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TNF-related apoptosis-inducing ligand (TRAIL) blocks osteoclastic
differentiation induced by RANKL plus M-CSF

Giorgio Zauli, Erika Rimondi, Vanessa Nicolin, Elisabetta Melloni, Claudio Celeghini, and Paola Secchiero

The role of the tumor necrosis factor
(TNF) superfamily member receptor acti-
vator of nuclear factor kappa B ligand
(RANKL) in promoting the differentiation
of osteoclasts has been extensively char-
acterized. In this study, we have investi-
gated the effect of TNF-related apoptosis-
inducing ligand (TRAIL), a member of the
TNF superfamily of cytokines, in oste-
oclastogenesis, by using human periph-
eral blood mononuclear cells and the
RAW264.7 murine monocytic cell line.
Both cell models differentiate into oste-
oclast-like cells in presence of RANKL
plus macrophage—colony-stimulating fac-

tor (M-CSF), as evaluated in terms of
tartrate-resistant acid phosphatase
(TRAP)—positive multinucleated cells and
bone resorption activity. Unexpectedly,
when added in culture in combination
with RANKL plus M-CSF, TRAIL inhibited
osteoclastic differentiation in both cell
models. To investigate the molecular
mechanism underlining such inhibitory
activity, we analyzed the effect of TRAIL
on the mitogen-activated protein kinases
(MAPKSs) pathways, which play a key role
in osteoclastogenesis. Treatment with
RANKL plus M-CSF activated both the
ERK1/2 and p38/MAPK pathways, which

are essential for proliferation and differen-
tiation of preosteoclasts, respectively. Of
note, the addition of TRAIL to RANKL
plus M-CSF did not affect ERK1/2 but it
profoundly inhibited p38/MAPK phosphor-
ylation. Thus, our data demonstrate that
TRAIL blocks osteoclastic differentiation
and suggest that inhibition of the p38/
MAPK pathway by TRAIL likely plays an
important role in this process. (Blood.
2004;104:2044-2050)
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Introduction

Osteoclasts are multinucleated cells, belonging to the monocytic/ One important member of the TNF family of cytokines is
macrophagic lineage, that form by fusion of mononuclear precufNF-related apoptosis-inducing ligand (TRAIL)/Apo-2 ligand
sors. This multistep differentiation process is under the control ¢if), which exists as either a type Il membrane protein or as a
the bone microenvironment, which includes stromal cells, osteseluble form!416 TRAIL interacts with 4 high-affinity mem-
blasts, and local factofs.One of the key factors mediating brane receptors belonging to the apoptosis-inducing TNF recep-
osteoclastogenesis is the tumor necrosis factor (TNF) familgr (R) family. TRAIL-R1 (DR4) and TRAIL-R2 (DR5) trans-
member receptor activator of nuclear factor kappa B ligarmdlice apoptotic signals upon binding of TRAIL, whereas
(RANKL),? also referred to as osteoclast differentiation faétorTRAIL-R3 (DcR1) and TRAIL-R4 (DcR2) are homologous to
TNF-related activation-induced cytokideand osteoprotegerin TRAIL-R1 and TRAIL-R2 in their cysteine-rich extracellular
ligand® RANKL, which is expressed on the surface of osteoblasticfomain, but lack apoptosis-inducing capability. TRAIL shows
stromal cells, was found to be essential for osteoclastic differentitte unique property to induce apoptosis in a variety of neoplastic
tion36-8 |ts cognate receptor RANK, one of the TNF receptocells}® displaying minimal or absent toxicity on most normal
family members, is expressed in osteoclasts and their circulatioglls. In spite of its potential as an anticancer therapeutic agent
precursor cell§8°Although RANKL in conjunction with macro- both in vitro and in vivol”-18the wide expression of TRAIL and
phage—colony-stimulating factor (M-CSF) has been recognized BRAIL-Rs in many normal tissué$16 suggests that the physi-
one of the key osteoclastogenic signals expressed by osteoblastgjic role of TRAIL is more complex than induction of
and stromal cells, the downstream signaling pathways activateddyyoptosis in cancer cells.

