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ABSTRACT

Background. Bone impairment is a poorly described complica-
tion of nephropathic cystinosis (NC). The objectives of this
study were to evaluate in vitro effects of cystinosin (CTNS)
mutations on bone resorption and of cysteamine treatment on
bone cells [namely human osteoclasts (OCs) and murine
osteoblasts].
Methods. Human OCs were differentiated from peripheral
blood mononuclear cells (PBMCs) of patients and healthy
donors (HDs). Cells were treated with increasing doses of cyste-
amine in PBMCs or on mature OCs to evaluate its impact on
differentiation and resorption, respectively. Similarly,
cysteamine-treated osteoblasts derived from murine mesenchy-
mal stem cells were assessed for differentiation and activity with
toxicity and proliferation assays.
Results. CTNS was expressed in human OCs derived from
HDs; its expression was regulated during monocyte colony-
stimulating factor- and receptor activator of nuclear factor-jB-
dependent osteoclastogenesis and required for efficient bone
resorption. Cysteamine had no impact on osteoclastogenesis
but inhibited in vitro HD osteoclastic resorption; however, NC
OC-mediated bone resorption was impaired only at high doses.
Only low concentrations of cysteamine (50lM) stimulated
osteoblastic differentiation and maturation, while this effect was
no longer observed at higher concentrations (200mM).
Conclusion. CTNS is required for proper osteoclastic activity. In
vitro low doses of cysteamine have beneficial antiresorptive
effects on healthy human-derived OCs and may partly correct
the CTNS-induced osteoclastic dysfunction in patients with NC.
Moreover, in vitro low doses of cysteamine also stimulate osteo-
blastic differentiation and mineralization, with an inhibitory

effect at higher doses, likely explaining, at least partly, the bone
toxicity observed in patients receiving high doses of cysteamine.

Keywords: bone, cysteamine, cystinosin, nephropathic cysti-
nosis, osteoclast

INTRODUCTION

Nephropathic cystinosis (NC; 1/200 000 live births) is a rare
autosomal recessive lysosomal storage disease characterized by
a deficiency of the cystine lysosomal transport protein [i.e. cysti-
nosin (CTNS) encoded by the CTNS gene], resulting in systemic
accumulation of cystine crystals, thus leading to tissue damage.
Patients suffer early from complete proximal tubulopathy; the
natural evolution is a progressive chronic interstitial nephritis
leading to end-stage renal disease (ESRD) within the first dec-
ade of life [1]. The use of cysteamine therapy since the 1980s
has postponed ESRD and extrarenal morbidities to the second
or third decade of life, at least in developed countries [2].

As patients receive cysteamine and improve survival [1],
bone impairment was recently described to be a complication
of NC, occurring during teenage or early adulthood [3–6]; even
though the exact underlying pathophysiology is unclear, six
hypotheses are discussed: copper deficiency [7], consequences
of hypophosphatemic rickets together with iatrogenic effects of
its supportive treatment, cysteamine toxicity [8], abnormal thy-
roid metabolism, chronic hypoparathyroidism and/or direct
bone effect of the CTNSmutation [9].

Significant bone impairment observed in NC patients is
partly due to bone formation defects [3–5]. However, bone
resorption precedes bone formation, contributing equally to the
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sustaining of bonemass integrity, and should also be considered
in the context of cystinosis. Osteoclasts mediate bone degrada-
tion by forming a sealing zone, which defines a confined lacuna
where the ruffle border secretes protons and proteases to
acidify and degrade the bone matrix. Although the resorption
process highly depends on lysosomal activity and acidification,
CTNS involvement has been scarcely studied in osteoclasts
(OCs) [10].

Our working hypotheses were that altered OC differentia-
tion and mediated resorption may also contribute to bone
impairment and that cysteamine treatment may modify this
interplay. The objectives of the present study were therefore to
assess the impact of CTNS mutations on OC intrinsic differen-
tiation and function and to evaluate the effect of cysteamine
in vitro on bone cells [namely human OCs derived from periph-
eral blood mononuclear cells (PBMCs) and murine osteoblasts
derived frommesenchymal stem cells (MSCs)].

MATERIALS AND METHODS

Primary OC culture

Monocytes were purified from 15mL of peripheral blood.
After collection, blood was loaded on a lymphocyte separation
medium density gradient (Eurobio, Courtaboeuf, France) to
purify mononuclear cells. Monocytes were then plated in 96-
well plates at a density of 105 cells/well and cultured in mini-
mum essential medium a (Gibco Life Technologies, Grand
Island, NY, USA) supplemented with 2 mM L-glutamine
(Gibco Life Technologies), 1% penicillin/streptomycin (Gibco
Life Technologies) and 10% foetal bovine serum (FBS;
Dominique Dutscher, Brumath, France) as previously described
[11]. OCs were obtained by incubating monocytes with 20ng/mL
monocyte colony-stimulating factor (M-CSF; PeproTech, Rocky
Hill, NJ, USA) and 40ng/mL of receptor activator of nuclear fac-
tor j-B ligand (RANKL; PeproTech) from Day 1 to Day 5. All
PBMCs were treated with a combination of RANKL and M-CSF
in order to differentiate them into functioning OCs. From the
second day on, osteoclastic precursors were treated with increas-
ing doses of cysteamine (control 50–200 lM) during
differentiation.

OC functional assays

At the end of the osteoclastic differentiation protocol (Day
5), the cells were harvested for real-time polymerase chain reac-
tion (PCR) analysis or were fixed with 4% paraformaldehyde
(PFA) and stained with a leucocyte acid phosphatase (TRAP)
staining kit according to the manufacturer’s instructions
(Sigma-Aldrich, St Louis, MO, USA). Cells that stained positive
(>3 nuclei) were then counted. OC activity was assessed by cul-
turing cells on plates coated with a synthetic inorganic bone
mimetic matrix (Osteoassay, Corning, Illkirch, France) after
5 days of differentiation without treatment. Increasing doses of
cysteamine (control 50–200lM) were added at Day 2 and
maintained until the end. At Day 7, to measure the surface of
the resorbed matrix, OCs were washed with distilled water and
the matrix was stained with a 5% (wt/vol) silver nitrate solution;

the pits produced by OCs appeared as white spots under a light
microscope: their surfaces were quantified by ImageJ software.

Isolation and culture of murine MSC-derived
osteoblasts

Bone marrow was flushed out of mice long bones, counted,
plated at a density of 20�106 cells/100-mm diameter flask in
MEM supplemented with 15% FBS and expanded for 1 week,
supplemented with 2 mM L-glutamine and 1% penicillin/strep-
tomycin (all reagents, Gibco Life Technologies). MSCs were
harvested, after reaching 80% confluence, using cell dissociation
solution (Sigma-Aldrich) and were seeded in 12-well plates at a
density of 2 �105 cells/well; osteogenic media was then added
2 days later [50 mg/mL L-ascorbic and 10mM of b-glycerol
phosphate (Sigma-Aldrich) supplemented with 10% FBS].
Subsequently, MSCs were treated with increasing doses of cys-
teamine (Sigma-Aldrich; control, 10, 50, 100 and 200 lM) dur-
ing the differentiation assay. Treatment with cysteamine was
added the second day of differentiation and maintained until
Day 21. After 3weeks of culture, cells were washed with phos-
phate-buffered saline, fixed with 4% PFA and analysed for
osteogenic differentiation and DNA content (see below).
Alkaline phosphatase (ALP) activity was assessed according to
the manufacturer’s procedures, whereas calcium deposition was
visualized using von Kossa (VK) staining through the use of sil-
ver nitrate (both from Sigma-Aldrich). ALP and VK positivity
were quantified by ImageJ software.

Reverse transcription and real-time quantitative PCR

RNA isolation and purification were obtained from Trizol
Cell Extracts in accordance with the manufacturer’s instruction
(Life Technologies and Ambion); cDNA synthesis was carried
out with the iScript Reverse Transcription for real-time quanti-
tative PCR (qPCR) (Bio-Rad Laboratories, Marnes-la-Coquette,
France). qPCRs were performed using iTaq Universal SYBR
Green Supermix and amplification run on a CFX connect Real-
Time System (Bio-Rad Laboratories). Systematic controls were
generated without iScript and amplified and qPCR was carried
out in duplicate for each data point. Primers for the amplifica-
tion of osteogenic or osteoclastic markers were the following:
mOCN (osteocalcin), mCOL1 (collagen type 1), mOSX
(osterix) and hcathepsin K. Expression of these genes was quan-
tified and normalized to corresponding RNA L32 values and
expressed as relative expression using the 2�DDCt method.

Cysteamine toxicity and effect on proliferation of
osteoblasts

Proliferation 5-bromo-20-deoxyuridine (BrdU) test. Cysteamine
was tested for its impact on osteoblastic proliferation and
25 000 cells were seeded into each well of a 96-well plate in
growth medium and incubated under standard conditions for
2 days, adding L-ascorbic and b-glycerol phosphate after the
first 24 h. After starving for 48 h, cells were incubated with
increasing doses of cysteamine (10, 50, 100 and 200 mM) in
culture medium. After a 24-, 48- and 72-h incubation period,
BrdU (100 lM) was added to each well and cells were allowed
to grow for an additional 120min. The incorporation of BrdU
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into DNA was measured according to the supplier’s instruc-
tions with the Cell Proliferation enzyme-linked immunosorb-
ent assay (chemiluminescence, Roche Diagnostics, Mannheim,
Germany). Cells not subjected to cysteamine served as a nega-
tive control (NC). All measurements were run in quadrupli-
cate and proliferation values were calculated relative to the
NC, whose viability was set to 100%. The reading was carried
out through the Microplate Manager 5.2 (Bio-Rad) with a
wavelength of 450 nm and the results expressed in optical
densitometry.

Lactate dehydrogenase (LDH) assay. To prepare samples
for the LDH assay, the same protocol used for isolation and cul-
ture of MSC-derived cells was followed; 150 mL of culture
medium was recovered and analysed on Days 0, 2, 7, 9 and 14
of protocol. LDH activity was determined using commercial
kits (ABBOTT Diagnostics, Ref. 2P56, Rungis, France) on an
Architect C16000 auto-analyser (ABBOTTDiagnostics).

