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Abstract In osteoclastogenesis, the intercellular adhesion
molecule (ICAM)-1 provides a high-affinity adhesion
between the osteoblast and the osteoclast precursor, thereby
facilitating the interaction between receptor activator
nuclear factor kB ligand (RANKL) and its receptor RANK.
However, the role of soluble ICAM (sICAM) in that process
remains obscure. Therefore, the purpose of this study was
to determine whether SICAM and ICAM-1 play an active
role in the formation and maturation of osteoclasts. Mono-
cytes isolated from healthy donors and cultured alone or
with human osteoblast were stimulated with macrophage
colony-stimulating factor, sSRANKL, ICAM-1 monoclonal
antibody (mADb), leucocyte function antigen (LFA)-1 mAb,
and/or sICAM to produce mature osteoclasts. Release of
TRAP 5b and resorption area were analyzed as markers of
osteoclast formation and function, respectively. The effect
of ICAM-1 and sICAM stimulation on apoptosis, cathepsin
K, avB3, collagen-1, and on RANKL/osteoprotegerin
(OPG)/RANK expression was evaluated. SICAM did not
modify the release of TRAP 5b from osteoclast precursors
in both mono and co-culture, but induced a significant
increase in resorption area in both culture systems, as well
as a positive effect on cathepsin K and avB3 protein expres-
sion. Cross-linking ICAM-1 on osteoblast resulted in
increased RANKL mRNA and caspase-3 protein ex-
pression, decreased collagen-1 mRNA expression, and
decreased osteoblast survival. Stimulation of preosteoclast
with SICAM produced a significant increase in preosteo-
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clast survival and a decrease in caspase-3 expression. These
results indicate that ICAM-1 and sSICAM have a dual effect
on bone homeostasis, increasing osteoclast activity while
lowering osteoblast anabolic activity.
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Introduction

Skeletal homeostasis is maintained at the cellular level by
the actions of osteoblasts and osteoclasts, respectively
forming and removing bone. This dynamic process is con-
tinuously adjusting to the physiological needs of the body.
When an imbalance between bone formation and resorp-
tion occurs, it generally leads to skeletal disease. Most of
these diseases are the consequence of an increase in osteo-
clast activity, resulting in net bone loss [1]. Osteoclasts are
multinucleated giant cells from the monocyte/macrophage
lineage. Numerous mediators and cellular events are needed
to allow the differentiation of monocytes into mature osteo-
clast. The paramount importance of receptor activator
of nuclear factor-xB ligand (RANKL) and its receptor
(RANK) is well described in this process [2,3]. In vivo,
interactions between osteoblast/stromal cells and osteoclast
precursors appear essential for osteoclastogenesis. The
importance of the intercellular adhesion molecule (ICAM)-
1 in osteoclast formation is already described. It is believed
that the high-affinity cellular adhesion supported by ICAM-
1 facilitates the interaction of RANKL with its receptor
RANK, leading to increased bone resorption [4-6].

In skeletal diseases, [ICAM-1 expression is increased in
the synovium of rheumatoid arthritis (RA) and osteo-
arthritis (OA) patients and in patients suffering from
aseptic loosening of orthopedic implants [7]. We have also
demonstrated a specific ICAM-1 expression on osteoblasts
recovered from osteoporotic and OA patients [8].
Although these reports indicate the presence of ICAM-1 in
osteoclast-mediated diseases, there is no particular role
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identified so far for ICAM-1 in bone metabolism other than
the stabilization of cellular interaction.

ICAM-1 also exists in a soluble isoform (sSICAM), but
no specific physiological function is identified so far in bone.
In other settings, SICAM acts as a competitive inhibitor of
ICAM-1/leucocyte function antigen (LFA, f,-integrin)-1
interaction [9,10], while others have reported sSICAM ability
to induce intracellular signaling and produce inflammatory
mediators such as tumor necrosis factor-o. (TNF-a), inter-
feron-y, interleukin-6 (IL-6), and macrophage inflammatory
protein 1 and 2 (MIP-la, MIP-2) [11-14]. Interestingly,
TNF-a, IL-6, and MIP-1o have all been described as modu-
lators of osteoclast activity [15-18]. However, it is unknown
whether sSICAM could affect osteoclast maturation and for-
mation secondary to its action on osteoclast differentiation
factors (ODF).

