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ARTICLE INFO ABSTRACT

Keywords: Bone is a highly adaptive tissue with regenerative properties that is subject to numerous diseases. Infection is one
Bone defects of the causes of altered bone homeostasis. Bone infection happens subsequently to bone surgery or to systemic
Osteoclasts spreading of microorganisms. In addition to osteoblasts, osteoclasts (OCs) also constitute cell targets for pa-
3?::::: thogens. OCs are multinucleated cells that have the exclusive ability to resorb bone mineral tissue. However, the

OC is much more than a bone eater. Beyond its role in the control of bone turnover, the OC is an immune cell that
produces and senses inflammatory cytokines, ingests microorganisms and presents antigens. Today, increasing
evidence shows that several pathogens use OC as a host cell to grow, generating debilitating bone defects. In this
review, we exhaustively inventory the bacteria and viruses that infect OC and report the present knowledge in
this topic. We point out that most of the microorganisms enhance the bone resorption activity of OC. We notice
that pathogen interactions with the OC require further investigation, in particular to validate the OC as a host
cell in vivo and to identify the cellular mechanisms involved in altered bone resorption. Thus, we conclude that
the OC is a new cell target for pathogens; this new research area paves the way for new therapeutic strategies in

Innate immunity

the infections causing bone defects.

1. The OC biology

Bones provide a mechanical support for locomotion. Bone fragility
is a major health concern, as bone fractures have devastating outcomes
in terms of decreased autonomy, healthcare costs and mortality. In
addition, the high frequency of bone infection happening upon bone
surgery or systemic spreading of pathogens is one of the main causes of
altered bone homeostasis. Bone tissue comprises a stiff extracellular
matrix mostly composed of type I collagen embedded in minerals, as
well as bone cells, blood and nerve networks. It is subjected to con-
tinuous remodelling for growth, healing and regulation of phosphate
and calcium metabolism, processes that are achieved by the concerted
action of osteoblasts/osteocytes and osteoclasts (OC). Osteoblasts are
involved in bone formation, they arise from mesenchymal stem cells
and are located at the bone surface. Osteocytes are the terminally dif-
ferentiated form of osteoblasts that are located in the bone matrix [1].
They are the most abundant cells in bone, survive for decades and
regulate osteoblastic bone formation and osteoclastic bone resorption
through the secretion of biochemical signals. An imbalance in bone
resorption versus bone formation leads to skeletal diseases including
osteoporosis. As infection is one of the major cause of bone defects, this
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review will focus on the effects of pathogens infecting OC.

Under physiological conditions, OC are the exclusive bone resorbing
cells of the organism (Fig. 1A). They are multinucleated giant cells that
differentiate from myeloid precursors mainly under the control of
Macrophage Colony-Stimulating Factor (M-CSF) and Receptor Activator
of Nuclear Factor-kB ligand (RANK-L) with a long lifespan [2,3]. It has
been revealed very recently that during development, fetal OC rise from
embryonic erythro-myeloid progenitor [2]. After birth, hematopoietic
stem cells present in the bone marrow give raise to multipotent pro-
genitors and subsequently to common myeloid progenitors. The latter
produce OC, monocytes, macrophages and dendritic cells. In response
to M-CSF and RANK-L, common myeloid progenitors differentiate into
OC precursors that migrate to bone [4-7]. Thus, after birth, OC origi-
nate from precursors derived from blood monocytes that fuse with
embryonic OCs and also from precursors that fuse together [2,8]. The
cell fusion process involves proteins including DC-STAMP, hyaluronate
receptor CD44 and proteases, as well as the remodelling of membrane
phospholipids [9-11].

RANKL is a transmembrane protein expressed at the cell surface,
which forms homotrimers [12]. It can be cleaved by MT1-MMP (also
called matrix metalloproteinase 14, MMP14), releasing a soluble
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Fig. 1. Human OC mediate bone matrix degradation and form a particular cell
structure: the sealing zone.

