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Nurse-like Cells From Patients With Rheumatoid Arthritis
Support the Survival of Osteoclast Precursors Via
Macrophage Colony-Stimulating Factor Production

Hideki Tsuboi,' Nobuyuki Udagawa,” Jun Hashimoto,' Hideki Yoshikawa,
Naoyuki Takahashi,” and Takahiro Ochi®

Objective. To elucidate the role of nurse-like
cells (NLCs) obtained from rheumatoid arthritis (RA)
patients in bone loss during progressive synovial ex-
pansion.

Methods. CD14+ monocytes were cocultured with
NLCs for 4 weeks and collected as NLC-suppeorted
Chl44 (NCD14+) monocytes. To determine their abii-
ity to differentiate into osteoclasts, NCD14+ monocytes
were further cultured with macrophage colony-
stimulating factor (M-CSF) together with RANWKL or
tumor necrosis factor a (TNFa). NCD14+ monocytes
were also cocultured with $a0S-4/3 cells, which were
shown to support osteoclastogenesis in response to
parathyroid hormone (PTH). CD14+ monocytes were
cocultured with Sa0S8-4/3 cells to elucidate how Sa0S§-
4/3 cells and NLCs supported CD14+ monocytes for a
long period. Synovial expansion adjacent to bone in RA
patients was examined immunohistochemically to detect
osteoclast precursors stuch as NCD14+ monocytes.

Results. NLCs supported the survival of CDI4+
monocytes for 4 weeks. NCD14+ as well as CD14+
monocytes differentiated into osteoclasts in the pres-
ence of M-CSF together with RANKL or TNFe.
NCD14+ monocytes also differentiated into osteoclasts
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in PTH-treated cocultures with Sa0S§-4/3 cells. Sa0s-
4/3 cells supported the survival of CD14+ monocytes for
4 weeks in the presence, but not absence, of PTH.
Treatment of Sa0S§-4/3 cells with PTH up-regulated the
expression of M-CSF messenger RNA. Neutralizing
antibodies against M-CSF inhibited the NLC-supported
survival of CD14+ menocytes. CDD68+ monocytes and
M-CSF+ fibroblast-like synoviocytes were colocalized
in vegions adjacent to the destroyed bane of RA patients.
Conclusion. Our findings suggest that NLCs are
involved in RA-induaced bone destruction by maintain-
ing osteoclast precursors via production of M-CSF.

Osteoclasts, the multinucleated cells that resorb
bone, originate from the monocyte/macrophage lineage.
Recent studies have established that bone-forming os-
teoblasts (or, bone marrow—derived stromal cells) are
involved in the differentiation and function of oste-
oclasts (1-4). Macrophage colony-stimulating factor (M-
CSF). which is produced by osteoblasts, is an essential
cytokine for osteoclast formation. Osteoblasts also ex-
press RANKL, another cytokine involved in osteoclast
differentiation, as a membrane-associated cytokine. Os-
teoclast precursors express RANK (the receptor for
RANKL), recognize RANKL expressed by osteoblasts
through cell-cell interaction, and differentiate into os-
teoclasts in the presence of M-CSF (1-4). Osteoprote-
gerin (OPG), which is produced mainly by osteoblasts, is
a soluble decoy receptor for RANKI. and blocks oste-
oclastogenesis by inhibiting RANKIL~RANK inlcrac-
tions (5,6). Bone resorption-stimulating hormones and
cytokines cnhance the expression of RANKL in ostco-
blasts. Recent studies have shown that tumor necrosis
factor & (TNFa) stimulates osteoclast differentiation
in the presence of M-CSF through a mechanism inde-
pendent of the RANKL/RANK system (7) and that



3820

interleukin-1 (IL-1) acts directly on osteoclasts to induce
bone-resorbing activity (8).

Rheumatoid arthritis (RA) is a chronic inflam-
matory disease characterized by arthritis affecting mul-
tiple joints and the progressive destruction of cartilage
and bone (9). Osteoclasts activated by inflammatory
cylokines are involved in bone destruction in RA. Re-
cent studies have suggested that a progressive synovial
expansion called pannus at sites of bone destruction
plays important roles in osteoclastic bone resorption
(10-12). In addition, osteoclasts formed from circulating
precursors obtained from patients with RA have an
increased bone-resorbing activity compared with those
obtained from normal control subjects (13). However,
the etiology of RA and the mechanism of bone destruc-
tion induced by RA have not yet been eclucidated
completely.

Nurse cells were first recognized in cell suspen-
sions of dissociated (hymus (14). Thymic nurse cclls
supported the differentiation and maturation of T cells.
When hone marrow—derived T cell precursors were
cocultured with thymic nurse cells, the T cell precursors
crawled beneath the thymic nurse cell layers and differ-
entiated into mature thymocytes. This phenomenon,
known as pseudoemperipolesis, is peculiar to nurse cells
and has been used to identify nurse-like cells (NLCs) in
various tissues (15-17). We have established NLC lines
from the synovium and bone marrow of patients with
RA (16,17). NLCs showed characteristics similar to
those of fibroblast-like synoviocytes. NLCs promoted
the activation and differentiation of both B and T
lymphocytes in coculture. It was also shown that stromal
cell-derived factor 1 and CD106 (vascular cell adhesion
molecule 1) were involved in the formation and mainte-
nance of B cell pseudoemperipolesis by RA fibroblast-
like synoviocytes (18).

We recently showed that NLCs promoted the
survival of peripheral blood monocytes as well as B cells
(19). Monocytes supported by NLCs possessed tartrate-
resistant acid phosphatasc (TRAP; a marker enzyme of
osteoclasts) activity and differentiated into osteoclast-
like multinucleated cells in responsc to some cytokines,
including RANKL. However, it is not clear how
fibroblast-like synoviocytes are involved in bone destruc-
tion in RA. In the present study, we examined the ability
of monocytes supported for 4 weeks by NLCs Lo differ-
entiate into osteoclasts in comparison with the ability of
freshly isolated peripheral blood monocytes to do so. We
also examined how NLCs support the survival of osteo-
clast precursors for a long period of culture.