this cytokine have not been fully characterized. However, a series An interesting link between the RANKL and TRAIL systems is
of data points to the mitogen-activated protein kinases (MAPKSs) espresented by evidence that both RANKL and TRAIL bind to
key pathways in osteoclastogené$i&? In particular, it has been osteoprotegerin (OPGJ;?° a secreted TNF-R family member,
shown that activation of p38/MAPK is essential in mediatingvhich increases bone density when overexpressed in transgenic
osteoclastic differentiation, whereas activation of ERK1/ERK2 isiice. Moreover, OPG inhibits osteoclastogenesis in vitro, suggest-
implicated in preosteoclastic proliferation but counteracts osteoclasg that increased bone density results from decreased numbers of
tic differentiation0-13 mature osteoclasts. It has been shown that OPG binds to TRAIL in
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vitro,2 but with much lower affinity at physiologic temperature
(37°C) with respect to RANKL.%

On these bases, the aim of this study was to investigate the role of
TRAIL in osteoclastogenesis using, as modd systems, the RAW264.7
cell line and primary human peripheral blood monocytes.2223

Materials and methods

Cell cultures and treatments

As model systems of osteoclastogenesis, we used human peripheral blood
mononuclear cells (PBMCs) and the RAW264.7 murine monocytic/
macrophagic cell line. Both cell types differentiate into osteoclast-like cells
in the presence of RANKL plus M-CSF.132224 Human PBMCs from
healthy donors were separated by gradient centrifugation with Lymphocyte
Cell Separation medium (Cedarlane Laboratories, Hornby, ON, Canada)
and seeded in 6-well plates at a density of 10 X 106 cellswell. After
incubation for 18 hours, nonadherent PBM Cs were removed, and remaining
adherent cells were referred to as “adherent PBMCs.” Cultures were
maintained in RPMI medium containing 10% fetal bovine serum (FBS;
Gibco BRL, Gaithersburg, MD). RAW264.7 cells, which are derived from a
tumor induced by Abelson murine leukemia virus, were purchased from
American Type Culture Collection (ATCC; Rockville, MD). Cells were
cultured in 6-well plates at a density of 6 X 10° cellswell in ATCC
medium: RPMI 1640 medium with 2 mM L-glutamine adjusted to contain
1.5 g/L sodium bicarbonate, 4.5 g/L glucose, 10 mM HEPES [N-2-
hydroxyethylpiperazine-N’-2-ethanesulfonic acid], and 1.0 mM sodium
pyruvate and 5% FBS.

For osteoclastic differentiation, cells were cultured for 10 to 12 daysin
the presence of 50 ng/mL human M-CSF (for PBMCs; PeproTech, London,
United Kingdom) or murine M-CSF (for RAW264.7; R&D Systems,
Minneapolis, MN) and 50 ng/mL human RANKL (for both PBMCs and
RAW?264.7; Alexis Biochemicals, Lausen, Switzerland). When indicated,
cultures were treated with recombinant histidine 6-tagged TRAIL (114.281
purified by chromatography as previously described.?> The absence of
endotoxin contamination in the recombinant TRAIL preparation (< 0.1
endotoxin units/mL) was assessed by Limulus Amoebocyte Lysate (LAL)
assay (BioWhittaker, Walkersville, MD). The optimal TRAIL concentration
(10 ng/mL) used in most experiments was determined based on preliminary
assays in which scalar TRAIL doses (ranging from 0.1 ng/mL to 1000
ng/mL) were tested. TRAIL was added to the cultures simultaneously with
RANKL plus M-CSF (day 0), or, when indicated, after 3 to 6 days. In
selected experiments, cells were preincubated for 40 minutes with pharma-
cologic inhibitors of the ERK1/2 (PD98059; 20 wM) and p38/MAPK
(SB203580; 10 M) pathways (both from Calbiochem, La Jolla, CA), prior
to the addition of cytokines. Medium and treatments were replaced every 3
days. At 10 to 12 days of culture, the overall number of viable cells was
scored under amicroscope (X 10 magnification).