(A) Scanning electron microscopy image showing a cavity formed by degrading
human OC (colored in green) and bone matrix (colored in grey) modification. Scale
bar, 20um. (B) Immunofluorescence images showing sealing zones in mature
human OC. Cells are delimitated in white. Scale bar, 10 pm. Briefly, human OC
were differentiated from CD14+ human monocytes during 10 days in the presence
of M-CSF and RANK-L, as described in [122]. Mature OC were detached with Ac-
cutase and seeded on bovine cortical bone slices for 48 h. In A, the cells were then
fixed in 2.5% glutaraldehyde/3.7% paraformaldehyde (PFA)/0.1 M sodium caco-
dylate (pH 7.4), post-fixed in 1% osmium tetraoxide (in 0.2 M cacodylate buffer),
dehydrated in a series of increasing ethanol concentration and then critical point-
dried using carbon dioxide in a Leica EM CPD300. After coating with gold, cells
were examined with a FEI Quanta FEG250 scanning electron microscope. In B, after
3.7% PFA fixation, cells were permeabilized and stained for F-actin (phalloidin
Alexa-488, in green) and DAPI (in blue). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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cytokine monomer which binds to RANK with a lower affinity than the
trimeric RANKL conformation [9]. RANKL/RANK signaling activates
Nuclear Factor Of Activated T Cells 1 (NFATc1), the master regulator of
osteoclastogenesis, to induce osteoclastogenic gene expression [13].
This pathway is controlled by osteoprotegerin (OPG), which acts as a
decoy receptor for RANKL. The ratio between OPG and RANKL de-
termines the level of activation of RANK and, thereby, the degree of
osteoclastogenesis [14]. Interestingly, both RANKL and OPG are regu-
lated by several calcium-regulating hormones, such as sex hormones,
the parathyroid hormone and vitamin D3. RANKL is secreted by bone
marrow stromal cells and osteoblasts/osteocytes. In young mice, os-
teoblasts are the main source of RANKL with chondrocytes, whereas in
adults, osteoblasts do not significantly contribute to the production of
RANKL, which is mainly expressed by osteocytes [9]. While the bone
environment is the major source of RANKL under physiological condi-
tions, other sources such as B cells and T cells contribute to RANKL
production under inflammatory conditions [14,15]. In animal models
of arthritis and inflammatory osteolysis, the expression of RANKL by
CD4* T cells mediates bone loss and joint destruction [16,17]. The
exclusivity of RANKL as the osteoclastogenesis cytokine has been dis-
cussed, since other factors such as tumor necrosis factor-a (TNF-a) and
transforming growth factor-f (TGF-f) have been described to partici-
pate in OC differentiation [18,19]. The increase in proinflammatory
cytokines including TNF-a, IL-1B, interleukin (IL)-6, IL-17 provides a
supportive environment for osteoclastogenesis but, importantly, they
cannot substitute for RANKL [20]. These cytokines are also involved in
the transdifferentiation of dendritic cells into OC [9,15,21], a process
restricted to inflammatory conditions, including infections [21-25]. Of
note, in physiological conditions, immature dendritic cells are rarely
located in bone tissue and dendritic cell-deficient mice do not exhibit
any bone defect [21,26].

The reciprocal impact of OC on osteoblasts and osteocytes to
maintain bone homeostasis has been the object of recent reviews that
detail the current knowledge on the OC-osteoblast coupling via the so-
called basic multicellular units [27-29]. Briefly, the bone remodelling
process inside basic multicellular units involves the coordinated action
of the bone lining cells, an alternative source of osteoblasts that form a
monolayer covering quiescent bone surface, together with osteocytes,
OC and osteoblasts [30]. Factors such as TGF-f and insulin-like growth
factor 1 (IGF1), which operate as chemotactic, proliferating and dif-
ferentiating agents for osteoblasts, are stored in the bone matrix and
liberated upon bone resorption by OC. In addition, clastokines such as
the complement factor C3a or Collagen Triple repeat containing 1
(CTHCR1) are secreted by OC to stimulate osteoblast progenitor re-
cruitment and differentiation, as well as bone formation [27]. Re-
ciprocally, osteoblasts produce both inhibitory and stimulatory factors
that stimulate OC differentiation [28].

The bone resorption machinery of the mature OC (highly positive
for tartrate resistant acid phosphatase (TRAP)) is a sophisticated system
that releases, in a confined space, inorganic and organic bone degrading
factors, including H*, Cl~, cathepsins and metalloproteases. This
space, called the resorption lacunae, consists of an actin ring, the
sealing zone, surrounding the ruffled border membrane, the OC re-
sorptive organelle. It maintains the concentration of resorbing factors
and prevents them from diffusing into the surroundings with potential
damaging effects [3,31,32]. On the other way, molecules over Mr
10,000 in the incubation medium do not diffuse under OC indicating
that the plasma membrane tightly adhere to the substratum and form a
diffusion barrier [33,34]. The ruffled border above the resorption la-
cunae has the morphology of a scrubbing brush. It hosts both the
exocytosis of proteases and V-ATPase and the endocytosis of degraded
bone materials [35-40].

