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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-a 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
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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-a that support pathological osteoclastogenesis.
The origin of osteoclasts from myeloid cells was further reviewed
by Madel 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-a, 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-a 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-o was overexpressed even
in the absence of RANKL, confirming a RANKL-independent
osteoclast formation (5). In contrast, overexpression of TNE-
o was not able to compensate osteopetrosis in the absence
of RANKIL, indicating that disease-associated osteoclasts and
turnover or physiological osteoclasts may have a different
dependency on RANKL or TNF-a 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 Shcl,
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.).
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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 inflaimmatory bone diseases in peripheral blood
was found at the level of monocyte precursor type
priming within the circulation by inflammatory cytokines
such as TNF-a and a role for activated RANKL and/or
TNF-a 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-a
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.
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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 “naive.” 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
naive 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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Jean-Yves Jouzeau?, Nicolas Bonnet*, Federica Gilardi?®', Francois Renevey®,
Sanijiv A. Luther?®, David Moulin®® and Béatrice Desvergne?*

! Department of Oncology, University of Lausanne, Epalinges, Switzerland, ? Faculty of Biology and Medicine, Center for
Integrative Genomics, Genopode, University of Lausanne, Lausanne, Switzerland, ° IMoPA, UMR7365 CNRS-Université de
Lorraine, Vandoeuvre-lés-Nancy, France, * Division of Bone Diseases, Department of Internal Medicine Specialties, Faculty of
Medicine, Geneva University Hospital, Geneva, Switzerland, ® Department of Biochemistry, Center for Immunity and Infection,
University of Lausanne, Epalinges, Switzerland, ® CHRU de Nancy, Contrat d’interface, Vandceuvre-lés-Nancy, France

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-y (PPARYy). We show
that Pparg®/2 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 Pparg®/4 recipients. This phenotype is not due to a specific
alteration linked to Pparg deletion, such as chronic inflammation, since it is also found in
AZIPY9/* mice, another lipodystrophic mouse model with normal PPARy 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, PPARy null mice, AZIPtg/+ mice, bone marrow adipocytes, hematopoiesis,

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

Frontiers in Immunology | www.frontiersin.org n

November 2018 | Volume 9 | Article 2573


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.2018.02573
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2018.02573&domain=pdf&date_stamp=2018-11-13
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:anne.wilson@unil.ch
mailto:beatrice.desvergne@unil.ch
https://doi.org/10.3389/fimmu.2018.02573
https://www.frontiersin.org/articles/10.3389/fimmu.2018.02573/full
http://loop.frontiersin.org/people/429803/overview
http://loop.frontiersin.org/people/603188/overview
http://loop.frontiersin.org/people/590284/overview
http://loop.frontiersin.org/people/601769/overview
http://loop.frontiersin.org/people/578452/overview
http://loop.frontiersin.org/people/34417/overview
http://loop.frontiersin.org/people/591828/overview
http://loop.frontiersin.org/people/591650/overview

Wilson et al.

Lack of Adipocytes and Extramedullary Hematopoiesis

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 common mesenchymal 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
(AZIP'8/*) 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-y  (PPARy)
(15, 16). Pparg®/® 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(Sox2-cre)1Amc/]), CD45.14  (B6.SJL-Ptprc*Pepc?/Boy])
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
Pparg') and Pparg-null alleles resulting from Cre recombination
(hereafter referred to as Pparg?), as well as the mating strategy
for the generation of Sox2-Cre'8/*Pparg®™A/A (Ppargh/4)
mice and their control littermates (CTL) with no Sox2-Cre
transgene but two functional Pparg alleles (Pparg”/*) 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 PPARy knockout mice due
to a placental defect (15, 16). Normal placental development
allows Sox2-Cre'8/*Pparg®™~/2 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 AZIP'®/*] 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 Pparg®/A 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
Pparg®/A bones, and at very low levels in AZIP'S/* 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-pm filters. Splenocyte
suspensions were obtained by mashing the organs through sieves
into DMEM/3% FCS, washing by centrifugation and filtering
through a 40-pm 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-pm 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-pm filter caps. BM cells suspensions
were obtained as described above. Splenocytes (3 x 10°) and
BM cells (2 x 10%) were seeded into 35mm dishes in Mouse
Methylcellulose Complete Media containing cytokines/growth
factors such as EPO, IL-3, IL-6, SCE, or the combination thereof
according to the manufacturer’s instructions (R&D Systems).
After 10-12 days of culture at 37°C in 5% CO,, 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 Pparg®/2 mice or their littermate controls (CTL).
For reverse chimeras, 12-week old host mice (PpargA/A or
CTL) were reconstituted with 10”7 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 j.g) was reverse-

transcribed using the iScriptTM cDNA Synthesis Kit (Bio-Rad
Laboratories, Hercules, CA) according to the manufacturer’s
instructions. Real-time PCR was performed with SYBR
Green PCR mastermix using an ABI PRISM® 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 Image]J 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 pm-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 ]
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-1B 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-1f 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 0.022ng/ml for SAA (manufacturer’s

data).

Statistical Analyses

The statistical analysis was performed using GraphPad Prism
6 software. Two-group comparisons were performed using
Students 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
Pparg?®/4 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 PPARy 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 PpargA/A 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 Pparg®/A 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 Pparg®/A 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 Pparg®/% 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 Pparg®/2
marginally decreased compared to the controls (Figure 1D).
While the numbers of granulocytes and macrophages in the
BM did not differ in Pparg®/# mice compared to the controls,
lymphopoiesis was affected with numbers of B cells and T cells
reduced 1.5-fold in Pparg”/® 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 PPARYy,
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.

mice were

Lipodystrophic Pparg®/A 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-1T, cKit-r*) and LK (Lin~,
Sca-17, 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 Pparg®/A mice compared to
control mice. In contrast, the absolute and relative number of
LSK and LK cells in the BM of PpargA/A 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%) and MPP1 (ST-HSC; CD341 CD48% CD150™")
subsets were marginally decreased in the BM, the MPP2 (CD34*
CD48~ CD150") and MPP3/MPP4 (CD34" CD48% CD150~
CD135%/7) subsets were unchanged (Figure 2C). Thus, the HSC
and MPP subsets were largely unaffected in the BM of mice
lacking PPARy. 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 Pparg®/® 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-1, cKit-r'® and CD27+, CD127%,
CD135%(25), we quantified the proportion and number of CLPs
in the BM and spleen of control and Pparg®/® mice. No
significant changes were observed in the proportion or in the
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p-values are indicated above the corresponding bars.

FIGURE 1 | numbers in the BM (2 tibias and 2 femurs from each mouse), spleen, and liver of control and PpargA/A 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 Pparg®/2 (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 (CD37); B cells (B2201); Gran:
granulocytes (Gr1tCD11b™), Macs: macrophages (Gr1~CD11b), Ebs: erythroblasts (Ter119+CD717); Mean + SEM n = 7-8 mice per genotype. All significant

number of CLPs in the BM and spleen of Pparg”/# 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 PpargA/ A mice.

The EMH Observed in Pparg®/4 Mice Is

Non-cell Autonomous

To determine whether the EMH observed in Pparg®/® mice
was driven by a hematopoietic cell-autonomous mechanism
or by a perturbation of the BM microenvironment, BM
transplantation was performed. Lethally y-irradiated CD45.17
wild-type recipient mice were reconstituted with either
Pparg®/ 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 Pparg®/® 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 Pparg®/A (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
Pparg®/A 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 Pparg®/A recipients, but not
of control recipients, reconstituted with wild-type donor BM
(Figure 3B).

Taken together, these results indicate that the EMH observed
in Pparg®/A 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 Pparg®/4
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 Pparg®/A 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 Pparg®/4
mice, we analyzed another mouse model that shares a similar
phenotype with respect to lipodystrophy, but does not exhibit
overt inflammation.

The AZIP®®/* 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. AZIP'8/* mice are born with no WAT and
with severely decreased brown adipose tissue (19). One difference
between Pparg®/2 mice and AZIP'8/* mice is the presence of
systemic inflammation, suggested in Pparg®/2 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-1p. In contrast, SAA, IL-1p,
and IL-6 levels were not significantly increased in AZIP'8/* 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 AZIP'®/* 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 PPARy was recapitulated in
AZIP'8/* 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
Pparg®/® mice, the lipodystrophy per se is responsible for the
EMH.