Finally, it was demonstrated that both ICAM-1 and
SICAM could affect cell viability in bone. The ICAM-1*
osteoblast phenotype, which is capable of supporting osteo-
clast differentiation as opposed to the ICAM-1" phenotype,
appears to decrease osteoblast survival while the presence
of SICAM tends to protect the osteoblast against cell death
[19,20].

Therefore, the objective of this study is to clarify the
actions of ICAM-1 and sSICAM in osteoclast formation and
function. We asked the following questions: (1) Can sSICAM
affect osteoclast differentiation and function through a
modification of the RANKL/RANK/ osteoprotegerin
(OPG) profile and/or cell viability? (2) Can the engagement
of ICAM-1 affect the RANKL/RANK/OPG axis and/or
cell viability? Our hypothesis is that both ICAM-1 and
sICAM play an active role in the formation and function of
osteoclast through an effect on the RANKL/RANK/OPG
axis and/or cell survival. By incubating sSICAM and anti-
ICAM-1 monoclonal antibody with osteoclast precursors
and osteoblasts, we hope to simulate the ICAM-1/LFA-1
interaction, which should allow us to study the specific
role(s) of this axis in osteoclast metabolism.

Materials and methods
Isolation and culture of human monocytes

Monocytes were isolated from the peripheral blood of three
healthy male subjects (age range, 31-38 years) on several
occasions. Blood was then diluted 1:1 in a-minimal essen-
tial medium (MEM; Sigma, St. Louis, MO, USA) and 3
volumes of blood mixture were layered onto 1 volume of
Ficoll-Paque (Amersham Biosciences, Uppsala, Sweden).
After centrifugation for 20 min at 693 g, the interface layer
was resuspended in MEM and centrifuged for 10 min at
510 g. Cells were then incubated 20 min at 4°C with MACS
CD14 Microbeads (Miltenyi Biotec, Auburn, CA, USA)
and passed through a MACS magnetic cell separator. The
sorted CD14" fraction was washed, resuspended in MEM,
and counted in a hemocytometer following lysis of red
blood cell with a 5% (v/v) acetic acid solution. Then, 2 x 10°

peripheral blood mononuclear cells (PBMC) in MEM
were added to 12-well culture plates, or 1 x 10° PBMCs
were added to a 16-well BD BioCoat Osteologic Bone Cell
Culture System plate (BD Biosciences, Mississauga, ON,
Canada) for 2 h at 37°C in 5% CO,; cultures were then
rinsed with the medium to remove nonadherent cells. Cells
were cultured in MEM, 10% heat-inactivated fetal bovine
serum (FBS), 100 U/ml penicillin, and 100 g/ml streptomy-
cin (Wisent, St. Bruno, QC, Canada; MEM/FBS) at 37°C in
5% CO,. Medium was changed every 3 days and supple-
mented or not with appropriate mediators as per specific
experimental conditions tested.

Co-cultures of osteoblasts and monocytes

Human normal osteoblasts were purchased from Promocell
(Heidelberg, Germany) and cultured in 25 cm® plastic cell
culture flasks (Corning, NY, USA) with BGJb media con-
taining 10% FBS until confluency. Once confluent, osteo-
blasts were stimulated overnight with 10 ng/ml TNF-a (to
increase ICAM-1 expression), then removed from the flask
and added to preincubated PBMCs (M-CSF, 50 ng/ml for
72 h) on a 12-well plate or on a 16-well BD BioCoat Osteo-
logic Bone Cell Culture System plate in a ratio of 1:10. Cells
were washed with culture media after 8 h and then incu-
bated with or without M-CSF, sICAM, anti-ICAM-1 mono-
clonal antibody (mAb), anti-LFA-1 mAb, or sRANKL.
Medium was replaced twice a week, and supernatants were
kept for further testing.