Flow cytometric analysis

For flow cytometric analysis, adherent cells were harvested from culture
plates by gentle scraping on ice. Surface cell staining was performed at 4°C
for 40 minutes by incubating 3 X 10° cells in 200 pL phosphate-buffered
sdline (PBS; containing 1% bovine serum abumin [BSA] and 5% human
plasma) with the indicated antibodies (Abs). Expression of monocytic/
macrophagic markers was documented by using phycoerythrin (PE)—
conjugated anti-CD14 (Immunotech, Marseille, France) and anti-CD36
monoclonal antibodies (MoAbs; BD Pharmingen, San Diego, CA), and
fluorescein isothiocyanate (FI TC)—conjugated anti-CD64 MoAb (Immuno-
tech). Nonspecific fluorescence was assessed by incubation with irrelevant
i sotype-matched conjugated MoAbs. Surface expression of TRAIL-Rswas
evaluated by indirect staining with primary MoAbs antihuman TRAIL-R1,
TRAIL-R2, TRAIL-R3, and TRAIL-R4 (al from Alexis Biochemicals),
followed by PE-conjugated antimouse secondary Abs (Immunotech).
Nonspecific fluorescence was assessed using normal mouse immunoglobu-
lin G (IgG) followed by secondary Abs. Flow cytometric analyses were
performed by FACScan (Becton Dickinson, San Jose, CA).
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Cytochemical staining

For DAPI (4',6-diamidino-2-phenylindole) staining of nuclei, cells were
washed with PBS, fixed in paraformaldehyde 4% for 10 minutes, permeabil-
ized in Triton X-100 0.1% for 10 minutes, washed again with PBS, and
incubated with 500 ng/mL DAPI (Sigma Chemical, St Louis, MO) in PBS
for 15 minutes at 37°C in adark, humidified chamber. After several washes
in PBS, the coverslips were mounted on PBS/glycerin and the intercalation
of DAPI was visualized by means of an Axiophot fluorescence microscope
(Zeiss, Oberlochen, Germany).

Staining for tartrate-resistant acid phosphatase (TRAP) was carried out
using aleukocyte acid phosphatase kit (387-A; Sigma Chemical), according
to the manufacturer’s instructions. After the staining, cells were rinsed with
PBS, photographed under a light microscope, and large TRAP-positive
cellsthat contained more than 3 nuclei were counted.

For apoptosis detection, cells were labeled with the CaspaTag Pan-
caspase in situ assay kit, fluorescein (Chemicon, Temecula, CA), according
to the manufacturer’sinstruction.

Bone resorption assay

PBMCs and RAW264.7 cells were plated on 24-well plates coated with
artificial bone slides (OAAS; Osteogenic Core Technologies, Choongnam,
Korea) and allowed to attach overnight. Cytokines were added starting from
the next day. After 10 to 12 days plates were processed according to
the manufacturer’s instructions, and resorption lacunae were visuaized
using a light microscope (Eclipse TE200 Inverted microscope; Nikon,
Tokyo, Japan).

Western blot analyses

TRAIL-Rs expression was analyzed in adherent PBMCs and RAW264.7
cells by Western blot on enriched cell membrane lysates, obtained as
previously described? and using the following rabbit Abs: anti—-TRAIL-R1
(DR4; Santa Cruz Biotechnology, Santa Cruz, CA) anti-TRAIL-R2 (DRS5;
R&D Systems), anti-TRAIL-R3 (Axxora, San Diego, CA), and anti—
TRAIL-R4 (Stressgen Biotechnologies, Victoria, BC, Canada), which
detect human and mouse TRAIL-Rsin Western blot.

For the analysis of OPG expression, at different days of cultures cells
were harvested in lysis buffer containing 1% Triton X-100, Pefablock (1
mM), aprotinin (10 pwg/mL), pepstatin (1 wg/mL), leupeptin (10 pg/mL),
NaF (10 mM), and NagVO4 (1 mM). For the analysis of MAPK pathways,
cells were subjected to partid FCS reduction (to 0.5%) for 18 hours prior to the
addition of TRAIL or RANKL plus M-CSF, used done or in combination.