Distinct Features of the EMH in Pparg?/2
and in AZIP'9/+ 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%, CD16/327): 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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CD117 staining on lineage-negative BM (left panels), spleen (middle panels), and liver (right panels) cells from littermate control (CTL, upper panels) or PpargA/ A
(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-1TCD1177) cells, respectively, as a percentage of lineage-negative cells from each organ. (B) Histograms showing the percentage of LSK
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of both Sfpi/PUI and Gata2 in the long bones of Pparg®/2
mice compared to control mice, whereas Gatal remained
unchanged (Figure 5D). Thus, a bias in favor of myeloid over
erythroid development in the BM was observed in the absence

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 PPARy compared to wild-type controls  of PPARy.
(Figures 5A,B). These results were consistent with the gene Importantly, the observed shift in the ratio of GMPs to MEPs

expression profiles of their key regulators, with elevated levels  within the LK subset in Pparg®/4 mice was also recapitulated
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genotype. (B) Representative FACS plots showing Sca-1 vs. CD117 staining
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(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 AZIP19/+
(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
Pparg®/® mice. However, in AZIP'8/* mice, which harbor no
inflammation, increase of the LK cell population was observed in
all progenitor subsets without alteration of the MEP 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 AZIP®/* 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 Pparg®/4
and AZIP'®/* mice is that no decrease is observed in the
numbers of B lymphocytes in the BM of AZIP'®/* mice
(Supplementary Figures S6A,B). Further analyses in Pparg®/A
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 PpargA/ A
the numbers of later-stage B cells (IgM™ immature and mature
cells) were significantly decreased in the absence of PPARY (data
not shown). These observations, not seen in AZIP'/* mice, are
therefore unlikely to be directly due to the lack of adipocytes in
the BM.

mice,

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
Pparg®/A and AZIP'®/T 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 0b/ob
mice (Supplementary Figures S6C,D), thus ruling out metabolic
perturbation as a possible cause of EMH.

As the EMH observed in Pparg®/2 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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is indicated instead. The respective percentages of MEPs (CD34~CD16/327), CMPs (CD34‘°WCD1 6/327), and GMPs (CD341CD16/32%) are indicated in each plot.
LK (Lineage-negative, Sca-1~cKit-r /lCD11771); 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 PpargA/ a (light bars) mice. Mean

+ SEM, n = 7-8 mice per genotype. (C) Histograms showing the proportion (%) of C

AZIP19/+ (light hatched bars) mice. Mean + SEM, n = 7 mice per genotype. (D) mRNA expression levels of the transcription factors Gata1, Gata2, Sfoi1/PU1
evaluated by gRT-PCR in total cellular extracts from the long bones of control (dark bars) vs. Pparg®/2 mice (light bars) or wild-type (dark bars) and AZIP'9/+ (light
hatched bars) mice. Mean + SEM, n = 5-7 mice per genotype. All significant p-values are indicated above the corresponding bars.

MPs, MEPs, and GMPs in the BM LK subset of wild-type (dark bars) and

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 Pparg®/A and AZIP'8/+
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 BM might be impaired,
contributing to the EMH in Pparg®/A and in AZIP®/* 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 PpargA/A 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
Pparg®/A mice is not a direct consequence of the lack of PPARy
in hematopoietic cells that normally express PPARy (29, 30).
Indeed, the EMH was reproduced when WT cells were used to
reconstitute lethally irradiated Pparg®/2 mice. We then observed
EMH in an independent model of lipodystrophy (AZIP'/*).
Albeit, we cannot exclude a contribution of inflammation
in Pparg®/2 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, Pparg®/A and AZIP'8/*, 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 PpargA/A and AZIP'®/* mice exhibited close
to normal cell numbers, with neither myeloproliferation nor
dramatic changes in the HSC population, excluding myelofibrosis
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 PPARy
or in AZIP'8/* 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 Pparg®/A mice and
was associated with PPARy-dependent scarring alopecia (18).
However, this feature is specific to Pparg/A mice and not
found in AZIP'/* mice. In addition, the blood levels of the
inflammatory markers are significantly increased in Pparg®/4
mice but not in AZIP®¥/* mice. Thus, although we cannot rule
out a contribution of inflammation, particularly in the case of
the Pparg®/A mice, it does not explain the presence of EMH in
AZIP®/* 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 PpargA/A and not in
AZIP®/* 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 Pparg®/A mice might thus be compensated for by active
EMH.

Finally, although the three mouse models described in this
study (Pparg®/A, AZIP'®/*, and ob/ob) are all affected by type
2 diabetes, the fact that 0b/ob mice 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. PPARy is central
in this balance since this nuclear factor is a crucial regulator of
MSC orientation toward adipocytes, as its 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 AZIP'9/+ mice. (A) Chimeras using wild-type recipients and control or
Pparg®/2 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 (CD34‘OWCD1 6/327), MEPs (CD34~CD16/327), and GMPs (CD34+CD16/327) in the LK cell subset, in the BM, the spleen and the liver of
WT mice reconstituted with control (dark bars) or Pparg®/2 (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 F’,oargA/A 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 PpargA/A (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 adipocytes may 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 PPARYy,
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 Pparg®/4 and AZIP'9/+ mice. (A,B) Cxc/12 and Cxcr4 mRNA expression in the long bones
of Pparg®/2 (A) and AZIP'9/+ (B) mice and their controls, CTL and WT, respectively, as indicated. Mean =+ SEM for 3 to 6 mice per genotype. (C,D) Cxc/12 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 PpargA/A mice and
their control. (E) Expression levels of Sphingosine Sphingosine kinase/sphingosine 1-phosphate receptors genes, S1pr1, S1pr2, S1pr3, in the long bone of F’,oargA/A
mice and their control. (F) Parathyroid hormone (PTH) serum levels and gene expression of its receptor PTHR1 in long bones of PpazrgA/A 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 lipodystrophy might provide new avenues of research
in hematopoiesis.
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Receptor activator of nuclear factor-kB 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 kB 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) (Rankl'es/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 TNEF-
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 Rankl!®/t¢s mice (22), osteoporotic Tg5516 and
Tg5519 mice (23), and arthritic Tg197 mice (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 5um 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 pA with
a 0.5mm aluminum filter. Three-dimensional reconstructions
(8.8 mm 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™!). Calcaneous
trabecular geometry was assessed using 75 continuous CT slides
(300 pm) 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™!). Femoral trabecular geometry
was assessed using 300 continuous CT slides (1,800 pm) located
at the trabecular area underneath the growth plate. Femural
cortical geometry was assessed using 100 continuous CT slides
(600 jum) located at the femoral midshaft, where the bone volume
fraction (BV/TV, %) and the bone volume (Ct.BV, mm?) 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
90 min 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-j.m sheet, centrifuged,
resuspended in FACS buffer (1% FBS in PBS) and counted using
a hematocytometer. 10° cells were plated in a 96 V-bottom
well plate (Costar) and stained with antibodies against CD45-
Alexa 700, CD11b-PE, Gr1-FITC, TCRa-APC/Cy7, and B220-
PerCP (Biolegend). Cells were incubated for 30 min 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 pg 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-18: 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 CFX96™. 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, Tgl97 and Tg197/Tg5519 mice (6-8 mice

per genotype).

Protein Extraction and Lysis

Ankle joints from the four different genotypes (WT, Tg5519,
Tgl97, and Tgl97/Tg5519) were ground to powder in liquid
nitrogen using a pestle and mortar and solubilized in 150 pl lysis
buffer containing 100 mM Tris-HCI, pH 7.6, 4% SDS and freshly
made 100 mM DTT. Samples were incubated for 3 min at 95°C,
followed by 20 min incubation in a sonication water bath in order
to shear the DNA. Finally, the samples were centrifuged at 17,000
x g for 30 min 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 cutoft (Sartorius, VNO1H02). 40 .l lysate were
diluted in 8 M Urea/100 mM Tris-HCI pH 8.5, the filters were
extensively washed with the urea solution, covered with 10 mg/ml
iodoacetamide in the urea solution and incubated for 30 min in
the dark for the alkylation of cysteines. The proteins on the top
of the filters were washed three times with 50 mM ammonium
bicarbonate and finally the proteins were digested adding 1
pg trypsin/LysC mix in 80 pl 50 mM 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 pg peptides were injected and pre-concentrated with a flow
of 3 pl/ min for 10 min using a C18 trap column (Acclaim
PepMap100, 100 pm x 2 cm, Thermo Scientific) and then loaded
onto a 50 cm C18 column (75 jum ID, particle size 2 jum, 100 A,
Acclaim PepMap RSLC, Thermo Scientific). The binary pumps of
the HPLC (RSLCnano, Thermo Scientific) consisted of solution A
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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 450 min 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 10°
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 0.7 min). 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
cutoft) 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,
IT 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 Students 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/Rankl!®/1¢ mice by crossing Tgl97 arthritic mice
overexpressing human TNF with Rankle/t¢s osteopetrotic
mice carrying a functional mutation in the RANKL gene (22).
The Tgl97 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. Rankltes/tes
mice, expressing an inactive form of RANKL incapable of
forming trimers, are osteopetrotic due to osteoclast absence
(22). Tg197/Rankl!es/tes mice also displayed an osteopetrotic
phenotype as shown by failure of tooth eruption, and
growth retardation similarly to Rankl®/1e mice, whereas
an improvement was observed in their survival percentage
compared to Rankl!®/9¢s 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/Rankls/s 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/Rankl!®/t¢s 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/Rankies/1es mice and sex-matched control littermates WT
(Rankites/+), Tg197 (Tg197/Rankil®s/+), and Ranki!les/tles were assessed until the 10th week of age for (A) body weight gain (1 = 6-7 per genotype), (B) percent
survival (n = 15 per genotype), (C) clinical arthritic score (from O to 3) in both ankles for each mouse (n = 7 per genotype), and (D) histological arthritic score (from O to
5) in both ankles for each mouse at 10 weeks of age (n = 12-14 per genotype). Control group includes Rankites/+ and Rankites/tes mice. (E) Representative
histological images of hematoxylin/eosin (H&E) and Tartrate-resistant acid phosphatase (TRAP) stained ankle joint sections from two Tg197/RankI“eS/ 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 magpnification of regions harboring TRAP+ cells in Tg197 (a) and Tg197/Rankiies/tes mice (b,c). Scale bars: 300 um at H&E and TRAP, 80 um 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, Rankl"®*/!®s mice failed to develop TRAP+
osteoclasts and developed osteopetrosis, whereas enhanced
osteoclastogenesis and bone resorption was identified in arthritic