Assessment of osteoclast formation

After 20 days of incubation with various mediators, osteo-
clast formation was assessed by the presence of osteoclast-
derived TRAP 5b in the supernatant of the BD BioCoat
Osteologic Bone Cell Culture System plate. TRAP-5b was
measured in samples from each condition using an enzyme-
linked immunoassay (ELISA) kit purchased from Suomen
Bioanalytiikka Oy (Turku, Finland) and corresponds to the
supernatant of days 17 to 20 of our experiments. Assay
sensitivity is 0.06 U/l, and experiments were performed
according to the manufacturer’s specifications. Absorbance
was measured with a microELISA Vmax photometer
(Molecular Devices, Menlo Park, CA, USA).

Assessment of osteoclast function

Functional evidence of osteoclast formation was evaluated
by measuring the resorption area on the BD BioCoat Oste-
ologic Bone Cell Culture System plate after 20 days of
culture. Cells were first washed from wells using 1 N NH,OH
for three periods of 5 min and then rinsed in phosphate-
buffered saline (PBS). Resorption area was determined
using a Microst Automated Image Analyzer (Millenium
Biologix, Mississauga, ON, Canada). Specimens from each
experimental condition were read twice and the results
expressed as percentage of resorption of the substrate.



Table 1. Reverse transcriptase-polymerase chain reaction (RT-PCR)
primers

Molecules Primers

GAPDH 5-CCACCCATGGCAAATCCATGGCA-3'(s)
5-TCTAGACGGCAGGTCAGGTCCAQCC-3"(as)

RANKL 5-GCCAGTGGGAGATGTTAG-3(s)
5-TTAGCTGCAAGTTTTCCC-3'(as)

RANK 5-TTAAGCCAGTGCTTCACGGG-3'(s)
5-ACGTAGACCACGATGATGTCGC-3(as)

OPG 5-GCTAACCTCACCTTCGAG-3'(s)
5-TGATTGGACCTGGTTACC-3'(as)

Collagen-1 5- GGACACAATGGATTGCAAGG-3'(s)

5’- TAACCACTGCTCCACTCTGG -3 (as)

RANKL, RANK, OPG, and collagen-1 expression from
preosteoclasts and osteoblasts

Monocytes cultured in 12-well plates were stimulated with
M-CSF (50 ng/ml) and sRANKL (30 ng/ml) for 10 days
before SICAM stimulation (16 h at 37°Cin 5% CO,). Osteo-
blasts on 12-well plates were incubated overnight with
10 ng/ml TNF-o, washed three times with PBS, and stimu-
lated for 16 h at 37°C in 5% CO, with or without anti-
ICAM-1 monoclonal antibody (mAb) (Dako, Mississauga,
ON, Canada) (100 ng/ml, 500 ng/ml, or 1 pug/ml).

RANKL, RANK, and OPG mRNA expression
(Table 1) was next verified with reverse transcriptase-
polymerase chain reaction (RT-PCR). Total RNA was
extracted from preosteoclasts or osteoblasts using Trizol
reagent (Invitrogen Life Technologies, Burlington, ON,
Canada) according to the manufacturer’s specifications.
After precipitation, pellets were washed in 70% ethanol,
resuspended in RNase-free water, the amount of RNA
determined using SyberGreen, and then stored at —-80°C.
RT-PCR cDNA synthesis was carried out using 1 g total
RNA and a SuperScript one-step RT-PCR kit manufac-
tured by Invitrogen Life Technologies. The oligonucleotide
primers were specific, and sequences are reported in Table
1. The PCR products were analyzed and verified by electro-
phoresis on 1.2% agarose gels in a Tris-borate-ethylenedi-
aminetetraacetic acid (EDTA) buffer. Semiquantitative
measurements of the reaction products were made by taking
density readings using a digital imaging system (G-image
2000; Canberra Packard Canada, Mississauga, ON, Canada).
Results were calculated as relative units to GAPDH (n =5
from each condition). Quantitative PCR for collagen 1 was
performed using 25-ul reaction products with SYBR Green
master mix (Qiagen). After an activation phase (10 min at
95°C), amplification was performed for 40 cycles at 95°C for
15 s and 60°C for 60 s. Incorporation of the dye into PCR
products was monitored using a Mx3000P spectrofluoro-
metric thermal cycler (Stratagene). The threshold was set
above the nontemplate control background and within the
linear phase of target gene amplification to calculate the
cycle number at which the transcript was detected (n = 5).
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Cell viability