TSUBOI ET AL

MATERIALS AND METHODS

Chemicals. Recombinant human M-CSF (Leukoprol)
was obtained from Kyowa Hakko Kogyo (Tokyo, Japan),
recombinant soluble RANKL and OPG from PeproTech
{London, UK), and recombinant human TNF« and neutraliz-
ing antibody against human M-CSF from Genzyme (Minne-
apolis, MN). We purchased [w,25-dihydroxyvitamin D,
(1e,25[0OH},D;) and prostaglandin E, (PGE.) from Wako
{Osaka, Japan). Human parathyroid hormone (-34 (PTH
1-34) was obtained from Peptide Institute (Osaka, Japan). A
monoclonal antibody against vitronectin receptors {VNRg;
human CD51/61 complex) (23C6) was purchascd from Serotec
(Oxford, UK). A monoclonal antibody against human CD68
(KP1) and polyclonal antibodies against human M-CSF were
from Dako (Glostrup, Denmark) and Santa Cruz Biotechnol-
ogy (Santa Cruz, CA), respectively.

Cells and the coculture system. CDI14+ monocytes
were isolated from peripheral blood using anti-CD14
antibody-coated beads, as described previously (19). NLCs
were established from synovium and bone marrow obtained
[rom paticnts with RA. NLCs were cultured in Dulbeceo’s
modified Eagle’s medium (DMEM; Gibeo BRL, Gaithersburg,
MD) supplemented with 10% fetal calf serum (FCS; Hyclone,
Logan, UT). Half of the medium was replaced weekly with the
fresh medium. Sa0S$-4/3 celis were established from the
Sa0S-2 human osteosarcoma cell ling by transfection with
human PTH/PTH-related protein receptor complementary
DNA (cDNA) (20). Sa05-4/3 cells support human ostcoclast
formation in responsc to PTH in cocultures with haman
peripheral blood mononuclear cefls (20,21).

CD14+ monocytes (5 X 107 cells/well) were cocul-
tured with NLCs (4 X 10* cellsiwell) or with Sa0S-4/3 cells
(4 X 10° cellsfwell) in the presence or absence of PTH (107°M)
for 4 weeks in DMEM supplemented with 10% FCS in 12-well
plates. Neutralizing antibodies against human M-CSF (final
concentrations 50 ng/ml, 500 ng/ml, and 5,000 ng/ml) were
added to some cocultures with NLCs. The culture medium was
replaced every 3 days with the fresh medium. The number of
CD14+ monocytes recovered from the coculture with NLCs or
Sa0S-4/3 cells was counted every week. After coculture for 4
weeks, the floating or weakly adherent CD14+ monocytes
were harvested as NLC-supported CD14+ cells, or NCD14+
monocytes, by gently washing the culture with DMEM supple-
mented with 10% FCS. The ability of NCD14+ monocytes and
CD14+ monocytes to differentiate into osteoclasts was com-
pared as described below.

Osteaoclast formation assay. NCD14+ monocytes (1 X
10%well) and freshly isolated CD14+ monocytes (3 X 10%/well)
were cultured in the presence or absence of M-CSF (25 ng/ml)},
RANKL (40 ng/ml), TNFa (20 ng/ml), or OPG (100 ng/ml) in
a-minimum essential medium (a-MEM: Gibco) supplemented
with 10%% FCS in a 96-well plate. NCD14+ monocytes (2 >~
10%well) were also cocultured with Sa0S-4/3 cells (1 X
10%well) in 48-well plates in o-MEM supplemented with 10%
FCS in the presence or absence of PTH (107°M). Some
cultures were treated with OPG (100 ng/ml). After a specific
period of time, cells were fixed and stained for TRAP using a
TRARP staining kit obtained from Hokudo (Hokkaido, JTapan).

For immunohistochemical staining, cells were fixed
with cold methanol:acetone (50:50 volume/volume) for 10
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Table 1. Sequences of polymerase chain reaction primers*

Primers (5'-3")

Expected
Sense Antisense product size, bp

CDi4 TCCCCACAAGTECCCGGCCATC TCCACCTCGGGCAGCTCGTCAG 313
CD68 TTCCCCCACGCAGCAAAGTGGA ACCCCAAACCCCCTCAGTGCCC 362
CTR TCCATGGACCTGTCATGGCGGC TTGGCGCTTCACGGTGGTTTGG 314

M-CSF GCTTTGCTGAATGCTCCAGC CAGAGGGACATTGGACAAACG 308, 1,201
oraG CCGCCTCCAAGCCCCTGAGGTT ACACGCGGTTGTGGGTGCGATT 400
RANK CTTCGCGTCTGTGGCCCTGGTG CCTGGCATCTTCGCCTIGTGOG 319
RANKL GCATGGCCCCAACGGTACACGA TCAGCTGCGAAGGGGCACATGA 237
TNFRI TTCTTGCCCCCACCCGTCCATC CCAGCCATCCAGGGCCACCTTC 359
yAPDH TGCTCTTGCTGGGGCTGGTGGT TGCCAAGGCTGTGGGCAAGGTC 400

*CTR = calcitonin receptor; M-CSF = macrophage colony-stimulating factor; OPG = ostcoprotegerin; TNFRI = (umor

necrosis factor receptor 1.

minutes and incubated with a monocional antibody against
VNR, an osteoclast-associated antigen. The bound antibodies
werce visualized with biotinylated secondary antibodies. avidin-
biotin-conjugated peroxidase, and an aminoethylcarbazole
substrate kit (Histofine: Nichirei, Tokyo, Japan}.

For the pit-formation assay, NCD14+ and CDIl4+
monocytes were cultured on dentin slices in «-MEM supple-
mented with 109 FCS in 48-well plates (1 slice/well) in the
presence or absence of several of the factors described above.
After 21 days, dentin slices were stained with Mayer’s hema-
toxylin solulion to detect resorplion pits.

