox/flox (referred to as Syk1Myelo) animals. The
allele obtained by Cre-mediated deletion of the Sykflox allele will
be referred to as the Syk1 allele.
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Genotyping of the mice was performed by allele-specific
PCR. All mice were on the C57BL/6 genetic background.
Wild type C57BL/6 animals were obtained from our breeding
colony. The mice were kept in individually sterile ventilated
cages (Tecniplast) in a specific pathogen-free facility. All animal
experiments were approved by the Animal Experimentation
Review Board of Semmelweis University.

Micro-CT Analysis
Mice were sacrificed at 9 weeks of age and their right femurs
were subjected to micro-CT analysis by a SkyScan 1172 micro-
CT apparatus as described (54, 55). A 70 kV and 124 µA
X-ray source with 0.5mm aluminum filter and a rotation
step of 0.5◦ was used during image acquisition, followed by
reconstruction with the SkyScan NRecon software, resulting in
an isometric 5µm voxel size. Volume of interest was selected
according to the manufacturer’s instructions. Further analysis
was performed using the Skyscan CTAn and CTVol software.
The lower threshold of binary images was set to an absolute value
of 85 throughout the entire study. Our study design did not allow
the calculation of absolute bone hydroxyapatite densities.

Quantitative analysis was performed on the trabecular
region of the distal femoral metaphysis beginning 50 sections
(0.25mm) from the distal growth plate to an additional 400
sections (2mm) to the proximal direction, including the entire
trabecular area within that range, identified manually by visual
inspection. Quantitative parameters included percent bone
volume (BV/TV), trabecular number, trabecular thickness and
trabecular separation as described (54, 55).

Representative cross sections represent the 200th section
(1mm) from the distal femoral growth plate. 3D images show an
axial cylinder of a diameter of 500µm between sections 150–450
from the distal growth plate.

Histological Procedures and
Immunostaining
Femurs isolated from mice at 9 weeks of age were fixed in 4%
paraformaldehyde (Sigma-Aldrich) followed by decalcification
in Osteomoll (Merck) for 3 weeks. The samples were then
dehydrated, and embedded in paraffin (Leica) using a Leica
EG1150H embedding station. Eight micrometers of thick
sections were obtained using a Thermo Scientific HM340E
microtome and were processed for hematoxylin and eosin (Leica)
staining, or for immunostaining for the calcitonin receptor
using anti-Calcitonin Receptor (Abcam AB11042) and anti-
rabbit Alexa Fluor 488 (Life Technologies, A11034) antibodies.
Microscopic images were taken by a Nikon ECLIPSE Ni-U
microscope connected to a Nikon DS-Ri2 camera.

In vitro Culture and Resorption Assays
In vitro osteoclast cultures were performed essentially as
described before (54, 55). Bone marrow cells obtained by flushing
the tibia and femur of wild type or mutant mice were cultured
in the presence of 10 ng/ml murine M-CSF (Peprotech) for 2
days in α-MEM medium (Sigma) supplemented with 10% FCS
(Gibco) and antibiotics. Non-adherent cells were then plated at
the concentration of 1.5 × 105 cells/cm2 and cultured in the

presence of 50 ng/ml recombinant murine M-CSF and 50 ng/ml
murine RANKL (Peprotech) with medium changes every 2 days.
In parallel macrophage cultures, the cells were cultured under
identical conditions except that RANKL was omitted.

Cultures were terminated and osteoclast-specific staining
was performed using a commercial tartrate-resistant acid
phosphatase (TRAP) staining kit (Sigma-Aldrich) at
the indicated times after the first addition of RANKL.
Photomicrographs were taken using a Leica DMI6000B
inverted microscope. The images were then analyzed either
manually or by the ImageJ software. Osteoclasts were defined as
TRAP-positive cells with 3 or more nuclei.

For in vitro resorption assays, osteoclasts were cultured under
similar conditions for 7 days on an artificial hydroxyapatite
surface (Sigma-Aldrich) followed by washing, imaging by dark
field microscopy and further analysis by ImageJ software.

Biochemical Studies
For protein content analysis, osteoclast, or macrophage
cultures were washed and then lysed in a Triton-based lysis
buffer containing 100mM NaCl, 30mM Na-HEPES (pH
7.4), 20mM NaF, 1mM Na-EGTA, 1% Triton X-100, 1mM
benzamidine, freshly supplemented with 0.1 U/ml Aprotinin,
1:100Mammalian Protease Inhibitor Cocktail, 1:100 Phosphatase
Inhibitor Cocktail 2, 1mM PMSF, and 1mM Na3VO4 (all from
Sigma-Aldrich). Insoluble material was removed, the lysate
supernatants were supplemented with 4× Laemmli’s sample
buffer and boiled for 10min. Whole cell lysates were run on
SDS-PAGE, electroblotted to nitrocellulose membranes, and
then processed for immunoblotting with antibodies against Syk
(N19; Santa Cruz) or β-actin (Clone AC-74; Sigma-Aldrich).
After incubation with peroxidase-labeled secondary antibodies
(GE Healthcare), the signal was developed using the ECL system
(GE Healthcare) and exposed to X-ray film. X-ray films were
then scanned and processed with Adobe Photoshop.

Quantitative RT-PCR Analysis
To test osteoclast specific and Cre gene expression changes,
mouse myeloid progenitors were differentiated into osteoclasts
or macrophages in the presence of 50 ng/ml M-CSF with or
without 50 ng/ml RANKL for 0–3 days, followed by RNA
extraction and reverse transcription as previously described
(54–56). For quantitative reverse transcription (RT)-PCR
analysis of the osteoclast-specific genes, the following TaqMan
assays were used: Acp5 (TRAP; TaqmanMm00475698_m1), Ctsk
(cathepsin K; Mm00484039_m1), Calcr (Calcitonin receptor;
Mm00432271_m1), Nfatc1 (NFATc1; Mm00479445_m1),
and Tm7sf4 (DC-STAMP; Mm04209235_m1) as previously
described (54, 55). For assessment of Cre expression,
the 5′- TGACGGTGGGAGAATGTTAATC forward and
5′ GCTACACCAGAGACGGAAATC reverse primers were used.
Transcript levels relative to GAPDH were calculated using the
comparative Ct method (54, 55).

Sequencing of the Germline Sykflox Allele
To determine the exact sequence of the Sykflox allele, tail DNA
was amplified using the 5′- GCC CGT TCT GTG CCT ACT
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GG−3′ forward and 5′- TAG CTA ACC AAA CCC ACG GC−3′

reverse primers spanning the 5′ loxP site, or the 5′- CCA AAG
CGG AGT CCT CAC AT−3′ forward and 5′- GTC GGT CCC
ATC TTT CC−3′ reverse primers spanning the 3′ loxP site. PCR
products were then sent to Microsynth for sequencing and the
obtained sequences were aligned with the genomic sequence of
the wild type Syk gene to obtain the sequence of the Sykflox allele.

Genomic PCR Analysis
Osteoclast cultures were washed at the indicated times after the
start of RANKL treatment, followed by isolation of genomic DNA
and PCR using standard procedures.

Two different PCR assays were performed on the genomic
DNA of osteoclast cultures. In PCR 1, the 5′- GCC CGT TCT
GTG CCT ACT GG−3′ forward primer (P fwd) was used along
with the 5′- TAG CTA ACC AAA CCC ACG GC−3′ reverse
primer (P rev1) to separate the Syk+ and Sykflox alleles (234 and
349 bp product length, respectively). In PCR 2, the same P fwd
forward primer was used with the 5′- GTC GGT CCC ATC TTT
CC−3′ reverse primer (P rev2) to separate the Syk+, Sykflox and
Syk1 alleles (1314, 1560 and 452 bp product length, respectively).

Statistical Analysis
Experiments were performed the indicated number of times.
Diagrams show mean and SEM from the indicated number
of independent experiments. Micro-CT measurements
were analyzed by two-way (factorial) ANOVA with the
presence/absence of Cre and the Syk genotype as the independent
parameters. Other measurements were analyzed by one-way
ANOVA followed by Tukey or Unequal n HSD post hoc test. In
case of the kinetic analysis of osteoclast morphology, statistical
analysis was performed on the area under the curve (AUC).
P-values below 0.05 were considered statistically significant.

RESULTS

The Effect of Osteoclast-Specific Syk
Deletion on Trabecular Bone Architecture
The Syk−/− mutation causes perinatal lethality making it
technically impossible to analyze the bone morphology of
adult Syk−/− mice. We decided to overcome that problem
by generating lineage-specific Syk-deficient animals. As a first
approach, we crossed mice in which the cDNA of the Cre
recombinase has been inserted into the osteoclast-specific Ctsk
gene (referred to as CtskCre/+ or Ctsk-Cre mice) (50) with mice
carrying a floxed Syk allele (referred to as Sykflox/flox mice) (49).
The resulting CtskCre/+Sykflox/flox (referred to as Syk1OC) mice
are expected to have defective Syk expression in osteoclasts due
to Cre-mediated excision and inactivation of the Syk gene.

We then subjected Syk1OC mice and the appropriate controls
to micro-CT analysis of the distal femur. As shown in the
longitudinal sections of the femurs of female mice in Figure 1A,
the Syk1OC mutation strongly increased the density of the
trabecular area compared to wild type mice, whereas no dramatic
difference could be observed in Ctsk-Cre or Sykflox/flox animals.
Analysis of representative cross-sections of male or female mouse
femurs also showed increased trabecular density in Syk1OC but

not in Ctsk-Cre or Sykflox/flox animals, particularly in the case
of female mice (Figure 1B). The increased trabecular density
was also evident in three-dimensional reconstitution of an axial
cylinder within the trabecular area of the femurs (Figure 1C).

We also processed micro-CT images for quantitative analysis,
incorporating data from the entire trabecular space within a
defined distance range from the distal femoral growth plate.
As shown in Figure 2, the percent bone volume (BV/TV) was
strongly increased in Syk1OC mice, whereas no substantial
difference could be observed in Ctsk-Cre or Sykflox/flox mice.
Male wild type mice had an ∼2.8-fold higher (10.8%) basal
percent bone volume (BV/TV) than their female counterparts
(3.9%). However, the increase in BV/TV in Syk1OC over wild type
mice was more robust in female (4.4-fold) than in male (1.8-fold)
animals (Figure 2). We have also performed statistical analysis
by two-way (factorial) ANOVA which determines the interaction
of the two (Ctsk-Cre and Sykflox/flox) mutations, i.e., whether the
co-existence of the two mutation in the Syk1OC resulted in a
statistically significant difference beyond an additive effect. That
analysis revealed a significant increase of the BV/TV values both
in male (p= 0.028) and, especially, in female (p= 0.00005) mice.

Further quantitative (Figure 2) and statistical (two-way
ANOVA) analysis of the trabecular bone revealed a higher
trabecular number in Syk1OC mice (p = 0.0069 and 0.00001 for
males and females, respectively), whereas no consistent change
was observed in the trabecular thickness of the same animals (p=
0.85 and 0.87 for males and females, respectively). In agreement
with the increased trabecular number, trabecular separation was
reduced in Syk1OC mice (p = 0.00032 and 0.0011 for males and
females, respectively).

Taken together, our results indicate that osteoclast-specific
deletion of Syk causes increased bone trabecular mass primarily
due to increased bone trabecular number rather than a higher
trabecular thickness. However, the phenotype observed in
Syk1OC mice (Figure 2) appeared to be less dramatic than
that reported for Tyrobp−/−Fcer1g−/− double knockout mice
lacking both the DAP12 and FcRγ ITAM-containing adapter
molecules which were previously proposed to signal through
Syk (42, 43, 57).

The Effect of Hematopoietic Deletion of
Syk on Trabecular Bone Architecture
The apparently less severe bone phenotype of Syk1OC mice
compared to Tyrobp−/−Fcer1g−/− (DAP12/FcRγ double
knockout) animals (42, 43, 57) could either be due to a less
critical role for Syk in in vivo bone homeostasis or the less
complete deletion of Syk in Syk1OC animals. To test this latter
possibility, we turned to mice with Syk deficiency in the entire
hematopoietic compartment due to deletion by the Vav-Cre
transgene which causes Cre expression during the early stages
of hematopoiesis (51). Accordingly, we subjected Vav-Cre
Sykflox/flox (referred to as Syk1Haemo) mice and appropriate
controls to microCT analysis of the distal femur.

As shown in Figure 3A, Syk deletion in the entire
hematopoietic compartment by the Syk1Haemo mutation
caused a very strong increase in trabecular density in the
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FIGURE 1 | Micro-CT analysis of osteoclast-specific Syk-deficient mice. Representative micro-CT images of the femurs of 9-week-old mice of wild type (WT) and the

indicated mutant mice. (A) Longitudinal sections of the femur of female mice. (B) Cross-sections of the femur of male or female mice. (C) 3D reconstitution of an axial

cylinder of the trabecular area of the distal metaphysis of femurs of male or female mice. Images are representative of micro-CT analysis of 5 mice per gender and

genotype.

longitudinal sections of the femurs of female animals, whereas
no substantial changes were observed in Vav-Cre or Sykflox/flox

mice. An increased trabecular density in Syk1Haemo mutants
could also be observed in cross-sections of the distal femurs
of male and, in particular, female mice, whereas no obvious
differences could be seen in Vav-Cre or Sykflox/flox animals
(Figure 3B). Three-dimensional reconstitution of a trabecular
area cylinder also showed visible increases in the trabecular
density in Syk1Haemo animals (Figure 3C).

Further quantitative analysis of the microCT data (Figure 4)
indicated a strongly increased percent bone volume (BV/TV)
in Syk1Haemo mice in both male and female animals.

Importantly, BV/TV values in Syk1Haemo mice appeared to
be substantially higher than corresponding Syk1OC animals
(compare Figures 2, 4). On the other hand, similar to the
Syk1OC results, the BV/TV fold increase in Syk1Haemo over
wild type animals was higher in females (7.9-fold) than in males
(4.0-fold), again primarily due to the higher basal values in
male wild type mice. Statistical analysis by two-way ANOVA
revealed a highly significant interaction between the effects of the
Vav-Cre and Sykflox/flox mutations (p = 0.00032 and 0.00003 for
males and females, respectively), indicating that Cre-mediated
deletion of Syk in Syk1Haemo mice strongly increases trabecular
bone mass.
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FIGURE 2 | Quantitative micro-CT analysis of osteoclast-specific Syk deficiency. The right femurs of 9-week-old wild type (WT) or the indicated mutant male or female

mice were subjected to micro-CT analysis, followed by quantification of percent bone volume (bone volume/total volume, BV/TV), trabecular number, trabecular

thickness and trabecular separation. The graphs show mean and SEM of data obtained from 5 mice per gender and genotype.

Further quantitative assessment (Figure 4) and statistical
analysis (two-way ANOVA) revealed that, similar to the Syk1OC

mice, the increased trabecular bone volume was primarily due
to an increased trabecular number (p = 0.0010 and 0.00001
for males and females, respectively), rather than significant
changes in trabecular thickness (p = 0.31 and 0.61 for males and
females, respectively). Trabecular separation was also reduced
in Syk1Haemo mice (p = 0.0045 and 0.0071 for males and
females, respectively).

Taken together, early deletion of Syk in the entire
hematopoietic system results in dramatic increase in the
mineralized trabecular bone mass, indicating a critical role
for Syk in in vivo bone homeostasis. The bone phenotype
seen in Syk1Haemo mice is grossly comparable to that reported
for Tyrobp−/−Fcer1g−/− (DAP12/FcRγ double knockout)
animals (42, 43, 57), raising the possibility that the majority
of DAP12/FcRγ signals proceeds through Syk in live mice.
However, the 30–45% BV/TV values observed in Syk1Haemo

mice are substantially higher than the corresponding values
(15–20%) in Syk1OC animals, raising the possibility that the
lower values in the latter mutants may be due to incomplete
deletion of Syk by Cre expression from the Ctsk-Cre mutation.

Bone Histological Analysis
We have also performed histological analysis of the distal femur
of wild type, Syk1OC or Syk1Haemo mice. As shown in Figure 5A,
a much more dense trabecular network was seen in Syk1OC and,
especially, Syk1Haemo mice than in wild type animals. Again, the
difference was more pronounced in female mice because of the
lower trabecular density in female than in male mice in the wild
type cohorts.

To test the presence of mature osteoclasts on the trabecular
bone surface, we have performed immunofluorescence staining
of bone sections for calcitonin receptor, an osteoclast-specific

differentiation marker. As shown in Figure 5B, calcitonin
receptor signals were evident on the lining of trabecular rods
(dark areas) in wild type sections. Similar signals were also seen
but at substantially lower numbers in Syk1OC sections, whereas
no such signals were seen in Syk1Haemo sections (Figure 5B).
Those results suggest that the number of calcitonin receptor-
positive osteoclasts is reduced in Syk1OC and, especially, in
Syk1Haemo mice.

In vitro Osteoclast Development in
Lineage-Specific Syk Mutants
We next tested in vitro development of osteoclasts from wild
type, Syk1OC or Syk1Haemo bone marrow cells in the presence
of recombinant M-CSF and RANKL cytokines. Bone marrow
cells were first cultured for 2 days in low (10 ng/ml) M-CSF
and non-adherent cells (referred to as myeloid progenitors) were
then cultured in the presence of 50 ng/ml M-CSF and 50 ng/ml
RANKL. Osteoclast development was then tested by assessing
cell morphology and positive histochemical staining for the
osteoclast-specific TRAP enzyme.

As shown in Figure 6A, no TRAP-positive multinuclear cells
(osteoclasts) were seen 2 days after addition of RANKL to
the cultures. However, osteoclasts started to appear in wild
type cultures on day 3 and formed very large multinucleated
TRAP-positive cells 3.5 days after the initial RANKL treatment.
Some osteoclasts also formed in Syk1OC cultures, though
they were much smaller in size and failed to fuse into
very large cells even by 3.5 days after RANKL treatment
(Figure 6A). On the other hand, practically no osteoclasts
(multinucleated TRAP-positive cells) could be observed in
Syk1Haemo cultures (Figure 6A).

We have also quantitated the extent of in vitro osteoclast
formation. To this end, we have counted the number of
osteoclasts (defined as TRAP-positive cells with 3 or more
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FIGURE 3 | Micro-CT analysis of hematopoietic Syk-deficient mice. Representative micro-CT images of the femurs of 9-week-old mice of wild type (WT) and the

indicated mutant mice. (A) Longitudinal sections of the femur of female mice. (B) Cross-sections of the femur of male or female mice. (C) 3D reconstitution of an axial

cylinder of the trabecular area of the distal metaphysis of femurs of male or female mice. Images are representative of 5–7 mice per gender and genotype. WT

samples are identical to those shown in Figure 1.

nuclei; Figure 6B) and calculated the percent of the culture
area covered by the osteoclasts (Figure 6C). Though the two
different quantification approaches were related to each other,
they also complemented each other, since later stages of osteoclast
development may lead to the emergence of very large osteoclasts
which occupy large culture areas but are small in numbers (as
seen in the last two images in wild type cultures in Figure 6A).

As seen in Figures 6B,C, there were practically no osteoclasts
in any of the cultures 2 days after the initial RANKL addition.
However, osteoclasts rapidly emerged afterwards in wild type
cultures, reaching a maximum number 1 day later. The area
covered by wild type osteoclasts increased further in the next

12 h, even though the number of osteoclasts started to decline,
indicating the fusion of the cells into a few very large osteoclasts
in this final stage of osteoclast development (Figures 6B,C).
The number of osteoclasts also increased in Syk1OC cultures
and was temporarily even comparable to that of wild type
osteoclasts (Figure 6B). However, those Syk1OC osteoclasts
covered a significantly smaller area than in wild type cultures
throughout the experiments (Figure 6C), which was in line
with the smaller size of Syk1OC osteoclasts in Figure 6A. On
the other hand, again in agreement with the photomicrographs
in Figure 6A, practically no osteoclasts could be identified in
Syk1Haemo cultures (Figures 6B,C).
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FIGURE 4 | Quantitative micro-CT analysis of hematopoietic Syk deficiency. The right femurs of 9-week-old wild type (WT) or the indicated mutant male or female

mice were subjected to micro-CT analysis, followed by quantification of percent bone volume (bone volume/total volume, BV/TV), trabecular number, trabecular

thickness and trabecular separation. The graphs show mean and SEM of data obtained from 5–7 mice per gender and genotype. WT values are identical to those

shown in Figure 2.

We have also performed more detailed statistical analyses
(one-way ANOVA) of the area under the curve (AUC) from
data presented in Figures 6B,C. In case of the number of
osteoclasts (Figure 6B), no statistical difference was seen between
the wild type and Syk1OC cultures (p = 0.12), likely reflecting
the fact that the osteoclast numbers only declined on the last
day in the Syk1OC samples (Figure 6B). However, the number
of osteoclasts in the Syk1Haemo cultures was statistically highly
significantly reduced compared to wild type ones (p = 0.0013).
The total area covered by osteoclasts was highly significantly
reduced both by the Syk1OC (p = 0.00058) and the Syk1Haemo

(p= 0.00024) mutations.
The above results confirm prior studies indicating a critical

role for Syk during in vitro osteoclast development (40, 42, 44).
On the other hand, they also indicate an incomplete osteoclast
developmental defect in Syk1OC cultures (as opposed to the
complete defect in Syk1Haemo ones), suggesting incomplete
deletion of Syk in Syk1OC mutants.

Analysis of the in vitro Resorptive Activity
of Osteoclasts
We also attempted to test the in vitro resorbing capacity of
osteoclasts. To this end, myeloid precursors were plated on
an artificial hydroxyapatite layer and cultured in the presence
of M-CSF and RANKL (50 ng/ml each) for 7 days, followed
by assessment of hydroxyapatite resorption by dark field
microscopy. It should be noted that this assay measures the
combined effect of both osteoclast development and osteoclast-
mediated matrix resorption.

As shown in Figure 7A, wild type osteoclast cultures were
able to resorb substantial areas of the hydroxyapatite layer
(resorbed areas show a dark appearance). In contrast, only
small areas of resorption could be observed in Syk1OC cultures

and no resorption was seen in Syk1Haemo cultures (Figure 7A).
Quantification of the resorbed area revealed ∼40% resorption in
wild type cultures, whichwas strongly reduced by the Syk1OC and
completely eliminated by the Syk1Haemo mutations (Figure 7B).
Statistical analysis (one-way ANOVA) revealed highly significant
reduction of the resorption activity both by the Syk1OC

(p= 0.00040) and the Syk1Haemo (p= 0.00038) mutations.
These results confirm an important role for Syk in the

development and/or function of bone-resorbing osteoclasts (42),
and also indicate slight differences between the Syk1OC and
Syk1Haemo mutations.

Analysis of Osteoclast-Specific Gene
Expression
We next tested the changes of osteoclast-specific gene expression
in osteoclast cultures from the different genotypes. We have
also tested additional control macrophage cultures generated
under identical conditions except that RANKL treatment was
omitted. As shown in Figure 8, the expression of DC-STAMP
(encoded by the Tm7sf4 gene), TRAP (Acp5), calcitonin receptor
(Calcr), NFATc1 (Nfatc1) and cathepsin K (Ctsk) mRNA strongly
increased upon osteoclastic differentiation whereas no such
increase could be observed in parallel macrophage cultures. The
expression of all those genes were reduced in both the Syk1OC

and Syk1Haemo cultures (Figure 8), though the defect ranged
from a moderate (Tm7sf4) to a very strong (Calcr) reduction.
It should also be noted that the reduced expression of Ctsk in
Syk1OC samples is likely partially due to the inactivation of one
of the two alleles of the Ctsk gene by the Ctsk-Cre (CtskCre/+)
mutation present in those cells. Taken together, gene expression
data indicate a role for Syk in regulation of osteoclast-specific
gene expression.
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FIGURE 5 | Histological and immunofluorescence analysis of osteoclast-specific and hematopoietic Syk deficiency. Representative photomicrographs of the

trabecular area of the femurs of 9-week-old wild type (WT), Syk1OC or Syk1Haemo mice. (A) Haematoxylin and eosin staining; original magnification ×10. (B)

Calcitonin receptor immunostaining; original magnification × 40. Arrows indicate calcitonin receptor-positive bone lining cells (likely osteoclasts). Images are

representative of 3 mice per gender and genotype.

Analysis of Syk Protein Levels in
Osteoclast Cultures
The different severity of the in vivo bone phenotypes
(Figures 1–5) and in vitro osteoclast developmental defect
(Figure 6) between the Syk1OC and Syk1Haemo mutants raised
the possibility that Syk is incompletely deleted from Syk1OC

osteoclasts. To test this more specifically, we performed
Western Blot analysis of Syk expression during osteoclastic
and macrophage differentiation of wild type and mutant bone
marrow cells.

As shown in Figure 9A, Syk was present in all wild type
cultures and its expression slightly even increased during
osteoclast differentiation from wild type myeloid progenitors.
Importantly, Syk was also present throughout the assessment
period in Syk1OC cultures (Figure 9A). On the other hand, Syk
was completely absent throughout the entire observation period
in Syk1Haemo cultures (Figure 9A). Semiquantitative analysis of
the Western blot samples (Figure 9B) confirmed the presence of

Syk in all wild type and Syk1OC but not in Syk1Haemo samples.
Although there was a tendency of reduced Syk expression in
Syk1OC osteoclasts as compared to wild type osteoclasts, this
difference was not statistically significant, indicating that the
Syk1OC mutation is not able to reduce Syk expression at the
overall cell population level.

The above results provided direct evidence supporting our
assumption that Syk is incompletely deleted from Syk1OC but it
is completely absent from Syk1Haemo osteoclast cultures.

Genetic Analysis of Syk Deletion
During Osteoclastogenesis
One of the possible explanations for the observed differences
between the Syk1OC and Syk1Haemo mutants is that Cre
expression from the Ctsk-Cre mutation occurs at a late stage
of osteoclast development which, combined with the potentially
long survival of the Syk protein, leads to reduction of Syk protein
levels only at a late stage when osteoclast development has already
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FIGURE 6 | Analysis of in vitro osteoclast development. Bone marrow-derived myeloid progenitors from wild type (WT), Syk1OC or Syk1Haemo mice were cultured in

the presence of 50 ng/ml M-CSF and 50 ng/ml RANKL for the indicated times, followed by staining for tartrate-resistant acid phosphatase (TRAP). (A) Representative

images of TRAP-stained cultures. (B) Quantification of the number of osteoclasts (TRAP-positive cells with 3 or more nuclei) in the different cultures. (C) The area

covered by osteoclasts in the different cultures (in % of the total culture area). Images are representative of, and bar graphs show mean and SEM from, 3 independent

experiments.

FIGURE 7 | Analysis of the in vitro resorptive function of osteoclasts. Bone marrow-derived myeloid progenitors from wild type (WT), Syk1OC or Syk1Haemo mice

were cultured in the presence of 50 ng/ml M-CSF and 50 ng/ml RANKL for 7 days on an artificial hydroxyapatite layer. (A) Representative dark-field microscopic

images of resorption pits (dark areas). (B) Quantification of the resorption area (in percent of the total area). Images are representative of, and bar graphs show mean

and SEM from, 3 independent experiments.

occurred. The fact that the substantial expression of the Ctsk gene
(encoding for cathepsin K) begins at 2 days, and is maximal at 3
days after RANKL treatment (Figure 8) (54, 55) would be in line
with that possibility.

As a first approach to address the above issue, we performed
qPCR-based analysis of the expression the Cre recombinase
in osteoclasts and macrophages from the different genotypes
(Figure 10A). As expected, no Cre expression could be observed
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FIGURE 8 | Analysis of osteoclast-specific gene expression. Gene expression in bone marrow-derived cells from wild type (WT), Syk1OC or Syk1Haemo mice

cultured for 0–3 days in the presence of 50 ng/ml M-CSF with (osteoclasts; OC) or without (macrophages; M8) 50 ng/ml RANKL. The expression of the Tm7sf4,

Acp5, Calcr, Nfatc1, and Ctsk genes (encoding for DC-STAMP, TRAP, Calcitonin receptor, NFATc1, and Cathepsin K, respectively) were determined by quantitative

RT-PCR and normalized to Gapdh. Bar graphs show mean and SEM from 3 independent experiments.

in wild type cultures. Somewhat surprisingly, no Cre mRNA
could be detected in Syk1Haemo cultures either which, together
with the complete absence of Syk protein in those cultures
(Figure 9) suggests that the Vav-Cre transgene is activated
at an early stage of hematopoiesis but it is silenced at the
stage of myeloid differentiation tested in our experiments. On
the other hand, Cre expression could be readily observed in
Syk1OC osteoclast but not macrophage cultures (Figure 10A).
Importantly, substantial Cre expression in Syk1OC osteoclasts
was first observed 2 days after the initial RANKL treatment, and
continued afterwards. Given that a longer time may be needed to
the effective deletion of both Syk alleles, the supposedly partial
deletion efficacy of the Ctsk-Cre transgene and that the Syk
mRNA and protein likely does not immediately disappear after
the Cre-mediated inactivation of the Syk gene, these results are
in line with the continued presence of Syk in Syk1OC osteoclasts
beyond 2 days after the initial RANKL administration (Figure 9).

As a more direct approach to test Cre-mediated deletion of
Syk in our osteoclast cultures, we decided to perform PCR-
based analysis of the Syk genomic locus from the cells of
our various genotypes. To this end, we first amplified and
sequenced the genomic DNA around the two loxP insertion
sites, which was used along with the publicly available mouse
genomic sequence and the original description of the Sykflox

mutation (50) to reconstruct the entire sequence of the
Sykflox allele (Supplementary Figure 1). The organization of the
Syk+ (wild type), Sykflox and Syk1 (result of Cre-mediated
deletion) alleles is shown in Supplementary Figure 2, indicating

the inserted loxP and other sequences, as well as the sites
and results of Cre-mediated recombination. Based on this
organization, we have designed two PCR protocols (termed
PCR 1 and PCR 2) to amplify specific alleles from genomic
DNA (Supplementary Figure 2). PCR 1 (Figure 10B and
Supplementary Figure 2) was our standard genotyping PCR
protocol using the P fwd and P rev1 primer pair, and was able
to distinguish between the Syk+ and the Sykflox allele, based on
the increased length of the PCR product caused by the 115 bp
insertion during the generation of the Sykflox allele (49). However,
PCR 1 was not able to detect the deleted (Syk1) allele because the
sequence corresponding to the P rev1 primer was deleted during
Cre-mediated excision of the floxed sequences from the Sykflox

allele (Supplementary Figure 2). Therefore, we designed a novel
PCR protocol (PCR 2; Figure 10C and Supplementary Figure 2)
using the same P fwd forward primer along with a new P rev2
reverse primer, spanning the entire floxed sequence, allowing
the simultaneous detection of all three (Syk+, Sykflox, and Syk1)
alleles. We then cultured wild type, Syk1OC and Syk1Haemo bone
marrow cells in the presence of M-CSF and RANKL for different
periods of time and analyzed their genomic DNA with both the
PCR 1 (Figure 10B) and PCR 2 (Figure 10C) protocols.

Results with PCR 1 are shown in Figure 10B. In line with
our expectations, the Syk+ allele was present throughout the
assay period in wild type osteoclast cultures and the Sykflox

allele was present in all Syk1OC samples. Though the latter
finding indicated the presence of the non-recombined Sykflox

allele throughout osteoclast development, it did not exclude

Frontiers in Immunology | www.frontiersin.org 11 April 2019 | Volume 10 | Article 937210

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Csete et al. Syk in Bone Homeostasis

FIGURE 9 | Analysis of the level of Syk protein in osteoclast and macrophage

cultures. Bone marrow-derived myeloid progenitors from wild type (WT),

Syk1OC or Syk1Haemo mice were cultured in the presence of 50 ng/ml M-CSF

with (osteoclasts; OC) or without (macrophages; M8) 50 ng/ml RANKL for the

indicated times. Whole-cell lysates were then prepared and processed for

immunoblotting for Syk, or for actin as a loading control. Representative

immunoblots (A) or quantification of Syk/actin ratios normalized to Day 1 OC

(B) are shown. Blots are representative of, and bar graphs show mean and

SEM from, 3 to 6 independent experiments.

substantial deletion (reduction) of the Sykflox allele given the
tendency of PCR to amplify even small amounts of the target
templates when no competing templates are present. In contrast,
neither the Syk+ nor the Sykflox allele could be amplified
from Syk1Haemo cultures (Figure 10B), suggesting complete
deletion of the Sykflox allele from those cells, likely in an
earlier stage of hematopoietic development. Unfortunately, the
Syk1 allele could not be detected with the PCR 1 protocol
(Figure 10B and Supplementary Figure 2).

Results with PCR 2 (which could detect all three alleles
including the Syk1 allele; see Supplementary Figure 2) is shown
in Figure 10C. Those experiments confirmed the expected
exclusive presence of the Syk+ allele throughout the experiment
in wild type cultures, as well as the exclusive presence of the Syk1

allele throughout the Syk1Haemo samples, indicating complete
deletion of the Sykflox allele in the Syk1Haemo cultures. In contrast
to the static picture in wild type and Syk1Haemo cultures, the
Syk1OC cultures showed dynamic changes in the Syk locus
(Figure 10C). While only the Sykflox allele was seen 1 day after
the initial RANKL treatment, the Syk1 allele appeared and its
amount gradually increased during the next 3 days, parallel to
a proportional decline (but not complete disappearance) of the
Sykflox allele (Figure 10C). It should be noted that the appearance
of the smaller-size Syk1 allele likely had a competitive advantage
over the larger-size Sykflox allele in these PCR reactions, leading
to a likely underestimation of the amount of the Sykflox allele.
Taken together, those results and the time course of the changes
indicate that Ctsk-Cre-mediated deletion of the Sykflox allele
occurs gradually during 2–4 days after RANKL addition and that
only an incomplete genetic deletion of Syk is achieved even until
the end of the observation period.

The above results indicate slow and gradual deletion of
the Sykflox allele in Syk1OC osteoclast cultures, which is in
line with the slow activation of the Ctsk gene during in vitro
osteoclast development (Figures 8, 10A) (54, 55). These results
may also explain the less severe in vivo phenotypes (Figures 1–5)
and less pronounced in vitro osteoclast developmental defect
(Figure 6), as well as the continuous presence of Syk in osteoclast
cultures (Figure 9), in the Syk1OC mutants, as compared with
the Syk1Haemo mutants which show early and complete deletion
of the Sykflox allele from the beginning of the entire osteoclast
developmental process.

Analysis of Myeloid-Specific Syk Deletion
Osteoclasts are derived from early myeloid progenitors through a
developmental process related to that of macrophages. Therefore,
we have also tested certain aspects of osteoclast biology
in Syk1Myelo mutants in which Syk is conditionally deleted
using the myeloid-specific LysM-Cre knock-in mutation. The
Syk1Myelo mutation strongly reduced (but did not completely
abrogate) osteoclast development, both in terms of the
number of osteoclasts (Supplementary Figure 3A) and the area
covered by osteoclasts (Supplementary Figure 3B). As shown in
Supplementary Figure 3C, Syk expression was strongly reduced
(but did not completely disappear) in both Syk1Myelo osteoclasts
and macrophages. The Syk1Myelo mutation also partially reduced
osteoclast-specific gene expression, i.e., the upregulation of
the mRNA of the Tm7sf4, Acp5, Calcr, Nfatc1, and Ctsk
genes (Supplementary Figure 3D). We have also tested Cre
expression in wild type and Syk1Myelo cells. As shown in
Supplementary Figure 3D, Cre mRNA was absent from wild
type cells but it was expressed in all Syk1Myelo samples.
Interestingly, Cre expression was especially high in early myeloid
progenitors (Day 0 samples) and declined afterwards both
in osteoclast and macrophage cultures. Taken together, the
Syk1Myelo mutation leads to strong but incomplete deletion of
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FIGURE 10 | Genetic analysis of Cre expression and Cre-mediated Syk deletion. (A) Cre expression in wild type (WT), Syk1OC or Syk1Haemo mice bone

marrow-derived cells cultured for 0–3 days in the presence of 50 ng/ml M-CSF with (osteoclasts; OC) or without (macrophages; M8) 50 ng/ml RANKL. Bar graph

shows mean and SEM from 3 independent experiments. (B,C) PCR analysis of wild type (WT), Syk1OC or Syk1Haemo osteoclast cultures (differentiated in the

presence of 50 ng/ml RANKL and M-CSF for 1–4 days) using PCR 1 (P fwd vs. P rev1 primers; B) or PCR 2 (P fwd vs. P rev2 primers; C). Images are representative of

4 independent experiments.

Syk during early myeloid differentiation, leading to strongly
reduced but not completely abrogated in vitro development
of osteoclasts.

DISCUSSION

In this manuscript, we provide direct genetic evidence for the
role of the Syk tyrosine kinase in normal bone homeostasis in
adult mice. The perinatal lethality of Syk−/− mice was overcome
by lineage-specific conditional deletion of Syk in osteoclasts
(Syk1OC mice) or in the entire hematopoietic system (Syk1Haemo

mice). Both osteoclast-specific and hematopoietic Syk deletion
led to increased trabecular bone mass and defective in vitro
osteoclast development and function. However, hematopoietic
Syk deletion caused more robust changes than osteoclast-specific
Syk deletion both in vivo and in vitro. Our results suggest that
this is due to late and incomplete deletion of Syk in osteoclast-
specific Syk mutants, likely caused by late activation and modest
activity of Cre expression driven by the Ctsk gene promoter
during osteoclast development.

We and others have previously shown that Syk plays an
important role in in vitro osteoclast development and osteoclast-
mediated resorptive activity (40, 42, 44). However, the role of Syk
in bone homeostasis in live mice could not be tested because

of the perinatal lethality of Syk−/− mice (17, 18), although
bone density appeared to be increased in third-trimester Syk−/−

fetuses (44). Unfortunately, the in vitro osteoclast phenotypes
cannot be directly extrapolated to the in vivo situation since a
number of mutations even within the same pathway, such as
DAP12 (38, 41–43) or PLCγ2 (54, 58, 59) deficiency, provide
examples of practically complete in vitro osteoclast defects
despite only moderately increased in vivo bone mass. Our in vivo
results, especially those with the Syk1Haemo mice, provide the first
direct genetic evidence for a major and critical role of Syk in bone
homeostasis in live animals.

The two main models used in this study clarify different
aspects of the role of Syk in bone metabolism: the Syk1OC mice
provide evidence for an osteoclast-specific role of Syk but it only
leads to limited defects, while the Syk1Haemo mice have the widest
Syk deletion without embryonic lethality and therefore show the
maximum extent of bone resorption defects.

Despite the clear in vivo phenotypes of conditional Syk-
deficient mice, a number of questions related to the cell type(s)
responsible remain open. Our experiments with the Syk1OC mice
indicate that the role of Syk in bone metabolism is at least
in part mediated by Syk expression in osteoclasts. However, it
is at present unclear why Syk1Haemo mice have a more severe
phenotype than the Syk1OC animals. A reasonable explanation,
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also supported by our in vitro findings, is that the Syk1OC

mutation only partially deletes Syk in the osteoclast lineage
(see further discussion below). However, we cannot exclude the
possibility that changes to (a) hematopoietic lineage(s) other than
osteoclasts in the Syk1Haemo mice also contribute to the increased
bone mass. In addition, it is also possible that Syk deletion in
osteoclasts and/or other hematopoietic cells indirectly promote
osteoblast-mediated bone production. It should be mentioned
that prior studies (44) showed normal bone production by
Syk−/− osteoblasts, therefore it is unlikely that Syk deficiency in
osteoblasts (e.g., through a leaky Cre expression) contributes to
the observed in vivo bone phenotypes. It should also be noted
that our micro-CT studies indicate increased trabecular number
rather than a higher trabecular thickness as the main cause of
the in vivo bone phenotypes. Unfortunately, different groups
have reported different contributions of the changes of trabecular
number and trabecular thickness to increased bone mass linked
to osteoclast defects (42, 43, 54, 55), making it rather difficult
to determine the contribution of osteoclasts and osteoblasts to a
bone phenotype based on micro-CT data.

An interesting question arising from this study is why the
Syk1OC mutation causes a less severe osteoclast phenotype than
the Syk1Haemo mutation. Our results clearly indicate that the
Syk1OC mutation is less effective in inactivating the Syk gene in
osteoclasts. One possible explanation is the fact that the Ctsk-Cre
mutation triggers Cre activation at a relatively later time point
(starting at ∼2 days after RANKL treatment) which, combined
with the likely continued presence of the preexisting Syk mRNA
and Syk protein beyond complete deletion of both Syk alleles,
may lead to a late disappearance of the Syk protein at a time point
where osteoclast development and osteoclast-mediated bone
resorption has already occurred. The activation kinetics of the
Ctsk gene (Figure 8) and of the Ctsk-Cre mutation (Figure 10A),
as well as the late appearance of the Syk1 allele (Figure 10C) all
support this explanation. Another possible explanation is that the
level of Cre expression from the Ctsk-Cre mutation is too low to
provide complete Syk deletion and therefore a significant amount
of Syk remains present even after activation of the Ctsk-Cre
mutation. In this respect, it is interesting to see that themaximum
level of Cre expression in Syk1OC cultures (Figure 10A) is at least
an order of magnitude less than that in the Syk1Myelo cultures
(Supplementary Figure 3D). Nevertheless, both scenarios and
our own results are consistent with prior reports from the
literature showing good specificity but incomplete deletion of
target genes (incomplete penetrance) by the Ctsk-Cre mutation
(54, 55, 60). Those results also point to the fact that the suitability
of Cre-expressing mouse strains for the lineage-specific deletion
of floxed alleles depends not only on the specificity of the Cre
expression but also on its timing, i.e., whether sufficient time is
available for nearly complete deletion of the target gene.

Though the main message of our manuscript is the increased
in vivo bone mass upon conditional deletion of Syk in live
mice, some of our results also address the mechanism of the
contribution of Syk to osteoclast development and function.
While osteoclast-specific gene expression was reduced in Syk1OC

and Syk1Myelo cultures, it was not completely abrogated even
in Syk1Myelo cells which practically completely lacked Syk

protein expression. Therefore, Syk may not only be involved
in osteoclast-specific gene expression but maybe also in later
processes such as (pre)osteoclast fusion or the osteoclast-
mediated resorption process. It is particularly interesting in
this respect that DC-STAMP was only moderately affected
by Syk deletion, suggesting that a possible role of Syk in
(pre)osteoclast fusion may rely on mechanisms other than DC-
STAMP expression. It is also worth noting that practically
complete defect of matrix resorption was seen in both Syk1OC

and Syk1Myelo cultures (i.e., no substantial difference between the
two mutations could be seen in this assay), which, however, is
complicated by the fact that this assay measures both osteoclast
development and the resorptive activity of the cells, and that
the longer culture period could have allowed more complete Syk
deletion by the Ctsk-Cre mutation. It is also of interest why the
number of osteoclasts are reduced on Day 3.5 in the Syk1OC

cultures (Figure 6). This may be simply due to the fusion of the
cells reducing the number of individual osteoclasts, apoptotic
disappearance of osteoclasts during this late stage of culture,
and/or active deletion of Syk toward that time period.

We and others have shown that Syk is required for the
development of autoantibody-induced arthritis in experimental
mice (24, 33–35) and Syk has been proposed as a therapeutic
target in human rheumatoid arthritis (61–63). A possible
role for Syk in various immune and other cells such as
neutrophils, macrophages, mast cells or even platelets (16, 22–
24, 26–29, 31, 64–67) may provide an explanation for this
observation. Nevertheless, it is important to note that both
murine arthritis models (33) and human rheumatoid arthritis
(5) are accompanied with bone erosions. Therefore, the role of
Syk in osteoclast-mediated in vivo bone resorption may also
provide an additional cell type beyond immune/inflammatory
cells in which Syk inhibitors may have a beneficial therapeutic
effect. In addition, Syk-mediated bone resorption may also be a
therapeutic target in other diseases characterized by osteoclast-
mediated bone resorption such as osteoporosis (4) or osteolytic
cancer metastases (7, 8).

Taken together, our results provide direct genetic evidence
for the role of Syk in in vivo bone metabolism and therefore
may contribute to the rationale of developing Syk inhibitors
for the treatment of diseases characterized by pathologic
bone loss.
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Childhood obesity is associated with the development of severe comorbidities, such

as diabetes, cardiovascular diseases, and increased risk of osteopenia/osteoporosis

and fractures. The status of low-grade inflammation associated to obesity can be

reversed through an enhanced physical activity and by consumption of food enrich

of anti-inflammatory compounds, such as omega-3 fatty acids and polyphenols. The

aim of this study was to deepen the mechanisms of bone impairment in obese

children and adolescents through the evaluation of the osteoclastogenic potential

of peripheral blood mononuclear cells (PBMCs), and the assessment of the serum

levels of RANKL and osteoprotegerin (OPG). Furthermore, we aimed to evaluate

the in vitro effects of polyphenol cherry extracts on osteoclastogenesis, as possible

dietary treatment to improve bone health in obese subjects. High RANKL levels were

measured in obese with respect to controls (115.48 ± 35.20 pg/ml vs. 87.18 ±

17.82 pg/ml; p < 0.01), while OPG levels were significantly reduced in obese than

controls (378.02 ± 61.15 pg/ml vs. 436.75 ± 95.53 pg/ml, respectively, p < 0.01).

Lower Ad-SoS- and BTT Z-scores were measured in obese compared to controls

(p < 0.05). A significant elevated number of multinucleated TRAP+ osteoclasts (OCs)

were observed in the un-stimulated cultures of obese subjects compared to the

controls. Interestingly, obese subjects displayed a higher percentage of CD14+/CD16+

than controls. Furthermore, in the mRNA extracts of obese subjects we detected

a 2.5- and 2-fold increase of TNFα and RANKL transcripts compared to controls,

respectively. Each extract of sweet cherries determined a dose-dependent reduction

in the formation of multinucleated TRAP+ OCs. Consistently, 24 h treatment of

obese PBMCs with sweet cherry extracts from the three cultivars resulted in a

significant reduction of the expression of TNFα. In conclusion, the bone impairment in
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obese children and adolescents is sustained by a spontaneous osteoclastogenesis that

can be inhibited in vitro by the polyphenol content of sweet cherries. Thus, our study

opens future perspectives for the use of sweet cherry extracts, appropriately formulated

as nutraceutical food, as preventive in healthy children and therapeutic in obese ones.

Keywords: obesity, inflammation, polyphenols, sweet cherry, osteoclastogenesis, CD14+/CD16+ monocytes,

osteoporosis, osteopenia

INTRODUCTION

Childhood obesity is one of the major health problems in
the western world. It is associated with severe co-morbidities
including diabetes, cardiovascular diseases (1, 2), and bone loss,
which can occur early in the life (3, 4). It has been reported
that the incidence of bone fractures increases in overweight/obese
children and adolescents (5). The relationship between childhood
obesity and bone impairment has been deepened in animal
models. Indeed, Shu et al., found that mice fed with high fat
diet (HFD) showed bone loss mainly due to high osteoclastic
bone resorption, which is mediated by the increase of pro-
osteoclastogenic cytokines and pre-osteoclasts in the bone
marrow microenvironment (6).

Osteoclasts (OCs) derive from monocyte precursors which
fuse thank to macrophage colony-stimulating factor (MCSF) and
receptor activator of nuclear factor kappa-B ligand (RANKL)
and become multinucleated cells able to resorb bone. RANKL
is mainly produced by cells of the osteoblastic lineage.
However, in inflammation also immune cells represent also
an important source of the inflammatory cytokines [revised
in Dar et al. (7)]. Recently, it has also been reported that
bone marrow adipocytes produce RANKL (8), whose action
could be inhibited by Osteoprotegerin (OPG), the soluble
decoy receptor of RANKL (7). Other cytokines could also
support osteoclastogenesis together with RANKL (9), such as
TNFα. High levels of this cytokine have been demonstrated
in bone diseases as well as in obesity (10–13). This last
condition is associated with high levels of pro-inflammatory
cytokines, such as interleukins, adipokines, and chemokines,
which contribute to the chronic low level of inflammation
and oxidative stress which are responsible of the different co-
morbidities related to obesity (14, 15). This status of chronic
inflammation can be prevented or even reversed by the loss
of body weight through a reduction of food intake and
enhanced physical activity (16). It has been reported that physical
activity directly or indirectly decreased inflammation (17–19).
Moreover, eating foods rich in bioactive anti-inflammatory
compounds, such as omega-3 fatty acids (FAs) and polyphenols,
has been demonstrated to reduce inflammation (20, 21). In
particular, the anti-obesity effects of polyphenol-rich diets have
been associated to the property of polyphenols to interact
with adipose tissues (pre-adipocytes, adipose stem cells, and
immune cells).

Sweet cherries are a source of dietary phenolic compounds
(∼1,500mg total phenols per kg fresh weight), including
phenolic acids (hydroxycinnamic acids) and flavonoids

(anthocyanins, flavan-3-ols and flavonols), which are known for
their health benefits and important role in preventing several
chronic diseases related to oxidative stress (22, 23). Moreover,
they show a low glycemic index respect to other fruits and
vegetables and represent a source of vitamins, especially vitamin
C and minerals, such as potassium, phosphorus, calcium, and
magnesium (24, 25).

Studies in vitro and in vivo have reported that sweet
cherries have anti-inflammatory and anti-carcinogenic activity,
and characteristics for prevention of cardiovascular disease and
diabetes (26).

In the light of these evidences and of the increasing interest
on the polyphenol effects on childhood obesity, the aim of this
paper were: (a) to deepen the mechanisms of bone impairment
in obese children and adolescents, through the evaluation
of the serum levels of RANKL and OPG together with the
osteoclastogenic potential of peripheral blood mononuclear cells
(PBMCs), and (b) to evaluate in vitro, the effects of polyphenols
from sweet cherry extracts on osteoclastogenesis, as possible
dietary treatment to improve bone health in obesity.

MATERIALS AND METHODS

Subjects
Twenty-five obese children with a mean age of 10.8 ± 2.6
years were enrolled at Endocrinology Unit of Pediatric Hospital
Giovanni XXIII, University A. Moro of Bari. Inclusion criteria
were body mass index (BMI) ≥95th percentile for age and sex.
Exclusion criteria were: type 2 diabetes mellitus, secondary or
syndromic forms of obesity, hypothyroidism, Cushing disease,
viral hepatitis, metabolic or genetic liver diseases, ongoing
therapies for chronic systemic diseases. The control group
consisted of 21 normal weight healthy children matched
for age and gender, recruited on a voluntary basis in the
outpatient clinic, who referred to hospital for minor surgery or
electrocardiographic record for minor trauma to head, limbs, or
chest pain. All the enrolled patients signed an informed consent
form. The local ethic committee approved the study. The study
was conducted in accordance to the criteria of the declaration
of Helsinki. All subjects were in good general health and were
not taking drugs in the last 3 months. Serum levels of (25)OH-
vitamin D, osteocalcin, calcium, phosphorus, RANKL, OPG, and
alkaline phosphatase were measured as previously reported (10).
Bone quality was assessed by QUS measurements, performed
with a DBM Sonic 1200 bone profiler (Igea S.r.l., Carpi, MO,
Italy) employing a sound frequency of 1.25 MHz, as previously
described (27).
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Cells and Culture Conditions
PBMCs were isolated by centrifugation of peripheral blood
samples over Histopaque 1077 density gradient (Sigma
Chemical, St. Louis, MO), and cultured in α-MEM (Life
Technologies, Paisley, UK) supplemented with 10% fetal bovine
serum, 100 IU/ml penicillin, and 100µg/ml streptomycin
(Life Technologies, Inc. Ltd, Uxbridge, UK). To obtain fully
differentiated human OCs, the PBMCs were cultured in the
presence or absence of 25 ng/ml recombinant human MCSF and
30 ng/ml RANKL (R&D Systems, Minneapolis, MN) for about
20 days. In some experiments, PBMCs were also cultured in
the presence of 75 and 100µg/ml of polyphenol extracts from
Giorgia, Bigarreau, and Ferrovia both for mRNA extraction
(24 h), MTT assay (24 h) (28), and for osteoclastogenesis (about
20 days) evaluation. The concentrations of the polyphenol
extracts were selected according to literature data (29) and
calculated according to a previous in vitro study on the effect
of quercetin-containing cherry extracts on HepG2 cells (30)
by considering 440 dalton as the average molecular weight
of the compounds in the extracts; then, they were prepared
through vacuum drying of the extracts and re-suspension in
a suitable medium for the biological assays. Mature OCs were
identified as tartrate-resistant acid phosphatase-positive (TRAP)
multinucleated cells (Sigma Aldrich, Milan, Italy) containing
three or more nuclei. OC resorbing activity was demonstrated by
plating the cells on multiwell slides (4 × 105 cells/well) coated
with a calcium phosphate film (MilleniumOsteologic; Millenium
Biologix Inc, Ontario, Canada). This system incorporates a
resorbable artificial bone in the form of submicron calcium
phosphate films. The photomicrographs were obtained using a
Ellipse E400 microscope (Nikon, Tokyo, Japan) equipped with
Nikon Plan Fluor 10×/0.30 dicl. The microscope was connected
with a Nikon digital camera DxM 1200; the acquisition software
was Lucia G version 4.61 (build 0.64) for Nikon Italy.

Flow Cytometry Analysis
Fresh peripheral blood samples from patients and controls
were stained with PerCp-CD14 and FITC-CD16 antibodies (all
Beckmann Coulter, Milan, Italy). Events were acquired using C6
flow cytometer (Becton Dickinson Immunocytometry System,
Mountain View, CA, USA). The area of positivity was determined
using an isotype-matched mAb, a total of 106 events for each
sample were acquired.

RNA Isolation and Real Time-PCR
Amplification
Freshly isolated PBMCs of patients and controls, PBMCs
treated for 24 h with polyphenol extracts from sweet cherries
as well as OCs cultured in the presence of polyphenol
extracts from sweet cherries were subjected to mRNA extraction
using spin columns (RNeasy, QIAGEN, Hilden, Germany),
and reverse-transcription using iScript Reverse Transcription
Supermix (Bio-Rad Laboratories, Hercules, CA). The resulting
cDNA was amplified using the SsoFast EvaGreen Supermix
(Bio-Rad Laboratories) using the Chromo4 Real-Time PCR
Detection System (Bio-Rad Laboratories). The following primer
pairs were used for the real-time PCR amplification: RANKL

S: CGTTGGATCACAGCACAT, RANKL AS: GCTCCTCTT
GGCCAGTC; TNFα S: ATCTACTCCCAGGTCCTC, TNFα
AS: GATGCGGCTGATGGTGT; calcitonin receptor (CalcR)
S: AACAATAGAGCCCAAGCCATTTC, CalcR AS: CCAGCA
CAGCCATCCATCC; Cathepsin K (Cath K) S: GGCTCAAGG
TTCTGCTAC, Cath K AS: GCTTCCTGTGGGTCTTCTTCC;
RANK S: CAGGATGCTCTCATTGGTCAG, RANK AS: AGA
AAGGAGGTGTGGATTGC; GAPDH S: TCATCCCTGCCT
CTACTG; AS: TGCTTCACCACCTTCTTG.

Reagents and Standards for Chemical
Procedures
Formic acid, LC-MS grade water and acetonitrile were
purchased from J.T. Baker (Deventer, Holland). Furulic
acid, cyanidin-3-O-glucoside chloride, cyanidin-3-O-rutinoside
chloride, delphinidin-3-O-glucoside chloride, quercetin-3-O-
rutinoside, quercetin-3-O-glucoside, kaempferol-3-O-glucoside,
kaempferol-3-O-rutinoside, isorhamnetin-3-O-glucoside,
(+)-catechin, (–)-epicatechin, procyanidins B1 and B2, and
epicatechin gallate were purchased from Extrasynthese (Genay,
France). Cyanidin-3-O-sophoroside chloride, quercetin-4′-O-
glucoside, chlorogenic acid, neochlorogenic acid, and cynarin
were purchased from Phytolab (Vestenbergsgreuth, Germany).

Fruit Collection
Three sweet cherry cultivars (cv. Ferrovia, Bigarreau, and
Giorgia) grown in Apulia region (Southern Italy) was used in
this study. Samples were harvested at commercial maturity (1st
decade of May−2nd decade of June), on the basis of total soluble
solids (TSS), measured as ◦Brix using a portable refractometer
(Atago PR32, Norfolk, Virginia, USA), and titratable acidity
(TA) which was determined in the juice by titration with
0.1N of NaOH (J.T. Baker, Deventer, Holland) to a pH 7
end point (TSS = ∼ 17 ◦Brix; TA = ∼ 7 g/L of citric acid
equivalents), in 2014 season using 7 years-old sweet cherry
trees located in Turi. The trees were trained to a central leader
system and planted at a spacing of 4m × 4m and were
grown under usual conditions of irrigation, fertilization, and
pest control (31). Five kg of cherries for each variety were
taken on the same day, from four different branches of an
individual tree and mixed, then they were frozen in liquid
nitrogen and vacuum packed in plastic bags and stored at−80◦C
for further analysis.

Extraction of Polyphenols From Sweet
Cherry and HPLC-MS/MS Analysis
Polyphenols were extracted from cherries and analyzed through a
capillary HPLC 1100 coupled with a triple quadrupole QQQmass
detector (Agilent Technologies Palo Alto, CA, U.S.A.), following
the procedure proposed in our previous researches (31, 32).

Roughly 100 g of partially defrosted sweet cherry sample were
pitted and a homogenate was obtained using an IKA A11—basic
homogenizer (IKA—WERKE GMBH & CO.KG—Germany).
To avoid compounds degradation, the homogenization was
completed in darkness and the sample was placed on ice
during the whole procedure (around 5min). Ten gram of
homogenate was put in a glass flask with 10mL of 1%
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hydroxybutyl anisole (BHA) in methanol and 100 µL of ferulic
acid internal standard solution (1,000µg/mL of methanol).
Then, the obtained solution was sonicated in an ultrasonic bath
of 130W and 40 kHz (SONICA 2200 EP, SOLTEC, Milano,
Italy) for 1 h at 25◦C and the liquid phase was separated by
filtration under vacuum. The extraction procedure was repeated
twice for the solid phase utilizing fresh methanol (10 and
5mL for 30min, respectively). Finally, the pooled extracts
were concentrated down to 10mL through a rotavapor Buchi-
R-205 under vacuum at 40◦C, and stored at −25◦C until
further analysis.

A Zorbax column SC-C18 (50 × 2.1mm i.d., particle size
1.8µm, Agilent Technologies) was used, with the following
gradient system: water/formic acid (99:1, v/v) (solvent A) and
acetonitrile/formic acid (99:1, v/v) (solvent B), 0.8min, 95%
A−5% B; 2.1min, 90% A−10% B; 5.6min, 88% A−12% B;
8min, 81% A−19% B; 9.2min 81% A−12% B; 11.2min 5%
A−95% B; 12.8min 5% A−95%; 13.2min 95% A−5%; stop
time 15min. The column was kept at 60◦C, the flow was
maintained at 0.5 mL/min and the sample injection was 1.1 µL.
Both positive and negative ESI mode was used for ionization
of molecules with capillary voltage at 4,000V. Nitrogen was
used both as drying gas at a flow rate of 8 L/min and
as nebulizing gas at a pressure of 30 psi. Temperature of
drying gas was 350◦C. In the full scan (MS) and product ion
(MS/MS) modes, the monitored mass range was from m/z
100 to 1,200. Typically, 2 runs were performed during the
HPLC-ESI-MS analysis of each sample. First, an MS full-scan
acquisition was performed to obtain preliminary information
on the predominant m/z ratios observed during the elution. An
MS/MS full-scan acquisition was then performed: Quadrupole
1 filtered the calculated m/z of each compound of interest,
while Quadrupole 3 scanned for ions produced by nitrogen
collision of these ionized compounds in the chosen range
at a scan time of 500 ms/cycle. All data were acquired and
processed using Mass Hunter software (version B.01.04; Agilent
Technologies). The optimized parameters (fragmentor voltage
and collision energy) for each compound together with the
mass transitions adopted for multiple reaction monitoring
(MRM) are listed in Table 1S (Supporting Information). To
gauge linearity, calibration curves with five/seven concentration
points for each compound were prepared separately. Calibration
was performed by linear regression of peak-area ratios of the
polyphenols to the relative internal standard vs. the respective
standard concentration.

Statistical Analyses
Means and standard deviations of the raw data and regression
analysis of calibration samples were carried out using
STATISTICA 6.0 software package (StatSoft Inc., Tulsa,
OK, U.S.A.).

For statistical analyses of clinical data, the Statistical Package
for the Social Sciences (SPSS) for Windows, version 22.0 (SPSS
Inc., Chicago, IL, USA) was used. Comparison between groups
were performed by T-test. Correlations were analyzed with
Spearman or Pearson correlation test. The limit of statistical
significance was set at 0.05.

TABLE 1 | Characteristics of study population.