Statistical analyses

Statistical analyses performed using Prism 5.03 (GraphPad
Software, La Jolla, CA, USA). Two-group analysis was per-
formed using t-tests for parametric data and the Mann–
Whitney U-test for non-parametric distributions. In all cases,
P< 0.05 was considered significant. Values were expressed as
mean6 standard error of the mean (SEM). For the part involv-
ing human circulating monocytes differentiated into functional
OCs in vitro, the study was approved by the local institutional
review board (Comité de Protection des Personnes Lyon Sud
Est II, 9 July 2016 session). Written informed consent was
obtained from all patients and controls (and parents in case of
paediatric subjects).

RESULTS

Cystinosis increases osteoclastogenesis but decreases
bone resorption activity of OCs derived from human
PBMCs

As shown in Figure 1A, CTNS is expressed in human OCs
derived from healthy donors (HDs); its expression is regulated
along with M-CSF and RANKL-dependent osteoclastogenesis:
indeed, a peak of CTNS expression was observed at Day 6 in
mature OCs following the same pattern of cathepsin K tran-
scripts. We therefore evaluated OC differentiation of PBMCs
from patients and healthy controls using the number of TRAP-
positive multinucleated cells at the end of the differentiation
process with M-CSF and RANKL. The results are summarized
in Table 1. First, when osteoclastogenesis was examined in basic
conditions without any treatment, an increase of multi-
nucleated TRAP-positive cells was observed in patients in com-
parison with controls, despite the fact that they were generated
from the same number of monocyte progenitors (Figure 1B
and C). These findings clearly indicate that cystinosis favoured
osteoclastogenesis and that cystinosis mononuclear progenitors
are more prone to generate OCs than controls.

In OCs derived from human PBMCs, cysteamine has no
significant effect on differentiation but inhibits bone
resorption activity

Cysteamine had no effect on osteoclastic differentiation
whatever the origin of the donors and the doses tested (Figure
1B). We therefore evaluated the resorption capacity of these
OCs obtained from patients and controls with and without
cysteamine exposure. In contrast to what we observed for dif-
ferentiation, in vitro bone resorption (as assessed by the total
bone surface resorbed or the resorption index) was clearly
decreased in OCs from patients when compared with con-
trols; similarly, we also found that cathepsin K transcript lev-
els were decreased in patients compared with controls (Figure
2A). However, when examining the resorptive activity of cys-
teamine-treated OCs both in controls and patients, there was
a beneficial antiresorptive effect; indeed, in controls, a 50%
inhibition of the resorption activity was observed with 50 mM,
although for NC patients the impairment of the OC activity
was detectable and significant only at 200 mM of cysteamine
(Table 1 and Figure 2B and C). Because of technical difficul-
ties to obtain enough cells, it was unfortunately not possible
to evaluate resorption with 50 mM in all subjects.

Low doses of cysteamine stimulate osteoblastic
differentiation and mineralization, with an inhibitory
effect at higher doses

To assess the ability of murine MSCs to differentiate as
osteoblasts in the presence of similar cysteamine treatment as
above, we monitored the expression level of early, mid- and late
osteoblast-specific markers by real-time PCR, as illustrated in
Figure 3, including mOSX (osterix; Figure 3A), mCOL1 (colla-
gen type 1; Figure 3B) and mOCN (osteocalcin; Figure 3C). All
markers were significantly upregulated on Day 21 in the group
treated with 50 mM of cysteamine, however, they were down-
regulated in the groups treated with high doses of cysteamine
(namely 100/or 200 mM).

In order to further investigate the impact of cysteamine
treatment on MSC-derived osteoblast function, their ability to
mineralize matrix and to express ALP, VK and ALP stainings
were performed at the end of the differentiation process. As
illustrated for the VK staining (Figure 3D), significant increased
mineralization in the group treated with 50 mM of cysteamine
was observed. The BrdU labelling showed a significantly lower
cell proliferation in the 200-mM group on Day 3 (Figure 3E); a
cytotoxic effect of cysteamine was ruled out since no increased
LDH levels were found between groups (Figure 3F). ALP stain-
ing showed no significant differences between groups (ranging
from 60 to 75% of ALP-positive cells per well), thus suggesting
that the difference in proliferation observed at the early stages
of the differentiation was no longer found at the endpoint of the
experiment (namely the end of the differentiation process)
(Figure 3F). This last observation supports the statement that
there is no toxicity observed with cysteamine on primary osteo-
blast culture.
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FIGURE 1: CTNS defect in OC leads to increased differentiation while cysteamine treatment abrogates it in both HDs and patients. (A)
Quantitative real -time PCR analysis of CTNS and Cathepsin K gene time-course expression in OCs differentiated from PBMCs of HDs on
Days 0, 3 and 6 in the presence of M-CSF and RANKL treatment. (B) (1) On Day 6, total Trap-positive cells, obtained from differentiated
PBMCs of HDs and patients were quantified. (2) Distribution of TRAP-positive OCs according to nuclei number (3–10 nuclei or� 10 nuclei)
obtained for HDs and patients. (3) Cysteamine dose response on osteoclastogenesis, TRAP-positive cells (�3 nuclei) were numbered for HDs
and for patients. (C) Representative images of untreated and 50- or 200-mM cysteamine-treated cells obtained for HDs and patients. After
TRAP staining, multinucleated purple cells correspond to OCs at the end of the differentiation process. All results are presented as the mean
for 5–7 wells6 SEM of two experiments; six HDs and seven patients were tested. ANOVA and Bonferroni post-tests were performed and con-
sidered significant if P� 0.05. For a single comparison, Mann–Whitney U-test was used and considered significant if *P� 0.05, **P� 0.01 or
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DISCUSSION

Bone impairment in NC has a potential impact on quality of life
and should be known by physicians. However, its pathophysiol-
ogy remains unclear and this study is the first to provide new
insights into the underlying mechanisms. First, CTNS is
required for proper osteoclastic activity, suggesting an involve-
ment of bone resorption in the outcome of cystinosis-derived
bone lesions. In vitro low doses of cysteamine have beneficial
antiresorptive effects only on healthy human-derived OCs and
thus may partly correct the CTNS-induced osteoclastic dys-
function in patients with NC. Second, in vitro low doses of cys-
teamine stimulate osteoblastic differentiation and
mineralization, with an inhibitory effect at higher doses, likely
explaining, at least partly, the bone toxicity observed in patients
receiving high doses of cysteamine.

In animal models, invalidation of the CTNS gene is not asso-
ciated with either renal phosphate wasting or with renal failure,
but causes severe osteopenia and growth retardation, thus rais-
ing the hypothesis of a specific underlying bone defect in cysti-
nosis [9]. CTNS mutations also affect human osteoblast
differentiation and function [12]. In the present study we show
that CTNS gene expression is regulated during human osteo-
clastogenesis, under the control of M-CSF and RANKL, the two
major cytokines driving OC differentiation and function. We
also provide evidence that CTNS is necessary for proper bone
resorption mediated by human OCs: OCs derived from patients
display intrinsic altered differentiation and restrained resorp-
tion activity. Surprisingly, monocytes isolated from patients are
more prone to generate multinucleated OCs, as if functional
CTNS is a tuner of OC differentiation. Conversely, mature OCs
from patients display a decreased resorption index even though
they are not devoid of resorptive activity. We may then specu-
late that bones of NC patients have more OCs that are less
active compared with those of healthy volunteers: in that set-
ting, we previously reported extended and unusual areas of
osteoclastogenesis in the patients who underwent bone biopsies
[5]. In addition to the formation defects observed in patients,
the altered balance of OC number and defective OC function
may contribute to the specific bone defect in NC. This is not

unexpected since lysosomes, vesicular trafficking and exocytosis
are essential and tightly regulated in mature OCs in order to
achieve efficient resorption [13]. Among human lysosomal
storage diseases, some have been reported to induce a bone phe-
notype secondary to gene mutations involved in both lysosomal
metabolism and in OCs, all of them leading to an osteopetrotic/
sclerotic bone phenotype with increased bone mineral density
due to impaired OC-mediated resorption [10]. However, none
of these lysosomal storage diseases target both bone formation
and resorption, as cystinosis does, affecting both OC and osteo-
blast biology.

Cysteamine is an amino-thiol and an intercaling agent; it
induces a disulphide exchange and a connection of cysteine to
cysteamine, thus allowing lysosomal clearance and transport of
this complex. The use of cysteamine has dramatically improved
the long-term prognosis of cystinosis, but cysteamine toxicity
(notably bony, cutaneous, vascular, neurological and muscular
side effects) has nevertheless been discussed, occurring in cases
of cysteamine overdose, affecting 1.5% of treated patients and
improving with decreased daily doses of cysteamine [8].

In bone, osteoblastic abnormalities can be reverted after cys-
teamine treatment, demonstrating beneficial effects of cyste-
amine on osteoblastic cells [12]. In our bone cell study we have
used the range of cysteamine doses reported by published
experimental studies in osteoblasts and fibroblasts [12, 14].
Murine MSCs differentiated into osteoblastic cells were submit-
ted to cysteamine treatment. In vitro low doses of cysteamine
stimulated osteoblastic differentiation and mineralization, pro-
viding evidence for a rather ‘osteogenic’ effect of cysteamine,
while osteoclastic resorption was inhibited in HDs. These
observations could lead to the conclusion that overall cyste-
amine has a beneficial dual effect on bone cells, restoring bone
formation and inhibiting bone resorption. However, it is inter-
esting to note that a ‘resistance’ to cysteamine appears in
resorbing OCs from patients, whereas the inhibitory effect on
bone resorption is already observed with ‘low doses’ of cyste-
amine in cells differentiated from HDs.