Protein determination was performed by Bradford assay (Bio-Rad,
Richmond, CA). Equal amounts of protein (50 wg) for each sample were
migrated in acrylamide gels and blotted onto nitrocellulose filters. The
following Abs were used: anti-OPG (R&D Systems), antitubulin (Sigma),
anti-ERK1/2, and antiphospho-ERK1/2 (both from Promega, Madison,
WI), anti-p38/MAPK and antiphospho-p38/MAPK (both from Cell Signal-
ing Technology, Beverly, MA). Blotted filters were probed with Abs for the
phosphorylated forms of ERK1/2 and p38/MAPK and for the respective
total protein kinase content for verifying loading evenness. After incubation
with peroxidase-conjugated anti-rabbit 1gG, specific reactions were re-
vealed with the enhanced chemiluminescence (ECL) detection kit (Amer-
sham Pharmacia Biotech, Buckinghamshire, United Kingdom). Densitome-
try values were estimated by the ImageQuant TL software (Amersham).
Multiple film exposures were used to verify the linearity of the samples
analyzed and to avoid saturation of the film.

RNA extraction and analysis by RT-PCR

For measurement of OPG RNAm, RNA purification was performed using
the SV total RNA isolation system (Promega) following the manufacturer’s
protocol. Synthesis of first-strand cDNA and amplification were performed
by using the Access reverse transcriptase—polymerase chain reaction
(RT-PCR) system (Promega). OPG RNAm amplification was performed
using the human/mouse OPG PCR primer pair (R&D Systems), specifically
designed for RT-PCR (product: 468 bp). Amplification of B-actin (product:
661 bp) was performed with primers purchased from Stratagene (San
Diego, CA). Moreover, aliquots of supernates of the same cultures were
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collected and stored at —80°C until measurement by enzyme-linked
immunosorbent assay (ELISA; detection limit: 3 pM; Alexis Biochemi-
cals), according to the manufacturer’s directions. Experiments were always
performed in duplicate.

Statistical analysis

The results were evaluated by using analysis of variance with subsequent
comparisons by Student t test for paired or nonpaired data, as appropriate.
Statistical significance was defined as P < .05. Values are reported as
means plus or minus standard deviation (SD).

Results
Expression of TRAIL-Rs in adherent PBMCs and RAW264.7

The first group of experiments was designed to investigate the
expression of TRAIL-Rs in human and murine (RAW264.7)
preosteoclastic precursors. For this purpose, PBMCs were let to
adhere for 3 to 5 days before performing analysis of TRAIL
receptors. At thistime point, adherent PBM Cs were positive for the
monocytic/macrophagic markers CD14, CD36, and CD64 (Figure
1A). Western blot analysis revealed that both human adherent
PBMCsand the RAW?264.7 murinecell lineexpressed all TRAIL-Rs
(Figure 1B). Additional analysis, for surface expression of TRAIL-
Rs, was performed by flow cytometry, but only in human adherent
PBMCssince no Absfor flow cytometry are currently available for
mouse cells. As shown in Figure 1C, adherent PBMCs expressed
surface TRAIL-R1 (mean fluorescence intensity [MFI]: 18 = 15;
means = SD of 7 independent cultures), TRAIL-R2 (MFI: 36 = 9;
means = SD of 7 independent cultures), and TRAIL-R4 (MFI:
20 = 6; means *= SD of 7 independent cultures), at variable levels
among the different (n = 7) donors analyzed, whereas surface
TRAIL-R3 was never detected (Figure 1C). The highest variability
was observed for surface TRAIL-R1, which was barely detectable
in4 of 7 samplesand clearly detectable in the remaining 3 samples,
including the one shown in Figure 1C. Thus, in line with previous
findings of other authors,?® some TRAIL-Rs, and, in particular
TRAIL-R3, were expressed at the cytoplasm level but not at the
cell surface, in human preosteoclastic cells.
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TRAIL blocks maturation of preosteoclasts and bone
resorption activity induced by RANKL plus M-CSF

In the next group of experiments, adherent PBMCs were cultured
in the absence or presence of predetermined optimal concentrations
of RANKL plus M-CSF for 10 to 12 days. RANKL plus M-CSF
induced dramatic morphologic changes, characterized by the
appearance of TRAP-positive giant multinucleated cells with more
than 3 nuclei (Figure 2A), as better evidenced by DAPI staining
(Figure 2B). Moreover, several resorption pits were selectively
observed in cultures treated with RANKL plus M-CSF in plates
coated with carbonated calcium phosphate (Figure 2C), clearly
demonstrating that the multinucleated TRAP-positive cells pos-
sessed major characteristics of functional osteoclasts.