The sealing zone consists of podosomes (Fig. 1B). Podosomes are
actin-rich cell structures of 1 pm diameter, perpendicular to the matrix,
that form constitutively in a few cell types, including macrophages,
immature dendritic cells and OC [41-45]. They consist in a core of F-
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Fig. 2. Several pathogens can be internalized by human OC.
Immunofluorescence images showing mature human OC (prepared as in Fig. 1,
except that they were seeded on glass) infected with (A) Mycobacterium tu-
berculosis (mCherry-H37Rv, Multiplicity Of Infection (MOI) 6, fixed 24 h post-
infection), (B) mCherry-Salmonella thyphimurium (MOI 15, fixed 24h post-in-
fection) and (C) HIV-1 (ADA strain, MOI 0.5, fixed 8 day post-infection). My-
cobacterium tuberculosis and HIV-1 infections were performed in multi-pathogen
BSL3 facility at IPBS. Upon 3.7% PFA fixation, cells were permeabilized and
stained for F-actin (phalloidin Alexa-488, in green) and DAPI (in blue). In C,
cells were stained for HIV-1 Gag/p24 (in red), as in [122]. Scale bar, 15 pm.
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

actin surrounded by an adhesion ring that links integrins to actin. Po-
dosomes exhibit adhesion, protrusion and mechanosensing activities
[41-45]. They are mostly scattered in dendritic cells and macrophages,
and occasionally organized as clusters, rings and rosettes [45-47]. In
mature OC, when cells adhere to glass or plastic coated or not with
extracellular matrix proteins, podosomes form large circular structures
at the periphery of the OC, called belts (see Fig. 2). When OC are seeded
on bone or bone-like surfaces (hydroxyapatite, dentine), tightly packed
podosomes connected to each other by a very dense actin network
(cloud) form sealing zones (Fig. 1B) [32,48-52]. The OC sealing zone
attaches to the bone matrix through integrin avf3 and CD44. Locali-
zation of the two adhesion proteins has been analysed in OC belts
showing that avf33 is located outside F-actin while CD44 co-localizes
with it [39,51,53,54]. Podosomes are dynamic cell structures with a
lifespan of 10-12 min in macrophages and about 2 min in OC [55,56].
The sealing zones are also dynamic structures that assemble to mediate
bone resorption and disassemble for OC motility [50]. This corresponds
to the “classical model” in which OC start migrating after bone re-
sorption, and lose the sealing zone during migration. However, recent
studies suggest that some OC can also resorb bone during migration
[32,57]. A recent elegant study that monitors in vivo the spatiotemporal
changes in bone resorption activity of OC, using intravital microscopy
of pH variation, showed that resorbing OC are mostly static and sug-
gests that they control motility to determine bone resorptive activity
before the formation of acidic compartments [58]. The tyrosine kinase
Src is a master regulator of the OC dynamic adhesion and, conse-
quently, impacts their bone resorbing activity. It is localized at the cell
membrane where it binds to and activates actin regulatory proteins
such as FAK, Pyk2, p130Cas involved in the formation of podosomes
and so, of the sealing zone. Src-deficient mice do not form the sealing
zone and are osteopetrotic [54,59-64].

OC functions beyond bone resorption have been reviewed [27]. As
bone resorbing cells, OC are involved in the formation and maintenance
of the hematopoietic stem cell niche [27]. They are also involved in the
control of calcemia and phosphatemia [65]. OC release many factors
involved in angiogenesis (Vascular Endothelial Growth Factor, Fibro-
blast Growth Factor), they exert paracrine stimulation of endothelial
cells and play a central role in the formation of bone transcortical
vessels [65,66]. OC, monocytes/macrophages and dendritic cells ori-
ginate from the common myeloid precursor, and as such, the OC is
considered as an immune cell belonging to the innate immunity. They
have the property to be immunosuppressive and to act as antigen-pre-
senting cells [67,68], as they express class I and class II MHC and co-
stimulatory molecules that activate T cell responses [27,65].

