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Macrophage inflammatory proteir1s an osteoclastogenic factor in myeloma

that is independent of receptor activator of nuclear fadiligand

Je-Ho Han, Sun Jin Choi, Noriyoshi Kurihara, Masanori Koide, Yasuo Oba, and G. David Roodman

A complementary DNA expression library
derived from marrow samples from my-
eloma patients was recently screened and
human macrophage inflammatory pro-
tein-la (hMIP-1a) was identified as an
osteoclastogenic factor expressed in
these samples. hMIP-1 « enhanced osteo-
clast (OCL) formation in human marrow
cultures and by highly purified OCL pre-
cursors in a dose-dependent manner (5-
200 pg/mL). Furthermore, hMIP-1 « en-
hanced OCL formation induced by human

hanced OCL formation induced by para-
thyroid hormone-related protein (PTHrP)
and receptor activator of nuclear factor
kB ligand (RANKL), factors also impli-
cated in myeloma bone disease. Time-

course studies revealed that the hMIP-1  «

acted during the last 2 weeks of the
3-week culture period. Reverse transcrip-
tion—polymerase chain reaction analysis
showed that the chemokine receptors for
hMIP-1a (CCR1 and CCR5) were ex-
pressed by human bone marrow and

strate that hMIP-1 « is an osteoclastogenic
factor that appears to act directly on
human OCL progenitors and acts at the
later stages of OCL differentiation. These
data further suggest that in patients with
myeloma, MIP-1 « produced by myeloma
cells, in combination with RANKL and
IL-6 that are produced by marrow stromal
cells in response to myeloma cells, en-
hances OCL formation through their com-
bined effects on OCL precursors. (Blood.
2001;97:3349-3353)

interleukin-6 (IL-6), which is produced by
marrow stromal cells when they interact
with myeloma cells. hMIP-1 « also en-

highly purified early OCL precursors. Fur-
thermore, hMIP-1 a did not increase ex-

pression of RANKL. These data demon- © 2001 by The American Society of Hematology

Introduction

Bone destruction is a common manifestation of multiple myelonthe increased OCL stimulatory activity present in marrow superna-
and results from increased osteoclastic bone resorption in areasaofts from patients with active myeloma. In this study, we
bone adjacent to myeloma celdMany efforts have been made toevaluated the osteoclastogenic activity of hMie-ih normal
identify the osteoclast stimulatory factor (OSF) in myeloma. Ihuman bone marrow cultures to further investigate the potential
vitro studies have implicated several cytokines as responsible faechanism of action of hMIPelin multiple myeloma.

bone destruction in myeloma, including interleukif-@L-1),34
interleukin-6 (IL-6)> and lymphotoxirf. However, none of these
cytokines is consistently elevated in peripheral blood or marrow R;I
patients with multiple myeloma. Recently, we screened a human
myeloma complementary DNA (cDNA) expression library derive@iuman bone marrow cultures
from marrow samples of myeloma patients and identified human

. . Nonadherent normal human marrow mononuclear cells were prepared as
macrophage inflammatory proteire1(hMIP-1a), also termed . . L . .
reviously describédand resuspended in-minimum essential media

CCL3/ as an osteoclastogenic factor expressed in these-sp CMEM)/20% horse serumoMEM, Gibco, Grand Island, NY: horse
mens? Levels of hMIP-k were elevated in the bone marroWserym, Hyclone, Logan, UT) at t@ells/mL in quadruplicate determina
supernatants of 62% of patients with active myeloma, wheregsns. The marrow cells (X 10° cells/well) were plated in 96-well plates in
increased concentrations of hMIR-protein were detected in only the presence or absence of varying concentrations of recombinant human
17% of patients with stable myeloma and were undetectable MiP-1a, IL-6, parathyroid-related protein (PTHrP), receptor activator of
normal marrow plasma samples. Furthermore, addition of ngclear factorB ligand (RANKL) and/or 1,25-dihydroxyvitamin D
neutralizing antibody to hMIP<lto human bone marrow cultures (1,25-(OH}D3) ("MIP-1a and IL-6 from R&D Systems, Minneapolis MN;
treated with freshly isolated marrow supernatants from myelonhd P from Bachem, Torrance, CA; RANKL from Immunex, Seattle, WA;