Reverse transcription—polymerase chain reaction (RT-
PCR) analysis. Total RNA was extracted from CD14+ (5 X
10° cells) and NCD14+ (5 X 107 cells) monocytes using an
RNeasy Mini kit (Qiagen, Hilden, Germany) according to the
manufacturer’s directions. After treatment with DNase I (Life
Technologies, Rockville, MD), single-stranded ¢cDNA was
synthesized using 2 pg of each RNA sample, 100 ng of random
primers, and 4 units of Omniscript reverse transcriptase (Qia-
gen) in a total reaction volume of 20 ul. Amplification was
performed with 0.5 units of Ex Tag (Takara, Shiga, Japan) in a
total reaction volume of 20 pl containing 1X reaction buffer,
200 uM of each dNTP, and 10 pmoles of each primer. The
PCR conditions were as follows: initial denaturation for 2
minutes at 94°C, then 30 cycles of 30 seconds each at 94°C and
72°C (annealing at 72°C).

To determine the expression of calcitonin receptor
(CTR) messenger RNA (mRNA), NCD14+ monocytes (4 X
10%well) were cocultured with Sa0S$-4/3 cells (2 X 10°Awell) in
6-well plates with or without PTH (107#}) and with or without
PTH (107*M) plus OPG (100 ng/mi). Total RNA extracted
from the coculture was subjected to RT-PCR analysis of CTR
mRNA expression.

To determine the expression of RANKL, OPG, and
M-CSF mRNA, NLCs (5 X 10%dish) or Sa0$-4/3 celis (5 x
10¢/dish) were cultured for 3 days in a 10-cm culture dish in the
presence or absence of PTH (107%), PGE, (107°M), or
1,25(0H),D, (10*M). Total RNA was then extracted from
the cells and subjected to a RT-PCR analysis of RANKL,
OPG, and M-CSF mRNA expression.

A fragment of GAPDH ¢DNA was amplified as a
control in all reactions. Aliquots of the PCR products were
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subjected to electrophoresis on 1.5% agarose gels and visual-
ized by staining with ethidium bromide. In all cases, reproduc-
ibility was confirmed in triplicate experiments. The primer scts
for CD14, CD68, CTR, M-CSF, OPG, RANK, RANKL, TNF
receptor T (TNFRI), and GAPDH are shown in Table 1.

Immunohistochemical and TRAP staining of tissue
samples from RA patients. Tissue samples, including the
bone-synovium interface, were obtained during total knee
arthroplasty in 5 RA patients, after they provided informed
conseut. The American College of Rheumatology (formerly,
the American Rheumatism Association) criteria were used for
the diagnosis of RA (22). The clinical features ol the RA
patients are summarized in Table 2.

Tissue samples were fixed in 4% paraformaldehyde at
4°C for 24 hours and decalcified in 20% EDTA for 2 hours in
a microwave oven (H2800 Microwave Processor; Energy Beam
Sciences, Agawam, MA) at 50°C and then for 22 hours at 4°C

23). Next, the samples were dehydrated through an ethanol
series and embedded in paraffin. Sections (4 um thick) were
cut with a microtome and stained with TRAP and immunohis-
tochemical stains. Immunohistochemical staining was per-
formed by the streptavidin-biotin-peroxidase complex tech-
nique using a Histofine SAB-PO kit (Nichirei) according to the
manufacturer’s instructions, Briefly, after blacking endogenous
peroxidase and nonspecific antigens, tissue sections were incu-

Table 2. Characieristics of the rheumatoid arthritis patients at the
time of surgery*

No. of men/wamen /5
Age, mean (range) years 62.2 (57-68)
CRP. mean (range) mg/di 1.76 (0.9-4.4)
Disease duration, mean (range) years 20.8 (14-28)
No. taking NSAIDs N
Treatment during previous 6 months, no. of patients

Gold salts

Bucillamine

Methotrexate

Predoisolone

o

* CRP = C-reactive protein; NSAIDs = nonsteroidal antiinflamma-
tory drugs.
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Figure 1. Osteoclast formation from CD14+ manocyles and nurse-like cell-supported CD 14+ (NCD14+) monocytes. A, CD14+ monucyles were
cultured for 7 days with or without macrophage colony-stimulating factor (M-CSF; 25 ng/ml), RANKL (40 ng/ml), M-CSF (25 ng/ml) plus RANKL
(40 ng/ml), or M-CSF (25 ng/ml) plus RANKL (40 ng/mi} plus osteoprotegerin (OPG; 100 ng/ml). NCD14+ monocytes were similarly cultured for
14 days. Cultures were then fixed and stained for tartrate-resistant acid phosphatase (TRAP) or for vitronectin receptor (VNR). For the
pit-formation assay, NCDD14+ and CD14+ monocyles were cultured on dentin slices in the presence or absence of several of the factors described
above. After 21 days in culture, dentin slices were stained with Mayer's hematoxylin to detect resorption pits. Bar = 100 wm. B, CD14+ and
NCD 14+ monocytes were cultured for 7 and 14 days, respectively, with M-CSF (25 ng/ml) plus tumor necrosis factor « (TNFa; 20 ng/ml) in the
presence or absence of OPG (100 ng/ml). Cultures were stained for TRAP or VNR. Bar = 100 um. €, Total RNA was cxtracted from CD14++ and
NCD14+ monoceyles, and the expression of mRNA for RANK, TNF receptor [ (TNFRI), CD14, CD68E, and GAPIH was analyzed by reverse
Lranscription—~polymerase chain reaction.
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bated with primary antibodies against M-CSF and CD68 for 24
hours at 4°C. The sections were washed with phosphate
buffered saline and incubated with the secondary antibody,
followed by peroxidase-conjugated streptavidin (Nichirei). Af-
ter a wash with phosphate buffered saline, the sections were
incubated with 3,3"-diaminobenzidine tetrahydrochloride
(Dojindo, Kumamoto, Japan) to detect peroxidase activity and
then counterstained with hematoxylin. TRAP was detected
using a TRAP staining kit (Hokudo).

Statistical analysis. The statistical significance of dif-
ferences was analyzed using Student’s ¢-test. P values less than
0.05 were considered significant. All results are representative
of at least 3 individual experiments.