Lastly, using high doses of cysteamine in murine osteoblasts
led to decreased differentiation and mineralization, because of

Table 1. The effects of cysteamine on OC biology (differentiation and activity) in the seven patients with cystinosis and their matched healthy controls

Dose
cysteamine (mM)

Pair 1 Pair 2 Pair 3 Pair 4 Pair 5 Pair 6 Pair 7

Differentiation Healthy controls 0 1416 6 1646 9 NP 796 5 536 3 3156 17 1526 10
50 1466 6 1506 13 NP 1056 8 806 4 3276 15 1846 26
200 1226 8 1246 4 NP 986 8 696 2 2086 4 2346 14

Cystinosis patients 0 2186 19 1546 8 3386 12 2166 5 836 4 1796 7 2676 24
50 2356 17 1156 5 4606 29 3256 19 856 2 1696 9 3066 16
200 3126 21 756 4 4506 13 2516 13 786 4 1976 10 3106 12

Resorption
activity

Healthy controls 0 13.36 4.1 NP NP 9.26 1.2 1.86 0.2 10.56 2.4 1.46 0.2
50 7.16 1.0 NP NP 2.86 0.6 a 1.16 0.1 2.66 1.1 1.66 0.1
200 9.36 1.1 NP NP 0.36 0.1 0.16 0.0 0.96 0.2 0.76 0.1

Cystinosis patients 0 0.456 0.05 1.726 0.4 22.016 2.84 1.256 0.35 NP 0.176 0.02 1.626 0.20
50 0.466 0.02 NP NP 1.636 0.39 NP 0.166 0.05 4.946 0.6
200 0.106 0.01 0.406 0.2 22.046 0.24 0.196 0.03 NP 0.046 0.01 0.756 0.12

OCs [count of TRAP-positive cells (�3 nuclei)] generated from peripheral blood monocytes were treated with increasing doses of cysteamine (untreated, 50 and 200 mM). Resorption
pits (presented as withdrawn surface in mm) are visualized following silver nitrate staining. The results are shown both for differentiation and resorption of the nephropathic cystinosis
and their controls. NP, not performed, because of a failure of differentiation/resorption. Results are presented as means for 5–7 wells6 SEM of two experiments.
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decreased proliferation (and not cytotoxicity). These data corre-
spond to the bone phenotype observed in patients with cyste-
amine toxicity [8] and are the first to try to explain these clinical
observations, but without providing the exact mechanistic pro-
file. Indeed, these data suggest a shift from a favourable balance
between inhibited resorption and stimulated osteoblastic min-
eralization using low doses of cysteamine towards an imbalance
between inhibited resorption and decreased mineralization
(thus favouring resorption and consequently inducing clinical
bone symptoms) when using higher doses of cysteamine. In
this specific setting of cystinosis, the distinction between bone

lesions due to chronic kidney disease, renal osteodystrophy and
therapies on the one hand and bone lesions due to cystinosis
itself (whatever the exact underlying pathophysiology) or to
secondary endocrine complications (e.g. hypothyroidism or
hypogonadism) on the other hand remain challenging in clini-
cal practice. However, we believe that our data in these cellular
models provide interesting data on the dual effects of cyste-
amine on bone cells and may explain, at least partly, the bone
toxicity observed in patients receiving high doses of cysteamine.
In the future, the management of patients may rely on cyste-
amine through levels, but this hypothesis deserves more study.
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FIGURE 2: CTNS deficiency and cysteamine treatment decrease human mature OC-mediated resorption. (A) Bone resorption in cells differen-
tiated from HDs and patients was quantified as the percentage resorbed area per well and as a resorption index: mm2 per OC. Cathepsin K tran-
script levels were compared between HDs and patients at the end of the osteoclastic differentiation process. (B) Percentage of resorbed area per
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The evaluation of in vitro OC biology directly from patients’
cells is a new promising technique, allowing us to evaluate OC
biology with only 15mL of circulating blood (instead of 250mL
previously) [11]. It opens promising perspectives, and despite
the fact that it is a time-consuming procedure, we were able to
perform the study in seven patients and seven controls with
consistent results on resorption activity, thus allowing us to
conclude a partial inhibitory effect of cysteamine on patient
bone resorption as opposed to HDs.

In conclusion, bone impairment is a reality in teenagers and
young adults with NC. Even though its pathophysiology
remains largely unknown, we showed that CTNS is regulated
during osteoclastogenesis and involved in bone-mediated
resorption. From our study it appears that cysteamine treat-
ment may have dual effects on bone cells. A better understand-
ing of the underlying mechanisms of cysteamine activity in
OCs and osteoblasts may improve the clinical management of
patients with NC.
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fraction, and trabecular number and thickness after 6 weeks 

compared to WT (p < 0.05). Osteoclast count and surface 

were increased (p < 0.01). Moreover, the non-mineralized 

(osteoid) surface was also increased in Tg-huTNF after 

6 weeks (p < 0.01). Despite increased osteoclast and oste-

oid surfaces, an imbalance between both was observed in 

favour of osteoid surface at the early phase and then to oste-

oclast surface. These results demonstrated an axial bone 

loss in the Tg-huTNF model, additional to the common 

limb arthritis, related to overexpression of TNF. However, 

the absence of syndesmophyte and the increase of osteoid 

surface suggested that chronic inflammation might block 

bone mineralisation. Finally, the relative increased osteoid 

surface was not enough to compensate the high osteoclast 

activity.

Keywords Axial spondylitis · Bone remodelling · TNF · 

Bone microarchitecture

Introduction

Tumor necrosis factor alpha (TNF) is a pro-inflammatory 

cytokine produced mainly not only by macrophages, but 

also by T lymphocytes, neutrophils, fibroblasts, or endothe-

lial cells [1, 2], while its receptors are expressed by most 

of eukaryotic cell types [3]. TNF is involved in inflam-

matory arthritis, such as axial spondyloarthritis (axSpA) 

[4–6] or rheumatoid arthritis (RA) [7, 8]. AxSpA is a 

chronic inflammatory disease predominantly affecting the 

axial skeleton [9]. In axSpA, inflammation at sacroiliac 

joints induced destruction of the bone followed by fusion. 

In parallel to the spine, local inflammation was associ-

ated with delayed bone pro-formation phase with irrevers-

ible ossification called syndesmophyte [10]. Despite bone 

Abstract Syndesmophyte occurrence and axial bone loss 

were investigated in the heterozygous Tg187 tumor necro-

sis factor (TNF) transgenic mouse model (Tg-huTNF) of 

arthritis. Female and male Tg-huTNF mice were compared 

to wild-type mice (WT) at 2, 4, 6, 8, and 10 weeks. Syn-

desmophytes, intervertebral disc space, osteoclasts, oste-

oid surface, and vertebra microarchitecture were assessed 

by histomorphometry and microcomputed tomography. 

No spontaneous syndesmophyte formation was detected 

in Tg-huTNF compared to WT mice. However, increased 

porosity was observed mainly in peridiscal lumbar verte-

bra. Accordingly, bone microarchitecture parameters were 

altered in Tg-huTNF mice, with decrease in bone volume 
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proliferation outside the bone, an increased vertebral and 

non-vertebral fracture risk was described in patients with 

spine syndesmophytes at the stage of ankylosing spon-

dylitis [11]. Recently, computed tomography scan was 

described as a powerful tool to assess syndesmophyte 

occurrence and changes in ankylosing spondylitis patients 

[10, 12].

The heterozygous Tg187 TNF transgenic mouse model 

(Tg-huTNF) carrying a 3’ modified hTNF transgene to 

avoid constitutive degradation was proposed as an arthritis 

mouse model [13–15]. In this model, mice expressed high 

levels of both membrane and soluble TNF. At the periph-

eral joint, exacerbated and aggressive arthritis occurred 

with synovitis and joint swelling starting around week 

4 until a loss of limb function at week 10, setting pre-

arthritis period in “2–6 weeks” and established arthritis 

commonly in “6–10 weeks” [13, 15, 16]. Sacroiliitis was 

already described with erosion at the sacroiliac site at week 

11 [17]. However, no data at this time were recorded at the 

spine site to our knowledge.

During inflammation, bone homeostasis is unbalanced 

with reduced bone formation and increased bone resorption 

especially in RA [18]. In vitro, TNF downregulated osteo-

blast differentiation, bone mineralisation, and matrix syn-

thesis with induction of osteoblast apoptosis [19]. On the 

other side, TNF induced RANKL expression with induc-

tion of osteoclast formation [20]. The main difference in 

SpA compared to RA is the presence of ectopic ossifica-

tion leading to syndesmophyte formation combined with 

systemic bone loss. At the joint level, subchondral bone 

loss induced by inflammation is mainly related to overex-

pression of pro-inflammatory cytokines including TNF, 

interleukin 1 beta (IL-1β), IL-6, and IL-17 [21]. These 

cytokines are known to strongly stimulate bone resorp-

tion by osteoclast activation [22, 23]. All these cytokines 

were overexpressed during arthritis phase in the Tg-huTNF 

model [24, 25].

Overexpression of TNF observed in several arthritis 

models was the proof of concept to use TNF inhibitors 

to reduce arthritis signs [26–29]. Then, TNF blockade by 

monoclonal antibodies or receptor fusion protein succeeded 

to improve arthritis signs in RA [30] as well as in axSpA 

[31]. Despite the ability of TNF inhibitors to block joint 

destruction in RA, no prevention of syndesmophyte forma-

tion was observed by TNF inhibitors in axSpA [32–34]. 

Therefore, the TNF role on syndesmophyte formation 

remained unclear in axSpA.

To improve knowledge on the discrepancy between 

inflammation and bone ectopic proliferation associated 

with vertebral bone loss, we investigated the presence of 

syndesmophytes and vertebral bone loss in Tg-huTNF 

mice at various time points. Accordingly, we conducted 

an extensive analysis of axial bone and intervertebral disc 

space (IDS) (i) to address the occurrence of syndesmophyte 

in the spine and (ii) to assess resorption and formation 

impacted by TNF overexpression at the vertebral site.

Methods

Animals Study

C57/BL6 Tg-huTNF and C57/BL6 wild-type (WT) litter-

mate mice were used in this study. Animals were housed 

with 12/12  h light/dark cycles and ad  libitum water and 

food access without restriction in calcium. Animals were 

sacrificed according to the ARRIVE guideline. Both female 

and male mice were used from 2 to 10  weeks. Lumbar 

vertebrae were harvested at necropsy, fixed in paraform-

aldehyde, dehydrated in acetone, and stored in ethanol. 