Recombinant soluble human TRAIL (10 ng/mL) did not induce
osteocladtic differentiation of adherent PBMCs (Figure 2A D) dso
when added in combination with M-CSF (data not shown). However,
when added to the RANKL plus M-CSF combination, unexpectedly
TRAIL significantly (P < .01) inhibited the differentiative phenotype
promoted by RANKL plus M-CSF in a dose-dependent manner, from
10 ng/mL onwards (Figure 2A,D). Moreover, the TRAIL-mediated
inhibition of RANKL plus M-CSFprimed osteoclastogenesis was
time-sengitive (Figure 2D). In fact, inhibition of osteoclast formation
was maximal when TRAIL was added smultaneoudy to RANKL plus
M-CSF (day 0) and it progressively declined when TRAIL was added 3
or 6 days after RANKL plus M-CSF. Congistent with its ahility to
abrogate the gppearance in culture of giant multinuclested cells, TRAIL
completely blocked the bone resorption activity (Figure 2C). To further
characterize the interplay between TRAIL, RANKL, and M-CSF
adherent PBMCs were pretreated with M-CSF for 3 days, to foster the
proliferation of preosteocladtic cdlls, and then treated with RANKL plus
M-CSF or RANKL aone, in the absence or presence of TRAIL. As
expected on the basis of previous dudies! maxima osteoclagtic
differentiation was achieved when pretrestment with M-CSF was
followed by the combination of RANKL plus M-CSF with respect to
RANKL done (Figure 2E). Of note, TRAIL sgnificantly (P < .01)
inhibited osteoclagtic differentiation induced by either RANKL plus
M-CSF or RANKL done, suggesting that TRAIL mainly affected the
differentiation rather than the proliferative phase of osteoclastogenesis.
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Figure 1. Expression of TRAIL-Rs in adherent human PBMCs and in RAW264.7. PBMCs were let to adhere for 3 to 5 days before performing Western blot and phenotypic
analysis. At this time point, adherent PBMCs were either stained for monocytic/macrophagic markers CD14, CD36, and CD64 (A) or analyzed for TRAIL-R expression (B, C).
(A) Dot plot shows the forward and side scatter (FSC/SSC) profile and the gate, on viable cells, considered for the phenotypic analysis. In (B) TRAIL-R expression was
evaluated in adherent PBMCs and in RAW264.7 by Western blot analysis. A representative of 3 separate experiments is shown. (C) Surface TRAIL-R expression was
evaluated in adherent PBMCs by flow cytometry. A representative of 7 separate experiments is shown. In panels A and C, shadowed histograms represent cells stained with
MoAbs specific for the indicated surface antigens (CD14, CD36, CD64, and TRAIL-Rs) whereas unshadowed histograms represent the background fluorescence obtained

from the staining of the same cultures with isotype-matched control MoAbs.
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Figure 2. Effect of TRAIL on differentiation of adherent
PBMCs into functional osteoclasts. Adherent PBMCs were

>
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left untreated (without cytokines) or cultured in the presence of
TRAIL and with RANKL plus M-CSF with or without TRAIL. After
10 days cells were analyzed for osteoclastic differentiation. (A)
Representative fields of the cultures, treated as indicated, after
TRAP staining (magnification, X 10; numerical aperture of the
objective lens [NA], 0.25). Similar results were observed in 7
independent experiments performed in duplicate. (B) Magnifica-
tion of a representative TRAP-positive multinucleated cell (i), and
a representative field of RANKL plus M-CSF-treated cultures
observed by light microscopy (ii) and by fluorescence microscopy
after DAPI staining (iii). *Polynucleated cells characteristic of
RANKL plus M-CSF cultures. Original magnification and NA: i,
were plated on an art|f|<:|al bone matnx slide and were cultured
with RANKL plus M-CSF, in the absence or presence of TRAIL (10
ng/mL), as indicated. After 12 days, the slides were fixed and
stained, and resorption was determined by examining pit forma-
tion under a light microscope (magnification, X 20; NA, 0.40).
Representative fields are shown. (D-E) Cultures were treated as
indicated and the number of TRAP-positive multinucleated cells
containing 3 or more nuclei was scored. Data represent the
means + SD of 3 to 7 different experiments (*P < .05, compared
with RANKL plus M-CSF).