. ; and 1,25-(OH)D; from Calbiotec, San Diego, CA). Cultures were main
patients blocked the stimulatory effects of these bone marrqQw - in an atmosphere of 4% g@nd air at 37°C for 3 weeks. The

supernatants on osteoclast (OCL) formation but had no eﬁePt Bltures were fed weekly by replacing half the media with an equal volume
control levels of OCL formatiof.These data suggested that highyt fresh media containing the cytokine of interest. In selected experiments,
levels of hMIP-1x are present in marrow samples from patient§1P-1o was only added for the first week, the first 2 weeks, the last 2

with multiple myeloma, and that hMIPelmay be responsible for weeks, or the last week of culture. After 3 weeks of culture, cells were fixed
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160+ AGT GTACCAGAG AAG GG-3; (2) CCR1AS: 3-GGAAAT GAT GAG
* TCC CTC CC-3; (3) CCR5 SS: 5TGA GAA GAA GAG GCA CAG
120+ * GG-3; (4) CCR5 AS: 5-CGT TTG GCA ATG TGC TTT TGG-3 (5)
GAPDH SS: 5-ACC ACA GTC CAT GCC ATC AC-3; and (6) GAPDH

801 * AS:5-TCCACCACCCTGTTG CTGTA-3

40+

23c6 Positive MNC/Well

Western blot analysis of RANKL expression in human bone
marrow cultures treated with hMIP-1  « and hIL-6

D3 0 5 50 200
——— MIP-1a (pgimL) ——— Human bone marrow cells from normal human donors were cultured with

) ) N recombinant hMIP-& (200 pg/mL) or recombinant hiL-6 (100 pg/mL) or

Figure 1. MIP-1 « induces osteoclast formation in human marrow cultures. i o i

Long-term human marrow cultures were established and treated with varying both for 1 week. At day 7, fresh media cqntamlng cytokines were added to

concentrations of recombinant hMIP-1a. Controls for these experiments were  the cultures, and the cultures were continued for 48 hours. At day 9, cells

cultures treated with 1,25-(OH),D3 (108 M). MIP-1« at concentrations of 5 to 200  were harvested and the cells lysed in polyacrylamide gel electrophoresis

pg/mL significantly increased osteoclast formation in these cultures. Results repre-  (PAGE) loading buffer, loaded into 7.5% premade ready gels (Biorad,

sent the mean = SEM for quadruplicate determinations for a typical experiment. Hercules, CA) and electrophoresed. Electrophoretic transfer of proteins

Similar results were seen in 3 independent experiments. *P < .05 compared to ' . .

culture lacking MIP-1a. from polyacrylamide to nitrocellulose (S&S, Dassel, Germany) was
performed using a Semi-Dry-Blotting Unit (Fisher, Madison, WI) at 20 V
for 45 minutes. After protein transfer, the nitrocellulose membrane was

with 2% formaldehyde in phosphate-buffered saline (PBS), and the numipipcked with 5% skim milk and then blotted with the hRANKL polyclonal

of OCL-like multinucleated cells (nucler 3) that cross-reacted with the antlbo_dy (Immunex) or the ang-actin monoclonal antibody (Sigma .
23c6 monoclonal antibody, which identifies OCL-like cells (generousi{znemical). The nitrocellulose membrane was then washed and reacted with
provided by Dr Michael Horton, St Bartholomew's Hospital, London! orseradls_h pe_romdas_e—conjugated antlrabblt_goa_tantlbody (Sigma Chemi-
England) were scoredd. Binding of the 23c6 monoclonal antibody Wascal) and V|sua_I|zed v_\nth the enhanced chemllumlnescence (ECL) system
assessed with biotin-conjugated rabbit antimouse 1gG coupled to alkalfftmersham Life Sciences, Buckinghamshire, England) on the Kodak
phosphatase (Vector Laboratories, Burlingame, CA). The cells wi sAR5, ac<_:ord|ng to the manufacturer’s protqcol. Positive controls were
counterstained with methylgreéh. cultured with 108 M 1,25-(OH)D3; and negative control was cultured
without osteoclastogenic factors. Each lane was loaded with the same