Tg197 mice at sites of pannus invasion into bone (Figures 1E-G).
However, TNF overexpression failed to reverse the RANKL-
mediated osteopetrotic phenotype in Tgl197/Rankl!es/tes 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/Rankl!®*/¢s 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/Rankl"®/s 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
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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: 300 um at H&E and TRAP; 150 um 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 huRANKL with features of severe trabecular bone
loss and cortical porosity (23). Simultaneous overexpression of
RANKL and TNF in Tgl97/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 Tgl97 mice were restricted on synovial hyperplasia and
focal pannus formation, showed significantly increased arthritis
progression in Tgl197/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, Tgl97/Tg5516 mice
displayed an exacerbation of inflammatory arthritis compared
to Tgl97 mice but to a lesser extent as regards Tgl197/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/TgRANKL mice correlates with an increased
inflammatory profile, we analyzed the synovial tissue for
inflammatory cells through flow cytometry (Figure3). Our
analysis showed a significant increase in the number of infiltrated
cells extracted from Tgl97/Tg5519 inflamed ankles compared
to Tgl97 mice (Tgl97/Tg5519: 13.15 £ 2.72 x 10° cells vs.
Tg197:4.39 4 0.16 x 10° 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 4 2.2 x 10° cells
vs. Tg197: 2.51 & 0.09 x 10° 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*Grl™ monocytes/macrophages (Tgl197/Tg5519: 2.91 =+
0.28 x 10° cells vs. Tg197: 1.36 £ 0.11 x 10° cells), and 5-fold
more CD11b" Grl™ granulocytes (Tgl97/Tg5519: 2.4 + 0.73 x
106 cells vs. Tg197: 0.44 £ 0.04 x 10° cells) than Tgl97 mice,
where monocytes and synovial macrophages are the dominant
inflammatory cells (Figure 3B). The absolute numbers of B220+
B lymphocytes (Tgl197/Tg5519: 0.98 + 0.11 x 10% cells vs.
Tgl197: 0.51 & 0.06 x 10° cells) and TCRa+ T lymphocytes
(Tg197/Tg5519: 1.27 + 027 x 10° cells vs. Tgl97: 0.5 % 0.05
x 10° cells) were also significantly increased in comparison
to Tgl97 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 Tgl97, 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 (Tgl97/Tg5519) and arthritic mice
(Tg197), CD11b™/Gr1™ macrophages/monocytes were prevalent
in Tgl97, while CD11b*/Gr1" granulocytes in Tgl97/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 (Tgl97/Tg5516: 72.4 &+ 1.2% cells
vs. Tgl97: 59.02 £ 0.37%) and CD11b*/Grl" granulocytes
(Tgl97/Tg5516: 15.63 & 0.62% vs. Tg197: 10.9 &= 1%) compared
to Tgl97. Collectively, the aberrant co-expression of TNF and
RANKIL, 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 Tgl97
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 Tgl97/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 Tgl197 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 Tgl197/Tg5519 mice compared
to Tgl97 (Figure 3G), in line with the granulocytic arthritic
phenotype developed in such mice (Figures3B,D). Instead,
IL-1b, a proinflammatory cytokine expressed by activated
macrophages, was 2-fold decreased in Tgl197/Tg5519 compared
to Tgl97 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 Tgl197/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 Tgl97 arthritic mice
showed trabecular bone loss in the calcaneous bone at 6
weeks of age (Figure4), while the calcaneous bone loss
was further exacerbated in Tgl97/RANKL mice compared
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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 TCRa (T lymphocytes) (n = 4-5 per genotype). gPCR 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 (o < 0.05, **p < 0.01, **p < 0.001).

to the control littermate groups (WT, TgRANKL, Tgl97). manner. Assessment of the trabecular bone volume fraction
In the severe osteoporotic model Tg5519 the presence of (BV/TV, %) demonstrated a 28% reduction in Tg5519, 46%
the huTNF transgene promoted bone loss in an additive in Tgl97 and 73% in Tgl97/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  Tgl197/TgRANKL mice coincides with a cooperative local bone
identified when huTNF was introduced in the mild osteoporosis  loss.

model Tg5516, as Tgl97/Tg5516 mice displayed a 62% To investigate whether simultaneous overexpression of
reduction in BV/TV, while Tg5516 and Tgl97 together =~ RANKL and TNF also affected other skeletal sites outside
reached a 48% reduction compared to WT (Figure 4D). These = of the inflamed ankles, we analyzed both metaphyseal and
results indicate that the exacerbated arthritis developed in  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 Tgl197/Tg5519 transgenic mice and control
groups, including Tgl97, 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 the MaxQuant
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 IIT 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 Tgl97 and
Tg197Tg5519 (Figure 6B and Supplementary Table 1). Cluster
I is composed mostly of ribosomal proteins which are enriched
in huRANKL overexpressing mice Tg5519 and Tgl97/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 Fcy-receptor-mediated
phagocytosis in arthritic Tgl97 and Tgl97/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 Tgl97
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 Table4). 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
Tgl197/Tg5519 compared to Tgl97, we examined which of
the above mentioned 231 differentially expressed proteins
were also statistically significant between Tgl197/Tg5519 and
Tg5519 mice. This analysis revealed 65 proteins downregulated
(Supplementary Table 6) and 36 upregulated (Figure 7C,
Table1) in Tgl97/Tg5519 compared to control groups
Tgl97 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 Tgl197/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 Rankl"®*/!*s 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/tes
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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 Th.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, mmS). 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 (o < 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)

Frontiers in Immunology | www.frontiersin.org 37

February 2019 | Volume 10 | Article 97


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

A B
Sucrose metabolism 6 Rheumatoid arthritis 11
Glycolysis / Gluconeogenesis 8 Protein processing in ER 14
Proteinase inhibitors 8 Glycine/ Serine/ Threonine metabolism 6
PPAR signaling pathway 6 Arginine/ Proline metabolism 5
Muscle contraction 5 Ribosome 9
2 2 2 2 5 5 2 3
g 7 7 g g 8 g R
N & & 4 2 & & 4
c N 2 2
o] o] o]
[Ie) o) o)
S S S
2~ K 2 ~ K 2 ~N
o) (2] (2] Yol (2] (2] [Ye] D (2]
Yo ~— ~ Yol = -~ [Ye) — =
(o)) ()] ()] {e)] (o)) ()] {e)] ()] ()]
- - - e =

STK24

PRKCD

Osteoclast

V-type ATPases

Signaling

COMMD3
ATP6VOD1

MYO1B

CSRP2

APRT

ATPG6V1A

RNA processing

ATP6V1B2

Transport

ATP6V1D

ATP6V1E1

TCIRG1 UMPS

(]
2
2 EIF58B <
@ < H6PD
o HMGB1 8 ERP29 8
£ g o MTHFD1L
@ HMGB2 = SCAMP3
§ o ALDH16A1
o
s HP1BP3 & XPNPEP1
3
UAP1L1
a
sMcia Z-score (LFQ Intensities)
-12 -1-08-06-04-02 0 02 04 06 08 1 12