Controls N = 21 Obese patients N = 25

Gender (male/female) 9/12 9/16

Age (yr) 8.23 ± 3.19 10.8 ± 2.6

Tanner Stage (I, II, III, IV, V) 6,10,4,1,0 8,11,4,2,0

Height SDS 0.36 ± 1.02 0.23 ± 1.48

Weight SDS 0.43 ± 0.87 2.22 ± 0.70**

BMI-SDS 0.25 ± 0.78 2.31 ± 0.41**

Waist circumference (cm) 72.5 ± 7.2 92.04 ± 23.08**

Total cholesterol (mg/dl) 154.8 ± 28.32 164 ± 33.18

HDL (mg/dl) 55.67 ± 9.30 49.08 ± 8.13

LDL (mg/dl) 97.10 ± 21.03 107.54 ± 37.62

Triglycerides (mg/dl) 67.24 ± 19.16 73.00 ± 32.74

Insulin (microU/mL) 9.78 ± 4.50 24.60 ± 12.02**

Glucose (ml/dl) 81.16 ± 7.14 87.22 ± 11.35

HOMA-IR 2.56 ± 0.40 4.93 ± 1.91**

25-OH Vitamin D (ng/ml) 38.64 ± 14.70 29.70 ± 12.89

Osteocalcin (ng/ml) 38.26 ± 19.22 47.44 ± 21.02

PTH (pg/ml) 43.05 ± 15.06 44.07 ± 17.09

Calcium (mg/dl) 9.71 ± 0.40 9.43 ± 0.41

Phosphorus (mg/dl) 4.54 ± 1.4 4.54 ± 0.51

Ad-Sos-Z-score 0.48 ± 0.85 −1.05 ± 1.17*

BTT-Z-score 0.15 ± 0.72 −0.39 ± 1.23*

RANKL (pg/ml) 87.18 ± 17.82 115.48 ± 35.20§

OPG (pg/ml) 436.75 ± 95.53 378.02 ± 61.15§

SDS, standard deviation score; BMI, body mass index; PTH, parathyroid hormone; Ca,

calcium; P, phosphorus; B-ALP, bone alkaline phosphatase; RANKL, receptor activator of

nuclear factor kappa-B ligand; OPG, osteoprotegerin. §p < 0.01; *p < 0.05; **p < 0.001.

RESULTS

Clinical Characteristics
The characteristics of the study population were reported in
Table 1. Although, in the normal range, lower Ad-SoS- and BTT-
Z-scores were measured in obese patients compared to controls
(P < 0.05). The serum levels of 25-OH Vitamin D, calcium,
phosphorus, and osteocalcin were comparable to those measured
in controls. Interestingly, higher RANKL levels were measured
in obese patients with respect to the controls (115.48 ± 35.20
pg/ml vs. 87.18 ± 17.82 pg/ml; p < 0.01), while OPG levels
were significantly reduced in obese patients than in controls
(378.02 ± 61.15 pg/ml vs. 436.75 ± 95.53 pg/ml, respectively,
p < 0.01). With adjustment for age RANKL levels correlated
with waist circumference (r = 0.144 p < 0.022), and SDS-BMI
(r = 0.129 p < 0.038), whereas OPG levels correlated with waist
circumference (r = −0.348 p < 0.0001), SDS-BMI (r = −0.381
p < 0.0001), BTT-Z-score (r = 0.208 p < 0.002), HOMA-IR
(r=−0.359 p < 0.0001).

Osteoclastogenesis in Obese Children and
Adolescents
OC formation was evaluated in cultures of PBMCs from
obese patients and controls. A significant elevated number of
multinucleated TRAP+ OCs were counted in the un-stimulated
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cultures of obese patients (Figure 1B) compared to the controls
(Figure 1A), as reported in the histogram (Figure 1C). The
addition of the pro-osteoclastogenic M-CSF and RANKL in the
cultures from patients did not affect the OC number, but they
appear larger compared those observed in the un-stimulated
cultures (Figure 1E). Indeed, the number of large OCs (>10
nuclei) was greater in stimulated compared with un-stimulated
cultures from obese patients (35 ± 5 vs. 20 ± 6, p < 0.01).
Conversely, M-CSF and RANKL are necessary to trigger OC
formation in cultures from controls (Figure 1D), as reported in
the histogram (Figure 1F).

To investigate the mechanisms of the enhanced
osteoclastogenesis in obese we evaluated both the percentage of
CD14+/CD16+ circulating pre-osteoclasts as well as the levels of
the pro-osteoclastogenic cytokines RANKL and TNFα in PBMC
extracts. Interestingly, patients displayed a high percentage
of CD14+/CD16+, compared to the controls (Figure 2).
Furthermore, in mRNA extracts of obese patients we detected
a 2.5- and 2-fold increase of TNFα and RANKL transcripts
compared to controls, respectively (Figure 3).

Effect of Polyphenols From Sweet Cherry
on the Spontaneous Osteoclastogenesis of
Obese Children and Adolescents
Interestingly, we also evaluated in vitro the effect of polyphenol
cherry extracts on osteoclastogenesis as possible dietary
treatment to improve bone health in obesity.

Polyphenols Content in the Cherries Extracts
Table 1S listed the amount of the main flavonoids (anthocyanins,
flavan-3-ols, and flavonols) and chlorogenic acids, which were
identified as previously described (31, 32), quantified by HPLC-
MS/MS analyses in the tested cherries extracts. The content
of the phenolic compounds appeared slightly lesser in the
extract of Giorgia (1,391 mg/100 g FW) than Bigarreu and
Ferrovia (1,820 and 1,768 mg/100 g FW, respectively), even
though both the three varieties were principally characterized
by anthocyanins, especially cyanidin-3O-rutinoside, accounting
for 19–30% of total polyphenols, and chlorogenic acids
(particularly, trans-3-O-coumaroylquinic acid and trans-3-O-
caffeoylquinic acid) ranging between 70 and 80% of the total
polyphenols (Table 1S).

Polyphenols Effect on Osteoclastogenesis of Obese

Children and Adolescents
We investigated the effect of polyphenol extracts from Giorgia,
Bigarreau, and Ferrovia on PBMC cultures of patients. We
demonstrated that each extract determined a dose-dependent
reduction in the formation of multinucleated TRAP+ OCs
(Figures 4A–C). Furthermore, using the highest dose of
polyphenol extracts from Giorgia, Bigarreau, and Ferrovia we
demonstrated that the treatment also resulted in a significant
reduction of resorption activity (Figure 4D), together with
a significant reduction of the expression of OC marker
genes, such as calcitonin receptor, cathepsin K and RANK
(Figure 4E). Consistently, 24 h treatment of PBMCs from
patients with polyphenol extracts from Giorgia, Bigarreau, and

Ferrovia resulted in a significant reduction of the expression
of TNFα (Figure 5A), whereas RANKL levels were unchanged
(Figure 5B). Furthermore, by MTT we demonstrated that
polyphenol extracts did not significantly affect cell viability
of PBMCs from patients (Figure 6). These results suggested
that polyphenols from sweet cherry inhibit osteoclastogenesis
through the reduction of pro-osteoclastogenic cytokines, without
affecting cell viability.

DISCUSSION

This study demonstrated that in obese children the reduced
bone mineral density (BMD) is associated to the decrease of
OPG levels, the increase of RANKL levels, enhanced formation
of OCs, of circulating pre-osteoclasts, and pro-osteoclastogenic
cytokines. Interestingly, the spontaneous osteoclastogenesis is
inhibited in vitro by sweet cherry polyphenol extracts.

Previous studies demonstrated that obese subjects showed
significantly lower OPG levels respect to the controls (33–35);
however no correlation has been reported between OPG and
BMI (36, 37). Otherwise, few studies measured higher levels
of OPG in obese subjects compared with the controls (38,
39). However, all the previous studies correlated the levels of
OPG with the altered HOMA-IR, fasting insulin or glucose.
Our study, to our knowledge, is the first demonstrating a
direct correlation between OPG levels and BTT-Z score in
obese children.

It is known that obesity is associated with bone fragility
and the reduced OPG levels could contribute to this status.
We also found increased RANKL levels which could explain
the bone impairment associated with excess of adipose tissue.
Interestingly, we found that RANKL levels positively correlated
with waist circumference. The correlation between a central
obesity parameter, as the waist circumference, and RANKL
levels detected in serum and saliva samples has been previously
demonstrated (40). Our data confirmed that visceral fat
accumulation represents the main parameter which can predict
the entity of bone impairment in obese subjects. These findings
also suggest to evaluate bone status in obese subjects with a higher
waist circumference than normal values. It is known that RANKL
and OPG altered levels have been associated to the altered
osteoclastogenesis characterizing bone diseases (41–43). Indeed,
it has been demonstrated that anti-RANKL antibody is useful
in the treatment of osteoporosis (44). The alterations of OPG
and RANKL levels together with the increase of CD14+/CD16+

circulating pre-osteoclasts and TNFα levels are consistent with
the spontaneous osteoclastogenesis of our obese patients as well
as of other inflammatory diseases associated with bone loss (45).
CD14+/CD16+ cells have been linked with erosive bone diseases,
such as psoriatic arthritis and multiple myeloma (46–48). It
is known that CD14+/CD16+ cells display an enhanced pro-
osteoclastogenic activity (47, 48) thus supporting the key role of
this cells in the alteration of bone health in obesity. Consistently,
rodent models of obesity also demonstrated the increase of OC
precursors in the bone marrow (49). Consistently, the ongoing
theory sustains that weight gain determines local inflammation
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FIGURE 1 | Osteoclastogenesis in obese subjects. Osteoclasts (OCs) identified as tartrate-resistant acid phosphatase-positive (TRAP+) and multinucleated cells with

three or more nuclei, differentiated from peripheral blood mononuclear cells (PBMCs) of obese subjects and controls. Few small OCs differentiated in un-stimulated

PBMC cultures of a representative control (A), whereas multinucleated TRAP+ OCs differentiated from un-stimulated PBMCs from a representative obese subject (B).

The histogram includes OC count deriving from all subjects’ cultures, stratified according the number of nuclei per OC (C). In PBMC cultures from the controls, OCs

differentiate following MCSF and RANKL addition (D), otherwise in cultures from obese subjects growth factor addition did not further increase osteoclastogenesis (E),

compared with the un-stimulated cultures. The histogram reports the results deriving from all the enrolled subjects (F).

FIGURE 2 | Circulating osteoclast precursors in obese subjects. A representative flow cytometry dot plots displayed the percentage of circulating osteoclast

precursors, identified as CD14+/16+ cells in control (A) and obese subjects (B). The histograms represent the percentage of CD14+/CD16+ cells measured for all

enrolled obese and control subjects by flow cytometry (C).

that stimulate the increased recruitment of circulating pro-
inflammatory (Ly6Chi) monocytes, also capable of differentiate
in OCs in bone. Recruited monocytes differentiate into an M1
macrophage phenotype which is responsible of the chronic
inflammation and thus organ damage associated to obesity (15).

An increased mRNA levels of pro-osteoclastogenic molecules
such as RANKL and TNFα has been found in youngmice fed with
HFD (6). Interestingly, our results also displayed high mRNA

levels of TNFα and RANKL in PBMCs from obese subjects.
It has been reported that childhood obesity is associated to a
state of chronic low-grade inflammation as well as numerous
inflammation-related molecules such as TNFα, interleukin 6 (IL-
6), and leptin. High levels of these molecules have been linked
to co-morbidities associated to obesity (50–53). Furthermore,
consisting with our results, transgenic mouse expressing human
TNFα determines the augment of OC precursor percentage (54).
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FIGURE 3 | TNFα and RANKL expression in lymphomonocytes from obese subjects. mRNA levels of TNFα (A) and RANKL (B) in lymphomonocytes from all enrolled

controls and obese subjects. Obese subjects expressed higher levels of TNFα and RANKL compared to the controls.

FIGURE 4 | Osteoclastogenesis inhibition by polyphenol extracts from Giorgia, Bigarreau, and Ferrovia. The formation of multinucleated TRAP+ OCs was evaluated in

un-stimulated PBMCs from all obese patients cultured in the absence or presence of 75 and 100µg/ml polyphenol extracts from Bigarreau (A), Giorgia (B), and

Ferrovia (C). PBMCs from the patients, cultured on Millenium slides coated with a calcium phosphate film, formed large resorption areas, that were reduced following

the treatment with 100µg/ml polyphenol extracts from Bigarreau, Giorgia, and Ferrovia, as quantified in the histogram (D). The mRNA levels of calcitonin receptor

(CalcR), cathepsin K (Cath K), and RANK was evaluated in PBMCs from obese patients cultured in the absence or presence of 100µg/ml polyphenol extracts from

Bigarreau, Giorgia, and Ferrovia (E).
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FIGURE 5 | RANKL and TNFα expression in lymphomonocytes from obese subjects. Twenty-four hours treatment of PBMCs from obese subjects with 100µg/ml

polyphenol extracts from Giorgia, Bigarreau, and Ferrovia resulted in a significant reduction of the mRNA levels of TNFα (A), whereas RANKL levels were unchanged

(B). The results are referred to all obese subjects.

FIGURE 6 | Effect of Polyphenol extracts from Giorgia, Bigarreau, and Ferrovia on PBMC viability. PBMCs were treated for 24 h with 75 and 100µg/ml polyphenol

extracts from Bigarreau (A), Giorgia (B), and Ferrovia (C) and analyzed by MTT assay to evaluate cell viability. Results are expressed as mean values of optical density

at 570 nm ± standard deviation (SD).

As countermeasure against chronic low-grade inflammation
associated to obesity is represented by dietary advice and
nutraceuticals (55). Evidences from in vitro and experimental
models suggest the effects of polyphenols on obesity, obesity-
related inflammation, and other metabolic disorders. Their
effects include: to induce satiety, to stimulate energy expenditure
by inducing thermogenesis in brown adipose tissue, to inhibit
adipocyte differentiation and promote adipocyte apoptosis, to
modulate lipolysis and activate oxidation (56). Evidence for the
effects of polyphenols on obesity and weight control in adult
subjects is inconsistent due to the heterogeneity among study
populations, intervention period, and polyphenol supplements
(57). At the best of our knowledge, there are no studies about
the effects of polyphenols extracts on childhood obesity and
its comorbidities.

The innovative aspect of this study is related to the inhibition
of the spontaneous osteoclastogenesis and reduction of TNFα
mRNA levels in PBMC cultures from obese children with
the use of polyphenol-rich cherry extracts. This inhibitory
effect has been observed with all the three cultivars of sweet
cherries, although the content of the phenolic compounds
appeared slightly lesser in the extract of Giorgia than Bigarreu
and Ferrovia, even though both the three varieties were

principally characterized by anthocyanins, especially cyanidin-
3O-rutinoside, and chlorogenic acids. These polyphenols’
compounds play an important role as antioxidants for bone
health, both in young people, in order to favor the formation
of peak bone mass, and in the elderly and in menopausal
women in order to prevent bone loss. Moreover, the use of these
antioxidant compounds has been proposed in anti-resorption
therapies considering also that they are able to reduce the OC
activity without determining their apoptosis, which is useful to
restore physiological bone remodeling (58). Consistently, it has
been reported that tea and dried plum polyphenols in vitro
inhibited osteoclastogenesis (29, 59). Of note, it has also been
demonstrated the inhibitory effects of sweet cherry anthocyanins
on obesity development in HFD fed mice, by slowing down
TNFα and IL-6 levels (60). However, this study did not evaluate
the effect on bone, which is known to be negatively affected by
obesity as well as by HFD. Conversely, Shen et al., reported that
in rats green tea polyphenols improved bone health in HFD-
induced obesity by the suppression of bone cell activity (61, 62).
Although the positive effect of green tea administration in obese
patients has been evaluated in different studies [revised in Suzuki
et al. (63)], there were not published data on bone effects. These
literature reports together with our findings let us to speculate

Frontiers in Immunology | www.frontiersin.org 8 May 2019 | Volume 10 | Article 1001223

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Corbo et al. Sweet Cherry Polyphenols and Childhood Obesity

that also sweet cherry polyphenols can have a protective effect on
bone both in HFD fed mice and obese patients.

CONCLUSIONS

Our study, to our knowledge, is the first demonstrating in
obese children a spontaneous osteoclastogenesis inhibited by
polyphenols from sweet cherry extracts, through the reduction
of TNFα, without affecting cell viability. We also demonstrated
that the spontaneous osteoclastogenesis observed in PBMCs from
obese children is supported by the high percentage of circulating
CD14+/CD16+ cells and the elevated levels of RANKL and
TNFα. Our study opens future perspectives for the use of cherry
extracts, appropriately formulated as nutraceuticals as preventive
in healthy children and therapeutic in obese ones.
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Emma Persson 1†‡, Pedro P. C. Souza 2,3†, Thais Floriano-Marcelino 2,

Howard Herschel Conaway 4, Petra Henning 5 and Ulf H. Lerner 1,5*

1Department of Molecular Periodontology, Umeå University, Umeå, Sweden, 2 Bone Biology Research Group, Department of

Physiology and Pathology, School of Dentistry, São Paulo State University (UNESP), Araraquara, Brazil, 3 School of Dentistry,
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Background and Purpose: The gp130 family of cytokines signals through receptors

dimerizing with the gp130 subunit. Downstream signaling typically activates STAT3 but

also SHP2/Ras/MAPK pathways. Oncostatin M (OSM) is a unique cytokine in this family

since the receptor (OSMR) activates a non-redundant signaling pathway by recruitment

of the adapter Shc1. We have studied the functional relevance of Shc1 for OSM-induced

bone resorption.

Experimental Approach: Osteoblasts were stimulated with OSM and STAT3 and Shc1

activations were studied using real-time PCR and Western blots. The role of STAT3 and

Shc1 for OSM-induced RANKL expression and osteoclast formation was studied by

silencing their mRNA expressions. Effects of OSM were compared to those of the closely

related cytokine leukemia inhibitory factor (LIF).

Key Results: OSM, but not LIF, induced the mRNA and protein expression of Shc1

and activated phosphorylation of Shc1 in the osteoblasts. Silencing of Shc1 decreased

OSM-induced activation of STAT3 and RANKL expression. Silencing of STAT3 had no

effect on activation of Shc1, but prevented the OSM-mediated increase of RANKL

expression. Silencing of either Shc1 or STAT3 in osteoblasts decreased formation

of osteoclasts in OSM-stimulated co-cultures of osteoblasts and macrophages. In

agreement with these observations, OSM was a more potent and robust stimulator than

LIF of RANKL formation and bone resorption in mouse calvariae and osteoclast formation

in bone marrow cultures.

Conclusions and Implications: Activation of the Shc1-dependent STAT3 signaling is

crucial for OSM-induced osteoclast formation. Inhibition of Shc1 is a potential mechanism

to specifically inhibit OSM-induced bone resorption.

Keywords: OSM, LIF, RANKL, Shc1, osteoclast, bone resorption
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INTRODUCTION

Oncostatin M (OSM) belongs to the gp130 family of cytokines.
It was discovered as a cytokine released from macrophage
differentiated U-937 histiocytic lymphoma cells that inhibited
proliferation of melanoma cells (1). OSM has also been
reported to be expressed in monocytes, dendritic cells, T-cells,
neutrophils (2), intestinal stromal cells (3), osteoblasts (4, 5)
and osteocytes (5). Several studies have shown that OSM is
involved in a wide variety of functions (2, 6), including bone
remodeling (7), embryologic development, liver regeneration,
haematopoiesis (8), tumorigenic progression and metastasis
formation (9, 10), as well as inflammatory processes such as
pulmonary fibrosis (11, 12), asthma (13), inflammatory bowel
disease (3), periodontal disease (14), rheumatoid arthritis (15)
and neurogenic heterotopic ossifications (16).

Cytokines in the gp130 family bind to cell surface receptor
(R) subunits, and the ligand-receptor complex interacts with the
transmembrane protein gp130 for signal propagation. Activation
of the OSMR triggers heterodimerization between the ligand-
receptor complex and one gp130 subunit (2). Human OSM can
induce signaling through both the OSMR and the receptor for
leukemia inhibitory factor (LIF), a closely related cytokine in
the gp130 family, whereas mouse OSM acts mainly through
the OSMR:gp130 heterodimer (2, 6), although it has been
shown that mouse OSM can stimulate bone formation by
decreasing sclerostin expression after LIFR-induced activation of
STAT3 (5).

OSM stimulates bone resorption in organ cultures (17)
and enhances osteoclast formation in crude bone marrow cell
cultures (18, 19), effects which are associated with increased
expression of receptor activator of NF-κB ligand (RANKL) (17,
18). Interestingly, OSM is more potent and effective than LIF
as a stimulator of osteoclast formation in co-cultures of mouse
osteoblasts and bone marrow cells (20). The bone phenotype
of mice in which the Osm gene has been deleted has not been
reported, but mice globally deficient in the Osmr have increased
bone mass and a decreased number of osteoclasts (5), findings
which are in agreement with in vitro observations showing OSM
increasing osteoclast numbers and stimulating bone resorption.

The OSMR has no intrinsic tyrosine kinase activity, but
dimerization with gp130 activates the JAK-STAT (Janus kinase
and signal transducer and activator of transcription) pathway.
JAKs are constitutively connected to the membrane-proximal

Abbreviations: AMV, avian myeloblastosis virus; BMM, bone marrow
macrophages; BMC, bone marrow cells; BMP-2, bone morphogenetic protein-2;
D3, 1,25(OH)2-vitamin D3; EMSA, electrophoretic mobility shift assay; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; gp130, glycoprotein 130; Grb2,
Growth factor receptor-binding protein 2; IL, interleukin; JAK, Janus kinase; LIF,
leukemia inhibitory factor; LIFR, LIF receptor; MAPK, mitogen-activated protein
kinase; M-CSF, macrophage colony-stimulating factor; OPG, osteoprotegerin;
OSM, oncostatin M; OSMR, OSM receptor; PTB, phosphotyrosine binding
domain; PTH, parathyroid hormone; RANKL, receptor activator of NF-κB ligand;
SH2, Src homology 2; Shc, Src homology and collagen; SHP-2, SH2 domain-
containing tyrosine phosphatase 2; Sos, Son of sevenless; STAT, signal transducer
and activator of transcription; TRAP, tartrate-resistant acid phosphatase;
TRAP+MuOCL, TRAP+ multinucleated osteoclasts.

regions of gp130 and OSMR and, upon activation, JAKs trans-
phosphorylate several Tyr residues in the intracellular domains
of gp130 and OSMR. In the mouse OSMR, JAK2 is preferentially
bound and its activation leads to phosphorylation of Tyr917

and Tyr945 in the OSMR and subsequent recruitment of the
transcription factor STAT3 (21, 22). Recruitment of STAT3
to gp130 is mediated by JAK-dependent phosphorylation of
Tyr767/Tyr814/Tyr905/Tyr915 (23). Once phosphorylated by JAKs,
activated STAT3 dimers translocate to the nucleus and bind to
specific DNA sequences in promoter regions of a variety of target
genes. JAK-dependent phosphorylation of Tyr759 in gp130 results
in recruitment and activation of the tyrosine phosphatase SHP-2
[Src homology region 2-containing protein tyrosine phosphatase
2; (24)]. In turn, SHP-2 then forms a complex with Grb2 (growth
factor receptor-binding protein 2) and Sos (Son of sevenless),
which activates the Ras/Raf/MAPK pathway (25), a hallmark of
many haematopoietic cytokine receptors.

A non-redundant signaling pathway distinguishing OSMR
from the other receptors in the gp130 family of cytokines is
recruitment of the adapter protein Shc1 (Src homology and
collagen 1) to Tyr861 (26, 27). Shc proteins are phosphotyrosine
adapters which link activated transmembrane receptors to
downstream signaling cascades (28). Four members of this
family have been described, designated Shc1, Shc2, Shc3 and
Shc4. Three isoforms of Shc1 protein generated by differential
promoter usage (p66) or alternative translational initiation (p46,
p52) have been discovered. Shc1 contains both phosphotyrosine
binding domains (PTB) and SH2 domains and is able to
recruit the Ras/Raf/MAPK adapter Grb2 to the SH2 domain.
Phosphorylation of the OSMR on Tyr861 allows binding of
activated Shc1 to the OSMR, recruitment of Grb2 and subsequent
induction of a Ras-dependent kinase cascade, which results in
activation of MAPK (26). This is different from the LIF-induced
activation of MAPK, where recruitment of SHP-2 to the gp130
subunit in the LIFR mediates activation of MAPK (2). Since
OSMR lacks the recruitment motif for SHP-2, activation of
Shc1 substitutes for SHP-2 mediated activation of the MAPK
caused by the closely related LIFR, but the functional relevance
of OSMR-Shc1 in bone has not been investigated. Interestingly,
activation of Shc1 has also recently been shown to potentiate
STAT3 phosphorylation in breast cancer cells (29), but a
role for the OSMR-Shc1-STAT3 axis in osteoblasts has not
been assessed.

The aim of the present study was to investigate the importance
of the Shc1-STAT3 signaling pathway in OSM-induced RANKL
formation in osteoblasts and subsequent osteoclast formation.

MATERIALS AND METHODS

Materials
Recombinant mouse LIF, mouse OSM, bone morphogenetic
protein-2 (BMP-2), macrophage colony-stimulating factor (M-
CSF), RANKL (amino acids 158–316; cat. no. 462-TEC) and the
ELISA kits for mouse RANKL and mouse OPG were purchased
from R&D Systems, Abingdon, UK; bacterial collagenase
type I from Worthington Biochemical Corp., Lakewood,
NJ, USA; α-MEM, FBS, L-glutamine, and oligonucleotide
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primers from Invitrogen, Stockholm, Sweden; RNAqueous R©-
4PCR RNA isolation kit from Ambion, Inc., Austin TX,
USA; 1st strand cDNA synthesis Kit and PCR Core Kit from
Roche, Mannheim, Germany; DYEnamic ET terminator cycle
sequencing kit from GE Healthcare, Uppsala, Sweden; QIAquick
PCR Purification kit was from Qiagen Ltd., Crawley, West
Sussex, England; TaqMan Universal PCR Master Mix and
TaqMan probes from Applied Biosystems, Foster City, CA,
USA; all primary and secondary antibodies used are specified
in Supporting Information Table I; anti-IgG-HRP secondary
antibodies used for Western blot were from Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA; culture dishes and
multi-well plates from Costar, Cambridge, MA, USA, or Nunc
International Corp., Naperville, IL, USA. Indomethacin was
kindly supplied by Merck, Sharp & Dohme, Haarlem, the
Netherlands; the mouse bone marrow stromal cell line ST-2 from
Riken BRC Cell Bank (www.brc.riken.go.jp).

Animals
CsA mice from the inbred colony at Umeå University, Swiss
mice from the School of Dentistry at Araraquara and C57Bl/6
mice from the University of Gothenburg were used for isolation
of calvarial osteoblasts, bone marrow cells or calvarial bone
explants. The Institutional Animal Care and Ethics Committees
at Umeå University, at the School of Dentistry, Araraquara and at
the University of Gothenburg approved all experimental studies.
The observation that OSM is a more robust stimulator than LIF
of Tnfsf11 (encoding RANKL) mRNA expression was made in
cells from all three genotypes; OSM-induced phosphorylation of
Shc1 was assessed in cells from CsA and Swiss mice and found to
activate Shc1 in both strains.

Bone Resorption Bioassay
Bone resorption was assessed in organ culture of parietal
bones from 6 to 7 days-old mice by analyzing the release of
45Ca from prelabelled bones as previously described (30, 31).
Release of isotope was expressed as the percentage release
of the initial amount of isotope (calculated as the sum of
radioactivity in medium and bone after culture). The data were
recalculated and the results expressed as percent of control that
was set at 100%, which allowed for accumulation of data from
several experiments.

Isolation and Culture of Mouse Calvarial
Osteoblasts
Bone cells were isolated from calvariae harvested from 2 to
5 days-old mice using bacterial collagenase in the modified
time sequential enzyme-digestion technique (32). Cells from
populations 6 to 10, showing an osteoblastic phenotype as
assessed by their cyclic AMP-responsiveness to PTH, expression
of alkaline phosphatase, osteocalcin and bone sialoprotein, as
well as the capacity to form mineralized bone noduli (data
not shown), were used. The cells were seeded in culture flasks
containing α-MEM supplemented with 10% FBS, L-glutamine
and antibiotics at 37◦C in humidified air containing 5% CO2.
After 4 days, the cells were sub-cultured in culture dishes or
multi-well plates.

Osteoclast Differentiation in Bone Marrow
Cell Cultures
Bone marrow cells (BMC) were flushed from femur and tibiae
from 6 week-old mice and seeded in 48 multi-well plates
containing α-MEM/10% FBS and incubated overnight. The cells
were then cultured in the same medium with or without test
substances for 7–9 days. Cells staining positive for tartrate-
resistant acid phosphatase (TRAP) and containing three or
more nuclei were considered osteoclasts and the number of
TRAP-positive multinucleated osteoclasts (TRAP+ MuOCL)
was counted.

Osteoclast Differentiation in Bone Marrow
Macrophage Cultures
Bone marrow cells from 6 to 12 weeks old mice were isolated
and incubated in the presence of M-CSF (30 ng/mL) for 3
days in culture dishes, to which stromal cells and lymphoid
cells cannot adhere, as previously described (33, 34). The cells
adherent to the bottom of the dishes are devoid of phenotypic
markers for stromal cells, T- and B-cells, express CD115/c-Fms
(75%) and CD11b/Mac-1 (100%), and were used as bone marrow
macrophages (BMM). The BMM cells were seeded in 96 multi-
well plates and then incubated inM-CSF (30 ng/mL) orM-CSF+
RANKL (30 ng/mL+ 4 ng/mL) with or without LIF (100 ng/mL)
or OSM (100 ng/mL). Cells staining positive for TRAP and
containing three or more nuclei were considered osteoclasts and
the number of TRAP+ MuOCL was counted.

Stromal Cells
The ST-2 cells were seeded in multi-well plates and incubated in
α-MEM/10% FBS overnight. Following incubation, mediumwith
and without test substances was added and the cells incubated for
24 h for subsequent gene expression analysis.

Gene Silencing in Osteoblasts Using Small
Interfering RNA
Calvarial osteoblasts were seeded in multi-well plates with α-
MEM supplemented with 10% FBS and antibiotics. For co-
culture and gene expression experiments, 103 cells were seeded
per well in 96-well plates, while for protein extraction, 5 ×

104 cells/well were seeded in 12-well plates. After overnight
attachment, silencing of Osmr, Lifr, Il6st, Shc1 or Stat3 was
performed using Lipofectamine RNAiMAX and 30 nM of the
appropriate siRNAs listed in Supporting Information Table II.
Cells treated with a scrambled (siSCR) sequence served as
controls. Forty-eight hours after the first silencing, the protocol
was repeated. Twenty-four hours after the second silencing, the
cells were incubated in medium containing either vehicle, LIF or
OSM. At the end of cultures, RNA or protein was extracted. In
some experiments, the osteoblasts were co-cultured with BMMs.

Osteoblast and Bone Marrow Macrophage
Co-cultures
Following silencing of Shc1 or Stat3 in osteoblasts, 2x104 BMMs
were added to each well in 96-well plates containing osteoblasts.
The co-cultures were exposed to vehicle or OSM (100 ng/mL)
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and 3 days later, the cells were fixed with PBS-buffered 4%
paraformaldehyde and stained for TRAP. The number of TRAP+

MuOCL was counted in each well.

RNA Isolation and First-Strand cDNA
Synthesis
Total RNA was extracted using commercially available
RNA isolation kits (Ambion or Qiagen) by following the
manufacturer’s protocol. For quantitative real-time polymerase
chain reactions, RNA was extracted from a single cell culture
well, or from individual bones. For semi-quantitative polymerase
chain reactions, RNA extracted from three wells was pooled
per treatment group. RNA was reverse transcribed into single-
stranded cDNA with a commercially available cDNA synthesis
kit using.

Semi-quantitative Polymerase Chain
Reaction
Polymerase chain reaction analyses were performed using a
standard protocol. The reaction conditions were: denaturing at
94◦C for 2min, annealing for 40 s, and elongation at 72◦C for
60 s; in subsequent cycles denaturing was performed at 94◦C for
40 s. Reaction conditions for OPG and RANKL were as follows:
denaturation at 94◦C for 35 s, annealing at 65◦C for 35 s, and
elongation at 72◦C for 60 s for 10 cycles. In subsequent cycles,
the primer annealing temperature was decreased stepwise by 5◦C
every 5 cycles from 65 to 45◦C. The primer sequences (forward
and reverse, given in the 5′-3′ orientation), expected fragment
lengths and annealing temperatures used in PCR are listed in
Supporting Information Table III. The expressions of the target
genes were compared at the logarithmic phase of the PCR
reaction. No amplification was detected in samples where the RT
reaction had been omitted (data not shown). The PCR products
were electrophoretically size fractionated in 1.5% agarose gel
and visualized using ethidium bromide. The identity of the PCR
products was confirmed using a DYEnamic ET terminator cycle
sequencing kit with sequences analyzed on an ABI 377 XL DNA
Sequencer (PE Applied Biosystems, Foster City, CA).

Quantitative Real-Time Polymerase Chain
Reaction
Quantitative real-time PCR analysis was performed using
TaqMan kinetics. In each reaction, cDNA was amplified using
a TaqMan Universal PCR Master Mix kit, 300 nmol/L of
each primer and 100 nmol/L of probe on an ABI Prism
7900 HT Sequence Detection System (Applied Biosystems,
Foster City, CA, USA) or predesigned Taqman Assays and
Taqman Fast Advance Master Mix on a StepOnePlus Real-
Time PCR system. The primers and probes used are listed
in Supporting Information Tables III, IV. Gapdh (for BMM)
or β-actin or 36B4 (for BMC and calvarial osteoblasts) were
used as internal standard to correct for differences in starting
mRNA concentrations.

Protein Analyses of RANKL and OPG
The protein levels of RANKL and OPG in calvarial bones were
analyzed using commercially available ELISA kits. Calvarial cells

were lysed using 0.2% Triton X-100 and the extracted samples
were analyzed by following the manufacturer’s protocol.

Preparation of Total Cell Lysates
Calvarial osteoblasts were seeded in 60 cm2 dishes at a density
of 2 × 104 cells/cm2. After 3 days of culture with one media
change, the cells were incubated in the absence (control) or
presence of test substances for different time periods. Following
incubation, the cells were washed twice in PBS before addition of
lysis buffer (1% Igepal CA-630, 0.1% SDS, 2mM EDTA, 50mM
NaF, 0.1 mg/mL PMSF, 10µg/mL leupeptin, 10µg/mL pepstatin
A, in PBS). The dishes were kept on ice for 15min followed by
scraping and collection of cell lysates. Before use inWestern blot,
cell lysates were concentrated using Microcon centrifugal filter
devices according to manufacturer’s recommendations. Protein
concentration of the cell lysates was measured using the BCA
method with bovine albumin as standard.

Western Blot Analysis
For Western blot analysis, cell lysates pooled from three
culture dishes were mixed with sample buffer (200mM Tris-
HCl, pH 6.7, 20% glycerol, 10% β-mercaptoethanol, 5% SDS,
0.01% Pyronin Y) and boiled for 3min. Protein samples
were then loaded on 4–12% Tris-HCl polyacrylamide gels
and electrophoresis was performed according to the Laemmli
method. Electrophoretically separated proteins were then blotted
onto a PVDF membrane which was blocked (5% BSA in TBS)
overnight. For detection, the membrane was incubated with
primary antibody overnight in 1% BSA/PBS in dilutions specified
in Supporting Information Table I. Three times 10min of wash
in TBS with 0.05% Tween-20 (TBST) was followed by incubation
with HRP-conjugated secondary antibody (1:5,000 in 1% BSA,
0.05%Tween-20 in TBS) for 60min at room temperature. Finally,
the membrane was washed extensively with TBST and TBS
followed by development using a chemiluminescence detection
kit according to manufacturer’s protocol.

Preparation of Nuclear Extracts
Calvarial osteoblasts were plated at a density of 2 x 104 cells/cm2

in culture dishes (60 cm2) containing α-MEM with 10% FBS, L-
glutamine and antibiotics. After 4 days with one media change,
the cells were incubated in the absence (control) or presence of
test substances for 30min. Following incubation, the cells were
washed with ice cold PBS and scraped. Cell suspensions from two
culture dishes were pooled and centrifuged briefly and pelleted
cells homogenized in lysis buffer A (10mM HEPES, pH 7.9,
0.1mM EDTA, 10mM KCl, 625 µg/mL spermidine, 625 µg/mL
spermine, 0.5mM DTT, 0.5mM PMSF, 1 µg/mL leupeptin, 1
µg/mL pepstatin A). After 15min on ice, Igepal CA-630 was
added to a final concentration of 0.5%. The nuclei were collected
by centrifugation at 12 000 x g for 2min, and pelleted nuclei were
lysed by incubation for 30min on ice in lysis buffer B (20mM
HEPES, pH 7.9, 0.2mM EDTA, 0.42M NaCl, 25% glycerol, 625
µg/mL spermidine, 625 µg/mL spermine, 0.5mM DTT, 0.5mM
PMSF, 1 µg/mL leupeptin, 1 µg/mL pepstatin A). Supernatants
were collected by centrifugation at 16 000 x g for 10min. The
protein concentration of the samples was determined by the
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Bradford method and aliquots were stored at −80◦C until use in
electrophoretic mobility shift assays (EMSAs).

EMSA
Consensus oligonucleotides including an AP-1 site (CGCTTG
ATGACTCAGCCGGAA) and a κB site (AGTTGAGGGGAC
TTTCCCAGGC) were end-labeled with [γ-32P] ATP using T4
kinase according to manufacturer’s instructions. Mutated forms
of the AP-1 (CGCTTGATGACTCCGGAA) and NF-κB (AGT
TGAGGGACTTTCCCAGGC) oligonucleotides were used in
competition studies. Annealing of complementary strands of
both labeled and unlabelled oligonucleotides was performed
before used in electrophoretic mobility shift assay (EMSA).
Reaction mixtures containing 8 µg of nuclear extract, 0.5–
1 ng of probe (50 000 cpm), 4 µg poly(dI-dC)•poly(dI-
dC), 20 nM DTT, and reaction buffer (50mM Tris-HCl, pH
7.5, 0.25M NaCl, 5mM EDTA, 25% glycerol) were incubated
at room temperature for 30min. In antibody supershifts
and competition studies, 2 mg/mL of antibody, or 50- or
100-fold excess of unlabelled probe, was pre-incubated with
reaction mixture without probe for 30min before addition
of 32P-labeled probe. After incubation for 30min at room
temperature, samples were loaded onto a non-denaturing
polyacrylamide gel and electrophoresed, followed by drying of
the gel and autoradiography.

Statistical Analysis
Statistical significance was determined by ANOVA using Levene’s
homogeneity test and Dunnett’s 2-sided, Dunnett’s T3 or Tukey’s
post hoc test. When comparing two groups, non-parametric
Mann-Whitney U test, or two-sided Student’s t-test was used,
where applicable. A P < 0.05 was considered statistically
significant. Statistical significance is presented as follows, ∗P
< 0.05, ∗∗P < 0.01, and ∗∗∗P < 0.001. Data are expressed as
mean ± SEM. Numerical values are expressed as percent of
unstimulated control, with controls presented as 100% or 1-fold,
if not otherwise stated. We have used four wells or six bones
(45Ca release) per treatment group and then calculated a mean
value and standard variation (SEM) for each group, which have
been used for statistical analyses and to create the figures. The
experiments have then been repeated using the same design and
calculations 2–3 times with similar results.

RESULTS

OSM, in Contrast to LIF, Robustly Activates
ERK and the AP-1 Complex in Calvarial
Osteoblasts
Stimulation of calvarial osteoblasts with OSM (100 ng/mL)
resulted in a robust, time-dependent activation of the
MAP kinase ERK, as assessed by phosphorylation of Tyr204

(Figure 1A). OSM treatment also resulted in increased
phosphorylation of the MAP kinase JNK on Tyr185 and
Thr183. In contrast, OSM did not stimulate phosphorylation of
the p38 MAPK on Tyr182. Treatment of the osteoblasts with LIF
(100 ng/mL) caused a weak, rapidly transient activation of JNK,
but did not affect phosphorylation of ERK or p38. Neither OSM

nor LIF had any effect on total protein levels of p38, JNK or
ERK (Figure 1A).

Activation of AP-1 is a consequence of MAPK activation and
we, therefore, next studied the effects of OSM on transcriptional
control of AP-1 subunits and DNA binding of AP-1, as assessed
by semi-quantitative RT-PCR and EMSA, respectively.

OSM (100 ng/mL) increased the mRNA expression in mouse
calvarial osteoblasts of Fos and Jun after 48 h treatment
(Figure 1B), whereas Fosb, Fosl1, Fosl2, Junb, and Jund mRNA
expressions were unaffected (Figure 1B). In contrast, LIF caused
amarginal increase of FosmRNAbut did not affect the expression
of the other AP-1 subunits (Figure 1B).

Incubation of calvarial osteoblasts with OSM for 30min
resulted in enhanced DNA binding of AP-1 as assessed by EMSA,
whereas LIF had no effect (Figure 1C, left top panel). The binding
specificity was evident by the complete displacement with a
50-fold excess of unlabelled (cold) homologous oligonucleotide
(C), whereas a mutated homologous oligonucleotide (M) and
a non-homologous oligonucleotide (NF-κB; NF) had no effect
(Figure 1C, middle top panel). The antibody shift experiment
demonstrated the involvement of both c-Jun (Jun) and c-Fos
(Fos) in the AP-1 complex activated by OSM (Figure 1C, right
top panel). In contrast to the enhanced AP-1 DNA binding
activity by OSM, treatment with either OSM or LIF did not
result in an effect on NF-κB DNA binding activity (Figure 1C,
lower panel).

These observations demonstrated clear differences in
signaling events downstream the OSM and LIF receptors in
primary mouse calvarial osteoblasts, which are in line with
observations made in the human osteoblastic MG-63 cell line
showing a clear activation of ERK by OSM, but a weaker by
LIF (35).

OSM Is a More Robust Activator Than LIF
of STAT3 mRNA Expression and
Phosphorylation
Stimulation of calvarial osteoblasts with OSM (100 ng/mL)
increased expression of Stat3mRNA, whereas no such effect was
observed after stimulation with LIF (Figure 2A).

Western blot analyses indicated that phosphorylation of the
transcription factor STAT3 on Tyr705, which is crucial for
dimerization of STAT3 and subsequent DNA binding (36), was
much greater after treatment with OSM than LIF (Figure 2B). No
effect on total STAT3 protein by OSM or LIF was observed.

These findings show that OSM robustly activates STAT3,
whereas LIF only causes a marginal activation of this
transcription factor.

Activation by OSM of the Adapter Protein
Shc1 in Calvarial Osteoblasts Is Crucial for
STAT3 and ERK Activation
Having observed the differences in MAPK and STAT3 activation
in osteoblasts stimulated with OSM and LIF, and knowing that
only OSM has been reported to activate the adapter protein Shc1
in several other cell types, we next investigated the role of Shc
adapters for the robust activation by OSM of ERK and STAT3 in
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FIGURE 1 | MAP kinases and the AP-1 complex are differentially activated by OSM and LIF. (A) Mouse calvarial osteoblasts were cultured in the absence (Co) or

presence of LIF or OSM (both at 100 ng/mL) for 15 and 30min followed by cell lysis and Western blot analysis of total, as well as phosphorylated, ERK, JNK and p38.

Actin served as the internal control for protein loading. (B) Semi-quantitative PCR analysis of AP-1 subunit mRNA expression after incubation without (Co) or with LIF

or OSM (both at 100 ng/mL) for 48 h. Gapdh served as loading control. (C) EMSA analysis of nuclear extracts from cells incubated for 30min in the absence (Co) or

the presence of LIF or OSM (both at 100 ng/mL). Left upper panel, EMSA for nuclear extracts incubated with AP-1 consensus probe. Middle upper panel, competition

studies on nuclear extracts from OSM-stimulated cells. From left: No competitor (–), homologous unlabelled (cold) AP-1 consensus probe (C), mutated AP-1

consensus probe (M), non-homologous probe (NF-κB; NF). Right upper panel, supershifts using antibodies against c-Jun (Jun), c-Fos (Fos), and unspecific IgG (IgG)

of nuclear extracts from OSM-stimulated cells. Lower panel, EMSA for nuclear extracts incubated with NF-κB consensus probe.

FIGURE 2 | STAT3 is differentially expressed and activated by OSM and LIF. Mouse calvarial osteoblasts were cultured in the absence (Co) or presence of LIF or OSM

(both at 100 ng/mL) for 48 h to assess Stat3 mRNA expression by RT-qPCR (A) or for 15 and 30min to assess phosphorylated and total STAT3 protein levels by

Western Blot (B). Values in (A) represent means for four wells and SEM is shown as vertical bars. Significant differences compared to untreated cells (Co) is defined as

***P < 0.001 analyzed by one-way ANOVA followed by Dunnet’s multiple comparison test vs. Co.
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FIGURE 3 | OSM stimulates activation of STAT3 and ERK by phosphorylating the adapter protein Shc1. (A) Mouse calvarial osteoblasts were cultured in the absence

(Co) or presence of LIF or OSM (both at 100 ng/mL) for 24 h and RNA was extracted for RT-qPCR analysis of Shc1mRNA. (B) The cells were exposed to LIF or OSM

at 100 ng/mL for 15 and 30min followed by cell lysis and Western blot for phosphorylated Shc1; the bands were quantified and normalized by vinculin. (C) Calvarial

osteoblasts had the Shc1 gene silenced by small interfering RNA and were exposed to LIF or OSM (both at 100 ng/mL) for 24 h before RNA extraction and analysis of

Shc1 mRNA expression by RT-qPCR; a scrambled sequence (siSCR) served as control. (D) Osteoblasts that had the Shc1gene knocked-down by siRNA and control

cells exposed to scrambled sequence (siSCR) were exposed to OSM at 100 ng/mL or vehicle for 15min and proteins were extracted for analysis of the

phosphorylation of Shc1, STAT3 and ERK. (E) The Stat3 gene was silenced in calvarial osteoblasts, which were subsequently exposed to OSM at 100 ng/mL or

vehicle (Co) for 24 h before analysis of Stat3 gene expression by RT-qPCR. (F) The effect of Stat3 silencing on phosphorylation of STAT3 and Shc1 was analyzed by

Western blot in osteoblasts treated with OSM for 15min. (A,C,E) Values represent means for four wells and SEM is shown as vertical bars. (A) Significant differences

compared to untreated cells (Co) at each time point are defined as ***P< 0.001; analyzed by one-way ANOVA followed by Dunnet’s post hoc-test. (C,E) Significant

differences are indicated by horizontal lines where ***P < 0.001 two-way ANOVA followed by Tukey post hoc-test. The difference in OSM-induced response with and

without silencing analyzed by two-way ANOVA was statistically significant [interaction P-value in C (P < 0.005) and in E (P < 0.0001)]. OSM had no statistically

significant effect (P > 0.05) on Shc1 or Stat3 mRNA expression in cells which had been silenced for Shc1 or Stat3, respectively (C,E).

osteoblasts. The expression of Shc proteins in osteoblasts had not
been examined previously and to determine the role of Shc, the
expression pattern of Shc proteins in calvarial osteoblasts treated
with either OSM or LIF was evaluated.

Calvarial osteoblasts expressed Shc1 (Figure 3A), but not
Shc2, Shc3 or Shc4 mRNA (data not shown). Interestingly,
Shc1 mRNA was upregulated by OSM (Figure 3A). All three

isoforms of Shc1 protein, p46, p52, and p66, were expressed by
the osteoblasts (Figure 3B) and activation by OSM stimulated
the phosphorylation of Shc1 (Figure 3B). OSM activated the
phosphorylation of the p52 isoform in all experiments, but
phosphorylation of the other isoforms was also observed in some
experiments. In contrast to OSM, LIF did not affect Shc1 mRNA
expression or phosphorylation of Shc1 protein (Figures 3A,B).
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FIGURE 4 | Expression of RANKL in osteoblasts and osteoclastogenesis in co-cultures of bone marrow macrophages and calvarial osteoblasts induced by OSM are

dependent on Shc1 and STAT3. Osteoblasts in which the Shc1 gene (A) or the Stat3 gene (D) was knocked-down by siRNA were treated with OSM at 100 ng/mL for

24 h before analysis of Tnfsf11 gene expression. Osteoblasts transfected with scrambled RNA (siSCR) were similarly treated and analyzed. Osteoblasts in which Shc1

(B,C) or Stat3 (E,F) was knocked down (or siSCR as control) were exposed to OSM (100 ng/mL) or vehicle and co-cultured with BMMs for 3 days before TRAP

staining and counting of TRAP+MuOCL (A,C,D,F). Values represent means for four wells and SEM is shown as vertical bars. Significant differences are indicated by

horizontal lines where **P < 0.01; ***P < 0.001; analyzed by two-way ANOVA followed by Tukey post hoc-test. The difference in OSM-induced response with and

without silencing analyzed by two-way ANOVA was statistically significant [interaction P-value in A (P<0.0001), C (P <0.005), D (P <0.0001) and F (P <0.0001)].

Scale bar in (B,E) is 50µm.

The importance of Shc1 for OSM-induced STAT3 and ERK
activation was then determined by silencing Shc1 expression in
the osteoblasts. The siRNA used decreased the mRNA expression
of Shc1 by 97% in control cells, as well as caused a significant
decrease of Shc1 mRNA in OSM-treated cells (Figure 3C).
The silencing subsequently resulted in effective reductions
of Shc1 protein expression and phosphorylation (Figure 3D).
Decreased Shc1 activation substantially decreased OSM-induced
phosphorylation of STAT3 and ERK, without affecting total
protein levels of STAT3 and ERK (Figure 3D).

After observing a robust activation of STAT3 by OSM, the
role of STAT3 phosphorylation in the OSM-induced activation
of Shc1 was evaluated. Treatment of osteoblasts with OSM
(100 ng/mL) resulted in a 2.8-fold increase of Stat3 mRNA
expression (Figure 3E). Silencing of Stat3 expression decreased
the mRNA expression of Stat3 in untreated control cells by
80% and significantly decreased OSM-induced upregulation
of Stat3 mRNA (Figure 3E). Silencing of Stat3 resulted in a
decrease in STAT3 protein expression and OSM-induced STAT3
phophorylation, as expected, but did not affect phosphorylation
of Shc1 (Figure 3F). The fact that silencing of Shc1 resulted in
impaired phosphorylation of STAT3 induced by OSM, whereas
silencing of Stat3 did not decrease the OSM-induced activation
of Shc1 (Figure 3F), indicate that Shc1 activation is upstream
of STAT3.

Activation of STAT3 and the Adapter
Protein Shc1 by OSM Is Crucial for
Stimulation of RANKL Expression and
Osteoclastogenesis
Next, the importance of the Shc1-ERK and JAK-STAT3 pathways
for stimulation of RANKL expression by OSM was evaluated.
Silencing of Shc1 significantly decreased the OSM-induced
mRNA expression of Tnfsf11 (encoding RANKL) (Figure 4A).
Importantly, silencing of Shc1 expression in osteoblasts decreased
OSM-induced osteoclast formation in co-cultures of calvarial
osteoblasts and BMM (Figures 4B,C). Silencing of Stat3 also
resulted in substantially decreased expression of OSM-induced
Tnfsf11 mRNA expression (Figure 4D), and totally prevented
formation of osteoclasts in OSM-stimulated co-cultures of
calvarial osteoblasts and BMM (Figures 4E,F).

OSM Is a More Robust Stimulator of 45Ca
Release and Expression of RANKL in
Mouse Calvarial Bones and Calvarial
Osteoblasts
Having observed that OSM but not LIF receptors activate
Shc1-dependent signaling, we next assessed the importance
of this difference for bone resorption, RANKL production
and osteoclastogenesis.
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FIGURE 5 | OSM and, to a lesser extent, LIF stimulate bone resorption and RANKL production in calvarial bones, calvarial osteoblasts and stromal cells. (A) Mouse

calvarial bones were cultured in the absence or the presence of LIF or OSM (both 0.1–100 ng/mL) and bone resorption was assessed by 45Ca release after a 5-day

culture period. (B) RT-qPCR was performed using mRNA extracted from calvarial bones treated with either LIF or OSM (both at 100 ng/mL) for 24 h to assess the

expression of Tnfsf11. (C) Protein expression of RANKL after 48 h was also analyzed in calvarial bone treated with LIF or OSM (both at 100 ng/L). (D) Mouse calvarial

osteoblasts were incubated in the absence (Co) or the presence of LIF (100 ng/mL) or OSM (100 ng/mL) for 48 h and expression of Tnfsf11 was analyzed by

semi-quantitative RT-PCR. (E) The expression of Tnfsf11 mRNA in calvarial osteoblasts stimulated by LIF and OSM a different concentrations (0.1-100 ng/mL) was

performed using quantitative RT-PCR. (F) The mRNA expression of Osmr and Lifr in osteoblasts was compared at three different time points. (G) The receptor

components Il6st, Lifr and Osmr are expressed in ST-2 stromal cells as assessed by RT-PCR. (H) The mRNA expression of Tnfsf11 in ST-2 cells cultured without (Co)

or with LIF or OSM (both at 100 ng/mL) for 48 h was analyzed. Values represent means for six bones (calvarial bones) or four wells (cell culture experiments) and SEM

is shown as vertical bars. *, **, and ***, indicate significant difference compared to untreated (Co) cells, *P < 0.05, **P < 0.01, and ***P < 0.001, respectively.

Statistical significance was determined by ANOVA using Levene’s homogeneity test followed by Dunnett’s T3 post-hoc tests vs. Co. In (F), Tukey post-hoc test was

used to compare all groups and no statistical difference was observed.

Both OSM and LIF stimulated bone resorption, as assessed
by 45Ca release from neonatal mouse calvarial bone, in
a concentration-dependent manner with OSM being a
substantially more effective and potent stimulator than LIF
(Figure 5A). The effects seen were statistically significant at and
above 0.3 ng/mL (10 nM) OSM and 3 ng/mL (140 nM) LIF.

Quantitative PCR analysis revealed that OSM, and to a
lesser extent LIF, increased mRNA expression of Tnfsf11 in
the calvarial bones (Figure 5B). This was in line with the
finding that the protein level of RANKL in the mouse calvarial

bones was increased 23-fold by OSM and 7-fold by LIF,
respectively (Figure 5C).

Calvarial osteoblasts responded to LIF and OSM (both at
100 ng/mL) with enhanced Tnfsf11 mRNA expression, with
OSM clearly being the more effective stimulator (Figure 5D).
Quantitative real-time PCR analysis showed that the difference
in responsiveness between OSM and LIF could be observed over
a wide range of concentrations with OSM treatment resulting in
a more robust stimulatory effect on Tnfsf11 mRNA expression
(Figure 5E). The difference in response seemed not to be due
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FIGURE 6 | OSM, but not LIF, stimulates osteoclastogenesis in bone marrow cell cultures. Mouse bone marrow cells (BMC) were cultured in the absence (Co) or the

presence of LIF, or OSM (both at 100 ng/mL), PTH or 1,25(OH)2-vitamin D3 (D3; both at 10−8 M) for 7 days before staining (A) and counting (B) of tartrate-resistant

acid phosphatase (TRAP)-positive multinucleated osteoclasts (TRAP+MuOCL). Quantitative real-time PCR analysis of mRNA expression of cathepsin K (Ctsk, C),

TRAP (Acp5, D), calcitonin receptor (Calcr, E) RANKL (Tnfsf11, F) and OPG (Tnfsf11b, G) in BMC cultured without (Co) or with LIF or OSM (both at 100 ng/mL) for 7

days. Values represent means for four wells and SEM is shown as vertical bars. ***, indicates significant difference compared to untreated (Co) cells, ***P < 0.001.

Statistical significance was determined by ANOVA using Levene’s homogeneity test followed by Dunnett’s 2-sided (B–F) or Dunnett’s T3 (G) post-hoc test.

to differences in receptor expression, as assessed by the mRNA
expression of Osmr and Lifr (Figure 5F).

The stimulatory effect of OSM on Tnfsf11 mRNA in
the calvarial osteoblasts was dependent on the expression of
Il6st (encoding gp130) and Osmr, but independent of Lifr
expression, as demonstrated by silencing of the expression of
these three receptor components in the calvarial osteoblasts
(Supporting Information Figure S1). These findings are in
agreement with previously reported observations that mouse
OSMdid not induce Tnfsf11mRNA in osteoblasts fromOsmr−/−

mice (5).
The ST-2 stromal cells expressed mRNA for Il6st, Lifr and

Osmr (Figure 5G) and responded to OSM with a robust 18-fold
increase of Tnfsf11mRNA expression, whereas LIF did not cause
any significant effect (Figure 5H).

OSM but Not LIF Stimulates Osteoclast
Formation and Expression of RANKL in
Mouse Bone Marrow Cultures
Addition of OSM (100 ng/mL) for 7 days to mouse bone
marrow cell (BMC) cultures significantly stimulated the
formation of TRAP+ MuOCL (Figures 6A,B). The stimulation

by OSM was more pronounced than stimulations caused by
maximally effective concentrations of parathyroid hormone
(PTH) and 1,25(OH)2-vitamin D3. In contrast, treatment
with LIF (100 ng/mL) only resulted in formation of a few
osteoclasts (Figures 6A,B).

It was also found that OSM (100 ng/mL) caused a 14–32
fold enhancement of the mRNA expression of the osteoclastic
markers Ctsk (encoding cathepsin K), Acp5 (encoding TRAP,
tartrate-resistant acid phosphatase) and Calcr (encoding
calcitonin receptor), whereas LIF (100 ng/mL) only caused a
small 2–8 fold stimulation of the mRNA expression of these
genes which was not statistically significant (Figures 6C–E).

OSM upregulated Tnfsf11 mRNA in the BMC cultures
22-fold but did not affect Tnfrsf11b mRNA (encoding
OPG) (Figures 6F,G). No significant effect of LIF on
Tnfsf11 or Tnfrsf11b mRNA was observed in the BMC
cultures (Figures 6F,G).

OSM and LIF Have No Direct Effect on
Osteoclastogenesis
Analysis of BMM cultures revealed that neither LIF nor OSM
stimulated formation of TRAP+ MuOCL inM-CSF treated BMM
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FIGURE 7 | Lack of effect by OSM and LIF on osteoclast formation in bone

marrow macrophage cultures. (A,B) BMMs were cultured in M-CSF

(30 ng/mL) or differentiated to osteoclasts by addition of M-CSF + RANKL (30

and 4 ng/mL, respectively) in the presence or absence of LIF or OSM (both at

100 ng/mL) for 3 days before staining for tartarate-resistant acid phosphatase

(TRAP)-positive multinucleated osteoclasts (TRAP+MuOCL), which then were

counted. No osteoclasts were formed in the absence of RANKL. (C)

Quantitative PCR analyses of Il6st, Lifr, and Acp5 in BMM cultured for 72 h

with M-CSF (30 ng/ml) or M-CSF+RANKL (30 and 4 ng/ml, respectively).

Values represent means for four wells and SEM is shown as vertical bars. In

(C) ***, indicates significant difference compared to cells treated with M-CSF

(M), P < 0.001. In (B) Statistical significance was determined one-way ANOVA

followed by Tukey’s post-hoc test and in (C), Student’s t-test was used for

comparison between M and M + R groups for each gene.

(Figure 7A). The cytokines also did not affect osteoclastogenesis
when the formation of TRAP+ MuOCL in BMM was stimulated
by M-CSF and RANKL (Figures 7A,B). In M-CSF- and M-
CSF+RANKL-stimulated BMM, mRNA of Il6st (encoding
gp130) and Lifr could be detected, but mRNA of Osmr was
not detected (Figure 7C). RANKL-induced differentiation, as
demonstrated by time-dependent upregulation of mRNA levels
for Acp5 (encoding TRAP), did not affect the expression of Il6st
mRNA, but down-regulated Lifr mRNA expression (Figure 7C).

DISCUSSION

The present study shows that OSM is a more effective stimulator
of bone resorption in mouse calvarial bones and a more potent
stimulator of osteoclast differentiation and formation in mouse
bone marrow cultures than is LIF. These effects were due to
indirect effects mediated by osteoblasts/stromal cells rather than
due to direct effects on osteoclast progenitor cells. Similarly,
Tamura et al. found that LIF was a weaker stimulator of osteoclast
formation than OSM in co-cultures of mouse osteoblasts and
bone marrow cells (20). Other studies evaluating OSM and LIF
have also noted a similar hierarchy of action for the two cytokines
using mouse embryonic fibroblasts and rat hepatocytes (37),
synovial fibroblasts (38, 39), NIH 3T3 fibroblasts and mouse lung

fibroblasts (40). In the present study, we provide evidence that the
difference in effects on osteoclastogenesis and bone resorption
can be explained by recruitment of the adapter protein Shc1 to
the OSMR. This recruitment results in a more robust activation
of ERK/STAT3 signaling and expression of RANKL by OSM in
comparison to LIFR-mediated signaling.

Heterodimerization of either OSMR:gp130 or LIFR:gp130
results in activation of both JAK/STAT and JAK/SHP-
2/Grb2/Sos/Ras/Raf/MAPK signaling through docking of STATs
and SHP-2 to different phosphorylated Tyr sites in the gp130
molecule (2, 6, 35, 41). The role of these pathways for bone mass
has been assessed in “knock-in” mutant mice, one in which the
C-terminal moiety of gp130 has been deleted (gp1301STAT1STAT)
to reduce STAT1/3 signaling, and another strain of mice in
which a point mutation substituting Tyr757 (equivalent to
Tyr759 in human gp130) with Phe757 (gp130Y757F/Y757F) blocks
signaling through the SHP-2/MAPK pathway (42). In a parallel
study, mice with a knock-in of gp130 carrying a substitution
of Tyr759 with Phe759 (designated gp130F759/F759), which also
results in defective SHP-2/MAPK signaling, have been used (43).
These studies suggest that SHP-2/MAPK signaling, rather than
STAT1/3 signaling, is important for basal bone remodeling and
bone mass. However, the activation of downstream signaling
pathways by specific cytokines in the gp130 family was not
studied in these mice.