OC are viewed as resident macrophages of bones, like Kupffer cells
in the liver or microglia in the brain. In addition to OC, a population of
resident macrophages, osteal macrophages, has been described. They
represent 15-20% of the cells in bone, are involved in regulating bone
mineralization mediated by osteoblasts and are thought to be the major
bone sentinels for pathogens. They can be distinguished from OC in
mice by F4/80 expression and the lack of RANK expression [69-71].
Although it is not clear why OC that are involved in bone degradation
should share common properties with macrophages, innate immune
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cells, we propose that the following properties are advantageous for OC
functions: the ability to fuse and form giant cells increases the bone
surface that is degraded, the capacity to release lysosomal enzymes via
a regulated secretory pathway optimizes their delivery in the resorption
lacunae [72,73], and specific podosome organisation is instrumental for
bone resorption [39]. Podosomes generate protruding forces that
should be an advantage for OC to perform tight sealing onto the bone
surface [41,42]. Thus, the monocyte/macrophage properties of OC are
likely an opportunity for bone degradation.

OC have been poorly studied as cells of innate immunity. An in-
teresting review dealing with the question why bone needs a cell be-
longing to the immune system to degrade the bone matrix is available
[65]. In the context of the present review, we would like to highlight
that OC perform phagocytosis, their phagosomes mature into phago-
lysosomes and they produce reactive oxygen species. In particular, the
level of Nox2 (the NADPH oxidase specialized in bactericidal activity)
expressed in murine OCs is almost double of that in phagocytes [74].
Thus, OC are likely involved in immune surveillance. However, as ob-
served in macrophages, several pathogens use OC as a host cell to grow.
In this review, we exhaustively report the microorganisms that have
been described so far to infect OC (Table 1), and we emphasize that
most of them enhance their bone resorption activity, creating bone
diseases.

2. Bacterial infection of OC

A variety of bacteria (Salmonella thyphimurium, Cutibacterium acnes,
Escherichia coli, Pseudomonas aeruginosa, Serratia marcescens,
Mycobacterium tuberculosis, Staphylococcus epidermis, and most com-
monly Staphylococcus aureus) is involved in bone pathologies such as
osteomyelitis, the medical term for bone infection by bacteria, with
major consequences on the life of patients. Of note, periodontitis, a
tooth infection induced by several bacteria including Porphyramonas
gingivalis, is one of the most prevalent bone diseases which can affect
osteoclastogenesis [75,76]. Several reports have studied how bacteria
cause bone defects: most of them describe the infection of osteoblasts
by bacteria that can cause their apoptosis, autophagy and necrosis.
Osteoblast infection also leads to an imbalance in the production of
RANKL and OPG that impacts osteoclastogenesis [77]. Regarding OC,
most studies describe an effect of bacterial products, including LPS, on
OC differentiation/function [78,79]. Only three reports describing the
infection of OC by live Staphylococcus aureus (S. aureus), Mycobacterium
tuberculosis (M. tuberculosis) and Cutibacterium acnes (C. acnes) are
available to date.

Osteomyelitis can be acute or chronic. In children, acute bacterial
bone infections most commonly occur in the long bones of the arms and
legs and most likely spread to other bones through blood circulation. In
adults, the hips, spine, and feet are preferentially infected, and chronic
osteomyelitis often follow an open injury near a bone, a skin infection
or an infection elsewhere in the body, and occurs most of the time upon
surgery. These bone infections can break out readily or develop a long
time after the initial contamination, depending on the type of bacteria
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and the immune status of the patient. If they are not properly treated,
bone infections can lead to permanent bone damage. Treatment of os-
teomyelitis is challenging due to a variety of factors, including the poor
bioavailability of antibiotics in bone tissue, antibiotic resistance of
bacterial pathogens, and the formation of bacterial biofilms that are
particularly insensitive to antibiotics. Due to these limitations, osteo-
myelitis is devastating for many patients, with painful long-term con-
sequences and limited treatment options [78,79].

2.1. C. acnes

The pathogenesis of C. acnes has long been restricted to skin;
however, some specific strains of C. acnes are increasingly recognized as
pathogens in foreign-body infections, including arthroplasty, prosthetic
hip or spinal instrumentation-associated infections [80]. Eleven strains
of C. acnes are internalized by osteoblasts. Among them, two strains
(CC18 and CC28) tested in OC were found to be efficiently internalized
and to survive intracellularly for at least 96 h [80]. The mineral re-
sorption ability of infected OC was found to decrease, contrasting with
the two bacteria described below, which increase osteoclastogenesis.