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 Rankl!®/U¢s mice, could indicate  identified in Tg197/Rankl!es/es mice is caused by the failure of
a compensatory role for TNF in a RANKL-null background =~ RANKL deficient mice to develop a functional immune system
and needs further investigation. It is possible that the observed (5, 6, 22).

amelioration of arthritis is caused by the osteopetrotic phenotype Although several studies have revealed that TNF mediates
rather than RANKL inactivation per se. In contrast, previous  osteoclastogenesis using in vitro cell culture systems (19,
reports using c-fos deficient osteopetrotic mice crossed with TNF  20), there is still a central controversy of whether TNF can
arthritic mice demonstrated that osteopetrosis is dispensable = compensate for RANKL during osteoclastogenesis in vivo. Even
for TNF-mediated arthritis as synovial inflammation was not  though administration of high doses of exogenous TNF leads
affected whereas bone resorption was blocked (40), supporting  to the formation of osteoclast-like cells in RANK knockout
RANKL involvement in arthritis as shown in Tg197/Rankl!®/¢  mice at the site of calvarial injection (41), introduction of
mice. Moreover, it is also possible that the attenuation of arthritis ~ 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

Acpb (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
Atpbvia 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
Atpbvid P57746 1.9E-08 17.95 19.33 18.78 19.47
Atpbviet P50518 1.5E-08 20.34 21.33 21.50 21.85
Teirgl 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 QBTEA8 1.2E-03 17.51 0.00 17.47 18.22
Smcla QICUB2 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
Hnrmpm QODOE1 2.5E-03 21.95 22.03 22.06 22.46
Snrpd2 QocQl7 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 PB0335 1.83E-03 22.19 21.93 22.11 22.39
Ddx21 QOJIK5 9.7E-04 18.70 18.82 18.76 19.64
Ddx58 Q6Q899 1.6E-03 17.00 17.40 17.77 18.56
PROTEIN PROCESSING

Rpl35 QB62WV7 3.7E-03 20.45 21.16 20.43 22.08
Eif5b Q05D44 9.0E-06 1747 17.64 17.08 18.64
Erp29 P57759 7.5E-05 20.24 20.59 20.77 21.09
Scamp3 035609 1.7E-08 18.44 18.62 18.54 18.95
Xpnpep1 Q6P1B1 9.1E-03 20.79 20.63 20.68 20.98
Uap1i 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
Prked 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
Acap?2 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 QB8CFX1 6.2E-07 18.94 19.07 19.31 19.58
Mthfd1l QBV3R1 4.0E-04 19.55 19.73 19.75 20.25
Aldh6al 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/Rankl!es/tes 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 Tgl197/Rankl!es/es 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 Tgl97 mice the
dominant inflammatory cells were CD11b™Grl™ monocytes
and synovial macrophages, the synovium of Tgl97/Tg5519
mice had a 5-fold increase in CD11b*tGrlt granulocytes
and 2-fold in CDI11bTGrl™ 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 Tgl97/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 as many mitochondrial 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 SERPINAI gene,
that protect tissues from enzymes of inflammatory cells,
especially neutrophil elastase (50), suggesting extensive tissue
damage in Tgl97/Tg5519 mice. Moreover, downregulation of
proteins involved in muscle contraction in Tgl97/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
Tgl97/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, ATP6VICI,
ATPVOD2, and ATP6V0A3 (TCIRGI) 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
Tgl97/Tg5519 inflamed ankles overexpress various V-ATPase
subunits either osteoclast specific such as ATP6V1B2, and
TCIRGI or ubiquitous ATP6V1A, ATP6V1E]L, and ATPVOD1
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
Tgl97/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 Tgl197/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
HMGBI, 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-« B signaling (64) triggers inflammation
by inducing cytokine release and recruitment of leucocytes.
Thus, upregulation of HMGB1 and HMGB?2 in inflamed ankles
suggests extensive tissue damage and sustained inflammatory
responses.

Moreover, proteomic analysis in Tgl197/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 CD4 T lymphocytes (66).
Moreover, HNRNPM (Heterogeneous nuclear ribonucleoprotein
M), a component of the spliccosome 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-kB1 (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 C8 (PKC8) 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-«kB and impaired IL-17-induced
chemokines and cytokines expression (73). PKC3, 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, PKCS3 is responsible
for the regulation of survival, proliferation, and apoptosis in
a variety of cells including lymphocytes, while deficiency in
PKC3 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-kB and modulate its response (75).

Another group of proteins found upregulated in
Tgl97/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 FcyR-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.
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Shear and Dynamic Compression
Modulates the Inflammatory
Phenotype of Human Monocytes
in vitro

Niamh Fahy, Ursula Menzel, Mauro Alini and Martin J. Stoddart*

AO Research Institute Davos, Davos, Switzerland

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 1h 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-a (17.1
+8.9vs. 8 + 7.4 pg/ml) and MIP-1a (636.8 + 471.1 vs. 124.1 + 40.1 pg/ml), as well as
IL-13 (42.1 4+ 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-y 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.
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Loading Modulates Human Monocyte Phenotype

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 TNEF-
a are known to promote bone repair, with inhibition of
TNF-a signaling shown to delay both intramembranous and
endochondral bone formation (10, 11). In contrast to bone
healing, pro-inflammatory factors such as IL-18 and TNF-
a 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, THPI1-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 15 min and subsequent
separation on Compomat G5 (Fresenius, Oberdorf, Switzerland)
using top-and-bottom 450 ml blood bag systems pre-filled with
Citrate-Dextrose-Phosphate Solution (Fresenius). Bufty 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 15 min
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 pl of anti-CD14 magnetic bead solution (Miltenyi Biotec
Bergisch Gladbach, Germany) in the dark at 4 C for 20 min.
Monocytes were isolated utilizing MACS LS Separation columns
and a MidiMACS™ Separator (Miltenyi Biotec), according to
manufacturer’s instructions. Purity of isolated CD14+ cells was
assessed by fluorescence activated cell sorting (FACS) analysis.
1 x 10° monocytes were incubated with APC-Cy7-conjugated
anti-human CD14 antibody (BD pharmingen) for 20 min 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™ Cell Culture

The human monocyte reporter cell line THP1-Blue™
(InvivoGen, CA, USA) which expresses an NF-kB 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 x 100,000 cells/ml.
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Agarose Gel Seeding and Culture

To evaluate the effect of mechanical loading on monocyte
phenotype, human primary monocytes and THP1-Blue cells were
encapsulated in 2% low melting temperature agarose (Lonza) at
a cell density of 3 x 10° 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 20 min. 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+4 monocytes were stimulated
with 10ng/ml IFN-y (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 72h
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
32 mm 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 1h 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 1h 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 1 ml TRI
reagent (Molecular Research Center Inc., Cincinnati, OH,
USA). Homogenized samples were supplemented with 100 pl
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 260/280nm and 260/230 nm. Reverse
transcription was performed using random hexamer primers
and TagMan reverse transcription reagents (Applied Biosystems,
Carlsbad, CA, USA). Quantitative real time PCR was performed
in 10 pl 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)-a (TNF), chemokine (C-C motif) ligand 18 (CCLI8),
mannose receptor CD206 (MRCI), nitric oxide synthase 2
(NOS2), and monocyte chemoattractant protein 1 (CCL2) were
purchased from Applied Biosystems, Switzerland (Table 1). Gene
expression levels were normalized to 18S rRNA, and relative
expression calculated via a AACT 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-1B, C-X-C motif chemokine 10 (IP-
10), macrophage-derived chemokine (MDC), monocyte
chemoattractant protein-1 (MCP-1), macrophage inflammatory
protein-la (MIP-1a), and TNF-o were measured utilizing a Meso
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-Blue™
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-y 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 (78S)

Human interleukin-8 (IL8)

Human interleukin-10 (/L70)

Human interleukin-6 (IL6)

Human tumor necrosis factor (TINF)

Human chemokine (C-C motif) ligand 18 (CCL18)
Human mannose receptor, C type 1 (MRC1)
Human C-C motif chemokine ligand 2 (CCL2)
Human nitric oxide synthase 2 (NOS2)

Human interleukin 12B (IL712B)

Human Prostaglandin-Endoperoxide Synthase 2 (PTGS2)

188 ribosomal RNA (18S rRNA)

C-X-C motif chemokine ligand 8 (CXCL8)
Cytokine Synthesis Inhibitory Factor (CSIF)
B-Cell Stimulatory Factor (BSF)- 2