] 0 RANKL+M-CSF wi/o Cytokines

RANKL+M-CSF

In a parallel group of experiments, we could demonstrate that
the inhibitory activity of TRAIL on osteoclastogenesis was not
confined to human adherent PBMCs as recombinant TRAIL aso
blocked osteoclastic differentiation of the RAW?264.7 murine cell
line cultured with RANKL plus M-CSF (Figure 3A-B).

The antidifferentiative activity of TRAIL on osteoclastogenesis
is not due to cytotoxic effects or to induction of OPG

Taking into account that human adherent PBMCs and RAW264.7
cellsexpress both “death receptors’ TRAIL-R1 and TRAIL-R2, we
have analyzed the possibility that the inhibitory activity of TRAIL on
osteoclastogenesis might be due to a cytotoxic effect on osteoclagtic
precursors. This hypothesis was excluded since no apoptotic cells were
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noticed after 24 to 48 hours from the addition of recombinant TRAIL to
human adherent PBMCs, as ohserved by light microscopy and fluores-
cence microscopy after DAPI staining (Figure 4A) or Caspalag
Pan-caspase in Situ assay (data not shown). Moreover, the overal
number of viable cells of both PBMCs and RAW264.7 were not
sgnificantly different among cultures left untreated or exposed to
TRAIL for upto 10to 12 days (Figure 4B).

It has been clearly shown that the soluble decoy receptor OPG
playsakey roleininhibiting osteoclastogenesisin vitro and in vivo
by binding at high affinity to RANKL® and that myeloid cells
produce and secrete OPG.?” Therefore, in order to exclude the
possibility that the antiosteoclastic activity of TRAIL might be due
to OPG induction, the cellular levels of OPG were measured by

Figure 3. Effect of TRAIL on differentiation of
RAW264.7 cells into functional osteoclasts. RAW264.7
cells were left untreated (without cytokines) or cultured in
the presence of TRAIL and with RANKL plus M-CSF with
or without TRAIL for 10 days. (A) Representative fields of
the cultures, treated as indicated, after TRAP staining
(magnification, X 10; NA, 0.25). (B) The number of

g3 + TRAP-positive multinucleated cells containing 3 or more

wio Cytokines

; » "‘t Iu "
Tlgadnia

nuclei was scored. Data represent the means + SD of 7

RANKL+M-CSF different experiments.
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Figure 4. Lack of cytotoxic effects of TRAIL on osteoclastic precursors.
Adherent PBMCs and RAW264.7 cells were cultured in the absence or presence of
TRAIL. (A) PBMCs were let to adhere for 3 days and then were exposed to TRAIL for
48 hours. Cultures were examined for apoptosis and cell viability by light microscopy
(top panels) and by DAPI staining and fluorescence microscopy (bottom panels).
Shown are single fields that are representative of untreated and TRAIL-treated
cultures. Original magnification, X 20. (B) The number of viable cells was scored in at
least 6 random fields at X 10 magnification of PBMCs and RAW264.7 cells after 12
days of culture. Data represent the means = SD of 7 different experiments for each
cell system.

RT-PCR and Western blot. As shown in Figure 5, OPG was readily
detectable at both mRNA and protein levels in adherent PBMCs.
However, it did not show any significant differencesin cultures | eft
untreated or treated with RANKL plus M-CSF in the absence or
presence of TRAIL. Moreover, OPG was undetectable (below the
detection limit of 3 pM) in al the culture supernatants collected at
varioustime points from cultures treated with RANKL plusM-CSF
with or without TRAIL. Taken together, these findings indicate
that TRAIL does not affect osteoclastogenesis by up-regulating
OPG expression.