The fact that no difference in the mRNA expression of Osmr
and Lifr in osteoblasts was observed indicate that the more robust
stimulation of osteoclast formation by OSM is not likely to be
due to differences in receptor numbers, but rather explained by
differences in downstream signaling.

We found that OSM was a more robust stimulator than LIF
of JNK (Tyr185/Thr183) and ERK (Tyr204) in mouse calvarial
osteoblasts. This is in agreement with the study by Walker et al.
reporting that OSM activates ERK more robustly than LIF in
primary osteoblasts. Activation of the transcription factor AP-1
is an important downstream event following MAPK activation
and experiments were conducted to determine if OSM affected
DNA binding of AP-1 in calvarial osteoblasts (5). In agreement
with the activation of ERK by OSM, it was determined with
EMSA analysis that increased DNA binding of AP-1 occurred
with OSM in calvarial osteoblasts, but not with LIF. Gelshift
studies showed that the bound AP-1 heterodimer consisted of c-
Fos and c-Jun subunits. In contrast to the increased DNA binding
of AP-1 by OSM, EMSA analysis did not show any effect on
the DNA binding of NF-κB by OSM or LIF, an observation that
is in agreement with EMSA analysis in OSM-stimulated human
peritoneal mesothelial cells (44).

Activation of JAK/STAT signaling is a well documented
signaling event for cytokines in the IL-6 family. It has previously
been reported that OSM and LIF can activate STAT1, STAT3, and
STAT5 in osteoblasts, and that signaling through OSMR results
in more robust activation of these transcription factors (5). In
agreement with these observations, we found that OSM is a more
robust activator of STAT3 than LIF, observations which also are
in agreement with Itoh et al., who found that OSM caused a
more robust and prolonged phosphorylation of STAT3 than LIF
in osteoblasts from wild type mice (43). These findings likely
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explain why OSMmore effectively than LIF enhanced the mRNA
and protein expression of RANKL in calvarial bone, calvarial
osteoblasts and bone marrow stromal cells. Similarly, O’Brien
et al. have demonstrated that OSM-induced Tnfsf11mRNA in the
UAMS-32 cell line was decreased by transfection with a dominant
negative Stat3 retrovirus (18) and investigators have showed that
that silencing of Stat3 impairs up-regulation of Tnfsf11mRNA by
OSM in ST2 cells (45, 46). The important role of STAT3 for OSM-
induced signaling in osteoblasts has also been demonstrated by
the finding that OSM-induced activation of cyclin-dependent
kinase inhibitor p21WAF1,CIP1,SD11 in the human osteosarcoma
cell line MG-63 can be inhibited by transfection with a dominant
negative Stat3 plasmid (47). Furthermore, OSM promotes the
binding of STAT3 and RNA polymerase II to 5′ enhancer
regions in the Tnfsf11 promoter shared by PTH and 1,25-
dihydroxyvitamin-D3 (48) and to a more distal enhancer region
shared by IL-6 (45).

An explanation why OSM is a more robust activator of
JAK/STAT and MAPK signaling in the osteoblasts compared to
LIF may be that phosphorylated Tyr861 in the OSMR acts as
a binding site for an SH2 domain in the adapter protein Shc1,
which is not recruited to the LIFR:gp130 complex (26). The Shc
family of adapter proteins is well known for its role in growth
factor signaling, especially the Ras/MAPK pathway, but a role
in RANKL expression and osteoclast formation has not been
shown previously. Hermanns et al. have shown that mutation of

OSMR Tyr861 in transfected COS-7 cells not only decreased Shc1
binding to theOSMR, but also decreased phosphorylation of ERK
stimulated byOSMwithout affecting STAT phosphorylation (26).
These data suggest that Shc1 plays a unique role in downstream
signaling induced by OSM.

In this report, we show for the first time that Shc1 is
expressed in osteoblasts and that OSM, but not LIF, upregulates
the mRNA expression of Shc1. Furthermore, OSM, but not
LIF, induced the phosphorylation of Shc1. Furthermore, OSM
consistently induced phosphorylation of the p52 isoform, which
is the isoform known to be important for activation of the
Ras/MAPK pathway. By silencing the expression of Shc1, it was
found that activations of both STAT3 and ERK elicited by OSM
were substantially decreased. Activation of Shc1, however, was
not affected by silencing of Stat3, indicating that STAT3 is acting
downstream of Shc1 in osteoblasts. Although some reports have
shown that Shc1 is not upstream of STAT3, a recent study
in breast cancer cells expressing Shc1 mutated in the domain
containing Tyr239 and Tyr240 has also demonstrated that Shc1
is upstream of STAT3 (29). The present observations confirmed
previous finding showing that activation of STAT3 is part of
the downstream signaling which occurs following LIF and OSM
receptor activations, but the more robust activation of STAT3 by
OSM and the unique activation of ERK by OSM suggest that
these particular effects are dependent on recruitment of Shc1
to the OSMR. In addition, by using the siRNA approach to

FIGURE 8 | Schematic drawing of the suggested intracellular signaling pathways of LIF and OSM receptors in osteoblasts mediating expression of osteoclastogenic

factors, osteoclast formation and bone resorption. Common LIFR/OSMR signaling pathways induced by JAK-mediated phosphorylation of the signal transducer

gp130 involve activation of STAT3, as well as activation of JNK through a possible SHP2/Ras/Raf/MAPK cascade (Left). The figure indicates that LIF binds to the

LIFR. As discussed in the Introduction section, 2nd paragraph, OSM can also bind to the LIFR to regulate sclerostin expression. In addition to the gp130-mediated

pathways common for LIFR and OSMR, the OSM receptor has previously been shown to activate a Shc1-mediated pathway where phosphorylation of the OSMR on

Tyr861 results in docking and phosphorylation of the adapter molecule Shc1 (26, 27). The activated pShc1 is recruited to the Grb2:SoS complex which in turn induces

a Ras/Raf/MAPK cascade that ultimately activates ERK. The Shc1-mediated signaling pathway (Right) is suggested to explain the stronger effects by OSM on

expression of osteoclastogenic factors, osteoclast formation and bone resorption in comparison to activation of the LIFR:gp130 complex by LIF.

Frontiers in Immunology | www.frontiersin.org 12 May 2019 | Volume 10 | Article 1164238

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Persson et al. OSM-Shc1 Signaling Stimulates Bone Resorption

decrease the expression of Shc1, it was shown that recruitment
of Shc1 to the OSMR was a crucial downstream signaling
event in the mechanism by which OSM induces Tnfsf11 mRNA
expression and osteoclast formation. Using the same technique,
it was also found that induction of Tnfsf11 mRNA expression in
osteoblasts, and osteoclast formation in co-cultures stimulated
by OSM, were critically dependent on the expression of
Stat3mRNA.

In summary, when compared to LIF, OSM was found to
be a more potent stimulator of calvarial bone resorption and
osteoclast formation in bone marrow cultures. This was due to
greater stimulation of RANKL expression in osteoblasts/stromal
cells caused by enhanced activation of STAT3 and JNK by OSM
and an ability of OSM to activate ERK that was not shared by
LIF. These novel findings in the present study show that the
robust and unique stimulatory effects of OSM are dependent
on the recruitment of the activated adapter protein Shc1 to the
OSMR subunit of the OSMR:gp130 heterodimer, a recruitment
that is absent in the LIFR:gp130 complex. From a clinical
perspective, inhibition of Shc1 could be a mechanism to decrease
OSM-induced bone loss in inflammatory diseases. The suggested
differences in signaling downstream of the OSMR and LIFR
complexes are summarized in Figure 8.
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Osteoclasts (OCLs) are key players in controlling bone remodeling. Modifications in their

differentiation or bone resorbing activity are associated with a number of pathologies

ranging from osteopetrosis to osteoporosis, chronic inflammation and cancer, that are

all characterized by immunological alterations. Therefore, the 2000s were marked by

the emergence of osteoimmunology and by a growing number of studies focused on

the control of OCL differentiation and function by the immune system. At the same

time, it was discovered that OCLs are much more than bone resorbing cells. As

monocytic lineage-derived cells, they belong to a family of cells that displays a wide

heterogeneity and plasticity and that is involved in phagocytosis and innate immune

responses. However, while OCLs have been extensively studied for their bone resorption

capacity, their implication as immune cells was neglected for a long time. In recent

years, new evidence pointed out that OCLs play important roles in the modulation

of immune responses toward immune suppression or inflammation. They unlocked

their capacity to modulate T cell activation, to efficiently process and present antigens

as well as their ability to activate T cell responses in an antigen-dependent manner.

Moreover, similar to other monocytic lineage cells such as macrophages, monocytes

and dendritic cells, OCLs display a phenotypic and functional plasticity participating

to their anti-inflammatory or pro-inflammatory effect depending on their cell origin and

environment. This reviewwill address this novel vision of the OCL, not only as a phagocyte

specialized in bone resorption, but also as innate immune cell participating in the control

of immune responses.

Keywords: osteoclast, osteoimmunology, monocyte heterogeneity, inflammation, immune modulation, dendritic

cell

INTRODUCTION

Bone-resorbing osteoclasts (OCLs) were first described 150 years ago (1). Their origin remained
unclear for nearly 100 years before they were formally identified as cells of hematopoietic origin.
This was evidenced thanks to the analysis of osteopetrotic mice defective in osteoclast function.
Hematopoietic cell transfer from normal littermates restored OCL function in mi/mi mice and
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reciprocal transfer of hematopoietic cells from mi/mi mice
induced osteopetrosis in normal recipient mice (2). The
monocytic origin of OCLs was first demonstrated in colony
assays of bone marrow cell fractions (3). From this moment,
OCLs have been extensively studied to decipher the mechanisms
of bone resorption leading to the identification of key factors
required for OCL differentiation, fusion, bone adhesion and
bone degradation activity. These studies defined a set of specific
properties that cells must fulfill to be defined as bona fide OCLs,
the most important being multinucleation, the expression of
markers such as the tartrate-resistant acid phosphatase (TRAcP)
and the capacity to degrade bone and mineralized matrix (4).

Among hematopoietic cells, OCLs belong to the monocytic
family. This family of innate immune cells is characterized by its
capacity to sense and respond to infections and tissue damage,
its phagocytic properties and its high plasticity controlled by
the tissue micro-environmental heterogeneity (5–7). Abundant
literature addressed the origins and roles of monocytes (MNs),
macrophages (Mφs), and dendritic cells (DCs). Nowadays, it is
clearly established that each of these populations includes distinct
sub-groups that have specific origin and functional properties
ranging from inflammatory to immune suppressive effects (8, 9).
However, despite their common origin, the potential implication
of OCLs as innate immune cells has been neglected for a long
time. The immune face of OCLs emerged only 10 years ago
when costimulatory signals mediated by ITAM motifs involved
in immune cell activation were shown to be essential for OCL
differentiation (10–12). This was further emphasized by the
identification of the important link between DCs and OCLs
through the ability of DCs to differentiate into bone-resorbing
OCLs under pathological conditions (13, 14) (Table 1).

In fact, OCLs share many similarities with Mφs and DCs in
their origin and function (Figure 1). Like Mφs in tissues, OCLs
are essential to maintain bone homeostasis and remodeling in
steady state and to support bone healing after bone damage.
Beside bone matrix resorption, they are able to take up
apoptotic cells, calcium-phosphate particles or latex beads (27–
31). More recently, OCLs have been shown to process, present
and cross-present antigens resulting in T cell activation (18,
32, 33). They also produce cytokines and immunomodulatory
factors that affect immune responses (34–36), as described
below. Moreover, like their monocytic counterparts, OCLs
display phenotypic heterogeneity and may arise from different
progenitors depending on their environment, the stimuli they
receive and their developmental stage (18, 37, 38). In particular,
pathological conditions associated to inflammation or cancer
provide molecular and cellular signals that stimulate specific
monocytic subsets to differentiate into OCLs. Despite this
heterogeneity in their origin and environment, OCLs are largely
considered as a single population of cells. Consequently, thus
far, under pathological conditions OCLs have been investigated
for their increased or decreased differentiation and resorptive
function but almost never with regard to the implication of
different OCL subsets. Moreover, the immunological function
of OCLs remains poorly explored. This review addresses the
state-of-the-art of this novel vision of the OCL not just as a
bone-resorbing cell but also as a cell having immune capacities.

TABLE 1 | Pathological conditions associated with inflammatory osteoclasts

differentiated from dendritic cells.

DC origin Pathological

condition

Demonstrated References

Murine splenic cDCs Osteopetrosis, high

Th17 proportion

In vivo, in vitro (14, 15)

Murine BM-derived DCs Calvaria induced

osteolysis

In vivo (16)

Murine splenic DCs (cell

line)

Histiocytosis In vivo, in vitro (17)

Murine BM-derived DCs Chronic inflammation In vitro (18)

Murine Flt3-L-induced

BM-derived cDCs

+IL-1β and TNF-α In vitro (19)

Murine BM-derived DCs

and splenic DCs

Periodontitis In vitro (20)

Human blood-derived

MNs

Rheumatoid arthritis In vitro (13)

Human BM DCs Multiple myeloma,

high level of IL-17

In vitro (21, 22)

Human Langerhans cells* Langerhans cell

histiocytosis

In vivo (23)

*Although Langerhans cells function as DCs, they are related to macrophages in terms of

their origin (24–26).

DIVERSITY IN OSTEOCLAST ORIGIN

Bone Marrow Osteoclast Progenitors
Whereas, MN, Mφ, and DC origin has been widely explored,
the origin of OCLs remained more elusive and OCLs are usually
forgotten in hematopoietic lineage trees. However, in adults a
common early bone marrow (BM) progenitor for OCLs and
other monocytic cells (Mφ/OCL/DC progenitor, MODP) has
been identified downstream of the granulocyte/Mφ progenitor
(GMP) (Figure 2) (39, 40). In human, CD11b−CD34+c-
KIT+FLT3+IL-3Rα

low BM cells are common progenitors
for Mφs, DCs, OCLs and granulocytes. They give rise to
CD11b−CD34+c-KIT+FLT3+IL-3Rα

high cells that are restricted
to Mφ, DC, and OCL differentiation and represent <0.5% of
BM cells (39). In mouse, the BM CD11b−/lowc-kit+CD115+

fraction contains a common precursor for Mφs, OCLs,
and DCs also representing <0.5% of BM cells (41–44).
Within this population, the use of CD27 and Flt3 markers
further discriminates subsets of oligopotent progenitors
for Mφ/OCL/DC development (CD27+Flt3+) vs. bipotent
progenitors for Mφ/OCL development (CD27low/−Flt3−)
(40, 45). Moreover, analysis of mouse BM myeloid fractions
revealed that early blasts (CD31hiLy6C−), myeloid blasts
(CD31+Ly6C+) and MNs (CD31−Ly6Chi) have different
capacity to differentiate into OCLs (46). BM myeloid blasts that
express higher CD115 levels differentiate more efficiently and
faster than early blats and MNs (46). Indeed, while c-kit is down
regulated during murine OCL differentiation, CD115 expression
is maintained (44), which is essential for osteoclastogenesis since
binding of CD115 to its ligandM-CSF increases the expression of
RANK, allowing further differentiation into OCLs under RANKL
stimulation (41). Moreover, analysis using BrDU incorporation
in mice revealed that quiescent CD115+ RANK+ progenitors
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FIGURE 1 | The different immune-related roles of osteoclasts. Besides bone resorption, osteoclasts share many properties with their precursor cells such as

phagocytosis, antigen presentation, and immune modulation. These immune-related functions may possess divergent functionalities under physiological and

pathological conditions.

represent committed OCL progenitors able to circulate and settle
down in the bone (47, 48).

Interestingly, the origin of OCLs from BM HSCs and
downstream progenitors appears to be restricted to adults. This
was very recently demonstrated by Jacome-Galarza et al. who
depleted RANK or CD115 expression in BM-HSC progenitors
(using Csf1rcre mice) or in BM-HSC and erythro-myeloid
progenitors (EMP) (using Flt3cre mice). Depletion of these
genes in embryonic EMP resulted in osteopetrosis in newborns,
whereas only adults were affected by specific depletion in HSC
progenitors (38). This study elegantly demonstrated for the
first time that OCLs involved in fetal bone formation and
tooth eruption are originating from the same progenitors as
tissue Mφs and differ thereby from OCLs arising in adults
(Figures 2A,B) (38, 49).

Therefore, the interplay between OCLs and other monocytic
cells appears much more puzzling than the existence of a
common BM progenitor. In vitro, OCLs can be generated in
the presence of RANKL and M-CSF from hematopoietic cells
originating from many tissues. BM in mouse and blood in
human are major sources of OCL progenitors, but OCLs can

also be obtained from hematopoietic cells from the liver, spleen,
thymus and lymph nodes, suggesting a high heterogeneity of
potential OCL precursors (3, 50–54). Indeed, in addition to
their differentiation from BM progenitors, OCLs can also arise
from cells already engaged in the MN or DC pathways (3, 13,
14, 55, 56). As described below, this process is associated with
pathological conditions related to bone destruction making OCL
differentiation more complex and dynamic than expected. Thus,
there is a large variability in OCL precursor cells depending
on the signals they receive from their normal or pathological
environment. These observations strongly support that OCLs do
not represent a single and homogeneous population but that they
display the same heterogeneity in their origin and phenotype as
other monocytic cells (Figure 2C).

Osteoclasts and Monocytes
Monocytes are innate immune cells characterized by a great
level of plasticity and found in all tissues. Depending on
the environmental cues, they can differentiate into DCs,
Mφs or OCLs. Being involved in both inflammation and
bone resorption, MNs represent key regulators of bone tissue
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FIGURE 2 | The different origins of osteoclasts. (A) During the embryonic and postnatal period, OCLs differentiate from the embryonic erythro-myeloid progenitor

(EMP) lineage. (B) In adults, bone marrow progenitors for osteoclasts (OCLs) and other monocytic cells such as monocytes (MN), macrophages (M8), as well as

conventional/classical dendritic cells (cDCs) and plasmacytoid DCs (pDCs) share common progenitors downstream of the granulocyte/M8 progenitor (GMP). HSC,

Hematopoietic Stem Cell; MOPD, M8/OCL/DC progenitor; CDP, common DC progenitor; MOP, M8/OC progenitor. The divergence of CDP from MODP is not clearly

evidenced. (C) OCLs have multiple origins depending on their environment. Beside their origin from MOP, in pathological conditions OCLs can also arise from classical

MNs, cDCs and inflammatory DCs (iDC). OCLs differentiation from non-classical and pDCs is much less efficient. These different sources of OCLs result in a

heterogeneity as observed for other monocytic cells.

homeostasis. Moreover, they are heterogeneous and comprise
several subtypes already committed to different functions.
Knowledge on MNs has evolved a lot over the past decade
thanks to new technologies such as fate mapping and single-
cell RNA sequencing (scRNAseq). Historically, they were
considered as an intermediate status in the peripheral circulation,
between myeloid precursors from the BM and Mφs in tissues.
Now, we know that certain tissue-resident Mφs are generated
independently of MNs during early phases of embryogenesis
and that fetal MNs derive from multipotent erythro-myeloid
progenitors. Later and throughout life, MNs are generated
from the HSC-derived hematopoiesis (49, 57), as described for
OCLs (38). In healthy conditions, MNs are present in central
(BM) and peripheral (spleen) reservoirs and engrafted into
certain resident macrophage pools. They are not only involved
in the repopulation of tissue Mφ and DC compartments but
also contribute to the establishment and resolution of local
inflammatory reactions and participate in the innate immune
surveillance of the organism (58). Under pathological conditions,
they are rapidly mobilized in large numbers and recruited to the
inflamed tissue where they display both inflammatory and pro-
resolving properties to allow tissue repair. This last step must
be transient. If monocyte numbers in tissues are not properly
regulated and persist overtime, their actions become pathogenic
for targeted tissues (59). In particular, massive recruitment of
MNs in the BM is associated with increased OCL formation and
bone destruction (56, 60).

Two main subsets of MNs exist both in mouse and
human (61, 62). In mice, the “classical” monocytes are
characterized by the combination of specific surface
markers Ly6ChighCCR2+CX3CR1lowCD62L+Gr1+, and

were previously named inflammatory monocytes because they
can differentiate into inflammatory Mφs and inflammatory
DCs (63, 64). The “non-classical” MNs are characterized by the
Ly6ClowCCR2lowCX3CR1+CD62L−Gr1− surface markers and
are also named patrolling MNs because they survey endothelial
cells and surrounding tissues for damage or viral infection. Their
human counterparts are CD14+CD16− and CD14lowCD16+,
respectively (61, 65). A recent scRNAseq analysis of human
blood confirmed that classical and non-classical MN subsets
represent two distinct clusters (66). Several genetic mouse
models of deletion of transcription factors, cytokines and
chemokines, together or not with acute or chronic inflammatory
challenges, have been used to delineate functional heterogeneity
of the Ly6Chigh and Ly6Clow monocyte subsets in vivo. Only
few studies however addressed their respective capacity to
differentiate into OCLs.

It is now well established that mature mouse Ly6Chigh

MNs differentiate into the BM from unipotent common
monocyte progenitors, with an intermediate Ly6ChighCXCR4+

pre-monocytic step (67). Under steady state conditions, mature
Ly6Chigh MNs constantly egress from the BM in a CCR2-
dependent manner (68) following circadian oscillations (69) and
circulate for 1 day in the blood. Then, a minority (∼1%) of these
MNs convert into non classical Ly6Clow MNs that have longer
circulating lifespans (∼7 days), while the vast majority (∼99%)
of Ly6Chigh MNs leave the circulation and replenish specific
pools of tissue resident Mφs (70–72). For specific peripheral
inflammatory responses to infections or tissue damages, the fate
of mouse Ly6Chigh MNs is identical. Differences rely on the speed
and amplitude of the mobilization from BM and spleen to target
sites, the kinetic being faster and larger numbers being produced,
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leading to blood monocytosis as early as 4 h after endotoxin
challenge (73). Additionally, differences also rely on the fraction
of blood monocyte-derived Mφs that replenishes tissue-resident
Mφs after recruitment (71). Mouse Ly6Chigh MNs are precursors
of longer-lived Ly6Clow MNs that express higher levels of
CX3CR1 (74) and continuously patrol the luminal side of the
vasculature in a CX3CR1 and LFA-1/ICAM1-dependent crawling
manner (58). Under physiological conditions, Ly6Clow MNs are
the endothelium housekeepers, playing a key role to control
endothelium integrity by scavenging luminal microparticles,
recruiting neutrophils for focal necrosis of endothelial cells,
phagocytizing cellular debris (75). Upon bacterial infection,
Ly6Clow MNs secrete IL-10 and are recruited to tissue where
they more likely differentiate into alternatively activated Mφs,
contributing to tissue repair. Ly6Clow monocytes can also
promote tolerance to self-antigens contained in apoptotic cells
through a PD-L1-dependent mechanism and thanks to their high
capacity to phagocyte apoptotic cells in vivo (76). Overall, the
multiple capacities of both MN subsets to differentiate into either
regulatory or inflammatory mature Mφs or DCs depend on the
inflammatory signal and tissue microenvironment. Interestingly,
both mouse MN subsets can go back to the BM thanks to a
CXCR4-dependent signal (67). The respective role of Ly6Chigh

and Ly6Clow MNs on bone turnover remain yet to be established.
SinceMNs constitute a source of OCLs, it is expected that both

MN subsets display OCL differentiation potential. Although the
culture conditions used in vitro to monitor OCL differentiation
diverge between studies, it appears that mouse OCLs develop
from BM CD11b−/lowLy6Chigh monocytic progenitors (as
described above) and from blood CD11bhighLy6Chigh MNs.
In the BM, CD11b−/lowLy6Chigh monocytic progenitors are
more prone than CD11b+ MNs to differentiate into OCLs (43)
because of the negative role of CD11b and β2-integrin signaling
on OCL differentiation (77). In vitro comparative studies
based on BM treatment with various cytokines demonstrated
that Ly6Chigh MNs were far more efficient than Ly6Clow

monocytes to differentiate into mature OCLs (78). Importantly,
the BM CD11b−/lowLy6Chigh population also displays an OCL
differentiation capacity in vivo and is expanded in inflammatory
arthritis models (79). In particular, the CX3CR1+ fraction of
these cells is highly enriched in OCL precursors (79). In-
depth phenotypic characterization allowed to further dissect
CD11b−/lowLy6Chigh cells into three different populations with
high osteoclastogenic potential based on the expression of the
phenotypic marker CD117 (c-Kit) (43).

In the blood, the mouse Ly6Chigh MN subset also represents
themajor precursor cell population of OCLs (Figure 2C). Indeed,
in vitro Ly6Chigh MNs are more efficient than the Ly6Clow

subset to differentiate into TRAcP positive cells (55). In the
context of inflammatory arthritis, disease severity is associated
with Ly6Chigh blood monocytosis, and Ly6Chigh MNs more
specifically migrate to the inflamed joints and contribute to
bone erosion due to their excessive differentiation into OCLs
(56). Importantly, in vivo delivery of therapeutic molecules to
Ly6Chigh MNs, but not to Ly6Clow MNs, markedly interferes with
pathogenic bone erosion in experimental arthritis, suggesting
that the classical subset represents a candidate cell target for

anti-osteoclastogenic strategy design (56). In human, OCLs
generated from peripheral bloodMNs originate from the classical
CD14+CD16− subset, and not from the CD16+ subset, in an
integrin β3-dependent manner (80, 81). Later studies refined
this view showing that while the different human MN subsets
can differentiate into OCLs when cultured on plastic, OCLs are
predominantly formed from classical MNs when cultured on
bone slices (82). In the context of inflammatory bone diseases,
the distribution of MN subsets is skewed toward a higher
proportion of CD14+CD16+ MNs (83). Interestingly, it seems
that in these pathological conditions, CD14+CD16+ MNs are
more prone to differentiate into OCLs than in healthy conditions,
as demonstrated in psoriatic arthritis patients (84).

The origin of OCLs from MN progenitors or MNs is likely to
be dictated by the BM cell environment. Indeed, monocytic OCL
precursors show different expression level of cytokines/growth
factors leading to different effect of inflammatory cytokines. In
human, among the three MN subsets, only the CD14high CD16+

intermediate subset responds to IL-17 by forming larger OCLs
having higher resorption capacity than in absence of this cytokine
(82). In mouse, BM CD31highLy6C− early blasts, CD31+Ly6C+

myeloid blasts and CD31−Ly6Chigh MNs are differently affected
by their environment. When assessing life span, IL-1β enhance
OCL formation especially of myeloid blasts, which have rapidly
formed and have a short life span, while OCLs derived from
CD31−Ly6Chigh MNs are formed a later stage and have a longer
life span (85). Remarkably,M-CSF pretreatment ofmyeloid blasts
or TNFα pretreatment of MNs before addition of RANKL inhibit
osteoclast formation from CD31−Ly6Chigh MNs but not from
early blast or myeloid blast despite the expression of RANK
(86, 87). These cells were able to regain their osteoclastogenesis
capacity when cultured on bone slices, revealing the importance
of the bone attachment and signaling in OCL differentiation.
This is further supported by the finding that collagen specific
motifs are ligands for OSCAR, a costimulatory receptor induced
by RANKL and essential for OCL differentiation (88).

Osteoclasts and Dendritic Cells
Dendritic cells have been identified by Steinman and Cohn
45 years ago (89). More than through their phenotype and
surface marker expression, DCs are also defined by their
functional specificity. Being located in most tissues where they
represent 1–5% of the hematopoietic cells, they act as sentinels
of the immune system capturing and processing antigens and
instructing adaptive immune cells (84). Contrasting with MNs
and Mφs, they have the unique capacity to migrate to the T cell
zones of lymphoid organs where they present or cross-present
antigens thanks to their expression of major histocompatibility
complexes (MHC)-I and -II and activate naive T cells.

As MNs, DCs represent a heterogeneous population of cells.
In mouse, DCs that reside in lymphoid organs are composed
of CD8+ and CD8− conventional/classical DCs (cDC) and
IFNα-producing plasmacytoid DCs (pDCs). Equivalent subsets
are also present in human, namely CD1c+ (BDCA1) and
CD141+ (BDCA3) cDCs and CD303+ (BDCA2) pDCs (90, 91).
Plasmacytoid DCs have the capacity to produce high amounts of

Frontiers in Immunology | www.frontiersin.org 5 June 2019 | Volume 10 | Article 1408246

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Madel et al. The Immune Face of Osteoclasts

IFNα in response to viral and foreign nucleic acids stimulation
and to prime naive T cells against viral antigens (92).

In murine non-lymphoid tissues, the two main cDC subsets
are CD11b+ and CD103+CD11b− (90). These cDCs have a
tremendous capacity to permanently sense their environment
and uptake antigens in tissues and blood. They express high
levels of MHC complexes and the machinery to process and
present antigens, they have very high migratory capacity to the
lymph nodes mainly governed by the chemokine receptor CCR7
(93) and they are highly efficient in naive T cell activation and
polarization. By driving T cell differentiation toward different T
helper (Th) subsets or regulatory T (Treg) cells depending on
their activation and the cytokine they produce, DCs have the
capacity to induce immune responses against foreign antigens or
to stimulate self-antigen tolerance (94, 95).

The majority of splenic and lymphoid organ DCs are renewed
from BM progenitors (96, 97) and Flt3L play a major role
in their homeostasis (98, 99). In human and mouse, cDCs
and pDCs arise from BM Flt3+CD115+c-kitlow/int common
dendritic progenitors (CDP), downstream from progenitors
common to MNs, DCs, Mφs and OCLs (39, 97, 100, 101).
DCs precursors egress from the BM and migrate to lymphoid
organs and tissue to differentiate into immature cDCs (102). In
contrast, pDCs are generated in the BM and then disseminate
to lymphoid tissues (102). Upon inflammation or infection,
inflammatory DCs are transiently generated from classical
Ly6Chigh MNs that are recruited into inflamed tissues, and
drive T cell activation in the draining lymph nodes (63, 103–
105). Contrasting with cDCs, inflammatory DCs are not depend
on Flt3L since they are generated in Flt3L−/− mice (106).
In vitro, inflammatory DCs can be generated from MNs or
BM cells in the presence of GM-CSF and IL-4 (105, 107).
However, in vivo studies in knockout mice identified M-
CSF receptor (CD115) as a major factor controlling their
development (108). In addition to naive T cells in lymphoid
organs, inflammatory DCs can also activate T cells in the
inflamed tissues, in particular memory T cells (109). This
function appears to be dependent on the antigen dose and the
severity of inflammation (105, 106).

Over the past decade, different groups have reported on the
capacity of DCs to give rise to OCLs, as described below. This
was surprising as DCs are considered as fully differentiated
cells and have been described to have a short life (∼1.5 to
3 days) (110, 111). However, more recent data revealed that
about 5% of DCs still maintain a proliferation capacity (96, 112–
114). DC survival is increased in the presence of lymphotoxin
LTα1β2 (112) and RANKL (115, 116). Moreover, mature DCs can
undergo further proliferation and differentiation into regulatory
DCs when they are in contact with splenic stromal cells (117).
These observations support a high plasticity in the fate of DCs
depending on their environment.

In regard of the huge number of publications dealing
with DCs in secondary organs or even in tissues, very few
are focused on mature BM DCs. As in other tissues, DCs
represent a small population of BM cells (1–2%) expressing
high levels of CD103 (118, 119). They are mainly located
in the perivascular region where they form clusters, interact

with T cells and provide survival signals to B cells (119). As
BM is a major reservoir of memory T cells, the presence of
DCs in this organ is thought to contribute to reactivation of
these memory T cells (120, 121). In contrast, naive T cell
activation is supposed to be restricted to secondary lymphoid
organs. However, and surprisingly, BM DCs also have the
capacity to present and cross-present antigens to naive CD4+

and CD8+ T cells and to activate them as efficiently as
DCs from lymphoid organs (122, 123). This T cell-priming
activity of BM DCs is independent of spleen and lymph nodes
as it was also observed in mice lacking these organs (122).
These observations revealed that the BM is not just a primary
lymphoid organ but that it shares some features with secondary
lymphoid organs.

The first demonstration of the differentiation of OCLs from
DCs was evidenced using human immature DCs generated
in vitro from blood CD14+ CD16low/− MNs. In response
to M-CSF and RANKL, these cells differentiate as efficiently
as MNs into bone-resorbing OCLs (13). Human MN-derived
DCs differentiate faster than MNs and form OCLs having
more nuclei than from MNs (13). This was later confirmed
with murine DCs (Figure 2C). Splenic cDCs were shown to
efficiently differentiate into OCLs in the presence of RANKL
and M-CSF and among them the CD8− subpopulation is the
more efficient OCL precursor, whereas OCL differentiation
from pDCs is less efficient and takes longer than from
cDCs (14). More importantly, this differentiation pathway
was also demonstrated in vivo using osteopetrotic oc/oc mice
(14, 15) in which OCLs are abundant but inactive (50).
Transfer of cDCs from normal mice into oc/oc mice restored
bone resorption and improved mice survival demonstrating
that OCLs can differentiate from DCs in vivo and that
osteopetrosis can be treated not only by hematopoietic stem
cell transplantation but also by DCs infusion (14, 15).
Interestingly, DC-derived OCLs and MN-derived OCLs show
an equivalent expression of the main OCL markers (124)
and both have the same capacity to resorb bone (13, 14)
demonstrating that both populations correspond to bona
fide OCLs.

As described above for MNs, the differentiation of OCLs from
DCs is modulated by their environment. First, this differentiation
has been confirmed in vitro and in vivo in a number of
different pathologies related to inflammation or cancer, but
never in a healthy context (125) (Table 1). Indeed, in vitro,
TNFα, IL-1α, IL-17 or synovial fluid from arthritic patients
enhance the differentiation of human MN-derived DCs into
OCLs (13, 19). In vivo, the presence of Th17 cells or high levels of
RANKL are required to induce the DC-to-OCL differentiation as
demonstrated using osteopetrotic oc/oc mice or in the context of
multiple myeloma (14, 21).

From all these observations, it appears that while adult
OCLs differentiate from BM progenitors in steady state,
they can also arise from differentiated MNs and DCs in
pathological conditions. The origin of OCLs is therefore
depending on the developmental stage, the BM environment
and the BM recruitment of MNs or DCs. Moreover, OCLs
are able to constantly incorporate new nuclei and split off
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other groups of nuclei both in vitro (126) and in vivo1 (38).
Parabiosis experiments between Csf1rcre;Rosa26LSL−YFP and
Csf1rcre;Rosa26LSL−tdTomato mice revealed that 0.5–2% of OCLs
acquire new nuclei per day and can persist several weeks in vivo
(38). Thus, depending on the cells that are present at their
vicinity, it is very likely that OCLs are formed by amix of different
OCL progenitors instead of originating from a pure progenitor
population, reflecting a high flexibility and the capacity to rapidly
adapt to different pathological circumstances.

THE IMMUNE FUNCTION OF
OSTEOCLASTS

A number of studies have been conducted on the regulation of
OCLs by T cells under inflammatory conditions. Inflammation
and bone destruction were observed to occur side by side, as
shown for example for rheumatoid arthritis (RA) (127–129),
periodontitis (130–133) or inflammatory bowel disease (IBD)
(134, 135). During inflammatory states, it has been described
that OCL progenitors respond to several interleukins produced
by activated CD4+ T cells such as RANKL, TNFα, and IL-17,
including in human (52, 116, 136–139). Among CD4+ T cells,
only Th17 cells have been shown to induce or enhance OCL
differentiation (56, 129, 131, 134–136). During inflammatory
conditions, IL-17-expressing Th17 cells were also associated
with increased bone destruction and osteoclastogenesis by up
regulating RANK in OCL progenitors and by inducing RANKL
expression in osteoblasts (60, 137, 140–142). Moreover, they
increase the expression of monocyte-attractant chemokines such
as MCP1 and MIP1α in osteoblasts and induce in vivo the
recruitment of OCL monocytic progenitors in the BM (60). In
contrast, other T cell-derived cytokines such as IFNγ, IL-4, IL-
10, IL-12, and IL-18 as well as regulatory T cells were reported to
have a negative effect on osteoclastogenesis (137, 143–146).

Besides numerous studies investigating the potential effect
of T cells on OCLs, the reciprocal contribution of OCLs
to immune modulation and the understanding of immune
responses caused directly by OCLs, as for instance as antigen-
presenting cells, remained undiscovered for a long time.
Genome-wide expression analysis strengthened the idea that
OCLs have an immune function. Indeed, comparative micro-
array transcriptomic analysis revealed that in vitro differentiated
human OCLs are transcriptionally closer to DCs than to MNs
(124). Furthermore, during their in vitro differentiation process,
murine OCLs arising from CD11b+ BM cells up regulate sets of
genes involved phagocytosis and immune responses (147). More
recently, studies emphasized OCLs as true antigen-presenting
cells to regulate and control T cell activation as well as their ability
to initiate T cell responses in an antigen-dependent manner (18,
32, 33). Considering OCLs as cells having an immune function
besides the classical bone resorption activity is a very new concept
that is elaborated in more detail in the following sections.

1https://www.armchairmedical.tv/anz-bone-mineral-society/videos/intravital-
imaging-of-osteoclasts-in-vivo-reveals-a-novel-cell-fate-mechanism-dr-
michelle-mcdonald

Bone Resorption and Phagocytosis
The best-known OCL function is bone resorption and OCLs
are regarded as professional phagocytes specially adapted to
resorb bone. Contrasting with classical phagocytosis in which
internalized material is degraded in intracellular endo-lysosomal
vesicles, this unique property of OCLs is accomplished through
an extracellular mechanism that makes the OCL a peculiar “giant
macrophage” with molecular machinery distinct from any other
cell type. After mature OCLs have polarized onto the bone
surface, a tight and dynamic seal segregates the underneath
extracellular space (later becoming the resorption lacuna) from
the rest of the extracellular bone marrow space (148). A massive
extracellular proton and enzyme secretion occurs through
exocytosis of lysosomes at the most peripheral area of the
ruffled border (Figure 3) (4, 149). Lysosomal membranes are
inserted into this plasma membrane domain, introducing here
the vacuolar H+-ATPase (proton pump) and the ClC7 2Cl−/1H+

antiporter (chloride channel type 7), while the acidic hydrolases
are released into the resorption lacuna microenvironment. Thus,
the resorption lacuna has a composition very similar to the
one of intracellular endosomes, with low pH, high calcium
concentration and abundance of acidic hydrolyses (150, 151).
The ruffled border shares membrane characteristics of late
endosomes (152). When bone resorption is completed, the
resorption lacuna is filled mainly with calcium and phosphate
ions as well as small collagen type I fragments. Dynamic studies
showed that the inner uptake domain of the ruffled border is
specialized in the clathrin-mediated endocytosis of the degraded
bone matrix (149, 153, 154) that allows internalization of
nanosize particles (155). Then, by a small GTPase-dependent
transcytosis trafficking, vacuoles cross the osteoclast cytoplasm
to reach the functional secretory zone opposite to the ruffled
border (153). Through this domain, the degraded bone products
are released in the extracellular microenvironment and taken up
by the vascular stream. Finally, although the OCL transcytosis
function has been elegantly demonstrated by various groups,
this does not exclude that degraded matrix components could
leak out from the resorption lacuna when the tight seal of this
environment is loosened and the OCL moves away from the
previous resorption site to reach a new site where it re-polarizes
and starts a new resorption cycle (156).

Beside their specialization in bone resorption, OCLs display
the classical phagocytic properties shared by monocytic cells.
Phagocytosis is a key form of endocytosis for the clearance
of large particles (with few µm range) such as pathogens,
microorganisms and abnormal or dead cells and it is essential for
tissue repair and modeling, and for fighting against infection (31,
155). Phagocytes express a set phagocytic receptors belonging
to non-opsonic receptors (such as scavenger receptors or c-
lectin and lectin-like receptors) (157, 158) and to opsonic
receptors (such as complement receptors and Fc receptors)
(159, 160) able to recognize different microbial components
and altered cells. This binding creates a phagocytic synapse and
invagination of the cell membrane, activates signaling pathways,
and leads to the engulfment of the particles in phagosomes, a
process associated with a high dynamic cytoskeleton remodeling
(161). The phagosome undergoes maturation and fuses with
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FIGURE 3 | Osteoclast-mediated bone resorption. Bone degradation requires the extracellular secretion of lysosomal enzymes, such as TRAcP (Tartrate-resistant

acid phosphatase) and cathepsin K into the resorption lacuna. This exocytosis of lysosomes occurs in the peripheral region of the ruffled border (fusion zone) and is

guided by PLEKHM1, OSTM1, and SNX10. Proton pumps (v-ATPase) and the CLC7-antiporter are relocated at the ruffled border plasma membrane of

bone-resorbing OCLs and mediate extracellular acidification for bone demineralization during bone resorption. The v-ATPase transports protons obtained by

carbohydrase-dependent hydration from CO2 to H2CO3 into the resorption lacuna while HCO+
3 is excreted via the Cl−/HCO3 exchanger. Molecular degradation

products generated during bone resorption are released through the central region of the ruffled border (uptake zone). Through transcytosis trading, vacuoles are able

to cross the OCL cytoplasm and exit the OCL from the so-called “functional secretory zone” at the basolateral plasma membrane into the vascular space.

lysosomes to form a phagolysosome having the capacity to
degrade the ingested particle (31, 161). As the resorption
lacuna, the phagolysosome is characterized by a low pH (4.5
to 5) maintained by V-ATPases and ClC family antiporters,
and contains hydrolytic enzymes, bactericidal proteins, cationic
peptides, and oxidants (162). Depending on the nature of the
phagocytic cells, degradation of the ingested particles is different:
while proteolysis is extensive in macrophages, it is more partial
in DCs to allow the degraded peptides to associate with the MHC
complexes for antigen presentation (31).

As other monocytic cells, OCL express a number of factors
that play crucial roles in phagocytosis (30, 147). In OCLs,
phagocytosis may provide an additional mechanism participating
in degradation of calcium-phosphate (CaP) materials together
with resorption (29, 163). Indeed, ultrastructural microscopy
analysis revealed that OCLs are able to engulf in endophagosomes
CaP crystals that undergo intracellular degradation instead of
degradation in the resorption lacuna (29). They also internalize
other particles such as latex beads or polymethylmethacrylate
particles while they maintain their bone resorbing activity (164).
This mechanism probably further increases the capacity of OCLs
to degrade large particles that are difficult to resorb through
classical bone resorption associated with clathrin-dependent
endocytosis (29, 165). It can also be involved in implant loosening

where phagocytosis of wear particles derived from implants is
associated with bone destruction (29, 164).

Interestingly, phagocytosis can occur in glass-seeded OCLs
that are not polarized, showing that this process is not
necessarily associated with bone resorption (166). This has been
demonstrated for phagocytosis of damaged cells. In vitro, OCLs
have the capacity to recognize and engulf apoptotic bone cells,
such as chondrocytes and osteocytes (30, 167, 168) but also
other cell types as shown for instance for glutaraldehyde-fixed
red blood cells (169) and apoptotic thymocytes, as efficiently as
macrophages (30). In vivo, this mechanism may participate in
regulating inflammation and autoimmunity by clearing apoptotic
bone cells that are embedded in a matrix that only OCLs have the
unique capacity to resorb (30). These data strongly support that
bone resorption is not the sole function of OCLs and that these
cells are participating more largely to the immune regulation in
the BM.

Osteoclasts and Antigen Presentation
Beside this unique resorption function in bone homeostasis and
repair, the close relationship of OCLs with MNs, Mφs, and DCs
raises the question of the potential immune function of OCLs.
The fact that OCLs respond to immune signals and that the
bone and the immune system are in close proximity to each
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other and interact through cellular and molecular exchanges led
to the conclusion that OCLs are more than just simple bone
resorbing cells (36, 170–172). Indeed, it would not be surprising
that OCLs maintain and share similar functions to monocytic
cells, in particular DCs that are known to be professional antigen
presenting cells (APCs).

Professional APCs are defined as immune cells able to process
and present antigens via major histocompatibility complex
(MHC), and activate naive T cells through interaction between
MHCs and T cell receptors (TCRs), costimulatory signals and
cytokine production. Antigens are recognized by T cells in the
form of short peptides that have been processed and presented
on the APC surface bound to MHC class I or MHC class II
molecules (173–175). While MHC-I are ubiquitously expressed
on all nucleated cells to present intracellular antigens, MHC-II
molecules are constitutively expressed on professional APCs to
present exogenous antigens (176, 177). However, only cDCs have
the feature to cross-present antigens through MHC-I complexes
to prime CD8+ T cells. TCR on CD8+ and CD4+ T cells binds
to the MHC-I and MHC-II complexes, respectively, in order
to initiate naive T cell activation and to trigger TCR signaling
(178, 179). A crucial step in T cell activation is mediated by co-
stimulatory molecules such as CD80 (B7.1) and CD86 (B7.2) that
determine the functional outcome of the TCR signaling (180,
181). Subsequently, APCs start to secrete cytokines that control
the differentiation of activated T cells into effector T cell subsets
such as Th1, Th2, or Th17 subsets to promote inflammatory
responses or regulatory T cells that regulate immunosuppressive
responses (181–184).

In addition to DCs, professional APCs also comprise B
cells and Mφs that have all constitutive expression of MHC-II
(173, 185, 186). Other immune cells (including basophils, innate
lymphoid cells, neutrophils, mast cells) and non-hematopoietic
cells (including endothelial cells, mesenchymal stromal, epithelial
cells) have been reported to upregulateMHC-II upon stimulation
(187). But the absence of constitutive MHC-II expression, the
lack of phagocytic function and a less evident capacity to
prime naive T cells in an antigen-dependent manner make
these cells atypical APCs (187). Rivollier et al. first showed
that human OCLs in vitro differentiated from blood MN-
derived DCs constitutively express HLA-DR and CD86 (13).
This was further confirmed in murine OCLs differentiated
in vitro from MNs or DCs (18), but also in vivo in bone
marrow OCLs (18). The assumption that mature OCLs could
act as APCs was equally reinforced by others (Figure 4). Li
et al. observed that similar to DCs, human OCLs express
MHC-I and II as well as the co-stimulatory molecules CD80,
CD86, and CD40 (33). They also showed that OCLs are
able to engulf soluble antigens and to present them on their
cell surface demonstrating that OCLs can function as APCs.
Additional cytokine assays confirmed that OCLs, similar to
DCs, express IL-1β, IL-6, IL-10, transforming growth factor-
beta (TGF-β), and TNFα further indicating that they meet
the demands as APCs (18, 33). Grassi et al. strengthened
this hypothesis by showing that OCLs derived from human
monocytic precursors expressed MHC-II and upregulated the
expression of CD80 and CD40 during their differentiation (34).

Ibáñez et al. have explored this function in murine OCLs
using DQ-OVA, a BODIPY-conjugated form of ovalbumin that
becomes fluorescent after endolysosomal degradation. They
showed that OCLs differentiated in vitro from MNs and from
DCs both express MHC-II and costimulatory molecules and
are able to process and present ovalbumin at least as efficiently
as DCs (18). Furthermore, using I-Ab

β-GFP knock-in mice
that express a fusion protein between GFP and the I-Ab

β

subunit of the MHC-II complex, they demonstrated that OCLs
constitutively express MHC-II in vivo (18). Lastly, OCLs were
also shown to cross-present antigens via MHC-I, a feature
considered to be specific for cDCs (32). Interestingly, OCLs
process and present antigens even when they are cultured
on plastic or when they are not able to resorb bone as
shown for OCs from oc/oc mice (18). In addition, OCLs
that process antigens still retain their bone-resorbing capacity,
revealing that antigen presentation and bone resorption are
independent functions in OCLs (18). These findings expanded
the field of osteoimmunology by directly connecting OCLs to the
immune system.

Osteoclasts and T Cell Activation
While T cell activation is usually assumed to take place in
secondary lymphoid organs such as the spleen and lymph nodes,
naive T cell priming, activation and polarization into effector T
cells as well as memory T cell reactivation can also occur in the
BM, as described above (120–123). BM T cells represent ∼3–8%
of total BM cells and, compared with blood, the BM CD4/CD8
ratio is characteristically decreased (188, 189). Furthermore, in
comparison to other lymphoid organs, memory CD4+ T cells
specific for previously encountered antigens represent the vast
majority of T cells observed in the BM, which includes central
memory as well as effector memory T cells (190–192). Therefore,
the BMmicroenvironment is often described as a major reservoir
for memory lymphocytes (121, 193–195). Interestingly, T cells
are often observed in the close vicinity of OCLs (34, 196–198)
or adherent to OCLs (198). Furthermore, OCLs were shown to
express chemokines involved in T cell chemotaxis and are able
to attract CD4+ and CD8+ T cells in vitro as efficiently as DCs
(18, 32, 34). Together with their APC function, this supports a
contribution of OCLs to the activation of T cells in the bone
marrow (Figure 4).

Based on transcriptomic analysis showing a high expression
of genes related to antigen presentation in mature OCLs (147),
Seifert et al. addressed the capacity of OCLs generated from
murine BM cells to activate CD8+ T cells (32). Using an antigen-
specific system, they reported that OCLs induce CD8+ T cell
proliferation and activation by antigen cross-presentation (32),
a function unique to DCs that participate in anti-infectious
responses and self-tolerance (199). Interestingly, these OCL-
primed CD8+ T cells expressed FoxP3, the master gene of
regulatory T cells, and have a suppressive effect attested by their
capacity to reduce the proliferation of other naive responder
CD8+ T cells induced by DCs (32). This study clearly revealed for
the first time that OCLs are not only regulated by T cells but can
initiate T cell responses themselves, creating a feedback control
loop. Indeed, Buchwald et al. (200) showed that the CD8+ Treg
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FIGURE 4 | Osteoclasts and antigen presentation. Osteoclasts (OCLs) function as antigen presenting cells (APCs). OCLs process and present antigens (coming from

the bone through bone resorption or the bone marrow) in the form of short peptides bound to major histocompatibility complex (MHC)-I or MHC-II molecules. The T

cell receptor (TCR) on CD8+ and CD4+ T cells binds to the MHC-I and MHC-II complex, respectively, to initiate T cell activation and to trigger TCR signaling. A key

step in T cell activation represents the T cell binding to co-stimulatory molecules (e.g. CD80 and CD86 on OCLs and CD28 on T cells), as they determine the

functional outcome of the T cell receptor signaling. Subsequently, OCLs start secreting cytokines that control the differentiation of activated T cells. In steady state,

OCLs produce mainly IL-10 and TGFβ and induce regulatory T cells (Treg) that are responsible for immunosuppressive responses and inhibit OCL differentiation,

creating a negative feedback down regulating both inflammation and bone resorption. In contrast, in inflammation, OCLs induce effector TNFα-producing T cells that

promote inflammation and may stimulate osteoclastogenesis thanks to their TNFα production. The effect of OCLs on CD8+ T cells in inflammatory conditions has not

been explored yet.

cells induced by OCLs are in turn able to suppress the resorptive
function of OCLs as well as their differentiation.

Besides these findings, OCLs are also able to interact with
naive CD4+ T cells. Using a reliable procedure to sort pure OCLs
(18, 51), Ibanez et al. (18) demonstrated that OCLs from the BM
of healthy mice induced FoxP3+ CD4+ T cells in an antigen-
specific manner. These cells were shown to inhibit the activation
of CD4+ T cells, confirming that they are immunosuppressive
CD4+ Treg cells (18). This capacity was confirmed in human
OCLs using T cells from tetanus toxoid (TT)-immunized healthy
donors (33). OCLs pulsed with TT activate CD4+ T cells
that produce high levels of the immunosuppressive cytokines
IL-10 and TGF-β, evoking suppressive T cells (33). OCL-
induced immunosuppression has also recently been reported
in association with hematologic malignancies (35, 36, 201). In

the context of multiple myeloma (MM), OCLs were shown to
play a crucial role in the induction of an immunosuppressive
microenvironment by upregulating inhibitory checkpoint
molecules such as programmed death ligand 1 (PD-L1),
CD200 and Galectin-9 as well as immunosuppressive cytokines
(Figure 5). In addition, OCLs protect MM cells against T
cell-mediated cytotoxicity through inhibition of CD4+ and
CD8+ T cells and thereby support the development of the
malignancy (35).

However, OCLs are not restricted to immunosuppressive
function. Indeed, while OCLs derived from healthy mice induce
immunosuppressive CD4+ Treg cells, those derived from mice
under inflammatory conditions induced TNFα-producing CD4+

T cells, as shown in the context of inflammatory bowel disease
(18), a chronic inflammatory disease associated with increased
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FIGURE 5 | Osteoclasts and immune modulation. Osteoclasts are able to induce an immunosuppressive microenvironment by upregulating inhibitory checkpoint

molecules such as programmed death ligand 1 (PD-L1), herpes virus entry mediator (HVEM) and Indoleamine 2,3-dioxygenase (IDO), thereby inhibiting the

proliferation and polarization of naive T cells induced by antigen presenting cells (APCs).

OCL differentiation and severe bone destruction (60) (Figure 4).
As OCLs from healthy mice, MN-derived OCLs induce CD4+

Treg cells and express higher levels of the immunosuppressive
cytokine IL-10 than DC-derived OCLs (18). In contrast, as OCLs
derived frommice affected by chronic inflammation, DC-derived
OCLs very efficiently induce differentiation of TNFα+ CD4+

T cells and express higher levels of inflammatory cytokines
(TNFα, IL-1β, IL-6) than MN-derived OCLs (18). These data
unveiled for the first time the existence of different OCL subsets
having opposite effects on the immune system depending on
their context and cell origin. Searching for markers specific for
murine OCL subsets, Ibanez et al. identified by flow cytometry
the fractalkine receptor CX3CR1 as the first marker specifically
expressed in inflammatory OCLs. Admittedly, only about 20% of
inflammatory OCLs are positive for CX3CR1 (18) and the role of
CX3CR1 in these OCLs as well as the function of CX3CR1+ and
CX3CR1− inflammatory OCLs have not yet been addressed.

Physiological and Clinical Relevance of the
Immune Function of Osteoclasts
In the end, the question remains what the biological relevance
of antigen presentation by OCLs is. Comparable to APCs, OCLs
mainly use clathrin-mediated endocytosis and micropinocytosis
to internalize bone degradation products (179, 202). Thus, the
physiological significance of the immune function of OCLs
may be associated with the sustained release of self-peptides
from bone resorption. These self-peptides can be presented by
OCLs to inhibit self-responses by producing immunosuppressive
cytokines and inducing suppressive Treg cells (18, 32, 200). In
addition, OCLs have the ability to engulf and present antigens

that are not coming from bone resorption (18, 34). This may
also include antigens originating from the periphery such as
blood-borne antigens (122, 123) or antigens carried by circulating
DCs, neutrophils and B cells (120, 203) that can be presented
directly on MHC-II molecules. Interestingly, the proportion of
Treg cells among T cells in the BM is higher than in other
tissues (204, 205) and they provide the BM with an immune
privilege that is required for the maintenance of hematopoietic
stem/progenitor cells (205). They also down regulate OCL
differentiation participating thereby to the control of bone
homeostasis (206–208). Thus, OCLs could therefore be regarded
as BM resident APCs participating to maintain the BM immune
tolerance under physiological conditions.

Contrary to this, OCL subsets generated under inflammatory
conditions are devoid of the capacity to induce Treg cells but
instead they induce effector CD4+ T cells that produce TNFα,
an inflammatory cytokine that stimulates osteoclastogenesis and
promotes inflammation (18). These T cells may also participate
in auto-immune responses against bone antigens or in the
activation of hematopoietic stem cells. Moreover, the cytokine
production profile of OCLs is not only dependent on their
physiological or inflammatory environment and cell origin
(18) but also on their capacity to respond to bone and bone
matrix proteins by secreting high levels of the pro-inflammatory
cytokine IL-1β (83, 85, 86, 209). Overall, these data point
inflammatory OCLs as major actors in a vicious circle linking
bone destruction and inflammation.

This contribution of OCLs not only to bone resorption and
homeostasis, but also to immune responses, encompasses the
function of classical OCLs and sheds new light on the field of
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osteoimmunology. These insights make OCL an important target
for anti-inflammatory therapies of chronic inflammatory diseases
as well as for influencing the bone environment.

Of note, pathologies related to abnormal OCL
activity/differentiation are frequently associated with
immune dysfunctions not only in mouse but also in human.
In osteopetrotic patients with defective OCL activity or
differentiation, bone marrow failure is responsible for
extramedullary hematopoiesis and contributes to immune
deficiency and increases the risk of infections (210, 211). Besides,
genes affected by osteopetrotic defects are not only essential for
bone resorption but are also involved in immune responses.
Among other examples, deficiency in Acp5 (encoding TRAcP)
induces bone dysplasia but also autoimmunity (212, 213) and
deletion or inhibition of Ctsk blocks both bone degradation
and inflammation (214, 215). In osteoporosis, a number of
immune-system related genes are differentially expressed in
the BM of post-menopausal osteoporotic patients compared to
non-osteoporotic individuals, including cytokines and factors
involved in innate immunity (216–218). While such differences
in gene expression and immune cell activation are clearly
promoting bone destruction, the participation on OCLs in these
immune modifications is still not known but cannot be excluded.

The immune function of OCLs emerged only recently,
explaining why its contribution to OCL-associated diseases or
its modulation by anti-resorption therapies has not yet been
explored. A major issue for such investigation is the absence
of markers specific for human OCL subsets that are required
to identify inflammatory and anti-inflammatory OCLs. Thus, a
deeper molecular profiling of human OCL sub-populations and
characterization of their immune function remains essential to
enable further studies in affected patients.

CONCLUSION

In the last decade, remarkable advances have been made in
understanding the interactions between the skeletal and the
immune system under both physiological and pathological
conditions. In particular, the influence of T cells on OCL
formation and activation through complex cytokine interactions
including TNFα and RANKL were thoroughly investigated and
immune cells were shown to regulate bone cell differentiation
and activity. Today however, these interactions are known
to be reciprocal, increasing further, the interest for OCLs as
immune cells.

Depending on the context, different OCLs are described to
derive from distinct progenitor cells. Based on the numerous

OCL precursors described, and on the recent identification of
an iterative fusion of mature OCLs with circulating monocytic
cells2(38), the possibility of OCL heterogeneity is huge.
Additionally, some precursor cells seem to differentiate much
more easily than others depending on their context. The existence
of heterogeneous OCL populations appears unsurprising when
considering that OCL precursors, including MNs and DCs, have
been described as phenotypically and functionally heterogeneous
for many years. Thus, bone destruction does not rely only
on an increase in OCL differentiation and function, but also
on the recruitment of OCL subsets that differ from steady
state OCLs.

These novel insights in the field of osteoimmunology open
new exciting perspectives and emphasize that OCL function
is not restricted to bone resorption but expanded to immune
cell differentiation and immunomodulation. Based on these
observations and according to their immune function, OCLs
could act as key players and regulators of the bone immune
status in steady state as well as during inflammatory processes
and they should not anymore be regarded only as bone-
resorbing cells. Therefore, relying only on bone resorption may
not be sufficient to block inflammatory bone destruction. New
specific anti-resorptive agents targeting inflammatory OCLs and
the associated T cell interaction could provide a very novel
effective strategy to control inflammatory bone loss and the
bone environment without compromising physiological bone
remodeling by steady state OCLs.
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The fundamental interaction between the immune and skeletal systems, termed

as osteoimmunology, has been demonstrated to play indispensable roles in the

maintenance of balance between bone resorption and formation. The pleiotropic

sphingolipid metabolite, sphingosine 1-phosphate (S1P), together with its cognate

receptor, sphingosine-1-phosphate receptor-1 (S1PR1), are known as key players in

osteoimmunology due to the regulation on both immune system and bone remodeling.

The role of S1P-S1PR1 signaling in bone remodeling can be directly targeting

both osteoclastogenesis and osteogenesis. Meanwhile, inflammatory cell function

and polarization in both adaptive immune (T cell subsets) and innate immune cells

(macrophages) are also regulated by this signaling axis, suggesting that S1P-S1PR1

signaling could aslo indirectly regulate bone remodeling via modulating the immune

system. Therefore, it could be likely that S1P-S1PR1 signaling might take part in the

maintenance of continuous bone turnover under physiological conditions, while lead to

the pathogenesis of bone deformities during inflammation. In this review, we summarized

the immunological regulation of S1P-S1PR1 signal axis during bone remodeling

with an emphasis on how osteo-immune regulators are affected by inflammation,

an issue with relevance to chronical bone disorders such as rheumatoid arthritis,

spondyloarthritis and periodontitis.

Keywords: osteoimmunology, sphingosine 1-phosphate (S1P), sphingosine 1-phosphate receptor-1 (S1PR1), bone

remodeling, immunomodulation

INTRODUCTION

Skeletal bone undergoes a life-long and continuous renovation termed “bone remodeling,”
a process that is necessary for bone homeostasis and consists of osteoclasts-driven bone
resorption and osteoblasts-driven bone formation (1). Osteoclasts and osteoblasts—derived from
immune progenitor cells and mesenchymal stem cells (MSCs), respectively—are linked via
immune modulators and are the fundamental cell types of these two interconnected systems.
Osteoimmunology, a term first coined at the beginning of this century (2), was identified over
forty years ago (3), and describes the interaction between cells from the immune and skeletal
systems. The realm of osteoimmunology has revealed a complex system of mutual regulation
existing between immune cells and bone cells. This relationship sees the immune response greatly
affecting osteoclast-osteoblast coupling, thus mediating the balance between bone resorption and
formation, whereas, at another level, cells from the skeletal system have a profound effect on the
differentiation and function of immune cells.
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Sphingosine is one of the most important sphingolipid
metabolites (4–6). It is named after the Sphinx, a mythical
creature of Greek mythology famed for its mysterious features
(7). Phosphorylation of sphingosine forms the pleiotropic
and bioactive lipid sphingosine-1-phosphate (S1P) (8). S1P is
produced by various cell types, which acts not only as an
intracellular second messenger, but also an extracellular first
messenger in both an autocrine and paracrine manner. It does
this by binding with a class of G-protein-coupled receptors,
known as sphingosine-1-phosphate receptors (S1PRs), of which
there are currently five known subtypes, S1PR1 through to S1PR5
(9). Of these receptors, S1PR1 is expressed in most mammalian
cell types and considered to bemultifunctional inmany biological
processes. S1P-S1PR1 signaling has long been addressed as a key
regulator of the immune response, due to its involvement in the
chemotaxis, activation, differentiation, and function of immune
cells (9–13). The elevated concentration of S1P, coupled with an
up-regulation of S1PR1 expression locally within inflammatory
tissues in many diseases, as well as the therapeutic effects of
S1PR1 modulators, is an indication of the important role of
S1P-S1PR1 signaling in inflammation (8, 13).