Tumor Necrosis Factor (TNF)-a
Macrophage Inflammatory Protein (MIP)-4
Macrophage Mannose Receptor (MMR, CD206)
Monocyte Chemoattractant Protein (MCP)-1
Inducible Nitric Oxide Synthase (INOS)
Natural Killer Cell Stimulatory Factor
Cyclooxygenase (COX)-2

Hs99999901_s1

Hs00174103_m1

Hs00961622_m1

Hs00985639_m1

Hs01113624_g1

Hs00268113_m1

Hs00267207_m1

Hs00234140_m1

Hs01075529_m1

Hs01011518_m1

Forward: 5'-TTG TAC CCG GAC AGG ATT CTA
TG-8'

Reverse: 5'-TGT TTG GAG TGG GTT TCA GAA
ATA-3/

Probe(5’FAM/3’ TAMRA):

5/-GAA AAC TGC TCA ACA CCG GAATTT 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-y 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 CCLI8 expression compared to LPS and
IEN-y 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-y 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-y 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-a (17.1 £ 8.9 vs. 8 £ 7.4

pg/ml) and MIP-1a (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-1f 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-y stimulated monocytes significantly increased MDC
levels in addition to TNF-a,, MIP-1a, and IL-13 (Figure 2). In a
similar manner to gene expression data, IL-4 activated monocytes
were associated with significantly increased production of pro-
inflammatory factors IL-6, IL-8, TNF-a, MIP-1a, IP-10, IL-13,
IL-1B 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 ILI2B 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-a, PTGS2, IL-10,
CCL2, and CCLI18 did not significantly differ between loading
conditions, or compared to free-swelling controls at this time
point. However, significantly increased levels of TNF-a, 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-y (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

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-1f
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-kB 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-y 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, M1I-polarized
macrophages were identified as the primary macrophage
phenotype in the osteotomy area 24h 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 moitif) ligand 18; TNF-«, Tumor necrosis factor-a; MIP-1a, Macrophage
inflammatory protein-1a; IP-10, C-X-C motif chemokine 10; MCP-1, Monocyte chemoattractant protein-1; IL-13, Interleukin-13; MDC, Macrophage-derived
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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
MIl-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-
o, MIP-1a, and IL-13 protein production by unstimulated as
well as LPS and IFN-y 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-1fB, 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-a, Tumor necrosis factor-a;
MIP-1a, Macrophage inflammatory protein-1a; IP-10, C-X-C motif chemokine 10; MCP-1, Monocyte chemoattractant protein-1; IL-13, Interleukin-13; MDC,
Macrophage-derived chemokine; IL-18, Interleukin-18; 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-a is characteristic
of activated monocytes and pro-inflammatory M1 macrophages
(5, 31). Both IL-6 and TNF-a signaling are known to play a
key role in bone fracture healing (32, 33). Additionally, TNEF-
a 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-
la, 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-
inflammatory mediators by monocytes in response to mechanical
loading, we also detected increased levels of IL-13 protein
irrespective of cell activation with LPS and IFN-y 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)-p1 production by monocytes and macrophages, as well
as increasing TGF-B1 activation (42, 43). TGF- 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
from M1/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-Blue™ was utilized to assess
the effect of shear, compression or the combination of both
on inflammatory mediator expression by monocytes. THPI-
Blue™ cells are a reporter cell line, which express secreted
embryonic alkaline phosphatase (SEAP) following activation of
the transcription factors NF-kB and AP-1. Both NF-kB 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-
a, 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-1p 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-y 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
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Inhibition of JAK1/2 Tyrosine Kinases
Reduces Neurogenic Heterotopic
Ossification After Spinal Cord Injury

Kylie A. Alexander", Hsu-Wen Tseng ', Whitney Fleming', Beulah Jose',
Marjorie Salga 2, Irina Kulina', Susan M. Millard’, Allison R. Pettit’, Frangois Genét?* and
Jean-Pierre Levesque ™

" Mater Research Institute — The University of Queensland, Translational Research Institute, Woolloongabba, QLD, Australia,
2CIC-IT 1429, Service de Médecine Physique et de Réadaptation, Raymond Poincaré University Hospital, AP-HF, Garches,
France, ° Université de Versailles Saint Quentin en Yvelines, END:ICAP Inserm U1179, Montigny le Bretonneux, France

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 STATS3, a downstream target of OSMR:gp130 signaling in muscle progenitor
cells. As STATS3 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 2kg), 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) a 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
gpl130 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 STATS3 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 STAT?3 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 CO,
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 (300 mM NaCl, 30mM Tris-HCI, 1% Triton-X 100)
containing a house made cocktail of phosphatase inhibitors
(10 mM EDTA, 0.1% NaN3, 20 mM NaF, 1 mM Na3;VO,, 10 mM
p-glycerophosphate, 10 mM levamisole) buffered at pH 7.4 and
supplemented with 1X protease inhibitor cocktail (Complete™
ULTRA Tablets, Roche) and snap frozen in liquid nitrogen
until extraction.

Muscle Cell Isolation, Sorting, and Culture

Isolation, sorting and culture of muscle
CD45 Ter1197CD31-CD34%Scal™  satellite  cells and
CD45  Ter1197CD31-CD34"Scal™ 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 Kusa4bl0 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 x 10°) were then preincubated with
or without 1 WM ruxolitinib (LC Laboratories), for 30 min at
37°C and subsequently stimulated by addition of 25ng/mL
recombinant mouse OSM (R&D Systems) for 10 min. Cells were
then immediately washed in 10 mL ice cold Tris-buffered saline
pH 7.4 containing 1 mM NazVOy, centrifuged, and cell pellets
resuspended for fixation and permeabilization (BD Cytofix,
Perm buffer IV, BD Biosciences) for 10 and 30 min respectively,
cells were then stained with AlexaFluor647-conjugated mouse
anti-pSTAT3 (pY705) monoclonal antibody (BD Biosciences,
catalog # 557815) for 30 min 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 15 min. Tissue debris were removed by centrifugation at

15,000 g at 4°C for 20 min. Supernatants were taken and protein
concentrations measured using a BCA assay (ThermoFisher).
Muscle lysates (25 pg 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® rabbit mAb clone D3A7 (Cell Signaling)
diluted 1/1,000. IRDye® 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 1 mm pieces and up to 0.5g 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 " anti-mouse
Ly-6C (clone HK1.4), APC/Cy7 anti-mouse Ly-6G (clone 1A8),
and Zombie AquaTM 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 785TM 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 CD3e (clone 145-2C11), APC anti-mouse
F4/80 (clone BMS), Brilliant Violet 510™ anti-mouse/human
CDl11b (clone M1/70), PE anti-mouse Ly-6G (clone 1A8),

APC/Cy7 anti-mouse CD48 (clone HM48-1), Pacific BlueTM
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 gRT-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 Tagman 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 (1s) and 60°C (20s). Results were normalized relative to
Hprt mRNA expression.

Micro-Computerized Tomography (.CT)

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, 500 ms exposure time,
80 kV voltage, 500 WA current, and effective pixel size 36 pum.
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 pm sections were cut and stained using
Masson’s Trichrome. In brief sections were deparaffinized and
rehydrated then stained for 10 min in Weigert’s iron hematoxylin,
rinsed under tap water for 10 min, differentiated in 1% acid
alcohol (1% hydrochloric acid) for 15-30s, 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 mADb (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
50 wm 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 Ly6C"i9h 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 + im. 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 SCI4+-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 Ly6CM&" ‘inflammatory
monocytes/macrophages’ (CD11b"F4/80* Ly6G~Ly6CM)
in the mice that develop NHO (SCI4+-CDTX), compared
to SHAM+CDTX mice (Figure1Bii p = 0.0002). Minimal
Ly6C" monocyte/macrophages were noted in the SCI+PBS
and SHAM4PBS groups. The frequencies of Ly6C™id/lo
monocyte/macrophages (CD11b* F4/80 Ly6G~Ly6C™id/10)
was unchanged between SCI4+CDTX and SHAM+CDTX
groups (Figure 1Biii). We also observed the presence of
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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
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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 F4/807 cells” (CD11b1F4/807, blue gates in A), (i) “Ly6Ch‘
inflammatory monocytes” (F4/80TCD11b+Ly6G~ CD48+Ly6CN, blue gates in A), (i) “Ly6C™Md/1© monocytes/macrophages” (F4/80+ CD11b™* LysG—CD48™
LyGCmid/ © plue gates in A), and (iv) “granulocytes” (F4/80~CD11bTLy6GT, red gates in A). The frequency of Ly60hi inflammatory monocytes (relative to total live
muscle cells) in mice developing NHO (SCI4+-CDTX), compared to all other treatment groups was significantly higher (o = 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 CD457 lineage (Ter119,CD3e,B220)-negative
F4/80" CD11b* Ly6G~ CD48+Ly6CN, red gates, (i) “Ly6C™d monocytes/macrophages” CD45" Lin~ F4/80* CD11b* Ly6G~CD48* Ly6C™d, red gates, (i)
“Ly6C"®9 monocytes” CD45% Lin~ F4/801 CD11bT Ly6G~ CD48T LyBC"®Y red gates, and (iv) “granulocytes” CD45% Lin~ F4/80"9 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
LyESChi monocytes relative to total live muscle cells (Di, p < 0.0001 Mann-Whitney test) and to CD45F 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 (ZAAD™ viable cells), CD45, lineage (Ter119, CD3s,
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 “Ly6CM inflammatory monocytes/macrophages”
(CD45%Lin~CD11b"F4/80" Ly6G~Ly6CM) 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 Ly6CM monocytes
was calculated relative to all CD45" leukocytes present,
the frequency of these inflammatory monocytes was also
significantly increased (Figure 1Dj, right panel p < 0.0001). The
frequencies of other monocyte/macrophage subsets identified