Isolation of osteoclast precursors, colony-forming amount of total protein.

units-granulocyte/macrophage o .
Statistical analysis

Nonadherent human bone marrow cells were cultured>atl®® cells/well . .
in «MEM containing 1.2% methylcellulose, 30% fetal bovine serum (FBSJeSUlts are represented as the meaBEM for quadruplicate experiments

1% deionized bovine serum albumin (BSA; Sigma Chemical, St Loui@f]d compared by paired test. Results were considered significantly
MO), and 100 pg/mL recombinant human granulocyte/macrophage colofjfferent atP < .05.

stimulating factor (GM-CSF) (Immunex). These cells were plated in a

volume of 1 mL in 35-mm culture dishes (Corning, Corning, NY) as

described previoush? The dishes were incubated at 37°C in a humidifieR ag|ts

atmosphere of 4% COfor 7 days. Colonies were scored after 7 days of

culture using an inverted microscope. Early OCL precursors were isolatgf|P-1« increased the OCL formation in a dose-dependent fashion
by diluting the methylcellulose with media, washing the cells 3 times WiéE-ZOO pg/mL) (Figure 1) in human marrow cultures. Concentra-
o«MEM, and then immunopanning of early OCL precursors using the M ons of MIP-1a as low as 5 pg/mL significantly increased OCL

3225r?:gd2(809h”nger-Mannhelm’ Indianapolis, 'IN) as Iorevloushformation. Addition of MIP-Lx to marrow cultures only signifi-

The OCL precursors (X 10%/mL) were cultured in microtiter plates for cantly increased OCL formation if it was present for the last 2
3 weeks inaMEM/20% horse serum with MIPel (200 pg/mL) with or Weeks of culture (Figure 2). We then determined if Mide-ias
without 1,25-(OH)D; 108 M or IL-6 (10-100 pg/mL) to induce OCL acting directly or indirectly on OCL precursors. As shown in Figure
formation. The cultures were then processed as described above to s&réMIP-1a increased OCL formation by highly purified OCL
OCLs. In selected experiments, sperm whale dentin slices (generoushecursors ¥ 95% pure) in a dose-dependent manner. Further-
provided by the US Fish and Wildlife Service) were added at the stafiore, the OCLs that formed resorbed dentin (Figure 4).
of thg cultures and then examined for resorption lacunae as previously Tg confirm that MIP-& could act directly on OCL precursors,
described? we then determined if OCL precursors expressed MiPrdcep-
tors. RT-PCR analysis showed that the chemokine receptors (CCR1

Reverse transcription—polymerase chain reaction analysis of
the expression of human chemokine receptors and RANKL

RNA preparation. Nonadherent human bone marrow cells, CFU-GM-
derived cells or PSV-10 human marrow stromal cells were incubated with
hMIP-1a (200 pg/mL), hiL-6 (100 pg/mL) and both cytokines, respec-
tively. RNA was extracted with RNAzol (Tel Test, Friendswood, TX)
according to the manufacturer’s protocol.