2.2. S. aureus

The most common bacterium causing chronic osteomyelitis is S.
aureus [79]. Clinical observations indicate that this infection induces
the local recruitment of immune cells and causes progressive bone loss.
The effects of S. aureus on osteoblasts have been largely described (for a
review, see [81]), involving over-production of chemokines, cytokines
and growth factors. S. aureus is internalized by osteoblasts, survives
intracellularly and decreases the activity and viability of osteoblasts,
through the induction of apoptosis-dependent and independent me-
chanisms. In vivo, it has been observed that infected femurs lose about
20% of their cortical bone volume, and proposed that it could be due to
osteoblast infection causing malfunction [82]. S. aureus extracts or cell
wall virulent factors such as protein A [83-85] show divergent effects
on bone degradation. The impact of S. aureus on OC has been poorly
studied. It has been shown in vitro that both precursors and mature OC
derived from mouse bone marrow internalize S. aureus, with a higher
internalization rate in mature OC than in OC precursors [86]. The
bacteria were rapidly eliminated in both cell types in 72h. How S.
aureus is ingested by OC is not known. In contrast to osteoblasts, which
internalize the bacteria via the interaction of bacterial fibronectin-
binding proteins (FnBP) and aVp1 integrin, FnBP is not necessary for
OC infection by S. aureus [86]. Regarding the effects of S. aureus on
bone degradation, two mechanisms were identified. First, infection of
OC precursors modified the secreted proinflammatory cytokine profile
with a marked increase in monocyte chemoattractant protein 1 (MCP-
1), Macrophage Inflammatory Proteins (MIP)-1a, MIP-13, RANTES/
CCL5, which promote the osteoclastogenesis of uninfected precursors.
Second, the infection of mature OC enhanced their capacity to fuse and,
importantly, when infected OC were seeded on bone slices, their ca-
pacity to degrade the bone matrix was increased over 3-fold compared

Table 1

Effects of pathogens when internalized by OC.
Pathogens Effects on OCs upon entry Refs
Bacteria
Cutibacterium acnes Survives intracellularly at least 96 h decreases mineral resorption activity [80]1
Staphylococcus aureus Eliminated in 72 h, modifies the cytokine/chemokine profile enhances osteoclast fusion [86]
Mycobacterium tuberculosis (Pott's disease) Grows rapidly and escapes from phagosome, modifies the cytokine/chemokine profile [90]
Viruses
Dengue virus (Dengue) Increases the release of inflammatory cytokines, increases bone resorption activity [94-99]
Measles virus (Paget's disease) Increases the release of inflammatory cytokine IL-6, enhances bone degradation [103,106-108]
HIV-1 Increases osteoclast migration, increases OC fusion, enhances OC adhesion and bone degradation, modifies sealing [121,122]

zone stability
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to non-infected OC [86]. This study is an important first step in the
understanding of the role of OC infection in S. aureus-induced osteo-
myelitis. Further work is required to characterize the mechanisms of
infection, bacterial killing and the enhanced osteolytic activity of OC.

2.3. M.tuberculosis

M. tuberculosis, the infectious agent causing tuberculosis (TB), is also
involved in extrapulmonary infections including spinal tuberculosis or
Pott's disease [78,79]. Pott's disease is located in spinal vertebrae. As
such, it is a granulomatous disease in response to M. tuberculosis in-
fection characterized by chronic inflammation and massive bone re-
sorption [87,88]. In many parts of the developing world, TB is the most
common cause of vertebral body infection, with the majority of cases
seen in patients under the age of 20. Patients usually suffer of back pain,
deformation and sensation loss in the affected bones or joints and lower
limb weakness/paraplegia. Constitutional symptoms such as fever and
weight loss are not as pronounced as with osteomyelitis caused by other
bacteria. Spinal TB is believed to be initiated by an abnormal activation
of OC in spinal bones, which leads to bone loss [89]. This was corre-
lated with the histological observation of an enormous amount of
multinucleated OC-like cells around deteriorated bones. OC activation
in Pott's disease is assumed to result from the abnormal activation and
recruitment of M. tuberculosis-infected macrophages and their pre-
cursors to the infection site, although no experiment has been done to
sustain this hypothesis and these macrophages have not been char-
acterized. In addition, another hypothesis is that OC are directly in-
fected by M. tuberculosis, as demonstrated in vitro by [90] and by us
(Fig. 2A). Hoshino and co-workers found that a virulent strain of M.
tuberculosis (H37Rv) is internalized by OC precursors and by mature
OC. The bacteria grow rapidly in OC and then they escape from pha-
gosomes. Infected OC are highly fused multinucleated cells that over-
express the osteolytic enzyme cathepsin K and MMP9. M. tuberculosis
infection of OC precursors results in a strong increase in the production
of pro-inflammatory cytokines (TNF-a, IL-6 and IL1-f), whereas the
infection of mature OC incapacitates their production of pro-in-
flammatory cytokines and leads to a different activation pattern illu-
strated by high expression of chemokines (e.g CCL5, CCL17 and
CCL20). The authors propose on one hand that osteoclastogenesis of
non-infected OC precursors coming from the blood is favored and, on
the other hand, that resident OC are reprogrammed by M. tuberculosis
toward overactivated OC [90]. Thus, bone destruction could not only
results from changes in the cytokine/chemokine profile secreted by
immune cells in spinal tuberculosis, but also from the infection of OC,
which participates in microenvironment modifications [90]. However,
it has not been tested whether intrinsic bone resorption activity of M.
tuberculosis-infected OC is altered. As noted above for S. aureus, addi-
tional work to provide information about the phagocytic receptors and
the OC phenotype upon infection will help understand their role in
spinal tuberculosis. In addition, it would be interesting to investigate
whether M. tuberculosis is able to affect phagolysosome maturation as
described in macrophages since lysosome trafficking in OC markedly
differs from macrophages [72].