as  CD45%Lin~"CD11bTF4/80tLy6G~Ly6C™<¢  monocytes
(Figure 1Dii), CD45%Lin~ CD11b"F4/80" Ly6G ™~ Ly6Ch<8
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 whole muscles of mice 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 naive mice and mouse muscle progenitor cell
populations; CD45~ Ter119~CD31~CD34"Scal~ satellite cells

and CD45 Ter119-CD31-CD34%Scal™ interstitial cells [also
known as fibro-adipogenic progenitors or FAP (32)] freshly
sorted from naive 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 naive skeletal muscle. These
results are consistent with the tissue expression profile of mouse
Osm mRNA 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 naive
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 30 min 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 naive 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+Scal™t muscle interstitial cells (IC), CD45~ Ter119~CD31~CD34+Scal™ muscle satellite
cells (SC), and Kusa4b10 cells. Cells were incubated for 10 min at 37°C with medium alone (unstimulated), or 25 ng/ml recombinant mouse OSM plus DMSO or of
25ng/ml OSM plus 1 M 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 SCI4+-CDTX mice compared to
SHAM+CDTX mice (Figure 3A). Seven days post-injury, STAT3
Y705 phosphorylation persisted in the injured muscles from the
SCI4+-CDTX group while it was resolving in the SHAM+CDTX
group (Figure3B). This pattern of persistent STAT3 Y705

phosphorylation in the injured muscles of the SCI4+-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
STATS3 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 STATS 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-  treated SCI+CDTX mice (Figure 4C, crosshatches). Collagen™
surgery. Ruxolitinib treatment significantly reduced STAT3 Y705  NHO foci were reduced after ruxolitinib treatment. As previously
phosphorylation at 7 days post-surgery (Figure 4A *p = 0.03).  described by us (13, 15) and others (33), in SHAM+CDTX mice
Micro CT (uCT) confirmed a significant reduction in NHO bone  at 3 weeks post-surgery, no NHO and little collagen deposition
volume at day 7, 14, and 23 post surgery in mice treated with ~ was observed, with reformation of muscle fibers confirming

ruxolitinib for the first 7 days post-injury (Figure 4Biii **p =  that in the absence of SCI, the CDTX-injured muscle repairs
0.0076, *p = 0.031, and *p = 0.015). Visual representation of  within 7-14 days post-injury (33). Immunohistochemistry
collagen™ NHO by Masson’s trichrome staining at 3 weeks post-  with anti-collagen type I or anti-osterix/SP7 antibodies were

surgery was consistent with pCT quantification and confirmed  consistent with both wCT and Masson’s trichrome staining
the presence of collagen™ NHO foci in the muscles of vehicle  and confirmed that in vehicle treated SCI+CDTX mice the
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FIGURE 4 | Inhibition of JAK1/2 kinases with ruxolitinio 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 (wCT) 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 wCT 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. (i) Representative nCT 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 | (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 F4/801
macrophages and have Osterixt 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 F4/801 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 50 um between each
depth. Data represented as mean + SD. All images taken at 40X magnification, scale bar represents 50 pm.

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 Ly6CM 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-CSE, 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 injured muscles
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 STATS5 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 Ly6C" 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-
y 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 and miRNAs 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 the microprocessors 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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vesicles.

number of encoded miRNAs is limited compared to mRNAs and
proteins expressed; however, one miRNA may regulate hundreds
of mRNAs/IncRNAs 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,
DICERLI. 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 CSFIR (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 CSFIR/MCSE. The
transcription factor NFATCI1 (nuclear factor of activated T cells
1) is the cornerstone of the early phase of osteoclastogenesis. An
amplification loop of NFATCI1 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, ¢) 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 CSFI1R (27). CSFIR 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/CSFIR (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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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 NFATCL1 (33). Finally, the injection of molecules neutralizing
miR-148a or miR-9718 in ovariectomy-induced osteoporotic
mice increases total bone mass 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 (HMOXI1), which attenuates osteoclastogenesis,
specifically during the early phase of OC formation (37). MiR-183
is up-regulated by RANKL and targets HMOXI, 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 | MiIRNAs involved in the early phase of OC generation.

miRNAs Species Up/Down Overall impact Targets Early steps impacted References
miR-21 Mouse? P Up Positive PDCD4 Survival (34-36)
FASLG
miR-29 family Mouse? Up Positive NFIA ND 27)
CDC42
SRGAP2
miR-148a Human? Up Positive MAFB ND (81)
Mouse &P
miR-183 Mouse? Up Positive HMOX1 ND (38)
miR-199a-5p Mouse? Up Positive MAFB ND (30)
miR-214 Mouse®P Up Positive PTEN Motility 41)
miR-223 Mouse?P Up Pos/neg NFIA ND 5)
miR-9718 Mouse?P Up Positive PIAS3 ND (82)
miR-34a Mouse? P Down Negative TGIF2 NS (survival, proliferation) (54)
Human @
miR-124 Mouse? Down Negative NFATCA Proliferation, motility (67, 68)
Rat &P
miR-125a Human?@ Down Negative TRAF6 ND (48)
miR-141 Monkey?P Down Negative EPHA2 CALCR ND (56)
miR-144-3p Human? Down Negative RANK Survival, proliferation 47)
miR-145 Mouse®P Down Negative SMAD3 ND (58)
miR-155 Mouse® Down Negative SOCS1 MITF ND 61)
miR-155 Mouse? Down Positive TAB2 ND (63)
miR-218 Mouse? Down Negative ND Motility (52)
miR-218 Mouse? Down Negative TNFRSF1A ND (53)
miR-340 Mouse? Down Negative MITF ND (65)
miR-503 Human?@ Down Negative RANK ND (46)
Mouse &b
miR-9; miR-181a Mouse? ND Negative CBL Survival, motility (45)
miR-146a Human?2 ND Negative TRAF6 ND (50, 51)
Mouse &P

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 | 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 STATS3; 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; SMADS,
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-
18la 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

Frontiers in Immunology | www.frontiersin.org

4

March 2019 | Volume 10 | Article 375


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

Lozano et al.

MicroRNAs in Osteoclast Differentiation

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 NFATCI,
which directly binds to the promoter of miR-125a during
osteoclastogenesis and reduces its expression (48). MiR-146a has
been extensively studied in monocytes in pathological conditions,
including pathologies associated with bone erosion such as
RA. The expression of miR-146a is induced by LPS, TNFa,
or ILIP signaling cascades, through the activation of NF-«kB
(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
Ly6CPig" 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 Ly6CP8" monocytes (51).
Taken together, these findings evidence a negative regulation
of osteoclastogenesis by NFkB-induced miR-146a to partly
counterbalance the deregulated differentiation of OC precursors
in inflammatory disorders.

The RANK/TRAF6 signaling cascade activates the NFkB
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 TNFRSFIA (TNF
receptor superfamily member 1A), which leads to the inhibition
of the NFkB pathway activation in RAW264.7 cells (53).
Overall, miR-218 may act on both NFkB 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, NFkB 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 NFATCI
activation in OC precursors. The transcriptional regulator TGIF2
(TGFB induced factor homeobox 2) is induced by NFATCI,
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 NFATCI transcription (57). Recently, miR-145
was shown to target Smad3, thus reducing the formation of p-
Smad?2/3 complex, repressing c-Fos and NFATCI transcription
in mouse OC precursors, and decreasing OC number (58).
Smad proteins are induced by members of the transforming
growth factor beta (TGFB) super family, and Smad pathway
has become of particular interest in inflammatory disorders
[reviewed in (59)]. TGFP1/Smad4 signaling directly induces
miR-155 expression, a negative regulator of osteoclastogenesis
(60). In addition, miR-155 is induced by interferon (IFN)-f
and mediates its suppressive effect on OC differentiation by
targeting the pro-osteoclastogenic gene SOCSI (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
TGFp-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/Beclinl, leading to
(i) the release of Beclinl and induction of autophagy and (ii) the
interaction of the adaptor proteins TAB2 and TAK1 that activates
the RANK/TRAF6/NFkB pathway. These findings illustrate the
variable role of miR-155 in osteoclastogenesis depending on
the microenvironment, i.e., according to the presence of LPS,
IFNB, or TGFB-mediated inflammatory signals. To make things
even more complex, miR-155 also targets the transcription factor
MITEF that is up-regulated upon RANKL signaling (60, 61). MITF
plays a critical role in the OC differentiation by collaborating
with NFATCI 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

Frontiers in Immunology | www.frontiersin.org

75

March 2019 | Volume 10 | Article 375


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

Lozano et al.