S1P-S1PR1 signaling is primarily thought to be a catalyst of
inflammation and thereby inducing osteoclastogenesis; however,
the fact that this pathway is also active during bone regeneration
suggests an enigmatic and rather intriguing role in bone
remodeling (14, 15). In this review, we will seek to highlight
the interactions between the immune and skeletal systems, how
these interactions affect bone remodeling, and what is known
about the role of S1P-S1PR1 signaling in the emerging field
of osteoimmunology.

THE FUNCTION OF S1P AND ITS
RECEPTOR S1PR1

Sphingolipids are a key component of mammalian cell
membranes and are metabolized in response to certain stimuli
(4, 5). Sphingolipids are de novo biosynthesized from serine
and palmitate in the endoplasmic reticulum (ER) (4, 5, 16, 17).
The condensation of sphingolipids (via the action of serine
palmitoyl transferase, SPT) forms 3-keto-dihydrosphingosine
(16, 17), which is reduced to dihydrosphingosine, then
subsequently acylated by (dihydro)-ceramide synthase (also
known as Lass or CerS) to form dihydroceramide (18). The
desaturation of dihydroceramide forms ceramides (19), the
central player in sphingolipid metabolism (20), which could be
deacylated by ceramidases (CERase) to produce sphingosines
(21, 22). Sphingosine could be salvaged through reacylation,
a process termed as “salvage pathway” which leading to
ceramide regeneration; or it can be phosphorylated to form
the multifunctional bioactive lipid S1P, which mediates a
number of cellular processes, such as cell proliferation, survival,
differentiation, migration, as well as cytokine and chemokine
production (4, 5, 20, 23). S1P can be reversibly dephosphorylated
to sphingosine by intracellular S1P phosphatases (SPPs) and
extracellular lipid phosphate phosphatases, or irreversibly
degraded by S1P lyase (SPL) (20, 24–27). In most mammalian

cells, S1P levels are held in check by the actions of SPL and
SPPs. SPL inhibition via both genetic and pharmacological tools
results in tissue S1P accumulation in vivo (28). The exception is
platelets, which lack SPL (29), and erythrocytes, which lack both
SPL and SPPs (30). This absence explains why, under normal
physiological conditions, circulating S1P levels are significantly
higher (µM range) in peripheral blood than in solid tissues. S1P
is also maintained at relatively high levels (>100 nM) in the
lymphatic circulation, which is mainly due to the presence of
lymphatic endothelial cells (31–33). Cells from the macrophage-
monocyte lineage are also important producers of S1P (34).

The phosphorylation of sphingosine is performed by
sphingosine kinases 1 and 2 (SPHK1 and SPHK2) (35). SPHK1
is mainly present in the cytoplasm which, after being activated
by certain stimuli, is translocated to the cell membrane where
it catalyzes sphingosine phosphoration (36). On the other
hand, SPHK2 distributes not only in cell membrane, but also in
organelles such as the ER, mitochondria, as well as in nucleus,
which providing S1P for essential cellular processes, such as
respiration, histone acetylation, and gene expression (37–39).
For example, S1P is reported to regulate gene expression
through modulating HDAC1 and HDAC2 activity (38, 40).
Intracellular S1P also plays an essential part in tumor-necrosis
factor-α (TNF-α) triggered NF-κB signaling via targeting TNF
receptor-associated factor 2 (TRAF2), therefore participating the
inflammatory, anti-apoptotic and immune processes (41). Once
S1P is generated, it could be transported to activate its receptors,
therefore functioning in a paracrine and/or autocrine manner
(42, 43). This “inside-out relocation” of S1P is indispensable
of special transports, as the polar head group in S1P makes
it unable to move through the hydrophobic mammalian cell
membranes (44). Transports such as the ATP-binding cassette
(ABC) transporters family members have been demonstrated
to facilitate S1P transporting in erythrocytes, platelets, and
mammalian cells in an ATP-dependent manner (42, 45–49).
Another transport, major facilitator superfamily transporter
2b (Mfsd2b) has also been found to play essential roles in
exporting S1P in erythrocytes and platelets (50, 51). Especially,
the transport spinster homolog 2 (SPNS2) is considered as
a major regulator in S1P secretion in mammalian cells in a
non-ATP dependent manner, which therefore playing essential
roles in immune cell development and trafficking, as well as
bone homeostasis (43, 52–57). Under inflammatory conditions,
SPHK1 is abnormally activated to produce high levels of S1P,
which is released into the local microenvironment. Inflammatory
cytokines such as TNF-α, IL-1β, and interferon-γ (IFN-γ), have
been shown to induce SPHK1 in an extracellular signal regulated
kinase (ERK) signaling-dependent manner (38, 41, 58–60), and
this partially explains the high S1P levels in the inflammatory
tissues (61). Furthermore, inflammation is accompanied by
vascular leakage, which may allow S1P to permeate from blood
to tissues thereby raising the S1P concentrations within the
inflammatory tissues (62).

The secreted S1P regulates pleiotropic biological functions
by binding with its receptors (63). Upon activation, the S1P
receptors couple with diverse heterotrimeric G-protein subunits
(known as Gαi, Gαq/11, and Gα12/13), thereby directing
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different downstream signaling pathways (64). S1PR1 is the
most widely expressed S1P receptor in most tissues, such as the
lungs, brain, and especially immune organs (65–67). Following
activation by S1P, S1PR1 interacts with Gαi, which then
regulates the downstream signaling molecules (Figure 1), such as
phospholipase C (PLC), phosphoinositide 3-kinase (PI3K), Ras
guanosine triphosphatase (GTPase) and adenylyl cyclase (AC)
(9, 68). These molecules subsequently activate their downstream
signaling pathways (Figure 1), including Rac GTPase, mitogen-
activated protein kinase (MAPK), Akt, and mammalian target of
rapamycin (mTOR) (6, 9, 68, 69).

S1PR1 has a key role in the development of the vascular system
and is highly expressed in differentiating endothelial cells (70). It
is required to maintain the integrity of endothelial cell barrier
and thus regulates vascular permeability responses, especially
under inflammatory conditions (71). When SPHK1 is induced
by inflammation, it enhances S1P production in endothelial cells,
which then acts in a feed-forward manner to stimulate more
S1PR1 expression, counteracting the increased permeability
caused by pro-inflammatory mediators e.g., lipopolysaccharides
(LPS), thereby preventing otherwise lethal cell-leakage in
response to inflammation. The indispensable role of S1PR1 in
vascular network stability has been further demonstrated by
global S1pr1 gene deletion, which results in defective vascular
maturation and then embryonic lethality (70). Specific S1pr1
deletion in endothelial cells results in deformities in the primary
vascular plexus (angiogenic hypersprouting), limited blood flow,
and vascular leakage (72–75). In epithelial cells, S1PR1 maintains
cell barrier integrity and initiates the immune defense against
the invading pathogens (76). S1PR1 is expressed in MSCs
and regulates cell migration, proliferation, differentiation, and
survival (77), whereas in osteoclast- and osteoblast-precursor
cells S1PR1 expression is associated with their differentiation
(78), further testament to its role in bone remodeling.

THE REGULATORY ROLES OF S1P-S1PR1
SIGNALING IN BONE REMODELING

Bone Remodeling and
Osteoclast-Osteoblast Coupling
Osteoclasts and osteoblasts are the major players in the bone
remodeling process. The hematopoietic stem cells (HSCs)-
derived osteoclasts are considered as the major type of cells
responsible for bone resorption (79). Osteoclastogenesis depends
on receptor activator of nuclear factor-kappa B ligand (RANKL),
a cytokine in the TNF family (80). RANKL activates its
cognate receptor, receptor activator of nuclear factor-kappa B
(RANK), initiating osteoclastogenic signals (Figure S1). The
RANKL-RANK axis, together with the downstream NF-κB
signaling pathway, is indispensable in osteoclastogenesis (81,
82). Another key factor in osteoclast formation is macrophage
colony-stimulating factor (M-CSF), which is critical in regulating
survival and proliferation of osteoclast precursors (83).

Osteoblasts are the major producer of RANKL and M-
CSF (84), indicating that osteoclasts and osteoblasts are related
“coupling” cells that link osteoclastogenesis to osteogenesis.

Osteoblasts are derived from MSCs and are the main cell type
responsible for bone formation (79). Factors such as alkaline
phosphatase (ALP), runt-related transcription factor 2 (RUNX2),
osteocalcin (OCN), and the Wnt/β-catenin and TGF-β signaling
pathways, as well as the signal transducer and activator of
transcription 3 (STAT3) signaling, are considered to be crucial
in osteogenesis (85–89). Besides RANKL and M-CSF, osteoblasts
also produce osteoprotegerin (OPG), which, conversely, acts
as a decoy receptor of RANKL and thereby impeding
osteoclastogenesis (90). Hence, osteoclasts and osteoblasts are
interconnected by the RANKL/RANK/OPG axis, with the ratio
of RANKL to OPG determining the balance between bone
resorption and formation.

Bone remodeling is a strictly regulated process that must
maintain bone formation at a rate equal to that of bone resorption
(2). Skeletal pathologies arise when this balance is disrupted. The
most common one of such disorders is when bone remodeling
is skewed toward resorption—that is, when osteoclastogenesis is
aberrantly stimulated so the rate of bone resorption exceeds bone
formation, resulting in a net bone loss, as seen in inflammatory
diseases, such as rheumatoid arthritis (RA) (91),periodontitis
(92), and apical periodontitis (93).

The Roles of S1P-S1PR1 in Bone
Remodeling
S1P has been found to induce both osteoclastogenesis and
osteogenesis, a dual role that makes S1P-S1PR1 signaling
more intriguing.

S1P-S1PR1 Signaling in Osteoclastogenesis
Together with its ligand S1P, S1PR1 directs chemotactic
migration of osteoclast precursors in vitro and in vivo. S1P-S1PR1
signaling is thought to regulate osteoclast precursor trafficking
to and from bone surface, where the precursor cells fuse
and differentiate into osteoclasts, a process which dynamically
regulates bone mineral homeostasis and osteoclastogenesis (78).
S1PR1-dependent chemo-attraction is only activated when S1P
concentration is comparably low. High concentrations of S1P
activates the S1PR2 on the precursor cells and triggers an S1PR2-
dependent chemo repulsion (94). This mechanism partially
explains how these precursor cells are retained in bone marrow,
where lower levels of S1P are found than in the peripheral
blood. S1PR1 and S1PR2 act in a concerted manner to
regulate osteoclast precursors egressing from bone marrow into
circulation, depending on the relative concentrations of S1P. It
is also found that the active form of vitamin D, 1,25-D, and
its clinically used analog, eldecalcitol (ELD), effectively reduce
bone resorption via inhibiting S1PR2 in circulating osteoclast
precursors, as S1PR2-blockage directs the migration of osteoclast
precursors from bone surface to blood. This study reveals the
pharmacologic effect of vitamin D analog in therapy against
osteoporosis (95), suggesting that the “S1PR1-S1PR2 concert”
should be considered as a therapeutic target for diseases with
bone loss. During RANKL-mediated osteoclast differentiation,
the activity of SPHK1 is significantly enhanced and increases
production of S1P by the precursor cells. Conversely, inhibition
of SPHK1 leads to suppression of osteoclastogenesis (34).
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FIGURE 1 | The S1P-S1PR1 signaling. Sphingolipid (derived from cell membrane) is cleaved (by sphingomyelinases, SMase) to ceramide. Ceramide is then

deacylated by ceramidases (CERase) to produce sphingosine. S1P is produced by phosphorylation of sphingosine, which is mediated by SPHKs (SPHK1 and

SPHK2, which can be activated by certain stimulus). S1P can be reversibly degraded by S1P phosphatases (SPPs), or irreversibly degraded by S1P lyase (SPL). On

the other hand, S1P can be transported outside the cells and acts in the autocrine or paracrine manners to activate its receptor S1PR1. The S1PR1 then activates its

down-stream signal cascades and therefore regulates diverse cell activities. S1P, sphingosine-1-phosphate; S1PR1, sphingosine-1-phosphate receptor 1; PLC,

phospholipase C; PI3K, phosphoinositide 3-kinase; AC, adenylyl cyclase; Ras, Ras GTPase; Rac, Rac GTPase; MAPK, mitogen-activated protein kinase; cAMP, cyclic

adenosine monophosphate; mTOR, mammalian target of rapamycin; PKA, protein kinase A; PKC, protein kinase C; DAG, diacylglycerol; IP3, Inositol trisphosphate.

S1P-S1PR1 Signaling in Osteogenesis
Although S1P is found to induce osteoclastogenesis, it also
plays a positive role in osteogenesis. In the process of BMP-
2-mediated osteoblast differentiation, S1P significantly induces
ALP activity and the expressions of key bone formation markers,
such as OCN and RUNX2. Enhanced BMP-2/SMAD signaling
is the result of MEK (mitogen-activated protein kinase kinase)
1/2-ERK1/2 pathway activation (14). Another study indicates
that S1P-S1PR1 signaling activation in osteoblasts mediates the
activation of PI3K/Akt signaling and therefore inhibits glycogen
synthase kinase-3β (GSK-3β), which leads to induced nuclear
translocation of β-catenin, a key process in osteogenesis (96). S1P
has also been found to induce RUNX2 expression in osteoblasts
and thereby improve osteogenesis in vitro and in vivo, which
is achieved through S1PR2-dependent activation of Smad1/5/8
signaling (97). Conditioned medium from osteoclasts can induce
osteogenesis and is thought to be due to Wnt10b, BMP-6, and
S1P secreted into the medium. And whereas S1P and BMP-6 can
trigger the migration of pre-osteoblasts toward bone resorption
sites, S1P can also induce osteogenic differentiation of the same
cells by activating S1PR1, a finding that becomes apparent when
S1PR1 is blocked (15). These properties of S1P-S1PR1 signaling
to some degree explain how bone formation is initiated following
bone resorption. Accordingly, hormone calcitonin (CT) has been

found to block S1P secretion of osteoclast via SPNS2 inhibition,
which consequently results in decreased bone formation in vivo
in a S1PR3-dependent manner (55). In a more recent study,
induced expression and activity of SPHK1 and SPHK2 have
been observed during the in vitro osteoblast differentiation,
accompanied with enhanced Spns2 gene level, as well as increased
S1P secretion. Blockage of SPHK1 or SPHK2 results in retarded
osteogenic differentiation and mineralization, suggesting the
indispensable role of S1P signaling in osteogenesis (54).

S1P-S1PR1 Signaling in Osteoclast-Osteoblast

Coupling
Interestingly, intracellular S1P, which is produced during
osteoclastogenesis, also inhibits this process, by suppressing p38-
MAPK signaling, a key signaling pathway downstream of RANK
(Figure S1). This is in contrast with extracellular S1P which has
no effect on osteoclast differentiation, suggesting S1P can target
cells other than osteoclasts, e.g., the coupling osteoblasts (34). S1P
activates p38-MAPK and ERK signaling in osteoblasts, resulting
in increased levels of cyclooxygenase-2 (COX2). COX2 induces
the expression of prostaglandin E2 (PGE2), which prompts
the production of RANKL by osteoblasts. RANKL binds to
its receptor RANK on osteoclast precursors which promotes
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osteoclast differentiation and S1P secretion, thereby setting up a
feed-forward loop for osteoclastogenesis.

Cathepsin K (CSTK) is an enzyme that is involved in
bone degradation which, when specifically deleted in osteoclast
lineage by targeted in vivo gene modification, results in a
condition characterized by an increased number of osteoblasts
and bone formation, as well as an increased number of
dysfunctional osteoclasts and impaired bone resorption (98).
The in vitro analysis of primary osteoblasts showed enhanced
ALP activity and osteogenic potential, as well as increased
RANKL/OPG ratio. Osteoclasts from CSTK-knockout mice
presented with up-regulated expression of SPHK1 and increased
S1P production leading to a higher RANKL/OPG ratio of the
primary osteoblasts, which in turn increased the number of
osteoclasts. The antagonist of S1PR1 and S1PR3 reduced the
osteogenic ability of osteoblasts induced by the conditioned
medium of CSTK-deficient osteoclasts, suggesting the enhanced
in vivo osteogenesis was due to the activation of S1PR1 and
S1PR3 (98).

In a more recent study, S1P degradation was blocked via
SPL inhibition (through both genetic and pharmacological
means) in vivo, and this resulted in increased bone mass
and enhanced bone strength, accompanied with induced
OPG expression and reduced osteoclastogenesis in mice
(28). Further research revealed the role of S1P-S1PR2 under
this phenomenon. In osteoblast, S1P-S1PR2 signaling played
a significant role in bone remodeling, which not only
promoting the osteogenic differentiation, but also inducing
OPG production via p38–GSK3β-β-catenin and Wnt5A–LRP5
pathways, suggesting S1P-S1PR2 signaling should improve bone
formation while limiting bone resorption. Accordingly, SPL
inhibition ameliorated osteoporosis in OPG-deficient mice
through inducing the activity and mineralization of osteoblast
while reducing osteoclastogenesis. In addition, S1PR2-deficience
resulted in osteopenia in mice, accompanied with reduced OPG
expression and retarded differentiation of osteoblast (28). These
results indicate that similar to S1PR1, S1P-S1PR2 signaling also
acts as a coupling factor between osteoclast and osteoblast.
However, S1PR2 activation leads to increased OPG production,
which possibly neutralizing S1PR1-mediated RANKL expression
and hence osteoclastogenesis. It is presumed that S1PR1-
S1PR2 may act in a balanced way to maintain physiological
bone remodeling, while this balance might be destroyed under
pathological conditions such as inflammation, which needs
further investigation. From these studies, it could be concluded
that S1P acts as a coordinator between bone resorption and
formation, which, in combination with its positive effects in both
osteoclastogenesis and osteogenesis, suggesting a complicated
role of this signaling in bone remodeling.

THE IMMUNOMODULATORY ROLE OF
S1P-S1PR1 SIGNALING IN
OSTEOIMMUNOLOGY

The balance of bone remodeling is maintained by the immune
system, which, therefore, links the skeletal, and immune systems

together. As a key regulator of the immune system, the S1P-
S1PR1 signaling could be postulated to indirectly impact bone
remodeling by the immunomodulation, indicating its enigmatic
role in osteoimmunology.

Osteoimmunology
Evidence of the relationship between the immune and skeletal
systems became apparent with the finding that IL-1, secreted
by antigen-stimulated immune cells, plays a positive role in
osteoclastogenesis (99). Since then, many more studies have
demonstrated the role of immune system on bone remodeling
(Figure 2) (100). Furthermore, cells derived from skeletal system,
such as MSCs, are capable of regulating immune responses
(101). Such findings gave birth to osteoimmunology, a field that
is concerned with interactions between immune and skeletal
systems, within which the cells from each system are correlated
through a variety of factors and signaling pathways such
as S1P-S1PR1.

Regulation of Bone Remodeling by Immune System
The adaptive immune cells—T-helper cells—play a critical role
in bone remodeling by producing RANKL, the key factor in
osteoclastogenesis, and also other factors that regulate bone
metabolism. Cytokines derived from type 1 helper T (Th1) cells,
such as IFNγ and granulocyte-macrophage colony-stimulating
factor (GM-CSF), suppress osteoclastogenesis by interrupting
the RANK signaling (Figure 2) (102–105). However, it is also
reported that GM-CSF facilitates the fusion of pre-osteoclasts
into multinucleated osteoclasts, suggesting a fundamental role of
GM-CSF in the function of osteoclasts (106, 107). In addition,
GM-CSF derived from breast tumor cells has been found as
responsible for osteolytic bone metastasis in vivo (107). Other
cytokines derived from type 2 helper T (Th2) cells, such as
interleukin-4 (IL-4) and IL-10, also inhibit RANK signaling and
osteoclast differentiation (108–110). IL-6, which is produced
by Th2 cells and M1 macrophages, triggers osteoclastogenesis
by promoting RANKL production, as well as stimulating IL-1
production, which amplifies the inflammatory response (111–
113). IL-6 also induces the differentiation of type 17 helper
T (Th17) cells, which secrete the pro-inflammatory cytokine
IL-17 (114, 115), and in turn promote RANKL secretion
and osteoclastogenesis (116, 117). The immune-suppressive
regulatory T (Treg) cells (118), inhibit osteoclastogenesis in
a direct cell-to-cell contact-dependent manner, by binding
of cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) on
Treg cells with CD80 and CD86 on osteoclast precursors;
Treg cells also reduce osteoclastogenesis by secreting IL-4
and IL-10 (119). Another Treg cell-derived factor, TGF-β, has
pleiotropic effects on osteoclastogenesis. On one hand, TGF-
β can induce osteoclast differentiation by promoting RANK
expression and regulate activator protein 1 (AP-1) signaling
(120, 121), a key downstream effector of RANK (Figure S1).
However, in osteoclast-osteoblast co-cultures, TGF-β can also
suppress RANKL expression in osteoblasts, effectively applying
the brakes on osteoclastogenesis (120).

Cells from the innate immune system also contribute
to the regulation of osteoclastogenesis. Macrophages, the
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FIGURE 2 | Mutual regulations between the immune and skeletal systems. The two major players in bone remodeling—osteoclasts and osteoblasts are coupled

through the RANKL-RANK-OPG axis: osteoblasts-derived RANKL combines with its ligand RANK in osteoclasts and plays an indispensable role in

osteoclastogenesis; OPG (which is also derived from osteoblasts) reduces osteoclastogenesis by impairing the RANKL-RANK signaling. The immune system greatly

takes part in osteoclastogenesis by producing RANKL; also, the immune-related factors either affect pre-osteoclasts, or interacts with osteoblasts to induce RANKL

production to regulate osteoclastogenesis. The immune-derived regulators also affect the process of osteogenesis. On the other hand, the progenitor cells of the

skeleton system—MSCs suppress immune response either by cell to cell intact or by secreting functional regulators; whereas under certain conditions, MSCs upon

TLR4 stimulation secret factors which induce immune response. RANKL, receptor activator of nuclear factor factor-kappa B ligand; RANK, receptor activator of

nuclear factor-kappa B; OPG, osteoprotegerin.

major components of innate immunity, constitute three sub-
populations of cells: (1) non-activated M0 macrophages; (2) pro-
inflammatoryM1macrophages, which are classically activated by
LPS or Th1 cell cytokines such as IFNγ; and (3)M2macrophages,
which is alternatively activated by Th2 cell cytokines, such as IL-
4 or IL-13, and are classified as anti-inflammatory macrophages
(122–125). Macrophages are precursors of osteoclasts (126)
and secrete factors that actively affect osteoclastogenesis.
M1 macrophages express IL-1α and IL-1β which activates
RANK signaling thereby inducing osteoclastogenesis, under
both physiological and pathological conditions (127, 128). M1
macrophages also express TNF-α, which stimulates osteoclast
differentiation by activating the NF-κB signaling (129, 130).
Moreover, TNF-α promotes RANKL expression of osteoblasts
to induce osteoclastogenesis (131, 132). On the contrary, M2
macrophages-derived IL-10 (133) is a negative regulator of
osteoclastogenesis (110).

These immune-derived factors also participate in the
regulation of osteogenic process. Originated from Treg cells
and M2 macrophages, TGF-β has been identified as a crucial
factor in osteoblast differentiation and mineralization (134).
M2 macrophages also recruit MSCs (osteoblast precursors)
by producing the transmembrane glycoprotein Osteoactivin
(OA)/Glycoprotein non-metastatic melanoma protein B
(GPNMB) (135). Interestingly, some pro-inflammatory factors,
known as osteoclastogenic promoters, have also been found to
induce osteogenesis. For instance, IL-6 can enhance ALP activity
in vivo via STAT3 signaling, a further indication of the ability
of IL-6 to affect osteogenesis (136–140). Originated from M1
macrophages, oncostatin M (OSM) facilitates osteogenesis by
activating RUNX2 via STAT3 signaling pathway. Studies with
OSM or OSM receptor (OSMR) deficient mice show reduced
bone healing, evidence for its critical role in osteogenesis
(141, 142). There are studies indicate that IL-1 (143, 144),
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TABLE 1 | Effects of immune cells on bone remodeling.

Immune cells Main functional factors Effects on osteoclastogenesis Effects on osteogenesis

M1 macrophages IL-1 Activation (127, 128) Activation (143, 144)/Inhibition (148, 149)

TNF-α Activation (129–132) Activation (147, 150)/Inhibition (148, 149)

OSM Activation (151, 152) Activation (141, 142)

M2 macrophages IL-10 Inhibition (110) Activation (153)/Inhibition (154, 155)

TGF-β Dural (120, 121) Activation (134)

Th1 cells IFNγ Inhibition (105) Activation (156, 157)/Inhibition (238)

GM-CSF Activation(106, 107)/Inhibition (102–104) Activation (158)

Th2 cells IL-4 Inhibition (108, 109) Inhibition (159)

IL-6 Activation (111–113) Activation (136–140)

Th17 cells IL-17 Activation (114, 115) Activation (145, 146)/Inhibition (160)

Treg cells CTLA-4 Inhibition (119) –

CTLA-4, cytotoxic T-lymphocyte-associated protein 4; GM-CSF, granulocyte-macrophage colony-stimulating factor; IFNγ , interferon-γ ; IL, interleukin; OSM, oncostatin M; TGF-β,

transforming growth factor-β; Th, T helper; TNF-α: tumor necrosis factor α; Treg, regulatory T.

IL-17 (145, 146), and TNF-α (147) play positive roles in bone
formation in vitro and in vivo, however, conflicting results
exist (Table 1).

Accumulating evidences indicate that macrophages play an
indispensable role in bone formation. The bone residential
macrophages are required in osteogenesis and are, more
importantly, also needed for the maintenance of bone-
forming surfaces. Both M1 and M2-derived secreted factors
are found to promote osteogenesis, especially M1-derived
OSM (142). Interestingly, RANKL is found to induce a
M1-like macrophage phenotype; this M1-like macrophage
infiltration appears during the early stage of bone repair and
is identified to facilitate osteogenesis (167). Furthermore, the
conversion of M1 to M2 macrophages significantly improves
mineralization of the co-cultured osteoblasts in vitro (168).
This is consistent with the in vivo macrophage polarization
during bone healing, that the infiltration of M1-like macrophages
during the early inflammatory phase is indispensable for bone
healing, while the M2-like macrophage infiltration becomes
dominant in the later stage of bone repair (167). It can be
presumed that the transient activation of M1 macrophages
are essential for the early osteoblast activation, while M2
macrophages are indispensable for the later mineralization.
Especially, cells from the macrophage—monocyte lineage are
considered as important source of S1P (28), a crucial regulator
in bone remodeling as discussed above, suggesting that
macrophage-derived modulation on bone remodeling might
also due to S1P-S1PR1 signaling, which needs further study in
the future.

Immune-Regulation Mediated by Cells From Skeletal

System
The skeletal system exerts a regulatory effect on the immune
system via the actions of MSCs, which are capable of suppressing
the differentiation and function of effector immune cells,
such as Th1, Th17, and M1. MSCs can inhibit differentiation
of M0 macrophages to dendritic cells (DCs) and suppress
their maturation and function. MSCs also induce macrophage

polarization to the M2 phenotype and interfere with T cell
proliferation, cytokine production and polarization, in particular
the promotion of Treg cell differentiation (101, 169–172). The
immune-suppressing functions of MSCs are achieved either
through direct cell-cell contact or secretion of soluble immune-
modulators, some of which are produced constitutively while
others are produced in response to inflammatory factors
or activated immune cells (173). Direct cell-cell contact
suppression is achieved through the programmed death 1 (PD-
1) pathway (174), whereas immune suppressive factors include
prostaglandin E2 (PGE2), TGF-β, IL-10, leukemia inhibitory
factor (LIF), IL-1 receptor antagonist (IL-1RA) (173, 175). Of
these factors, PGE2 is considered to be one of the most potent
in MSCs’ immunosuppressive arsenal, especially in term of
macrophage polarization (101, 176). MSCs secrete PGE2 in
response to pro-inflammatory factors, such as IFNγ or LPS
(171, 177) and convert M1 macrophages to M2 phenotype (178).
This process, which depends on PGE2, induces the production of
immune suppressive cytokines (such as IL-10), while impeding
the secretion of pro-inflammatory cytokines (such as TNF-α and
IL-6), resulting in a microenvironment more suitable for tissue
regeneration (171, 179). These effects of PGE2 directly affect
the immune response and acts as a coupling factor between
macrophages and MSCs/pre-osteoblasts in a way that facilitates
osteogenesis (180).

However, when toll-like receptors (TLRs) are activated by
LPS, IFN-α/γ, or TNF-α, MSCs can respond by producing
pro-inflammatory cytokines (173) such as IL-1β and IL-
6 and the chemokine IL-8, which attract the migration of
neutrophils and augment the inflammatory response (181). It
has emerged that similar to macrophages, human MSCs also
polarizes into two distinct phenotypes: pro-inflammatory MSC1
and immunosuppressive MSC2 (182). TLR signaling plays an
active role in this polarization, in which acute and low-level
activation of TLR4 directs MSCs toward the MSC1 phenotype,
whereas the TLR3 activation induces an MSC2 phenotype.
The MSC1 phenotype can also be induced by IFNs or direct
contact with certain pro-inflammatory cells. Polarized MSCs
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TABLE 2 | Possible effects of S1P-derived immune-regulation on bone

remodeling.

Cell type Immune-

regulation of

S1P

Possible effects on bone

remodeling

Osteoclasto-genesis Osteogenesis

M1 macrophages Differentiation↓

(161)

↓ ↑

M2 macrophages Differentiation↑

(161)

↓ ↑

Th1 cells Response↓

(162)

↓ ↑

Th2 cells Response↑

(163)

↓ ↑

Th17 cells Differentiation↑

(164, 165)

Response↑

(164, 165)

↑ ↑(?)

Treg cells Differentiation↓

(165, 166)

↑ -

Th, T helper; Treg, regulatory T.

are thought to play roles similar to that of M1 and M2
macrophages in tissue repair (183), with MSC1s contributing
to early stage inflammation and MSC2s contributing to late
tissue regeneration. Of note, a recent study has found that
macrophage-derived inflammatory factors could induce the
RANKL production of bone marrow stromal cells through the
SPHK1-S1PR1 axis (184), suggesting that S1P-S1PR1 signaling
might participate in MSC polarization and therefore in turn
regulate immune response.

Roles of S1P-S1PR1 in Osteoimmunology
When S1P binds with S1PR1, it forms a complex that governs
a diverse range of immune cell activities, such as cell migration,
proliferation, and differentiation (185). This immunomodulatory
effect is thought to be pivotal for bone remodeling (Figure 3).

S1P-S1PR1 signaling plays a decisive role in regulating
the traffic and egression of immune cells, such as HSCs,
DCs, macrophages (monocytes), neutrophils, mast cells, T and
B lymphocytes, natural killer T (NKT) cells (78, 186–193).
Under both homeostatic and pathological conditions, S1P-
S1PR1 signaling is required for mature thymocytes to egress
from the thymus, as are T/B cells from secondary lymphoid
tissues into blood or lymph (188, 194–196). S1PR1 deficiency
results in blocked lymphocyte egression, a condition known as
lymphopenia (196), suggesting a vital role for S1PR1 in the timely
and appropriate distribution of immune cells, a process that aids
homeostasis of the immune system. During inflammation, there
is a spike of the local concentration of S1P, results in activated
S1PR1 and the recruitment of immune cells—such as effector
T cells—to the inflamed tissues and their in situ retention (61),
which therefore promotes the inflammatory response—a process
that induces bone resorption (100).

S1P-S1PR1 signaling is also an essential modulator of
immune cell differentiation and function. S1P is required for
the maturation and function of DCs, which further affects
the activation and polarization of CD4+T cells (197, 198).

S1P regulates the function and especially the polarization of
CD4+T cell subsets. S1PR1 activation in CD4+T cells impairs
the production of IFNγ by Th1 cells, while enhance the
production of Th2 cells-derived effector cytokine IL-4, thereby
downregulating the Th1 cell response while upregulating that
of Th2 cells (162, 163, 199, 200). On the other hand, S1P
can induce the differentiation and activation of Th17 cells, as
well as the production of IL-17 in vitro (Table 2)—both of
which promote osteoclastogenesis (201). This is accompanied
by reduced production of Th1 and Th2 cell-derived cytokines,
a process that is considered to be S1PR1-dependent (164,
165). Furthermore, signaling through S1PR1 impedes the
differentiation and function of Treg cells, the vital suppressor
in immune response and osteoclast differentiation (118), by
activating the downstream Akt-mTOR signaling pathway (166,
202), thereby exacerbating bone resorption (Table 2). More
importantly, by enhancing RANKL production in CD4+T cells
S1P contributes to osteoclastogenesis (203).

However, in macrophage polarization, S1P-S1PR1 signaling
tends to favor differentiation to an anti-inflammatory phenotype,
inducing a conversion of the M1 to M2 subset (161). The
S1P-derived induction of Th2 response and IL-4 secretion may
indirectly affect this process. The shift from M1 toward the M2
subset (161) could be considered as reducing osteoclastogenesis,
since the M1 macrophage-derived cytokines are recognized as
inducers for osteoclast differentiation (Table 1). A similar shift
may also take place in osteogenesis in which M1 macrophages,
indispensable during the early stages of bone repair, shift
toward the M2 phenotype that is required in the later stages
of bone formation (142, 168). Therefore, in contrast to its
immune-inductive role in CD4+ T cell polarization, S1P-
S1PR1 signaling has an immune-suppressive role in determining
macrophage polarization, which complicates its role in bone
remodeling (Table 2).

From these studies, a picture emerges of how S1P modulate
osteoimmunology (Figure 4). Under physiological conditions,
S1P secreted from osteoclasts during normal bone resorption
may initiate bone formation. S1P prompts the migration and
subsequent differentiation of MSCs to the resorption pits and
also promotes the secretion of PGE2. The combined effect
of S1P and PGE2 determines macrophage phenotype and
creates a microenvironment suitable for bone regeneration.
On the other hand, S1P and PGE2 induce the RANKL
expression of osteoblasts. Osteoclast-precursors, which are also
recruited by S1P, migrate to the resorption site where they are
exposed to osteoblast-derived RANKL, which promotes their
differentiation into mature osteoclasts, thus underpinning the
continuous process of bone remodeling. Under pathological
conditions, such as inflammation, the effects of S1P and
PGE2 on macrophages are counteracted by inflammatory
cytokines, which interfere with the conversion of M1 to
M2 macrophages, resulting in a microenvironment that is
unfavorable to osteogenesis. This is further exacerbated once
the MSCs stop being immunosuppressive and exhibit a pro-
inflammatory phenotype. T cells are also activated by S1P, which
infiltrate in the site of resorption and secrete more RANKL
into the local microenvironment. The high concentration of
RANKL and inflammatory cytokines leads to a catabolic
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FIGURE 3 | The role of S1P-S1PR1 signaling in osteoimmunology. S1P-S1PR1 signaling is greatly involved in the interaction between immune system and bone

remodeling. On one hand, S1PR1 directly affects osteoclastogenesis by inducing the migration of osteoclast-precursors. The direct effect of S1P on

osteoclast-precursors results in reduced osteoclastogenesis; however, it induces RANKL production of osteoblasts and facilitating the RANKL-RANK mediated

osteoclastogenesis. S1P also induces the migration of MSCs and osteogenesis by activating S1PR1. On the other hand, S1P-S1PR1 signaling participates in immune

regulation, which affects the polarization and function of T-helper cells. S1P-S1PR1 signaling induces the differentiation and function of Th17 cells (known as inducing

osteoclastogenesis) while impedes that of Treg cells (known as reducing osteoclastogenesis); therefore facilitating osteoclastogenesis. S1P also induces the function

of Th2 cells while reduces that of Th1 cells, which affects the macrophage phenotype; also, S1P directly induces the transition of M1 to M2 phenotype by activating

S1PR1. This conversion of pro-inflammatory M1 macrophages to tissue-engineering M2 macrophages therefore impedes osteoclastogenesis, which might also affect

osteogenesis. S1P, sphingosine-1-phosphate; S1PR, sphingosine-1-phosphate receptor(s); S1PR1, sphingosine-1-phosphate receptor 1; MSC, mesenchymal stem

cell; Th1/2/17, type 1/2/17 helper T cell; M1/M2, M1/M2 macrophage; Treg, regulatory T cell; IFNγ, interferon-γ; IL-4/10/17, interleukin-4/10/17.

imbalance that favors bone resorption. Of note, it is still unclear
whether S1P signaling leads to “normal” or “abnormal” bone
formation, as elevated S1P has also been found in diseases with
unwanted excessive bone formation such as spondyloarthritis
(54, 204).

Taken together, the weight of evidence all points to S1P-
S1PR1 signaling having a pivotal role in osteoimmunology.
At one level there is a direct link between S1P-S1PR1 and
osteoclast-osteoblast coupling; however, there is also an indirect
link that affects bone remodeling via S1P-S1PR1 regulation of
immune response. Under certain pathological conditions, this
finely tuned system is thrown into disequilibrium resulting
in an overactive immune environment where bone resorption
outstrips formation.

S1P-S1PR1 SIGNALING IN BONE
DISEASES

Abnormally activated S1P-S1PR1 signaling has been observed
in many diseases, such as RA, multiple sclerosis and cancer

(205–207). The importance of S1P-S1PR1 signaling in
osteoimmunology highlights the need to assess its roles in
the pathogenesis of bone diseases. In addition, S1P regulation
via SPL inhibition has been demonstrated to enhance bone
mass and strength in a S1PR2-dependant manner in vivo, which
also effectively ameliorating osteoporosis in S1PR2-deficient
mice, suggesting S1P is a potential therapeutic target for bone
diseases (28).

RA is an autoimmune disorder of the joints characterized
by excessive osteoclastogenesis—the result of inflammatory
immune response (206). Activated S1P-S1PR1 signaling is
found in the synovial tissues of RA joints (206), which is
considered to promote RANKL production of CD4+T cells
and synoviocytes in a COX-2-dependant manner (203). The
joint and bone destruction is significantly alleviated in Sphk1-
deficient mice: the reduced circulating S1P leads to limited
COX-2 expression and Th17 differentiation, with a resulting
inhibition of osteoclastogenesis in inflammatory joints (208).
Fingolimod, also known as FTY720, is a sphingosine analog
that acts as a modulator of S1P-S1PR1 signaling, which has
been clinically used in treatment against multiple sclerosis
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FIGURE 4 | Speculations on the regulatory roles of S1P on osteoimmunology under physiological and pathological conditions. In the physiological condition,

osteoclast-derived S1P initiates bone formation by triggering MSCs migration to the resorption cite and by inducing osteoblasts differentiation. During the osteogenic

process, S1P also induces the production of PGE2, which, together with S1P, leads the polarization of macrophages toward the M2 phenotype, thereby facilitating

bone formation. S1P also induces RANKL production of osteoblasts, as well as the migration of osteoclast-precursors, initiating a new round of osteoclastogenesis.

This makes the constant remodeling and bone metastasis. However, in the pathological condition (inflammation), the over-accumulated S1P results in infiltration of

inflammatory cells (i.e., T-helper cells), which not only secret large amounts of pro-inflammatory cytokines, but also produce a lot of RANKL (in stimulation of S1P),

which greatly induces osteoclastogenesis. On the other hand, the pro-inflammatory factors neutralize the immune-suppressive function of S1P and PGE2 on

macrophages, result in failed conversion from M1 to M2 phenotype–an unsuitable circumstance for osteogenesis. This eventually makes to the imbalance between

bone resorption and formation and thereby bone loss. S1P, sphingosine-1-phosphate; S1PR, sphingosine-1-phosphate receptor(s); MSC, mesenchymal stem cell;

M1/M2, M1/M2 macrophage; OC, osteoclast; OB, osteoblast; TC, T cell; PGE2, prostaglandin E2.

(209). FTY720 is phosphorylated by SPHK2 (FTY720-P) in
vivo to gain high affinity to S1PR1 (210, 211). Although both
S1P and FTY720-P induce S1PR1 internalization (212, 213),
the endocytosed S1PR1 following S1P binding is eventually

recycled back to cell surface (212); while the endocytosed
S1PR1 induced by FTY720-P is then irreversibly degraded
(184, 213–217), resulting a pharmacologic deletion of S1PR1
from cell surface (218). FTY720 has been demonstrated
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to be effective in a mouse RA model, which inhibited the
infiltration of effector CD4+T cells and reduced IL-6 and
TNF-α expression in synovial fibroblast cells (219). Similar
results have been found in adjuvant-induced arthritis (AA) and
collagen-induced arthritis (CIA) rodent models, which were
achieved via modulating the migration of T cells and DCs, as
well as regulating T cell polarization (220–222), suggesting that
S1PR1-deletion could be a pharmacological strategy for RA.
Interestingly, strategies to increase S1P also showed therapeutic
effects in RA animal models. SPL inhibitors, (E)-1-(4-((1R,
2S,3R)-1,2,3,4-Tetrahydroxybutyl)-1H-imidazol-2-yl)ethanone
Oxime (LX2931) and (1R,2S,3R)-1-(2-(Isoxazol-3-yl)-1H-
imidazol-4-yl)butane-1,2,3,4-tetraol (LX2932) have been found
to reduce symptoms and pathological changes in the RA mice
model, which could dose-dependently decrease the numbers
of circulating lymphocytes by sequestrating them in the
thymus (223). In phase I clinical trial, LX2931 administration
effectively decreased peripheral lymphocyte counts, suggesting
it could potentially reduce local inflammation in RA patient
(223). The similar effects between S1P induction and S1PR1
reduction indicate that other S1PRs such as S1PR2, which has
demonstrated effects against S1PR1 (28, 94), should also be
considered as therapeutic target for RA in the future.

Besides RA, S1P signaling might also participate in the
pathogenesis of other arthritis such as spondyloarthritis.
Spondyloarthritis (SpA) is a group of several inner-related
disorders: psoriatic arthritis, arthritis related to inflammatory
bowel disease, reactive arthritis, a subgroup of juvenile
idiopathic arthritis, as well as ankylosing spondylitis (the
prototypic subtype) (224). Spondyloarthritis is characterized by
enthesopathy—inflammation at the cites (named as enthesis)
where ligaments and tendons attach to the bone through
fibrocartilage connections (54, 224). SpA at later stage usually
results in abnormities at enthesis such as excessive bone
formation, increased mineralization and fusion of bone, as
well as ankyloses (54). A recent study has found that the S1P
levels in serum from SpA patients are significantly induced,
as compared with those from healthy donors (54, 204).
S1P has also been found to induce the mineralization of
primary chondrocytes and osteoblasts originated from enthesis
(54). This suggests the accumulation of S1P may result in
the excessive ossification in SpA, which still needs further
verification (54).

S1P is also strongly associated with the pathogenesis
of infection-related inflammatory bone loss, as seen in
periodontitis and periapical lesions: an inflammatory
condition caused by teeth-related bacterial infections that
erodes alveolar bone. In a mouse periodontitis model, the
ablation of SPHK1 can significantly attenuate alveolar bone
loss and is accompanied by a reduction in the numbers of
leukocytes and osteoclasts in the periodontal tissues (225).
S1P-S1PR1 signaling is also linked to periapical lesions: an
upregulation of S1PR1 positively correlates with RANKL
and osteoclast expression and negatively with the number
of Treg cells during the pathogenesis of periapical bone
destruction (226). Further research into this phenomenon
indicates that infection-induced M1 macrophages interact

with osteoblast—precursors to enhance the production of
S1P, which acts in an autocrine manner to activate S1PR1 on
osteoblast-precursors. The activation of S1P-S1PR1 signaling
results in induced RANKL production, which is partially
achieved through the mTOR signaling-dependent inhibition
of autophagy in osteoblast-precursors (184). These studies
suggest modulation of S1P-S1PR1 signaling could be a novel
therapeutic strategy for infection-induced inflammatory
bone diseases.

FUTURE DIRECTIONS AND CONCLUSION

Although S1P has been studied for years, many questions still
remain un-resolved regarding its role in bone remodeling. For
instance, the actual outcome of S1P-S1PR1 signaling-derived
modulation on bone remodeling is unknown, since it is found
to induce both osteoclastogenesis and osteogenesis. The role
of S1P-S1PR1 signaling in osteoimmunology is even more
complicated, as its downstream signaling pathway, mTOR, has
a dual role in immune system, that in Th cells it directs
the polarization toward inflammatory phenotype, while in
macrophages it directs the anti-inflammatory M2 polarization
(125, 227–229). Until now the detailed cross-talk between
immune and skeletal systems over bone regeneration remains
unclear, further investigation on different types of infiltrating
immune cells, as well as their mutual-regulations during bone
regeneration, would help to understand the ultimate role of
S1P-S1PR1 signaling in osteoimmunology. It could be presumed
that this signaling takes part in the maintenance of the balance
between bone resorption and formation under physiological
conditions. Especially under inflammatory conditions, a question
arises about whether the activated S1P-S1PR1 signaling would
trigger osteogenesis in osteoblast-precursors, and it could be
proposed that this signaling plays a role in the pathogenesis
of inflammation-related bone sclerosis lesions, such as bone
spurs in arthritis or sequestrum in osteomyelitis. Another
question lies in the mechanism and outcome of S1P-S1PR1
mediated osteogenesis: it has been proved that S1P-S1PR1
leads to induced Wnt-β-catenin signaling pathway to improve
osteoblast differentiation (96); however, if β-catenin induction
continues, it would result in interrupted Notch signaling
and therefore should interfere the terminal differentiation
toward osteocytes, as it has been identified that Wnt and
Notch pathways are mutually exclusive during osteogenesis;
and the up-regulated Notch signaling plays indispensable roles
in osteocyte differentiation, while Wnt signaling is more
dominant during osteoblast differentiation (230). Also, S1P-
S1PR1 activation will leads to the activation of mTOR signaling
(166, 202). Although mTOR has been found to play decisive
roles in the transition from pre-osteoblasts to osteoblasts (231–
233), however, it acts as an inhibitor in the autophagy—
an indispensable process in extracellular calcium deposition
during mineralization (234–239). It could be presumed that
S1P-S1PR1-Akt-mTOR signaling pathway should play positive
roles during early stage osteoblast differentiation, however, the
later stage osteocyte differentiation as well as mineralization
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might be affected; also, the quality of such mineralization
might be abnormal or even pathological, as compared with the
physiological ones.

In summary, S1P, a key coupling factor for osteoclasts
and osteoblasts, plays a complex role in bone remodeling
by targeting both osteoclastogenesis and osteogenesis.
The immunomodulatory feature of S1P-S1PR1 signaling
further indicates that favors the inflammatory cell
phenotypes in the adaptive immune system (T cell subsets),
while induces macrophage polarization toward the anti-
inflammatory phenotype. This dual role in immune system
indicates that S1P-S1PR1 signaling might take part in
the maintenance of continuous bone turnover under
physiological conditions, while lead to the pathogenesis of
bone deformities during inflammation. Further investigation
of the S1P-S1PR1 signaling pathway should help to get
a better understanding about osteoimmunology and
therefore benefit the clinical approach for inflammatory
bone disorders.
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the MAPK, IKK, and NF-κB signaling, which eventually result in activation of

NFATc1 and osteoclastogenesis. RANKL: receptor activator of nuclear factor

factor-kappa B ligand. RANK, receptor activator of nuclear factor-kappa B;

TRAF6, tumor-necrosis factor (TNF) receptor-associated factor 6; IKK, inhibitor of
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Rheumatoid arthritis (RA) is a chronic inflammatory disease, characterized by

autoimmunity that triggers joint inflammation and tissue destruction. Traditional concepts

of RA pathogenesis have strongly been focused on inflammation. However, more

recent evidence suggests that autoimmunity per se modulates the disease and in

particular bone destruction during the course of RA. RA-associated bone loss is caused

by increased osteoclast differentiation and activity leading to rapid bone resorption.

Autoimmunity in RA is based on autoantibodies such as rheumatoid factor (RF) and

autoantibodies against citrullinated proteins (ACPA). These autoantibodies exert effector

functions on immune cells and on bone resorbing osteoclasts, thereby facilitating bone

loss. This review summarizes potential pathways involved in increased destruction

of bone tissue in RA, particularly focusing on the direct and indirect actions of

autoantibodies on osteoclast generation and function.

Keywords: rheumatoid factor (RF), autoantibodies against citrullinated proteins (ACPA), osteoclasts, rheumatoid

arthritis, cytokines

INTRODUCTION

Skeletal homeostasis is maintained by continuous removal and replacement of bone throughout
life. This process is controlled by the coordinated activity of specific bone cells. Osteoclasts are
highly specialized multinucleated cells derived from hematopoietic precursors of the myeloid
lineage with the capacity to resorb bone [reviewed in Tanaka et al. (1)]. Osteoclast formation
is controlled by the action of soluble mediators, such as receptor activator of nuclear factor-κB
ligand (RANKL; also known as TNFSF11), macrophage colony-stimulating factor 1 (M-CSF),
and negative regulators, such as the decoy receptor for RANKL, osteoprotegerin (OPG). These
cytokines are provided by cells of the osteoblast lineage and immune cells located within the bone
microenvironment [reviewed in Schett (2)]. Bone resorption also liberates growth factors deposited
in bone, which can act locally on osteoblasts and immune cells.

In parallel to osteoclast-mediated bone resorption, bone formation results from the proliferation
of skeletal stem cells and their differentiation into osteoblast. Their fate is to either stay as bone
lining cells or to be embedded into the bone matrix as osteocytes [reviewed in Bonewald (3)].
The osteoblast cell lineage includes osteoblast precursors, bone lining cells and osteocytes. Each
of them express specific signals that regulate resident cells within the bone marrow. In addition to
the crosstalk between different types of bone cells, there is a tight interaction between bone and
immune cells, which is still not fully characterized. The importance of this interaction is reflected
by diseases, such as rheumatoid arthritis (RA), in which immune activation is linked to bone loss.
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RA is a chronic systemic autoimmune disease affecting
about 1% of the population worldwide [reviewed in McInnes
and Schett (4)]. It is associated with pain, joint swelling,
progressive disability and systemic comorbidity. One of themajor
consequences of RA is the degradation of cartilage and bone
tissue. This process results in joint destruction, which leads to
significant loss of life quality for the patients. RA-associated
bone loss is characterized by three different manifestations:
(i) local erosions in the inflamed joints, where bone and
cartilage are in direct contact with the inflamed synovium,
(ii) periarticular bone loss of trabecular and cortical bone
close to sites of inflammation, and (iii) systemic osteopenia
and osteoporosis [reviewed in Zerbini et al. (5)]. All three
forms of bone loss are caused by altered bone homeostasis
with increased osteoclast generation and activity resulting in
accelerated bone resorption, while osteoblast-mediated bone
formation is suppressed. The reasons for enhanced osteoclast
activity have been in the focus of extensive research. Aside
from direct inter-cellular interactions and systemic effects of
inflammatory cytokines, autoantibodies have been found to play
a major role both via directly influencing osteoclasts, as well
as, through the induction of inflammatory cytokines released
by macrophages.

In this review, we will summarize the current knowledge on
autoantibody-mediated bone loss in RA. We will focus on the
direct effects of autoantibodies on osteoclasts and pre-osteoclasts
as well as indirect effects via cytokines released by activated
macrophages. In addition, we will discuss the implications of
antibody glycosylation.

THE REGULATION OF OSTEOCLAST
ACTIVITY AND DIFFERENTIATION BY
AUTOANTIBODIES

Autoantibodies in RA
Although the causes of RA are diverse and not completely
understood, it is clear that disease specific autoantibodies
constitute an important trigger. The main autoantibodies
associated with RA are the rheumatoid factor (RF) and
autoantibodies against citrullinated proteins (ACPA). RF is
directed against the Fc part of IgG and mainly occurs as IgM.
However, to a smaller extent, RF can also be detected as IgG
or IgA. Up to 70% of RA patients are RF positive. Of note,
RF is also found in a subset of healthy people, especially in the
elderly, in patients with other rheumatic diseases (e.g., Sjögren’s
syndrome or systemic lupus erythematosus) or in patients with
viral infections like hepatitis C (6, 7). Although RF is positively
associated with increased bone erosion, especially in ACPA
positive patients (8, 9), there are no data available about its
direct effects on cytokine production or osteoclastogenesis. As
RF is directed against IgG, it might lead to a constant basal
inflammation by the formation of random IgG complexes or
enhance the size of existing immune complexes formed by
other autoantibodies. Indeed, the addition of monoclonal IgM-
RF increased the production of the pro-inflammatory cytokine
TNF-α by macrophages after treatment with ACPA-containing

IgG from RA patients (10), suggesting a synergistic interaction of
ACPA and RF.

In contrast to RF, ACPA are highly specific for RA with
a very low prevalence in healthy people (11, 12). ACPA
provide diagnostic value in predicting disease severity and
the likelihood to develop bone erosions in RA patients (13).
ACPA are detectable up to 10 years before clinical onset
of RA (14). Some months before the occurrence of clinical
symptoms, ACPA broaden their epitope recognition and isotype
usage profile and change their glycosylation toward a more
inflammatory phenotype (14–16). In 2010, ACPA have been
included into the diagnostic criteria for RA by the American
College of Rheumatology (ACR) and European League Against
Rheumatism (EULAR) (17). ACPA recognize a variety of
citrullinated proteins with citrullinated vimentin, α-enolase,
fibrinogen and collagen being the most prominent antigens.
Citrullination is a post-translational modification of a positively
charged arginine residue into a partially negatively charged
citrulline residue. As this process changes the net charge
of a protein, neo epitopes appear, that can be recognized
by the immune system resulting in autoantibody formation.
Citrullination is performed by enzymes of the peptidylarginine
deiminase (PAD) family and occuring physiologically during the
formation of neutrophil extracellular traps (NETs), apoptosis and
skin keratinization [reviewed in Baka et al. (18)]. In addition,
the bacterium Porphyromonas gingivalis (which is involved in
periodontitis) releases PAD (19). Bacterial PAD is suspected to
contribute to protein citrullination and ACPA formation, but
more research is needed to truly confirm a relationship between
periodontitis and RA [reviewed in Araujo et al. (20) and Potempa
et al. (21)]. Another trigger of citrullination, especially in the
lung, is smoking [reviewed in Klareskog et al. (22)].

Apart from ACPA, a couple of other autoantibodies against
posttranslational modifications (AMPA) have been found in the
last years, such as autoantibodies against carbamylated proteins
(anti-CarP) (23) or autoantibodies against acetylated proteins
(24). All groups of autoantibodies can be detected independently
of each other in patients with RA. According to a meta-analysis
evaluating 25 studies, ACPA are present in 47–88% of RA patients
(13). Anti-CarP could be detected in 39–58% of RA patients and
in 8–16% of RA patients that are ACPA negative (23, 25, 26), but
also in about 7% of osteoarthritis patients and 3,6% of healthy
controls (11).

Epidemiological Evidence for
Autoantibody-Mediated Bone Loss in RA
Bone loss is strongly associated with ACPA positivity in RA
patients (27–29). Higher ACPA titers correlate with increased
systemic osteopenia, indicating that ACPA might contribute to
bone loss, either directly or via increased systemic inflammation.
In the last years, several studies tried to disentangle direct ACPA-
mediated effects from inflammation with inconclusive results.
Llorente et al. described that the presence of ACPAwas associated
with baseline bone mass independently of disease activity in a
cohort of early RA patients (30), suggesting direct effects of ACPA
on the bone. This was further confirmed by studies describing
that ACPA positive individuals without clinical signs of RA
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display signs of bone loss in metacarpal joints (31, 32). However,
subclinical inflammation can’t be fully excluded in these studies.
Ten Brinck et al. reported that ACPA positive RA patients only
exhibited bone resorption in the presence of local inflammation
(33). However, general inflammation alone seems insufficient to
induce bone loss, since patients with ACPA positive RA displayed
the most severe form of bone loss when compared to patients
suffering from other inflammatory diseases like seronegative RA,
psoriatic arthritis or inflammatory bowel disease (34). These
studies indicate that an interplay of direct and indirect effects of
ACPA on bone homeostasis leads to local and systemic bone loss.
We will discuss the mechanisms by which ACPA affect bone later
in this review.

Like ACPA, anti-CarP are associated with higher disease
severity and increased bone erosion (23, 26, 35), but more
research is needed to elucidate its underlying mechanisms.
The fact that ACPA fine specificity does not seem to
correlate with disease progression and bone erosion (36, 37)
strongly suggests common mechanisms for all AMPA to
mediate bone loss, most likely via the conserved Fc part
of IgG.

FcγR Signaling in Immune Cells and in
Osteoclasts
Humans possess five classical FcγR: FcγRI, FcγRIIA, FcγRIIB
FcγRIIIA, and FcγRIIIB that differ in their IgG binding
capacity and downstream signaling pathways [reviewed in
Nimmerjahn and Ravetch (38), Ghazizadeh (39), Nimmerjahn
and Ravetch (40), and Ono (41)]. FcγRI is the only known
high-affinity FcγR that is able to bind uncomplexed IgG
while all other FcγR need the crosslinking effects of immune
complexes to become activated. Activation of FcγRI, FcγRIIA
and FcγRIIIA results in the phosphorylation of either an
intrinsic immunoreceptor tyrosine-based activation motif
(ITAM) domain (as for FcγRIIA) or an ITAM domain supplied
by accessory proteins, typically the Fc-receptor common γ-
chain (FcRγ-chain) (Figure 1A). This phosphorylation leads
to the recruitment and activation of spleen tyrosine kinase
(Syk) and its downstream targets. The most important events
after FcγR activation are calcium influx and the engagement
of the rat sarcoma (RAS)- rapidly accelerated fibrosarcoma
(RAF)- mitogen-activated protein kinase (MAPK) pathway,
resulting in antigen uptake, phagocytosis, cellular activation,
and the release of pro-inflammatory cytokines by immune cells.
Activating FcγRs have one potent inhibitory opponent: FcγRIIB,
which contains an intrinsic immunoreceptor tyrosine-based
inhibition motif (ITIM) domain. The ITIM domain interferes
with ITAM signaling through engagement of src homology
2-containing inositol phosphatase (SHIP) or src homology
2 domain-containing protein tyrosine phosphatases (SHPs)
that inhibit calcium influx by hydrolyzing phosphoinositide
intermediates. FcγRIIIB, expressed on neutrophils, has a
glycosylphosphatidylinositol (GPI) anchor without a signaling
domain (44). The mechanisms by which FcγRIIIB transduces
signals are still unknown.

Osteoclasts belong to the myeloid cell lineage and share
many features with macrophages. Like macrophages, osteoclasts

FIGURE 1 | Overview of signaling pathways of (A) Fcγ receptors (FcγRs) on

immune cells and (B) co-stimulatory molecules involved in osteoclastogenesis.

(A) Crosslinking of activating FcγR (here FcγRIIIA) results in Syk activation

starting various signaling pathways that lead to immune cell activation and

effector functions like phagocytosis or cytokine production. The distinct

signaling pathways have been reviewed in detail in Nimmerjahn and Ravetch

(40), Rosales (42). (B) Binding of RANKL to RANK leads to the activation of

TRAF6, NFκB, and several MAP kinases resulting in the activation of NFATc1,

the master transcription factor for pro-osteoclastogenic genes. For a stable

NFATc1 activation, costimulatory signals provided by several receptors

associated to the accessory molecules DAP12 or FcRγ, like TREM-2 or

OSCAR are needed [reviewed in detail in Humphrey and Nakamura (43)].

These receptors lead to Syk activation with subsequent calcium influx

enhancing NFATc1 activation. In a similar way, binding of immune complexes

to FcγR initiates co-stimulatory signals, thereby enhancing osteoclastogenesis.