Morphologic evaluation of the spine with syndesmophyte 

occurrence was recorded from the 1st to the 4th lum-

bar vertebra (LV1-4) in female mice (aged 2, 4, 6, 8, and 

10 weeks old, n = 5 per group), and in male mice (aged 6, 

8, and 10 weeks old, n = 2–3 per group). Tg-huTNF mice 

were obtained from Kollias (Fleming Research Center, 

Greece) [13]. All experimental procedures were approved 

by our local animal experimentation ethics committee 

(CECCAPP; permit number for animal experimentation 

69387429 Lyon, France).

μ-CT Imaging

Collected mouse spine went under μ-CT acquisition by 

the vivaCT40 (SCANCO, Bruttisellen, Switzerland). The 

spatial resolution was 10.5  μm, and the maximal volt-

age was 55 kVp (peak kilovoltage). The microarchitecture 

of the bone trabecular network was evaluated at the LV3: 

the region of interest included all trabecular network (100 

slices) in the marrow cavity excluding the potential content 

in the apophyses and the primary network (growth plate) 

found at the top and the bottom of the vertebra. The image 

segmentation parameters were 1.2/2/240 for the Gauss 

sigma/Gauss support/lower threshold, respectively.

Microarchitecture Evaluation

After three-dimensional (3D) reconstruction, general 

parameters were calculated, as BV/TV (bone volume/tis-

sue volume), representing the bone volume fraction and 

BS/BV (bone surface/bone volume) for the bone surface/

volume ratio. Trabeculae microarchitecture was charac-

terized with trabecular number (Tb.N), thickness (Tb.

Th), and separation (Tb.Sp). The connectivity density 

(Conn. D.) represented the degree of interconnection of 

the trabeculae. As the trabecular bone at 2  weeks was 
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very weak, some parameters assessed were not pertinent 

and consequently not shown in the figures.

Osteodensitometry

The bone mineral density (BMD) of the spine was evalu-

ated by dual-energy X-ray absorptiometry (DXA) meas-

ured by the PIXImus (Lunar, Madison, WI, US). Low 

values were observed in WT and Tg-huTNF mice at 

2  weeks, near the threshold of the osteodensitometer; 

therefore, they will not be presented.

Histology

After imaging, dehydrated and undecalcified samples 

were impregnated and then included in methyl meth-

acrylate plastic resin. Nine microns slices were cut by 

SM2500E microtome (Leica, Wetzlar, Germany). Slices 

were stained with Safranin O and fast green to dye the 

cartilage in red–orange and the mineral bone in turquoise, 

respectively. Tartrate-resistant acid phosphatase (TRAP) 

was stained by enzymatic reaction, marking the osteoclast 

activity in purple, while the bone was counter-stained in 

blue by Aniline Blue. Blinded histological assessment 

of bone structure parameters BV/TV, Tb.Th, and bone 

surface (BS) allowed the calculation of the osteoclast 

number by bone perimeter (N.OC/B.Pm), the ratio of 

osteoclastic surface to bone surface (OC.S/BS), and the 

osteoclast length (OC.Le) representing the mean length 

of a resorption pit. Finally, modified Goldner trichrome 

staining was performed with picric acid, fuchsine, phos-

phomolybdic acid, and light green, staining the mineral 

in green, the bone marrow in yellow, and the osteoid sur-

face appeared as red layers along the mineralized trabec-

ulae. The osteoid surface by bone surface was evaluated 

by the OS/BS parameter. Finally, the increase of OS/BS 

and OC.S/BS was evaluated using deltas by the subtrac-

tion of the values of these parameters in the WT group 

to the values in the Tg-huTNF group. Relative proportion 

of these surfaces in Tg-huTNF mice was calculated using 

the ratio OS/OC.S.

Statistical Analysis

The data were presented as median ± interquartile range 

(IQR). The values for histological parameters for each indi-

vidual are derived of four fields on five representative slides 

in microscopy. Non-parametrical Mann–Whitney tests were 

used to compare WT and Tg-huTNF groups together. p val-

ues under 0.05 were considered statistically significant.

Results

No intervertebral disc space alteration and in particular no 

syndesmophyte formation was observed in Tg-huTNF mice 

despite an increased LV porosity after 6 weeks.

Morphologic evaluation of the spine with syndesmo-

phyte occurrence was recorded from LV1 to LV4 in female 

mice at 2, 4, 6, 8, and 10 weeks (n = 5 per group). Spine was 

also analysed for male mice at 6, 8, and 10 weeks. The his-

tological assessment of the IDS was similar in Tg-huTNF 

or WT female mice without alteration of the annulus fibro-
sus disci intervertebralis or the nucleus pulposus and with-

out syndesmophyte formation or bone erosion (Fig. 1a). No 

mineralisation of the vertebral ligaments was recorded. The 

μ-CT analysis confirmed the absence of ectopic ossifica-

tion between LV and IDS abnormality at the different time 

points (Fig. 1b). Furthermore, total vertebra height was the 

same between Tg-huTNF or WT mice. The results were 

similar in the male mice (data not shown). Additionally, in 

3D reconstruction we observed an inherent bone porosity in 

the young 2-week-old individuals, in the vertebral growth 

plate with a natural cortical sealing at week 4. However, at 

the location of the growth plate, an osteoporosis band was 

observed at week 6 in Tg-huTNF compared to WT (arrows 

in Fig. 1b). Then, this difference enhanced at the followed 

time points. To confirm this bone loss, we then investigated 

axial trabecular bone in Tg-huTNF.

LV Trabecular Bone was Altered with Rarefaction 
of the Trabeculae

To avoid sex effect, we then focused only in female mice 

for the following analysis. Three-dimensional reconstruc-

tion of the LV3 trabecular bone showed the alteration of 

trabecular network since week 4 in Tg-huTNF mice com-

pared to WT mice (Fig. 2). The inner bone volume fraction 

BV/TV (Fig. 3a) was negligible at 2 weeks and similar at 

4 weeks in both Tg-huTNF and WT mice (3.6 and 3.7%, 

respectively). BV/TV of Tg-huTNF mice did not further 

increase and was diminished (5.4%) when compared to 

growing WT (10.4%) from week 6 (p < 0.05). The inner 

bone surface/volume-BS/BV ratio (Fig. 3b) was decreased, 

but was higher in Tg-huTNF mice in comparison to WT 

mice from week 6 (p < 0.05). The low BV/TV associated 

with high BS/BV in Tg-huTNF mice confirmed bone loss 

at the spine level.

To further explore this vertebral bone loss, trabecu-

lae microarchitecture parameters were then extensively 

assessed. After week 6, the number of trabeculae and their 

thickness were decreased with an increased trabecular sepa-

ration in Tg-huTNF mice compared to WT mice (Fig. 3c–e, 

respectively, p < 0.05 for each). Similarly, the density of 

trabecular connection was decreased from the same time 
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(Fig. 3f, p < 0.05). Additionally, bone cellular activity was 

then assessed.

In accordance with bone loss, osteoclast activity was 

increased in the LV of Tg-huTNF mice

A few TRAP positive osteoclasts were detectable on 

the LV bone during the regular bone remodelling of WT 

mice (Fig.  4a). In comparison, the number of osteoclast 

per bone perimeter was strongly increased in Tg-huTNF 

mice compared to WT mice (Fig.  4a, b, p < 0.01). The 

ratio of osteoclast surface per bone surface OC.S/BS was 

9% at baseline and remained stable over time in WT, while 

it increased to 42% at week 10 in Tg-huTNF (Fig.  4c, 

p < 0.01). The length of the TRAP positive osteoclasts was 

significantly increased after 8  weeks in Tg-huTNF mice 

compared to WT mice (Fig. 4d, p < 0.01).

The trabecular bone loss was also associated with an 

increased non-mineralized osteoid surface, but with a 

decreased bone mineral density.

Fig. 1  Intervertebral disc space morphology was unchanged in Tg-

huTNF mice compared to WT mice. (a) Safranin O/fast green 9 μm 

sections in the coronal plane of the intervertebral disc space from 

LV2 to LV3 at 4, 6, 8, and 10 weeks showed preserved fibrocartilage 

integrity and the absence of syndesmophyte in Tg-huTNF or WT. 

Scale bar 250 μm. LV3 are on the top of each figure. (b) Tridimen-

sional reconstruction of the spine (from LV2, on the top, to LV4) in 

μ-CT (resolution: 10.5 μm) at 2, 4, 6, 8, and 10 weeks, showed the 

absence of abnormality in the intervertebral disc space of the verte-

brae LV1 to LV4, but an increased bone porosity in the Tg-huTNF 

group after 6  weeks compared to WT mice (arrows). Scale bar 

1.0  mm. Pictures presented are representative of five female mice. 

WT wild type, Tg-huTNF transgenic for human TNF, LV lumbar ver-

tebra, IDS intervertebral disc space



579Tumor Necrosis Factor Alpha Overexpression Induces Mainly Osteoclastogenesis at the Vertebral…

1 3

With modified Goldner trichrome stain, we confirmed 

a decrease in mineralized trabeculae in Tg-huTNF as pre-

viously observed with BV/TV on microCT (Fig. 5a). The 

osteoid surface, estimated by OS/BS, was significantly 

increased after week 6 in Tg-huTNF mice compared to WT 

mice (Fig. 5b, p < 0.01). Moreover, there was a trend for a 

reduction in BMD assessed by DXA at week 6 (p = 0.08) 

with a significant reduction from week 8 (Fig. 5c, p < 0.01).

Overexpression of TNF induced an imbalance in oste-

oid/osteoclast surfaces ratio.

To explore the relative bone remodelling in Tg-huTNF 

versus WT, we defined a ratio between their surface values 

Fig. 2  Vertebral trabecular bone loss in Tg-huTNF. Representa-

tive tridimensional reconstruction of the LV trabecular bone in μ-CT 

(resolution: 10.5  μm) at 2, 4, 6, 8, and 10  weeks (n = 5 per group) 

are presented at the same scale; scale bar 500 μm. Trabecular bone 

network increased in both groups from week 2 to 8. Mineralized bone 

was decreased in Tg-huTNF mice compared to WT mice at each time 

point. WT wild type, Tg-huTNF transgenic for human TNF

Fig. 3  Bone microarchitecture parameters quantification by μ-CT 

analysis (n = 5 per group), on the LV2 revealed architectural weak-

ness of the bone trabeculae. BV/TV (a) was reduced after 6 weeks in 

Tg-huTNF while BS/BV (b) was enhanced. Tb.N (c) and Tb.Th (d) 

were decreased in Tg-huTNF, while Tb.Sp (e) was increased. Conn. 