PBMC were plated onto 12-well plates in MEM/FBS and
incubated for 10 days with M-CSF (50 ng/ml) and sSRANKL
(30 ng/ml) to form preosteoclasts (5% CO, at 37°C). Media
was changed every 3 days and supplied with fresh media-
tors. At 10 days, preosteoclasts were rested overnight in
mediator-free media before the addition of increasing con-
centrations of SICAM for 24 h. Normal human osteoblast
were plated onto 12-well plates and cultured overnight in
BGJb +10% FBS +1% PS (5% CO, at 37°C) before the
addition of increasing concentrations of anti-ICAM-1 mAb
for 24 h. At the end of the incubation period, an MTT assay
was performed on preosteoclasts and osteoblasts. Briefly,
preosteoclast and osteoblast cultures were washed with
PBS, and 500 ul culture medium containing 50 pl 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrasodium bromide
(MTT) reagent was added for 1h before the absorbance
was measured at 440 nm (5% CO, at 37°C). Each condition
was repeated five times (n =5).

Western blot

Caspase-3, cathepsin K, o3, integrin, and B-actin protein
expression were determined from either osteoclasts or
normal osteoblasts (antibodies from Calbiochem, San
Diego, CA, USA). Briefly, 20 ug protein extract was sub-
jected to 12% sodium dodecyl (SDS)-polyacrylamide gel
electrophoresis under reducing conditions and transferred
onto nitrocellulose membrane (Bio-Rad, Hercules, CA,
USA).The membrane was next rinsed in TTBS (Tris 20 nM,
NaCl 137 mM, 0.1% Tween 20, pH 7.4), saturated overnight
at 4°C under agitation in TTBS containing 5% (w/v)
skimmed milk before the addition of the first antibody and
incubation at room temperature for 1 h. The membrane was
then washed several times with TTBS and incubated again
1h with the second antibody (antirabbit IgG-HRP;
New England Biolabs, Ipswich, MA, USA). Detection
was carried out using LumiGLO Chemiluminesent
Substrat (Cell Signaling Technology, Beverly, MA, USA)
membranes exposed to Kodak X-Omat film (Eastman
Kodak, Rochester, NY, USA) and then subjected to a
digital imaging systems (G-image 2000) for protein
measurement.

Statistical analysis

The results are expressed as mean + SEM. Assays were
performed in triplicate unless otherwise stated. The data
were analyzed statistically by the two-tailed Mann—Whitney
U test. P values < 0.05 were considered significant.

Results

First, we wanted to verify whether SICAM could induce
the differentiation of human monocytes into osteoclasts



546
a

1.25+ a T a
= T I
S 1.004
2
'S 0.754
5 1
o 0.50-
2° T
o
< 0.25-
14
[

0.00- : - ' ' .