RESULTS

Cytokine-induced osteoclast formation from
CD14+ and NCD144+ monocytes. CD14+ monocytes
were prepared from peripheral blood, and NCD14+
monocytes were prepared from CD14+ monocytes and
NLCs that had been cocultured for 4 weeks. CD14+
monocytes were cultured for 7 days with or without
M-CSF, RANKL, M-CSF plus RANKL, or M-CSF plus
RANKIL. plus OPG. Multinucleated cells positive for
both TRAP and VNR were formed in the presence of
M-CSF plus RANKL (Figure 1A). When CD14+ mono-
cytes were cultured on dentin slices, resorption pits on
the slices were observed only in the culture treated with
M-CSF plus RANKL.. Addition of OPG, a decoy recep-
tor for RANKL, to the CD14+ culture treated with
M-CSF plus RANKL inhibited the formation of
TRAP+ and VNR+ multinucleated cells. Pit formation
on dentin slices induced by M-CSF plus RANKI. was
inhibited by the addition of OPG to the CD14+ culture.

Similarly, NCD14+ monocytes differentiated
into TRAP+ and VNR+ multinucleated cells in re-
sponse to M-CSF plus RANKL (Figure 1A). The for-
mation of TRAP+ and VNR+ multinucleated cells
from NCDI14+ monocytes was completely inhibited by
the addition of OPG. However, a longer culture period
was required to induce the multinucleated cells in
NCD14+ cultures (7-14 days) than to induce them in
CDI14+ cultures (7 days). Resorption pits were also
detected on dentin slices on which NCD14+ monocytes
had been cultured in the presence of M-CSF plus
RANKIL.

Both CD14+ and NCD14+ monocytes ditferen-
tiated into TRAP+ and VNR+ multinucleated cells in
response (0 TNFa instead of RANKL in the presence of
M-CSF (Figure 1B). OPG failed to inhibit the formation
of TNFa-induced TRAP+ and VNR+ multinucleated
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2. PTH
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Figure 2. Osteoclast formation {rom nurse-like cell-supported
CD14+ (NCD14+) monocytes in coculture with 8a08-4/3 cells. A,
NCD4+ monocytes were cocultured with Sa0S-4/3 cells in the
presence or absence of parathyroid hormone (PTH; 1-*M). Osteo-
protegerin (OPG; 100 ng/ml) was added to some cocultures treated
with PTH. After 14 days, cells were fixed and stained for tartrate-
resistant acid phosphatase (TRAP) or vitroneetin receptor (VNR).
Bar = 100 pm. B, NCDI4+ monocytes and Sa0S$-4/3 cells were
cocultured for 14 days with vehicle (control) (lane 1), PTH (107"4)
(lane 2), and PTH (107*M) plus OPG (100 ng/mi) (lane 3). Total RNA
was extracted from the cocultures, and the expression of mRNA for
calcitonin receptor (CTR) and GAPDIH was analyzed by reverse
transcription—polymerase chain reaction.

cells in CD14+ and NCD14+ cultures. RT-PCR analy-
sis showed that CD14+ and NCD14+ monocytes ex-
pressed similar levels of mRNA for the monocyte/
macrophage-associated antigens CD14 and CD68
(Figure 1C). Both cell populations expressed mRNA for
RANK (the receptor for RANKIL) and TNFRI (the type
I TNF receptor).
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Figure 3. Importance ol monocyte colony-stimulating factor (M-CSF) produced by SaOS-4/3 cells and nurse-like cells (NLCs) in the maintenance
ol CD14+ monoeytes. A, Survival of CD14+ monocytes in cultures with or without NLCs or 8a08-443 cells. a, CD14+ monocytes were cultured
with and without NLCs for 28 days, and the number of CD14+ monocytes recovered each week was counted. by, CD14+ monocytes were cultured
with 8a03S-4/3 cells in the presence and absence of parathyroid hormone (PTH; 107%M), and the number of CD14+ monocytes recovered each week
was counted. * = P < 0.01. ¢ and d, Monocyte cultures with and without NLCs, respectively. e and f, Monacyte cultures with Sa(38-4/3 cells in the
presence and absence of PTH, respectively. (Original magnification X 40.) B, Total RNA was extracted from NLCs (lane 1) and from $§a08-4/3 cells
ireated for 3 days with (lane 2) or without (lane 3) PTH (107*47), and the expression of mRNA for M-CSF (scereted and membrane-bound forms).
RANKI.. ostcoprotegerin (OPG), and GAPDH was analyzed by reverse transeription—polymerase chain reaction (RT-PCR). €, CD14+ monocytes
were cocuttured with NLCs in the presence of increasing concentrations ol neutralizing antibodics (Ab) against human M-CSF. and the number of
CD14+ monocyles recovered each week was counted. % = P < 0.01; %% = P <2 (.05 versus cultures withouat antibodies. D, NLCs were treated with
vehicle (control) (lane 1), PTH (107°M) (lane 2), prostaglandin E, (107°M) (lane 3). and {a,25-dihydroxyvitamin D5 (107°M) (lane 4). After 23 days,
total RNA was extracted from NLCs, and the expression of mRNA tor RANKIL. and GAPDIH was analyzed by RT-PCR.

Osteoclast formation from CD144 and NCD14+ OPG. The mRNA for CTR, one of the most reliable

monocytes in coculture with Sa08§-4/3 cells. When
NCD14+ monocytes were cocultured for 7 days with
Sa08-4/3 cells, TRAP+ and VNR+ osteoclasts formed
in the presence of PTH (Figure 2A). This osteoclast
formation was completely inhibited by the addition of

signals for osteoclast differentiation, was detected in the
coculture treated with PTH, but not in the coculture
treated with PTH together with OPG (Figure 2B). Thus,
NCD14+ monocytes differentiated into osteoclasts
through their interaction with specialized stromal cells
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Figure 4. Localization of cells positive for tartrate-resistant acid phosphatase (TRAP), macrophage
colony-stimulating factor {M-CSF). and CD68 in arecas adjacent to the interface between bone and the
progressive expansion of synovium in patients with rheumatoid arthritis. A, Some specimens stained
positive for TRAP. Arrows indicate TRAP+ multinucleated cells; arrowheads indicate TRAP+ mono-
auclear cells. The other specimens were immunochistocnemically stained with B, isotype countrol. C,
antibodies against human M-CSF, and D, antibodies against CD68. Arrowheads in C indicate M-CSF+
synovial cells. Arrowheads in D indicate CD68+ monocytes; arvows in B indicate CI68+ multinucicated
osteoctasts. Bosed arcas in &, C. and D are shown al higher magnification underncath the respective

panels (original magnification « 100). Bar = 100 pm.

that possess the ability to support osteoclast differenti-
ation.