3. Viral infection of OC

Numerous viruses have been reported to target bone tissue [77].
Mosquito-borne viral pathologies affecting bone represent a major
public health problem due to the rapid reproduction rate of mosquitoes
and their high efficiency to act as a vector to viruses, such as Ross River
virus, the chikungunya virus and the dengue virus (DV) [78]. Viruses
that use other modes of transmission, such as the measles virus (MV) or
the Human immunodeficiency virus (HIV), also generate bone defects.
Abundant literature is available on the role of osteoblasts in these in-
fections [77,81]. Like other stromal cells of the bone, OC could also be
susceptible to viral infections because they share common receptors
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with macrophages, especially the ones used by viruses to bind to the
cell surface. However, little is known about OC contribution to im-
munopathology and bone diseases.

3.1. Dengue virus (DG)

Dengue is one of the most important arthropod-borne viral diseases
in the world, with about 390 million cases reported per year and an
annual mortality rate of 25,000 [91]. It is mostly caused by one of the
four serotypes of DV, single-stranded enveloped RNA Flaviviruses.
While primary infection with any of the four serotypes results in mild
fever and provides immunity to the infecting virus, a second DV in-
fection is associated with an increased risk of developing hemorrhages,
organ damage, and in some cases death [92,93]. Moreover, DV infec-
tion is often associated with severe bone and joint pain [78]. Myeloid
cells such as monocytes, dendritic cells and macrophages are the pri-
mary targets of DV infection. Mannose-binding receptor (MR) and the
C-type lectin receptor DC-SIGN are involved in DV binding and inter-
nalization, while the C-type lectin domain family 5 member A
(CLEC5A) cooperates with these receptors to increase DV binding and
acts as signaling receptor to stimulate proinflammatory cytokine release
[94-98]. Recently, it was reported that serotype 2 DV infects and re-
plicates in OC in vitro [99]. This infection stimulates osteolytic activity
and the release of inflammatory cytokines such as TNF-a and IL-6. All
these DV-induced effects appear to be dependent on CLEC5A [99].
Moreover, in STAT-1-deficient mice infected with a mouse-adapted DV
strain [94], infection causes increased osteolytic activity and transient
inflammatory reaction in bone. Again, these dysregulations are im-
paired in CLEC5A-deficient mice [99]. This study has thus proposed
that DV, through OC infection, upregulates bone resorption activity via
CLEC5A and participates in the clinical bone symptoms seen in DV-
infected individuals.