BTK, Bruton’s tyrosin kinase; DAP12, DNAX activation protein of 12kDa; FcRγ,

Fc receptor gamma chain; IC, immune complex; MAPKs, mitogen-activated

protein kinases; NFATc1, nuclear factor of activated T cells cytoplasmic 1;

NFκB, nuclear factor kappa-light-chain-enhancer of activated B cells; OSCAR,

Osteoclast-associated immunoglobulin-like receptor; PI3K,

phosphatidylinositol-3 kinase; PIP3, phosphatidylinositol 3,4,5-trisphosphate;

PLCγ, phospholipase Cγ; SHIP, SH2 domain-containing inositol

5’-phosphatase; Syk, spleen tyrosine kinase; Sos, son of Sevenless; TRAF6,

TNF receptor associated factor 6; TREM-2, triggering receptor expressed on

myeloid cells 2.

and their precursors express FcγR (45–47) with FcγRI, FcγRIIB
and FcγRIIIA being significantly upregulated during human
ex vivo osteoclastogenesis (46). It is not clear whether FcγR
possess a role in bone homeostasis. However, activation of
FcγR with crosslinked antibodies enhanced osteoclastogenesis
from murine bone marrow cells (47). This suggests that
FcγR regulate osteoclast activity and bone resorption. Of
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note, osteoclast development is strongly dependent on co-
stimulatory signals provided by the accessory protein FcRγ-
chain (that is also used by FcγR) and its functional analog
DNAX activation protein of 12 kDa (DAP12) (Figure 1B). Mice
lacking both proteins display a severe osteopetrotic phenotype
with impaired osteoclast function (48, 49). FcRγ-chain is
likely involved in osteoblast-osteoclast and osteoclast-matrix
interactions as it is associated with paired immunoglobulin-like
receptor A (PIR-A) and osteoclast-associated receptor (OSCAR)
(48, 50). DAP12 associates with TREM-2 and signal-regulatory
protein b1 (SIRPb1), which seems to be necessary for the
communication between osteoclast precursors (48, 51). Both
accessory proteinsmight enhance the effects of RANKL-signaling
by amplifying calcium influx required for the activation of the
pro-osteoclastogenic transcription factor, NFATc1 (48).

Direct Actions of ACPA on
Osteoclastogenesis
The described positive effects of FcγR signaling on
osteoclastogenesis suggest that autoantibodies or autoimmune
complexes could directly enhance osteoclast development
and hence osteoclast-mediated bone loss in patients with RA.
Indeed, we found that affinity-purified autoantibodies against
citrullinated vimentin from RA patients, but not ACPA-depleted
serum IgG were able to enhance osteoclastogenesis and bone
resorption in ex vivo osteoclastogenesis assays as well as in
recombination activation gene 1 (RAG1)-deficient mice (52).
This effect was based on direct binding of autoantibodies to
osteoclasts and their precursors resulting in the release of the pro-
inflammatory cytokine TNF-α. In later studies, Krishnamurthy
and colleagues suggested similar pro-osteoclastogenic effects of
ACPA using polyclonal ACPA, purified with a cyclic citrullinated
peptide (CCP)-column as well as monoclonal ACPA (53). While
the results with polyclonal anti-CCP antibodies confirmed the
original findings with polyclonal antibodies against citrullinated
vimentin, the monoclonal antibody preparations were later
demonstrated to not recognize citrullinated proteins and
therefore have to be viewed with caution.

In amurinemodel of antigen-induced arthritis, immunization
against and subsequent challenge with citrullinated vimentin
induced stronger periarticular bone loss than immunization
against and challenge with methylated bovine serum albumin
(mBSA) (54). This effect was independent from inflammation, as
mBSA inducedmore severe synovitis. Similarly, mice immunized
with autologous citrullinated type II mouse collagen developed
arthritis and bone loss correlating with serum ACPA levels (55).

Together, these studies indicate a direct effect of ACPA on
osteoclastogenesis and bone loss. Whether this pro-osteoclastic
effect is indeed based on antigen-antibody binding or is
preferentially mediated by FcγR remains to be determined.

Impact of Immune Complexes on
Osteoclastogenesis
Recently, we found that under certain circumstances not only
ACPA, but basically any kind of IgG containing immune complex
can increase osteoclast number and bone resorption in vitro as
well as in vivo via binding to FcγR (46, 56). In a murine model of
inflammatory arthritis, the osteoclast specific deletion of FcγRIV

resulted in a protection from aberrant osteoclast generation and
bone erosion in inflamed joints, while inflammation itself was
not affected, indicating that inflammatory cytokines alone are
not sufficient to induce bone loss in inflammatory arthritis (47).
Mice with a global deletion of the inhibitory FcγRIIB exhibit an
osteoporotic phenotype even under steady state conditions due
to an increase in osteoclast number (57). FcγRIIB is an important
regulator of B cells and its deletion leads to a massive induction
of autoantibodies (58) that could enhance osteoclastogenesis.
Indeed, despite no difference in osteoclast numbers generated
ex vivo from wildtype and FcγRIIB deficient bone marrow, the
addition of sera from FcγRIIB-deficient mice resulted in an
increased osteoclastogenesis. This effect could be blocked by IgG
depletion or deletion of FcγRIII.

Indirect Effects of Autoantibodies on
Osteoclastogenesis by Induction of
Proinflammatory Cytokines
In addition to the direct action of autoantibodies on
osteoclastogenesis, the release of inflammatory cytokines by
macrophages upon autoantibody stimulation has been identified
to enhance osteoclast differentiation and function (Figure 2). The
disequilibrium between pro- and anti-inflammatory cytokine
activities facilitates the induction of chronic inflammation
and joint damage. It is less known though, how cytokines are
organized within a hierarchical regulatory network.Macrophages
are considered to play a seminal part in cytokine production
in the joints of patients with RA and represent a major source
for most of the prominent mediators of disease, such as tumor
necrosis factor (TNF)-α and interleukin (IL)-6, but also other
cytokines and chemokines involved in the disease process, such
as IL-1β, IL-8, and chemokine (C-C motif) ligand 2 (CCL2) (59).

Autoantibodies and their immune complexes may play a
central role in shaping a pro-inflammatory environment. Indeed,
complexes of ACPA and RF induce robust cytokine production
from human macrophages (60–62). This effect is mediated by
FcγR signaling on macrophages inducing a strong activation
signal for cytokine release (63). In particular, macrophages pre-
exposed to M-CSF are sensitive to immune complex-mediated
cytokine production. In the synovial membrane of RA patients,
M-CSF is present in large amounts (64). We recently showed
that treatment of human monocytes with ACPA antibodies or
RF leads to the production of the cytokines TNF-α, IL-1β, IL-6,
and IL-8 (65). This induction of pro-inflammatory cytokines can
enhance osteoclast differentiation (Figure 2).

TNF-α is among the most potent cytokines to stimulate
osteoclastogenesis. On one hand, TNF-α can induce TRAP
positive cells in the absence of RANKL through the induction
of the NF-κB pathway (66). On the other hand, TNF-α induces
RANK expression by osteoclast precursors (67). In addition,
TNF-α and RANKL cooperate to induce osteoclast formation in
a TRAF-6 independent pathway through TRAF-3 signaling (68).
In addition, TNF-α can indirectly regulate osteoclasts through
various stimuli of the stromal cells, for examples by production
of RANKL or other cytokines (69).

Like TNF-α, IL-6 is a powerful molecule to induce osteoclast
differentiation (70). IL-6 binds the IL-6 receptor, comprising
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FIGURE 2 | Schematic representations of osteoclast differentiation regulated

by ACPA or RF antibodies induced cytokines produced by the monocytic

lineages. The cytokines, like TNFa, IL1b, IL6, and IL8 are produced by

monocyte lineage challenge with ACPA or RF autoantibodies. All these

cytokines are directly able to enhance osteoclast formation. Moreover, they

can also regulate stromal cells to secrete RANKL, which in turn will induce

osteoclast differentiation. It is also well-known that ACPA can influence IL8

secretion by osteoclasts them-selves which will enhance osteoclastogenesis in

an autocrine manner.

the subunit gp130 that is also required for other cytokines.
IL-6R induction leads to STAT3 phosphorylation, followed by
JAK, which finally induces osteoclast markers (70). Its role
is quite contradictory, because one report described that IL-6
inhibits RANKL-induced osteoclastogenesis. It is likely that IL-6
independently regulates different pathways such as NF-κB, ERK
or JNK, leading to alternative regulation of osteoclastogenesis
(71, 72). In the treatment of human RA, TNF-α, and IL-6
antagonists ameliorate RA equally, indicating that both cytokines
are key drivers of synovitis. Of note, the T cell costimulation
inhibitor abatacept (cytotoxic T-lymphocyte associated antigen
4 (CTLA4) is most effective in patients with high ACPA and
RF autoantibodies (73, 74). Tanaka et al. showed that immune
complexes increased CD80/86 expression on monocyte lineages,
rendering them sensitive to abatacept (75) which might explain
the strong efficacy of abatacept in ACPA positive RA patients.
Interestingly, abatacept treatment not only regulates monocytes
but also osteoclast differentiation (76).

Implications of Antibody Glycosylation
IgG has one conserved Fc-glycosylation site located at
asparagine-297 in the CH2 domain of the heavy chain (Figure 3).
This glycosylation is critical for the correct conformation of
the Fc part and regulates the binding affinity of IgG to FcγR
[reviewed in Arnold et al. (77)]. Elimination of the glycan either
by enzymatic deglycosylation or by mutation of asparagine-
297 to alanine results in a loss of FcγR binding and hence

effector functions (78–80). The glycan core structure is strongly
conserved and consists of a heptamer of mannose and N-acetyl
glucosamine residues. This core structure can be extended by
galactose, terminal sialic acid, bisecting N-acetylglucosamine,
and core fucose, resulting in a huge variety of theoretically
possible glycoforms [reviewed in Zauner et al. (81)]. The exact
composition of the Fc glycan determines whether IgG exerts
rather pro- or anti-inflammatory effects on immune cells.
Especially galactose and terminal sialic acid have been shown
to render IgG more anti-inflammatory. 35–45% of random
serum IgG from healthy donors is monogalactosylated and
16–27% is bigalactosylated (82). Galactosylation decreases with
age (83). During pregnancy, galactosylation is increased and
correlates with pregnancy-induced remission of RA (84–86).
Only about 10–20% of human serum IgG is sialylated (87, 88),
but this low percentage seems to be enough to sustain an
anti-inflammatory environment under healthy conditions.
It is believed that sialylated IgG actively suppresses immune
cells via receptors of the C-type lectin superfamily, such as
dendritic cell specific ICAM-grabbing non-integrin (DC-
SIGN) (with the murine ortholog SIGNR-1) and the dendritic
cell immunoreceptor (DCIR) (89, 90). In addition to Fc
glycosylation, about 15–25% of IgG contain Fab glycosylation
sites [reviewed in Zauner et al. (81)]. These sites emerge during
somatic hypermutation. So far it is unclear if Fab glycosylation
has a functional role.

Of note, ACPA display less terminal sialic acid compared
to total IgG. ACPA from synovial fluid are even less sialylated
(91). The low sialic acid content of ACPA and probably
also of other autoantibodies seems to play a key role for
the development of clinical disease and bone erosion. In a
murine model of collagen induced arthritis, we found that
mice fed with sialic acid precursor N-acetylmannosamine
did not only display higher sialylation of IgG1, but also
have a lower incidence, lower arthritis scores and less bone
destruction (46). In addition, it was shown that mice lacking
IL-23 do not develop collagen-induced arthritis despite the
induction of collagen autoantibodies (92). Autoantibody titers
and affinity were not changed compared to wildtype mice,
but autoantibodies from IL-23 deficient mice contained more
sialic acid. Enzymatic removal of terminal sialic acid resulted
in higher arthritis scores, demonstrating the importance of
antibody glycosylation for IgG activity. The importance of
glycosylation for autoantibody-mediated bone loss is further
demonstrated by the fact that even pooled serum IgG from
healthy donors is able to enhance osteoclastogenesis and bone
resorption after complexation and enzymatic removal of sialic
acid (46).

So far it is not completely understood how antibody
glycosylation is regulated. The IL-23-TH17 axis seems to play
a crucial role in autoantibody sialylation by the regulation
of the enzyme ST6 beta-galactoside α-2,6-sialyltransferase 1
(St6Gal1) that attaches sialic acid to terminal galactose residues
(92). Also estrogen positively regulates St6Gal1 expression
and postmenopausal women with RA receiving hormone
replacement therapy displayed significantly increased Fc
sialylation of IgG (93).
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FIGURE 3 | IgG glycosylation. IgG contains a conserved glycosylation site at the asparagine (Asn)297 in the CH2 domain of the heavy chain. The Fc glycan (depicted

in petrol) consists of a conserved heptamer (shaded in blue) that can be extended by various additional sugar residues. Here we show a fully processed glycan

containing all sugar residues possible. In addition to the Fc glycan, some IgG molecules contain a glycosylation site in the Fab region (depicted in light petrol) that

occurs stochastically due to the introduction of a new glycosylation site during somatic hypermutation. Asn, asparagine; Gal, galactose; GlcNAc,

N-acetylglucosamine; Fuc, fucose; Man, mannose; Sial, sialic acid.

Conclusions and Future Research Agenda
Within the last years, evidence emerged that disease-associated
autoantibodies play an important role in the development of
bone loss in RA. Especially ACPA have been shown to contribute
to aberrant osteoclast formation and activation either by direct
stimulation of osteoclast precursors or the induction of a
cytokine storm mainly by macrophages. Furthermore, low Fc
sialylation of ACPA contributes to their inflammatory and pro-
osteoclastogenic phenotype.

The majority of studies addressing autoantibody-mediated
bone loss has been performed in mice or in vitro models
and might incompletely reflect the human situation. There are
interesting human studies suggesting that ACPA induce bone
loss in the absence of inflammation. However, additional human
studies are needed to clarify to what extent ACPA contribute to
bone loss in RA patients.

Furthermore, beside the hyperactivation of osteoclasts, an
impairment of osteoblast development and function is found
in RA patients that aggravates bone loss. To date there is no
report showing a direct action of ACPA or RF autoantibodies
on osteoblast differentiation or activity, although the FcγRs
have been shown to be expressed by stromal cells (47). It
would be essential to further develop in vivo and in vitro
experiments delineating the molecular actions of autoantibodies
on bone formation.

Beside ACPA, a variety of antibodies directed against modified
proteins (AMPA) have been discovered in the last years. Most
prominent are anti-CarP, but also antibodies against proteins
that have undergone acetylation, oxidation, or malondialdehyde-
acetaldehyde addition have been described in RA patients
[reviewed in Chang and Nigrovic (94)]. It is likely that other
autoantibodies against posttranslational modifications, such as
anti-CarP affect osteoclastogenesis and bone loss as well.
However, there are no mechanistic data available so far. In
addition, there are other autoantibodies known that act via
completely different mechanisms than the ones described in this
article. For example autoantibodies against OPG function as
enhancers of osteoclastogenesis by neutralizing OPG [reviewed
in Hauser and Harre (95)]. These autoantibodies are found
in autoimmune diseases, such as RA and celiac disease and

seem to be a feature that is independent of the original disease
drivers. Nevertheless, it might be important to check for the
presence of these autoantibodies, especially in patients that are
not responding to the current therapies.

Based on the fact that ACPA are associated with increased
bone loss in RA, one would wish to control autoimmunity
in RA and to induce seroconversion or at least lowering
of ACPA levels by treatment. Such approaches are for
instance B cell depletion by rituximab or inhibition of T
cell co-stimulation with abatacept, which are approved
therapies in RA and which significantly lower ACPA levels
(96). However, whether modifying autoantibody levels has
clinical value in controlling disease, remains to be determined.
Aside from antibody reduction, the triggers promoting
the induction of effector function of autoantibodies are
also targets for future interventions. Given the fact that
Fc glycosylation (and especially sialylation) controls the
pathogenicity of autoantibodies, it will be interesting to know
whether one can control IgG sialylation in RA patients. This
might be an important step toward tolerance induction and
disease cure.

In addition, in the last years, more attention has been laid
on the role of the mucosal immune system during RA initiation
and propagation [reviewed in Caminer et al. (97) and Wells et al.
(98)]. Dysregulations of microbiota and the gut barrier function
might trigger the series of events that deregulate T and B cell
responses resulting in autoimmunity in RA patients.
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M-CSF and RANKL are two crucial cytokines stimulating differentiation of mature,

bone resorbing, multinucleated osteoclasts from mononucleated progenitor cells in

the monocyte/macrophage lineage. In addition to the receptors for M-CSF and

RANKL, osteoclast progenitor cells express receptors for several other pro- and

anti-osteoclastogenic cytokines, which also regulate osteoclast formation by affecting

signaling downstream M-CSF and RANKL receptors. Similar to many other cells

originating from myeloid hematopoetic stem cells, also osteoclast progenitors express

toll-like receptors (TLRs). Nine murine TLRs are expressed in the progenitors and all,

with the exception of TLR2 and TLR4, are downregulated during osteoclastogenesis.

Activation of TLR2, TLR4, and TLR9, but not TLR5, in osteoclast progenitors stimulated

with M-CSF and RANKL arrests differentiation along the osteoclastic lineage and keeps

the cells at a macrophage stage. When the progenitors are primed with M-CSF/RANKL

and then stimulated with agonists for TLR2, TLR4, or TLR9 in the presence of M-CSF, but

in the absence of RANKL, the cells differentiate to mature, bone resorbing osteoclasts.

TLR 2, 4, 5, and 9 are also expressed on osteoblasts and their activation increases

osteoclast differentiation by an indirect mechanism through stimulation of RANKL. In

mice, treatment with agonists for TLR2, 4, and 5 results in osteoclast formation and

extensive bone loss. It remains to be shown the relative importance of inhibitory and

stimulatory effects by TLRs on osteoclast progenitors and the role of RANKL produced

by TLR stimulated osteoblasts, for the bone resorbing effects in vivo.

Keywords: toll-like receptors, osteoclast, lipopolysaccharide, RANKL, bone resorption

INTRODUCTION

Human body is constantly exposed to microorganisms. In addition to our own cells,
humans host a vast community of microbes, with an estimation of the number of
bacteria exceeding the number of host cells by a factor of 1.3 (1, 2). The majority
of these microorganisms populate the gastrointestinal tract and regulate processing and
absorption of nutrients and vitamin biosynthesis, which impacts the development and
remodeling of multiple organs, including bone (3). Recently, it has been demonstrated that
disturbances in normal microbial population are associated with effects on bone, not only
due to impaired uptake of nutrients, but also due to the activation of pattern-recognition
receptors (PRRs) expressed in immune cells by microbe-associated molecular patterns
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(MAMPs) released by microorganisms (4–6). The intestinal
microbiota modulates unexpected events distant to the mucosal
surface, such as sex steroid deficiency induced bone loss (7). In
contrast to wild type mice, sex steroid-depleted germ-free mice,
fail to increase osteoclastogenic cytokines and, consequently,
bone resorption is not increased and bone mass is preserved.
Microbial recolonization restores the capacity of sex steroid
depletion to induce trabecular bone loss. Interestingly, a shift
in the normal microbial population by supplementation with
probiotics protects mice from sex steroid depletion-induced bone
loss. Corroborating these observations in mice, a double blind,
placebo-controlled clinical trial demonstrated that daily intake of
Lactobacillus reuteri for 12 months reduces the loss of volumetric
bone mineral density (BMD) in 75–80 year old women who had
low BMD (8).

The effect of MAMPs in bone metabolism becomes evident
in infectious diseases close to the skeleton. In periodontitis,
a highly prevalent inflammatory disease afflicting more than
two thirds of Americans aging more than 65 years, bone
loss is clinically observed due to infection by pathogenic
bacteria and their recognition by the host immune system
(9). Bacteria-induced bone loss is also involved in the
pathogenesis of osteomyelitis (10). Bone resorption due to
excessive osteoclast formation is also observed in Staphylococcus
aureus septic arthritis (11, 12), an uncommon, but not
rare disease affecting 2–10 patients of 100,000 in the
general population (13). Not only MAMPs can activate
PRRs since these receptors recognize also endogenously
produced molecules such as danger-associated molecular
patterns (DAMPs).

To study the interactions between bone and immune cells,
the field of osteoimmunology emerged almost 50 years ago. In
1970, a breakthrough publication by Haussman et al. reported
that endotoxin from the microorganism commonly found in the
gingival sulcus, Bacteroides melaninogenicus, was as potent as
parathyroid hormone in its ability to induce osteoclastogenesis
and bone resorption (14). Two years later, Horton et al. described
a factor released by leucocytes exposed to dental plaque that
stimulated bone resorption in organ cultures of fetal rat radii
by increasing the number of osteoclasts (15). These were the
first evidence that bacterial components could indirectly affect
bone metabolism through activation of inflammatory cells.
Since then, the mechanisms underlying the interactions between
inflammatory cells and bone cells have been extensively studied,
particularly the role of cytokines in inflammatory bone loss (16).

A great advance in the field of osteoimmunology became
possible after the breakthrough discoveries in late 1990’s
related to the characterization of Toll-like receptors. Toll
protein, primarily related to dorso-ventral embryo patterning
of Drosophila melanogaster (17), was identified in 1996 as a
critical molecule for the response against the fungus Aspergillus
fumigatus (18). Its homologous in humans, once called hToll and
now Toll-like receptor 4 (TLR4), was shown 1 year later to be
linked also to cytokine production in humanmonocytes (19). The
identification of a mutation in the Tlr4 gene in mice that render
them resistant to endotoxin confirmed the participation of TLRs
in innate immunity (20).

Not surprisingly, osteoclasts, which are derived from the
hematopoietic stem cells, express TLRs and respond to MAMPs
(21). Thus, the effect of TLR activation in osteoclasts and
their precursors is an important aspect in the pathogenesis of
inflammation-induced bone remodeling. In this review, we aim
to dissect the molecular mechanisms underlying the effects of
TLRs in osteoclast biology.

OSTEOCLASTS, BONE CELLS EMERGING
FROM THE IMMUNE SYSTEM

The clinical observation of local and systemic bone loss in
a variety of inflammatory diseases demonstrates the influence
of inflammation on bone metabolism (22). These diseases
include rheumatoid arthritis, psoariatric arthritis, ankylosing
spondylitis, septic arthritis, periodontitis, inflammatory bowel
disease, osteomyelitis and loosening of joint prosthesis, and
dental implants. The effect by the inflammatory process is most
often locally in joints or jaw bones, but rheumatoid arthritis
and inflammatory bowel disease also cause systemic bone loss,
so called secondary osteoporosis. In periodontitis, failed dental
implants and septic arthritis, bone loss is associated with
infections by bacteria known to activate TLRs, but these receptors
can also be activated by endogenous substances produced by
cells in the inflamed joint in patients with rheumatoid arthritis.
The expansion of the knowledge in the osteoimmunology field
has helped us to understand how bacteria and tissue-produced
ligands can regulate bone remodeling by activating TLRs.

Mouse monocytes and macrophages from different origins,
such as bone marrow, spleen, thymus and peripheral blood, are
capable of differentiating to mature osteoclasts when co-cultured
with stromal cells in the presence of 1,25-dihydroxyvitamin
D3 (23). The common origin with inflammatory cells might
explain why osteoclast-induced bone resorption is triggered by
proinflammatory cytokines such as IL-1β, TNF-α, OSM, IL-6,
IL-11, and IL-17 (16). The mechanism underlying the action
of proinflammatory cytokines in bone loss is quite intricate
and involves direct mechanisms through binding of cytokines
to cytokine receptors expressed by osteoclast precursors, and
indirect mechanisms through production of osteoclastogenic
factors by inflammatory and resident cells.

Macrophages and osteoclasts share the same progenitor cells,
and differentiation of both cells is affected by a loss-of-function
mutation in the macrophage-colony stimulating factor (M-CSF)
gene (24). The essential role of M-CSF in osteoclastogenesis is
also evidenced inmice lacking its receptor c-FMS, encoded by the
Csfr1 gene, which develop severe osteopetrosis (25). The skeletal
phenotype caused by deficient M-CSF signaling is due to the
essential role of M-CSF on proliferation and survival of osteoclast
progenitors (26).

Among the cytokine receptors affecting osteoclastogenesis, a
crucial molecule is the receptor RANK (receptor activator of
nuclear factor (NF)-κB) (Figure 1). Mice deficient in Tnfrsf11a
(the gene encoding RANK) have impaired osteoclastogenesis
and display severe osteopetrosis (27). RANKL (the ligand for
RANK), a cytokine belonging to the tumor-necrosis factor
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FIGURE 1 | Physiological osteoclast differentiation. Osteoclast progenitors, express c-FMS, the receptor for M-CSF. Upon M-CSF binding to c-Fms, these cells

express RANK, which is activated by RANKL expressed by osteoblasts and osteocytes. Binding of RANKL to RANK, in cooperation with the signaling from

costimulatory receptors OSCAR/FcRgamma and TREM-2/Dap12, induce differentiation of the progenitor cells to osteoclast precursors, which eventually fuse to

latent, multinucleated osteoclasts. Continuous signaling by RANK induces their activation to mature, bone resorbing osteoclasts.

(TNF) superfamily, is expressed by resident bone cells such
as osteoblasts and osteocytes (16), and also by different T
cells (28), again indicating the active influence of the immune
system in osteoclastogenesis. Deletion of the Tnfsf11 (the gene
encoding RANKL) results in mice phenocopying Tnfrsf11a−/−

mice. Both the formation and activity of mature osteoclasts
are stimulated by ligation of RANKL to RANK in vitro (29–
31). To counteract RANKL action, a decoy receptor lacking a
transmembrane domain, osteoprotegerin (OPG), competes with
RANK for RANKL binding and blocks osteoclast differentiation
and activation (32, 33).

Not only immune cells require costimulatory signals for
activation but also osteoclasts require these signals for their
activation, in addition to the signaling induced by M-CSF
and RANKL (Figure 1). In fact, the immunoreceptor tyrosine-
based activation motif (ITAM)-harboring adaptors, Fc receptor
common gamma subunit (FcRγ), and DNAX-activating protein
(DAP)12 are essential for osteoclast terminal differentiation, as
demonstrated in osteopetrotic mice lacking these receptors (34).
In osteoclasts, the immunoglobulin-like receptors associated with
FcRγ and DAP12 are osteoclast-associated receptor (OSCAR)
and the triggering receptor expressed in myeloid cells 2 (TREM-
2), respectively (26). Although FcRγ/DAP12 are crucial for
osteoclastogenesis to occur, the ligands activating the receptors

in osteoclast progenitors are not known. Recently, it was
demonstrated that downstream of kinase-3 (DOK3), a protein
known to physically interact with DAP12 in macrophages to
inhibit TLR signaling (35), is an important negative regulator of
osteoclast formation. The mechanism involves inhibition of M-
CSF and RANKL-induced activation of Syk and ERK. In vivo,
DOK3−/− mice have reduced trabecular bonemass and increased
number of TRAP+ osteoclasts (36).

Since osteoclasts derive from hematopoietic precursors, it is
not surprising that TLRs affect osteoclast biology. Being a highly
specialized cell, however, activation of TLRs in osteoclasts and
their progenitor cells leads to complex outcomes that will be
further explored in this review.

THE TOLL-LIKE RECEPTOR FAMILY
IN OSTEOCLASTS

The TLR family is composed of 13 members in mammals, 10
of which are identified in humans (TLR1-10), among which
nine are expressed by osteoclast progenitors (TLR1-9) (37). The
members of this family are homologous of the Drosophila Toll
protein and consist of integral membrane glycoproteins with
extracellular domains of leucine-rich repeats (LRRs), a single
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transmembrane domain and a C-terminal intracellular domain
homologous to the intracellular domain of Interleukin-1 receptor
(IL1R), referred to as Toll/IL-1R domain (TIR domain) (38, 39).

Despite the conserved extracellular LRR domain, TLRs can
sense a broad range of MAMPs expressed by invading microbes
and danger-associated molecular patterns (DAMPs) expressed by
the host, probably by insertions of specific amino acids conferring
ligand specificity (40) (Figure 2). Interestingly, different ligands
can bind to the same TLR (Figure 2). Thus, TLR4, as an example,
can recognize MAMPs such as lipopolysaccharide LPS (41) and
lipid A (42), as well as DAMPs such as serum amyloid A
(43), S100A8/S100A9 (44), oxidized low-density lipoprotein and
amyloid β (45), in addition to several other MAMPs and DAMPs.
The capacity to recognize different structures by the TLRs
explains why endogenous TLR ligands, such as DAMPs secreted
by necrotic cells and extracellular matrix (ECM) in response
to tissue damage or injury, as well as MAMPs, such as LPS,
lipopeptides, CpG oligodeoxynucleotides, and flagellin, among
others, affect osteoclastogenesis. The effects and mechanism of
action of MAMPs and DAMPs in osteoclasts is summarized in
Table S1 and will be further addressed below.

For signaling, DAMPs and MAMPs associate with TLRs
mainly as homo and heterodimers (46). In the case of TLR4,
recognition of LPS requires binding to the accessory proteins
LPS-binding protein and CD14 before being transferred to
the TLR4/MD2 protein complex (47). In addition to TLR4;
TLR2, TLR5, and TLR9 are responsible for recognition of
bacterial components. TLR2, in association with either TLR1 or
TLR6, recognizes various bacterial cell wall components, such
as lipoteicoic acid (48) and lipoproteins/lipopeptides (49, 50),
while TLR5 mediates the response to flagellin (51) (Figure 2).
Similarly to TLR4, and in accordance with their functions, TLR2
and TLR5 are membrane bound. Among the intracellular TLRs,
TLR9 recognizes bacterial DNA through CpG motifs (52). The
cell response to viruses is manly triggered by the recognition
of viral components by the intracellular receptors TLR3, 7, and
8 (53), although it is reported that TLR4 can also recognize
viral proteins (54). TLR7 can also be targeted by the synthetic
compound imiquimod, used for topical treatment of skin cancers
and other cutaneous disorders (55).

Since the cloning of TLR4, it has been shown that TLR4
signals through NF-κB pathway to induce cytokine production
(19). Later, several molecules were identified as adapter proteins
upstream the activation of NF-κB and other signaling pathways,
such as MAPKs, as extensively reviewed elsewhere (56–59).

To induce effector gene expression, upstream of NF-κB,
TLRs use the canonical myeloid differentiation factor 88
(Myd88) pathway and the non-canonical Myd88-independent,
TIR-domain-containing adapter-inducing interferon-β (TRIF)
pathway (Figure 3). With exception of TLR3, all TLRs activate
the Myd88-dependent pathway, while the Myd88-independent
pathway can also be activated by TLR3, TLR4, and TLR5
(Figure 3).

Upon agonist binding, a hallmark of TLRs activation is
the production of cytokines, including interferons. Activation
of the Myd88 pathway leads mainly to the production
of pro-inflammatory cytokines, while engagement of TRIF

triggers interferon production (60). Since both pro-inflammatory
cytokines and interferons are known to affect bone metabolism
(16, 61), activation of TLRs can indirectly interfere with
osteoclast function.

TLR ACTIVATION IN OSTEOCLASTS,
FRIEND OR FOE?

Since the pioneering observation showing that LPS from
Bacteroides melaninogenicus (those days called endotoxin)
present in the biofilm in tooth pockets, as well as LPS from
Escherichia coli and Salmonella typhii, could stimulate osteoclast
formation, mineral release, and bone matrix degradation in
organ cultured fetal rat long bones (14), it has been shown
by several groups that LPS from different species of bacteria
can stimulate bone resorption ex vivo (62–64) and in vivo
(65–67). Following the discovery of TLRs, it has been found
that LPS from several bacteria stimulates osteoclast formation
and bone resorption in vivo through activation of TLR4
(68, 69), whereas P. gingivalis LPS utilizes TLR2 to induce
osteoclastogenesis (70, 71). It cannot, however, be determined in
these experimental systems if LPS increases osteoclastogenesis by
targeting osteoclast progenitor cells, or if osteoclast-supporting
cells mediate the effect. The fact that mouse bone marrow
macrophages express TLRs (TLR1-TLR9) (72), and that both
TLR and RANK recruit TRAF6 to the cytoplasmic tail of
the receptors and activate NF-κB, suggests that TLR agonists
may, similar to RANKL, stimulate osteoclastogenesis through
TLRs present in osteoclast progenitor cells. Using purified
bone marrow macrophages/osteoclast progenitors, however, it
has been shown that LPS can both inhibit and stimulate
osteoclastogenesis dependent on the differentiation level of the
progenitors (73). Other studies have demonstrated that LPS can
stimulate osteoclast formation also indirectly through enhancing
RANKL formation by targeting osteoclast-supporting cells (see
further below).

TLR ACTIVATION INHIBITS
OSTEOCLASTOGENESIS STIMULATED
BY RANKL

As mentioned above, mouse bone marrow macrophages express
TLR1-TLR9, but when these cells are induced to differentiate to
mature osteoclasts with RANKL, all receptors, with the exception
of TLR2 and TLR4, are downregulated (72). This observation
indicates that osteoclast progenitors in bone marrow could be
responsive to a variety of TLR agonists. However, despite the
fact that the TLR2 agonist P. gingivalis activates ERK1/2, p38,
JNK, and NF-κB in mouse bone marrow macrophages, similar
to RANKL, treatment of the macrophages with M-CSF and
P. gingivalis does not result in formation of osteoclasts (74).
Similar observation has been made by adding either E. coli LPS
or CpG-ODN to M-CSF-stimulated macrophages to activate
TLR4 and TLR9, respectively (75, 76). Interestingly, activation
of TLR9 induced the formation of TRAP+ mononucleated cells,
but no mature osteoclasts were formed. In contrast to RANKL,
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FIGURE 2 | TLR1-9 are expressed by cells belonging to the osteoclast lineage, of which TLR2, 4, 5, 7, and 9 have been shown to be functional. The figure represents

all the TLRs that have been described to be expressed in cells belonging to the osteoclast lineage and some of their ligands.

FIGURE 3 | Stimulation of TLRs activates multiple signaling pathways. With exception of TLR3, activation of TLRs results in recruitment of Myd88 to activate the

Myd88-dependent canonical pathway. Myd88 activates TRAF6 to form a protein complex capable of phosphorylating the IKK complex, resulting in NF-κB activation.

In parallel, the Myd88-dependent pathway results in activation of MAPK and AP-1. The Myd88-dependent pathway results in increased expression of proinflammatory

cytokines. The Myd88-independent, non-canonical pathway can be activated by TLR4, TLR3, and TLR5, causing recruitment of TRIF. Unlike TLR3 and TLR5, which

recruit TRIF directly to their TIR domain, TLR4 uses TRAM as an adapter protein. TRIF activates IRF3, which translocate to the nucleus to trigger expression of

interferon.
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activation of TLR2 with P. gingivalis stimulation did not induce
activation of c-Fos or Nfatc1. Given the crucial role of these
transcription factors for osteoclast formation, as demonstrated by
the lack of osteoclasts and the osteopetrotic skeleton seen in mice
with genetic deletion of Fos (77) orNfatc1 (78), it is apparent that
this difference in signaling downstream RANK and TLR2 is the
reason why TLR2 activation does not induce osteoclastogenesis.
In contrast to these observations, it has recently been reported
that the synthetic TLR7 agonist imiquimod stimulated osteoclast
formation in M-CSF treated human CD14+ monocytes cultured
for 21 days, an effect associated with enhanced expression of
Nfatc1 (79).

Surprisingly, activation of TLR in bone marrow macrophages,
simultaneously stimulated with RANKL, abolishes osteoclast
formation (Figure 4A). Thus, addition of either peptidoglycan
from S. aureus, S. aureus bacteria, lipoteichoic acid from
S. aureus, P. gingivalis bacteria, or P. gingivalis LPS, which
all activate TLR2, or addition of the synthetic TLR2 agonist
Pam2CSK4 (Pam2), to RANKL-stimulated macrophages,
completely blocks osteoclast formation (72, 74, 80–83).
Also addition of poly(I:c) dsRNA activating TLR3, E. coli
LPS activating TLR4, or CpG motif of unmethylated DNA
(Cpg-ODN) activating TLR9, blocks RANKL-induced
osteoclastogenesis in M-CSF-treated mouse bone marrow
macrophage cultures (72, 75, 76, 84). M-CSF/RANKL-stimulated
macrophages lose their capacity to phagocyte zymosan, but when
co-treated with the TLR agonists, the cells still can phagocyte
these particles, demonstrating that they are arrested at the
macrophage stage (72). Activation of these four TLRs, also
inhibits osteoclast formation in RANKL-stimulated human
peripheral blood monocyte cell cultures (72). In agreement with
these findings, activation of TLR2 with Pam3CSK4 (Pam3), or
TLR4 with E. coli LPS, inhibits osteoclast formation using human
CD14+ monocytes as progenitor cells, an effect associated
with decreased expression of RANK and TREM (84). The
TLR2-induced inhibition is dependent on MyD88, but not on
TRIF signaling (74). In contrast to activation of TLR2, TLR3,
TLR4, and TLR9, activation of TLR5 using flagellin from two
different bacteria does not inhibit RANKL-induced osteoclast
formation in mouse macrophages expressing TLR5 mRNA and
protein (85).

Since osteoclast progenitor cells might be challenged by
several agonists activating different TLRs during infectious
diseases, the interactions between different TLR agonists have
been assessed. Thus, synergistic inhibitory effects on osteoclast
formation have been observed when mouse macrophages have
been treated with TLR3 together with TLR4, or with TLR4
together with TLR9 (86). These synergistic inhibitions were
partially explained by decreased protein expression of the
receptor for M-CSF.

RANKL-Induced Signaling Pathways Are
Affected by Activation of TLRs
Similar to RANKL, peptidoglycan from S. aureus, poly(I:c)
dsRNA, E. coli LPS and Cpg-ODN activate NF-κB in mouse
macrophages (72), an observation also made in macrophages

stimulated with P. gingivalis (74). Also similar to RANKL, this
bacterium activates ERK1/2, p38 and JNK, both when added
alone and when added together with RANKL (74), indicating that
inhibition of osteoclastogenesis by TLR2 is not due to decreased
phosphorylation of MAPKs. Similarly, P. gingivalis did not affect
RANKL-induced activation of NF-κB (74). Nor does stimulation
of TLR4 with E. coli LPS affect RANKL-induced activation of
NF-κB, ERK1/2 or p38 (76). Importantly, however, activation
of TLR2 with P. gingivalis, or TLR4 with E. coli LPS, inhibits
RANKL-induced activation of Nfatc1, which explains why these
TLRs block osteoclastogenesis (74, 76). Activation of TLR2 also
inhibited c-Fos induction by RANKL, which is an additional
mechanism by which osteoclast formation is decreased. Since c-
Fos is a transcription factor upstream of Nfatc1 (87), it is likely
that regulation of c-Fos is the reason why Nfatc1 is decreased.
Also activation of TLR9 inhibits RANKL-induced c-Fos, by a
mechanism due to increased degradation of both c-Fos mRNA
and protein (88). This might be due to that the activation of
ERK1/2 by CpG-ODN is transient, whereas RANKL causes a
sustained activation of ERK1/2, a difference which is explained
by the finding that CpG-ODN, but not RANKL, induces the
expression of the phosphatase PP2A (88).

Serum amyloid A is a circulating, danger-associated, liver
protein which is upregulated by inflammatory processes
and which binds to TLR2 (89). This protein also inhibits
RANKL-stimulated osteoclast formation in mouse bone marrow
macrophage (BMM) cultures (90). The inhibition is associated
with decreased expression of RANKL-induced Fos and Nfatc1
mRNA expression, increased expression of the macrophage
transcription factors Mafb and Irf8, as well as with decreased
expression of c-Fms protein on the surface of the progenitor cells
due to enhanced ectodomain shedding.

Cytokines Involved in TLR-Induced
Inhibition of Osteoclastogenesis
In agreement with the fact that increased formation of
inflammatory cytokines is a well-known, Myd88-dependent,
phenomenon in macrophages stimulated by TLR agonist, it has
been observed that activation of BMMs with peptidoglycan,
poly(I:c)dsRNA, E. coli LPS, CpG-ODN results in increased
expression of TNF-α (72, 75). The expression of Tnfsf2 (encoding
TNF-α), as well as the mRNA expression of Il6, and Il12p40,
is upregulated after stimulation with P. gingivalis, whereas
RANKL does not affect the expression of any of these cytokines
(74). The expression of Il12p40 mRNA and IL-12 protein is
increased also by CpG-ODN (91). Since neutralization of IL-
12 partially rescued the inhibitory effect by CpG-ODN on
osteoclast formation, and since IL-12 is an inhibitor of osteoclast
differentiation (92), it seems induction of anti-osteoclastogenic
cytokines by TLR9 might partially explain the inhibitory effect
on osteoclastogenesis.

Not only inflammatory cytokines are induced by TLR
signaling, but also type I interferons are induced through the
TRIF-mediated pathway (Figure 3). Since IFN-β is a negative
feedback regulator of RANKL-induced osteoclast formation due
to decreased expression of c-Fos protein (93), the possibility
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FIGURE 4 | TLR activation at different stages of osteoclast differentiation results in different outcomes. (A) When TLR agonists are added at early stages of osteoclast

differentiation, concomitant with RANKL, osteoclastogenesis is arrested. (B) Committed osteoclast precursors primed with RANKL are capable to differentiate to

mature, functional osteoclasts when challenged with TLR agonists in the absence of RANKL.

exists that IFN-β may be important for decreased osteoclast
formation caused by activation of TLR2 and TLR4. The
observations showing that TLR2- and TLR4-induced inhibition
of RANK expression and human osteoclast formation is
independent of IFN-β (84) and that TLR2-induced inhibition
of human osteoclastogenesis is dependent on Myd88, but
not TRIF, argues for that IFN-β is not involved in the
decreased osteoclast formation caused by activation of TLR2
or TLR4. Most recently, however, it has been reported that
haptoglobin decreased osteoclast formation in vivo and in vitro
through activation of TLR4 and induction of IFN-β (94). Thus,
haptoglobin deficient mice have low trabecular bone mass and
increased numbers of osteoclasts, with no effect on osteoblast
numbers. Treatment of mice locally with haptoglobin results in
decreased osteoclast formation in mice co-stimulated by RANKL
injections. In mouse BMM cultures, haptoglobin decreases
osteoclast formation by a mechanism dependent on TLR4, but
not on TLR2 or TLR7, and associated with increased mRNA
and protein expression of IFN-β. The inhibitory effect was
abolished by antibodies neutralizing IFN-β. Similar to previous
findings (93) increased IFN-β and decreased osteoclast formation
was associated with unaffected mRNA expression of Fos but
decreased c-Fos protein expression. It was, however, surprising
that haptoglobin did not induce phosphorylation of IRF-3, which
is a well-known inducer of IFN-β in the TRIF pathway activated
by TLRs (Figure 3). It, therefore, remains to be understood
why TLRs and haptoglobin induce IFN-β by seemingly different
mechanisms in osteoclast progenitor cells. It also remains
to be understood why TLR-induced inhibition of osteoclast
differentiation in human osteoclast progenitors is independent

of IFN-β, whereas activation of TLR4 by haptoglobin in mouse
osteoclast progenitors is dependent.

IL-1 receptors, similar to TLRs, have a cytosolic TIR
domain, and also share several common downstream signaling
pathways. It has, therefore, been investigated how activation
of IL-1 receptors affect RANKL-induced osteoclast formation.
Lee et al., using human CD14+ monocytes, found that IL-1β
also inhibited RANKL-stimulated osteoclast formation, when
the cells were co-stimulated with the two cytokines (95). In
contrast, Chen et al., using mouse bone marrow macrophages,
found that IL-1α, in contrast to P. gingivalis LPS, enhanced
osteoclast formation induced by RANKL (81). IL-1α-induced
stimulation was observed with both stimulatory and permissive
concentrations of RANKL. Both the inhibitory effect by P.
gingivalis LPS and the stimulatory by IL-1α were dependent
on Myd88. The diverse responses were explained by the
observation that LPS abrogated the RANKL-induced expression
of Blimp1, a transcriptional repressor of the anti-osteoclastogenic
transcription factors IRF8 and MafB, whereas IL-1α potentiated
RANKL-induced expression of Blimp1.

Comparison of Effects by TLRs on
Osteoclast Formation in vitro and in vivo
The inhibitory effects by activation of TLRs on osteoclast
formation does not explain why infections with E. coli, S. aureus,
or P. gingivalis result in increased formation of osteoclasts
and bone resorption (96). It has been suggested, however, that
the inhibition of osteoclast formation by TLR may be part
of a homeostatic mechanism limiting bone resorption during
infection and inflammation (84). It might also be possible
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that the inhibitory effect is a mechanism to increase the
number of macrophages involved in the defense against the
bacterial infections.

The inhibition of osteoclastogenesis by TLR agonists seems
to be specific to un-committed purified mouse bone marrow
macrophages and human peripheral blood monocytes, since
P. gingivalis LPS, S. aureus and Pam2 do not inhibit bone
resorption in RANKL-stimulated mouse calvarial bones ex vivo
(82, 83). Nor do these agonists inhibit osteoclast formation in
RANKL-stimulated calvarial periosteal cell cultures containing
osteoclast progenitors. This may be of particular interest since
formation of mature osteoclasts only takes place on bone
surfaces, not in bone marrow. The reason why the osteoclast
progenitors in the periosteum is not inhibited by TLR agonists
is not known, but may be due that these cells do not express
TLRs, or that these cells are committed osteoclast progenitors,
or that surrounding non-osteoclastic cells make the osteoclast
progenitors insensitive to TLR-induced inhibition.

TLR ACTIVATION INDUCES
OSTEOCLASTOGENESIS IN
RANKL-PRIMED CELLS

In contrast to the inhibition of un-committed osteoclast
progenitors in bone marrow or peripheral blood, activation of
TLR in RANKL-committed osteoclast progenitors from bone
marrow results in stimulation of osteoclastogenesis (Figure 4B).
Zou et al. were the first to show that mouse bone marrow
macrophages primedwithM-CSF/RANKL, and then treated with
E. coli LPS and M-CSF, in the absence of RANKL, differentiate
to mature osteoclasts (97). Under these conditions, LPS induced
the expression of IL-1β and TNF-α, and addition of antibodies
neutralizing TNF-α inhibited osteoclast stimulation by LPS, in
agreement with previous studies showing that the stimulatory
effect of LPS in vivo on the numbers of osteoclast progenitors
in bone marrow is inhibited in mice deficient of the p55 TNF
receptor (67). In contrast, inhibition of IL-1β with the IL-1
receptor antagonist did not affect LPS-induced stimulation of
osteoclast formation in RANKL-primed cells. The effect of
commitment by RANKL is long-lasting and E. coli LPS is able
to induce osteoclastogenesis several days after priming (76).
Under these conditions, LPS does not decrease the expression
of Nfatc1, in contrast to the inhibition seen when LPS is added
together with RANKL to non-committed cells. Also addition of P.
gingivalis to RANKL-primed cells results in osteoclast formation
(74). Similar induction of osteoclast formation is obtained by
adding other TLR2 agonists, such as formaldehyde-inactivated
S. aureus, Pam2 and Pam3 (83, 98). At variance, Kassem et al.
found that UV-light inactivated S. aureus, P. gingivalis LPS and
heat-killed Listeria monocytogenes cause increased numbers of
TRAP+ mononucleated cells in RANKL-primed bone marrow
macrophage cultures. These cells expressed enhanced mRNA
levels of Acp5 (encoding TRAP), Ctsk (encoding cathepsin K),
c-Fos, and Nfatc1, but did not form multinucleated osteoclasts.
In contrast, Pam2 and Pam3 robustly stimulated formation

of multinucleated osteoclasts. Activation of TLR9 with CpG-
ODN in RANKL-primed cells also results in formation of
multinucleated osteoclasts and, similar to activation of TLR4,
activation by CpG-ODN is dependent on TNF-α (75). Synergistic
stimulation of osteoclastogenesis in RANKL-primed cells by
co-treatment with either TLR3/TLR9 agonists, or TLR4/TLR9
agonists, has also been observed (86).

Since TLR2 and TLR4 are not downregulated during
osteoclastogenesis (72), the role of these receptors in mature
osteoclasts has been assessed. Three studies have demonstrated
that activation of TLR2 with peptidoglycan from S. aureus, or of
TLR4 with E. coli LPS, increases the survival of mature osteoclasts
(72, 76, 99), an observation not seen by adding agonists activating
TLR3 or TLR9.

It is apparent that TLRs have dual effects on osteoclastogenesis
dependent on the differentiation status of osteoclasts or
their progenitors. The exact molecular mechanisms causing
osteoclast progenitors to respond to TLR agonists with enhanced
differentiation along the osteoclastic lineage, provided the cells
are primed with RANKL, and then exposed to TLR agonists
in the absence of RANKL remains to be shown. Another
important issue is if the dual actions also are occurring in
vivo. It is well-documented in several experimental systems
that LPS induces osteoclast formation and bone loss in vivo,
which means that the overall effect is that of a stimulation
of osteoclastogenesis.

Indirect Activation of Osteoclastogenesis
by TLRs
One mechanism by which TLR activation induces
osteoclast formation in vivo may be through the above-
described mechanism, where TLR agonists directly enhance
osteoclastogenesis in committed osteoclasts. Anothermechanism
may be due to increased expression of osteoclast-stimulating
cytokines (16). These cytokines induce osteoclast formation
indirectly by increasing the expression of production of RANKL
in osteoblasts/osteocytes (Figure 5, left part). The possibility
also exists that TLR agonists enhance osteoclast differentiation
indirectly by regulating the production of RANKL and OPG
in osteoblasts (Figure 5, right part). The fact that osteoblasts
express TLR2, TLR4, TLR5, TLR6, and TLR9 further support
such a possibility (82, 85, 100, 101).

Stimulation of TLR4 with LPS from either E. coli or
Actinobacillus actinomycetemcomitans increases the mRNA
expression of Tnfsf11 in mouse calvarial osteoblasts, the
osteoblastic cell line MC-3T3E1 and the stromal cell line ST-
2 (100). This effect was independent of TNF-α. In contrast to
activation of TLR4, activation of TLR9 with CpG-ODN does not
induce Tnfsf11 mRNA in osteoblasts, although both E. coli LPS
and CpG-ODN stimulated the expression of TNF-α and activated
NF-κB, ERK1/2 and p38 (101). Using co-cultures of osteoblasts
and bone marrow macrophages from wild type mice and mice
deficient in either Tlr4 or Tlr9, it has been shown that both LPS
and CpG-ODN stimulate osteoclast differentiation, but that the
effect of CpG-ODN is more dependent on TLR9 receptors in
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FIGURE 5 | Osteoclastogenesis can be induced indirectly by TLR agonists

TLR agonists induce the expression of proinflammatory, pro-osteoclastogenic

cytokines such as IL-1β, IL-6, and TNF-α by macrophages, which will bind to

cytokine receptors expressed in osteoblasts causing induction of RANKL

expression. Alternatively, TLR agonists bind to TLRs expressed by osteoblasts

to induce RANKL expression. In both cases, RANKL will induce differentiation

of osteoclast precursors to mature osteoclasts.

macrophages than those in osteoblasts (102). In contrast, the
effect of LPS was dependent on TLR4 in osteoblasts.

Activation of TLR2 in mouse calvarial osteoblasts by a variety
of agonists (P. gingivalis LPS, S. aureus, Pam2, Pam3, heat-
killed Listeria monocytogenes, and lipoprotein from Mycoplasma
salivarium) increases Tnfsf11 mRNA expression, depending on
Myd88, but independent of IL-1β, IL-6 or TNF-α, without
affecting the mRNA expression of Tnfrsf11b (encoding OPG)
(82, 83). The agonists activated NF-κB and the effect on Tnfsf11
expression could be inhibited by Celastrol, an inhibitor of IκB
kinase. A similar stimulation of Tnfsf11 mRNA and RANKL
protein, with no effect on Tnfrsf11b mRNA and OPG protein,
was observed in mouse calvarial bones ex vivo stimulated by
P. gingivalis LPS, S. aureus and Pam2, which resulted in increased
osteoclast formation and bone resorption in the calvarial bones,
independent of the IL-1β, IL-6 and TNF-α (82, 83). Treatment
of mice in vivo with P. gingivalis LPS or Pam2 also resulted in
increased mRNA expression of Tnfsf11, no effect on Tnfrsf11b
mRNA, enhanced osteoclast formation and bone loss, effects
which were absent in Tlr2−/− mice (82). Increased mRNA
expression of Tnfsf11 and soluble RANKL protein has also been
observed in synovial fibroblasts from patients with rheumatoid
arthritis (79).

Further support for a TLR-dependent indirect mechanism
stimulating osteoclast formation comes from experiments
showing that LPS, stimulating TLR4, and diacyl lipopeptide,
stimulating TLR2, enhances osteoclast formation in cocultures
of mouse osteoblasts and bone marrow macrophages (103). The
effect on both LPS and diacyl lipopeptide, but not osteoclast
formation induced by 1,25(OH)2-vitamin D3, was dependent

on Myd88, but not TRIF, and associated with increased mRNA
expression of Tnfsf11, which most likely was the reason for
the stimulatory effect on osteoclast formation although not
formally shown.

Activation of TLR5 in mouse calvarial osteoblasts with
flagellin from two different bacteria also results in increased
mRNA expression of Tnfsf11, but, in contrast to activation of
TLR2, flagellin decreases Tnfrsf11b mRNA in the osteoblasts
(85). Stimulation of Tnfsf11 mRNA by flagellin was dependent
on Myd88, but independent on IL-1β, IL-6, and TNF-α.
Similar to activation of TLR2, flagellin activated NF-κB and
stimulation of Tnfsf11 mRNA was inhibited by two different
IκB kinase inhibitors. Increased Tnfsf11 mRNA and RANKL
protein, and decreased Tnfrsf11b mRNA and OPG protein,
was also observed in mouse calvarial bones ex vivo, and
treatment with flagellin increased osteoclast formation and
bone resorption in the calvaria. A similar increase of Tnfsf11
mRNA and decrease of Opg mRNA can be seen in mice
treated with flagellin, causing increased osteoclast formation
and extensive bone loss in wild type, but not in Tlr5−/−

mice (85).
Another indirect mechanism by which TLRs can stimulate

osteoclastogenesis is through TLR2-induced upregulation of
the chemokine CXCL10 (104). Stimulation of mouse calvarial
osteoblasts with Pam3 results in increased mRNA expression
of Cxcl10 and CXCL10 protein. When supernatants from
Pam3-stimulated osteoblasts were added to RANKL-stimulated
cultures of the RAW264.7 cell line it was observed that
the supernatants potentiated the osteoclastogenic effect of
RANKL by a mechanism that could be inhibited by antibodies
neutralizing CXCL10.

CONCLUSION

Altogether, observations on osteoclast progenitors and
osteoblasts, as well as findings in organ cultures and in
vivo, demonstrate that TLRs can increase osteoclast formation
and bone resorption by several mechanisms. In cell cultures,
TLRs also can arrest osteoclast differentiation when acting on
un-committed progenitors cells by interfering with RANKL-
induced signaling. The importance of TLRs in osteoblasts
and osteoclast progenitors in vivo must await studies using
mice with cell specific deletions of different TLRs in these
bone cells.
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The maxillofacial skeleton is highly dynamic and requires a constant equilibrium between

the bone resorption and bone formation. The field of osteoimmunology explores the

interactions between bone metabolism and the immune response, providing a context

to study the complex cellular and molecular networks involved in oro-maxillofacial

osteolytic diseases. In this review, we present a framework for understanding the potential

mechanisms underlying the immuno-pathobiology in etiologically-diverse diseases that

affect the oral and maxillofacial region and share bone destruction as their common

clinical outcome. These otherwise different pathologies share similar inflammatory

pathways mediated by central cellular players, such as macrophages, T and B cells,

that promote the differentiation and activation of osteoclasts, ineffective or insufficient

bone apposition by osteoblasts, and the continuous production of osteoclastogenic

signals by immune and local stromal cells. We also present the potential translational

applications of this knowledge based on the biological mechanisms involved in the

inflammation-induced bone destruction. Such applications can be the development

of immune-based therapies that promote bone healing/regeneration, the identification

of host-derived inflammatory/collagenolytic biomarkers as diagnostics tools, the

assessment of links between oral and systemic diseases; and the characterization of

genetic polymorphisms in immune or bone-related genes that will help diagnosis of

susceptible individuals.
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INTRODUCTION

The maxillofacial skeletal structure has a complex geometry,
adapted to the high mechanical requirements of the
masticatory function. In this complex system, the alveolar bone
accommodates the teeth and periodontal tissues while the basal
bone provides support and insertion of masticatory muscles.
Also, the mandible has two bilateral vertical rami that articulate
with the base of the skull to form the temporomandibular joint
(TMJ). Under physiological conditions, the bone undergoes
continuous remodeling in a dynamic equilibrium of bone
resorption by osteoclasts and bone formation by osteoblasts, at
anatomically discrete sites known as basic multicellular units
(BMUs) (1). Tight control of bone remodeling at the BMUs level
is necessary to conserve structural integrity as the formation
component needs to replace the exact amount removed by
resorption. The strict synchronization of bone resorption and
formation is referred to as coupling, a term that applies to each
BMUs along with the skeleton (2). Bone coupling is controlled
through a complex cellular communication network regulated
by the signaling between osteoblasts, their mesenchymal pre-
osteoblastic precursors, osteocytes, and osteoclasts and their
monocytic precursors (1). Although circulating hormones,
including PTH and 1,25-dihydroxyvitamin-D3, are considered
to be the critical regulators of bone remodeling, it has become
clear that locally generated cytokines are the key modulators of
bone-cells communication and function (2).

The field of osteoimmunology has provided insight into the
mechanics of osteoclast differentiation and activation during
inflammation by immune cells and their soluble products.
This process is fundamentally regulated by a triad of proteins
of the tumor necrosis factor/tumor necrosis factor receptor
family namely the receptor activator of nuclear factor κB ligand
(RANKL), its functional receptor (RANK), and its soluble decoy
receptor osteoprotegerin (OPG). Both soluble and membrane-
bound RANKL can induce osteoclastogenesis through RANK in
osteoclast precursors. Meanwhile, OPG inhibits the interaction
between RANKL and RANK, and arrests osteoclastogenesis
(3, 4). Under homeostatic conditions, RANKL is produced
mainly by osteocytes, which have a higher capacity to support
osteoclastogenesis than osteoblasts and are essentials for bone
remodeling (5, 6). Interestingly, osteoblasts also produce RANKL
which acts as an acceptor for vesicular RANK produced
by mature osteoclasts. The osteoblastic RANKL-RANK cross-
linking triggers RANKL reverse signaling, which promotes bone
formation through the increased expression of early regulators
of osteoblast differentiation (7). Under inflammatory conditions,
however, the sources of RANKL are increased; immune cells such
as particular subtypes of T cells and B cells can also produce
RANKL (8). In addition, the local secretion of pro-inflammatory
cytokines, such as IL-17 can induce the production of RANKL
by osteoblasts and fibroblasts with osteoclastogenic capacity
(9) suggesting a highly complex network of cellular origins of
RANKL activity in tissues induced by inflammation.

In addition to osteoclast differentiation, inflammation impacts
bone formation. Anabolic bone apposition is generally sustained
by the expression of different growth factors such as fibroblast

growth factors (FGFs), platelet-derived growth factors (PDGFs),
insulin-like growth factors (IGFs), tumor growth factor β

(TGF-β), bone morphogenetic proteins (BMPs), and Wnt
proteins, released from the bone matrix or produced locally
by different cell types (10–14). In particular, the Wnt/β-
catenin and Bmp/Runx2 signaling pathways are essential for
bone mass maintenance by regulating the differentiation and
anabolic bone-formation activity of osteoblasts and osteocytes
(15, 16). However, during inflammation, the activation of the
classical (or canonical) NF-κB pathway inhibits the production
of bone matrix proteins by decreasing the Bmp2-stimulated
Runx2 and Wnt-stimulated β-catenin binding to osteocalcin
and bone sialoprotein promoters (12). Inflammation also
induces the production of the Wnt/β-catenin pathway inhibitors
Dickkopf factor-1 (DKK1) and sclerotin (17, 18). The decline
of inflammation restores the osteoblast functions by activating
the canonical Wnt/β-catenin pathway (19), which has been
shown to up-regulate OPG expression and inhibit osteoclast
differentiation (20). Accumulating evidence, therefore, points
to the failure of endogenous inflammation-resolution pathways
as an underlying factor in the initiation and progression of
chronic osteolytic inflammatory diseases and their relationship
with systemic diseases.

In osteolytic inflammatory diseases such as periodontal
disease, apical periodontitis, maxillofacial bone sarcomas
and osteoarthritis of the TMJ, inflammation results in tissue
destruction by the continuous release of osteoclastogenic
mediators that counteract the production of bone-coupling
signals. These otherwise different diseases share similar
inflammatory pathways mediated by central cellular players, such
as macrophages, T and B cells, that promote the differentiation
and activation of osteoclasts, ineffective or insufficient bone
apposition by osteoblasts, and the continuous production of
osteoclastogenic signals by immune and local stromal cells.
In the present review, we focused on the immune pathways
that lead to the clinical signs of bone loss in different oro-
maxillofacial diseases and possible translational applications of
this knowledge.

PERIODONTAL DISEASE

Definition and Pathogenesis of the
Periodontal Disease
Among the osteolytic chronic inflammatory disorders of the
jaws, periodontitis is the most well-defined and studied. The
mechanisms underlying the pathogenesis of periodontitis are
complex as periodontitis is a multifactorial disease that requires
the combination of both a susceptible host and a dysbiotic
polymicrobial community (21). Periodontitis is a significant
public health problem due to its high prevalence, its cause
of tooth loss, and its association with systemic diseases (22).
Host susceptibility to periodontal diseases is the combination
of genetic, epigenetic, behavioral, and environmental factors
that modulate the immune response and the conditions
of maintenance of the microbial community that colonizes
the pathogenic biofilm (23, 24). The periodontitis-associated
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microbial communities not only stimulate but also exploit
inflammation as a way to obtain nutrients for growth and
persistence. The virulence factors of the bacteria can inhibit the
antimicrobial functions and promote the pro-inflammatory and
tissue-destructive properties of the host immune response to
escape annihilation; consequently exacerbating and perpetuating
the disease (21, 25). Thus, the interactions between the host and
the microorganisms in periodontal disease are not only complex
but also evolving.