TRAIL selectively inhibits the activation of the p38/MAPK
pathway induced by RANKL plus M-CSF

In the effort to elucidate the intracellular mechanism or mecha-
nisms underlying the inhibitory activity of TRAIL, we next focused
our attention of the MAPK family members ERK1/2 and p38/
MAPK, which are known to play a maor role in promoting
proliferation and differentiation of preosteoclastic precursors, re-
spectively.1%-13 TRAIL aone induced phosphorylation of ERK1/
ERK?2, peaking at 5 minutes and declining thereafter (Figure 6A),
whereas it did not significantly affect p38/MAPK phosphorylation
(Figure 6B). As expected on the basis of previous studies,1>13 the
combination of RANKL plus M-CSF strongly activated both the
ERK1/2 (Figure 6A) and the p38/MAPK (Figure 6B) pathwaysin a
time frame between one minute and 30 minutes. Of note, the
addition of TRAIL to RANKL plus M-CSF did not significantly
modulate ERK 1/2 phosphorylation (Figure 6A), whereas it almost
completely suppressed the p38/MAPK phosphorylation elicited by
RANKL plus M-CSF (Figure 6B).

In the next experiments, adherent PBMCs were cultured with
RANKL plus M-CSF with or without TRAIL in the presence or
absence of either SB203580 or PD98059 inhibitors of the p38/
MAPK and ERK1/2 pathways, respectively. Of note, SB203580
abrogated osteoclastic differentiation in cultures supplemented
with RANKL plus M-CSF, without inducing cytotoxicity (Figure
7A), thus confirming the key role of the p38/MAPK in promoting
osteoclastic differentiation.%13 On the other hand, PD98059 in-
duced a significant decrease in the total number of cells, but it did
not affect the percentage of TRAP-positive, multinucleated cells
(Figure 7A), confirming the predominant role of ERK1/2 in

BLOOD, 1 OCTOBER 2004 - VOLUME 104, NUMBER 7

preosteoclastic proliferation. Similar results were obtained when
SB203580 or PD98059 were added to the RAW264.7 cell line
(Figure 7B).

Discussion

Bone is continuously remodeled by bone formation and resorption
processes, and the cooperative bone metabolismistightly regulated
to maintain homeostasis. Deviation from the normal conditions of
bone resorption would result in bone diseases such as osteoporosis
and osteopetrosis. Osteoclasts, which are responsible for bone
resorption in bone metabolism, are multinucleated cells formed by
the fusion of circulating hematopoietic precursor cells of the
monocyte/macrophage lineage.! In the bone microenvironment,
osteoclast formation requires cell-to-cell interactions of osteoclast
precursor cellswith osteoblasts and can be achieved by coculturing
bone marrow precursor cells with osteobl asts/stromal cells.2427

A series of hormones (vitamin D3, parathormon), prostaglandin
E,, and cytokines (TNF-«, IL-1, transforming growth factor g 1
[TGF-B1]) have been involved in promoting osteoclastogenesis®?;
however, a key role in this process has recently been attributed to
the RANKL/RANK/OPG system (reviewed in Boyle et a?). In
vitro, RANKL and TNF-«, the prototype member of the TNF
family of cytokines, have a similar osteoclast-inductive capacity
and the concomitant presence of RANKL and TNF-a shows a
cooperative impact of these cytokines on osteoclastogenesis.!
However, the special characteristic of RANKL is that, at variance
to TNF-q, it is not proinflammatory.32 In line with a predominant
role of the TNF family members of cytokines in inducing
osteoclastogenesis, it hasrecently been demonstrated that TNF-like
weak inducer of apoptosis (TWEAK), an additional member of this
family, also induces osteoclastogenesis in RAW264.7 cells.3 On
the contrary, we have here documented for the first time that
TRAIL is the only member of this family of cytokines with
antiosteoclastic activity. In fact, TRAIL significantly inhibited
osteoclastic maturation induced by RANKL plus M-CSF, blocking
the formation of giant multinucleated cells and totally abolishing
their bone resorption activity.

