Mod Rheumatol (2005) 15:346-351
DOI 10.1007/s10165-005-0424-8

© Japan College of Rheumatology and Springer-Verlag Tokyo 2005

ORIGINAL ARTICLE

Yosuke Fujikawa - Ichiro Itonaga - Osami Kudo
Takahisa Hirayama - Hirofumi Taira

Macrophages that have phagocytosed particles are capable of
differentiating into functional osteoclasts

Received: May 2, 2005 / Accepted: July 7, 2005

Abstract The aim of the current study was to determine
whether human macrophages that have phagocytosed
particles are capable of differentiating into osteoclastic
bone-resorbing cells. Macrophages isolated from human
peripheral blood were cultured with latex particles in the
presence of receptor activator of nuclear factor (NF)-kB
ligand (RANKL) and macrophage colony stimulating fac-
tor (M-CSF) on dentine slices and coverslips. After 24h
incubation, particles that had not yet been phagocytosed
were removed by washing the slices. Histochemistry and
immunohistochemistry was used to determine expression of
macrophage and osteoclast markers and lacunae resorp-
tion, scanning electron microscopy, and transmission
electron microscopy were used to examine cells with phago-
cytosed particles. Isolated macrophages on dentine slices
were noted to contain a large number of particles inside,
and no particles were identified outside of culture cells after
washing. After 14 days of incubation, numerous tartrate-
resistant acid phosphatase-positive multinucleated cells
that contained particles in their cytoplasm, capable of ex-
tensive lacunae bone resorption, formed in these cultures.
Our results clearly indicated that macrophages that have
phagocytosed particles were still capable of differentiating
into osteoclastic bone-resorbing cells. Macrophages that
have phagocytosed wear particles in the pseudomembrane
surrounding an implant not only produce cytokines but also
may differentiate into functional osteoclasts, and influence
bone resorption and loosening of a prosthesis.
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Introduction

Osteoclasts are multinucleated cells responsible for bone
resorption. They form by fusion of precursors that are de-
rived from the pluripotential hematopoietic stem cell' and
circulate in the monocyte fraction of peripheral blood.*” In
vitro studies have defined the ontogeny of the osteoclast
and characterized the cellular mechanisms involved in os-
teoclast differentiation from hematopoietic and circulating
osteoclast precursors. It is known that osteoclasts form
in cocultures of osteoblasts and circulating mononuclear
phagocyte osteoclast precursor cells, and that cell-cell inter-
action between osteoclast precursors and osteoblasts is
required for this to occur. It has been shown that osteoblasts
express a membrane-associated factor, receptor activator
of nuclear factor (NF)-xB (RANK) ligand (RANKL).*’
RANKL interact with RANK expressed by mononuclear
phagocyte osteoclast precursors, which differentiate into
osteoclasts in the presence of macrophage colony stimu-
lating factor (M-CSF).*” This accords with the finding
that human osteoclast formation from these circulat-
ing mononuclear phagocyte precursors in vitro only
requires the presence of soluble recombinant M-CSF and
RANKL.*"

A characteristic feature of macrophages is their ability
to carry out phagocytosis avidly and efficiently. One
pathological context in which macrophage phagocytosis
is in periprosthetic tissues surrounding joint arthroplasty
components, where there is a heavy biomaterial implant
wear particle load and an associated heavy foreign body
macrophage and macrophage polykaryon response.'""
Surrounding this macrophage-rich infiltrate there is consid-
erable periprosthetic osteolysis.”"* Cells in the implant
pseudomembrane are known to produce humoral factors,
including cytokines/growth factors and prostaglandins,
which activate osteoblasts to stimulate osteoclastic bone
resorption.” ™"’ Another means whereby macrophages con-
tribute directly to the osteolysis of aseptic loosening is by
differentiation of these cells into bone-resorbing osteo-
clasts. It has been shown that mouse monocytes and tissue
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macrophages, including inflammatory foreign body mac-
rophages derived from granulomas formed in response to
subcutaneously implanted metallic and polymeric particles,
are capable of differentiating into osteoclasts.””” We have
also shown that human wear particle-associated macroph-
ages isolated directly from periprosthetic tissues surround-
ing loosened implants can differentiate into multinucleated
cells showing all the functional and cytochemical character-
istics of osteoclasts.”>” In the context of the heavy macroph-
age response to wear particles, macrophage—osteoclast
differentiation may thus represent an important cellular
mechanism whereby osteolysis is effected in aseptic loosen-
ing in periprosthetic tissues.