Cellular and the Molecular Immune Basis
of the Periodontal Disease
The immune response during periodontitis involves different
elements of innate and adaptive immunity. One of the first
responders during the pathogenesis of periodontitis is the
complement system, first recognized in early clinical studies that
associated the disease with the presence of activated complement
fragments in the gingival crevicular fluid (GCF) (26, 27). The use
of animal models helped to clarify the role of complement-related
mechanisms during periodontitis and alveolar bone loss (26, 28).
These studies have highlighted the synergistic cross-talk of the
complement with TLR pathways. For example, the activation
of both C5aR1 and TLR2 by specific agonists resulted in the
induction of significantly higher levels of pro-inflammatory
cytokines in the gingiva (28). Mice lacking C5aR1 are resistant
to bone-destructive diseases such as periodontitis and arthritis
(29, 30), attributed to the critical role of the anaphylatoxin
receptors in initiating neutrophils and macrophages adhesion
and recruitment, necessary for the induction of bone resorption
(31). Also, P. gingivalis targets C5aR to promote its adaptive
fitness by manipulating the activation of TLR2 via the C5a-
C5aR axis, allowing it to escape the IL-12p70-dependent immune
clearance. This C5aR1-dependent evasion mechanism is crucial
for the induction of microbial dysbiosis (29, 32).

Periodontal health is particularly sensitive to neutrophil
functions and dysfunctions. Both hyper- and hypo-
responsiveness of neutrophils have been associated with
dysregulated inflammatory response and bone loss (33).
Rare diseases related to defective extravasation of circulating
neutrophils (LAD-1 deficiency) or neutrophil functionality
(Papillon-Lefèvre syndrome) display a severe and fast-
progressive form of periodontitis (34). If neutrophils cannot
reach the gingiva, there is an overproduction of IL-23, IL-17, and
G-CSF in the periodontium, attributed to macrophages, which
in turn induces further inflammation and osteoclastogenesis
(35). P. gingivalis possesses virulence factors that disrupt the
neutrophil responses. For example, the LPS-induced TLR2
activation and cross-talk with C5aR inhibits the Myd88 but
activates the Mal-PI3K pathway; this abolishes the antimicrobial
response and PI3K-mediated phagocytosis while triggering
the Mal-dependent inflammation (36). P. gingivalis can inhibit
opsonization and phagocytosis, enhance neutrophil recruitment
and respiratory burst, thus incrementing the neutrophil-
associated inflammation and tissue damage (37). Neutrophils
may also possess a hyper-inflammatory phenotype characterized

by the over-expression of reactive oxygen species and pro-
inflammatory cytokines (IL-1β, IL-6, IL-8, and TNF-α), which
along with their other defective functions such as phagocytosis
and chemotaxis, contribute to additional tissue-damage and
comorbidity with other inflammatory diseases (38, 39). In
the context of osteoimmunological regulation of periodontal
diseases, neutrophils display heterotypic adhesion to osteoblast
and modulate their function (40) and possess a regulatory role
during microbial infection by secreting the anti-inflammatory
cytokine IL-10 (41). Neutrophils acquire regulatory functions
by direct cell-to-cell contact with regulatory T (Treg) cells or by
exogenous IL-10 stimuli. The IL-10-producing neutrophils have
been found in the purulent exudate collected from periodontal
pockets in patients with chronic periodontitis; their role in
the resolution of periodontal inflammation still needs to be
investigated (42).

Even thoughmacrophages are in low quantities in periodontal
tissues (43), they participate in the pathogenesis of periodontitis
as central players by initiating or resolving inflammation,
contributing to tissue repair, activating lymphocyte-mediated
adaptive immunity and mediating alveolar bone resorption
and apposition (44). During inflammation, tissue-resident
macrophages are expanded, and circulating monocytes are
recruited to be differentiated into macrophage-like cells (45).
Macrophages are divided into two functionally different subtypes:
M1 classically-activated macrophages, produced in response
to IFN-γ, TNF-α, IL-1β, and IL-6, with pro-inflammatory,
antibacterial and antiviral functions; M2 alternatively-activated
macrophages, produced in response to IL-4 and IL-13, with
anti-inflammatory and tissue-repair/regeneration functions that
expresses high levels of IL-10 (46–48). While these classes are
clearly defined in mice; in humans, macrophages represent
a continuum of highly plastic effector cells, resembling a
spectrum of diverse phenotype states (47). Both M1 and
M2 macrophages are increased in periodontitis compared to
controls, yet the M1/M2 ratio is higher in periodontitis and is
associated with increased expression of M1-related molecules
such as IL-1β, IL-6 and matrix metalloproteinase (MMP)-9
(48, 49). Circulating monocytes/macrophages are affected by
experimental periodontitis and display an M1 phenotype by
overexpressing TNF-α and IL-6 (50). The temporal analysis of
inflammation to healing osteolytic periodontal lesions showed a
shift in themacrophage activation from inflammatory (CD80 and
TNF-α expression) to resolving (CD206 expression) phenotype,
which correlated to bone loss (51).

Lymphocytes are the majority of all CD45+ hematopoietic-
origin cells within the normal gingival mucosa (43) and
play a key role in osteoimmunology. The CD3+ T cell
compartment is the dominant population in both health and
disease, reflecting a 10-fold increase in total inflammatory
cells (43). The analysis of alveolar bone resorption during
P. gingivalis-induced experimental periodontitis in MHC-I or
MHC-II deficient mice showed the destructive role for CD4+

T cells (52); yet effector-memory CD8+ T cells are present
in normal gingival mucosa (43) suggesting a protective role
for CD8+ T cells during periodontitis possibly due their
ability to suppress osteoclastogenesis (53). Upon activation by
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the APCs, CD4+ T cells are polarized into distinct effector
phenotypes depending on the nature of the antigen, co-
stimulatory signals, and the local cytokine milieu (22). These
phenotypes are Th1, Th2, Th9, Th17, Th22, and Treg, each with
a particular transcription factor, often called a master switch,
that modulates the phenotypic differentiation and particular
effector-functions making these phenotypes highly plastic (54).
Each phenotype has different involvement in the pathogenesis
of periodontitis. They can be broadly classified in two axes:
(1) Th1/Th17 pro-inflammatory and osteoclastogenic and (2)
Th2/Treg mechanistically implied in the arrest of the disease
and progression (55). Th9 and Th22, which are relatively new-
subsets, have been scantily characterized in periodontal disease.
Th22 cells were increased in gingival biopsies in periodontitis,
associated with the increased osteoclastic activity, and triggered
upon stimulation with the periodontal pathogen Aggregatibacter
actinomycetemcomitans (56, 57).

Th1 cells produce pro-inflammatory cytokines such as
IFN-γ, IL-12, IL-1β, and TNF-α, under the control of the
transcription factor T-bet (22). The Th1-type of response,
mediated by the production of IFN-γ, is necessary for
both the control of microbial invasion and bone loss. The
induction of periodontitis with A. actinomycetemcomitans in
IFN-γ-deficient mice resulted in a less severe bone loss
but impaired host defense against the microbial challenge,
followed by a disseminated bacterial infection and mice
death (58). P. gingivalis promotes the expression of type-
1 interferons by disrupting innate immunological functions
through degradation of Myd88, resulting in a constitutively
priming of CD4+ T-cells by dendritic cells and leading to
elevated IFN-γ and RANKL expression associated with increased
alveolar bone loss. Blocking type-I IFN signaling prevented
the destructive Th1 immune response and alveolar bone
loss (59).

Th17 cells are the most osteoclastogenic type of T-cells,
directly expressing and inducing RANKL expression on resident
cells through IL-17 production, and necessary to sustain the
host defense against the dysbiotic microbial community. Th17
cells produce IL-17A, IL-17F, and IL-22, under the control
of the master switch RORγ, and the critical participation of
the transcription factor STAT3 (60). In healthy individuals,
Th17 cells naturally accumulate in the gingival mucosa with
age and promote barrier defense. This growth depends on
mechanical stimulation, such as chewing, which induces the
production of IL-6 in epithelial cells, and is independent of
commensal bacteria (61). The expansion of the Th17 cells during
periodontitis, on the other hand, is dependent on microbial
dysbiosis and requires both IL-6 and IL-23 production (62).
These are predominantly resident memory Th17 cells, capable
of quick responses and the primary producers of IL-17. A
recent study in mice confirmed that IL-17 producing Th17
cells rather than γδT cells are involved in bone damage during
periodontitis. IL-17 production is necessary for host defense
against the invasion of oral bacteria (9). Also, a significant
proportion of the IL-17 producing Th17 cells were exFoxp3Th17,
cells that expressed high amounts of membrane-bound RANKL,
suggesting that at some point, these cells might have had

regulatory functions (9). Accordingly, patients with autosomal-
dominant STAT3 deficiency (AD-HIES), are less susceptible to
periodontitis (62).

The Th2 and Treg type of responses are implicated in the
resolution of periodontitis (63). Th2 cells produce IL-4, IL-
5, and IL-13, and mediate humoral immunity and mast cell
activation in allergic reactions (22). Treg cells produce IL-10
and TGF-β and are crucial for the maintenance of immune
homeostasis and tissue repair under the control of the master
switch Foxp3 (64). Tregs inhibit osteoclast differentiation and
their bone resorptive activity through the interaction of CTLA-
4 with CD80/86 on osteoclasts and their precursors (29). Both
Th2 and Treg cells express the chemokine receptor CCR4.
The induction of periodontitis in CCR4−/− mice presented
a significant deficiency of Treg migration, associated with
increased inflammatory alveolar bone loss (63).

B cells are practically not present in normal gingival
mucosa (43), but they dramatically increase as the disease
progresses, making it a distinct feature of the established
periodontal lesion (22). During periodontitis, stromal cells
and immune cells express different cytokines and chemokines
such as IL-4, IL6, IL-5, CXCL13, and APRIL that induce B
cell migration and support their survival in the periodontium
(65, 66). Patients with periodontitis have a significantly higher
percentage of CD19+CD27+CD382− memory B cells and
CD138+HLA-DRlow plasma cells while B1 cells, which have
been previously described as a regulatory type of B cell
(CD20+CD69−CD43+CD27+CD11b+) are decreased (67, 68).
B cells/plasma cells are well-known for their humoral immunity.
However, periodontitis progresses despite the presence of B cells
and the induction of humoral responses against periodontal
bacteria. The B cell-mediated IgG-dominant immune response
might contribute to the pathogenesis of periodontitis (65,
68). Most infiltrating B cells present during periodontitis
produce RANKL, suggesting that they can directly induce
osteoclastogenesis (8). Indeed, the induction of experimental
periodontitis in B cell-deficient mice showed significantly less
bone loss (65). Latest data demonstrated the existence of a
regulatory B cell subtype (Bregs) that can inhibit inflammation
and support Treg differentiation through their production of
IL-10. Bregs cells in humans have been identified as both
CD19+CD24hiCD38hiCD1dhi and CD19+CD24hiCD27+ cells
(69). In mice, the functional IL-10-producing subset of Bregs,
B10, have bone protective roles during periodontitis (70).

Osteoimmunological Processes in the
Periodontal Disease
The periodontium offers a unique environment to understand
the interactions between the immune system and bone since
it combines mucosal and skeletal tissues and the interaction
between the host and the oral microbiota (21). The alveolar
bone is susceptible to different types of mechanical stress and
is continuously remodeled by the coupled action of osteoclasts
and osteoblasts within the bone surface (3, 71). As reviewed
above, the immune response caused by the dysbiotic microbiota
during periodontitis dramatically enhances the production of
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local RANKL by different immune cell types such as Th17
and B cells. However, recent studies with specific cell type-
depleted animals have highlighted the impact of RANKL
production by osteocytes, osteoblasts, and periodontal ligament
cells on osteoclast differentiation and alveolar bone loss (72).
Osteocytes respond to inflammation, specifically to IL-6 and IL-
17, by producing RANKL and increasing their osteoclastogenesis
(73, 74). In a P. gingivalis and Fusobacterium nucleatum-
induced periodontitis model, the genetic depletion of RANKL in
osteocytes decreased the alveolar bone destruction and osteoclast
differentiation (75). Osteocytes react to P. gingivalis LPS by
producing sclerostin, which reduces osteoblastic bone formation
by inhibiting the Wnt/β catenin signaling pathway (76).

Osteoblasts and periodontal ligament cells also respond to IL-
17, producing RANKL, and decreasing OPG production (77).
The osteoblastic inflammatory-mediated RANKL production
depends on the activation of the classical NF-κB pathway. The
inhibition of NF-κB activation in osteoblastic lineage cells inmice
reduces osteoclast numbers and RANKL expression induced
by periodontal infection (72). Specific genetic depletion of
RANKL production in osteoblasts and periodontal ligament cells
during ligature-induced periodontitis reduces the alveolar bone
resorption in an even greater extent that the RANKL depletion
on CD4+ cells (9). Osteocytes, osteoblasts, and periodontal
ligament cells significantly contribute to osteoclastogenesis
during periodontitis by translating inflammatory signals into
RANKL overexpression, often paired with OPG downregulation.
This process results in the disruption of the coupling of bone
resorption and apposition (Figure 1) (77). A recent study further
demonstrated that bone matrix-derived products activate the
NLRP3 inflammasome and stimulate osteoclast differentiation
(78). The intracellular multi-protein complex known as the
inflammasome functions as a molecular platform that triggers
the activation of caspase-1, necessary to proteolytically process
the biologically inactive form of IL-1β and IL-18 into mature
cytokines. This conversion is key since RANKL acts in concert
with TNF-α or IL-1β to regulate osteoclastogenesis (79).

Translational Applications
Systematic approaches to control inflammation through immune
modulation have been applied in different animal models
of periodontal disease with the potential for translational
applications. For instance, the blockade of the complement
cascade at an earlier level, by the inhibition of C3 with AMY-
101 (Cp40), is effective in a non-human primate model of
periodontitis (80). This model is significantly more predictive
of drug efficacy in a clinical setting since complement blockage
inhibits inflammation in naturally occurring periodontitis
(81). In murine models, the local delivery of CCL2 by
control-delivered microparticles promoted the recruitment and
differentiation of M2 macrophages, which in turn prevented
alveolar bone loss (82). Similarly, the administration of CCL22-
releasing microparticles prevented inflammatory bone loss by
inducing the selective chemo-attraction of Treg in both murine
and canine models of periodontitis (63). Rosiglitazone, a
peroxisome proliferator-activated receptor (PPAR)-γ agonist,
induced resolving macrophages with an M2-like phenotype

that reduce bone resorption and enhance bone formation (51).
The treatment with all-trans-retinoic acid or the synthetic
retinoic acid receptor (RAR) agonist tamibarotene (Am80)
improved the Th17/Treg balance and decreased the alveolar
bone loss during periodontitis (83, 84). The treatment with
RvD2 (a resolution agonist) prevented alveolar bone loss by
inhibiting the systemic and gingival Th1-type of response in
P. gingivalis-induced periodontitis (85). In vivo inhibition of
Th17 differentiation by knocking Stat3 or pharmaceutically
inhibiting Rorc in CD4+ T cells led to significantly reduced
alveolar-bone loss (up to 70%), reflecting their critical role
in the induction of bone resorption by producing IL-17 and
expressing RANKL (9). The antibody-mediated neutralization
of APRIL or BLyS substantially diminished the number of
infiltrating B-cells and reduced bone loss during the experimental
periodontitis (65). The adoptive transfer of B10 cells, previously
cultured with P. gingivalis LPS and cytosine-phospho-guanine
(CpG) oligodeoxynucleotides, into mice with P. gingivalis and
ligature-induced periodontitis, showed a significant reduction of
bone loss and gingival inflammation, associated with increased
local IL-10 production (70). Also, the gingival application of
an optimized combination of CD40L, IL-21, anti-Tim1, which
in vitro induces IL-10 production on B10 cells, inhibited
bone loss in ligature-induced experimental periodontitis (86).
Thus, the development of immune-based therapies has been
proven effective in the prevention of bone destruction during
experimental periodontitis in vivo. Current approaches to drug
delivery and local applications of these therapeutic strategies in
humans are being tested.

APICAL PERIODONTITIS

Definition and Pathogenesis of the
Periapical Periodontitis
The infection of periodontal tissues in the periapical area
following the bacterial invasion of pulp in the root canal
system leads to the inflammatory destruction of the periodontal
ligament, radicular cement and alveolar bone, which are
the clinical hallmarks of apical periodontitis. Interestingly,
the pathogenesis underlying the clinical presentation of
apical periodontitis possesses outstanding parallels with that
of periodontitis (87–89). Both conditions are initiated by an
infectious stimulus and share pathological mechanisms of
tissue destruction (chronic and exacerbated immune response
that uncouples tissue balance) as well as the susceptibility
traits and the treatment approach (eradication of the infecting
microorganisms) (87, 90). Indeed, epidemiological data
suggest that there is a correlation between the occurrence
of apical periodontitis and marginal bone loss characteristic
of periodontitis (91), reinforcing the existence of a common
susceptibility profile.

Cellular and Molecular Basis of the
Periapical Periodontitis
Although microorganisms are essential for disease initiation,
their presence is not sufficient to explain the pathologic
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FIGURE 1 | Osteoimmunology of periodontal disease. During periodontitis, the immune response induced by the dysbiotic microbiota enhances the production of

local RANKL by different immune cells types such as Th1, Th17, B cells. Additionally, the increased gingival levels of IL-17 stimulate the membrane-bound expression

of RANKL in osteoblasts and periodontal ligament fibroblasts; this provokes the activation of osteoclast and bone-loss. On the contrary, in health, different immune

cells such as Tregs, Bregs, M2, and Th2 cells promote an anti-inflammatory and pro-anabolic state that sustain the alveolar-bone homeostasis. PMNs, polymorph

nuclear neutrophil; B/P, B and plasma cell.

phenomena that generate inflammatory destruction of the apical
periodontium (92). The presence of a protected reservoir of
microorganisms inside the root canal system precludes their
eradication by immune defense mechanisms, generating a
loop of constant activation and amplification of the immune
response. Without active regulatory or suppressive signals,
this amplification loop of the immune response results
in a constant and exacerbated response, which causes the
progressive destruction of periodontal support (87). This
exacerbated immune response tampers with the normal turnover
mechanisms of periodontal tissue, particularly bone, uncoupling
bone formation from bone resorption leading to a net bone loss.
Conversely, immunoregulatory mechanisms can provide a fine
tune to immune effector mechanisms, resulting in a response
that can control the spread of the infection outside the root
canal system, while limiting the pathological tissue destruction.
The balance shift toward deficient or excessive response can
allow for infection spreading or uncontrolled periapical tissue
resorption (93).

The treatment of apical periodontitis requires the disinfection
of the root canal system and its obliteration with a biomaterial
capable of maintaining a sterile environment and, in some
refractory cases, the surgical elimination of periapical tissues

(94, 95). The absence of reliable means to know in advance if
the endodontic treatment will be successful or not is a critical
weakness in endodontic therapy. Once the apical lesion has
developed, there are no highly sensitive clinical or radiographic
tools to predict if a lesion will acquire an activated phenotype
-and continue to expand to the surrounding tissues- or will
attain an inactive phenotype, resulting in the arrest of its
progression or even remission and healing. Since not all
subjects suffering from an infection of the root canal will
develop apical periodontitis, it is logical to propose that a
susceptibility profile is necessary for the occurrence of the disease
The identification of putative genetic and molecular markers
potentially responsible for the periapical immune-balance might
help to discriminate susceptible or resistant subjects to improve
the treatment outcome prediction (96). Additionally, periapical
lesion development does not follow a linear pattern, alternating
active and inactive phases, like the “bursts” progression model,
described for periodontitis (97, 98). Therefore, the understanding
of host response elements responsible for the switch from
activity to inactivity can also contribute to elucidate the basis of
susceptibility/resistance to lesions development.

From the genetic viewpoint, the overall hypothesis is that
polymorphic variations in critical genes could contribute to
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increased risk to suffer from apical periodontitis. That possibility
is investigated using a case-control approach, based on the
comparison of a group of diseased subjects (i.e., cases) to an
unaffected group of individuals (i.e., controls). However, in the
context of periapical lesions, the use of a healthy population as
control group disregards the classic case-control study definition,
which states that a case-control study is designed to determine
if exposure is associated with an outcome (99). The absence of
the exposure (bacterial invasion of the pulp in the root canal
system) disqualifies the healthy controls to be compared with
susceptible individuals that develop periapical lesions upon the
“exposure.” The study design, therefore, should comprise groups
exposed to the same causal agent required for periapical lesions
development, but with distinct clinical outcomes. The inclusion
of theoretically resistant individuals (i.e., presenting deep caries
without periapical lesions) have been found to improve the
odds of identifying genetic factors that potentially contribute to
increasing the risk to periapical lesions development (100, 101).
A similar approach has been used in chronic periodontitis, with
the use of chronic gingivitis subjects as a theoretically resistant
population (99, 102).

Despite the inherent complexity to genetic association
case-control studies, another useful approach to unravel the
potential influence of genetic variants in apical periodontitis
pathogenesis is to perform correlation analysis between the
different genotypes/alleles and host response markers. For
instance, MMP1-1607 polymorphism (rs1799750) is associated
with increased expression of MMP-1 mRNA. MMPs are a
family of collagenolytic enzymes responsible for the degradation
and remodeling of the extracellular matrix. An increase in the
expression or activation of MMPs without a parallel increase in
their tissue inhibitors mediate numerous pathological processes,
including apical periodontitis (103). In a sample of 326 subjects,
the alternative variant of MMP-1 rs1799750 was associated with
increased risk to suffer from apical periodontitis. Additionally,
the cytokines TNFα, IL-21, IL-17A, and IFN-γ were associated
with augmented transcriptional activity of MMP-1 in apical
periodontitis, favoring its development (104).

Wnt/β-catenin signaling plays an essential role in bone
biology, especially in the differentiation of osteoblasts and
the suppression of bone resorption (105). The Wnt family in
humans consists of 19 highly conserved genes that regulate
gene expression, cell behavior, cell adhesion, and cell polarity
(106). The polymorphic variations on the genes WNT3 and
WNT3A were associated with increased susceptibility to apical
periodontitis, specifically an intronic SNP in WNT3 (rs9890413)
and a promoter SNP in WNT3A (rs1745420). The WNT3
(rs9890413) SNP is in an intronic region and to this date has no
known function, so its putative mechanism of action to regulate
apical periodontitis susceptibility is indefinite. On the other hand,
a functional assays showed that the alternate allele G in the
associated WNT3A (rs1745420), located in the gene promoter,
increased promoter activity by 1.5-fold in comparison to the
ancestral allele C. These findings suggested that this SNP may
have a regulatory role in WNT3A expression and function (data
not published).

The comparison of the gene expression signatures of
periapical lesions with periapical tissues known to experience
bone resorption or bone formation (i.e., in pressure and tension
sides of teeth submitted to orthodontic forces) may allow for the
discrimination of osteolytic activity status. Using this approach,
it was possible to categorize apical granulomas in “active” or
“inactive” according to their molecular profile of RANKL/OPG
mRNA expression (107). Once the activity of the lesion was
defined, it was possible to discriminate host response patterns
associated with each subset. In this context, the inflammatory
signature of 110 apical granulomas (persisting apical lesion
after a technically adequate endodontic treatment, requiring
surgery) and 26 healthy periapical tissues as controls were
characterized (108). The apical granulomas were categorized
as “active” or “inactive” according to the molecular profile
of RANKL/OPG mRNA expression (107). The inflammatory
signature was investigated by the expression of Th1, Th2, Th9,
Th17, Th22, Thf, Tr1, and Tregs cytokines/markers. The cluster
analysis revealed that “active” apical lesions were characterized
by increased expression of TNF-α, IFN-γ, IL-17A, and IL-21,
whereas “inactive” lesions expressed increased levels of IL-4, IL-9,
IL-10, IL-22, and Foxp3. Interestingly, distinct patterns of IFNγ

and IL-17 expression were described in periapical lesions. Lesions
presenting a high RANKL/OPG ratio (active) overexpress IFNγ

and IL-17 compared with inactive lesions. Additionally, active
lesions can be clustered in groups presenting distinct patterns of
IFNγ and IL-17 expression, suggesting that Th1/Th17 cytokines
can drive apical periodontitis development independently (108).
Accordingly, different studies describe that Th1 and Th17
responses can be mutually inhibitory (109). However, the
Th1/Th17 interplay seems to be way more complicated than the
mutually inhibitory activity, suggesting that collaborative and
inhibitory phases may coexist in different disease stages. Also,
cells presenting features of both Th17 and Th1 subsets, including
Tbet and IFNγ expression, have been described in inflammatory
and osteolytic conditions (110).

Therefore, the activity status of apical periodontitis may be
determined by the relative enrichment of different Th subsets.
Indeed, leukocytes subsets such as Th2, Tregs, and MSCs
mediate a natural immunoregulatory response that suppresses
apical periodontitis development. IL-4 (the prototypical Th2
cytokine) was described to induce the expression of CCL22, a
main chemoattractant of Tregs (63). It is noteworthy that Tregs
hallmark products, such as IL-10 and TGF-β, are described to
boost MSCs immunosuppressive properties (111). Therefore,
while all the details regarding the potential Th2, Tregs and
MSCs cooperation remain to be unraveled, the existence of
a protective/regulatory cellular network in inflamed periapical
tissues seems feasible (89, 108).

Impact of Osteoimmunology in the
Periapical Disease
A recent study points to an unexpected potential trigger
of a protective immunoregulatory response (112). While
RANKL has a well-characterized role in the control of

Frontiers in Immunology | www.frontiersin.org 7 July 2019 | Volume 10 | Article 1664305

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Alvarez et al. Oral and Maxillofacial Osteoimmunology

bone homeostasis, it can also play critical roles in the
regulation of the immune system. Indeed, while anti-RANKL
administration resulted in the arrest of periapical bone loss,
it led to an unremitting pro-inflammatory response and
impaired immunoregulation, restored by Tregs adoptive transfer
(113). Therefore, RANKL seems to be responsible for trigger
immunoregulatory feedback via Tregs induction, which in turn
acts as suppressive elements (113). Notably, RANKL seems to
play a fundamental role in linking the immune system with
bone metabolism. Infiltrating immune cells are an important
source of RANKL, but also resident bone osteoblast produce
and secrete RANKL, most of the time under the regulatory
influence of osteocytes following mechanical or endocrine
stimulus (73, 75).

Despite the lymphocyte-centered paradigm of the most
studies into apical periodontitis pathogenesis in the last decade,
other leukocyte subsets (such as granulocytes) also can play
significant roles in periapical lesion pathogenesis. For example,
we determined that CXCL12 levels increase significantly in
apical periodontitis. CXC ligand 12 (CXCL12 a.k.a. SDF-1) is
a pleiotropic chemokine that regulates the influx of leukocytes
to inflamed sites. In apical periodontitis, CXCL12 proved to be
the primary molecular signal responsible for the recruitment of
mast cells into the periapical inflammatory infiltrate during lesion
development (114). This CXCL12/mast cell axis is significant as
mast cells can secrete a variety of molecular signals and regulate
many diseases (115, 116).

Another major cellular player during the first stages of the
immune response in the pathogenesis of apical periodontitis
is the neutrophil. These cells invade the apical periodontium
in vast numbers and are in the front line of contention of
bacterial infection. Despite being mainly associated with the
direct killing of bacteria and tissue necrosis, neutrophils are also
capable of releasing molecular mediators into the extracellular
compartment and influencing the later stages of the response
(117, 118). Accordingly, a significant increase in heat shock
protein 27 (HSP27) and Serpin Family B member 1 (SERPINB1)
protein levels were identified in apical periodontitis compared
to healthy tissues (119). HSP27 belongs to the heat shock
protein gene family and has an essential role in the inhibition
of apoptosis in thermal and chemical stress, protecting the
cells from injury in hostile environments (120). SERPINB1 is
a potent inhibitor of neutrophil serine proteases and plays
crucial roles in protecting PMN and other cells from apoptosis
(121). The role of another Serpin family member (SERPINE1)
has been demonstrated in the stabilization of apical lesions
(122), thus pointing to a molecular pathway of Serpin family
proteins regulating PMN functions and periodontal destruction
in apical periodontitis. Importantly, this increased expression
of HSP27 and SERPINB1 was compartmentalized to epithelial
cells and infiltrating neutrophils in the inflammatory front
(119). The expression of HSP27 and SERPINB1 was inversely
correlated with markers of acute inflammation and markedly
increased in apical lesion characterized as “stable/inactive.” This
evidence suggests that HSP27 and SERPINB1 could be putative
markers of lesion regression and useful to follow the outcome of
endodontic treatment

Ultimately, most osteoclastogenic signals are controlled by
osteocytes, whether directly by secreting osteoclastogenic signals
or indirectly by entering apoptosis (123–125). The inflammatory
milieu characteristic of apical periodontitis creates the necessary
environment to favor pro-osteoclastogenic signaling and net
bone loss (72). The communication network established
between osteocytes and osteoblast is capable of sensing delicate
environmental changes and react to favoring the bone formation
and resorption (126). The exacerbated and unrelenting immune
response characteristic of apical periodontitis provides plenty
of pro-resorptive signals that tilt the balance in favor of bone
resorption (127, 128).

Taken together, recent findings point to a complex and
multilevel regulatory network that underlies the clinical
presentation of apical periodontitis (Figure 2). Infecting agents
and immune defense mechanisms are in opposing trenches in
an all-out war leading to apical lesion formation or regression.
As in many other diseases characterized by inflammatory tissue
destruction, the regulatory features of the immune system have
a disproportionally important role in the progress and outcome
of the disease. Despite extensive efforts, there is still much to be
investigated and learned before we can develop a comprehensive
molecular model capable of guiding changes in clinical conducts
leading to improved clinical outcomes in the treatment and
management of apical periodontitis.

BIOLOGICALLY-BASED DIAGNOSTICS
AND THERAPEUTICS TO MANAGE ORAL
AND SYSTEMIC HEALTH IN
PERIODONTITIS PATIENTS

Marginal periodontitis and periapical periodontitis are the
most common oral diseases involving alveolar bone loss (129).
Substantial research supports the positive association between
periodontitis and several systemic diseases such as cardiovascular
diseases and diabetes, while growing evidence is unveiling an
analog connection with periapical lesions. Recently, periodontitis
has also been associated with the onset and development of oral
and extraoral cancers, and their fatal outcome (130–132).

The result of periodontitis forms is a prolonged release of
both host-derived inflammatory/collagenolytic mediators (e.g.,
arachidonic acid metabolites, cytokines, nitric oxide [NO],
reactive oxygen species [ROS] and MMPs), and virulence factors
generated by the dysbiotic perio-pathogens and/or endodontic
pathogens in the etiologic microbial biofilm. Though this
response is intended to restrain dissemination, this toxic “brew”
impairs the host’s immune response. The proposed mechanisms
linking periodontitis and extraoral diseases involve the spread of
bacteria from the oral cavity causing damage to other organs, the
increase in inflammatory systemic burden, or an autoimmune
response triggered by oral bacterial species (133–138).

Albeit clinical and radiographic examinations are the gold
standard for the diagnosis of periodontal and periapical diseases,
variations in the inflammatory profile might impact disease
susceptibility and severity at both local and systemic levels
(129, 139). Oral fluids (gingival crevicular fluid/GCF, mouth

Frontiers in Immunology | www.frontiersin.org 8 July 2019 | Volume 10 | Article 1664306

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Alvarez et al. Oral and Maxillofacial Osteoimmunology

FIGURE 2 | Immunological features of active and inactive periapical lesions. In the periapical environment, the presence of endodontic pathogens and its products

(such as LPS) triggers the host inflammatory immune response. The analysis of gene expression signatures of periapical lesions allows for the discrimination of

osteolytic activity status in “active” or “inactive” according to RANKL/OPG expression ratio. Active periapical lesions are characterized by high RANKL/OPG ratio is an

association with a pro-inflammatory milieu, which includes a high level of IFN-g and IL-17. Distinct patterns of IFNg and IL-17 expression were described in periapical

lesions, suggesting that Th1 and Th17 subsets, described to be mutually inhibitory, can drive apical periodontitis development independently. The presence of PMNs

and mast cells also have been associated with lesion activity. Conversely, inactive lesions are characterized by a low RANKL/OPG ratio is an association with an

anti-inflammatory milieu, which is supposed to involve a cooperative immunoregulatory network composed by Th2 and Tregs subsets, as well by MSCs. The

prototypical Th2 cytokine IL-4 is described to induce the expression of CCL22, a main chemoattractant of Tregs. Noteworthy, Tregs hallmark products, such as IL-10

and TGF-β, are described to boost MSCs immunosuppressive properties. Interestingly, a recent study points to RANKL as an unexpected immunoregulatory

feedback trigger via Tregs induction.

rinse, and saliva samples) obtained non-invasively from the oral
cavity are critical sources for factors and/or biomarkers related
to the metabolic activity of periodontal tissues. Quantitative
point of care (PoC)/chair-side technologies are emerging as
available tools to monitor periodontal conditions, including
orthodontic tooth movement, periodontitis, apical periodontitis,
and peri-implantitis, whereas key inflammatory mediators can
be targeted for therapeutic purposes. Complementary salivary/
oral fluid MMP-8 determinations aid to identify periodontal loss
and inflammation in line with clinically deepened periodontal
pockets, bleeding on probing, and radiographic alveolar bone loss
(140–144). MMP-8, MMP-9, TRAP-5, and MPO demonstrates
very high diagnostic accuracy in GCF for discriminating
periodontitis, apical periodontitis, gingivitis and/or healthy
periodontium, supporting their usefulness for PoC diagnostics
(129, 142). Of interest, oral fluid biomarker analysis has shown
usefulness in extraoral conditions or diseases (141, 142), whereas
GCF placental and inflammatory markers proved the diagnostic
potential for preeclampsia (145) and gestational diabetes mellitus
in pre-symptomatic women (146), revealing new emerging
spectra for oral fluid applications.

Up to now, several studies have explored the associations
between tooth loss, oral infections, CVD and diabetes, and
it is widely accepted that low-grade systemic inflammation,
as measured by CRP and other biomarkers, influences their

development and progression. Currently, there is substantial
evidence supporting that marginal periodontitis imparts
increased risk for future atherosclerotic cardiovascular
disease, in which the exacerbated inflammatory burden
favors atheroma formation, maturation, and exacerbation.
Periodontal treatment can reduce systemic inflammation as
evidenced by a reduction in C-reactive protein (CRP), reduce
the levels of oral fluid and systemic (serum) proinflammatory
biomarkers of tissue destruction and improve endothelial
function and subclinical atherosclerosis, but the evidence is
not yet conclusive (131, 147). Periodontitis also associates
with elevated risk for dysglycaemia and insulin resistance,
as well as incident type 2 diabetes, whereas the latter is also
an essential modifying factor for periodontitis. Evidence
supports that periodontal therapy seems to improve glycemic
control, although studies involving long-term follow-up are
also inconclusive (133). Despite the associations between
endodontic infections, CVD and diabetes have not been
thoroughly explored; emerging evidence sustains an analogous
link (134).

Most available mechanistic studies seeking for an association
between apical periodontitis and the systemic inflammatory
burden lacks adequate control for confounders. Often, a
clinically heterogeneous mixture of acute and chronic forms
of apical periodontitis is included, and participants are older
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than the main risk group, resulting in overall inconclusive
evidence for hsCRP. Few recent studies accounting for these
variables reported early endothelial dysfunction and up-
regulation of pro-inflammatory cytokines, including IL-1,
IL-2, IL-6, reactive oxygen species, as well as asymmetrical
dimethylarginine in serum from young adults with CAP
compared to healthy volunteers (148). Recently our group
demonstrated an association between apical lesions and
cardiovascular risk based on CRP serum levels concentrations
(135), but the systemic effects of endodontic treatment are yet
unknown (134).

Recently periodontitis was proposed as an independent
risk factor for cancer development, such as digestive tract
cancer, pancreatic, lung, prostate, breast, uteri, lymphoma,
and hematological cancer. Moreover, in population-based
studies, periodontitis was strongly linked to cancer mortality,
especially in patients with pancreatic cancer (130, 149, 150).
Studies demonstrate a role of microorganisms such as Human
Papillomavirus (HPV), Epstein-Barr virus (EBV) and P.
gingivalis that could be detected in inflamed periodontal
tissues and might favor cancer initiation at the oral
cavity or distant tissues (151–153). Recently, Treponema
denticola, a virulent proteolytic periodontopathogen, was
found to promote the onset of oro-digestive cancers
(154, 155). Besides oral pathogens, the local and systemic
inflammatory responses associated with periodontitis can
represent an indirect mechanism that could promote cancer
development (130).

Periodontitis derived-systemic low-grade inflammation can
also be readily monitored in serum samples, by measuring
acute-phase proteins such as C-reactive protein, to further
diagnostically assess the risk. hsCRP measurement is especially
recommended in subjects at intermediate cardiovascular risk
to determine the need for treatment (156); hsCRP levels
are also used to evaluate the success of an intervention
such as the metalloproteinase inhibition with sub-antimicrobial
doses of doxycycline to prevent acute coronary syndromes
(MIDAS) (157, 158). In this way, biomarker’s utility becomes
clinically practical with the current availability of PoC chair-
side biomarker analysis of oral fluids & serum, and host-
modulation therapies such as non-antimicrobial doxycycline
medications (Periostat R©, now generic; and Oracea R©) as
pleiotropic MMP-inhibitors, and others such as omega-3 fatty
acid derivatives (e.g., docosahexaenoic acid), i.e., the resolvins
(Figure 3) (159–161). Thus, recently-developed strategies of
personalizing the use of “host-modulation therapy,” when
indicated by modern PoC chair-side diagnostic tests (140,
144), may significantly enhance the beneficial outcome of
both the commonly-used oral therapy (scaling & root planing,
and oral hygiene instruction) and its impact on the overall
medical health of the patient. Further evidence of the need
for modern, biologically-based diagnostics and therapeutics to
manage the oral/systemic health of the patient is continuously
emerging. These findings reinforce the view that modern,
biologically-based oral-systemic health management requires
a “two-pronged strategy” including diagnostic monitoring in
oral fluids biomarkers, and optimally therapeutic suppressing

these mediators with “host-modulation therapy” combined with
microbial biofilm management. Both strategies are currently
available to the dental clinician as the result of long-term and
substantial basic and translational research.

BONE SARCOMAS (BS) AFFECTING THE
MAXILLOFACIAL REGION

Definition and Epidemiological Impact of
Bone Sarcomas
Bone Sarcomas (BS) are rare primary mesenchymal bone
tumors (<0.2% of malignant tumors of EUROCARE database),
including osteosarcoma (OS), Ewing sarcoma (ES) and
chondrosarcoma (CS) (162). BS affects more frequently the
appendicular skeleton (lower limbs) than the craniomaxillofacial
skeleton. In this area, maxilla and mandible are more affected
bones over cranial bones (163). Thus, maxillofacial (MF) OS
(MFOS), ES (MFES), and CS (MFCS) are considered malignant
tumors of the maxillofacial region according to the 4th edition of
the World Health Organization Classification of head and neck
tumors (164). Here, we will focus specifically on MFOS, MFES,
and MFCS, highlighting the role of immune response on their
pathophysiology and, also, revising experimental approaches
for therapy.

Maxillofacial Osteosarcoma (MFOS)
MFOS represent <10% of the total OS (165). Compared
with the appendicular OS, which peaks in the 2nd and sixth
decade, MFOS peaks in the 3rd decade (162, 163, 165).
Typically, MFOS arise from the cancellous compartment rather
than bony surfaces. MFOS affects the alveolar ridge of the
mandible and posterior area of the maxilla (163, 166). MFOS
can be categorized according to the predominant matrix as
an osteoblastic, fibroblastic, chondroblastic, telangiectatic, or
osteoclastic type (163, 165). At the X-ray imaging, MFOS appear
as either as the osteolytic form with undefined margins or, the
osteoblastic form, showing a sclerotic and sunburst structure
caused by radiated bone spiculae (163).

Maxillofacial Ewing Sarcoma (MFES)
MFES is 1–4% of all ES which peak in both the first and
second decades mainly in white Caucasian people, affecting
equally both sexes (163). MFES is an aggressive, hemorrhagic,
and rapidly metastatic malignant tumor affecting naso-orbital
bones. MFES are characterized by an irregular lesion combining
sclerosis and lucent zones compromising cortical bone. MFES
also show the characteristic onion peel appearance and sunburst
new bone formation, which correspond to periosteal osteogenic
reaction (163).

Maxillofacial Chondrosarcoma (MFCS)
It accounts for 2% of all CS with a peak incidence during
the 4th to fifth decades with a male predilection (ratio 2.4:1).
It affects mostly the skull base, maxilla, and less frequent
the orbit and, cartilage of the nasal septum. MFCS can be
observed after malignant and benign diseases such as OS,
fibrosarcoma, Paget disease, and fibrous dysplasia (163, 167).
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FIGURE 3 | Osteoimmunology at the osteosarcoma (OS) niche. Tumor-Associated Macrophages (TAMs), Tumor-Infiltrating Lymphocytes (TILs) and Mesenchymal

Stem cells (MSCs) regulate osteosarcoma cells (OSCs) proliferation, tumor mass progression, and metastasis. The RANK/RANKL signaling leads to both OSCs

progression and increased osteoclast activation and bone loss in the OS niche.

Histologically, chondrosarcoma of the craniofacial region can
be divided into (a) the conventional subtype with myxoid
and/or hyaline components, the most common form, is slow
growing, and rarely metastatic; (b) the aggressive mesenchymal
and dedifferentiated subtype, more aggressive and tends to
metastasize and; the clear cell subtype, extremely rare (163).
High-grade CS can induce metastasis, but local recurrence of
curettage is a common feature of such tumors. Since the vast
majority of literature describing the pathophysiology of BS focus
on the non-maxillofacial OS, we will base our work upon these
recent findings.

These three entities result from the disruption of
differentiation of Mesenchymal Stem Cells (MSCs) into
bone and cartilage cell lineages (168). In bone homeostasis,
MSCs differentiate into stromal cells, which will contribute to
both the hematopoietic and the skeletal niches (168, 169).
At the skeletal niche level, stromal cells will activate
transcription factors such as Runx2 to follow the osteogenic
path to become functional osteoblasts or, Sox9 to follow
the chondrogenic pathway to become cartilage cells
(168) (Figure 3).

BS results from the interaction of both OS cells (OSCs),
cancer stem cells, and their niche. OSCs are the malignant
counterpart of osteoblasts. OSCs are mesenchymal-derived cells
subjected to an initial oncogenic event altering the commitment
from a mesenchymal cell toward an osteoblast by a mutation
(e.g., p53 and Rb) and/or aberrant Hedgehog and Notch
signaling (168, 170). Within the tumor mass, cells exhibit
high heterogeneous profiling that can be partly explained
by the presence of cancer stem-like cells (CSCs), the clonal
evolution of OSCs and the high heterogeneity of the local tumor
microenvironment (168, 170). These cells are characterized by
its self-renewing property, and they are proposed as responsible
for tumor progression, resistance to chemotherapy, and initiate
metastasis (168, 171). Based on the “seed and soil’ theory of
Paget, it is now well-recognized that OS, like other cancers,
requires an adequate localmicroenvironment for its development
(168, 171). This specialized microenvironment provides all

metabolites and regulates the self-renewal process of CSCs
(171). Interactions between OSCs, CSCs, and its niche may
determine OS progression or dormancy and, potential drug
resistance (171, 172).

Cellular and the Molecular Immune Basis
of Bone Sarcomas
Some clinical studies correlate survival rates of OS
patients with both immune markers and the immune cell
(lymphocyte/macrophage) ratio (173, 174). However, the
role of the immune system in OS development remains still
misunderstood. The relationship among OS niche and immune
response may be explained by the fact that OSCs (and also, bone
cells) are surrounded by bone marrow cells occupying the same
bone marrow space. Within this space, hematopoietic precursors
give rise to the immune cell population, lymphoid, myeloid
cells, and mast cells. These cells will regulate both innate and
acquired immune responses (173). Consistently; an immune
infiltrates composed by monocyte/macrophages/dendritic cells
and T-lymphocytes have been identified in OS tissues (173, 174).
Although B-lymphocyte and mast cells are less represented in
the OS tumor mass, they are far more distributed in the interface
bone-tumor. Both lymphocytes and mast cells are essential
sources of RANKL, becoming key players in the activation of
osteoclasts, and then contributing to the osteolytic feature of
OS (173, 174).

Macrophages are essential cells participating in bone
homeostasis (173, 174). Macrophages, located in the vicinity
of the tumor, are known as Tumor-Associated Macrophages
(TAMs) (168). TAMs control local immunity, angiogenesis,
and regulate tumor cell migration and invasion (168). Also,
TAMs participate in the seating of cancer cells at the metastatic
site by modeling the permissiveness of the host-tissues (168).
TAMs are composed by a large variety of subpopulations
which have been classified initially in M1 and M2 subtypes
according to their differentiation and activities. M1, the pro-
inflammatory macrophage subset, are classified as anti-tumor
cells and associated with excellent survival rates, and M2, the
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FIGURE 4 | Immune response and bone crosstalk during temporomandibular joint osteoarthritis. The sustained functional overload that exceeds the joint adaptive

capacity can induce dysfunctional remodeling. This dysfunctional remodeling is characterized by increased oxidative stress, due to hypoxia/reperfusion effect, and

higher levels of catabolic enzymes that degrade the fibrocartilage extracellular matrix and induce chondrocyte apoptosis. The molecular products derived from

cartilage breakdown (e.g., LMW-HA or PG) can trigger the immuno-inflammatory response by interacting with APCs and finally resulting in the activation of Th17

lymphocytes and the RANK/RANKL/OPG axis, leading to subchondral bone resorption. The normal joint load of the TMJ, such as static loading during swallowing or

teeth clenching, induces an adaptive functional remodeling of joint tissues and promotes fibrocartilage healing. HYAL, hyaluronidase; LMW-HA, low molecular weight

hyaluronan; NOS, nitric oxide; OPG, osteoprotegerin; ROS, reactive oxygen species; sRANKL; soluble receptor activator of nuclear factor-kappa B ligand; APCs,

Antigen presenting cells.

anti-inflammatory macrophage subset, as pro-tumor regulators
(168, 173, 174). Thus, in OS patients, a TAM-M1 predominant
ratio over TAM-M2 was associated with better survival rates
and the opposite, with poor prognosis (168, 173, 174). These
associations may be explained by an immunosuppressive effect
on intra-tumor T-lymphocytes, and pro-angiogenic effect
exerted by TAM-M2 observed both preclinical models of OS and
metastatic patients (168, 173, 174).

T-infiltrating Lymphocytes (TILs) are the second more
prevalent infiltrated cell type in OS tissues and OS metastasis
(174). Studies showed that selected subpopulations of T-cells
(CD8+/FOXP3+) exhibit high reactivity again tumor cells
compared with non-infiltrating lymphocytes (175). Thus, OS
patients with elevated CD8+/FOXP3+ -ratio had better survival
rates confirming the immunosuppressive role of TIL in OS
pathogenesis (175, 176). TILs have higher cytotoxic properties
again OS cells compared with circulating T-cells; however, OSCs
secrete immunosuppressive molecules preventing the activation
of TILs on the tumor site (175).

Beside immune cells, Mesenchymal Stem Cells (MSCs)
have been reported as an essential regulator of OS behavior
(177). Indeed, both bone and the bone marrow niche are
rich in MSCs that are closely located to OS cells (178).
Several studies demonstrated that MSCs establish active crosstalk
with OSCs controlling OS progression and/metastasis (178).
MSCs and early developed pre-osteoblasts communicate with
OSCs by secreted vesicles containing mRNA, proteins, and
miRNA modulating OSCs proliferation and stemness (e.g.,
ability to form sarcospheres, expression of stem-associated
genes) (179). Reciprocally, OSCs are able to educate MSCs
by tumor-secreted extracellular vesicles turning MSCs into
OS extracellular vesicle-educated MSCs. These cells promote

tumor progression and/or metastasis via secretion of IL-
6, TGF-β and IFN-γ and by inhibiting T, B and NK cell
proliferation (173, 174).

Impact of Osteoimmunology in
Bone Sarcomas
Bone remodeling is controlled by osteoblasts and osteoclasts,
which are responsible for bone formation and resorption,
respectively. Bone remodeling is regulated by the
RANKL/RANK/OPG triad (180). RANKL expressed as a
membranous or secreted form by stromal and osteoblastic cells
which binds to RANK, a transmembranous receptor expressed
by pre-osteoclast. Their interaction leads to the activation of pro-
osteoclastic genes (e.g., NFATc1, cathepsin K, TRAP), osteoclast
differentiation (osteoclastogenesis) and then, bone resorption
(180, 181). OPG is secreted by stromal and osteoblastic cells
acting as a soluble decoy receptor for RANKL, leading to the
inhibition of osteoclastogenesis and bone loss (180, 181).

In the OS context, the fact that RANK usually is not expressed
by osteoblastic cells and the recognition of RANK+ OSCs have
been long debated. However, human data andmost of established
OSC lines confirm the expression of RANK by OSC, proposing
the interaction of RANK with its ligand (RANKL) as a critical
contributor in OS pathogenesis (181). In this line, a preclinical
genetic model of aggressive OS in a RANKL invalidated mice
showed the complete blocking of OS development, confirming
the critical role of RANK/RANKL signaling into OS progression
(182). Moreover, human data analyzing OS tissues from patients
with or without metastatic status showed that RANK is expressed
in both groups, meaning that RANK expression is not related
with the metastatic status, becoming a potential predisposing
factor. However, the overexpression of RANKL and the lower
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OPG/RANK ratio in tumors from metastatic patients lead to
hypothesize that the RANKL available in the OS niche is a
significant driver to tumor progression and metastasis in OS
patients (181). Taken these findings together, strongly support
the use of RANKL blockers as a therapeutic approach for OS
progression to a metastatic status (181).

On the other hand, the RANKL/RANK/OPG triad has been
associated with the pathogenesis of OS by regulating both the
osteoclastic activity and, immunoregulatory effects (180, 181).
However, the real contribution of osteoclasts to the pathogenesis
of OS remains still controversial. Some authors propose that
the RANKL-activated osteoclasts might exert a pro-tumoral
function in the early stage and on the contrary, a pro-bone
remodeling/anti-tumoral effect in the later stage of OS (180,
181). Moreover, osteoclasts may modulate immune response
promoting an immunogenic CD4+ T cell response upon
inflammation. Taken together, osteoclasts can be considered as
essential regulators of OS growth and progression through either
their resorptive or their immune functions (180, 181).

Bone Sarcomas and Immune-Based
Therapeutic Approaches
In contrast to CS for which the conventional therapy is based
on surgery with adequate margins, current treatments of ES
and OS associate chemotherapy and surgery. Chemotherapy
lines combined a minimum of three cytotoxic agents among
doxorubicin, cisplatin, methotrexate, and ifosfamide (168).
Unfortunately, most conventional therapies used results in
limited therapeutic responses, and new approaches are urgently
needed explaining the high number of clinical trials with new
drugs for rare cancers including immune modulators, check-
point inhibitors and tyrosine-kinase inhibitors (168, 174, 183,
184). Among immune regulators, an activator of macrophages
such as muramyl tripeptide phosphatidylethanolamine (MTPPE)
showed therapeutic efficacy in the metastatic OS. Trabectedin,
a cytotoxic agent, could be attractive to treat sarcomas thanks
its effect on macrophage differentiation toward M1 subtypes
and targeting of PD1/PDL1 may be promising therapy by
disrupting the communications between cancer cells and
immune protagonists (183, 184). However, future therapeutic
development will require a better characterization of the critical
molecular network involved in the differentiation of BS cells and
their microenvironment that should lead to the identification of
new therapeutic targets and will allow better stratification of the
patients enrolled in clinical trials (183, 184).

OSTEOARTHRITIS OF THE
TEMPOROMANDIBULAR JOINT

Definition and Pathogenesis of the
Osteoarthritis of the
Temporomandibular Joint
Degenerative joint disease (DJD) is characterized by the
progressive breakdown of articular cartilage, variable degrees
of synovial inflammation, and pathological remodeling of
subchondral bone (185, 186). Osteoarthritis (OA) is considered

the most common form of DJD, affecting approximately 15% of
the world population, and a leading cause of pain and disability
(187, 188). Although, it mainly affects load-bearing synovial
joints, such as the knee, hip, spine, and finger, other joints such
as the shoulder or temporomandibular joint (TMJ) could also
be affected (189). The TMJ is an exceptional synovial joint that
connects the jawbone to the skull and, compared to the knee
joint, it is exposed only to limited load-bearing forces (189).
It has different morphological, functional, biomechanical, and
biological features in comparison to other synovial joints (190).
In the knee joint, hyaline cartilage covers articular surfaces, while
in the TMJ, the articular lining is covered by fibrocartilage, which
is surrounded by an angiogenic microenvironment and is softer
than hyaline cartilage (186, 191). Thus, TMJ osteoarthritis (TMJ-
OA) should not be considered as a common joint disease, but
rather a unique one.

Although different factors such as systemic illnesses,
developmental abnormalities, disc displacement, micro-trauma,
and parafunction have been associated with the etiology of
TMJ-OA, functional overload has been described as its main
etiologic factor (28, 189, 192, 193). Articular remodeling
is an essential biological process that responds to normal
functional loading and ensures the joint’s homeostasis (189).
However, excessive or unbalanced mechanical loading in the
TMJ can induce dysfunctional articular remodeling, leading to
degenerative changes (189). Two kinds of mechanical loading
occur in the TMJ: Static loading, which occurs during teeth
clenching, jaw bracing, and swallowing; and dynamic loading,
which occurs during tooth grinding, jaw thrusting, talking, and
chewing (194). For instance, the static loading applied during
forced mouth opening for 1 day increases the expression of
Dickkopf factor-3 (Dkkf-3), an antagonistic non-canonical
member of the Wnt family, in the cartilage surface and induces
the synthesis of type II and type X collagen in the inner
fibrocartilage layers; thus, promoting anabolic effects over
the mineralized and unmineralized condylar cartilage (195).
Nevertheless, when the same force was applied for 1 week,
catabolic effects and several degenerative lesions were observed
in the TMJs (196, 197).

Similarly, in vitro experiments demonstrated that the effects
of loading forces are time-dependent. After 24 h of dynamic
compressive loading over condylar chondrocytes, the expression
levels of aggrecan, type I and type II collagen increased, possibly
as an adaptation attempt; though, after 48 h these expression
levels decreased significantly, showing a catabolic effect of
prolonged loading (198). Furthermore, compressive forces also
promote osteoclastogenesis through the increased expression of
RANKL in synovial cells (199). In brief, light forces induced
with a mouth opening protocol demonstrated an anabolic effect
over TMJ, while massive forces induced a catabolic effect over
joint tissues (200). Dynamic overloading forces in a TMJ-OA
mice model disrupted the metabolism of hyaluronan (HA), one
of the central extracellular matrix (ECM) glycosaminoglycans
(GAGs) of the TMJ fibrocartilage (200). In this study, the
sustained loading forces significantly decreased the expression
levels of hyaluronan synthase (HAS) 2 and 3 and increased the
expression levels of hyaluronidase (HYAL) 2 and KIAA1199,
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an HA binding protein that facilitates the degradation of HA
in articular cartilage (200). Interestingly, low-molecular-weight
fragments of HA (LMW-HA) can act as a damage-associated
molecular pattern (DAMPs), activating antigen presenting cells
and initiating the immuno-inflammatory response (201, 202).

Cellular and the Molecular Immune Basis
of the Osteoarthritis of the
Temporomandibular Joint
Many contributing factors have been described in the progression
of bone changes during TMJ-OA, including genetic factors,
female hormones, catabolic enzymes, and inflammatory
mediators (203). Although inflammation has considerable
importance in the progression of TMJ-OA, it is classified
as a “low-inflammatory arthritic condition” as opposed to
rheumatoid arthritis (RA), which is considered as a “high-
inflammatory condition” (204). Recent studies suggest that
OA is an inflammatory disease, at least in certain patients, and
that synovial inflammation is accompanied by immune cells
infiltration, similarly to RA (205–207). Of these immune cells,
macrophages and T lymphocytes are the most abundant cell
types that infiltrate the synovia during TMJ-OA, representing
approximately 65% and 22% of the total immune cells,
respectively (208). Furthermore, several inflammatory cytokines
and mediators are increased in the synovial fluid of TMJ-OA
affected patients, such as IL-1β, IL-6, IL-17, IFN-γ, TNF-α,
prostaglandin E2 (PGE2), and chemerin, suggesting a role of
the immuno-inflammatory response during the pathogenesis of
the TMJ-OA (209–213). In addition to metabolic or mechanical
factors, chronic inflammation induces early damage of the
cartilage and consequently initiates biomechanical changes in
hard and soft tissues of the joint (214). Thus, the low-grade
inflammation present in OA is a result of the interactions
between the immune response and local factors, such as tissue
breakdown and metabolic dysfunction (215).

The inflammatory response to trauma, hypoxia-reperfusion
injury, or chemical-provoked wound typically occurs in the
absence of microorganisms; therefore, it has been called “sterile
inflammation” (216). The first step of sterile inflammation
requires the presence of endogenous molecules released during
tissue or cellular injury, which can act as DAMPs able to
trigger the immuno-inflammatory response (216). DAMPs can
be molecules derived from necrotic cell death, such as high-
mobility group box 1 (HMGB1), heat shock proteins (HSPs), or
purine-derivedmetabolites (e.g., ATP); or fragments ofmolecules
derived from the breakdown of the ECM, such as fragments of
heparan sulfate, byglican, or HA (e.g., LMW-HA) (215). At initial
stages of TMJ-OA, increased local oxidative stress induces the
fragmentation of HA in the synovial fluid and fibrocartilage (217–
219). The oxidative stress could increase due to direct mechanical
trauma, by homolytic fission, or due to hypoxia-reperfusion, and
the following non-enzymatic release of reactive oxygen species
(ROS) (217, 218). The molecular weight of HA decreases and
LMW-HA accumulates within the joint milieu as the disease
progresses leading to an increase of joint friction due to the
reduction of the chondroprotective and boundary lubrication

originally provided by HA (219, 220). Furthermore, LMW-HA
can trigger the immune response by interacting with the toll-
like receptor (TLR)-2 or TLR-4 expressed in antigen presenting
cells (221). TLR activation during OA has been associated
with the development of synovitis, cartilage degeneration, and
disease susceptibility (222). Using an animal model of TMJ-
OA, Kong et al. demonstrated that synovial inflammation
changes are related to increased TLR-4 activation and enhanced
IL-1β production (223). This synovial inflammatory reaction
characterized by the increased levels of IL-1β induced by TLR-
4 stimulation depends on the phosphorylation of p38 during
the mitogen-activated protein kinase (MAPK) signaling cascade
and culminates in the activation of nuclear factor-κB (NF-κB)
or nuclear transcription factor activation protein-1 (AP-1) (224).
Synovitis is frequently observed during the progression of TMJ-
OA (225, 226). The lining layer of synovium is mainly composed
of fibroblast-like cells and macrophage-like cells (227). These
resident cells play a vital role in the immuno-inflammatory
response and bone metabolism during OA by producing several
inflammatory mediators that enhance the breakdown of joint
tissues (228, 229). Synovial fibroblasts (SF) have the ability to
transduce IL-17 signals by expressing different variants of the IL-
17 receptor (IL-17R) (227). In response to IL-17A, SFs of the TMJ
up-regulate the expression levels of the chemokines CXCL1, IL-
8, and CCL20, a specific chemoattractant of Th17 lymphocytes
(227). IL-17A also induces increased production of IL-6 by SFs
of the TMJ (227), and IL-6 favors the Th17 cell differentiation
and promotes osteoclastogenesis and bone resorption (230, 231).
Thus, the increased levels of Th17-related chemokines and
cytokines produced by SFs of the TMJ stimulated by IL-17A
could be related to bone loss and OA progression (227).

In other synovial joints, RANKL is highly expressed on
SFs (232), while in TMJ synovium, RANKL is detected in the
cytoplasm of synovial lining cells, endothelial cells, and SFs (233).
A recent study using Tnfsf11flox/1 Lck-Cre mice, which lack
RANKL expression in T lymphocytes, demonstrated that the
absence of RANKL-producing T cells does not protect against
osteoclastogenesis and bone resorption (234). On the other hand,
the deletion of RANKL on SFs using Tnfsf11flox/1 Col6a1-
Cre mice was protective against osteoclastogenesis and bone
loss, thus demonstrating that SFs are the primary RANKL-
expressing cells, and responsible for the osteoclast formation and
bone resorption during joint inflammation (234). Interestingly,
TMJ chondrocytes affected by chondral degradation, may also
promote osteoclastogenesis by increasing the RANKL:OPG ratio,
ultimately resulting in a subchondral bone loss (235).

LMW-HA is a potent activator of APCs, in particular,
dendritic cells (DCs), through the interaction with the complex
TLR-4/Cluster of differentiation (CD)44/Myeloid differentiation
protein (MD)-2 (236, 237). LMW-HA induces an immuno-
phenotypic maturation of DCs through the up-regulation
of CD44, CD83, CD80/86, intercellular adhesion molecule-1
(ICAM-1), and the major histocompatibility complex (MHC) II
(238). Furthermore, DCs exposed to LMW-HA increase their
capacity to stimulate alloreactive T lymphocytes to secrete IL-
12, IL-1β, and TNF-α (238). Apart from that, LMW-HA could
act as a co-stimulatory molecule during antigen presentation by
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interacting with CD44 and could also promote the activation
and polarization of T lymphocytes (239). The stimulatory effects
of LMW-HA over DCs are mediated by the TLR-4 complex
signaling pathway, including the phosphorylation of p38 and
p42/p44 MAPK and the consequent nuclear translocation of NF-
κB (237). LMW-HA also increases the migratory capacity of DCs
and stimulates its trafficking toward the draining lymph nodes
(240). Moreover, LMW-HA can induce the polarization of DCs
to conventional type 1 (cDC1) and type 2 (cDC2) subsets, by
increasing the expression levels of their specific transcription
factors interferon regulatory factor 4 (IRF4), neurogenic locus
notch homolog protein 2 (NOTCH2), and basic leucine zipper
ATF-like transcription factor 3 (BATF3) (241). Thus, cDC1
produces TNF-α and cDC2 produces IL-6 and IL-23, inducing
the selective differentiation and activation of Th1 and Th17
lymphocytes (242, 243).