Ctrl sICAM Anti-LFA-1 sRANKL sICAM  M-CSF

mAb sRANKL sRANKL

Fig. 1. Differentiation of human monocytes into osteoclasts. Periph-
eral blood mononuclear cells (PBMC) were cultured for 20 days onto
BD BioCoat Osteologic Bone Cell Culture System plate (n = 8). Osteo-
clast formation was assed by an enzyme-linked immunosorbent assay
(ELISA) specific for osteoclast-derived TRAP 5b released in the
supernatant (days 17 to 20). Results are expressed as mean = SEM.
a P < 0.05 group vs. control. M-CSF, 50 ng/ml; sRANKL, 30 ng/ml;
sICAM, 1 pg/ml; anti-LFA-1 mAb, 1 ug/ml

(Fig. 1). In this setting, tartrate-resistant acid phosphatase
(TRAP)-5b activity measured from supernatant of human
monocytes cultures reflects the number of osteoclasts
formed. Compared to control (no mediator), significant
changes in TRAP-5b activity were observed when mono-
cytes were incubated with sSRANKL alone (P < 0.005) or in
combination with M-CSF (P < 0.001), which serves as a
positive control. However, no change in TRAP-5b activity
was demonstrated following sSICAM or anti-LFA-1 mAb
stimulation alone. The combination of SICAM and sSRANKL
induced the highest TRAP-5b activity, but this failed to
reach significance when compared to sSRANKL stimulation
alone. These results indicate that SICAM or LFA-1 engage-
ment does not appear to influence differentiation of mono-
cytes into osteoclasts in vitro.

We then sought to determine if SICAM could influence
the resorption capacity of osteoclasts formed from human
monocytes in vitro (Fig. 2). Interestingly, compared to
control, there was a 3-fold increase in resorption area when
cells were stimulated with sSICAM alone (P < 0.02), while
incubation with SRANKL alone resulted in a 4-fold increase
in resorption area (P < 0.009). Cross-linking LFA-1 recep-
tors with anti-LFA-1 mAbD resulted in a 3.3-fold increase in
resorption area (P < 0.01), which is comparable to sSICAM
action. The combined effect of M-CSF and sRANKL
resulted in a S5-fold increase in resorption surface (P <
0.002). The most important increase in osteoclast resorption
area was observed when sICAM and SRANKL were com-
bined together (6.5-fold increase; P < 0.0001), which resulted
in statistically significant variations compared to individual
effects of these effectors (SICAM + sRANKL vs. sSICAM,
P < 0.0004; SICAM + sRANKL vs. sSRANKL, P < 0.04).
Taken together, these results indicate that SICAM can posi-
tively modulate osteoclast function.
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Fig. 2. Resorption area following monocytes stimulation with various
mediators. PBMC were cultured for 20 days onto BD BioCoat Osteo-
logic Bone Cell Culture System plate (n = 8). Osteoclast function was
assed by computer analysis of the resorption area. Results are expressed
as mean * SEM. a P < 0.05 group vs. control. M-CSF, 50 ng/ml;
sRANKL, 30 ng/ml; sSICAM, 1 pug/ml; anti-LFA-1 mAb, 1 pg/ml
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Fig. 3. TRAP-5b activity following coculture of human preosteoclast
and osteoblast with various mediators. Osteoblast and PBMC were
plated onto BD BioCoat Osteologic Bone Cell Culture System plate
(n = 8) for 20 days. Osteoclast formation was assed by an ELISA spe-
cific for osteoclast-derived TRAP 5b released in the supernatant (days
17 to 20). Results are expressed as mean = SEM. a P < 0.05 group vs.
control. Anti-ICAM-1 mAb, 2 pg/ml

To verify to which extent SICAM could actually affect
osteoclast maturation when compared to membrane-bound
ICAM-1, we co-cultured osteoblasts with preosteoclasts
in different conditions and looked at osteoclast formation
(Fig. 3). When compared to control, the addition of anti-
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Fig. 4. Resorption area following coculture of human preosteoclast
and osteoblast with various mediators. Osteoblasts and PBMC were
plated onto BD BioCoat Osteologic Bone Cell Culture System plate
(n = 8) for 20 days. Osteoclast function was assed by computer analysis
of the resorption area. Results are expressed as mean + SEM. a P <
0.01 group vs. control; b P < 0.0001 group vs. control. Anti-ICAM-1
mAb, 2 pg/ml