Involvement of M-CSF in the NLC-supported
survival of CD144 monocytes. When CD14+ mono-
cytes were cultured without NLCs, almost all of the
CD14+ monocytes disappeared within a week (Figure
3A, parts a and d). Approximately 40% of CD14+
monocytes survived for 4 weeks in coculture with NLCs
(Figure 3A, parts a and c). Sa0S-4/3 cells could not
promote the survival of CD14+ monocytes in the ab-
sence of PTH (Figure 3A, parts b and f). However,
treatment of the coculture with PTH enhanced the
survival of CD14+ monocytes (Figure 3A, parts b and
¢). Furthermore, multinucleated cells were observed
after a 4-week culture in the PTH-treated coculture
(Figure 3A, part e). In contrast, multinucleated cells
were niol detected in cocultures with NLCs (Figure 3A,
part ¢). These results suggested that PTH induced the
expression of a cytokine(s) that promoted the survival of
CD14+ monocytes and their resultant osteoclast forma-
tion.

We previously reported that treatment of 5a08-
473 cells with PTH stimulated the expression of mRNA
for both the membrane-associated and secreted forms of
M-CSF (21). RT-PCR analysis showed that NLCs con-
stitutively expressed mRNA for the secreted form of

M-CSF and for OPG, but not for RANKL (Figure 3B).
In contrast, neither M-CSF mRNA nor RANKL mRNA
was expressed in 5a0S-4/3 cells in the absence of PTH,
but the expression of mRNA for both the membrane-
associated and secreted forms of M-CSF as well as for
RANKL was induced in PTH-treated $a0S-4/3 cells
(Figure 3B). OPG mRNA expression in Sa0S-4/3 cells
was not affected by PTH.

When cocultures of CD14+ monocytes and
NLCs were treated with neutralizing antibodies against
human M-CSF, the number of CD14+ monocytes that
survived in the coculture decreased in a dose-dependent
maoner (Figure 3C). Higher concentrations of the anti-
body (500 and 5,000 ng/ml) almost completely blocked
the survival of CD14+ monocytes in the coculture. In
contrast to Sa0S$-4/3 cells, NLCs failed to express
RANKL mRNA in response o PTH, PGE,, or
1¢,25(0OH),D;, which are known to stimulate RANKI.
expression in mouse osteoblasts/bone marrow stromal
cells (Figure 3D). Osteoclasts were not formed in the
coculture of NLCs and CD14+ monocytes, even in the
presence of such RANKL-inducing factors (data not
shown).

Histologic examination of sites of bone destruc-
tion in RA patients. We examined the distribution of
CD68+ monocytes, TRAP+ osteoclasts, and M-CSF+
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Figure 5. Possible role of nurse-like cells (NLCs) in bone destruction
during progressive synovial expansion in rheumatoid arthritis (RA).
NLCs show characteristics of fibroblast-like synoviocytes. NLCs sup-
port the survival of CDI14+ monocytes as osteoclast precursors
through the production of macrophage colony-stimulating factor (M-
CSF). The resultant osteoclast precursors differentiate into osteoclasts
that resorb bone in response to RANKL produced by osteoblasts and
activated T cells. Thus, fibroblast-like synoviocyles presenl in RA
synovium play important roles in RA-induced bone destruction by
maintaining CD14+ monocytes that do not lose the capacity to
differentiate into osteoctasts.

stromal cells in areas of progressive synovial expansion
into bone in RA patients (Figure 4). TRAP+ multinu-
cleated cells were detected along the surface of the bone
and TRAP+ mononuclear cells were also detected in
the pannus surrounding the damaged bone (Figure 4A).
M-CSF+ cells were present in fibroblast-like synovio-
cytes surrounding areas of bone destruction (Figure 4C).
CD68+ multinucleated cells and monocytes were de-
tected at the bone—pannus interface and in the pannus
surrounding the damaged bone (Figure 4D). Consistent
with previous studies (12), we found that some multinu-
cleated osteoclasts were positive for CD68. Thus,
CD68+ monocytes and M-CSF+ synoviocytes were
colocalized in arcas adjacent lo destroyed bone in RA
patients.

DISCUSSION

In the present study, we demonstrated that NLCs
support the survival of monocytes for a long period of
time and that the resultant monocytes differentiate into
osteoclasts in the presence of M-CSF together with
RANKL or TNFa. Moreover, we revealed that M-CSF
is one of the key molecules needed for NLCs to maintain
monocytes without losing their capacity to differentiate
into osteoclasts. CD68+ monocytes and M-CSF+ syno-
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viocytes were colocalized in areas adjacent to destroyed
bone in RA paticnts. These results suggest that
fibroblast-like synoviocytes play an important role in
hone destruction by continuously providing ostcoclast
precursors (Figure 5).