Peripheral Th lymphocytes are involved in the pathogenesis
of OA (244). T lymphocytes from OA patients can recognize
peptides presented by APCs such as the amino acid regions 16–
39 and 263–282 located in the G1 domain of human cartilage
proteoglycan aggrecan (PG) (245). The recognition of these PG
epitopes enhances the proliferation of OA-derived T lymphocytes
and increases the production of cytokines, IL-1β, IL-6, IFN-
γ, and TNF-α, and CC-chemokines, CCL-2, and CCL-3 (245).
Increased expression of the Th1/Th17/Th22 cytokines IL-1β, IL-
17, and IL-22, chemokines CCL5, and CCL20, and chemokines
receptors CCR5 and CCR7 have been detected in synovial cells
of TMJ-OA affected patients (212, 246). Further, the increased
levels of IL-1β, IL-17, and IL-22 significantly correlate with the
enhanced RANKL expression and immunological signs of bone
degeneration (246). Moreover, the synovial fluid obtained from
TMJ-OA affected patients induces significantly more osteoclast
maturation and activity in comparison to synovial fluid obtained
from controls (246).

Although both Th1 and Th17 cells are involved in the
etiology of OA, it has been reported that the IL-23/IL-17
axis is more critical than the IL-12/IFN-γ axis in the onset
of the disease (247–249). Analyses of blood samples obtained
from OA affected patients, and healthy donors showed a
significantly higher percentage of activated CD4+ T cells
and Th17 lymphocytes in the OA group, while there were
no differences between the percentages of Th1 and Th2
lymphocytes among the studied groups (250). Further, increased
numbers of Th17 cells have also been detected in the OA
synovial membrane (251). An osteoarthritic joint milieu with
low levels of TGF-β but high levels of IL-12 induces the
plasticity of Th17 lymphocytes to an intermediate phenotype
between Th1 and Th17 lymphocytes known as Th17/1 cells.
These cells are characterized by an increased expression of
the transcription factors retinoic acid-related orphan receptor
C2 (RORC2), and T-box expressed in T cells (T-bet) and
production of the cytokines IFN-γ and IL-17 (252). Indeed, in
OA patients, both peripheral blood and synovial fluid frequencies
of Th17/1 cells are significantly increased in comparison to
healthy subjects or even rheumatoid arthritis patients (253).
Additionally, the enrichment of Th17/1 cells in OA patients
is higher in synovial fluid than serum (253). These findings

suggest that Th17/1 cells could be a Th subset with a particular
role during OA and; thus, need to be further evaluated
in TMJ-OA.

Higher expression levels of IL-17 have been reported in
either synovial membranes or synovial fluid of TMJ-OA affected
patients (212, 246, 254, 255). IL-6, a key cytokine involved in
Th17 polarization, is also increased in the TMJ-OA affected
patients (256). In vitro experiments have demonstrated that
IL-17A promotes synovial hyperplasia, synoviocyte invasion,
cartilage breakdown, and angiogenesis (257–260). Using SFs
isolated from patients with TMJ disorders, Hattori et al.
determined that IL-17A upregulates the expression of IL-6,
CXCL1, IL-8, and CCL20, in a dose- and time-dependent
manner, promoting T lymphocyte chemoattraction toward the
TMJ synovial tissues (227). However, the central role of the Th17
lymphocytes during the pathogenesis of the joint disorders is
related to its RANKL-producing osteoclastogenic function (261).

Impact of Osteoimmunology in the
Osteoarthritis of the
Temporomandibular Joint
Different types of cells orchestrate the physiological remodeling
process within the TMJ bone microenvironment. As mentioned
before, osteoclasts and osteoblasts are the primary effector cells
involved in the bone resorption and formation, respectively, in
the articular subchondral bone. In this molecular-and-cellular-
regulated process, however, the contribution of other cell types,
such as osteocytes, has been considered. Osteocytes are a group
of cells which differentiate from osteoblasts, that during the
formation of mineralized tissues are left embedded within the
bone matrix, and further contribute to the regulation of bone
metabolism (262). Even though, under physiological conditions,
osteoblasts are considered as the primary source of RANKL
for the RANKL-induced osteoclastogenesis and consequent
osteoclast-mediated subchondral bone remodeling; osteocyte-
specific RANKL-deficient mice (Tnfsf11flox/1 Dmp1-Cre or
Tnfsf11flox/flox Sost-Cre mice) present a similar osteopetrotic
phenotype than RANKL-null mice; thus, demonstrating the
importance of osteocytes as a primary source of RANKL (5, 263).
Moreover, by using a high-purity isolation method for osteocytes
and osteoblasts, Nakashima et al. evidenced that osteocytes have
a stronger ability to induce and support osteoclastogenesis than
osteoblasts, through higher Tnfsf11 (encoding RANKL) mRNA
expression and RANKL production (5). Apart from that, the
authors demonstrated that the absence of RANKL in T cells is
not critical for bone metabolism in physiological conditions (5).

Osteocytes also actively release RANKL in response to
mechanical stress (5). Indeed, osteocytes contact osteoclast
precursor cells and mature osteoclasts through long dendrites
that reach the bone surface, which enable direct cell-cell
interaction by membrane-expressed factors released in response
to load forces, such as RANKL (264). A mechanical stress
experiment with MLO-Y4 osteocyte-like cells revealed that
Tnfsf11 expression is remarkably induced by mechanical strength
(5). In fact, during the application of orthodontic forces for
bone remodeling-dependent tooth movement, osteocytes were
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the primary source of RANKL in response to compressive
forces, thus promoting osteoclastogenesis and bone resorption
(265). Conversely, increased loading forces during mastication
induced by a hard diet in mice showed an increase in the
osteocyte-mediated bone formation, through an increment of
the levels of insulin-like growth factor (IGF)-1 and thus,
promoting osteoblastogenesis (266). Therefore, the osteocyte
response to mechanical load could drastically differ between the
physiological context and the pathological scenario during TMJ-
OA. Indeed, osteocytes adjacent to sites of bone microdamage,
as occurs in subchondral bone during the advanced stage of
TMJ-OA, undergo apoptosis; whereas osteocytes adjacent to
this apoptotic cells upregulate the expression of osteoclastogenic
and immunogenic signaling molecules, such as ATP, membrane-
derived peptides, chemokines, vascular endothelial cell growth
factor A (VEGFA), and RANKL (262). Besides, osteocytes
exposed to extra-cellular matrix molecules derived from TMJ-
OA subchondral bone osteoblasts showed decreased levels
of maturation and increased levels of apoptosis due to a
decrease in the integrin-β1 expression, in comparison with extra-
cellular matrix molecules derived from normal subchondral bone
osteoblasts (267). This suggests that the pathological behavior
of osteocytes in response to the mechanical overload during the
progression of TMJ-OA could be due to molecular and cellular
changes occurring in the joint microenvironment.

The RANKL:OPG ratio is increased in synovial fluid
obtained from TMJ-OA patients, mainly due to the increased
levels of RANKL together with the decreased levels of OPG
detected in the joint microenvironment (212, 268). The
secretion of IL-17 by Th17 lymphocytes enhances the RANKL
production by osteoblasts, osteocytes, and SFs and activates
the production of other osteoclastogenic cytokines, such
as TNF-α, IL-1β, and IL-6 by synovial macrophages (269).
Thus, the accumulation of Th17 lymphocytes in synovial
tissues may contribute to subchondral bone resorption by
stimulating the RANKL-mediated osteoclast activity (270).
Kikuta et al. using intravital multiphoton microscopy,
have demonstrated that Th17 but not Th1 lymphocytes
preferentially adhere to mature osteoclasts and that low
levels of RANKL secreted by mature osteoclast-adhered
Th17 lymphocytes could induce the rapid conversion from
moving-non-resorptive to static-bone-resorptive osteoclast
phenotype in bone (271). Besides, using a mice model of
primary hyperparathyroidism, it was described that the
osteocyte-mediated RANKL production induced by Th17-
derived IL17A/IL17RA interaction is critical for the bone
catabolic activity, revealing another potential mechanism of
subchondral bone loss induction by Th17 cells during TMJ-OA
(74). Altogether, these studies demonstrated a pivotal role for
Th17 lymphocytes in the osteoimmunology of the TMJ-OA,
through the modulation of the osteoblast/osteocyte/osteoclast
activity (Figure 4).

Overall, the evidence presented above shows that
TMJ-OA could be considered a chronic mechanically
induced and immuno-inflammatory-mediated disease,
mainly due to the continuous production of DAMPs
during joint tissues destruction, particularly LMW-HA,

the activation of a Th17-pattern of immune response and
the consequent RANKL-mediated and osteoclast-induced
bone resorption.

Translational Applications
For the diagnosis of the TMJ-OA, four criteria are usually
used: Joint noises, chronic joint pain, joint cramping during
movements of the jaw, and degenerative bone deterioration
detected through imaging (111, 214, 272). However, these criteria
are only observable when the disease has been established,
and tissue damage has occurred; so these gold-standard criteria
do not allow early symptoms detection to prevent or stop
the progression of TMJ-OA. In addition, when the diagnosis
has been made, the analysis of treatment success is based on
exactly the same criteria and, in older adults, these criteria are
unreliable, due to the subjective component of clinical symptoms
and the involuntary movements that many individuals present,
which diminish the sharpness of the images and in some cases
making their contribution, as a complement to the diagnosis,
uncertain (273).

Several research groups have proposed to incorporate
competing molecular strategies that could allow the early
diagnosis of TMJ-OA and the evaluation of its therapeutic success
(256, 273–281). In this sense, the determination of molecular
mediators associated with the inflammatory and destructive
articular tissue processes characteristic of TMJ-OA is convenient;
however, nowadays, there are no registered initiatives focused on
the development of an alternative solution complementary to the
current standards for the diagnosis of the disease.

In this sense, the validation of a diagnostic strategy based
on the identification of a panel of detectable biomarkers in the
synovial fluid of the TMJ and complementary to the traditional
clinical-imaging methods of diagnosis of TMJ-OA is feasible.
An ideal diagnostic panel should incorporate osteoimmunology
markers. In this way, the identification of molecular mediators
associated with the differentiation and activity of osteoblasts,
osteoclasts and/or osteocytes, as well as cytokines (IL-1β, IL-6,
IL-17, IL-12, and TNF-α), MMPs (MMP-8 and MMP-9), and
RANKL, could be proposed as potentially sensitive and specific
biomarkers to detect early degenerative changes in the TMJ.

CONCLUSIONS

The understanding of the immune-mediated bone destruction
during periodontal diseases, periapical infections, maxillary
bone-sarcomas, and temporomandibular joint osteoarthritis
require a detailed analysis of a wide array of pathways. While
each disease in the oral and maxillofacial milieu has a distinct
etiological basis, recent work has demonstrated that several
mechanistic aspects could share common cellular and molecular
processes that are unique to the oral and maxillofacial structures.
In this work, we have reviewed the cutting-edge literature in
an attempt to identify the most current knowledge in the oral
osteoimmunology to provide new therapeutic approaches in
otherwise difficult to treat bone lesions. The characterization
of the different molecules involved in immune-mediated tissue
destruction has been identified to provide biomarkers that would
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be useful to comprehend the link between bone-destructive oral
diseases, such as periodontal disease and apical periodontitis,
with systemic diseases. Collectively, the work represents a
unique attempt to tackle common pathways of osteoimmunology
and osteoinflammation of the oral cavity, which presents a
highly unique environment colonized by the highest number of
bacterial species in the mammalian body and regulated by highly
functional biomechanical forces created by occlusion. Thus,
successful prevention and treatment of oral diseases require
recognition of this complexity to design specialized therapeutic
approaches and maintain the treatment outcomes.
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Chronic implant-related bone infections are a major problem in orthopedic and

trauma-related surgery with severe consequences for the affected patients. As antibiotic

resistance increases in general and because most antibiotics have poor effectiveness

against biofilm-embedded bacteria in particular, there is a need for alternative and

innovative treatment approaches. Recently, the immune system has moved into focus as

the key player in infection defense and bone homeostasis, and the targeted modulation

of the host response is becoming an emerging field of interest. The aim of this review

was to summarize the current knowledge of impaired endogenous defense mechanisms

that are unable to prevent chronicity of bone infections associated with a prosthetic or

osteosynthetic device. The presence of foreign material adversely affects the immune

system by generating a local immune-compromised environment where spontaneous

clearance of planktonic bacteria does not take place. Furthermore, the surface structure

of the implant facilitates the transition of bacteria from the planktonic to the biofilm

stage. Biofilm formation on the implant surface is closely linked to the development of a

chronic infection, and a misled adaption of the immune system makes it impossible to

effectively eliminate biofilm infections. The interaction between the immune system and

bone cells, especially osteoclasts, is extensively studied in the field of osteoimmunology

and this crosstalk further aggravates the course of bone infection by shifting bone

homeostasis in favor of bone resorption. T cells play a major role in various chronic

diseases and in this review a special focus was therefore set on what is known about an

ineffective T cell response. Myeloid-derived suppressor cells (MDSCs), anti-inflammatory

macrophages, regulatory T cells (Tregs) as well as osteoclasts all suppress immune

defense mechanisms and negatively regulate T cell-mediated immunity. Thus, these

cells are considered to be potential targets for immune therapy. The success of immune

checkpoint inhibition in cancer treatment encourages the transfer of such immunological

approaches into treatment strategies of other chronic diseases. Here, we discuss

whether immune modulation can be a therapeutic tool for the treatment of chronic

implant-related bone infections.

Keywords: chronic implant-related bone infection, osteomyelitis, bacterial infection, biofilm, immune modulation,

MDSCs, T cells, immune checkpoint molecules
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INTRODUCTION

Primary hip and knee arthroplasties belong to the most
successful surgeries of this century (>1,000,000/year in the U.S.)
and the numbers of surgeries are rising due to demographical
changes (1). Concomitantly, the number of revision surgeries and
associated complications is increasing. Prosthetic joint infections
(PJIs) are one of the most feared complications that often result
in revision of the artificial joint with serious consequences for
the patients and high costs for the respective health systems
(1, 2). For primary arthroplasty the incidence of infection ranges
between 1 and 2% depending on the register (1, 3). A current
study states the risk of re-infection after PJI-induced revision
surgery at around 8% for hips (4) and knees (5), but also
much higher values (up to 57.1%) are published (6, 7). In
trauma-related bone reconstructions (2,000,000/year in the U.S.),
fracture-related infections (FRIs) associated with osteosynthetic
stabilization are a major problem as the surgery field is often
contaminated due to bacterial access through open wounds and
broken bone that penetrates the skin (open fractures). This
leads to an infection risk ranging from 10% (8, 9) to 50%
depending on the fracture type (10). Thus, chronic implant-
related bone infections are a serious burden in current and future
health care.

Homeostasis of Bone
Bone is a dynamic organ undergoing constant remodeling
in order to maintain homeostasis of bone formation and
degradation, and to preserve bone mass. Bone remodeling is
organized by the interplay between bone forming osteoblasts
(OBs) and bone resorbing osteoclasts (OCs). OBs differentiate
from mesenchymal stromal cells (MSCs) that reside within
the bone marrow, whereas OCs develop from myeloid
precursor cells. Osteoclastogenesis is regulated through
the osteoprotegerin (OPG)/receptor activator of NF-κB
(RANK)/RANK-Ligand (RANKL) pathway. OPG serves
as a negative regulator of osteoclastogenesis that inhibits
the RANK—RANKL interaction via binding of RANKL
[reviewed in (11, 12)]. Bone homeostasis depends on the
local cytokine milieu. While inflammation is necessary to
induce physiological bone healing (13), it can lead to increased
bone resorption under pathological situations such as bone
infections (14).

Definition of Bone Infections
Osteomyelitis is an infection of the bone that is characterized
by an inflammatory reaction and destruction of bone due
to bacterial colonization of the bone itself, the bone marrow
and the surrounding tissue. Osteomyelitis can occur by local
spread of bacteria from an adjacent, contaminating source
caused by trauma or bone surgery; or secondary to a vascular
undersupply as it is mostly the case in diabetic foot ulcers.
Hematogenous osteomyelitis is caused by bacteria, which come
from a source of infection localized somewhere else in the
body (e.g., a dental infection) and enter the bone via the blood
stream (15, 16). PJIs caused by hematogenous seeding of the
prosthesis often appear a long time after bone surgery (late bone

infection: >2 years after surgery), whereas contamination during
implantation of the medical device or during hospitalization
before the wound has closed usually leads to early (<3
months after surgery) or delayed post-operative infections (3
months−2 years after surgery) (2). Zimmerli and Sendi further
suggest a clinically more relevant classification that is used as
a guide for surgical management. Here, PJIs are defined as
early post-operative when symptoms occur within 1 month
and are called chronic when diagnosed later than 1 month
after surgery. Hematogenous PJIs are classified as acute when
symptoms occur <3 weeks after a former uneventful post-
operative period and chronic when symptoms persist for over
3 weeks (17). The predominantly isolated bacteria are part of
the physiological skin microflora, such as Staphylococcus aureus
(S. aureus), coagulase-negative staphylococci and enterococci
(1, 18). Early and acute symptoms of infection, such as pain,
warming and swelling of the site of infection and fever, are
mostly associated with highly virulent bacteria like S. aureus;
whereas less virulent bacteria, such as Staphylococcus epidermidis
(S. epidermidis), cause more subtle symptoms typical for a low-
grade inflammation that often are not diagnosed before infection
chronicity (2). FRIs are mostly caused by inoculation of bacteria
through an open wound/penetrated skin or through the surgical
access needed for osteosynthetic bone reconstruction with S.
aureus being the primary causative agent (19). At present,
they are defined as early when occurring <2 weeks, delayed
at 3–10 weeks and late >10 weeks after implantation of the
osteosynthetic device (17, 20). However, the criteria for FRIs
that can be used as guidelines for clinical management as they
are established for PJIs are still under discussion (21). The early
and acute states of osteomyelitis are characterized by bacterial
colonization of the bone, pus formation, vascular undersupply
and a strong inflammatory immune response associated with
fever, pain and swelling (15, 16). The resulting increased levels
of pro-inflammatory cytokines, such as tumor necrosis factor
alpha (TNF-α), interleukin-1 beta (IL-1β) and IL-6, induce
tissue destruction and a shift toward osteoclastogenesis and
bone resorption (14). At this stage, a prompt and aggressive
antibiotic and surgical treatment is generally sufficient to
clear the infection. Unsuccessful treatment however results
in the manifestation of a chronic bone infection, which is
characterized by persistence of bacteria, areas of dead bone, so-
called sequestra, periosteal new bone formation, fistula and low-
grade inflammation. The recurrence of infection with fever is
a clear sign for a chronic progression of the disease (15, 16)
and depends on different bacteria reservoirs. S. aureus is known
to survive intracellularly within non-professional phagocytes
such as osteoblasts (22), an immune evasion mechanism still
controversially discussed for S. epidermidis (23–25). A current
study showed that S. aureus colonizes the canaliculi and
osteocyte lacunae of living cortical bone (26). Furthermore, many
bacteria are able to form sessile communities; referred to as
biofilms, which preferentially colonize dead bone and foreign
devices (17, 27). Biofilms evade bacterial clearance through the
immune system and antibiotic treatment and therefore are one
key characteristic of chronic implant-related bone infections
and a major cause for bacterial persistence (28, 29). Current
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treatment strategies aim to eradicate biofilms to reduce the risk
of re-infection.

Current Treatment Concepts
Current treatment concepts are based on the surgical removal
of the infected tissue and strict antibiotic treatment to reduce
bacterial burden as much as possible (17). Antibiotic regimens
depend on the result of susceptibility testing of isolated cultures
and should be administered for a total duration of 6–12
weeks. In the case of Staphylococcus subspecies, treatment
guidelines recommend the use of rifampin, which is effective
against biofilm-embedded bacteria, in combination with an
intravenously administrable antibiotic for 2 weeks followed by
an oral antibiotic therapy. For Methicillin-resistant strains, the
combination of rifampin with vancomycin is recommended
(20, 30). Surgical treatment of PJIs includes debridement
with implant retention and one- or two-stage exchanges
with placement of an antibiotic-laden spacer between the
explantation and re-implantation of the prosthesis for up to
8 weeks. The procedure applied mainly relies on the time-
point, when an implant-related bone infection is diagnosed.
In early/acute infections the biofilm is still immature and the
infection can be eradicated with retention of the implant. The
success rate of this procedure is >80% when the implant is
stable and the causative pathogen is susceptible to antibiotic
treatment. Otherwise, in the case of Methicillin-resistant S.
aureus (MRSA) or after chronic manifestation of infection
associated with mature biofilm, for example, the foreign device
has to be exchanged (30, 31). In FRIs, the decision for retention,
exchange or removal of the implant mainly depends on the
onset of infection (early-delayed-late), the type of fixation
device and fracture consolidation. Here, infection clearance
can be achieved because the foreign material can be removed
after bone bridging has occurred. Until then, the stability of
the bone fracture needs to be preserved meaning that after
extensive debridement, external fixation and bone reconstruction
may be required. Local delivery of antibiotics either by non-
resorbable bone cement or degradable bone graft materials can
be beneficial (19, 20). All of these approaches are associated with
tremendous consequences for the patients with long hospital
stays, repeated surgeries and an impairment of limb function
between explantation and re-implantation of the devices. Due
to the enhanced tolerance of biofilm-embedded bacteria against
most antibiotics and the existence of dormant cells within
biofilms, bone niches and/or host cells, treatment approaches
often do not end in complete clearance of the pathogen and
re-infection occurs frequently (32, 33). As a last consequence,
this can lead to non-healing bone defects (non-union), stiffening
of the affected joint or even amputation of the infected
limb (20, 34).

Role of the Implant and Biofilm Formation
The implant itself represents a major risk factor for the
initial development and chronic progression of osteomyelitis
and recurrence of infection. In a tissue cage model in guinea
pigs, the presence of a foreign material decreased the required
infection dose from >108 CFUs S. aureus to 102 CFUs (35).

Also in rats, infection doses as low as 102 CFUs S. aureus
were sufficient to induce implant-associated bone infections
without any further promoter such as soft tissue trauma or
bone injury (36). One reason for this increased susceptibility
is that the implant adversely affects the immune system by
activating neutrophils, phagocytic cells, and the complement
system. This results in an inflammatory and cytotoxic local
environment that causes cell death and tissue damage (37). In
this immune-compromised environment, successful clearance
of bacteria by the host defense does not take place. Bacteria
additionally profit from the foreign material as their surface
structures serve as an attractive source for bacterial attachment
that facilitate the transition from the planktonic to the
biofilm stage (38). The concept of “race to the surface”
describes the balance between tissue integration and bacterial
colonization of an implant. The success of its implantation
depends on the immediate interaction with host cells and the
integration within the respective tissue (osseointegration in case
of orthopedic devices), which prevents bacterial adhesion and
biofilm formation. If bacterial colonization occurs first, tissue
integration is impaired and bacteria can persist by forming
biofilms (39, 40).

In the presence of a medical device, biofilm formation starts
with the adhesion of planktonic bacteria to the implant surface,
a process mediated by hydrophobic, electrostatic and van der
Waals interactions that allows unspecific attachment (Figure 1).
Directly after insertion into the body, the implant is coated with
serum and tissue proteins. This allows specific attachment
of bacteria by bacterial adhesion molecules (microbial
surface components recognizing adhesive matrix molecules,
MSCRAMMs) that bind to host proteins such as collagen and
fibronectin (41). After the initial colonization, bacteria begin to
produce a biofilm consisting of exopolysaccharides, proteins,
lipids and nucleic acids that form a protective, slimy layer around
them (extracellular polymeric substance, EPS). This effectively
shields the included bacteria from immune cells and antibiotics
(28, 38). Polysaccharide intercellular adhesin (PIA), for example,
is a glycosaminoglycan of the EPS that mediates cell-cell
adhesion and aggregation of bacteria in staphylococci biofilms
(42). Immature biofilms are found in early post-operative
and acute hematogenous infections (30). Biofilm maturation
is characterized by biofilm growth, bacterial multiplication
and production of additional virulence factors (28). Mature
biofilms have a high bacterial density and are a constant source
of bacterial spreading (43). They are associated with chronic
infections (30). Biofilm formation and maturation, production
of virulence factors and release of bacteria by mature biofilm are
mediated by quorum sensing (QS) signaling systems (28, 44, 45).
QS allows cell-to-cell communication between bacteria due
to the release of small molecules called “autoinducers”. By
this, bacteria are able to determine their population density
and react on environmental changes in a population-wide
manner (46, 47). Within the hostile environment of mature
biofilms, bacteria differentiate into a non-growing phenotype
called “persister cells”. This dormant cell population is highly
tolerant to antibiotics and contributes to the chronicity and
the risk of re-infection of implants (41, 48). Another bacteria
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FIGURE 1 | Biofilm formation and window of opportunity for an effective clearance of bacteria. Implant-related bone infections are defined as early and chronic

post-operative or acute and chronic hematogenous depending on the time interval between implantation of the medical device and onset of symptoms. Early and

acute infections are associated with immature biofilms, whereas mature biofilms play a role in chronic situations. Biofilm formation starts when planktonic bacteria

adhere to the implant surface. Attached bacteria then accumulate and start to produce biofilm. During biofilm maturation bacteria strongly multiply, build up further

biofilm, and release virulence factors. Mature biofilm shows a high bacterial density with low division rate and decreased metabolic activity (persister cells). Release of

planktonic bacteria by biofilm disassembly can lead to recurrence of infection. All these steps are mediated by an intercellular signaling system referred to as quorum

sensing (QS). There is only a small window of opportunity for immune cells and antibiotic treatment to successfully clear bacteria and prevent biofilm formation and

infection persistence. Biofilm maturation however is characterized by increasing tolerance against immune cells and antibiotics and leads to chronicity of infection.

EPS, extracellular polymeric substance; QS, quorum sensing.

phenotype associated with recurrent bone infections are small
colony variants (SCVs). SCVs are a metabolically inactive and
slow-growing form of bacteria that forms due to defects in
electron transport and thymidine biosynthesis (49). Mainly,
SCVs are related to intracellular persistence of bacteria as they
survive within host cells, but their contribution to biofilm
formation and antibiotic tolerance is also discussed (50, 51). In
addition to its function as a physical barrier and environment
for SCV and persister cell formation, it is hypothesized that
biofilm and embedded bacteria affect the local immunological
environment in favor of decreased bacterial killing and enhanced
persistence (37, 52, 53). The interaction between the foreign
device, bacteria and biofilm dampens the host immune response
and is one major reason for the ineffective elimination and
chronicity of implant-related bone infections (37). Thus, the
investigation of endogenous defense mechanisms has moved
into focus and the possibility to modulate a misdirected
host immune response might provide an attractive target for
innovative therapeutic strategies against chronic implant-related
bone infections.

The aim of this review is 2-fold: First to summarize
the immune response against implant-related bone infections
highlighting the transition from acute to chronic infection
defined by the presence of biofilm. Secondly, to examine
immune modulatory interventions that have been applied
for the treatment of other chronic diseases and discuss

their feasibility and application for treating chronic implant-
related osteomyelitis.

IMMUNE RESPONSE AGAINST CHRONIC
IMPLANT-RELATED BONE INFECTIONS

In the presence of planktonic bacteria, polymorphonuclear
neutrophils (PMNs) and macrophages (Mφs) infiltrate the site
of infection. Here, they are activated via binding of pathogen-
associated molecular patterns (PAMPs) to the respective pattern
recognition receptors (PRRs) such as toll-like receptors (TLRs),
which results in the activation of transcription factors such as
the nuclear factor “kappa-light-chain-enhancer” of activated B-
cells (NF-κB) [reviewed in (54, 55)]. As a consequence, the
cells generate an inflammatory environment by secretion of
pro-inflammatory cytokines and contribute to bacterial killing
by release of antimicrobial peptides, generation of reactive
oxygen (ROS) and nitrogen species (NOS) and phagocytosis.
Furthermore, PMNs form extracellular fibril matrices consisting
of granule proteins and DNA that helps to trap bacteria
for further degradation (neutrophil extracellular traps, NETs)
[reviewed in (52)]. Thus, in the absence of foreign materials,
the innate immune system is usually able to control infection at
the planktonic stage leading to bacterial clearance and effective
prevention of infection progression.
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In the case of implant-related infections, the implant is
recognized as a foreign body that induces an innate immune
reaction. The release of anti-microbial peptides, ROS, NOS, and
NETs and “frustrated” phagocytosis of the non-phagocytosable
material leads to cell exhaustion, cell death, and tissue damage.
Thus, an immune compromised environment with reduced
bacterial killing is established around the implant [reviewed in
(37, 41, 56)]. Additionally, the implant creates a niche for bacteria
to evade the host defense by hiding in structural pores of the
surface that are inaccessible for the larger immune cells (41).
So, the foreign material makes clearance of planktonic bacteria
ineffective, which ultimately results in bacterial persistence and
chronicity of infection.

In a mouse model of chronic implant-associated S.
aureus osteomyelitis, it was shown that biofilm formation
on contaminated implants already started on the first day
after surgery. Between days 3 and 7, a strong proliferation of
bacteria and biofilm growth took place, and the maturation of
biofilm reached its maximum around day 14, when proliferation
declined, and bacterial dispersal became apparent. The biofilm
then stayed stable over the remaining study period for up to
56 days (57). This means that the planktonic window in which
an effective bacterial clearance could take place is rather small
and that during the course of implant-related bone infections,
the immune system is almost entirely confronted with biofilm
(Figure 1). The following findings explain at least in part the
immune privileged nature of mature biofilms (Figure 2).

The biofilm itself plays an important role in shielding the
embedded bacteria against the immune cells and protects the
bacteria from immune cell recognition. Mature biofilm consists
of a dense extracellular polymeric matrix, which is difficult
to penetrate and engulf by phagocytes (58). On the other
hand, the EPS contains PAMPs, which normally induce a
pro-inflammatory immune response through TLR signaling.
However, in the context of biofilms, exopolysaccharides such as
PIA, which represent the main matrix component, are associated
with immune evasion and protection against innate defense
mechanisms (52, 59). Extracellular DNA (eDNA) is an EPS
component that consists of eukaryotic DNA from host cells
(e.g., through NET formation by PMNs) as well as prokaryotic
DNA released by QS-controlled autolysis of bacteria. eDNA
has an important role in stabilizing the biofilm matrix and
in horizontal gene transfer (52, 60). Bacterial DNA is highly
immunogenic and can be recognized by TLR9 (61). For S. aureus
biofilms however, it was shown that biofilms evade TLR2 and
TLR9 recognition. Possible explanations are that the exposure
of PAMPs due to the biofilm-shielded bacteria is reduced,
and polysaccharides of the biofilm EPS may interfere with
TLR-ligand engagement (58, 62). In Pseudomonas aeruginosa
biofilms, eDNA seems to induce a pro-inflammatory and anti-
microbial neutrophil response, as neutrophil activity against in
vitro biofilms is reduced after DNase treatment (63). However,
eDNA also induces increased tolerance against anti-microbial
peptides (64). Besides physical and chemical protection, biofilm
formation leads to an acidic, hypoxic and nutrient-deprived
local environment, which alters immune cell metabolism and
activation (65). The release of toxins by the biofilm embedded

bacteria further impairs immune cell function and induces cell
death (66, 67).

Biofilm is not completely protected against recognition by
phagocytic cells (68). In vitro data indicate that leukocytes are
able to adhere to biofilms and penetrate them under laminar-
shear conditions. This is followed by the production of pro-
inflammatory cytokines in response to young and mature
biofilms; however, the cells were not able to phagocytose the
biofilm-embedded bacteria (69). In samples of patients with
implant-associated bone infections, Wagner et al. isolated highly
activated PMNs, which showed a reduced ability to migrate and a
high production of superoxides. The authors concluded that like
in planktonic infections, PMNs infiltrate the site of infection and
get locally activated but then are unable to effectively clear the
biofilm embedded bacteria. Instead, PMNs remain at the site of
infection where they release cytotoxic products that contribute
to host tissue destruction but do not effectively control the
infection (70, 71). Other in vitro experiments confirmed the
release of granule proteins and DNA by PMNs as a response
to biofilm exposure, but in contrast to the study of Leid et al.,
they could also observe phagocytosis of biofilm bacteria (72).
Effective phagocytosis normally depends on the opsonization of
bacteria by antibodies and complement factors (73). In contrast
to planktonic bacteria, phagocytosis of biofilm by PMNs seems to
be independent of opsonization as serum treatment of biofilms
did not enhance bacterial uptake. However, reduced deposition
of IgG and C3b on biofilm-embedded bacteria contributes to
their ineffective killing by PMNs, which may be due to other
mechanisms such as a decreased ROS production (74, 75). The
biofilm destruction by PMNs was dependent on its maturation
stage: whereas immature biofilm (day 2 and 6) was infiltrated
and cleared by PMNs at least in vitro, mature biofilm (day 15)
was shown to be more tolerant against the host immune response
(76). This can be explained by the increased biofilmmass making
it more difficult for the immune cells to penetrate and engulf
the biofilm, but also by an altered gene expression profile of the
biofilm embedded bacteria as a reaction to attacking phagocytic
cells. Up-regulation for example of the accessory gene regulator
(agr) locus, which encodes for a staphylococci QS system
that activates multiple pathogenicity factors, leads to increased
tolerance against immune cell killing and phagocytosis (77, 78).
Data from a mouse post-arthroplasty infection model revealed
that the recruitment of neutrophils to the site of infection
depends on IL-1β. Moreover, the respective knock-out mice
showed decreased numbers of neutrophils with more biofilm
formation indicating that neutrophils reduce biofilm burden at
least to some extent (62). Consistent with these findings, IL-1β
expression was decreased during biofilm infection in a mouse
catheter-biofilmmodel (58). Macrophages can either be activated
via the classical route which results in a more pro-inflammatory
subtype (M1) related to bacterial killing, or via the alternative
route which induces a more anti-inflammatory/regulatory and
pro-fibrotic subtype (M2) (79). In the mouse catheter-biofilm
model, it was shown that biofilm skews infiltrating macrophages
from the M1 toward the M2 subtype, as evidenced by a decrease
in inducible nitric oxide synthases (iNOS) and an increase
in arginase-1 (Arg-1) production. Ultimately, this induced an
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FIGURE 2 | Changing immune response during biofilm formation and chronic progression of implant-related bone infections. Planktonic infections are usually

spontaneously cleared by the innate immune system. Neutrophils and classically activated (M1) macrophages are the pre-dominant cell populations that induce a

pro-inflammatory cytokine milieu, release antimicrobial products, and phagocytose bacteria. In implant-associated infections the foreign material itself induces an

immune reaction. As a result, an immune compromised environment around the implanted device is established that is characterized by an ineffective immune

response against the non-phagocytosable material, dysfunction of immune cells and immune cell death. Bacteria take advantage of the foreign material and the

impaired immune reaction and start to colonize the implant and form a biofilm. Biofilm-embedded bacteria can adapt to the host defense mechanisms, which results

in a decreased immune recognition and enhanced bacterial survival and persistence. The unresolved inflammation is then associated with tissue damage and in the

case of bone infections with osteolysis. Additionally, biofilm formation influences the local environment and induces a hypoxic, nutrient-deprived and acidic milieu that

further impairs immune cell function. As a consequence, biofilms skew the immune system toward an anti-inflammatory response with a pre-dominantly alternative

(M2) macrophage polarization and a high number of immune suppressive MDSCs that are known to inhibit T cell immunity and to induce immune tolerance. Ultimately,

this leads to chronicity of infection. The role of T cells in the defense against chronic implant-associated infections is not fully understood and only a few studies focus

on this topic. PMNs, polymorphonuclear neutrophils; Mφ, macrophage; MDSCs, myeloid-derived suppressor cells; ROS, reactive oxygen species; NOS, nitrogen

species; NETs, neutrophil extracellular traps; IL-10, interleukin-10; Arg-1, arginase-1; TGF-β, transforming growth factor-beta.

anti-inflammatory and more pro-fibrotic response preventing
effective phagocytosis and bacterial killing (58). The deposition
of a fibrotic matrix around the biofilm associated with an
alternative macrophage response prevented immune cells from
infiltrating the site of infection, which further promoted bacterial
persistence. This biofilm-mediated immune suppression was
overcome by an early administration of classically activated
(M1) macrophages or the treatment with the C5a receptor
agonist EP67, which induces a pro-inflammatory macrophage
phenotype and indeed resulted in reduced biofilm formation
(80). The mechanistic details of how biofilms can polarize
macrophages are not completely understood, but one explanation
can be an altered immunometabolism. Planktonic bacteria pre-
dominantly induce aerobic glycolysis, which provides necessary
intermediates for anabolic processing of pro-inflammatory
effector molecules such as ROS and NO. Biofilms instead lead to
a more anti-inflammatory response, which is generally associated
with oxidative phosphorylation (OxPhos). Biofilm formation
changes the environmental conditions, which alters themetabolic
profiles of macrophages toward OxPhos and anti-inflammation
[reviewed in (65)].

Myeloid-derived suppressor cells (MDSCs) are described as a
heterogeneous cell population consisting of immaturemonocytes
(M-MDSCs) and granulocytes (G-MDSCs) initially found to
suppress T cell activation (81). Typically, these cells differentiate
into neutrophils, Mφs and dendritic cells (DCs) at the site of

inflammation, but under chronic conditions such as cancer or
chronic infections, respectively, MDSCs arrest in an immature
state and promote a negative regulation of the immune system
(82). By this, MDSCs have an important role in keeping the
balance between long-lasting inflammation and tissue damage,
but also contribute to disease chronicity. Themechanisms behind
biofilm-mediated MDSC accumulation and arrest have not been
determined yet and are important aspects of future research. The
group of Tammy Kielian found a remarkable presence of MDSCs
in a mouse orthopedic biofilm model (83) as well as in samples
from patients with prosthetic joint infections that underwent
revision surgery (84, 85). MDSC levels increased continuously
after the onset of biofilm formation and then stabilized after
chronic progression of infection (85). MDSCs are known
to inhibit the pro-inflammatory activation of macrophages.
Antibody-mediated depletion ofMDSCswithin themousemodel
therefore resulted in improved bacterial clearance (83). Enhanced
numbers of MDSCs and M2 macrophages were also found in a
rat PJI model. Additionally, in vitro experiments showed that the
biofilm was able to induce the differentiation of M-MDSCs into
anti-inflammatory M2-like macrophages (86). Using knock-out
models for IL-12 or IL-10, the group of Tammy Kielian showed
that the presence of IL-12 was required for the recruitment
of MDSCs to the site of infection (85), but that the immune
suppressive action of MDSCs was mediated by release of IL-
10, a cytokine known to shift macrophage polarization toward
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an anti-inflammatory phenotype (87). The loss of IL-12 or IL-
10 resulted in lower numbers of MDSCs, enhanced presence
of pro-inflammatory monocytes, increased bacterial clearance
and decreased biofilm burden. Adoptive transfer of wild-type
MDSCs restored MDSC influx and immune suppressive action
with aggravated disease outcome (85, 87). MDSC-derived Arg-
1 only showed a minimal effect on biofilm growth. Instead,
Arg-1 seemed to play a role in host immune cell activity
against planktonic bacteria, which again confirmed the divergent
immune responses against planktonic and biofilm infections (88).

The last step of the biofilm lifecycle is the release of bacteria
back into their planktonic stage. By this, the bacteria become re-
accessible for antibiotics and host defense mechanisms; however,
this can also be linked to the spreading of infection and sepsis
(43, 89). Furthermore, there is evidence that bacteria released
from mature biofilms induce an increased pro-inflammatory
reaction when compared to their planktonic counterparts that
further supports inflammation-associated tissue destruction and
infection relapse (90).

Role of T Cells
T cells belong to the adaptive immunity and mediate the
specific immune response. They can be divided into cluster of
differentiation (CD)4-positive helper T cells and CD8-positive
cytotoxic T cells. Cytotoxic CD8T cells directly eliminate
infected cells through the release of cytotoxic proteins. CD4
helper T cells need to get activated by professional antigen
presenting cells (APCs) in order to support a cellular and
humoral immune response. T cell activation occurs after binding
of an antigen- major histocompatibility complex (MHC)-
complex to a T cell receptor (TCR) and further requires
costimulation by binding of CD28 present on T cells to CD80/86.
Depending on the cytokine environment, CD4 helper T cells
differentiate into Th1, Th2, and Th17 subtypes as well as
regulatory T cells (Tregs) (91). The contribution of T cells
during the immune response against chronic implant-related
bone infections is not fully determined and there are some
contradictory data about the presence, effector function and
inhibition of T cells at the site of biofilm infections that will be
addressed in the following section (Tables 1A,B).

Studies using human tissue samples indicate that CD4 and
CD8T cells are present at the site of implant-related biofilm
infections (92, 93). T cells isolated from the infectious samples
showed a high proportion of CD28−/CD11b+ cells that indicates
terminally differentiated T effector cells. These cells further
produced high levels of perforin and IFN-γ typical for cytotoxic
T cells which are classically associated with virus infections
(Table 1A) (93–95). Whether this T cell response participates
in infection defense or contributes to bone destruction by
promoting osteoclastogenesis is yet unknown and has to be
addressed in future studies. Mouse models showed that chronic
implant-related bone infections can have a pronounced pro-
inflammatory Th1 and Th17 response that is unable to clear
infections at an early stage (Table 1B) (97, 99). Indeed, an early
induction of a Th2/Treg based response was able to prevent
chronicity of infection (98). Heim et al. found only low numbers
of T cells at the site of orthopedic biofilm infections in human

samples (Table 1A) (84, 85) as well as in the corresponding
mouse model (Table 1B) (83). The authors explain this with a
high presence of MDSCs in their samples (see section above)
(83) and they showed that the MDSCs, in particular G-MDSCs,
suppressed T cell proliferation throughout the course of infection
(83, 96). This fits with the finding of Kumar et al. who reported
a reduced T cell proliferation in patient samples from chronic
prosthesis infection (93). Along with inhibiting local T cell
proliferation, MDSCs were associated with decreased T cell
homing to the site of infection by down-regulated L-selectin
(CD62L) expression (100), which might additionally explain the
low numbers of T cell infiltrates. The mediators behind MDSC-
derived T cell suppression are not clear yet, but this seems
to be independent of IL-10 and IL-12 (85, 87). Besides that,
Heim et al. found that the effects of MDSC-mediated immune
suppression were more obvious on phagocytic cells (monocytes
and neutrophils) than on T cells. The absence of MDSC action in
the orthopedic biofilm mouse model led to an increased influx
of monocytes and neutrophils and restored pro-inflammatory
activity of these cells and resulted in decreased bacterial burden
(83, 85, 87). Interestingly, in the same mouse model, PMNs as
well as monocytes also exhibited suppressive activity on T cell
proliferation after biofilm had developed (96). Besides playing
a major role in innate immunity against pathogens, PMNs are
discussed to directly interact with T cells. They are assumed
to be able to activate T cells through MHC class II–mediated
antigen-presentation as well as to exert an immune suppressive
action on T cells by depletion of L-arginine via Arg-1 thereby
exhibiting a more MDSC-like phenotype (101). This indicates
that biofilm maturation potentially changes the initial pro-
inflammatory PMN function toward a more anti-inflammatory
action, which might then have an additional impact on the T cell
response during infection progression.

Brady et al. compared the immune response in subcutaneous
mouse models of acute and chronic implant-related biofilm
S. aureus infection. By analyzing cytokine and chemokine
levels of respective tissues using proteomic arrays, they
found increased cytokine levels indicating a promoted pro-
inflammatory Th1/Th17 response in their biofilm model. This
was associated with down-regulated chemokine levels and
decreased T cell homing to the site of infection, creating a
strong pro-inflammatory reaction with low T cell infiltration
(102). Interestingly, by comparing early (day 7) with late (day 21)
biofilm infection in their chronic infection model, they found a
similar cytokine response during the course of infection, which
did not show any remarkable changes, but simply decreased when
the infection become chronic. This is explained partly by the
fact that at this time most bacteria are metabolically inactive and
production of virulence factors and pro-inflammatory mediators
has declined. Further research is needed to investigate possible
additional factors that play a role in the dampened response after
biofilm formation and chronicity of infection.

The activation of naïve T cells by APCs is an essential
step of the T cell response. It is therefore conceivable
that an altered APC function can lead to an ineffective
T cell immunity against biofilms. Likely, APCs are already
impaired by the implant and contribute to the immune
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TABLE 1A | T cell response against implant-related bone infections—human studies.

Research question Approach Major findings References

Characterization of leukocyte

infiltrates and cytokine expression in

PJI samples compared to aseptic

loosening.

• Samples from endoprosthesis patients

with PJI or aseptic loosening were

analyzed for leukocyte counts and

subtypes (FACS) and cytokines

(Multiplex Assay).

➢ Higher leukocyte numbers in infected vs. aseptic

samples.

➢ Higher numbers of G-MDSCs in infected vs. aseptic

samples (no difference in neutrophils or monocytes).

➢ Reduced T cell numbers in infected vs. aseptic

samples (non-significant).

➢ Increased levels of IL-10, IL-6 and CXCL-1 in infected

vs. aseptic samples.

➢ Accumulation of immune suppressive G-MDSCs

in PJIs prevents activation of antimicrobial effector

mechanisms by this leading to

infection persistence.

(84)

Characterization of leukocyte

infiltrates and cytokine expression in

PJI and aseptic human samples for

comparison with data from a mouse

orthopedic infection model.

• Samples from endoprosthesis patients

with PJI or aseptic loosening were

analyzed for leukocyte counts and

subtypes (FACS) and cytokines (qPCR,

Multiplex Assay).

➢ Increased MDSC-like and reduced T cell numbers

with elevated pro-inflammatory cytokine levels in infected

compared to aseptic human samples.

➢ Comparable immune response during

orthopedic biofilm infection between mouse and

human system.

(85)

Analysis of T cell activity in human

tissue samples after infectious vs.

aseptic implant loosening.

• FACS, histological and gene expression

analysis of T cell infiltrates in tissue

samples from patients undergoing

infectious or aseptic revision surgery.

➢ Increased numbers of CD28−CD11b+ (activated)

CD4 or CD8T cells in infected samples vs. aseptic

samples.

➢ Increased expression of T cell marker CD3 and no

differences of monocyte marker CD14 and osteoclast

marker cathepsin K in infected vs. aseptic samples.

➢ Enhanced numbers of activated T cells in

implant-associated infection.

(92)

Characterization of T cell phenotype

in chronically infected vs.

non-infected bone samples.

• Analysis of cortical bone samples from

patients undergoing primary prosthetic

surgery (non-infected) and samples

from patients undergoing revision

surgery (chronically infected) by

multiparametric FACS.

➢ Presence of CD4 and CD8T cells in both samples,

increased HLA-DR expression on T cells and reduced T

cell proliferation in infected vs. non-infected samples, no

Tregs or T cell apoptosis in infected samples.

➢ Increase of CD28− CD4T cells and CD80+, CD40+

and CD40L+ CD4 and CD8T cells in infected vs. non

infected samples.

➢ Increased perforin and CD11b and decreased CD7

expression in CD28− T cells.

➢ Increased number of (long-term activated) cytotoxic

CD28− CD4T cells with reduced proliferation capacity in

chronically infected bones.

(93)

Analysis of systemic and local T cell

activation in patients with

implant-associated bone infections.

• Blood and lavage from site of infection

were taken from patients with

implant-associated bone infections and

analyzed by FACS for T cell

activation markers.

➢ Upregulation of CD11b and loss of CD28 on CD4T

cells in blood samples of infected patients compared to

healthy donors.

➢ Increased expression of TLR1,2,4 associated with

CD11b+CD28− CD4T cells in blood samples of

infected patients.

➢ Accumulation of CD11b+CD28− CD4T cells and

CD57+ CD8T cells at site of infection.

➢ Increased IFN-γ expression by T cells from site of

infection.

➢ Recruitment and activation of CD4 and CD8

effector T cells in patients with implant-associated

bone infections.

(94)

Analysis of T cell infiltration in patients

with implant-associated bone

infections compared to patients with

sterile joint inflammation.

• Blood and lavage from site of infection

were taken from patients with

implant-associated bone infections and

analyzed by FACS for T cell markers.

• As control synovial fluid from patients

with rheumatoid arthritis (RA) was used.

➢ Loss of CD62L expression by T cells isolated from

the infection or inflammation site compared to respective

blood sample.

➢ Shift of local CD4/CD8 ratio toward CD8 in infected

and CD4 in RA patients.

➢ Perforin and granzyme B expression by CD8T cells

at site of infection.

➢ Detection of CD28+ and CD28− subpopulation in

lavage with increased CD11b and CD57 expression on

CD28− CD8T cells.

➢ Expansion and infiltration of cytotoxic CD8

effector T cells in patients with implant-associated

bone infections.

(95)

Bold text indicates key finding of the respective study.
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TABLE 1B | T cell response against implant-related bone infections—mouse models.

Research question Approach Major findings References

Characterization of invading

MDSC subpopulations in a

mouse orthopedic biofilm

infection model.

• Insertion of a K-wire in femora of C57BL/6

mice and inoculation of 103 CFU S. aureus

(SA) at the implant tip.

• Analysis of infiltrating leukocyte populations

by FACS, cytospin, in vivo proliferation assay,

in vitro T cell activation capacity and RNA

sequencing on days 3, 7, 14, and 28.

➢ Identification of CD11bhigh granulocytic MDSCs and

CD11blow PMNs.

➢ G-MDSCs proliferate at the site of biofilm infection

and suppress T cell response over the whole course of

infection (planktonic and biofilm phase), whereas PMNs

show immune suppressive activity only after

biofilm development.

(96)

Monitoring of the immune

reaction during sterile or infected

bone healing in an

implant-stabilized mouse fracture

model.

• Fixation of a SA pre-incubated

osteosynthetic device (9 × 105 CFU/implant)

and creation of an osteotomy in femora of

C57BL/6 mice.

• Quantitative microbiology and analysis of

immune response by histology, FACS, qPCR,

and Multiplex Cytokine Assay over 35 days.

➢ Positive cultures over whole period with highest bacterial

loads on days 1–3.

➢ Complete bone healing in non-infected controls by day

35, non-union with osteolysis in infected animals.

➢ Minimal inflammatory cell infiltration in controls on day 3

with signs of tissue healing on day 7, increased invasion of

inflammatory cells in infected animals on day 3 with strong

inflammation/osteolysis on day 7.

➢ Increased cell numbers in lymph nodes and spleen of

infected animals.

➢ Increased IL-4 and late IFN-γ expression in controls and

increased IL-17, TNF-α, IL-1β, and IL-10 expression in

infected animals.

➢ Bone healing is associated with sustained Th2 and

late Th1 and bone infection with a central Th17 and

pro-inflammatory response unable to control infection

(with decrease in bone healing markers TGF-β

and PDGF).

(97)

Role of MDSC-derived IL-10 in

MDSC-mediated immune

suppression in orthopedic biofilm

infections.

• Insertion of a K-wire in femora of C57BL/6 wt

and IL-10 ko mice and inoculation of 103

CFU SA at the implant tip.

• Adoptive transfer experiments of wt MDSCs

in IL-10 ko mice.

• Analysis of bacterial burden by SA recovery,

MDSC and monocyte/Mφ invasion and

cytokine profile by ELISA, FACS, cytokine

array and qPCR on days 3, 7, and 14 and

analysis of in vitro-derived wt and IL-10 ko

MDSC activity by T cell proliferation assay.

➢ Infiltrating MDSCs are the main source of increased IL-10

levels in orthopedic implant biofilm infections.

➢ Decreased MDSCs and increased monocyte/Mφ

recruitment in IL-10 ko mice on day 14 with enhanced

pro-inflammatory activity of monocytes/Mφ and decreased

bacterial burden. Partly reversible by adoptive transfer of wt

MDSCs. No changes in neutrophil and T cell infiltrates in

IL-10 ko mice.

➢ Inhibition of T cell proliferation by biofilm-associated

MDSCs is independent of IL-10.

➢ MDSC-derived IL-10 induces an anti-inflammatory

monocyte phenotype at the site of biofilm infection that

promotes bacterial persistence, but has no direct effect

on T cell proliferation.

(87)

Role of IL-12 in MDSC

recruitment and MDSC-mediated

immune suppression in

orthopedic biofilm infections.

• Insertion of a K-wire in femora of C57BL/6 wt

and IL-12 ko mice and inoculation of 103

CFU SA at the implant tip.

• Adoptive transfer experiments of wt MDSCs

in IL-12 ko mice.

• Analysis of bacterial burden by SA recovery,

MDSC and monocyte/Mφ invasion and

cytokine profile by ELISA, FACS, cytokine

array and qPCR on days 7, 14, 21, and 28,

CT and histology and analysis of MDSC

activity isolated from site of infection of wt

and IL-12 ko mice by T cell proliferation

assay.

• Comparison of data with human samples

of PJIs.

➢ Detection of bacteria during the whole period with strong

inflammation of infected tissue and bone destruction.

➢ Increased cytokine (IL-12, IL-1β, TNF-α, and G-CSF) and

chemokine levels in infected animals, associated with

increased MDSC and neutrophil and reduced monocyte/Mφ

and early T cell invasion compared to aseptic samples.

➢ IL-12 ko mice show decreased MDSC recruitment and

decreased cytokine levels with enhanced monocyte and

neutrophil infiltration and decreased bacterial burden

compared to wt mice.

➢ Adoptive transfer of wt MDSCs in IL-12 ko mice reduces

monocyte and neutrophil invasion and leads to increased

bacterial burden compared to wt mice.

➢ MDSC isolated from site of infection in IL-12 ko mice are

able to inhibit T cell proliferation like MDSC from wt mice.

➢ IL-12 promotes MDSC accumulation at the site of

infection, causing a MDCS-mediated reduction of

monocyte and neutrophil invasion. No direct role of

IL-12 in activation of immune suppressive MDSC

function and T cell proliferation.

(85)

(Continued)

Frontiers in Immunology | www.frontiersin.org 9 July 2019 | Volume 10 | Article 1724331

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Seebach and Kubatzky Immune Therapy in Implant-Related Osteomyelitis

TABLE 1B | Continued

Research question Approach Major findings References

Role of MDSCs and

MDSC-mediated T cell

suppression in orthopedic biofilm

infections.

• Insertion of a K-wire in femora of C57BL/6

mice and inoculation of 103 CFU SA at the

implant tip.

• Antibody-mediated depletion of MDSC

in vivo.

• Histological, Multiplex cytokine array, FACS

and qPCR analysis of tissue samples, T cell

proliferation assay and monocyte

co-culture experiments.

➢ Increased numbers of MDSCs in samples of infected

animals vs. non-infected controls on day 7.

➢ MDSCs isolated from infected tissue inhibit T cell

proliferation and cytokine secretion.

➢ MDSC depletion reduce biofilm burden (mainly by

restoring pro-inflammatory activity of monocyte).

➢ Biofilm-associated MDSCs inhibit T cell response.

(83)

Prevention of chronicity of an

implant-associated biofilm

infection through a Th1↓/Th2↑

polarized immune reaction.

• Implantation of SA pre-treated pins (3 × 105

CFU/pin) in tibiae of Th1-biased C57BL/6,

Th2-biased Balb/c and STAT6 ko Balb/c

mice.

• Treg depletion in Balb/c with anti-CD25 and

Th1 suppression in C57BL/6 with

anti-IL12p40 treatment.

• Analysis of bacterial clearance, Treg

frequency and local cytokine profile on days

7 and 21.

➢ Spontaneous bacterial clearance in ∼75% of Balb/c mice.

➢ Higher levels of IL-4 and IL-10 and Treg frequency in

Balb/c and increased neutrophil infiltration in C57BL/6 mice.

➢ STAT6 ko and Treg depletion lead to loss of protection in

Balb/c mice.

➢ Anti-IL12p40 treatment induces bacterial clearance in

∼40% of C57BL/6 mice.

➢ Early induction of Th2/Treg and suppression of

Th1/Th17 response protects from chronicity.

(98)

Investigation of immune

response during chronic

progression of an

implant-associated biofilm

infection.

• Implantation of SA pre-treated pins (2 × 105

CFU/pin) in tibiae of C57BL/6 mice.

• Analysis of activated immune cells, antibody

production and local cytokine up to day 28.

➢ Activation of a CD4T cell response, early production of

Th1-IgG subtype IgG2b and local pro-inflammatory cytokine

profile in infected animals.

➢ An early Th1 and Th17 and reduced Treg immune

response is ineffective to prevent infection and leads

to chronicity.

(99)

Bold text indicates key finding of the respective study.

compromised environment and increased bacterial colonization.
Two biodegradable and biocompatible materials that are
known to provoke a normal foreign body response were
tested for DC activation and subsequent DC-mediated T
cell proliferation and polarization in the presence or absence
of S. aureus and S. epidermidis, respectively (103). The
authors found that the biomaterials alone did not induce DC
activation and subsequent DC-mediated T cell activation, but
in combination with bacteria, DCs had a slightly changed
cytokine secretion profile. However, these changes were too
small to affect subsequent T cell activation. Thus, the presence
of a foreign material does not impair APC-mediated T-
cell activation upon bacterial exposure. The altered cytokine
secretion by DCs stimulated by bacteria in the presence of
a biomaterial could still have an impact on other immune
cells like PMNs and macrophages which can promote bacterial
survival. In this study only planktonic bacteria were used to
stimulate DCs in the presence of a biomaterial. Therefore, the
influence of biofilm formed on the biomaterial and potential
changes in DC and subsequent T cell activation remain to
be investigated.

So far, there are only a few studies that address the T
cell response in chronic implant-associated bone infections and
results argue for the presence of activated cytotoxic T cells at
the site of biofilm formation and an early pro-inflammatory
Th1/Th17 response. However, the decreased homing to the site
of biofilm infection and a reduced T cell proliferation and
potentially impaired function might trigger the formation of
biofilm-associated suppressive immune cells.

It has to be taken into consideration that mouse studies
that investigate the immune response against implant-related
bone infections usually use S. aureus to induce biofilm-infections
(Table 1B). However, S. aureus is a highly virulent pathogen
that causes a strong pro-inflammatory Th1 immune response in
planktonic infections (102) and early and acute bone infections
(30). It needs to be investigated whether the findings also apply
for less virulent bacteria like S. epidermidis that is associated
with less symptomatic but chronic implant-infections. A recent
study compared S. aureus and S. epidermidis -induced implant-
associated osteomyelitis in mice (104). This study revealed that
S. aureus caused osteolysis, reactive bone formation and abscess
formation, whereas this was not apparent in S. epidermidis
infection. Both bacteria colonized the implant and formed
biofilm. The findings underline the different roles of S. aureus
and S. epidermidis in chronic implant-related bone infections.
In human studies, the cohorts include patients with implant-
related bone infections caused by different bacteria and the time
point of revision surgery and immune analysis might depend
on the virulence of the respective bacteria. So, it is possible that
different stages of biofilm infection are within the same cohort.
This might explain the apparently conflicting findings in T cell
quantities between the different studies (84, 92). Investigations
of T cells in implant-related bone infections have been restricted
to the evaluation of numbers and types of T cells present at
the site of biofilms. The functionality of biofilm-associated T
cells and the mechanisms behind the T cell response have not
been examined yet. Apparently, there is a need for further
research to investigate the insufficient T cell response during
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biofilm formation and chronic progression of implant-related
bone infections in more detail.

Humoral Immune Response
The identification of a protective humoral immunity (105)
and biofilm-associated antigens raised the hope for vaccination
strategies (106). Indeed, administration of a multicomponent
and protein-based vaccine before bacterial challenge with
subsequent antibiotic treatment significantly reduced the risk for
infection in a biofilm model of osteomyelitis in rabbits (107).
Passive immunization against implant-related osteomyelitis in
mice with neutralizing antibodies associated with protective
immunity in orthopedic infections led to reduced bacterial
burden, osteolysis, and abscess formation, respectively, due
to increased opsonophagocytosis of bacterial megaclusters by
recruited macrophages (108, 109). A current study showed that
a combinatory approach using passive immunization together
with antibiotic and surgical treatment was capable of reducing
re-infection in a mouse model of MRSA-induced implant-
related osteomyelitis, thereby enabling osseointegration and bone
healing (110). Despite this promising animal data, unfortunately,
attempts to develop an effective vaccination strategy for humans
have been unsuccessful so far (111).

Role of the Bone Environment
Due to the crosstalk between bone and immune cells, cells of
the bone environment (OBs, OCs, MSCs) are also involved
in the course of bone infection. A pro-inflammatory immune
cell environment induces a shift in bone homeostasis toward
increased osteoclastogenesis and bone resorption, which is
further supported by local osteoblasts that can release pro-
inflammatory proteins in response to bacteria (112, 113). Dapunt
et al. showed that expression of pro-inflammatory proteins
by osteoblasts is not only induced by planktonic bacteria but
also by biofilm components. This indicates that OBs not only
play a role in the host response against biofilm-associated
infections, but also enhance osteolysis associated with these
infections (114, 115). Besides an increased osteoclastogenesis,
new bone deposition by osteoblasts is reduced as the infectious
environment and bacterial internalization lead to decreased
mineralization and increased apoptosis of osteoblastic cells (116).
Release of internalized bacteria and dying osteoblasts might
further impair the immune response against the bacteria.