ICAM-1 mAb almost completely inhibited osteoclast for-
mation, while sSICAM did not significantly modify TR AP-5b
activity. However, osteoclast function (Fig. 4), as measured
by resorption area in wells, was significantly increased in
the presence of sSICAM (2.6-fold) whereas anti-ICAM-1
mAb significantly inhibited it. Comparing monocultures
and co-cultures (Figs. 2, 4), it is interesting to note that
sICAM induces the same increase in the resorption area
in both culture systems (close to 2.5 fold), confirming
its importance. Further, in co-culture, both TRAP-5b
activity and the resorption area following the addition of
anti-ICAM-1 mAb are similar to values observed in
monoculture.

We next evaluated if the effect of both ICAM-1 and
sICAM on osteoclastogenesis could be explained in part by
their respective actions on the OPG/RANK/RANKL axis
(Fig. 5). sSICAM did not affect the expression of RANK (in
preosteoclasts), or RANKL or OPG (in osteoblasts) (data
not shown). However, RANKL expression by osteoblasts
was significantly increased when membrane ICAM-1 was
cross-linked with specific mAb (2-fold, P < 0.01). Further,
this increase in RANKL expression is accompanied by a
50% decrease in collagen type 1 mRNA expression. These
results show that ICAM-1 does play a direct role in osteo-
clast formation and function in addition to its role as a
stabilizer of osteoblasts and preosteoclasts. Moreover, it
appears that the ICAM-1 phenotype on osteoblast facili-
tates bone resorption over bone deposition. However, the
action of sICAM in this setting does not appear to be
secondary to an effect on the OPG/RANK/RANKL axis.

Because sICAM does not affect osteoclast differentia-
tion but increases the resorption area, and given that it does
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Fig. 5. RANKL, OPG, and collagen-1 expression by human osteo-
blasts following ICAM-1 engagement. Normal human osteoblasts were
cultured overnight with increasing concentrations of anti-ICAM-1
mAb. A RANKL, OPG, and GAPDH expression were analyzed with
semiquantitative RT-PCR. B Results expressed as the ratio of RANKL/
GAPDH or OPG/GAPDH band intensity. C Normalized collagen-1
expression assessed by qRT-PCR. Results represent the mean and the
SEM of 5 experiments (n =5). a P <0.01 group vs. control

not alter the OPG/RANK/RANKL axis, we looked at its
action on proteins involved in osteoclast function (Fig. 6).
Interestingly, SICAM induced the highest cathepsin K and
o,B; protein expression amongst the mediators tested. This
observation explains, at least in part, the action of sSICAM
on osteoclast function.

Finally, we tested the effect of SICAM and ICAM-1 on
preosteoclast and osteoblast survival, as well as caspase-3
protein expression (Fig. 7). sSICAM induced a significant
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increase in preosteoclast survival compared to control (20%
increase) as opposed to anti-ICAM-1 mAb, which induced
a 20% decrease in osteoblast viability. When we looked at
caspase-3 protein expression, a similar effect was observed
where preosteoclast caspase-3 expression appeared to be
lowered when cells were pretreated with sSICAM, while

Ctl  M-CSF sRANKL SICAM MR

OCvB3 _— — s S
Cathepsin K - i -1
actn G

Fig. 6. Action of sSICAM on cathepsin K and o, 3 protein expression.
PBMC were cultured for 20 days in the presence of M-CSF (50 ng/ml),
sRANKL (30 ng/ml), and/or SICAM (1 pg/ml). Protein expression was
analyzed by Western blot (n = 3). MR, M-CSF + sRANKL
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engagement of [CAM-1 on osteoblast stimulated the expres-
sion of caspase-3. Together, these observations indicate the
ability of both mediators to modify cell survival, possibly
through an action on the apoptotic cascade.