D. was reduced in Tg-huTNF after 6  weeks  (f). Box and whiskers 

are median ± interquartile range. BV/TV bone volume fraction, BS/
BV bone surface fraction, Tb.N trabecular number, Tb.Th trabecular 

thickness, Tb.Sp trabecular separation, Conn. D. connectivity density, 

WT wild type, Tg-huTNF transgenic for human TNF. *P < 0.05; ** 

P < 0.01
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in Tg-huTNF and WT (Fig. 6a). Both ratios OC.S/BS and 

OS/BS were increased. Comparatively, OC.S/BS increased 

more overtime than OS/BS (increase from +2% at week 4 

to +36% at week 10), while it remained constantly higher 

for OS/BS (from +2% at week 4, and then between +8 and 

+9% until week 10). To explore the relative participation 

of decreased bone formation and increased bone resorption, 

we defined the ratio osteoid surface by osteoclast surface 

(OC.S/OS). At week 4, this ratio was slightly higher than 1 

in favour of osteoid decreased in Tg-huTNF mice compared 

to WT. Then gradually it decreased with a ratio at 0.24 at 

week 10 (Fig. 6b).

Discussion

Peripheral synovitis, sacroiliitis, and spine inflamma-

tion with syndesmophyte are the main features of SpA in 

humans. As previously described, the Tg-huTNF mouse 

model shared at least peripheral [13, 35] and sacroiliac 

joint lesions similar to human SpA [17, 36], but analysis of 

the spine was still missing.

Although full sacroiliac destruction was observed in 

the Tg-huTNF model [17, 36], no inflammation or bone 

destruction was observed around the IDS even in the 

“6–10  weeks period” of established arthritis. This differ-

ence with peripheral and sacroiliac joint lesions could be 

due to the specific organization of IDS without synovial 

tissue. IDS is a fibrocartilaginous joint mainly organized 

around a nucleus pulposus with a liquid fraction contain-

ing vacuolated cells enclosed in the annulus fibrosus disci 
intervertebralis containing matrix with proteoglycan and 

collagen. Another explanation for the lack of syndesmo-

phyte formation could be that osteoclast activity remained 

higher than osteoblast activity except at week 4. Further-

more, TNF is overexpressed all the time without remission 

in Tg-huTNF mice in contrast to AxSpA. However, serum 

hTNF level in Tg-huTNF mice was previously described 

to be low [13, 37]. In axSpA, alternate phases with inflam-

mation and remission are required for syndesmophyte 

formation [38, 39]. In fact, magnetic resonance imaging 

(MRI) analysis suggested the following sequence for syn-

desmophyte formation or progression: first inflammation, 

then fat deposition during remission followed by new bone 

Fig. 4  Osteoclast activity was increased in the trabecular bone. a 

TRAP staining with aniline blue counter-staining on the bone tissue 

in 9 μm slices, in WT and Tg-huTNF at 4, 6, 8, and 10 weeks. Scale 

bar: 250 μm. b Osteoclast count was normalized by bone perimeter 

(N.OC/B.Pm), c while osteoclast surface was reported by bone sur-

face (OC.S/BS). Finally, the osteoclast length was reported in abso-

lute value (OC.Le) (d). WT wild type, Tg-huTNF transgenic for 

human TNF (n = 5 per group). **P < 0.01
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Fig. 5  Osteoid was increased in Tg-huTNF mice. a Osteoid surface 

(red) was increased in Tg-huTNF at 6  weeks, as observed in 9  μm 

slices with modified Goldner trichrome staining (picric acid, fuch-

sine, phosphomolybdic acid, and light green). The arrows indicate 

osteoid margins. b As the bone content decreased with time, the 

quantification of the osteoid surface was reported as a ratio to bone 

surface (OS/BS). c The osteodensitometry also revealed a decreased 

(TMD) in Tg-huTNF after 8 weeks. WT wild type, Tg-huTNF trans-

genic for human TNF (n = 5 per group). *P < 0.05; **P < 0.01

Fig. 6  Both osteoclast surface and osteoid surface relative to bone 

surface were increased with predominance of OC.S. a The mean 

OC.S/BS (squares) and OS/BS (circles) in Tg-huTNF were calcu-

lated as a delta of increase compared to their respective values in WT 

(OC.S/BSTg−huTNF − OC.S/BSWT and OS/BSTg−huTNF − OS/BSWT). b 

Then the percentage of increase OS/BS was divided by the percent-

age of increase OC.S/BS, giving a ratio: Osteoid/Osteoclast ratio. 

BS parameter was calculated once for each animal and was the same 

in OC.S/BS and in OS/BS. OC.S/BS and OS/BS original data were 

presented in Figs.  4c and 5b, respectively. BS bone surface, OC.S/
BS osteoclast surface by bone surface (%), OS/BS osteoid surface by 

bone surface (%), OS/OC.S osteoid surface by osteoclast surface ratio, 

WT wild type, Tg-huTNF transgenic for human TNF
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or syndesmophyte progression at the same site [38, 39]. 

Transient blockade of inflammation in this model may be 

a way to allow reactivation of formation and syndesmo-

phyte development since osteoformation was still observed. 

Physiopathogenesis of syndesmophyte, as of all heterotopic 

ossification, is still underinvestigated. For instance, bone 

formation outside the skeleton after trauma, burn inju-

ries, or orthopaedic surgical procedures involved TNF and 

appeared only after phase of inflammation. In all these pro-

cesses, we thought that ectopic and unsuitable bone forma-

tion peak could happen only after inflammation remission, 

as previously reported in the brain [40]. These elements 

were also in accordance with our report of no syndesmo-

phyte with continuous chronic TNF expression.

From our results, a strong bone loss was described at 

the vertebral site. In this mouse model, the process started 

in the peridiscal area with an osteoporosis band detected 

at week 6 at the same location than growth plate, which is 

also the time of clinical arthritis onset in the paws of these 

mice [13, 15]. It was not surprising to detect early bone 

loss at the site of the previous growth plate due to its high 

remodelling level and the presence of osteoclasts until seal-

ing [41]. Further investigations inside the vertebra showed 

a trabecular bone loss with alterations of its network. When 

compared to WT, the first changes in Tg-huTNF trabeculae 

microarchitecture occurred during the pre-arthritis period 

(week 4–6). These results are in accordance with micro-

architecture changes observed in human axSpA disease 

[42] and high vertebral fracture risk [11]. We further dem-

onstrated at the vertebrae site an upregulation of osteoclasts 

number and surface, confirming axial damages in this 

model. On the other side of bone remodelling, bone for-

mation was also altered, with an increase of osteoid matrix 

in the trabecular bone of the spine, suggesting that osteo-

blast activity was still ongoing and/or mineralisation was 

reduced. Furthermore, as previously described, TNF down-

regulated osteoblast differentiation, bone mineralisation, 

and matrix synthesis with induction of osteoblast apoptosis 

in vitro [19], suggesting that increase of osteoid matrix is 

mainly related to reduction of mineralisation. However, due 

to the study design, we were not able to assess the mineral 

apposition rate. Such bone formation activity was eventu-

ally covered by extensive resorption but remained present 

even at week 10, consistently with previous data at the 

tibial site [43]. Surprisingly, in vitro differentiation of bone 

marrow from Tg-huTNF was decreased with impaired oste-

oblast differentiation [44]. So in vitro study was in accord-

ance to RA disease with enhanced resorption mediated by 

osteoclasts activity, but decreased bone formation by osteo-

blast activity [45, 46].

Considering our results together with studies on periph-

eral arthritis and sacroiliitis [13, 17, 35, 36], Tg-huTNF 

model shared many SpA features except IDS inflammation 

and syndesmophyte formation. This reinforced that the 

starting process of syndesmophyte formation would be IDS 

alteration [38, 39].

However, in the spontaneous arthritis model in mature 

male DBA/1 mice, anti-TNF treatment did not affect the 

joint ankylosis suggesting that new bone formation in SpA 

was largely independent of inflammation mediated by TNF 

[47]. As TNF alone could not recapitulate all axSpA fea-

tures, action of other cytokine candidates may be investi-

gated, especially IL-17 which possessed paradoxical effects 

on bone cells, especially osteoblasts [48–50], including 

unexpected regulatory functions [51]. Bone formation was 

already investigated during inflammation in the HLA-B27 

transgenic rat model with a similar level of bone forma-

tion marker compared to WT rats [52]. In the HLA-B27/

human beta-2 microglobulin model, hypertrophic chondro-

cytes were described at the periphery of the intervertebral 

discs, and such osteoproliferation correlated to axial bone 

destruction, showing the possibility of these two events 

simultaneously at different sites [53].

In conclusion, TNF induced axial bone loss with pro-

gressive bone uncoupling in favour of resorption under 

TNF control. The absence of syndesmophyte and the 

increase of osteoid surface suggested that chronic TNF 

exposure might block bone mineralisation.

Acknowledgements We thank Dr Georg Kollias (Fleming Research 

Center, Greece) for kindly providing Tg-huTNF mice. This work was 

supported by a grant Passerelle from Pfizer to FC.

Compliance with Ethical Standards 

Conflict of interest Guillaume Courbon, Sacha Flammier, Norbert 

Laroche, Laurence Vico, Hubert Marotte, and Fabienne Coury declare 

that they have no conflict of interest.

Human and Animal Rights and Informed Consent All experi-

mental procedures were approved by our local animal experimentation 

ethics committee (CECCAPP; permit number for animal experimenta-

tion 69387429 Lyon, France).

References

 1. Wajant H, Pfizenmaier K, Scheurich P (2003) Tumor necro-

sis factor signaling. Cell Death Differ 10:45–65. doi:10.1038/

sj.cdd.4401189

 2. Bradley JR (2008) TNF-mediated inflammatory disease. J Pathol 

214:149–160. doi:10.1002/path.2287

 3. Chan FK, Chun HJ, Zheng L et  al (2000) A domain in TNF 

receptors that mediates ligand-independent receptor assembly 

and signaling. Science 288:2351–2354

 4. Rios Rodriguez V, Poddubnyy D (2016) Etanercept for 

the treatment of non-radiographic axial spondyloarthritis. 