In the case of osteosynthetically stabilized fractures, implant-
associated bone infections impair the healing process and
can lead to non-unions. During bone regeneration, the host
response against bacteria and biofilm seems to interfere with
the naturally occurring immune reaction required to induce the
healing cascade. This unresolved pro-inflammatory environment
is ineffective to clear the infection and at the same time is
detrimental to bone regeneration (97, 117). MSCs as osteogenic
precursor cells have an important role in bone healing (118).
They are also known to have immune modulatory activity
and exert an immune suppressive effect on T cells (119),
which might impact the development and progression of bone
infections. Indeed, in a rat plate-stabilized ostectomy-model,

local implantation of MSCs to improve bone regeneration
aggravated implant-associated bone infections (120).

These data indicate that implant-associated bone infections
and septic non-unions are characterized by a complex interplay
between bacteria, cells of the immune system, and cells of the
bone environment.

Osteoclasts as Immune Competent Cells
Besides being the main players in bone resorption, osteoclasts
are part of the immune system and interact with immune cells,
especially with T cells [reviewed in (121, 122)]. Interactions
are ambilateral with T cells influencing osteoclastogenesis and
OCs having an impact on T cell activity. Activated T cells
express RANKL which stimulates the differentiation of human
monocytes into mature osteoclasts (123). Th17 helper cells and
their cytokine IL-17 are shown to enhance osteoclastogenesis,
while the Th1 and Th2 cytokines IFN-γ and IL-4 are associated
with an anti-osteoclastogenic potential (124, 125). Tregs were
proven to have an inhibitory effect on osteoclast generation
[reviewed in (126)]. In addition to the anti-osteoclastogenic
effects of Treg-derived cytokines IL-10 and TGF-β, direct cell-cell
contact through binding of cytotoxic T-lymphocyte-associated
protein-4 (CTLA-4) to CD80/86 on osteoclast precursors inhibits
osteoclastogenesis (127) (more information on this are provided
in the following section about immune modulation). OCs can
function as antigen presenting cells that can activate T cells upon
antigen exposure (128). However, a suppressive effect of OCs on
the in vitro T cell response via the induction of indoleamine 2,3-
dioxygenase (IDO) was also described (129, 130). Furthermore,
OCs can prime CD8T cells toward a regulatory phenotype
(OC-iTcreg) which then again has a suppressive effect on T cell
activation and inhibit osteoclastogenesis [reviewed in (131)].
Taken together, it can be said that osteoclast precursors share
many of the immune suppressive characteristics that have been
associated with MDSCs (121, 132).

So far, research investigating the immunological function of
osteoclasts has been done under sterile conditions either in
in vitro experiments or in animal models of sterile bone loss,
such as inflammatory arthritis or osteoporosis. Whether similar
findings can be obtained in an infectious setting such as implant-
associated bone infections need further investigations.

In summary, the implant as a foreign material as well as the
bacteria, especially in form of a biofilm, lead to a dysregulation
of the immune response and misbalance of bone homeostasis
in favor of bacterial persistence, bone destruction and infection
chronicity. We suggest that this impaired osteoimmunological
environment represents an attractive target for modulation,
making immune therapy an interesting approach for the
treatment of chronic implant-related bone infections.

MODULATION OF THE IMMUNE
RESPONSE DURING CHRONIC
IMPLANT-RELATED BONE INFECTIONS

Enormous effort has been put into the development of new
antibiotics, anti-microbial coatings of the implant, vaccination
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strategies as well as interruption of the QS system to avoid biofilm
formation and chronicity of implant-related bone infections, yet
with limited success (32). Modulation of the immune system
is a promising field in treating chronic diseases and offers the
potential to combine current therapeutic and surgical strategies
while strengthening endogenous defense mechanisms. Especially
the success of immune therapy in cancer treatment encourages
to take a broader view and transfer novel approaches into other
diseases. The following section will address what is known
about immune therapy in other chronic diseases and discuss
whether there are targets for immune modulation that might
allow treating chronic implant-related bone infections (Figure 3
and Table 2).

Immune Regulation During Chronic
Diseases
Immune responses are tightly regulated to prevent an unresolved
immune reaction, which would lead to long-lasting inflammation
and tissue damage. The regulation of this process is mediated
by cells of the innate and adaptive immune system including
immune suppressive MDSCs, anti-inflammatory (M2) Mφ

and regulatory Tregs that help to generate an immune
microenvironment characterized by high levels of IL-10, Arg-1
and TGF-β (133). In general, this limits the pro-inflammatory
effector phase, which ends with antigen clearance, resolution of
inflammation and the induction of an immunological memory.
In contrast, disease continuation and long-term exposure to
antigens, as it occurs in tumors or chronic infections, induce an
enhanced up-regulation of inhibitory molecules by immune cells.
Ultimately, this leads to immune cell dysfunction associated with
ineffective control and persistence of disease. Upon long-term
stimulation, T cells increasingly express inhibitory receptors,
known as “immune checkpoint molecules,” of which CTLA-4 and
programmed cell death protein-1 (PD-1) are the most prominent
members. Binding of their respective ligands expressed on
immune and non-immune cells leads to T cells with low
or diminished effector functions that are called anergic or
exhausted T cells. T cell dysfunction has moved into the
focus of interest as it can be reversed by the use of immune
checkpoint inhibitors (ICIs), which makes them an attractive
target for re-stimulation of the immune response [reviewed in
(134)]. Blockade of immune checkpoints has been successfully
introduced into certain cancer treatments (135) and is discussed
as a treatment option for infectious diseases such as malaria,
HIV (136) and sepsis (137). Furthermore, Fc-fusion proteins of
immune checkpoint molecules are currently being investigated
for their use as immune suppressive therapy e.g., in autoimmune
disorders (138). Immune therapy therefore includes immune
activating and immune suppressing approaches, both of which
represent attractive targets for treatment of chronic infections
depending on the local immune environment.

Immune Activation or Suppression in
Chronic Implant-Related Bone Infections
Long-lasting interactions of bacteria, biofilm components, and
host cells that occur in chronic implant-related bone infections
severely impair the immune response. Thus, immune therapy
can be an interesting tool to restore appropriate immune

function. As suggested by the literature, chronic implant-related
bone infections initially provoke a more pro-inflammatory
immunity. This is then dampened to a more anti-inflammatory
and immune tolerant response during the chronic course of
infection, which prevents tissue damage but also contributes
to bacterial persistence. However, pro- and anti-inflammation
cannot be simply attributed to different stages of the disease as
they occur simultaneously throughout the course of infection.
Favoring one above the other would risk to further aggravate
immune pathology. The immune reaction during the early
planktonic phase is additionally impaired by the presence
of the implant, whose influence has to be considered in
immune therapeutic intervention. Furthermore, the type of
bacteria plays an important role in the induced immune
response; highly virulent strains like S. aureus cause strong
pro-inflammatory immune reactions, whereas more benign
strains such as S. epidermidis induce rather moderate and
subtle immune responses. All this has to be considered when
an immune therapeutic approach is suggested because non-
specific boosting of the immune system might end in hyper-
inflammation causing tissue damage, while immune inhibition
might lead to increased bacterial burden, bacteremia and/or
secondary infections. To avoid such conceivable scenarios, we
should learn from the lessons already made in sepsis immune-
stimulatory therapy which has so far failed to reliably and
safely improve patient outcome (139, 140), before introducing
immune modulation in the treatment of chronic implant-
related bone infections: (1) The immune response is changing
throughout the infection, therefore correct timing of therapeutic
intervention is indispensable to ensure immune stimulation
or inhibition. (2) The immune status of leukocytes can differ
depending on the location (lymphoid organs, peripheral blood
or site of infection). Systemic immune stimulation/inhibition
might not be appropriate and a more tissue/infection site-
specific approach should be preferred. Specification can be
provided by targeting immune molecules depending on the cell
subsets they are preferentially expressed, anatomic prevalence
of their expression and/or their distinguished function (141).
(3) The immune profile can be highly heterogeneous between
patients. Personalized immune therapy should be provided to
optimize individual outcome and predictive immune biomarkers
should be included in the decision-making for the respective
therapeutic target to guarantee responsiveness and minimize
adverse effects (135). As the targets of immune modulation have
unique functions, combinatory approaches can improve efficacy
of immune therapeutic treatment (142). The combination of
modulators of innate immune defense with classical ICI targeting
adaptive immunity and/or cell-based therapeutic vaccination
would allow treatment at multiple levels. However, to ensure
optimum patient outcome and safety, immune therapeutics can
only be used as medication in addition to current antibiotic and
surgical treatment options.

Targeting Immune Checkpoint Molecules
The first ICI approved for therapy of advanced melanoma was
an antibody against CTLA-4 (ipilimumab) in 2011 (143, 144).
CTLA-4 is a homologous but antagonistic and competitive
receptor for CD28 that has a higher affinity for binding
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FIGURE 3 | Potential targets for immune modulation during chronic progression of implant-related bone infections. Biofilm formation skews the immune response

toward an anti-inflammatory, immune inhibitory and tolerant environment that is associated with high numbers of MDSCs, M2 macrophages, and an ineffective T cell

response. Immune modulation by therapeutic intervention offers the possibility to generate a more effective immune response that supports bacterial killing and the

reduction of biofilm burden. An early inhibition of MDSC activity and the induction of a more pro-inflammatory (M1) Mφ response are potential targets to strengthen

innate defense mechanisms. Re-stimulation of T cell effector functions by targeting immune checkpoint molecules can overcome T cell dysfunction caused by chronic

disease progression and might prevent re-infection after revision surgery. Targeting TIGIT as well as using DC-based vaccination strategies may provide the

opportunity to direct T cell polarization toward Th1 or Th2 -dominated responses. When boosting the immune system, its impact on inflammatory tissue destruction

has to be considered as a balance between anti-bacterial activity and cytotoxicity is required. CTLA-4 and the TIM-3/galectin-9 pathway are important immune

regulators that can also be used as checkpoints to control osteoclast numbers as a means to reduce bone resorption. MDSCs, myeloid-derived suppressor cells; Mφ,

macrophage; DC, dendritic cell; OCs, osteoclasts; ICI, immune checkpoint inhibitor; CTLA-4, cytotoxic T-lymphocyte-associated protein-4; PD-1/PD-L1,

programmed cell death protein-1/PD ligand-1; LAG-3, lymphocyte activation gene-3; TIM-3, T cell immunoglobulin and mucin-domain containing protein-3; TIGIT, T

cell immunoglobulin and ITIM domain.

CD80/86 than CD28. Binding of CTL-4 to CD80/86 results
in transendocytosis of CD80/86 and inhibition of T cell co-
stimulation. Under physiological conditions, CTLA-4 plays an
important role in ensuring self-tolerance. The administration
of anti-CTLA-4 antibodies proved to be efficient in tumor
control but at the same time showed a high incidence of
adverse effects and autoimmunity. Activation of this pathway
can therefore be a promising approach to treat autoimmune
disorders [reviewed in (145)]. Treatment with a soluble CTLA-
4-Ig fusion protein (abatacept), which links the extracellular
domain of human CTLA-4 to a fragment of the Fc part of
human IgG1 (146), was successful in reducing the symptoms
of rheumatoid arthritis (RA) (147). However, it aggravated
the course of septic arthritis in a mouse model (148). To
our knowledge, nothing is known about a potential role of
CTLA-4-mediated inhibition of CD28 in chronic implant-related
bone infections. Most T cells isolated from blood and tissue
of patients undergoing infection-induced revision surgery were
shown to be CD28− (92, 93), which might indicate that in
chronicity, the majority of effector T cells would not respond

to CTLA-4 based therapy. Interestingly, it was shown that
binding of CTLA-4 to CD80/86 expressed on the surface of
murine bone marrow leukocytes and human blood monocytes
directly inhibited RANKL and TNF-mediated differentiation
of these cells into osteoclasts in vitro and reduced osteoclast
formation and bone resorption in an arthritic joint model
in mice (149). This suggests that CTLA-4 can be considered
as an anti-osteoclastogenic molecule. The inhibitory effect of
CD80/86 engagement by CTLA-4 on osteoclastogenesis was
further investigated by Bozec et al., who found that induction
of apoptosis in osteoclast precursor cells via the IDO/tryptophan
pathway was responsible for the reduced osteoclast formation.
As expected, the CTLA-4-Ig fusion protein abatacept led to
reduced numbers of osteoclast precursor cells and osteoclasts
in RA patients and in cell culture experiments. Blocking
CTLA-4 with the neutralizing antibody ipilimumab increased
the osteoclastogenic potential in humans (150). These data
indicate that targeting checkpoint molecules like CTLA-4
provide the opportunity to control osteoclast numbers and
bone homeostasis. Still, it has to be considered that in an
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TABLE 2 | Potential targets for immune modulation during chronic implant-related bone infections.

Target Mechanism Potential benefit for chronic implant-related bone

infections

T cell immunity CTLA-4 Competitive binding of CD80/86 and

inhibition of T cell co-stimulation.

Anti-CTLA-4 antibodies restore T cell

activation.

Isolated T cells from chronic implant-related bone infections

are mostly CD28−. Usefulness of CTLA-4 to re-activate T

cells after chronicity of infection is therefore questionable.

PD-1/PD-L1 Induction of effector T cell exhaustion.

Blocking this pathway by antibodies

restores T cell function.

Role of exhausted T cells in chronicity of bone infections is

unclear. Cells of the bone environment (MSCs, OCs) express

PD-L1 upon inflammation, therefore inhibition of this pathway

might decrease bone cell-mediated T cell suppression.

LAG-3/TIM-3/TIGIT Inhibition of APC-mediated T cell

activation and Th1/Th17 -mediated T

cell response.

Blood T cells from patients with chronic osteomyelitis show

increased expression of LAG-3 and impaired

proliferation/function. Hence, LAG-3 blockade can increase T

cell activation in chronic implant-related bone infections. An

early Th2/Treg immunity was shown to prevent biofilm

formation and chronicity in a murine orthopedic implant

infection model. TIGIT treatment at an early time point can be

supportive to clear infections via induction of a Th2-based T

cell response.

Innate immunity MDSCs Innate IC molecules Controlling MDSC proliferation and

function.

MDSCs are associated with an anti-inflammatory environment

in chronic implant-related bone infections. Eliminating MDSCs

can prevent unwanted immune suppression and strengthen

pro-inflammatory immune reactions.

Mφ TIM-3 Inhibitory receptor on Mφs, by this

suppressing a pro-inflammatory

response.

Chronic implant-related bone infections are associated with a

shift toward an anti-inflammatory (M2) Mφ phenotype which

supports bacterial persistence. Blockade of TIM-3 can

strengthen a pro-inflammatory (M1) Mφ response and

enhance bacterial killing.

C5a receptor Binding of C5a receptor influences

Mφ polarization.

Targeting Mφ polarization via C5a receptor ligands can

prevent formation of anti-inflammatory (M2) Mφs associated

with chronic infection. Early treatment with a C5a receptor

agonist induces a pro-inflammatory (M1) Mφ response which

leads to reduced biofilm burden in a mouse implant-infection

model (80).

DCs Antigen presentation Induction of an antigen-specific T cell

immunity and desired T cell

differentiation.

The role of DCs in chronic implant-related bone infections is

unclear, but DC therapy could allow the generation of

biofilm-specific DCs and the induction of a more effective

host immune response.

Osteoclastogenesis CTLA-4 Inhibition of osteoclastogenesis

through binding to CD80/86 on

monocytes. Administration of a

CTLA-4-Ig fusion protein reduces

osteoclast numbers.

Bone infections are associated with high numbers of

osteoclasts and increased bone resorption, CTLA-4 treatment

can reduce inflammation-induced bone destruction.

TIM-3/galectin-9 Binding of galectin-9 to TIM-3

expressed on osteoclast precursors

suppresses osteoclastogenesis.

Targeting the TIM-3/galectin-9 pathway can reduce

osteoclast formation and bone loss in chronic implant-related

bone infections.

auto-inflammatory environment, treatment with CTLA-4 is
beneficial in reducing osteoclastogenesis, but under infectious
conditions it might suppress necessary immune activity and by
this potentially aggravate disease progression. Thus, immune
checkpoint-mediated inhibition of osteoclastogenesis can be
a promising target to decrease inflammation-induced bone
resorption and reduce bacterial colonization of damaged tissue,
but additional impairment of the immune response has to
be excluded.

The best studied immune checkpoint molecule is PD-1 and
its ligands PD-L1 and PD-L2, which are targeted to treat
T cell dysfunction in cancer and chronic infectious diseases.

Compared to CTLA-4, which acts at the level of T cell activation,
PD-1 is up-regulated on effector T cells after continuous
stimulation. Thus, the PD-1/PD-L1 pathway suppresses activity
and function of effector T cells and induces T cell exhaustion
(144). Several antibodies targeting the PD-1/PD-L1 pathway
have been approved for the treatment of specific cancers and
new therapeutics as well as new applications are currently
investigated in clinical trials (135). Antibodies against PD-
1/PD-L1 have also been transferred into treatment approaches
for chronic virus diseases and malaria to improve CD4 and
CD8 effector T cell function (136). Additionally, they were
shown to have the potential to reverse sepsis-induced immune
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suppression (137). Negative side effects of PD-1/PD-L1 blockade
seem to be less frequent when compared to CTLA-4 treatment.
However, nearly half of the patients do not respond to PD-1
blockade alone (136) and combinatory therapy was shown to
be more effective, albeit more toxic (151). The role of PD-L2
has not yet been fully clarified: initially, PD-L2 was described
as a second ligand for PD-1 that negatively influences T cell
immunity (152, 153). A costimulatory function of PD-L2 and
the initiation of a Th1 response is also discussed (154). PD-L2
is furthermore suggested to counteract PD-1/PD-L1-mediated
T cell exhaustion making a soluble PD-L2 fusion protein an
attractive candidate to block the PD-1/PD-L1 pathway (136,
155). In an in vitro setting with S. epidermidis strains isolated
from patients with orthopedic implant loosening, it was shown
that after phagocytic uptake SCVs trigger an anti-inflammatory
macrophage response with up-regulated PD-L1/L2 expression so
that they are able to survive intracellularly without damaging the
host cell (156). Whether this also applies to biofilm embedded
bacteria has not been investigated yet. Furthermore, MSCs,
which are in close contact to the site of bone infections, up-
regulate PD-L1/L2 expression and secretion upon stimulation
with pro-inflammatory cytokines (157, 158) or induce PD-
L1 expression in DCs after exposure to LPS (159). By this,
they directly and indirectly inhibit T cell proliferation and
function. It can be speculated that the PD-1/PD-L1 pathway
might play a role in the persistence of implant-related bone
infections. Until now, to our knowledge there is nothing
described about an up-regulation of PD-1 on T cells and PD-
L1/L2 on host cells associated with biofilm formation during
chronic progression of implant-related bone infections. As
chronic implant-related bone infections were linked to high
numbers of CD28− T cells (92–94) and as it was shown
recently that CD28 is indispensable for effectiveness of PD-1
blockade (160, 161), it remains to be seen whether these patients
would indeed profit from a PD-1/PD-L1 targeted therapy.
OCs were found to mediate their immune suppressive action
through galectin-9 and PD-L1 expression and induction of PD-
L1 expression on tumor cells in multiple myeloma (162, 163).
As OCs are highly present at the site of bone infection, PD-
L1 antibodies that can decrease OC-mediated T cell inhibition
might enhance T cell immunity in chronic implant-related
bone infections.

Lymphocyte activation gene-3 (LAG-3), T cell
immunoglobulin and mucin-domain containing protein-3
(TIM-3) and T cell immunoglobulin and ITIM domain (TIGIT)
are other immune checkpoint molecules that are currently
explored as targets for immune therapy. LAG-3 is up-regulated
on CD4 and CD8T cells as well as on natural killer cells (NK
cells). It affects effector T cell function and Treg suppressive
activity by binding to MHC class II with higher affinity than CD4
or LSECtin (liver and lymph node sinusoidal endothelial cell
C-type lectin). Since LSECtin is involved in antigen uptake (164)
and MHC class II is essential for antigen presentation, LAG-3 is
suggested to impair the antigen-specific signal in T cell activation
[reviewed in (141, 142)]. Indeed, an increased expression of
LAG-3 was found on T cells in blood samples of patients
suffering from chronic osteomyelitis and was associated with

impaired T cell proliferation and function (165). This gives a hint
that LAG-3 blockade could be a potential approach for treating
chronic implant-associated bone infections. Furthermore, a
soluble Lag-3-Ig fusion protein (IMP321) has been shown to
lead to APC activation via MHC class II, thus being a candidate
to support APC-mediated immunity (166, 167). TIM-3 is
expressed on DCs and Mφs as well as on activated CD4T
cells, predominantly of the Th1 type, CD8T cells and NK cells
[reviewed in (142)]. Via interaction with galectin-9, TIM-3 plays
a protective role in autoimmunity by regulating the Th1 response
and subsequent macrophage activation (168), triggering cell
death (169), and increasing MDSC expansion (170). In cancer
and chronic virus infections, high TIM-3 expression was linked
to T cell dysfunction. Co-blockade of PD-1 and TIM-3 is superior
at improving anti-tumor and anti-viral effector function than
PD-1 inhibition alone [reviewed in (141)]. In line with this, TIM-
3 expressing Tregs showed an increased expression of suppressive
molecules and were highly effective in inhibiting Th1/Th17
immune responses (171). Furthermore, high expression levels
of TIM-3 on Mφs are associated either with a quiescent
state or an anti-inflammatory (M2) phenotype. Blockade of
the TIM-3 pathway therefore may result in a more efficient
pro-inflammatory (M1) macrophage response (172) which
was shown to reduce biofilm burden in a catheter-associated
biofilm infection model in mice (80). Binding of galectin-9
to TIM-3 expressed on osteoclast precursor cells suppressed
osteoclast formation and thereby attenuated inflammatory bone
loss in adjuvant-induced arthritis (173) indicating a further
therapeutic application of the TIM-3/galectin-9 system next
to modulating the immune response. TIGIT is a co-inhibitory
receptor present on activated T cells, NK cells and Tregs and
competes with its stimulatory counterpart CD226 for binding
of CD155 expressed on APCs, T cells and non-immune cells.
CD226 predominantly promotes a Th1/Th17 response with high
levels of IFN-γ and IL-17, whereas binding of TIGIT induces a
shift toward a Th2 and IL-10 dominated immunity. Therefore,
TIGIT interacts with APCs, effector T cells as well as Tregs
to dampen pro-inflammatory immune responses at multiple
levels in favor of a more tolerogenic immune environment
[reviewed in (141)]. Prabhakara et al. showed that an early shift
from a Th1/Th17 response toward a Th2/Treg immunity was
capable of preventing biofilm formation and chronicity of an
orthopedic implant infection in mice (98). TIGIT treatment
to strengthen a Th2 dominated response might therefore be a
supportive strategy in clearing implant-related bone infections at
an early stage.

Lag-3, TIM-3, and TIGIT are suggested to regulate
immune function at the site of tissue inflammation to
inhibit immune pathology, whereas CTLA-4 and PD-1
act more systemically. Because their primary role is to
maintain immune homeostasis and self-tolerance in the
healthy organism, the first three are predicted to be less toxic
(141). Furthermore, due to their specialized roles either at the
stage of T cell activation or T cell effector function, molecules
from these two groups might exert synergistic effects and
provide a more efficient therapeutic outcome when used in
combination (142).
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Targeting Innate Immunity
Next to directly improving T cell immunity, another approach
is to target innate immune cells and modulate the immune
response in a more general way. High MDSC activation and
accumulation are found in various cancers where they inhibit
T cell proliferation and function, leading to tumor tolerance
(174). MDSCs are associated with inflammation-induced tumor
progression, as they are activated by pro-inflammatory IL-1β
that subsequently induces a tumor-promoting IL-10-dominated
environment and an anti-inflammatory (M2) macrophage
response (175, 176). Heim et al. showed that MDSC-derived
IL-10 is responsible for the anti-inflammatory monocyte
response and bacterial persistence in an orthopedic biofilm
infection model (87). This indicates that there are some
common characteristics between these two chronic diseases.
Furthermore, MDSCs express ICI ligands that can directly
impair T cell function (177) and also reduce the efficacy
of immune checkpoint inhibitors in cancer therapy (178).
Therefore, targeting MDSCs in combination with ICI is a
promising approach to improve patient outcome (179). Next
to the application of approved therapeutics that are effective in
reducing MDSC numbers and/or function (e.g., all-trans retinoic
acid), the investigation of new drugs that eliminate MDSCs
is of high interest. An innate immune checkpoint inhibitor
that targets MDSC proliferation and function is currently
being investigated in a phase 1 clinical trial (INB03) (180).
MDSCs contribute to the immune compromised environment
in implant-related bone infections and to the chronicity of
infection. An early inhibition of MDSC function could be a
possible approach to circumvent unwanted immune suppression
directly at the onset of infection. In combination with a
strict antibiotic treatment this might be able to clear the
infection before biofilm manifestation and might prevent
bacterial persistence.

Another approach is to directly target macrophage
polarization. As tumors and chronic infections are associated
with an environment favoring an anti-inflammatory (M2)
macrophage response and immune suppression, shifting the
balance toward the more pro-inflammatory (M1) macrophage
subtype might increase the ability to kill tumor cells and
bacteria (181).

Hanke et al. used a cell transfer of exogenously M1-activated
Mφs or administration of a C5a receptor agonist (EP67) in
a catheter-associated infection model in mice, which resulted
in a pronounced pro-inflammatory Mφ response and in a
reduction of biofilm burden (80). M1 Mφ not only prevented
biofilm formation when injected at an early time point of
infection, but were also capable of reducing established biofilms,
whereas antibiotic treatment had no effect. This indicates that
redirection toward a pro-inflammatory milieu can attenuate
mature biofilms. DCs are antigen-presenting cells that activate T
cells and induce adaptive defense mechanisms (91). This makes
them an attractive tool for immune stimulatory treatment of
chronic diseases. Different strategies have been reported and
include vaccination strategies with autologous and ex vivo-
generated DCs that had been stimulated with tumor antigens.
After re-injection, these cells can induce an effective anti-cancer

immunity through priming of a Th1 and specific cytotoxic T
cell response. However, ex vivo manipulation is expensive and
includes a high risk of infection. The in vivo targeting of DCs
by antibodies coupled with the respective antigens specifically
binding to DC receptors involved in antigen presentation is an
attractive alternative [reviewed in (182)]. The role of DCs in
the unsuccessful immune response against implant-related bone
infections and a potential contribution to biofilm formation has
not been investigated so far. Targeting DCs offers the possibility
to control the type of T cell response and to induce a biofilm-
specific T cell immunity by loading them with biofilm-antigens.
Therefore, DC therapy might be an attractive approach to
improve a specific host immune defense against implant-related
bone infections.

In summary, immune modulation can be a promising
approach to restore a desired immune microenvironment
during the course of chronic implant-related bone infections:
an early immune modulatory intervention might be able to
inhibit biofilm formation and inflammation-associated tissue
destruction, and might allow the elimination of infection
at its onset. After chronic progression of the infection, a
comprehensive approach combining surgical removal of
infectious tissue, antibiotic treatment and strengthening of the
host immune response might improve therapeutic outcome.
The combination of rifampin and immune re-activation might
be a strategy to eliminate mature biofilms that can increase
the chance for surgical regimes with implant retention. After
implant exchange, strengthening the specific immunity against
the initial infection can help provide an immune response that is
able to eliminate potentially remaining bacteria (persister cells)
and prevent re-infection. It needs to be clarified in future studies
whether the activation of a biofilm-specific immune response by
immune therapy is sufficient to combat mature biofilm and other
sources of bacterial persistence (SCVs, canalicular propagation)
independent of surgical and antibiotic treatment. However,
more basic research is needed to address whether an immune
modulatory intervention can be a useful treatment strategy in
implant-related osteomyelitis. As immune therapy is associated
with adverse immune reactions, a safe and beneficial application
has to be ensured before applying immune therapeutic
approaches into patients with chronic implant-related
bone infections.

CONCLUDING REMARKS

Chronic implant-related bone infections are a major problem
in orthopedic and trauma surgery. As numbers of joint
replacements are rising, complications such as bone infections
also increase. Current treatment options are associated with
severe consequences for patients and often fail to eliminate the
infection. The high risk of chronicity for such infections is due to
successful evasion strategies of bacteria with biofilm formation
being one major mechanism behind bacterial persistence. The
presence of a foreign material facilitates biofilm formation and
further supports the persistence of an infection. Thus, there
is a high interest to clear infections already at the planktonic
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stage before biofilm transition occurs and to prevent reinfection
after antibiotic and surgical treatment. For this, however, novel
therapeutic strategies are required. Immune therapy shows
promising results in the treatment of different chronic diseases
and strengthening endogenous defense mechanisms could be
an attractive new approach for chronic implant-related bone
infections. So far, investigations of the immune response
against chronic implant-related bone infections demonstrate
a discrepancy between a strong pro-inflammatory immune
reaction that is associated with osteoclastogenesis and bone
destruction, and an immune suppression that potentially impairs
successful bacterial killing. Future treatment strategies involving
the immune system have to consider this two-sided immune
response to avoid adverse reactions. Since the amount of
information is limited, the success of immune therapeutic
intervention in chronic implant-related bone infections mostly
remains speculative and further research is needed to investigate
appropriate and safe targets. Furthermore, it has to be clarified
if an immune modulatory approach is also capable of targeting
bacterial persistence e.g., within biofilms. Immune modulation
can serve as an additional and required medical treatment
option to restore an effective host response. It is to be hoped
that the combination of antibiotic and surgical treatment with

immune therapeutic intervention may lead to the successful
management of chronic implant-related bone infections in
the future.
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Extracellular vesicles are a heterogeneous group of cell-derived membranous structures,

which facilitate intercellular communication. Recent studies have highlighted the

importance of extracellular vesicles in bone homeostasis, as mediators of crosstalk

between different bone-resident cells. Osteoblasts and osteoclasts are capable of

releasing various types of extracellular vesicles that promote both osteogenesis, as

well as, osteoclastogenesis, maintaining bone homeostasis. However, the contribution

of immune cell-derived extracellular vesicles in bone homeostasis remains largely

unknown. Recent proteomic studies showed that alarmins are abundantly present in/on

macrophage-derived EVs. In this review we will describe these alarmins in the context of

bone matrix regulation and discuss the potential contribution macrophage-derived EVs

may have in this process.
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INTRODUCTION

Intercellular communication is an important biological process which allows cells to coordinate
their response to physiological changes, environmental triggers and pathogenic invaders in a spatial
and temporal fashion. A new addition to the intercellular communication system are extracellular
vesicles (EVs) (1). EVs are small cell membrane-derived phospholipid bilayer structures that range
in diameter from 30 to 2000 nm. Previously, they were considered to be merely cellular waste
products, nowadays EVs are recognized as regulatory structures, produced and released by an
actively regulated intracellular and energy dependent process as a means to shuttle complex cargo
and deliver biological information to recipient cell/tissues. A distinction can be made between
three different subtypes of vesicles based on their biogenesis and size: exosomes (30–150 nm
diameter) released by exocytosis, microvesicles or microparticles (100–1,500 nm diameter) formed
by budding from the plasma membrane (shedding vesicles, matrix vesicles) and apoptotic bodies
(500–2,000 nm diameter) released from apoptotic cells (2).While the latter are the specific products
of the complex processes of cells undergoing programmed cell death, all other EV subtypes are not
phenotypically linked to cell death.
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Upon release, EVs can interact with recipient cells in a
number of ways. Host receptor activation can be induced
via the interaction of vesicle membrane proteins either in a
juxtacrine fashion or by paracrine signaling after being cleaved
and released from EVs. EVs can also fuse with the cell
membrane, mediating membrane receptor transfer and releasing
its cargo intracellularly. Finally, EVs can be taken up by cells
via endocytosis, delivering their cargo inside endocytic vacuoles
(3). EV-mediated transfer of protein, genetic information (DNA,
RNA and predominately small non-coding RNA andmicroRNA)
is shown to be very efficient and intravesicular cargo is protected
from degradation in the intercellular environment by their lipid
bilayer membrane (4).

The involvement of EVs in bone homeostasis was previously
thought to be primarily via matrix vesicles, a specific subgroup
of EVs that consist of small membrane particles (20–200 nm),
which bud off from the plasma membrane of mineralizing cells,
such as osteoblasts and chondrocytes, prior to the onset of
matrix mineralization [reviewed in (5)]. Ultrastructural studies
in the late 1960’s have shown that cartilage calcification starts
in and around matrix vesicles, and matrix vesicles have since
been implicated to play a role in the calcification of bone,
cartilage, and dentin. However, more recent studies show the
importance of bone cell-derived EVs as mediators of intercellular
communication and their function in bone homeostasis and
remodeling [reviewed in (6)]. In this review we will briefly
summarize the communication between bone cells via EVs and
thereafter focus on the potential role of macrophage-derived EVs
carrying alarmins as contributors of bone remodeling.

THE FUNCTION OF EVs IN BONE
REMODELING EXTENDS THAT OF BEING
MATRIX PARTICLES

The skeleton physiology is not exempt from the participation of
EVs in biological processes. In fact, the skeleton houses a complex
microenvironment that hosts a great diversity of cells, such as
osteoblasts, osteoclasts, osteocytes, and other myeloid cells of
the bone marrow, including macrophages. All of these cells are
known to release EVs which can regulate each other’s function.

Osteoblasts
Osteoblasts are specialized mesenchymal cells that are
responsible for bone matrix synthesis and mineralization during
both initial bone formation and later bone remodeling. These
cells were first recognized to promote mineralization, releasing
matrix vesicles able to initiate nucleation of hydroxyapatite
crystals (7). Across the years, further investigations deeply
characterized the cargo and functions of matrix vesicles derived
from osteoblasts and osteoblast-like cells, identifying alkaline

Abbreviations: DAMP, damage-associated molecular pattern; EV, extracellular
vesicle; HSP, heat shock protein; M-CSF, macrophage colony-stimulating factor;
MSC,mesenchymal stem cell; NF-κB, activating nuclear factor-κB; RAGE, receptor
for advanced glycosylation end products; RANKL, receptor activator of nuclear
factor kappa-B ligand; RUNX2, runt-related transcription factor 2; TLR, toll-like
receptor.

phosphatase, the pyrophosphate generating enzyme PC1 and
the pyrophosphate channel ANK as key mechanisms causing
pyrophosphate production and influx into these EVs by
hydroxyapatite nucleation.

Primary osteoblasts and their EVs share a similar gene
profile, which included the expression of atf4, alp, runx2, osx,
col1a1 (8). A deeper proteomic characterization of exosomes
derived from osteoblastic cell line (MC3T3) revealed many
proteins related to the osteogenic pathways, such as mTOR,
integrins, and eukaryotic initiation factor-2 signaling (9).
Transcriptomic profiling performed in mineralizing MC3T3
revealed EVs containing osteogenic miRNAs (10). Exposure
of mouse bone marrow-derived stromal ST2 cells to MC3T3-
derived EVs, induced their osteogenic differentiation, manifested
by the up-regulation of osteogenic markers, such as runt-related
transcription factor 2 (RUNX2) and alkaline phosphatase, and
enhancing matrix mineralization through the modulation of
calcium, Wnt, insulin, and TGF-β signaling pathways.

van Leeuwen et al. studied the molecular profile of EVs
from human osteoblasts, both in naïve and mineralizing
conditions (11, 12). Comparing the cellular and EV mRNAs of
osteoblasts, they showed that EVs were enriched with mRNAs
related to protein translation, RNA processing and cell-to-cell
communication, in particular with osteoclasts (NFKBIB, PGF),
adipocytes (FGF1) and hematopoietic stem cells (FLT3LG, IL18)
(11). Taken together, these findings suggest that osteoblasts
release EVs capable of enhancing osteogenic differentiation,
thereby contributing to bone formation and mineralization.

Osteoclasts
Osteoclasts are unique in their ability to resorb bone and play
an important role in bone turnover. A tight crosstalk with
osteoblasts and osteocytes, which influence osteoclastogenesis
by the factors they produce, is crucial to synchronize the
activities in homeostatic bone remodeling (13, 14). Osteoclasts
differentiate from myeloid progenitor cells under the influence
of macrophage colony-stimulating factor (M-CSF) and receptor
activator of nuclear factor kappa-B ligand (RANKL) (15,
16). Next to RANKL signaling, a co-stimulatory signal is
required for osteoclastogenesis. After full differentiation, mature
multinucleated osteoclasts can start to secrete acids and lytic
enzymes that together resorb the bony tissues (14).

A recent study reported that osteoclast precursors are capable
of releasing exosomes that could directly promote the osteogenic
differentiation of the recipient mesenchymal stem cells (17).
On the other hand, Liu and colleagues showed that mature
osteoclast-derived exosomes were internalized by osteoblasts
leading to a miR-214-3p-dependent inhibition of osteoblast
activity and bone formation (18).

Interestingly, osteoclast EVs seemed to be involved in their
own maturation. Holliday’s group showed that pre-osteoclast
EVs promoted osteoclastogenesis in whole bone marrow stromal
cell cultures upon Vitamin D3 treatment, while mature osteoclast
EVs inhibited osteoclastogenesis in the same culture conditions
(19). This effect was demonstrated to be due to RANK expressed
by EVs only from mature osteoclasts, presumably able to bind
competitively RANKL in the microenvironment, similarly to
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osteoprotegerin (OPG). Furthermore, EVs from osteoclasts have
been shown to transfer osteoclast-osteoblast coupling factors.
RANK-expressing EVs from mature osteoclasts bind RANKL
on osteoblasts, activating the reverse signaling and inducing
RUNX2 activity in osteoblasts and bone formation (20). The idea
of EV-based osteoclast-to-osteoblast coupling is strengthened
by the paper of Sun et al. showing that EVs from osteoclasts
express EphrinA2, which binds the Eph receptor expressed by
osteoblasts, inhibiting bone formation (21, 22). These findings
highlight the importance of EVs in the communication between
osteoclasts and osteoblasts, but it is yet to be determined what
the relative contribution of the vesicles is compared to the total
secretome of these cells.

Osteocytes
Osteocytes, the end stage of osteoblast differentiation, are
matrix-embedded cells mainly involved in the regulation of
bone remodeling and in the adaptation to mechanical forces
(23). Morrel et al. found that mechanical stimulation activated
osteocyte network inducing Ca2+-dependent contractions and
enhancing the production and release of EVs containing RANKL,
OPG and sclerostin (SOST) (24).

In comparison to osteoblast- and osteoclast-derived EVs
much less is known about osteocyte-derived EVs. Osteocytes
produce a unique EV population, described by Sato et al. in the
osteocyte-ablated mouse model. They characterized circulating
EVs of osteocyte-less mice and found 12 downregulated miRNAs
in plasma. Furthermore, they described that this pool of
miRNAs was enriched in EVs from osteocyte-like MLO-Y4 cells
compared to non-osteocytic ST2 cells (25). Among the osteocyte
miRNAs is miR-218 which could be taken up by osteoblasts,
resulting in downregulation of SOST leading to osteogenic
activity (26).

Other Bone Interacting Cells
The balanced interplay between these three bone cell types is also
under control of immune cells like macrophages and T-cells and
often during inflammation the homeostatic situation is turned
into accelerated bone loss. These immune cells produce cytokines
that steer the differentiation of progenitor cells into osteoblasts or
osteoclasts thereby influencing bone regeneration.

Interestingly, the biogenesis of EVs is controlled by
intracellular Ca2+ concentrations in the EV-producing cells
and, furthermore, EVs are often carriers of calcium ions
contributing to calcification of tissues (27). As bone regulates
calcium homeostasis in the body, it may indirectly influence
EV biogenesis as well. Moreover, cytokines and growth factors
can alter intracellular Ca2+ levels by depleting calcium from
the endoplasmic reticulum and by increasing calcium influx
from the extracellular space. Hence, inflammation can regulate
both the extra- and intracellular Ca2+ levels and thereby
regulate EV biogenesis although many other intracellular
mechanisms are involved as well. In the next paragraphs we
will discuss how EVs derived from innate immune cells might
communicate with bone cells and regulate bone homeostasis
via alarmins.

MACROPHAGES AS A SOURCE FOR EVs
CARRYING ALARMINS

Macrophages are a highly heterogenous population derived
from the myeloid linage that can reside in bone either as
resident cells or as a result of recruited myeloid precursors,
mainly monocytes, that differentiate in the tissue. The interplay
between macrophages and bone cells is critical to bone
formation and repair. Osteal macrophages, also known as
osteomacs, are one of these resident macrophages located
in close proximity to the bone surface and do not express
TRAP (28). However, they colocalize with TRAP positive
osteoclasts and are found immediately adjacent or near to
giant osteoclasts at catabolic sites (29). Osteomacs are also
tightly associated with osteoblasts in the endosteal and the
periosteal surface. When osteoblasts undergo apoptosis they
are phagocytosed together with the debris by neighboring
osteomacs (28). Osteomacs have also been shown to support
bone formation and osteoblast mineralization in vitro
and in vivo using a mouse model in which macrophages
were ablated (MaFIA, macrophage Fas-induced apoptosis
mouse) (28).

Apart from being crucial in homeostasis of normal bone,
macrophages also play a critical role in inflammation-driven
bone diseases (30). Tissue damage elicited by external (injuries,
chemicals, infection) and internal triggers (DNA damage,
immunological reactions) or by shortage (nutrients, oxygen) or
excess (sugar, cholesterol) of factors can induce macrophage
activation that disturbs bone homeostasis and causes bone
destruction. Most of the damage associated factors are first
sensed by resident macrophages that become stressed and upon
activation recruit more macrophages. Resident and recruited
macrophages respond to their local environment and activate
specific transcriptional programs that drive them to a spectrum
of different phenotypes ranging from pro-inflammatory M-1
like to anti-inflammatory M-2 like macrophages (31). When
macrophages become stressed, pro- and anti-inflammatory
mediators are released into the micro milieu that regulate innate
and adaptive immune cells and may cause disbalanced bone
homeostasis (32).

The majority of pro-inflammatory factors that are released
by macrophages are rapidly suppressed by many feedback
mechanisms. However, EVs are able to deliver pro-inflammatory
factors to other cells in a protected way (33). Nevertheless,
not all secreted proteins detected in the medium are also
present in the EVs since packaging of the biomolecular cargo
within the macrophage EVs is a regulated process (34). LPS
stimulated macrophages release interleukins in the medium that
were absent in their exosomes (35). On the other hand, many
alarmins, damage-associated molecular patterns (DAMPs), are
present in macrophage-derived EVs. For example, New et al.
showed that macrophage-derived EVs are enriched in S100A9
and Anx5 and contribute to microcalcifications observed in
atherosclerotic plagues (36). Using gain- and loss-of-function
experiments the authors reveal the critical role for Anx5-S100A9
complexes in this process, highlighting the functional activity of
EV-carried alarmins.
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Alarmins
Alarmins are endogenous molecules that are constitutively
available and released upon cellular stress and activate the
immune system, causing inflammation in vivo. Many alarmins
are intracellular proteins that are both passively and actively
secreted. Passive release is often associated with cell injury
or death, whereas active release is regulated by mechanisms
independent of ER-Golgi routes, such as degranulation or
pyroptosis. Upon release, alarmins can bind a range of receptors
among which toll-like receptors (TLRs) and receptors for
advanced glycosylation end products (RAGE) are the most
studied (37).

Proteomic studies on both monocyte- and macrophage-
derived EVs show the presence of a large variety of alarmins,
including annexins, galectins, heat-shock proteins and S100-
alarmins (38–47). An overview of EV-associated alarmins
is presented in Table 1. Within these studies different
EV-populations were studied, ranging from exosomes to
microparticles. Differential ultracentrifugation protocols were
used for most studies, either in combination with density
gradient or precipitation techniques. Most alarmins were present
in the majority of the studies, including HSP-90, annexins, and
several S100-proteins. Simultaneously, part of the alarmins were
only found in a limited number of studies. These observed
differences could be due to the different isolation methods,
EV-subtypes investigated or sensitivity of the proteomic analysis.

Recruitment of alarmins into EVs seems to be partially
dependent on the macrophage activation state. Stimulation
of macrophages with curdlan, a bacterial β-glucan, increased
vesicle-mediated protein secretion, and specifically increased
the amount of alarmins found in their EVs (38). Similarly,
infection of macrophages with influenza A virus, resulted in
an increase in alarmins found in their produced EVs (39). It
remains to be investigated whether polarization of macrophages
also changes alarmin expression of their EVs, it has however been
shown that microvesicles produced by M1 and M2 macrophages
contain different mRNAs that can identify the macrophage
phenotype (48).

From these proteomic studies it is not possible to determine
which of these alarmins are surface-accessible. As most receptors
recognizing alarmins (TLRs, RAGE) sense the extracellular
milieu it is important which of these alarmins are carried on
the surface of EVs. A recent study by Cvjetkovic et al. presented
a novel work-flow designed to identify proteins localized on
the surface of EVs (49). Using a multiple proteomics approach,
combining proteinase treatment and biotin tagging, they were
able to identify many proteins of cytosolic origin that were
localized on the surface of mast cell-derived EVs. Among
the identified proteins were a number of alarmins, including
nucleolin, S100-A9, -A10, -A13, galectin-1, and several heat
shock proteins. Interestingly, all annexins (A1-A7, A11, and
A13) were absent from the surface, and were instead present
intravesicularly (49). In contrast, Stewart, et al. showed that
annexin-2 is localized on the surface of EVs (50). These
discrepancies could be due to the different cell types used and
the different sub-groups of EVs investigated. Microvesicles seem
to more predominant in their surface expression of annexin-V

TABLE 1 | List of alarmins found by proteomic analysis of monocyte and

macrophage-derived EVs.

Vesicle subtype References

Heat-shock proteins

Heat shock conjugate 71

kDa

Exosomes, microparticle,

microvesicles

(38, 39, 41, 42, 44–47)

HSP-β1 Exosomes, microparticle (38, 39, 43–45, 47)

HSP-70 (protein 1A) Exosomes, microparticle (38, 39, 41, 43–45, 47)

HSP-70 (protein 4) Exosomes, microparticle (39–42, 44, 45, 47)

HSP-70 (protein 13) Exosomes (39, 41, 42)

HSP-75, mitochondrial Exosomes, microparticle (39, 41, 43, 44, 47)

HSP-90α Exosomes, microparticle,

microvesicles

(38–42, 44–47)

HSP-90β Exosomes, microparticle,

microvesicles

(38–47)

HSP-105 Exosomes, microparticle (39, 41–47)

10 kDa heat shock

protein

Exosomes, microparticle (38, 39, 41, 42, 44, 45,

47)

60 kDa heat shock

protein

Exosomes, microparticle (39, 41–47)

Annexins

Annexin A1 Exosomes, microparticle (38–45, 47)

Annexin A2 Exosomes, microparticle (38–45, 47)

Annexin A3 Exosomes, microparticle (39–42)

Annexin A4 Exosomes, microparticle (38–43, 45, 47)

Annexin A5 Exosomes, microparticle,

microvesicles

(38, 39, 41–47)

Annexin A6 Exosomes, microparticle,

microvesicles

(38–41, 43–47)

Annexin A7 Exosomes, microparticle (38, 39, 41–45, 47)

Annexin A11 Exosomes, microparticle (38–41, 43–45, 47)

Galectins

Galectins-1 Exosomes, microparticle (38, 39, 41, 42, 45, 47)

Galectin-3 Exosomes, microparticle (39, 41, 42, 45, 47)

Galectin-7 Exosomes, microparticle (38, 39, 44, 47)

Galectin-9 Exosomes, microparticle (38, 39, 47)

Galectin-9B Exosomes, microparticle (39, 45)

S100-alarmins

S100-A4 Exosomes, microparticle (38, 39, 41, 42, 45, 47)

S100-A6 Exosomes, microparticle (38, 39, 41, 42, 45, 47)

S100-A8 Exosomes, microparticle (38, 39, 45, 47)

S100-A9 Exosomes, microparticle (39, 45, 47)

S100-A10 Exosomes, microparticle (38, 39, 41, 42, 45, 47)

S100-A11 Exosomes, microparticle (38, 39, 41, 42, 45, 47)

S100-P Exosomes (39)

Miscellaneous

Cathelicidin Exosomes (39)

Defensin α3 Exosomes (39)

Endoplasmin Exosomes, microparticle (38, 39, 41–45, 47)

Fibronectin Exosomes, microparticle (38, 39, 42, 43, 45–47)

HMGB1 Exosomes, microparticle (41, 43, 45)

Nucleolin Exosomes, microparticle (39, 41–45, 47)

Thymosin β4 Exosomes, microparticle (39, 42, 45)

78 kDa glycoseregulated

protein

Exosomes (42)
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compared to exosomes, as demonstrated by Heijnen et al.
(51). The sorting mechanism responsible for protein localization
remains to be identified.

THE EFFECT OF ALARMINS ON
OSTEOBLASTS AND OSTEOCLASTS

Alarmins play wide roles in different cell types. Multiple studies
described the profound involvement of families of alarmins in
osteocyte, osteoblast and osteoclast differentiation and function,
including annexins, galactins, heat shock proteins, S100-proteins
and various other proteins, although detailed studies for many of
the individual family members are still lacking.

Annexins
Annexins are autocrine/paracrine factors secreted by several cell
types. Among them, Annexin 2 (AnxII) was demonstrated to
increase bone resorption (52). This effect was shown to be due to
activation of bone marrow stromal cells with the overexpression
of GM-CSF and RANKL, both being pro-osteoclastogenic factors
(53). Additionally, a previous study showed that overexpression
of AnxII stimulated osteoclast formation (54). Another study
poses that AnxII is only involved in the proliferation of
osteoclast precursors, probably via stimulation of GM-CSF
production, but not in the later multinucleation stages of
osteoclast differentiation (52). The receptor that mediates these
effects remains to be elucidated. However, most studies described
an autocrine effect of osteoclast-produced AnxII, leaving the
importance of macrophage-derived AnxII in the stimulation of
osteoclasts unknown.

Galectins
Galectins are a class of proteins that bind specifically to β-
galactoside sugars, consisting of 15 members, of which 9 are
known in humans and 11 in mice. These soluble proteins have
both intra- and extracellular functions (55).

Galectin-1 (Gal-1) has been proposed to mediate cell-to-cell
and cell-to-matrix adhesion (55). Furthermore, galectin-1 has
been found both to promote and inhibit cell proliferation of
a number of cells. In particular, Gal-1 was demonstrated to
decrease differentiation of bone marrow stromal cells (56).

Galectin 3 (Gal-3) is another member of the galectin family
found to affect both osteoblast and osteoclast differentiation.
It has been demonstrated that exogenous recombinant Gal-
3 inhibited terminal differentiation of a human pre-osteoblast
cell line (57). Weilner et al. found that Gal-3 affected
osteogenic differentiation of mesenchymal stem cells (MSCs)
and, interestingly, that Gal-3 can be detected in EVs from
plasma. Administration of Gal-3-EVs to MCSs increased
osteoblastogenesis, preventing β-catenin degradation (58). On
the other hand, Gal-3 strongly decreased osteoclast formation
from precursors by suppressing nuclear factor of activated T-
cells c1 (NFATc1), whereas Gal-3-deficient bone marrow cells
had an increased osteoclastogenic potential. Moreover, addition
to mature osteoclasts inhibited their resorptive capacity (59, 60).
Likewise, Gal-9 markedly decreased osteoclast formation from
cell lines and bone marrow cells, probably via binding to its

receptor T-cell immunoglobin- and mucin-domain-containing
molecule 3 (Tim-3) (61).

Heat Shock Proteins
Heat shock proteins (HSPs) are among the most well-studied
alarmins. Under physiological conditions they act as intracellular
chaperone proteins, but some members are secreted upon
stress. Stress factors such as IL-1β and TNFα have been
shown to increase HSP60 secretion. These increased HSP60
levels were shown to promote osteoclast formation and activity
via potentiation of RANK-RANKL signaling. The same study
showed that this effect runs via binding of HSP60 to TLR2 (62).
The finding that HSP60 is an agonist for the triggering receptor
expressed in myeloid cells (TREM)2 receptor, which is part of
the co-stimulatory signaling that is needed for osteoclastogenesis,
might give an additional mechanism of how HSP60 might
increase osteoclastogenesis (63).

In contrast, the HSP70 family member heat-shock 70-kDA
protein-8 binds to the ubiquitin-like protein monoclonal non-
specific suppressor factor β and double knockdown of these
factors inhibited RANKL-induced osteoclastogenesis (64). The
effects of HSP90 on osteoclastogenesis are more controversial.
Whereas, its inhibition with SNX-2112 potently inhibited
osteoclast formation (65), the effects of HSP90 inhibition with 17-
allylamino-17-demethoxygeldanamycin (17-AAG) on osteoclast
formation was shown to be cell-type dependent (66–68).

S100 Family Proteins
S100 proteins are low molecular weight proteins that belong
to the family of calcium binding proteins. Extracellular S100A4
binds to cell surface receptors, such as the RAGE, activating
nuclear factor-κB (NF-κB) (69). On mature murine osteoblasts,
S100A4 was shown to inhibit mineralization activity and the
expression of late-stage osteoblast markers via activation of the
NF-κB pathway (70). Additionally, S100A4 has been shown to
stimulate osteoclast formation (71). Moreover, although in vitro
osteoclast cultures with S100A4-deficient bone marrow resulted
in more TRAP+ cells compared to wild type cells, the formed
osteoclasts were much smaller with less nuclei, underlining the
importance for S100A4 in osteoclast formation (72). Finally,
binding of S100A4 to extracellular annexins has been shown
to regulate the fusogenic activity of osteoclasts (73). The most
well-studied S100 proteins in the context of inflammatory bone
diseases are S100A8 and S100A9, however data about their
direct function on osteoblasts and osteoclasts is rather limited.
A previous study showed that stimulation of mature murine
osteoclasts with S100A8 enhances their further fusion and
resorbing activity via binding to TLR4 (74). Another study
showed that S100A9 directly stimulates osteoclast formation
from monocytes in the context of osteomyelitis in the absence of
RANKL (75). However, addition of S100A9 to humanmonocytes
strongly inhibits osteoclast differentiation (76).

High Mobility Group box Protein 1
High mobility group box protein 1 (HMGB1) is a non-
histone nuclear protein that acts as an alarmin extracellularly.
TLR2/4/9 and RAGE have been implicated as receptors of
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extracellular HMGB1. HMGB1 release occurs during tissue
injury or microbial invasion via two major pathways, one
passive and the other active. Passive release is associated with
necrotic cell death, whereas during active release HMGB1 is first
shuttled to the cytoplasm, in a JAK-STAT dependent manner,
and is thereafter either released into the extracellular space
during pyroptosis or alternatively via exocytosis of secretory
lysosomes (77, 78). HMGB1 has also been found in EVs. For
lymphocytes it is primarily associated with apoptotic vesicles
(79), whereas, for macrophages it has also been shown in
vesicles released in response to TLR-activation (80). A function
for HMGB1 in bone homeostasis has been described, where
it can stimulate osteoclastogenesis. HMGB1-RAGE signaling
was shown to be important in regulating actin cytoskeleton
reorganization, thereby contributing to RANKL-induced and
integrin-dependent osteoclastogenesis (81).

Other Alarmins
Fibronectin also plays a crucial role in the differentiation of
osteoblasts (82). Fibronectin is a heterodimeric extracellular
matrix glycoprotein that has several cell- and matrix-binding
domains (83). Normal human and murine osteoblasts express
fibronectin receptors α3β1, α4β1, α5β1, αvβ3, and αvβ5
integrins (84–86). Fibronectin was shown to induce osteoblast
differentiation, since perturbation of binding between fibronectin
and osteoblasts suppressed nodule formation and maturation,
as well as alkaline phosphatase and osteocalcin expression
(82). Moreover, fibronectin also displayed pro-survival effect
on mature osteoblasts (87). In contrast, fibronectin inhibits the
formation of osteoclasts but stimulates the activity of mature
osteoclasts via nitric oxide and IL-1β-mediated pathways (88).
Finally, the antimicrobial peptide of the cathelicidin family LL-37
inhibits osteoclastogenesis by inhibiting the calcineurin activity
(89) and the actin-sequestering protein thymosin β4 suppresses
osteoclast differentiation (90).

SUMMARY AND PERSPECTIVE

The function of soluble alarmins has widely been studied, and
it is clear there is a profound involvement of alarmins in
bone-resident cell differentiation and function. A number of
these alarmins have also been identified on EVs derived from
monocytes/macrophages, and make up a sizable portion of
the vesicle cargo. We hypothesize that vesicle-carried alarmins
can have similar effects to soluble alarmins on osteoblast and
osteoclast differentiation and function and thereby contribute to
bone homeostasis (schematic cartoon in Figure 1).

The composition and relative quantities of alarmins on
monocyte/macrophage-derived EVs will ultimately determine
their function. Although functional studies are limited, as focus
is often on the vesicle as a whole rather than individual proteins
carried by the EV, a delicate study by New et al. revealed a critical
role of the alarmins Anx5 and S100A9 present on macrophage-
derived EVs in microcalcifications in atherosclerotic plaques
(36). An additional study, by Nair et al. has shown that
LPS stimulated macrophages release microvesicles coated with
histones, a different type of alarmin. These histones can interact

with TLR4 promoting inflammatory responses (91). On that
note, it is important to understand where alarmins are expressed,
either on the membrane surface or intravesicularly. Surface
bound alarmins can interact with membrane bound receptors
on the bone cells, such as TLRs or RAGE, whereas intravesicular
alarmins can only interact with intracellular receptors. The mode
of uptake is also important in this regard, as a portion of
engulfed vesicles are immediately degraded in the lysosome of the
recipient cell and therefore will not have to chance to release their
alarmins intravesicular.

EVs also contain different molecules such as lipids,
polymers of nucleotides, sugars, and other cell metabolites,
and when EVs are taken up these molecules will have an
impact on the bone cells as well. Nevertheless, alarmins on
EVs mediate their first direct contact with bone cells via
membrane receptor recognition and this interaction could
be an effective target to treat bone destruction. Secondly it
might be possible to steer either the expression of alarmins in
monocytes/macrophages or the EV-loading mechanism toward
EVs that possess an anti-inflammatory and bone inducing
phenotype. EVs are quite sturdy and can be transportation
via the circulation, which makes alarmin-EVs important
messengers in the local bone remodeling process also when
monocytes/macrophages are not in close proximity with
the bone cells. An important feature of EVs which enables
this distal communication is the ability to integrate with
extracellular matrix. Besides carrying alarmins, EVs carry
an abundance of adhesion molecules and can bind various
matrix molecules allowing interaction with bone (92). This
makes EVs uniquely equipped to function as a long-distance
alarmin-delivery system to osteoclasts and osteoblasts at the
bone site.

Our understanding of extracellular vesicles and alarmins as
regulators of bone homeostasis have greatly increased over the
past decade, however a role for alarmins on/in extracellular
vesicles is often overlooked. Clearly macrophages play a
role in bone remodeling and are a source of vesicle-carried
alarmins. Future studies should be directed to determine the
contribution macrophage-derived EVs have, and identify the
alarmin that causes the deregulation of bone homeostasis under
inflammatory conditions.

OUTSTANDING QUESTIONS

By reviewing the involvement of alarmins in/on EVs in bone
homeostasis, we realized how many questions in this field of
research remain unanswered. Below, we highlight a couple of
these questions that require further investigation to move this
research field forward.

1) How are alarmins associated with EVs, intravesicular or
present on the outside of the vesicle membrane? And is there
preferential loading for certain types of alarmins?

Using multiple proteomics approaches, combining
proteinase treatment and biotin tagging [method published
by Cvjetkovic et al. (49)], it would be possible to delineate
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FIGURE 1 | Schematic cartoon of macrophage-derived EVs carrying alarmins impacting osteoclasts. Tissue-resident (1), circulating (2) and osteal macrophages (3)

can secrete EVs carrying alarmins (A). These vesicles can interact with bone cells, including osteoclasts (4), in a number of different ways (B). Vesicles can be

internalized (a), fuse with the cell membrane (b) or ligands present on the outer membrane of the vesicle can interact with receptors on the cellular membrane (c). The

composition and relative quantities of alarmins on macrophage-derived EVs will determine their functional effects.

which alarmins are present on the outer membrane
versus intravesicular.

2) Are alarmins associated with EVs functionally
active? And how does this activity relate to
soluble alarmins?

In vitro separation of EVs from soluble alarmins derived
from macrophages can be difficult, as this heavily depends on
the isolation techniques used. If sufficient separation can be
achieved, it will be possible to determine how effective each
fraction is.

3) In the setting of bone homeostasis, how large is the
contribution of EV-associated alarmins compared to soluble
alarmins?

To delineate the contribution of particle-bound versus
soluble alarmins we could utilize macrophage-specific
knockdown/inhibition of EV-secretion or EV-loading

mechanisms, preventing secretion of alarmin-carrying EVs
specifically for macrophages.

4) Is there a difference in alarmin content between osteomacs
and circulating macrophages? And where are alarmin-
carrying EVs produced primarily?

Comparing the cargo of osteomac- and macrophage-
derived EVs using proteomics will shed light on how the
EVs differ in alarmin content. It will however remain difficult
to trace back the cellular origin of EVs in vivo without
prior labeling of the producing cells.
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