MicroRNAs in Osteoclast Differentiation

TABLE 2 | MiRNAs involved in the late phase of OC generation.

miRNAs Species Up/Down Overall impact Targets Late steps impacted References
miR-26a Mouse? Up Negative CTGF Actin ring formation (82)
miR-31 Mouse? Up Positive RHOA Actin ring formation (70)
miR-34c Mouse? Up Positive LGR4 OC survival (74)
miR-7b Mouse? Down Negative DCSTAMP Cell fusion (79)
miR-29b Human?@ Down Negative FOS MMP2 Actin ring formation (77)
miR-30a Mouse? Down Negative DCSTAMP Actin ring formation (80)
miR-124 Mouse? Down Negative RAB27A ND (69)
miR-142-3p Human? Down Negative PRKCA Cell fusion, OC survival (83)
miR-186 Mouse? 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, DCSTAMR, 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 BMM:s (65).
This reinforces the idea that MITF is a key target for miRNAs
in osteoclastogenesis.

Finally, NFATCI 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
NFATCI 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
MITE 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-shaped OC 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 (Racl, 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 OC maturation, 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 NFkB-inhibitor GSK3p, 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, ¢) 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
and miR-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 in mature 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 PKCa. Indeed, PKCa 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 PKCa 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 (qQPCR) 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 technology! allows the direct
measurement of miRNAs from as little as 15 pl 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 platform?. Nevertheless,
cross reactivity is higher compared to qPCR assays?. 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

'From 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 of miRNA measurement 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 20 min (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 Open array  Takara smarter lllumina lonTorrent Affymetrix Agilent miRNA Nanostring HTG
giagen LNA (Tagman) microRNA-Seq kit TruSeq miRNA 4.1 microarray (21.0) ncounter molecular
Technology gPCR gPCR 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 ul/25 ng
Extraction Yes Yes Yes Yes Yes Yes Yes Yes No
miRNAs in 752 754 miRNome* miRNome* miRNome* 2,578 2,549 800 2,083
the assay

LNA, locked nucleic acid; HTG, high throughput genomic; gPCR, 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/Tagman/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 Forster 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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What Are the Peripheral Blood
Determinants for Increased
Osteoclast Formation in the Various
Inflammatory Diseases Associated

With Bone Loss?

Teun J. de Vries ™, Ismail el Bakkali’, Thomas Kamradt?, Georg Schett?,
Ineke D. C. Jansen' and Patrizia D’Amelio *

" Department of Periodontology, Academic Centre for Dentistry Amsterdam (ACTA), University of Amsterdam and Vrije
Universiteit Amsterdam, Amsterdam, Netherlands, 2 Institute of Immunology, Universitétsklinikum Jena, Jena, Germany,

S Department of Internal Medicine Ili, Friedrich-Alexander University Erlangen-Ntrnberg and Universitatsklinikum Erlangen,
Erlangen, Germany, * Gerontology and Bone Metabolic Diseases Division, Department of Medical Science, University of Turin,
Turin, Italy

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 infammatory 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

de Vries TJ, el Bakkali I, Kamradt T,
Schett G, Jansen IDC and D’Amelio P
(2019) What Are the Peripheral Blood
Determinants for Increased Osteoclast
Formation in the Various Inflammatory
Diseases Associated With Bone Loss?
Front. Immunol. 10:505.
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CD14+CD16+ vs. CD14+CD16— monocytes—and priming of OCp with increased
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various inflammatory diseases associated with bone loss.

Keywords: peripheral blood, osteoclast formation, T-cells, CD14+CD16+, osteoclast precursor priming,
inflammatory bone diseases

Frontiers in Immunology | www.frontiersin.org 83 March 2019 | Volume 10 | Article 505


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.2019.00505
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2019.00505&domain=pdf&date_stamp=2019-03-19
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:teun.devries@acta.nl
https://doi.org/10.3389/fimmu.2019.00505
https://www.frontiersin.org/articles/10.3389/fimmu.2019.00505/full
http://loop.frontiersin.org/people/466360/overview
http://loop.frontiersin.org/people/515762/overview
http://loop.frontiersin.org/people/380551/overview
http://loop.frontiersin.org/people/695490/overview
http://loop.frontiersin.org/people/277202/overview

de Vries et al.

Peripheral Blood Osteoimmunology

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-a (TNF-a) (15).

Apart from the common culture methods of osteoclasts using
M-CSF and RANKIL, 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

The methodological 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
(“2002/01/01”[PDat]: “2018/07/31”[PDat])

#4)  AND

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-a, 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-a 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-a (TNF-a) treatment, indicating that TNF-a 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-o 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.
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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-a 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 Stimulated
[without cytokines] [M-CSF + RANKL]
Disease, study Disease Healthy control Resorption? Disease Healthy control Resorption?

PsA, Ritchlin et al. (18) 168 3.7* D>C N.D. N.D. D>C
PsA, Colocci et al. (19) 49 O[nt] 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
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.
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.
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.
Olivier et al. (37) 35 20" 45 37 D>C
Oostlander et al. (38) 380 50* 0 ND ND

Cafiero et al. (39) 20 1* D>C +40 40 N.D.
Faienza et al. (40) 49 5* D>C +42 +50 N.D.
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

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)  bone loss is triggered by estrogen deficiency that increased

which has also been observed in other rheumatic diseases (24). osteoclastogenesis through several pathways, and in particular
by the activation of T cells that produce higher level of pro-
Osteoporosis inflammatory and pro-osteoclastogenic cytokines as TNFa and

Osteoporosis is a skeletal disease characterized by lower bone ~ RANKL (57). Bone fractures are the severe consequence of
mass and micro-architectural deterioration of bone leading to an ~ osteoporosis and represent a major health problem in the
increased risk of fractures (56). Several indications show that this  increasingly older (58). Old patients experiencing a femoral
phenomenon is caused by a higher activity of osteoclasts due to  fracture have a decreased life expectancy and may become
an imbalance of the osteoclasts and osteoblasts, postmenopausal ~ 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-CSE, TNF-a, 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-a 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-a and RANKL in the PBMC cultures
and higher osteoclast formation in the osteoporotic group
compared to the healthy subjects. Antibodies against TNEF-
a 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-a 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. Its 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 TNEF-
a by T-cells, which was shown to be higher by the T-cells
from the patient group. Addition of anti-RANKL and anti-
TNF-a 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 CDI14 and CDI1, these precursors, and not
in the control group, also expressed the osteoclast marker the
vitronectin receptor avf3, 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-o, and also osteoclasts derived from cancer
patients expressed TNF-o (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-CSE, whereas both osteopenic and non-osteopenic
patients did not respond to addition of M-CSE. 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-a 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 4 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 1,250Hvitamin 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 Turners 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-a+ cells were higher in Turner’s
syndrome, as well as the CD14+TNF-a+ 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 patients 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-a treatment, whereas osteoclast numbers went
significantly down in Gaucher’s PBMC cultures that were treated
with OPG or anti-TNF-a (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 avf3 integrin, that is typical for osteoclasts (63). The
unstimulated osteoclastogenesis cultures contained increased
levels of TNF-a 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-a, see the above
paragraph where it’s presence is discussed in the context of T-
cells, but also in serum from patients with Charcots 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).
The mechanism 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-a 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-a, 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-a (34). Treating unstimulated
osteoclastogenesis cultures with anti TNF-a agent infliximab
reduces both cell cluster formation and osteoclast formation (51).
Anti-TNF-a 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
RANKIL, 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 the more commonly used CD14/CD16 expression
of monocytes. One study that has used CD14+ in conjunction
with CD11b and the vitronectin receptor or avf3 showed that
peripheral blood of osteolytic cancers contained more VNR+
monocytes, which correlated to higher osteoclast formation (33).