Discussion

Cell—cell interactions between the osteoblasts/stromal cells
and osteoclast precursors are considered a prerequisite for
osteoclast maturation and function [5,6,21-23]. Some of
these interactions are mediated through adhesion molecules
such as ICAM-1, whose membrane expression in osteoblast
was previously described [8,19]. Because its presence on
osteoblasts is increased following exposure to mediators
involved in osteoclast maturation and because both osteo-
clast maturation and function can be blocked by antibody
directed against it, ICAM-1 is considered an important
mediator in osteoclastogenesis [4-6]. However, apart
from providing a high-affinity adhesion between the osteo-
blast and the osteoclast precursor, no other action has
been described so far for ICAM-1 in the setting of bone

©)
Anti-ICAM-1 mAb (pg/ml) TNF-o: (ng/ml)
0 500 1000 10
Caspase-3 e ————
B-Actn S RS TR SR
D)
sICAM (ug/ml) 0 1000 100 1000 0
HNE (uM) 0 0 10 10 10
Caspase-3
— e

B-Actin e — c— —

Fig. 7. Survival analysis and caspase-3 protein expression in preosteo-
clast and normal human osteoblasts following incubation with sSICAM
or Anti-ICAM-1 mAb. Preosteoclasts incubated overnight with
increasing concentration of SICAM (A) and normal human osteoblasts
incubated overnight with increasing concentration of anti-ICAM-1
mADb (B) were submitted to an MTT assay and cell viability recorded.
Results are expressed as mean = SEM (n = 5). Caspase-3 protein
expression assessed by western blot in osteoblasts (C) and preosteo-
clasts (D). Osteoblasts were incubated overnight with anti-ICAM-1
mADb and caspase-3 protein expression was recorded (n = 3). Preosteo-
clasts were pretreated overnight with SICAM and then incubated in
the presence of HNE for 2 h before caspase-3 protein expression deter-
mination (n = 3). HNE, 4-hydroxynonenal



metabolism [4]. Further, we are not aware of any reports
on the potential role of SICAM in osteoclast development.
In this study, we report for the first time an increase in
osteoclast function and survival mediated through sSICAM.
Moreover, we also report that ICAM-1 engagement on
osteoblasts leads to increased RANKL mRNA expression,
decreased collagen type-1 mRNA expression,and decreased
osteoblast survival.

The finding of an isolated increase in osteoclast function
following exposure to SICAM without a concomitant
increase in osteoclast number is intriguing. sSICAM has been
shown to bind to LFA-1 with the resultant activation of
NF-xB [13]. It does appear that the effect of sSICAM in
this study is mediated through LFA-1, given the similar
responses observed in Figs. 1 and 2 for sSICAM and LFA-1.
However, because it affects survival and function at the
same time, other pathways may be involved in sICAM
signal transduction. As shown in this study, SICAM does
not affect osteoclast differentiation, but increases resorp-
tion, survival, and cathepsin K and o, 3; protein expression,
two proteins essential for proper osteoclast bone resorp-
tion. Therefore, it appears that sICAM increases the
amount of bone that each individual osteoclast can remodel.
Interestingly, bone-resorbing activity of osteoclasts formed
in co-cultures of cells from CD1la —/— mice is reduced,
confirming the importance of LFA-1 in osteoclast function
[24]. If indeed sICAM intracellular signaling is mediated
through LFA-1, as suggested by this study and others [13],
our results complement those of Tani-Ishii et al. in that
LFA-1 appears to determine osteoclast function [24].
Further, the same group did report a 20%-30% decrease in
the number of osteoclasts formed in co-culture of cells from
CD11a —/— mice and suggested that this observation was
secondary to the loss of the high-affinity adhesion mediated
by ICAM-1/LFA-1, leading to fewer RANKL/RANK inter-
actions [24]. Because we did not demonstrate SICAM ability
to stimulate osteoclast differentiation, our results and those
from the previously cited study suggest that there is no dif-
ferentiation signal mediated through LFA-1. We still need,
however, to determine which pathways are involved in
that process. Moreover, although others have previously
described sICAM ability to confer cellular protection
against apoptosis [20], it remains difficult to appreciate the
exact contribution of increased survival on bone resorption
in this study (20% increase in cell survival and a threefold
increase in resorption area). Therefore, the functional
significance of sICAM ability to increase preosteoclast
survival remains to be demonstrated.