3.2. Measles virus (MV)

Paget's disease (PD) of bone is the second most common metabolic
disorder of bone after osteoporosis. This skeletal disease affects 2-5% of
Caucasians over 55 years old. It is characterized by localized areas of
strong bone resorption accompanied by exuberant bone formation, re-
sulting in bone pain, deformity and weakness [100]. The cellular phe-
notype observed in PD resides in OC, which are increased in size, in
number, in responsiveness to osteoclastogenic signals (namely vitamin
D3, RANKL) and in bone resorption activity. These characteristics form
the “pagetic phenotype”. The etiology of the disease is complex and
involves both genetic and environmental factors [100]. In particular, in
genetically susceptible individuals, an infection with paramyxoviruses
such as MV has been proposed to trigger PD. Although this hypothesis is
still discussed, numerous studies using various technical approaches
report the presence of MV nucleocapsid transcripts or proteins in OC (or
in their precursors) in a majority of PD patients [101-105]. Moreover,
OC transduced with a retroviral vector expressing the MV nucleocapsid
gene present the pagetic phenotype, namely hypersensibility to osteo-
clastogenic signals and increased bone resorption capacity [106].
Transgenic mice with the MV nucleocapsid gene targeted to OC develop
localized bone lesions and OC phenotypes characteristic of PD [107].
These phenotypes are dependent on the production of the pro-in-
flammatory cytokine IL-6 by pagetic OC. Further, mice co-expressing
the MV nucleocapsid protein and a mutation in p62 (to date, the only
gene that has been clearly involved in the pathology) develop more
dramatic PD-like bone lesions than do mice expressing only the MV
nucleocapsid protein [103]. In these mice, knockdown of MV nucleo-
capsid protein expression is sufficient to abolish the pagetic phenotype
[103]. Altogether, these data indicate that the infection of OC by MV
may contribute to the development of PD, at least in a subset of sus-
ceptible individuals. Regarding the molecular mechanisms involved in
MV-induced effects, a model proposes that the expression of the MV
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nucleocapsid protein in OC precursors induces the activation of the IKK
family members TANK-binding kinase 1 (TBK1), which leads in turn to
the activation of NF-kB, an essential transcription factor for osteoclas-
togenic differentiation and IL-6 expression [108]. The activation of
TBK1 also increases the expression of the transcription initiation factor
TFIID subunit 12 (TAF12), which acts as a vitamin D receptor coacti-
vator contributing to the hyper-susceptibility of the cells to vitamin D3
[100,109]. Recently, an upregulation of coupling factors between OC
and osteoblasts (ephrinB2 and EphB4) was described in OC expressing
the MV nucleocapsid protein and a high level of IL-6. This mechanism
can explain both the excessive bone degradation and formation that are
observed in PD patients [110]. Thus, OC infection by MV appears as a
main factor in PD, acting not only directly on OC activity but also ex-
erting bystander effects on OC precursors or other bone stromal cells
such as osteoblasts.

3.3. Human immunodeficiency virus-1 (HIV-1)

The use of antiretroviral therapy has significantly improved life
expectancy for HIV-1 infected individuals. Patient now live to an older
age, which reveals the persistence of latent proviruses inside reservoir
cells and long-term effects of the infection. Among these long-term
complications, reduction of bone mineral density is frequent and often
progresses to osteoporosis and a high prevalence of fractures. Although
it has long been unappreciated, a 6-fold increased risk of low bone
mineral density is observed in HIV-1-positive individuals compared to
the general population [111-113], which means that over half of the
HIV-infected population presents bone loss [114]. In HIV-1 patients,
multiple factors including the life style and the antiviral therapy,
especially during the first years, contribute to bone defects. One hy-
pothesis is that following initiation of the therapy, T-cell repopulation
and inherent production of RANKL represent major mechanisms in-
volved in the observed bone loss [115]. In addition, there is evidence of
bone deficit in non-treated patients, indicating that the virus by-itself
alters bone homeostasis. The HIV-1-induced bone disorders are asso-
ciated with an increase of blood biomarkers for bone resorption and
minor changes in bone formation-specific markers, suggesting a major
contribution of enhanced osteolytic activity [116,117]. Bone home-
ostasis is strongly dependent on the level of RANKL and of other os-
teoclastogenic cytokines, the levels of which are influenced by the
immune system. Thus, it is not surprising that HIV-1, by perturbing the
level of osteoclastogenic cytokine secretion by immune cells, con-
tributes to bone loss. In particular, in HIV-transgenic rats and HIV-in-
fected individuals, a marked elevation in RANKL production has been
reported, concurrent with a marked depletion in OPG production by B
cells, leading to an upregulation in the RANKL/OPG ratio that favors
osteoclastogenesis [115,117-120]. Moreover, RANKL/OPG imbalance
is associated with HIV-induced bone defects in patients harboring a
sufficiently high number of CD4 T cells in spite of the infection [119].
In addition to these effects on immune cells, it has recently been shown
that HIV-1 infects human OC in vitro with an infectivity comparable to
that of macrophages [121,122] (Fig. 2C). OC infection has been con-
firmed ex vivo in human synovial explants and in vivo in a humanized
murine model [122]. HIV-1 uses the receptor and co-receptor CD4 and
CCR5 to enter OC, and then localizes in specific intracellular com-
partments, just like macrophages [123]. HIV-1 also infects OC pre-
cursors, which not only stimulates their migration in 3D environments
and may favor their recruitment to bones, but also leads to the fusion of
OC with a high number of nuclei. In infected OC, the structure and
function of the sealing zone are modified and its basal subunit, the
podosome, is enriched in F-actin; consequently, OC are more adherent
and more active in resorbing the bone matrix. In vitro, all these effects
are dependent on the viral protein Nef, which activates Src, a tyrosine
kinase involved in podosome regulation and sealing zone assembly.
Supporting these results, OC derived from Nef-transgenic mice display
high osteolytic activity, and these mice exhibit an increased density of