Expert Rev Clin Immunol 12:493–500. doi:10.1586/17446

66X.2016.1144472



583Tumor Necrosis Factor Alpha Overexpression Induces Mainly Osteoclastogenesis at the Vertebral…

1 3

 5. Corbett M, Soares M, Jhuti G, et  al (2016) Tumour necrosis 

factor-α inhibitors for ankylosing spondylitis and non-radio-

graphic axial spondyloarthritis: a systematic review and eco-

nomic evaluation. Health Technol Assess Winch Engl 20:1–

334(v–vi). doi:10.3310/hta20090

 6. Toussirot E, Vauchy C, Binda D, Michel F (2016) Golimumab 

in radiographic and nonradiographic axial spondyloarthritis: 

a review of clinical trials. Drug Des Dev Ther 10:2087–2094. 

doi:10.2147/DDDT.S107587

 7. Nakazawa M, Aratani S, Hatta M et  al (2002) TNFal-

pha induces acetylation of p53 but attenuates its transcrip-

tional activation in rheumatoid synoviocytes. Int J Mol Med 

10:269–275

 8. Fujisawa K, Aono H, Hasunuma T et  al (1996) Activation 

of transcription factor NF-kappa B in human synovial cells 

in response to tumor necrosis factor alpha. Arthritis Rheum 

39:197–203

 9. Rudwaleit M, Landewé R, van der Heijde D et  al (2009) The 

development of assessment of spondyloarthritis international 

society classification criteria for axial spondyloarthritis (part 

I): classification of paper patients by expert opinion including 

uncertainty appraisal. Ann Rheum Dis 68:770–776. doi:10.1136/

ard.2009.108217

 10. Tan S, Yao J, Flynn JA et al (2015) Quantitative syndesmophyte 

measurement in ankylosing spondylitis using CT: longitudinal 

validity and sensitivity to change over 2 years. Ann Rheum Dis 

74:437–443. doi:10.1136/annrheumdis-2013-203946

 11. Muñoz-Ortego J, Vestergaard P, Rubio JB et al (2014) Ankylos-

ing spondylitis is associated with an increased risk of vertebral 

and nonvertebral clinical fractures: a population-based cohort 

study. J Bone Miner Res 29:1770–1776. doi:10.1002/jbmr.2217

 12. Tan S, Yao J, Flynn JA et al (2015) Dynamics of syndesmophyte 

growth in AS as measured by quantitative CT: heterogeneity 

within and among vertebral disc spaces. Rheumatol Oxf Engl 

54:972–980. doi:10.1093/rheumatology/keu423

 13. Keffer J, Probert L, Cazlaris H et  al (1991) Transgenic mice 

expressing human tumour necrosis factor: a predictive genetic 

model of arthritis. EMBO J 10:4025–4031

 14. Kollias G, Papadaki P, Apparailly F et al (2011) Animal models 

for arthritis: innovative tools for prevention and treatment. Ann 

Rheum Dis 70:1357–1362. doi:10.1136/ard.2010.148551

 15. Li P, Schwarz EM (2003) The TNF-alpha transgenic mouse 

model of inflammatory arthritis. Springer Semin Immunopathol 

25:19–33. doi:10.1007/s00281-003-0125-3

 16. Kollias G (2005) TNF pathophysiology in murine models of 

chronic inflammation and autoimmunity. Semin Arthritis Rheum 

34:3–6. doi:10.1016/j.semarthrit.2005.01.002

 17. Redlich K, Görtz B, Hayer S et  al (2004) Overexpression of 

tumor necrosis factor causes bilateral sacroiliitis. Arthritis 

Rheum 50:1001–1005. doi:10.1002/art.20194

 18. Garnero P, Jouvenne P, Buchs N et al (1999) Uncoupling of bone 

metabolism in rheumatoid arthritis patients with or without joint 

destruction: assessment with serum type I collagen breakdown 

products. Bone 24:381–385

 19. Marotte H, Miossec P (2008) Prevention of bone mineral density 

loss in patients with rheumatoid arthritis treated with anti-TNFα 

therapy. Biologics 2:663–669

 20. Marotte H, Miossec P (2008) Prevention of bone mineral den-

sity loss in patients with rheumatoid arthritis treated with anti-

TNFalpha therapy. Biol Targets Ther 2:663–669

 21. Benedetti G, Miossec P (2014) Interleukin 17 contributes to the 

chronicity of inflammatory diseases such as rheumatoid arthritis. 

Eur J Immunol 44:339–347. doi:10.1002/eji.201344184

 22. Guerrini MM, Takayanagi H (2014) The immune system, 

bone and RANKL. Arch Biochem Biophys. doi:10.1016/j.

abb.2014.06.003

 23. Komatsu N, Takayanagi H (2012) Autoimmune arthritis: the 

interface between the immune system and joints. Adv Immunol 

115:45–71. doi:10.1016/B978-0-12-394299-9.00002-3

 24. Zwerina J, Redlich K, Polzer K et al (2007) TNF-induced struc-

tural joint damage is mediated by IL-1. Proc Natl Acad Sci USA 

104:11742–11747. doi:10.1073/pnas.0610812104

 25. Zwerina K, Koenders M, Hueber A et  al (2012) Anti IL-17A 

therapy inhibits bone loss in TNF-α-mediated murine arthritis 

by modulation of the T-cell balance. Eur J Immunol 42:413–423. 

doi:10.1002/eji.201141871

 26. Thorbecke GJ, Shah R, Leu CH et  al (1992) Involvement of 

endogenous tumor necrosis factor alpha and transforming growth 

factor beta during induction of collagen type II arthritis in mice. 

Proc Natl Acad Sci USA 89:7375–7379

 27. Piguet PF, Grau GE, Vesin C et al (1992) Evolution of collagen 

arthritis in mice is arrested by treatment with anti-tumour necro-

sis factor (TNF) antibody or a recombinant soluble TNF recep-

tor. Immunology 77:510–514

 28. Williams RO, Feldmann M, Maini RN (1992) Anti-tumor necro-

sis factor ameliorates joint disease in murine collagen-induced 

arthritis. Proc Natl Acad Sci USA 89:9784–9788

 29. Shealy DJ, Wooley PH, Emmell E et al (2002) Anti-TNF-α anti-

body allows healing of joint damage in polyarthritic transgenic 

mice. Arthritis Res 4:R7. doi:10.1186/ar430

 30. Weinblatt ME, Keystone EC, Furst DE et al (2003) Adalimumab, 

a fully human anti-tumor necrosis factor alpha monoclonal anti-

body, for the treatment of rheumatoid arthritis in patients taking 

concomitant methotrexate: the ARMADA trial. Arthritis Rheum 

48:35–45. doi:10.1002/art.10697

 31. Arends S, Spoorenberg A, Brouwer E, van der Veer E (2014) 

Clinical studies on bone-related outcome and the effect of TNF-α 

blocking therapy in ankylosing spondylitis. Curr Opin Rheuma-

tol 26:259–268. doi:10.1097/BOR.0000000000000053

 32. van der Heijde D, Landewé R, Einstein S et  al (2008) Radio-

graphic progression of ankylosing spondylitis after up to two 

years of treatment with etanercept. Arthritis Rheum 58:1324–

1331. doi:10.1002/art.23471

 33. van der Heijde D, Landewé R, Baraliakos X et al (2008) Radi-

ographic findings following two years of infliximab therapy in 

patients with ankylosing spondylitis. Arthritis Rheum 58:3063–

3070. doi:10.1002/art.23901

 34. van der Heijde D, Salonen D, Weissman BN et al (2009) Assess-

ment of radiographic progression in the spines of patients with 

ankylosing spondylitis treated with adalimumab for up to 2 

years. Arthritis Res Ther 11:R127. doi:10.1186/ar2794

 35. Hayer S, Redlich K, Korb A et  al (2007) Tenosynovitis and 

osteoclast formation as the initial preclinical changes in a murine 

model of inflammatory arthritis. Arthritis Rheum 56:79–88. 

doi:10.1002/art.22313

 36. Hayer S, Niederreiter B, Nagelreiter I et al (2010) Interleukin 6 

is not a crucial regulator in an animal model of tumour necrosis 

factor-mediated bilateral sacroiliitis. Ann Rheum Dis 69:1403–

1406. doi:10.1136/ard.2010.129148

 37. Hayward MD, Jones BK, Saparov A et  al (2007) An extensive 

phenotypic characterization of the hTNFalpha transgenic mice. 

BMC Physiol 7:13. doi:10.1186/1472-6793-7-13

 38. Baraliakos X, Heldmann F, Callhoff J et  al (2014) Which spi-

nal lesions are associated with new bone formation in patients 

with ankylosing spondylitis treated with anti-TNF agents? A 

long-term observational study using MRI and conventional 

radiography. Ann Rheum Dis 73:1819–1825. doi:10.1136/

annrheumdis-2013-203425

 39. Machado PM, Baraliakos X, van der Heijde D et al (2016) MRI 

vertebral corner inflammation followed by fat deposition is the 

strongest contributor to the development of new bone at the same 

vertebral corner: a multilevel longitudinal analysis in patients 



584 G. Courbon et al.

1 3

with ankylosing spondylitis. Ann Rheum Dis 75:1486–1493. 

doi:10.1136/annrheumdis-2015-208011

 40. Filloux V, Marotte H, Miossec P (2003) Cerebral calcifications 

in an elderly lupus patient. Ann Rheum Dis 62:283–284

 41. Sawae Y, Sahara T, Sasaki T (2003) Osteoclast differentiation at 

growth plate cartilage-trabecular bone junction in newborn rat 

femur. J Electron Microsc 52:493–502.

 42. Klingberg E, Lorentzon M, Göthlin J et al (2013) Bone micro-

architecture in ankylosing spondylitis and the association with 

bone mineral density, fractures, and syndesmophytes. Arthritis 

Res Ther 15:R179. doi:10.1186/ar4368

 43. Schett G, Redlich K, Hayer S et al (2003) Osteoprotegerin pro-

tects against generalized bone loss in tumor necrosis factor-

transgenic mice. Arthritis Rheum 48:2042–2051. doi:10.1002/

art.11150

 44. Redlich K, Görtz B, Hayer S et al (2004) Repair of local bone 

erosions and reversal of systemic bone loss upon therapy with 

anti-tumor necrosis factor in combination with osteoprotegerin or 

parathyroid hormone in tumor necrosis factor-mediated arthritis. 