On the other hand, it has been previously described that
ICAM-1" osteoblasts could support osteoclastogenesis but
did not proliferate well, being stopped in the G,/G, phase
of the cell cycle [19]. It has also been shown that co-cultures
of osteoblasts and osteoclast precursors result in a decrease
in alkaline phosphatase activity and, presumably, a decrease
in bone matrix deposition [25]. Further, Tanaka et al. stated
that ICAM-1" osteoblasts might be apoptotic because of
increased Fas and c-Myc expression combined with reduced
bcl-2 expression [19]. Finally, osteoblast adhesion to
myeloma cells mediated through ICAM-1 appeared to
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promote the transduction of apoptogenic signals [20]. In
this study, ICAM-1 engagement on osteoblasts led to a
decrease in collagen-1 mRNA expression, an increase of
RANKL mRNA expression, and an increase in caspase-3
protein expression. Taken together with a decrease in
osteoblast survival, these observations imply that osteo-
blast/preosteoclast adhesion through ICAM-1 would result
in a dual effect on bone homeostasis. We therefore propose
the following actions for ICAM-1 in osteoclast biology.
First, engagement of the ICAM-1/LFA-1 axis would lead to
an increase in RANKL expression and provide a high-
affinity link between osteoblasts and osteoclast precursors,
facilitating RANKL/RANK interaction and therefore
osteoclastogenesis. At the same time, the arrest of osteo-
blast proliferation combined with the generation of apop-
totic signals and the alteration in collagen metabolism
would lead to a reduction of bone matrix deposition, favor-
ing an overall imbalance between bone resorption and bone
formation. Moreover, the presence of SICAM (and possibly
the engagement of ICAM-1 with LFA-1 on osteoclast pre-
cursors) would lead to an increase in osteoclast function, at
least in part through increased survival and through a posi-
tive effect on proteins important for bone resorption.

One question raised by this study is whether the decrease
in osteoclast formation observed in co-culture when anti-
ICAM-1 mAbs are added is secondary to apoptosis and loss
of osteoblast or to inhibition of cell interactions. A previous
study has shown that low concentrations of anti-ICAM-1
mAD do reduce osteoclast formation [4]. When similar low
concentrations were used in this study, we failed to demon-
strate an effect on caspase-3 (not shown). However, the
exact contribution of osteoblast apoptosis when high con-
centrations of mAb are used remains to be demonstrated
in osteoclast biology.

Limitations of this study include the limited number of
osteoclast differentiation factors tested following sICAM
stimulation and the timing at which the experiments were
conducted, given that we screened for mRNA production
at the fusion stage of osteoclast development. It is possible
that sSICAM effect on osteoclast function is not transmitted
through LFA-1 but is secondary to the generation of
untested mediators or on mediators tested but secreted
later in the maturation/activation process. Further, by
studying both differentiation and function at the same time,
it becomes difficult to assess the effect of SICAM on bone
resorption only, because of the simultaneous presence of
PBMC, preosteoclasts, resting osteoclasts, and active osteo-
clasts in culture. Fuller et al. recently described an experi-
ment where mature, active osteoclasts were sedimented on
bone slices, allowing the study of activation only [26]. We
are now planning such experiments to clarify the pathways
responsible for SICAM action, mainly looking at its effect
on intracellular signaling. We also want to confirm that the
sICAM signal is indeed transmitted through LFA-1.

In this study, we showed for the first time that sSICAM
can increase bone resorption, at least in part because of
increased preosteoclast survival and through its action on
cathepsin K and o, f3;. Further, ICAM-1/LFA-1 engagement
appears to directly stimulate bone resorption while altering



550

bone deposition. In light of these results, it appears that the
ICAM-1/LFA-1 axis in an important determinant of osteo-
clast physiology.
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