Polymerase chain reaction analysisThe reverse transcription—

23C6 Positive MNC/Culture

polymerase chain reaction (RT-PCR) analysis was performed using the p3  Meda 1 12 233 A%

PerkinEImer RNA PCR CORE kit (Branchburg, NJ). After RT, the PCR
was carried out under the following conditions: 94°C for 30 seconds, 5gHgure 2. MIP-1 « acts at the later stages of osteoclast formation. Human bone

MIP1- Treatment (weeks of culfure)

° : ltures were treated with hMIP-1a (200 pg/mL) for varying periods of time.
for nds, and 72°C for 1 minute for 2 les. The glyceraldeh -%—”OW cu
or 30 seconds, and Cfo ute for 28 cycles € glyceralde ydeh |P-1a significantly increased OCL formation only when present during the last 2

phosphate_dehydrogenase (GAPDH) prlmgr sets were used with the SH&s of the 3-week culture period. Results represent the mean * SEM for
PCR condition as a contrét. The PCR primers for MIPd receptors quadruplicate determinations for a typical experiment. Similar results were seen in
(CCR1, CCR5) and GAPDH used were as follows: (1) CCR1 S&TFA  the 3independent experiments. *P < .05 compared to media alone.
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Figure 3. hMIP-1 «a stimulates osteoclast formation in human CFU-GM cultures.
Human CFU-GM-derived cells were prepared and then isolated using the MO1
monoclonal antibody. Highly purified CFU-GM cells were then cultured in the
presence of varying concentrations of recombinant hMIP-1a. hMIP-1a significantly
increased osteoclast-like cell formation in these cultures in a dose-dependent
fashion. The results represent the mean + SEM for quadruplicate determinations for
a typical experiment. Similar results were seen in 4 independent experiments.
*P < .05 compared to culture lacking MIP-1a.

CCR5

APDH
and CCR5) were expressed by human bone marrow cells and QAFD

highly purified OCL precursors, but were not expressed or were
expressed at very low levels (CCR5) by the PSV10 human marr@iyure 5. Osteoclast precursors express MIP-1  a receptors. Isolated human bone
stromal cell line (Figure 5)_ marrow and CFU-GM-derived cells were prepared and subjected to RT-PCR

. . analysis for CCR1 and CCR5 expression. Human bone marrow (HBM) and
Because IL-6 is eXpreSSEd by marrow stromal cells in reslpor’@gJ—GM—derived cells both expressed CCR1 and CCR5. Human marrow stromal
to myeloma cell®and myeloma cells from a subgroup of patientselis (PSV10) only expressed the CCR5 receptor in low concentrations. Controls for
express PTHr® we then determined if MIP<l enhanced the these experiments were expression of GAPDH messenger RNA.
effects of IL-6 or PTHrP on OCL formation in normal marrow
cultures. In addition, we have examined the effects of MdPel i 19 fajled to inhibit MIP-lu—stimulated OCL formation (Figure
RANKL-induced OCL formation, because RANKL mediates thegy eycept at very high concentrations. This concentration of
effects of PTHrP on OCL formatiofl. As shown in Figure 6 paNK-Fc also inhibited basal OCL formation (Figure 9B).
MIP-1a enhanced OCL formation induced by either suboptimal
(10 pg/mL) or optimal (100 pg/mL) concentrations of IL-6 in
human bone marrow cultures, as well as in cultures of highLy)iSCUSSion
purified OCL precursors (Figure 7). Similarly, MIR:¥enhanced

OCL formation induced by PTHrP (Figure 8A), and RANKL, e present study, we demonstrated that MéPisicreased OCL

(Figure 8B). ) formation in a dose-dependent manner in human bone marrow
Previous studies have demonstrated that most osteoclastogeni€ res and stimulated OCL formation by highly purified OCL

factors induce OCL formation by up-regulating marrow stroma|oc\rsors. The data suggest that MiPi& a potent osteoclasto-
cell BI’OdUCtIOﬂ of RANKL, a potent stimulator of OCL forma- yanic tactor that acts directly on OCL precursors. Consistent with
tion.” Therefore, we determined if MIPedand IL-6 were also g0 ghservations are the results of other investigét@i&uller
inducing RANKL expression. Unfractionated human marrow mongy, g cojleague&reported that MIP-& was chemotactic for isolated