Am J Pathol 164:543–555. doi:10.1016/S0002-9440(10)63144-6

 45. Diarra D, Stolina M, Polzer K et  al (2007) Dickkopf-1 is a 

master regulator of joint remodeling. Nat Med 13:156–163. 

doi:10.1038/nm1538

 46. Walsh NC, Reinwald S, Manning CA et  al (2009) Osteoblast 

function is compromised at sites of focal bone erosion in inflam-

matory arthritis. J Bone Miner Res 24:1572–1585. doi:10.1359/

jbmr.090320

 47. Lories RJU, Derese I, de Bari C, Luyten FP (2007) Evidence 

for uncoupling of inflammation and joint remodeling in a 

mouse model of spondylarthritis. Arthritis Rheum 56:489–497. 

doi:10.1002/art.22372

 48. Osta B, Lavocat F, Eljaafari A, Miossec P (2014) Effects of 

interleukin-17A on osteogenic differentiation of isolated human 

mesenchymal stem cells. Front Immunol 5:425. doi:10.3389/

fimmu.2014.00425

 49. Osta B, Benedetti G, Miossec P (2014) Classical and paradoxi-

cal effects of TNF-α on bone homeostasis. Front Immunol 5:48. 

doi:10.3389/fimmu.2014.00048

 50. Shaw AT, Maeda Y, Gravallese EM (2016) IL-17A deficiency 

promotes periosteal bone formation in a model of inflam-

matory arthritis. Arthritis Res Ther 18:104. doi:10.1186/

s13075-016-0998-x

 51. Ono T, Okamoto K, Nakashima T et al (2016) IL-17-producing 

γδ T cells enhance bone regeneration. Nat Commun 7:10928. 

doi:10.1038/ncomms10928

 52. Papet I, El Yousfi M, Godin JP et  al (2008) HLA-B27 rats 

develop osteopaenia through increased bone resorption without 

any change in bone formation. J Musculoskelet Neuronal Interact 

8:251–256

 53. van Duivenvoorde LM, Dorris ML, Satumtira N et  al (2012) 

Relationship between inflammation, bone destruction, and osteo-

proliferation in spondyloarthritis in HLA-B27/Huβ2m transgenic 

rats. Arthritis Rheum 64:3210–3219. doi:10.1002/art.34600



RESEARCH ARTICLE

Human Monocyte-Derived Osteoclasts Are
Targeted by Staphylococcal Pore-Forming
Toxins and Superantigens
Sacha Flammier1*, Jean-Philippe Rasigade1, Cédric Badiou1, Thomas Henry2,
François Vandenesch1, Frédéric Laurent1, Sophie Trouillet-Assant1

1 Centre International de Recherche en Infectiologie, INSERMU1111, Pathogenesis of staphylococcal
infections, University of Lyon 1, Department of Clinical Microbiology, Northern Hospital Group, Hospices
Civils de Lyon, 103 grande rue de la Croix Rousse, 69004 Lyon, France, 2 Centre International de
Recherche en Infectiologie, INSERMU1111, Inflammasome, bacterial infections and autoinflammatory
diseases, University of Lyon 1, 21 avenue Tony Garnier, 69365 Lyon cedex 07, France

* sacha.flammier@inserm.fr

Abstract
Staphylococcus aureus is the leading cause of bone and joint infections (BJIs). Staphylo-
coccal pathogenesis involves numerous virulence factors including secreted toxins such as

pore-forming toxins (PFTs) and superantigens. The role of these toxins on BJI outcome is

largely unknown. In particular, few studies have examined how osteoclasts, the bone-

resorbing cells, respond to exposure to staphylococcal PFTs and superantigens. We inves-

tigated the direct impact of recombinant staphylococcal toxins on human primary mature

monocyte-derived osteoclasts, in terms of cytotoxicity and cell activation with cell death and

bone resorption assays, using macrophages of the corresponding donors as a reference.

Monocyte-derived osteoclasts displayed similar toxin susceptibility profiles compared to

macrophages. Specifically, we demonstrated that the Panton-Valentine leukocidin, known

as one of the most powerful PFT which lyses myeloid cells after binding to the C5a receptor,

was able to induce the death of osteoclasts. The archetypal superantigen TSST-1 was not

cytotoxic but enhanced the bone resorption activity of osteoclasts, suggesting a novel

mechanism by which superantigen-producing S. aureus can accelerate the destruction of
bone tissue during BJI. Altogether, our data indicate that the diverse clinical presentations

of BJIs could be related, at least partly, to the toxin profiles of S. aureus isolates involved in
these severe infections.

Introduction
Bone is a mineralized tissue in a constant renewal process called bone remodelling, provided
by the coordinated action of two main cell types, osteoblasts, the bone-forming cells, and osteo-
clasts, the bone-resorbing cells [1]. «Osteoblasts derive from mesenchymal stems, while osteo-
clasts have a myeloid origin and share common features with macrophages including a
phagocytic activity [2].Osteoclast maturation involves the fusion of several mononucleated
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osteoclast precursors into giant multinucleated-cells endowed with the bone-matrix resorption
ability. In a physiological context, bone integrity is maintained by a balance between osteoblas-
tic and osteoclastic activities throughout life. During bone and joint infections (BJIs), including
osteomyelitis and orthopaedic device infections, this process is impaired by the interaction of
bacteria with bone tissue, leading to bone destruction [3]. Indeed, Staphylococcus aureus, the
leading cause of BJIs, is responsible for bone infections marked by progressive bone loss [4].

Numerous studies have investigated the direct impact of S. aureus on osteoblasts [5],[6]. It
is well-known that this pathogen is able to adhere to osteoblasts, become internalized and sur-
vive intracellularly and/or induce cell death [7].Moreover, several studies have demonstrated
the ability of live S. aureus to inhibit osteoclastogenesis and to increase bone resorption medi-
ated by osteoclasts [2]. These observations suggest that S. aureus directly interacts with bone
cells, modifying their functions of bone mineralization or bone resorption. Nevertheless, the
pathophysiologic mechanisms, responsible for the bone destruction observed in BJI caused by
S. aureus, remain incompletely understood.

S. aureus is able to act on remote target cells through secreted virulence factors, including
toxins. S. aureus expresses a large panel of pore-forming toxins (PFTs) that target the host cell
membrane including α- (Hla), β- (Hlb), γ- (HlgAB and HlgBC) haemolysins, and leukocidins
(LukED, LukGH and the Panton Valentine Leukocidin [PVL]). PFT-induced permeabilization
of the cytoplasmic membrane results in the efflux of intracellular metabolites and ultimately
cell death [8]. S. aureus also expresses superantigenic toxins such as the toxic shock syndrome
toxin (TSST-1) or staphylococcal enterotoxins (SEA, SEB, etc.) responsible for a polyclonal
activation and a massive proliferation of T cells independent of antigen specificity.Most of
these staphylococcal toxins target immune cells derived from the myeloid lineage (monocytes,
macrophages and dendritic cells), a characteristic which is thought to help S. aureus escape the
immune system [9].

Noteworthy, several of the aforementioned toxins exhibit some degree of specificity with
respect to immune cells through the specific binding of cell surface receptors [10]. Because
osteoclasts derive from progenitors of the myeloid lineage, we hypothesized that their suscepti-
bility to staphylococcal toxins share some similarities with the susceptibility of other myeloid
cells such as macrophages, which could be of interest for our understanding of the pathophysi-
ology of S. aureus BJIs.We thus tested the direct effect of a panel of recombinant staphylococ-
cal toxins on primary human mature osteoclasts by assessing cell cytotoxicity.We also
investigated the impact of the TSST-1 superantigen on the bone resorption activity of
osteoclasts.

Materials and Methods

Preparation of osteoclasts
Monocytes were purified from the blood of healthy donors (n = 3) purchased from Etablisse-
ment Français du Sang (Lyon Gerland, France), as previously described [11]. Donors gave writ-
ten consent to EFS for the use of blood sample for research purposes at the time of sampling
(number of the agreement linking EFS and the research laboratory: 14-1820-69). Briefly, after
collection, blood was loaded on a Lymphocyte Separation Medium density gradient (Eurobio,
Courtaboeuf, France) to purify mononuclear cells. Cells were then centrifuged through a 50%
Percoll density gradient to concentrate monocytes and purified from the light-density fraction
by immunomagnetic depletion using magnetic beads (Dynabeads goat anti-mouse IgG, Invi-
trogen, Carlsbad, CA) and a cocktail of monoclonal antibodies (mAbs): anti-CD19, anti-CD3,
anti-CD56 and anti-glycophorin A (Beckman-Coulter, Miami, FL), ensuring purification
rates� 95%.Monocytes were then plated in 96-well plates at a density of 105cells/well and
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cultured in α-MEMmedium (Gibco Life Technologies, Inc., Grand Island, NY) supplemented
with 2 mM L-glutamine (Gibco Life Technologies), 1% penicillin/streptomycin (Gibco Life
Technologies), and 10% foetal bovine serum (PAN Biotech, Aldenbach, Germany).

Monocytes were differentiated into mature osteoclasts or macrophages as described else-
where [11]. Briefly, osteoclasts were obtained by incubating monocytes with 50 ng/mL M-CSF
(Monocyte Colony-stimulating Factor) (PeproTech, Rocky Hill, NJ) and 30 ng/mL of RANKL
(Receptor Activator of Nuclear factor Kappa-B Ligand) (PeproTech, Rocky Hill, NJ) from day
1 to day 3, and in presence of 25 ng/mL of M-CSF and 100 ng/mL of RANKL from day 3 to
day 6.Macrophages were obtained by incubation of monocytes with 50 ng/mL of M-CSF only
from day 0 to day 6.

Toxins production
Recombinant staphylococcal toxins (Hla, Hlb, HlgAB, HlgBC, LukED, LukGH, PVL, TSST-1
and SEA) were purified as described elsewhere [12]. The endotoxin content of the recombinant
protein solutions was controlled and confirmed to be less than 0.004 endotoxin units per μg of
protein.