We compared the capacity of 2 types of cells,
CD14+ and NCD14+ monocytes, to differentiate into
osteoclasts. Consistent with the findings of previous
studies (24-26), CD14+ monocytes differentiated into
mature osteoclasts when stimulated with M-CSF and
RANKL/TNFa. Mature osteoclasts were also generated
from NCDI14+ monocytes by treatment with M-CSF
plus cither RANKL or TNFa. NCDI14+ monocytes
expressed mRNA for RANK and TNFRI, suggesting
that these cells could respond to RANKL and TNFa.
S5a085-4/3 cells supported the differentiation of NCD14+
monocytes into osteoclasts in cocultures treated with
PTH. Thus, NCD14+ monocytes interacted normally
with stromal cells to receive RANKL and M-CSF sig-
nals. These results suggest that NCD14+ monocytes
fulfill a phenotype of the osteoclast precursor,

M-CSF is known 1o induce the proliferation and
maturation of monocyte/macrophages. Sa0S8-4/3 cells
maintained CD14-+ monocytes in the presence, but not
the absence, of PTH. 5a08-4/3 cells produced M-CSF in
response to PTH. NLCs constitutively expressed mRNA
for the secreted type of M-CSF, and neutralizing anti-
bodies against M-CSF strongly inhibited the NLC-
supported survival of CD14+ monocytes. Using the
mice transgenic for human TNF« as a model of erosive
arthritis, Li et al (27) demonstrated that RANK signal-
ing is not required for an increase in osteoclast precur-
sors but is essential for ostcoctast formation. Consistent
with their finding, NLCs were able to support osteoclast
precursors in the absence of RANKL. The monocyte-
supporting activity found in NLCs appears 1o be a
dominant trait of synovial cells. In fact, CD68+ mono-
cytes and M-CSF+ synoviocytes were colocalized adja-
cent to areas of destroyed bone in RA patients. These
results suggest that M-CSF produced by synoviocytes is
involved not only in the formation of osteoclasts, but
also in the maintenance ot osteoclast precursors in the
vicinity of RA-induced bone loss (Figure 5).

It is well known that M-CSF is synthesized by
mesenchymal cells, including fibroblasts and osteoblasts
(28-30). Therefore, we examined whether fibroblastic
stromal cells other than Sa0S-4/3 cells and NLCs could
support the survival of CD14+ monocytes. Human skin
fibroblasts derived from healthy volunteer donors and
from human osteosarcoma MGG3 cells supported the
survival of CD14+ monocytes for 4 weeks, as the NLCs
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had done (data not shown). These CD14+ monocytes
obtained from cocultures with skin fibroblasts or MG63
cells differentiated into TRAP+ multinucleated cells in
the presence of RANKL and M-CSF. These results
support the conclusion that M-CSF produced by NLCs
plays an essential role in the survival of osteoclast
precursors for a long culture period.

The formation of osteoclasts from NCD14+
monocytes was observed in cocultures with Sa08-4/3
cells treated with PTH, but not those treated with NLCs.
Sa08-4/3 cells expressed RANKL upon (reatment with
PTH, but NLCs could not express RANKL mRNA in
response Lo any osteotrapic factors. NLCs established
from different patients all supported the survival of
CD14+ monacytes (16), but none of them supported
osteoclast formation in the presence of any osteolropic
factors (data not shown). In contrast, several groups
of researchers have reported that RA synovial fibro-
blasts support osteoclast formation in cocultures with
peripheral blood mononuclear cells (11,26). Takayanagi
et al {26) and Shigeyama et al (12) showed that RA
synovial fibroblasts express RANKL in Lhe presence of
1e,25(OH),D4. Gravallese et al (10) reported that the
cxpression of RANKL in synovial fibroblasts is difficult
to detect in prolonged cultures. This assertion may
support our findings concerning the characteristics of
NLCs.

We previously demonstrated that NLCs may play
an important role in disease pathogenesis by producing
large amounts of cytokines and maintaining infiltrating
lymphocytes (16,31). Burger et al (18,32) reported that
blood-derived NLCs protect B cells from apoptosis
through the production of stromal cell-derived factor 1.
They also described the supporting mechanism, pseudo-
enmperipolesis, in detail. Using Transwell culture plates,
we confirmed that CD14+ monocytes survived for 4
weeks in the coculture with NLCs, even in the absence of
the direct contact with NLCs. However, when those cells
were further cultured with RANKL plus M-CSF, only a
tew osteoclasts were formed (data not shown). When
cultured with M-CSF, CD14+ monocytes survived for 4
weeks, but could not differentiate into osteaclasts in the
presence of M-CSF plus RANKL (data not shown).
These results suggest that another unidentified stromal
factor(s) is required to maintain CD14+ monocytes for
a long period without the loss of their capacity to
differentiate into osteoclasts.

Histologic examinations showed that numerous
M-CSF+ stromal cells were detected in the vicinity of
damaged bone in RA patients. Consistent with our
results, it was previously shown that RA synovial fibro-

blasts expressed M-CSF (33) and that the concentration
of M-CSF in synovial fluid was higher in RA patients
than in patients with osteoarthritis (34). Morcover, a
number of CD68+ cells and TRAP+ cells were colocal-
ized in areas adjacent to the same sites of destroyed
bone in RA patients. These results suggest that synovio-
cytes appedr to participate in the recruitment and main-
tenance of osteoclast precursors in the vicinity of RA-
induced bone loss (Figure 5).

In conclusion, our study suggests that NLCs are
involved in RA-induced bone destruction by maintaining
osteoclast precursors in areas of progressive synovial
expansion. M-CSF constitutively produced by synovial
fibroblasts is essential in the maintenance of osteoclast
precursors in the vicinity of damaged bone. Therefore,
blocking of the M-CSF pathway as well as the RANKL
pathway may be a therapeutic targel for the prevention
of bone destruction caused by synovial expansion in
paticnts with RA.
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Bone tissue engineering with porous hydroxyapatite ceramics

Abstract The main principle of bone tissue engincering
strategy is to use an osteoconductive porous scaffold in
combination with osteoinductive molecules or csteogenic
cells. The requirements for a scaffold in bone regeneration
arc: (1) biocompatibility, (2) ostcoconductivity, (3) intcr-
connected porous structure, (4) appropriate mechanical
strength, and (5) biodegradability. We recently developed a
fully interconnected porous hydroxyapatite (IP-CHA) by
adopting the “form-gel” technique. IP-CHA has a three-
dimensional structure with spherical pores of uniform size
that are interconnected by window-like holes; the material
also  demonstrated adequate compression strength.
In animal experiments, IP-CHA showed superior
osteoconduction, with the majority of pores filled with
ncwly formed bone. The interconnccted porous structurc
facilitates bone tissue engineering by allowing the introduc-
tion of bone cells, osteotropic agents, or vasculature into the
pores. In this article, we review the accumulated data on
bonc tissuc engincering using the novel scaffold, focusing
especially on new techniques in combination with bone
morphogenetic protein (BMP) or mesenchymal stem cells.