It has not yet been made clear whether acquisition of the
macrophage phenotype was reversible or interchangeable,
and whether the osteoclast was formed by macrophages at
some point in the lineage of mononuclear phagocytes.
Previous studies examining the effect of particle phagocyto-
sis on monocyte—osteoclast differentiation have reported
that phagocytosis of latex particles did not affect the ability
of osteoclast differentiation using a coculture system.”
However, under light microscopy and using the coculture
system, it has not been clarified whether macrophages
that have already phagocytosed particles are themselves
capable of differentiating into osteoclasts. The aim of this
study, therefore, was to establish, using electron micros-
copy, that macrophages that have already phagocytosed
particles are capable of differentiating into bone-resorbing
osteoclasts.

Material and methods
Materials

For all incubations oo minimal essential medium (MEM)
(Gibco, Tokyo, Japan) was supplemented with 1001U/ml
penicillin, 10pg/ml streptomycin, 10mM L-glutamine
(Gibco), and 10% fetal calf serum (FCS) (Gibco) (MEM/
FCS). RANKL was purchased from Pepro Tech EC (Lon-
don, UK). Recombinant human M-CSF was obtained from
R & D Systems (Abingdon, UK). All incubations were
carried out at 37°C in 5% CO.,.

Preparation of isolated human peripheral blood
mononuclear cells

Monocytes were isolated from the peripheral blood of three
normal male subjects aged between 30 and 35 years. This
was collected and diluted 1:1 in MEM, layered over Ficoll-
Hypaque (Pharmacia, Milton Keynes, UK), then centri-
fuged (693 x g), washed, and resuspended in MEM/FCS.
The number of cells in the resulting suspension of periph-
eral blood mononuclear cells (PBMCs) was counted in
a hemocytometer after lysis of red blood cells using a
5% (v/v) acetic acid solution.
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Macrophage cultures on dentine slices and glass coverslips
in the presence of particles

The cell suspension of human PBMCs (1 x 10° cells/well)
was added to 96-well tissue culture plates containing den-
tine slices (4 mm diameter) and glass coverslips (6 mm diam-
eter). After 2h incubation, dentine slices and coverslips
were removed from the wells and washed vigorously in
MEM/FCS to remove nonadherent cells. The slices were
then placed in 16-mm wells of a 24-well tissue culture plate
containing 1 ml of MEM/FCS supplemented with RANKL
(30ng/ml) and M-CSF (25ng/ml). Latex Beads (Sigma-
Aldrich, UK, 1um in diameter, 2.39 x 10”/well, respectively)
were added to culture medium at the beginning of the cul-
ture and following incubation for 24h, dentine slices and
coverslips were removed from the wells, washed vigorously
to remove all particles which had not yet been phagocy-
tosed, and then placed in another well. Cultures were incu-
bated 24h, 7 days, and 14 days, and the culture medium
containing the factors was replenished every 3 days.

Histochemical and cytochemical characterization of
cultured cells

Cell cultures on coverslips were characterized histoc-
hemically for the expression of the osteoclast-associated
marker, tartrate-resistant acid phosphatase (TRAP) using
a commercially available kit (Sigma-Aldrich, Dorset, UK,
Diagnostic Kit No. 378A). Cell preparations on coverslips
were also stained immunohistochemically by an indirect
immunoperoxidase technique, with the monoclonal anti-
body against CDS51, the vitronectin receptor (VNR)
(Serotec, Oxford, UK), and with the monoclonal antibody
against Cathepsin K (Cosmobio, Tokyo, Japan), an osteo-
clast-associated antigen. Cell preparations were similarly
stained with the monoclonal antibodies against CD11b and
CD14 (Dako, Tokyo, Japan), a macrophage-associated
antigen that is known not to be expressed by osteoclasts.
The cells containing three or more nuclei were counted as
multinucleated cells (MNCs).

Functional evidence of osteoclast differentiation:
detection of lacunar resorption

Functional evidence of osteoclast differentiation was deter-
mined by a lacunar resorption assay system using cell cul-
ture on dentine slices; the latter provides a smooth-surfaced
mineralized substrate for the assessment of lacunar resorp-
tion. After cells had been cultured on dentine slices for 14
days, the slices were removed from the wells, rinsed in
phosphate-buffered saline (PBS), and placed in 0.25%
trypsin for 15min; they were then washed vigorously in
distilled water and left overnight in 0.25M ammonium hy-
droxide. In this way all cells were completely removed from
the dentine slice, permitting examination of the dentine
surface for evidence of lacunar resorption. The slices were
then washed in distilled water, stained with 0.5% (w/v)
toluidine blue, and examined by light microscopy.
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Fig. 1a—d. Electron micro-
graphs of 24 h culture on
dentine slice of peripheral
blood mononuclear cells
(PBMCs) in the presence of
latex beads (1 um diameter). a
Before washing, some particles
(arrowheads) that have not yet
been phagocytosed are found
between the culture cells by
scanning electron microscopy
(SEM). Most of particles are
seen in the cells (bar Sum). b
After washing, no particles are
found outside of cells (SEM,
bar 5um). ¢ A low-power view
of b clearly shows that most
macrophages already have
phagocytosed particles (SEM,
bar 50um). d Note macroph-
age with phagocytosed
particles (arrows) on dentine
slice (DS) (transmission
electron microscopy, bar
2.5um)

Scanning electron microscopy (SEM) examination of
cultured cells with particles

Cell cultures on dentine slices were incubated for 24h,
7 days, and 14 days, and were then fixed in 4% glutaralde-
hyde for 12h. The specimens were dehydrated through a
graded series of ethanol, and dried by the #-butyl alcohol
freeze-drying method. They were coated with gold, using an
ion coater, and examined under a scanning electron micro-
scope (Hitachi, Tokyo, Japan; model S-800).