Cytotoxicity assay
Toxin cytotoxicity to osteoclasts and macrophages was quantified by monitoring propidium
iodide (PI) incorporation as previously described [13]. Cells were incubated with PI (5 μg/ml)
and variable concentrations of recombinant staphylococcal toxins. Propidium iodide fluores-
cence was measured over a 3-hour period on a microplate fluorimeter (Tecan, Lyon, France),
using untreated cells as control.

Bone resorption assay
Bone resorption was quantified as a means to assess the impact of the TSST-1 superantigen on
osteoclast activity. On day 6, mature osteoclasts were detached from plastic wells by flushing
after incubation with Accutase (Invitrogen Life Technologies, Gaithersburg, MD) (37°C-30
min), and then seeded at 2.104 cells/well on mineralized matrix Osteo Assay Surface 96-well
plates (OsteoCorning1, Corning, MA, USA). TSST-1 was added to wells at 0.1, 1, 10, 100 and
1000 ng/ml. Twenty four hours later, osteoclasts were lysed by osmotic shock, and OsteoCorn-
ing1 Assay plates were stained with PBS/5% silver nitrate (Sigma-Aldrich) to quantify resorp-
tion using a Leica 22 DMI6000 microscope (Nanterre, France) and Fiji software (US National
Institutes of Health, Bethesda, Maryland, USA) as described elsewhere [14]. Results were
expressed as the proportion of resorbed area in each condition relative to the resorbed area in
untreated cells.

Statistical analyses
Differences in means were analysed using Student’s test (t-test) with a threshold of 0.05. Analy-
ses were performed using R software, version 2.14.2 (The R foundation for statistical comput-
ing, Vienna, Austria). Results were expressed as means and 95% confidence intervals derived
from three independent experiments realized in triplicate. Each experiment was realized with a
different blood donor.

Results
We first evaluated the cytotoxic effect of a wide range of staphylococcal toxins on human mac-
rophages by measuring incorporation of PI 3 hours post treatment.Macrophages served as a
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reference profile of the different toxins’ activities (Fig 1). As expected, we observed a high cyto-
toxicity of the membrane-damaging toxins (Hla, Hlb, HlgAB, HlgBC, LukGH and PVL) to
human macrophages while superantigenic toxins did not cause significant cytotoxicity com-
pared to untreated cells. These results, consistent with those obtained in literature [12], were
used to validate our experimental protocol.

Because osteoclasts share a common myeloid origin with macrophages, we hypothesized
that staphylococcal toxin cytotoxic activity profiles on osteoclasts could be similar with those
observed with macrophages. To confirm this hypothesis, the experimental protocol used with
macrophages was tested on mature human osteoclasts (Fig 1). Results indicated that pore-
forming toxins induced a significant cytotoxicity on mature human osteoclasts unlike

Fig 1. Cytotoxicity of staphylococcal toxins on humanmacrophages andmature osteoclasts. Humanmonocytes were differentiated for 6 days into
macrophages with macrophage colony-stimulating factor (M-CSF) (A) or into mature osteoclasts in the presence of M-CSF and receptor activator of NFκ-B
ligand (RANK-L) (B and C). Staphylococcal toxins were then added to the cell culture medium containing propidium iodide (PI) and cell death was quantified
by monitoring PI incorporation over a 3 hours period (A, B and C). Fluorescence in each well was normalised to the fluorescence obtained with untreated
cells. Results represent the mean cytotoxicity with 95% confidence interval, of 3 independent experiments performed in triplicate on 3 different donors
(*p<0.05, ** p<0.01, ***p<0.001). Hla: α haemolysin, Hlb: β haemolysin, Hlg AB and Hlg BC: γ haemolysins AB and BC, Luk ED and Luk GH: leukocidins
ED and GH, PVL: Panton Valentine Leukocidin, TSST-1: toxic shock syndrome toxin, SEA: Staphylococcal enterotoxin A.

doi:10.1371/journal.pone.0150693.g001
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superantigens.Moreover, cytotoxicity profiles appeared to be superimposable between macro-
phages and osteoclasts. Toxin-induced cytotoxicity to macrophages and osteoclasts could only
be compared qualitatively (cytotoxicity profiles caused by the various toxins), and not quantita-
tively (Fig 1). Indeed, mature osteoclasts have dozens of nuclei so this increased DNA content
per cell leads to higher values of PI incorporation-induced fluorescence as compared to macro-
phages, which prevented us to compare fluorescence values of macrophages and osteoclasts.

Using increasing concentrations of toxins, we showed that membrane-damaging toxins had
a dose-dependent cytotoxic effect on mature human osteoclasts. For example PI incorporation
in cells treated with PVL at 0.1, 1, 10 and 100 ng/ml were respectively 14%, 63%, 315% and
358% higher, compared to untreated (Fig 1). In contrast, superantigenic toxins caused signifi-
cant cytotoxicity on osteoclasts only above 10 000 ng/mL.

Because it has been established that some staphylococcal toxins also have cellular activation
effect [15], we tested the impact of the non-cytotoxic toxins on osteoclast activation.We inves-
tigated the capacity of TSST-1 to activate mature human osteoclasts by assessing bone resorp-
tion assays (Fig 2). Results demonstrated that TSST-1 significantly enhanced osteolytic activity
in a dose-dependent manner, resorbed area by cells treated with TSST-1 at 1, 10, 100, 1000 ng/
ml were respectively 13%, 17%, 24% and 26% higher, compared to untreated cells (p<0.001 for
all). TSST-1 concentrations below 1 ng/mL induced no measurable effect.

Discussion
Using an in vitromodel, we evaluated the direct, specific, and independent effect of recombi-
nant S. aureus toxins on mature human monocyte-derived osteoclasts. Using osteoclasts and
macrophages differentiated from the same blood donors, we have shown that human macro-
phages and mature monocyte-derived osteoclasts exhibit similar susceptibility profiles with
respect to staphylococcal toxins. PFTs caused significant dose-dependent cellular cytotoxicity
on these two cell types whereas superantigenic toxins were not or poorly cytotoxic. Notewor-
thy, these results are in agreement with the fact that mature osteoclasts express the complement
receptor C5a [16], which has recently been identified as the PVL and HlgBC receptor [17].
Moreover, several studies have demonstrated that human osteoclasts express CCR2, CCR5 and
CXCR1 and 2 [18], [19], [20] which have recently been identified as receptors respectively of
LukED, HlgBC and both of these PFTs [10]. This suggests that osteoclasts are targeted by PVL,
HlgBC and LukED during BJIs. The direct cytotoxic activity of PVL highlighted in this study
could play a role, which level remains to be determined, in the severity and outcome of acute
BJIs due to PVL-producing S. aureus. Indeed, it is known that BJIs caused by S. aureus PVL
positive strains are more severe and extensively destructive than those caused by S. aureus PVL
negative ones [21]. The direct effect on osteoclasts could be added to the cytolytic indirect effect
related to the release, at the infection site, of the cytoplasmic content of macrophages and neu-
trophils, which were the only target cells previously identified for PVL. Previous studies have
demonstrated that PVL, in addition to targeting neutrophils can target macrophages and to
trigger IL-1β secretion [15]and amplify inflammation. This content has likely a direct cytotoxic
effect on osteoblasts, osteoclasts and the bone tissue itself, leading to a local inflammation, tis-
sue necrosis and thus to bone destruction.

As superantigens were not cytotoxic to osteoclasts, the second part of this study aimed to
assess the ability of TSST-1, to stimulate mature monocyte-derived osteoclasts. It has been
shown that staphylococcal superantigens ensure, in absence of antigen presentation, bridging
between the TCR Vβ chain of T cells and MHC class II of antigen presenting cells and in partic-
ular by osteoclasts [22]. Although the presence of these two cell types appears to be required
for the synergistic action of superantigens, several studies have reported the ability of
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superantigens to stimulate macrophage pro-inflammatory cytokine secretion in the absence of
T cells [23].Our data show that TSST-1 promotes bone resorption by human mature mono-
cyte-derived osteoclasts at concentrations above 1 ng/mL, which are probably relevant in the

Fig 2. TSST-1 stimulates bone resorption capacity of mature human osteoclasts. For bone resorption assay, mature osteoclasts were detached from
plastic on day 6 and seeded at 2.104 cells/well on mineralized matrix Osteo Assay Surface 96-well plates. TSST-1 was added to the cell culture medium.
After 24 hours of culture, the osteocorning matrices were stained with 5% silver nitrate to measure the resorbed area (white area). The percentages of matrix
that were resorbed by untreated (A) or TSST-1-treated osteoclasts (B, C) were measured using the Fiji software. Bars represent 100 μm. Results of
resorption area quantification (D) represent the mean of resorbed area with 95% confidence interval, of 3 independent experiments realised in triplicate on 3
different donors (*p<0.05, ** p<0.01, ***p<0.001). TSST-1: Toxic shock syndrome toxin.

doi:10.1371/journal.pone.0150693.g002
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context of bone infection in vivo. Indeed, plasmatic TSST-1 concentrations of more than 5 ng/
mL have been observed in infected patients [24], and it is likely that toxin concentrations at the
site of infection are greater than those in circulating blood. Importantly, S. aureus strains can
harbor other superantigens than TSST-1.Whether these superantigens could trigger osteoclas-
togenesis similar to TSST-1 remains an open question. Indeed, the osteoclastic stimulation
observed in our model might be specific to TSST-1, because this toxin has been shown to inter-
act with several cell surface targets including ADAM17 and EGFR [25] or CD40 [26], which
are expressed by osteoclasts [27][28][29]. Further studies are warranted to determine which
osteoclastic receptors are involved in TSST-1-induced stimulation, and to determine whether
this stimulation involves a canonical superantigen-MCH class II interaction which might be
triggered by other superantigens.

Collectively, our results suggest that bone loss during staphylococcal BJIs might not only be
driven by non-specific inflammation and local acidity, created by dead cells, but also by the
specific targeting and activation of bone resorbing cells by bacterial toxins. The balance
between osteoclasts killing by PFTs and the superantigen-mediated increase in osteoclasts’
bone resorption activity may control the different clinical expression of BJIs associated with
the toxinic profile of the different S. aureus strains.
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