Key words Bone - Hydroxyapatite ceramics - Tissue engi-
neering - Mesenchymal cell

introduction

Bone tissue has a vigorous potential for regencration in
itself, as observed in fracture healing. However, to recon-
struct a large bony defect or to treat poor bone-healing
conditions, bone grafts are required. Up to the present,
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autogenous bone grafting has been the gold standard
because of its obvious advantages in osteogenic capacity,
osteoconduction, mechanical properties. and the lack of
adverse immunological response. Ou the other hand, autog-
cnous bone grafting techniques have somc limitations,' such
as the requircment of additional surgery for harvesting, the
availability of grafts of sufficient size and shape, and the risk
of donor site morbidity,” * which may include fracture, long-
lasting pain, nerve damage, and infection. Therefore, in the
ficld of orthopedics or cramofacial surgery, many kinds of
biomaterials have been developed as bone substitutes, such
as ceramics, polymers, metals, and organic or non-organic
bone substitutes.*”’

Among them, hydroxyapatite (HA) ceramics have been
uscd extensively as a substitute in bonc grafts,™™ because
the crystalline phase of natural bone is basically HA. The
ceramics are available as dense or porous types and as
granules or blocks. Different pore sizes, porosities, and
strengths are also available. However, recent clinical evi-
dence has revealed that the pores arc not replaced with new
bone for a substantial period of time, probably due to the
limited interconnection of the pores.” We recently devel-
oped a fully interconnected porous form of hydroxyapatite
ceramic (IP-CHA) to overcome this disadvantage.” An-
other problem of HA is that it is osteoconductive, but not
osteoinductive. If the ceramics themselves possessed bone-
forming activity, their clinical applications would be greatly
expanded. With these facts in mind, we have tried to de-
vclop a new bone tissuc engineering system using IP-CHA
in combination with bone morphogenetic protein (BMP),
mesenchymal stem cells from bone marrow. and vascular
prefabrication.

Imterconnected porous hydroxyapatite ceramics

We have developed a fully interconnected porous HA ce-
ramic (IP-CHA. NEOBONE): porosity 75%. average pore
size 150um. and average interpore connections 40um, by
adopting the “foam-gel” technique (Fig. 1)." This approach
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Fig. 1A,B. Macroscopic and microscopic photographs of intercon-
nected porous hydroxyapatite (TP-CHA, NEOBONE). A The differ-
ent types of IP-CHA. The materials were manufactured by Toshiba
Ceramics. B Scanning electron microscopy (SEM) showed the micro-

involves a crosslinking polymerization step that gelatinizes
the foam-like CHA slurry in a rapid manner, thus
promoting the formation of an interconnected porous struc-
ture. The wall surface of IP-CHA is very smooth and HA
particles are aligned closely to one another and bound
tightly.

In IP-CHA, the majority of the interpore connections
ranged from 10-80pm in diameter, with a maximum peak at
about 40 wm, which would theoretically be permissive to cell
migration or tissue invasion from pore to pore.” The com-
pression strength of TP-CHA is 12MPay, while the compres-
sion strength of cancellous bone is 1-12MPa.™

Osteoconduction in vivo

We histologically analyzed bone ingrowth in cylindrical
blocks (6mm in diameter) of TP-CHA using the rabbit
fernoral condyle model.'™" Within 6 weeks after implanta-
tion of IP-CHA, mature bone ingrowth was scen in all
the pores throughout the block. In the pores, bone, bone
marrow formation through interpore conncctions with
osteoblastic rimming, and vessels were all observed. We
also examined the sequential change in the compression
strength of the IP-CHA implanted in rabbit femoral
condyle. The initial compressive strength of IP-CHA was
approximately 10-12MPa. The implanted IP-CHA steadily
increased its compressive strength with time until 9 weeks
after implantation, finally reaching a value of about
30MPa.'"

Bone tissue engineering with bone
morphogenetic protein

Bone morphogenetic protein (BMP) is a biologically active
molecule capable of inducing new bone formation. We

structures of TP-CHA. Spherical pores (100-200pm in diameter) were
divided by thin walls and interconnected by interpores (10-80um in
diameter)

have analyzed the elficacy of TP-CHA as a delivery system
for recombinant human BMP-2 (thBMP-2). We combined
two biomaterials to construct a carrier/scaffold system for
rhBMP-2: IP-CHA and a synthetic biodegradable polymer
poly p,r.-lactic acid-polyethyleneglycol block co-polymer
(PLA-PEG).”” We used a rabbit radius model o evaluate
the bone-regenerating activity of thBMP-2/PLA-PEG/IP-
CHA composite. At 8 weeks after implantation, all bone
defects in groups treated with Spug of thBMP-2 were com-
pletely repaired with sufficient strength (Fig. 2).* Using this
carrier scaflold system, we reduced the amount of rthBMP-
2 necessary for such results to about a tenth of the amount
needed in previous studies. Enhancement of bone forma-
tion is probably due to the superior osteoconduction ability
of IP-CHA and the optimal drug delivery system provided
by PLA-PEG. The synthetic biodegradable polymer PLA-
PEG/TP-CHA composite is an excellent carrier/scaffold de-
livery system for thBMP-2, and strongly encourages the
clinical effects of thBMP-2 in bone tissue regeneration.