nuclear cells were treated with 1,25-(QB} (10°° M), MIP-la  (00ciasts, and Votta and coworkérshowed that MIP-& was
(200 pg/mL), or IL-6 (100 pg/mL) for 24 hours and RANKL opemoactic for purified human OCL precursors. Kukita and

expression examined by Western blot. In contrast to 1,254041)  5q5qciate demonstrated the expression of MIR-messenger
a factor known to enhance RANKL expression, MIRdr IL-6 did RNA in rat marrow eosinophilic myelocytes, as well as in

not enhance RANKL expression (Figure 9A). Furthermore, tregfgopasts in active bone remodeling sites and showed that

ment of human marrow cultures with RANK-Fc, a soluble form ofyp_1,, induced OCL differentiation in rat marrow cultured on a
the RANK receptof® that inhibits RANKL-induced OCL forma . icified matrix. Scheven and coworksdemonstrated that

MIP-1a enhanced preosteoclast differentiation in porcine marrow

ey |
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Figure 4. hMIP-1 « induces osteoclasts that resorb dentin. Human CFU-GM-
derived cells were cultured in the presence of dentin slices in the presence or
absence of MIP-1«a (200 pg/mL). At the end of the cultures, the dentin slices were
stained for tartrate-resistant acid phosphatase activity and then photographed.
Similar results were seen in 2 independent experiments (original magnifica-
tion X 100).

Figure 6. MIP-1 a enhances IL-6 stimulated osteoclast formation in human
marrow cultures. Long-term human marrow cultures were treated with varying
concentrations of MIP-1a, IL-6, and a combination of IL-6 and MIP-1la. MIP-1a
enhanced the effects of low (10 pg/mL) or high (100 pg/mL) concentrations of IL-6 on
osteoclast formation. Results represent the mean = SEM for quadruplicate determi-
nations for a typical experiment. Similar results were seen in 3 independent
experiments (*P < .05).
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Figure 7. MIP-1 a enhances IL-6—stimulated osteoclast formation in human
CFU-GM-derived cell cultures. CFU-GM-derived cells were prepared and treated
with MIP-1a (200 pg/mL) or IL-6 (100 pg/mL) or their combination. Control cultures
were treated with 10-8 M 1,25-(OH),D3. MIP-1« or IL-6 alone significantly stimulated
osteoclast formation. However, the combination enhanced osteoclast formation to
levels that were greater than either IL-6 or MIP-1a alone. Results represent the
mean + SEM for quadruplicate determinations for a typical experiment. Similar results
were seen in 3 independent experiments. *P < .05 compared to IL-6 or MIP-1« alone.
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cultures. In contrast to the results reported here, Fuller an il SENE_G SN SN st - B-actin

coworkerd® found that MIP-k inhibited bone resorption by

isolated OCLs. However, these workers used very high concentre

tions of MIP-Ix (10-100 ng/mL), which also inhibited OCL
formation (J.-H.H., unpublished results, January 2000).

MIP-1a is a member of beta chemokine family that can interactg 1o
with 3 types of chemokine receptors (CCR1, CCR5, and CCR9). £ s
In this study, we demonstrated by RT-PCR analysis that CCR1 an% o
CCRS5 were expressed in human bone marrow and highly purifieis 5 ‘-‘
CFU-GM cells, but not or minimally in the PSV10 human marrow ¥ o'l

stromal cell line, consistent with our findings that MIR-&cts
directly on OCL precursors. In preliminary studies, we have fou
that CCR1 appears to be mediating the effects of Mifoth OCL
formation (Y.O., unpublished results, October 2000).
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Figure 9. MIP-1 « and IL-6 do not increase RANKL expression in human bone
marrow and RANK-Fc does not inhibit MIP-1 ~ «a—stimulated osteoclast forma-
tion. (A) Cells were incubated for 48 hours with media, 1,25-(OH),D3 (1078 M), IL-6