Transmission electron microscopy (TEM) examination of
cultured cells with particles

For TEM, cell cultures on dentine slices were also fixed in
4% glutaraldehyde. After a short rinse in 0.1M PBS (pH
7.4), the specimens were decalcified in 10% ethylenedi-

amine tetra-acetic acid solution for 3 days. They were then
immersed in PBS again, postfixed in 2% OsO,, dehydrated,
and embedded in Epon 812. Ultrathin sections were stained
with uranyl acetate and lead citrate, and examined under a
transmission electron microscope (JEOL, Tokyo, Japan;
model 1200-EX).

Results

Cultured macrophage phagocytosed particles after
24h incubation

Adherent cells isolated from PBMCs, cultured for 24h on
glass coverslips in the presence of particles, were all round
mononuclear cells. These cells were strongly CD11b- and
CD14-positive and entirely negative for the osteoclast



markers TRAP, VNR, and Cathepsin K. Twenty-four-hour
cultures on dentine slices did not show evidence of lacunar
resorption. After 24h incubation, dentine slices and cover-
slips were removed from the wells and washed vigorously to
remove all particles that had not yet been phagocytosed.
Before washing, a few particles were found among the cells
on dentine slices by SEM, and most particles were present
in culture cells (Fig. 1a). No particles were identified outside
culture cells after washing (Fig. 1b). Most of the isolated
culture cells on dentine slices were noted to contain a large
number of particles inside (Fig. 1c). Transmission electron
microscopy showed that culture cells extended some cyto-
plasmic processes and their cytoplasm was filled with par-
ticles (Fig. 1d). These cells were readily identified as
macrophages by their mononuclearity, round shape, and
extensive cytoplasmic processes, and size of 10um
diameter.

Fig. 2. Transmission electron microscopy (TEM) photomicrographs of
7 days culture on dentine slice of PBMCs that have phagocytosed
particles in the presence of macrophage colony stimulating factor (M-
CSF) (25ng/ml) and receptor activator of NF-kB ligand (RANKL)
(30ng/ml). The cells contained some particles (arrows) within their
abundant cytoplasm (bar 5um)
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Differentiation from macrophages that have phagocytosed
particles into osteoclasts

In 7-day cultures, many TRAP-, VNR-, and Cathepsin K-
positive mononuclear cells were observed on the coverslips,
and a few (approximately 0.01% within the all cells) multi-
nucleated cells were also seen. Under SEM, no free par-
ticles were found on the dentine slices. Mononuclear and
large cells with many cytoplasmic processes were seen on
dentine surfaces by TEM. These cells contained some par-
ticles within their abundant cytoplasm (Fig. 2).

After 14 days of incubation, osteoclast formation was
seen in all cultures of human macrophages in the presence
of 1um latex particles with 30ng/ml RANKL and 25ng/ml
M-CSF. All cultures contained numerous (approximately
1% within the all cells) TRAP-, VNR-, and Cathepsin K-
positive multinucleated cells on coverslips, and parallel cul-
tures on dentine slices showed extensive lacunar resorption
pit formation.

Under SEM, large cells with broad pseudopodia were
seen overlying or in the vicinity of typical lacunar resorption
pits, which were well-defined round or oval areas containing
a base of mineralized collagen fibers. Any free particles
were still not found out side of culture cells. Under TEM,
osteoclasts were readily identified on resorption pits of den-
tine slices (Fig. 3a). These cells were multinucleated and
about 40-100um diameter in size, and possessed many mi-
tochondria, Golgi apparatus, and small vesicles within the
cytoplasm, and formed a ruffled border and clear zone at-
taching to dentine slices (Fig. 3b,c). Some 1-um particles
were clearly found in these osteoclasts.

Isolated cells after 14 days of culture revealed
multinuclearity, expression of TRAP, VNR, and Cathepsin
K, and existence of a ruffled border and clear zone as evi-
dence of osteoclasts. These cells also had the ability to carry
out pit formation on dentine slices, and still contained par-
ticles within their cytoplasm. Throughout this study, no par-
ticles were detected outside cultured cells since dentine
slices and coverslips were washed following incubation for
24h.