320

Bone 127 (2019) 315-323

OC in bones associated with bone deficit [122]. Thus, HIV-infected OC
contribute to bone defects by upregulating their osteolytic activity as a
consequence of an enhanced activity of the bone resorption machinery.
In addition, HIV-1 increases the motility of OC precursors, leading to a
higher number of OC in bones.

4. Conclusion

Several viruses and bacteria have been described to cause bone
defects [77,79]. Numerous actors can participate in skeletal diseases,
including osteoblasts, inflammatory environments that stimulate os-
teoclastogenesis, and OC themselves. OC, which share the same pro-
genitors as the phagocytic cells, macrophages and dendritic cells,
should be considered as cells that ingest microorganisms, although in-
fected OC are described in only a few reports, all mentioned here.

Until now, S. aureus, M. tuberculosisand C. acnes are the only ex-
ample of bacterial infection of OC in vitro. It is likely that additional
bacteria affecting bones are internalized by OC probably by phagocy-
tosis as in macrophages. Actually, Salmonella thyphimurium is a good
example of bacteria known to induce bone damages that is efficiently
ingested by OC (as shown for the first time in Fig. 2B). Thus, further
work is required to determine whether OC are targets for additional
bacteria causing osteomyelitis and to verify that it is also the case in
vivo. Similarly, the interaction of only a small number of viruses with
OC has been explored. Viruses such as hepatitis C and chikungunya
should be examined as they are associated to bone alteration. It is also
important to better decipher internalization routes of these different
pathogens. To this purpose, a precursor work from Vaananen's group
reported that rat OC supported in vitro Sendai, vesicular stomatitis virus
and influenza virus infections [36,124]. Glycoproteins of these viruses
were used to identify specific membrane domains for pathogen docking
or entry.

Among the microorganisms impacting bones, several of them have
developed mechanisms to dysregulate the microbicidal activity of
macrophages or to escape it. Whether they also developed survival
strategies in OC should be examined as well as the mechanisms in-
volved. For example, M. tuberculosis escape phagosomes in OC and grow
in the cytosol like in macrophages [90], but the escape pathways elu-
cidated in macrophages deserve additional studies in OC. Also, the
docking and entry receptors of these pathogens in OC are not eluci-
dated, except for HIV-1 and the Measles virus that appear to use
common receptors with macrophages. In most cases, it is not yet clear
how microorganisms impact the bone resorption machinery of OC. One
example is HIV-1 which alters the cytoskeleton of OC, in particular
podosomes, with consequences on the sealing zone [122].

Another question is why and how the microorganisms benefit from
manipulating OC. It is not clear whether enhancement of bone de-
gradation by infected OC is an advantage. A hypothesis is that OC
present reservoir characteristics. The observations in mice that OC of
embryonic origin acquire new nuclei, one at a time, every four to eight
weeks from circulating blood monocytes by cell-cell fusion events in-
dicate that embryonic OC are very long-lived cells [2,125]. Long life-
span is a major feature for a reservoir. In addition, if we consider HIV-1
for instance, it replicates moderately within OC and does not exhibit
cytotoxic effects [118,122]. It also accumulates inside intracellular
compartments in which it can retain its infectious potential for ex-
tended periods [122]. Finally, the unique anatomical characteristics of
the bone tissue, where drug delivery is described as being limited, is
clearly an advantage for microorganisms hiding in OC. Thus, OC should
be considered as new reservoirs for HIV-1 and likely for other patho-
gens.

Hence, the perspective that OC is a cell target for pathogens opens a
new research area and novel therapeutic approaches to infections that
cause bone defects.
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