The complexity of TRAIL biologic effects on osteoclastogen-
esisis not unprecedented. For instance, TGF-B1 and IFN-vy direct
responsive M-CSF—dependent precursors toward osteoclastic or
cytocidal activities, respectively.® Just as TGF-B1 deactivates
cytocidal macrophages, |FN-y deactivates the osteoclast pathway.
In this respect, the ability of TRAIL, like INF-y, to deactivate the
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Figure 5. Analysis of OPG expression during osteoclastic differentiation in the
presence of TRAIL. At 6 and 12 days of cultures, cells were harvested and OPG
expression was analyzed by RT-PCR (A) and Western blotting (B). (A) Semiquantita-
tive OPG RT-PCR was performed on serial dilutions (1-3) of RNA extracted from
cultures treated as indicated. B-actin amplification was used to confirm comparability
of the samples. The ethidium bromide—stained agarose gels of PCR products are
shown. Data are representative of 2 independent experiments. (B) Equivalent
amounts of protein lysates were analyzed by Western blot with anti-OPG MoAb. A
representative of 2 separate experiments is shown. Equal loading of protein in each
lane was confirmed by staining with the antibody to tubulin.
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Figure 6. Time-course analysis of ERK1/2 and p38/MAPK phos- A
phorylation in response to TRAIL. RAW264.7 cells were made
quiescent by reduction of serum to 0.5% in culture medium overnight,
before stimulation with TRAIL and RANKL plus M-CSF, used alone or
in combination. Equal amounts of cell lysates, harvested at the
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Figure 7. Effect of pharmacologic inhibitors on osteoclastic differentiation.
Adherent PBMCs (A) and RAW264.7 cells (B) were cultured in the absence of
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preincubated with vehicle (0.1% DMSO), PD98059 (20 1.M), SB203580 (10 M) prior
to the addition of cytokines. After 10 days, the number of viable cells and the number
of TRAP-positive multinucleated cells were scored. Data represent the means = SD
of 4 different experiments (*P < .05, inhibitor vs vehicle).
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osteoclastic differentiation of monocytesis particularly noteworthy
in light of the study of Kumar-Sinha et al,>* who demonstrated by
microarray technology the existence of a cross-talk between the
pathways triggered by TRAIL and IFN. In a recent study, it has
been reported that TRAIL gene—deficient mice did not show
evidence of atered gross bone density, and no alterations in
frequency or in vitro differentiation of bone marrow precursor
osteoclasts.® Therefore, the data of Sedger et a3 together with our
present findings, suggest that TRAIL islikely aredundant negative
regulator of physiologic osteoclastogenesis. The lack of TRAIL
gene expression/function is likely vicariate by INF-y and/or other
cytokines, at least in the mouse model.

In the attempt to elucidate the molecular mechanisms underlin-
ing theinhibitory activity of TRAIL on osteoclastogenesis, we have
analyzed the phosphorylation levels of ERK/MAPK and p38/
MAPK pathways, which play akey rolein preosteoclastic prolifera-
tion and differentiation, respectively.1%-12 Consistent with akey role
of p38/MAPK in mediating osteoclastic differentiation, the inhibi-
tory activity of TRAIL was paralleled by its ability to suppress the
RANKL plus M-CSF-induced p38 phosphorylation. Moreover,
SB203580, a pharmacologic inhibitor of the p38/MAPK pathway,
mimicked the biologic activity of TRAIL both in terms of
inhibition of p38/MAPK and block of osteoclastic differentiation.

The implications of our study are particularly noteworthy for
the potential clinical application of recombinant TRAIL in the
treatment of malignancies with osteolitic lesions, and, in particular,
multiple myeloma (MM). In fact, severa studies have shown that
TRAIL, either used alone or in combination with chemotherapy or
antiangiogenic therapy, is effective in inducing cytotoxicity of
malignant plasma cells.364% In MM, bone resorption is increased
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and associated with the presence of increased numbers of oste-
oclasts, whereas bone formation is reduced. This uncoupling of
resorption and formation, in association with an increase in the
frequency of bone remodeling units, leads to rapid bone loss and
the development of osteolytic bone lesions.*! Recent studies have
shown that human MM cells up-regulated RANKL expression in
stromal cells of primary human bone marrow. Moreover, immuno-
histochemical staining performed on bone marrow biopsy speci-
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