The much more 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+4-CD16+ monocytes are predominant in active disease

-  M-CSF
- RANKL
-  TNF-a
- 7

2] @

Producing:

- primed,
RANKL - CD14+CD16+
TNF-a
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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-a, IL-7, and M-CSF. 2. These serum factors prime OCp present
in peripheral blood. These OCp are skewed toward more CD144-CD16+ cells.
3. T-cells from patients with inflammatory bone diseases express more IL-17,
RANKL, and TNF-a. 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
CD144-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 CD144+-CD16-
monocytes in an osteoclastogenesis experiment, there was no
increase in osteoclast numbers, suggesting that under these
conditions, only the CD144+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
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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 bone marrow. We further
discuss how our intravital imaging techniques can be applied to evaluate the mechanisms
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.
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TABLE 1 | Comparison of different modalities used for bone research.

Modalities

Advantages

Disadvantages

Multi-photon
microscopy (MPM)

Confocal
microscopy

MicroCT

Histochemistry

/ Efficient light detection

/ Reduced phototoxicity

/ Penetrates deeper into
tissues

/ Detection of bone by
second harmonic
generation (SHG)

/ Easy to perform
simultaneous, multicolor
imaging

/ High spatial and
temporal resolutions

+/ Three-dimensional
visualization of bone
architecture

+/ Rapid

V/ Inexpensive

/ Highly specific for
individual molecules

+/ Higher cost

J/ Artifacts  caused
autofluorescence

/ Difficult to image more
than four colors

by

/ High phototoxicity and
photobleaching

+/ Not suitable for thick
tissues because of light
scattering

/ Artifacts caused
by autofluorescence

+/ No cellular information
+/ No molecular information

+/ 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 100-1,000 pm) compared to confocal microscopy, which
yields data to only a depth of <100 pum. 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 80-120 M, 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 bone marrow (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 SIPR5 (14, 15);
osteoclast precursors in the bone marrow express both SIPR1 and
S1PR2. SIPRI is extremely sensitive to low S1P concentrations,
promoting cell movement toward higher SIP concentrations
in circulatory fluids, whereas SIPR2 requires a higher S1P
concentration for activation and negatively regulates the SIPR1
response. When macrophages enter alow-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 C><3CR14r 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-EGFPT (green). Blood vessels were stained via intravenous injection of Texas
Red-conjugated dextran (red). Scale bar: 50 wm. 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: 50 pm. 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 HT 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: 50 um.

in vivo administration of active vitamin D suppresses both SIPR2
expression and mobilization 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 avp3 on the osteoclast membrane
and bone matrix components (17). A number of vacuolar type
HT-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 HT 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 bone matrix 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, CD4T T helper 17 (Th17) cells, but not Thl,
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 Thl7 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.

Osteoblast

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:

50 pm. 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 (Figure2). 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 (Figure2). 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 (DOMARDs). Anti-IL6R and anti-TNFa monoclonal antibodies affect mature
osteoclasts and switch bone-resorbing osteoclasts to non-resorbing cells. CTLA4 mobilizes osteoclast precursors, eliminating their attachment to bone surfaces.
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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 o (TNFa), 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 TNFa, 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-TNFa

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-photon microscopy, 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 (INTECs) 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 (Tnfrsflla) and the
Tumor necrosis factor ligand superfamily member 11 (Tnfsfl1) 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 Figurel, 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,
ie, 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).

The membrane functional receptor RANK is mainly 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 55 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; IFNB, Interferon beta; IFNAR, Interferon-a/f receptor;
IRF7, Interferon Regulatory Factor 7; ITAM, Immunoreceptor Tyrosine-based
Activation Motif; LGR4, Leucine Rich Repeat Containing G Protein-Coupled
Receptor 4; LTa Lymphotoxin o; LTi, Lymphoid Tissue inducer cells; MAP kinase,
Mitogen Activated Protein kinase; MHC, Major Histocompatibility Complex;
MSCs, Mesenchymal Stem Cells; mTEC, medullary Thymic Epithelial Cell;
NFATcl, Nuclear Factor Of Activated T Cells 1; NF-kB, 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; RE
Rheumatoid Factor; ROS, Reactive Oxygen Species; SP, Single Positive; STAT1,
Signal Transducer and Activator of Transcription 1; TCR, T Cell Receptor; Thl,
T helper 1 cells; Th17, T helper 17 cells; TNFa, Tumor Necrosis Factor o; 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; vVWE 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-kB) (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
(VWE), 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
NFATcl 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) G2 monoclonal 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 BRCA1l-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 sSRANKL administration boosts thymic regeneration, and T cell reconstitution. Similarly, in the early phases of thymic
regeneration after body irradiation, CD41 and LTi cells upregulate RANKL. This results in increased expression of LTa in LTi cells. OBs, osteoblasts; OCs, osteoclasts;

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
CD47TCD8"' 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) CD4TCD8~ and CD8TCD4™ 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-kB pathway and the NF-kB family
member RelB (70-76). Signaling mediated by four receptors
of the tumor necrosis factor family [RANK, OPG, CD40, and
lymphotoxin (LT) B 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 Vy5* dendritic
epidermal T cells (DETCs) and Vy5* y8 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 Y3 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 Vy5%t DETC progenitors, while
after birth is controlled by RANKL and CD40L produced by af
T Cell Receptor (TCR)"&? 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 TCRa 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 B/ interferon-a/p receptor/signal transducer
and activator of transcription 1 (IRF7/IFNB/IFNAR/STAT1)
pathway (97). During embryonic life, the absence of RANK
or RANKL severely affects mTEC maturation resulting in the
complete loss of Airet 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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RANKTL 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
Airet 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 LTa 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 TNFa, 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, 17p-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 (Thl), 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 Thl7 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 TNFa and IL-17 are produced in
the inflamed synovium and strongly induce RANKL production
through the activation of NF-kB 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 Rheumatold
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 (bDMARD:s), 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 af 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, ie,
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

B-tricalcium phosphate (B -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

Frontiers in Immunology | www.frontiersin.org

April 2019 | Volume 10 | Article 663


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

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 TNFa, 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-
B, 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-1a 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 kB (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
CTHRCI, which enhances osteoblastogenesis, thereby coupling
bone resorption to formation. CTHRCI-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 CTHRC1 protein is secreted by mature OCs. CTHRCA (37)
bone marrow monocytes from C57BL/6 mice. MRNA expression is elevated in OCs cultured on HA
Primary osteoblasts (OBs) were derived from the compared to tissue culture plastic (TCP). CTHRC1
calvaria. Ex vivo: Organ culture of explanted stimulates osteoblastogenesis (gene expression and
calvaria. In vivo model: C57BL/6mice 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.

Coral derived calcium In vivo model: Intramuscular implantation in Chacma Osteoinduction of biomaterials was inhibited by (38)

carbonate (CC)/ HA baboons preloading constructs with the bisphosphonate

constructs zoledronate.

B-TCP In vivo model: Intramuscular implantation in female CaP induces the formation of TRAP and Cathepsin K (39)

beagle dogs positive, multinucleated cells on the biomaterial, and
their presence precedes ectopic bone formation

B-TCP with different surface In vitro: Osteoclasts were differentiated from a In vitro, CaPs with submicron-scale surfaces lead to (40)

microstructures murine macrophage cell line RAW264.7 Human increased differentiation of OCs and higher secretions of

MSCs were isolated from bone marrow harvested factors that induced osteogenic differentiation of MSCs.

from femoral heads. In vivo model: Intramuscular In vivo, submicro-structured CaPs formed bone and

implantation in male mongrel dogs OCs presence was significant, whereas micro-structured
CaPs formed no bone and OC presence was spare.

B-TCP In vivo model: Rabbit femoral condyles Loading of Alendronate (bisphosphonate) onto B-TCP (41)
inhibited the presence of TRAP-positive cells on the
surface of the biomaterial and abrogated the
CaP-mediated bone formation.

B-TCP In vivo model: FVB/NCrl strain mice CaPs induced osteoclastogenesis and ectopic bone (42)
formation. Depletion of osteoclasts by local injection of
liposome-encapsulated clodronate impeded bone
formation by CaPs.

Biphasic calcium phosphate In vitro: Mouse macrophage cell line RAW264.7. Macrophages upregulated gene expression of (43)

(BCP) HA/ B-TCP composite Mouse bone marrow-derived MSCs. 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).

BCP (HA/ B-TCP) In vitro: Mouse macrophage cell line RAW264.7. BCP implantation in vivo caused infiltration of (44)

Mouse bone marrow-derived MSCs. In vivo model:

Implantation into thigh muscle of male BALB/c mice.

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- 1a 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.

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 vivo may 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 instanc