Fig. 3a—c. TEM photomicrographs of 14 days culture on dentine slice
of PBMC:s that have phagocytosed particles in the presence of M-CSF
(25ng/ml) and RANKL (30ng/ml). a A multinucleated giant cell with
phagocytosed particles (arrows) is overlying a lacunar resorption pit

(bar 10um). b A giant cell with phagocytosed particles (arrows) is
resorbing the dentine slice (DS) (bar 5um). ¢ A high-power view of
b clearly shows that the giant cell forms a ruffled border and clear zone
attached to the dentine slice (DS) (bar 2.5um)
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Discussion

Macrophages are known to have marrow precursors,
and form part of the mononuclear phagocyte system (MPS).
They are well characterized for the function of phago-
cytosis. It is also known that macrophages are capable of
differentiating into bone-resorbing osteoclasts.””” How-
ever, it is not yet known whether acquisition of the mac-
rophage phenotype is reversible or interchangeable. In the
presence of soluble recombinant M-CSF and RANKL, os-
teoclast formation requires only its precursors, and osteo-
blasts/stromal cells or other factors are not necessary in
vitro.*” In this study, we added latex beads in initial
24-h culture of macrophages, and after macrophage
phagocytosed particles they were incubated with soluble
recombinant M-CSF and RANKL. At 24h incubation,
only macrophages that contained latex particles were found
in the cultures, and any free latex particles were not
identified outside of the culture cells after washing. After
14 days of culture, mature osteoclasts, which contained
latex particles, were formed in the culture. Taken together,
the present study has shown that osteoclasts found in the
cultures were formed by fusion of particle-containing
macrophages.

Monocytes and macrophages are important components
of the inflammatory response. The main function of the
tissue macrophages is phagocytosis and, upon activation,
secretion of cytokines and growth factors.” Cytokines se-
creted by macrophages impact on a number of biological
processes, including growth and activation of the local cell
population. Therefore, wide capacity of phagocytosis is
thought to be one of the identifiable functions of macroph-
ages. After 24h culture in this study, the culture cells con-
tained large numbers of particles and their cytoplasm was
filled with particles. These results suggest that the culture
cells that have phagocytosed particles at 24 h incubation are
functionally mature macrophages.

Pseudomembrane surrounding loose implant is mainly
composed of numerous macrophages and foreign-body gi-
ant cells reacting to wear particles. Particulate wear debris
from polyethylene or prosthetic materials is phagocytosed
and subsequently activates tissue macrophages to release a
variety of inflammatory mediators.” Bone resorption in
aseptic loosening is theorized to be an inflammatory re-
sponse to wear debris at the bone—implant interface." ™ It
was also shown that the inflammatory foreign-body mac-
rophages infiltrating into periprosthetic tissues, surrounding
loose arthroplasty components, contained mononuclear
osteoclast precursors.”” Studies examining the effect of
particle phagocytosis on osteoclast formation have been
reported.” However, it was difficult to know whether the
culture cells had really phagocytosed particles under light
microscopy. Furthermore, it was also hard to know which
cells had been affected by the particles in the coculture
system. It is not clear, therefore, whether the macrophages
that have already phagocytesed particles were included in
the osteoclast precursors or not. In this study, our result
has shown that at 24h culture, mononuclear cells, which

contain particles, express macrophage phenotype, CD11b-
and CD14-positive, and not osteoclasts. These cells change
in the cytochemical and functional phenotype in our culture
system where isolated macrophages that have phagocytosed
particles were becoming TRAP-, VNR-, and Cathepsin
K-positive and acquiring the ability to carry out extensive
lacunar resorption. We also showed clearly by TEM that
after 14 days of culture, these isolated cells that still contain
particles have multinuclearity and large cytoplasm, and
form a ruffled border and clear zone.

The osteoclast is a member of the MPS as well as mono-
cyte/macrophage or dendritic cell. These cells are thought
to have a common origin in the bone marrow. Osteo-
clast and foreign-body macrophages and macrophage
polykaryons have been shown to possess a number of
enzyme and cell surface receptors in common.”** In fact
osteoclasts are capable of phagocytosis in vitro.” It is
known that not only bone marrow MPS cells, but also circu-
lating monocytes and tissue macrophages such as synovial
macrophages or tumor-associated macrophages, are ca-
pable of differentiating into osteoclasts.*””' In this study,
we showed that functionally mature macrophages that have
already phagocytosed particles are themselves capable of
changing their cytochemical and functional characteristics
and differentiating into osteoclasts. Phagocytosis of latex
particles by macrophages did not affect the ability of these
cells to undergo osteoclast differentiation. It is indicated
that in a particular pathological environment such as in
pseudomembrane surrounding an implant, particle-
containing macrophages not only produce cytokines but
also may differentiate into osteoclasts, and influence bone
resorption and loosening of the prosthesis.
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