Bone tissue engineering with mesenchymal stem cells

We investigated whether IP-CHA can be utilized as a scaf-
fold for ccll-based bonc tissuc cngincering using the rat
subcutancous model of Ohgushi et al”™* We used bone-
derived mesenchymal stem cells as a source of bone-
producing cells. Bone marrow cells were collected from the
fermur of rats and were cultivated in minimal essential me-
dinm supplemented with 15% fetal bovine serum. IP-CHA
discs (R = Smm, 4 = 2mm) were soaked in the cell suspen-
sion overnight and further cultured in the same medium
with B-glycerophosphate, ascorbic acid, and dexamethasone
for 14 days. The discs were then implanted into the subcuta-
neous tissuce of rats and harvested 2-8 weeks after implanta-
tion. All the implants showed bone formation inside the
pore areas as evidenced by decalcified histological sections
and microcomputed tomography images (Fig. 3).7* The

~138~



Tig. 2A,B. Soft X-ray photographs of the healing of a bone defect in a
rabbit radius. A The IP-CHA-alone group at 8 weeks after implanta-
tion. Radiolucent lines are clearly visible between the TP-CHA and host
bone, and the radiodensity of IP-CHA did not increase. B The recom-
binant human bone morphogenetic protein 2 (thBMP-2, 5pg)/IP-CHA
group at 8 weeks after implantation, Bony unions were observed at the
junction sites and the radiodensity of IP-CHA increased

Fig. 3. New bone formation within the IP-CHA with bone marrow-
derived mesenchymal stem cells. The IP-CHA was vecovered {rom rat
subcutaneous tissue 4 weeks after implantation. Most of the pores were
filled with newly formed bone (H.E. staining)

bone volume increased over time. At 8 weeks after implan-
tation, extensive bone volume was detected not only in the
surface pore areas but also in the center pore areas of the
implants. The combination of IP-CHA and mesenchymal
cells could be used as an excellent bone graft substitute
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because of its mechanical properties and capability of in-
ducing bone formation.

Bone tissue engineering with vascular prefabrication

A vascular network and sufficient blood supply are essential
for bonc repeneration. Introduction of vasculaturc into po-
rous implants is another important aspect in regeneration
for larger bone defects. We investigated the possibility of
integrating TP-CHA with a capillary vessel network via in-
sertion of a vascular pedicle to determine whether this pro-
cedure enhanced new bone {formation in tissue enginecring.
This kind of approach to support blood supply gencration in
porous biomaterials has also been reported by others using
subcutaneous tissue and muscle flaps.” TP-CHA loaded
with 10ug of rhBMP-2 was implanted subcutancously into
rat groin with insertion of superficial inferior epigastric
vessels. At 3 weeks, IP-CHA/BMP composite with vascular
insertion exhibited abundant new bone formation in the
pores of the deep portion close to the inserted vessels
(Fig. 4)."™ This novel system of integrating a vascular nct-
work with IP-CHA is considered a useful technique for
bone tissue engineering.

Application for cartilage repair

Several investigators have reported on the repair of articu-
lar cartilage defects using diverse approaches such as gene-
enhanced techniques, divect injection of growth factors, and
in vitro cell expansion.” ™ but the repair remains a major
obstacle in tissue engineering. We developed a new techunol-
ogy for articular cartilage repair, consisting of a triple
composite of thBMP-2, PLA-PEG polymer and IP-CHA,
to induce regeneration of both subchondral bone and ar-
ticular cartilage. Full-thickness cartilage defects in the rab-
bit were filled with the thBMP-2 (20ug)/PLA-PEG/
IP-CHA composite. One week after implantation, a vigor-
ous repair had occurred in the subchondral defect and an
agglomeration of mesenchymal cells, migrated (rom the sur-
rounded bone marrow via the interconnecting pores of the
TP-CHA, was detected, At 6 weeks, subchondral defects
were completely repaired by subchondral bone and articu-
lar cartilage covered the bone (Fig. 5).” The regenerated
cartilage manifested a hyaline-like appearance, with a co-
lumnar organization of chondrocytes and a mature matrix.
This novel cell-free technology using the triple composite of
thBMP-2, PLA-PEG. and IP-CHA could mark a ncw de-
velopment in the field of articular cartilage repair.

Conclusion and perspectives

The three-dimensional fully interconnected porous struc-
ture of IP-CHA encourages bone ingrowth in the material
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Fig. 4A,B. Prefabrication of the IP-CHA with vascular network. A Rat
superficial inferior epigastric vessels (arrow) were exposed and inserted

into a 1P-CHA cylindrical block, and then implanted into rat subcutane-
ous lissue. B Bone formation in the central portion of IP-CHA (arrow)

with 10ug of rhBMP-2

Fig. SA.B. Articular cartilage repair by the BMP/poly b, -lactic acid-
polyethylenglycol (PLA-PEGYTP-CHA composite. Arrows indicate
the margins of the defect: HA, IP-CHA (H.E. staining). A PLA-PEG/
IP-CHA group at 6 weeks after implantation. Subchondral bone was

regenerated, but no articular cartilage was observed. B BMP/PLA-
PEG/IP-CHA group at 6 weeks after implantation, Well-oreanized
hyaline-like cartilage covering the regencrated subchondral bone was
observed
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Fig. 6. Macroscopic (A) and microscopic (SEM) (B) photographs of the solid/interconnected porous HA composite

and eventually leads to good incorporation of the material
into host bone. The synthetic scaffold can be prefabricated
into specific sizes and shapes to match bone defects, and even
into a composite with the solid form of HA in order to
reinforce its initial mechanical strength (Fig. 6). We believe
that TP-CHA itself is an excellent bone substitute for filling
bone defects and should be considered as an alternative to
autogenous bone. In addition, IP-CHA could serve as a good
scaffold for cytokine-based or cell-based tissue-engineered
bone and cartilage. In fact, we have been successful in bone
tissue engineering using thBMP-2, mesenchymal cells, or
vasculature in animals. IP-CHA can be also applied to articu-
lar cartilage repair. IP-CHA is now commercially available,
and we have applied IP-CHA as a bone substitute for the
treatment of more than 50 patients with benign bone tumors
or nonunion of a fracture, and obtained some favorable
clinical results. Recently, we started a clinical study with the
combination of TP-CHA and autologous mesenchymal cells
for bone tissue repair. Additional studies with larger animals
including dogs or monkeys and precise clinical evaluation
are necessary, but we believe that bone tissue engineering
with IP-CHA offers new approaches to the treatment of
patients requiring skeletal reconstruction.
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