MIP-1a enhanced OCL formation induced by |L-6, PTHI‘P, anleO pg/mL), MIP-1a (200 pg/mL), or a combination of MIP-1a and IL-6. The cells
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Figure 8. Effects of MIP-1 « on osteoclast-like cell formation induced by PTHrP

or RANKL. Long-term marrow cultures were treated with either PTHrP (0-50 ng/mL)
or RANKL (0-50 ng/mL) (J), or with a combination of MIP-1a (100 pg/mL) and PTHrP
or RANKL (H). MIP-1a enhanced the effects of PTHrP (A) or RANKL (B) on
osteoclast-like cell formation in long-term human marrow cultures. Results represent
the mean = SEM for quadruplicate determinations for a typical experiment. Similar
results were seen in 2 independent experiments. *P < .05 compared to cultures
lacking MIP-1a.

were then collected and the lysate subjected to Western blot analysis. 1,25-(OH),D3
increased RANKL expression in human bone marrow cultures. IL-6, MIP-1q, or IL-6
plus MIP-1a did not significantly increase RANKL expression in human bone marrow.
Expression of 3-actin is shown as a control. There was no effect on 3-actin expression. (B)
CFU-GM—derived cells were prepared and then treated with RANKL (50 ng/mL) or
MIP-1a (200 pg/mL) in the presence of varying concentrations of recombinant
RANK-Fc (0-100 ng/mL). RANK-Fc significantly decreased RANKL-stimulated oste-
oclast formation in human marrow cultures. In contrast, RANK-Fc modestly affected
or did not affect osteoclast-like cell formation stimulated by MIP-1a. High concentra-
tions of RANK-Fc (100 ng/mL) decreased basal osteoclast formation in these
cultures. Results represent the mean = SEM for quadruplicate determinations for a
typical experiment. Similar results were seen in 2 independent experiments.

RANKL. We have previously reported that MIRx1s produced by
myeloma cells and correlated with the activity of the disdte

is produced by marrow stromal cells in response to myelomaleells
and can stimulate proliferation and prevent apoptosis of myeloma
cells. Furthermore, we have previously shown that IL-6 is a potent
osteoclastogenic factor for human OCL precurdoasnd induces
bone resorption by human OCE%?” Taken together, these data
suggest that MIP-d, produced by myeloma cells in combination
with IL-6 secreted by marrow stromal cells in response to myeloma
cells, can markedly enhance OCL formation in patients with
myeloma. These data further suggest that small amounts of IL-6
may be sufficient to increase OCL formation stimulated by MéP-1
because concentrations of IL-6 as low as 10 pg/mL were sufficient
to enhance the effects of MIRxlon OCL formation. We have
previously reported that the primary effect of IL-6 on OCL
formation is to increase the size of the early OCL precursor pool
(CFU-GM). These OCL precursors can then be induced to form
large numbers of OCLs, as occurs in mice treated with IL-6 and
PTHrP in vivo?® Because MIP-& also acts at the later stage of
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OCL formation, these data suggest that the enhanced effects of 11,85-(OH)}D3.1” Furthermore, RANK-Fc did not inhibit OCL
on MIP-la—induced OCL formation most likely result from IL-6 formation induced by MIP-d& except at very high concentra-
increasing the size of the pool of early OCL precursors and MIP-tions. These data are consistent with our observations that
inducing the differentiation and fusion of these precursors to forMIP-1a is a potent osteoclastogenic factor that acts directly on
large numbers of OCLs. OCL precursors.IL-6 also did not up-regulate RANK ligand
MIP-1a also enhanced the effects of PTHrP and RANKL omxpression in contrast to results in murine systéhiRiggs and
OCL formation, suggesting that it can enhance OCL formation lgoworker$® have also reported that IL-6 does not induce
factors that also act at the later stage of OCL precursor differentRANKL expression in human osteoblasts.
tion, 2830 and are produced by myeloma céllsr marrow stromal In summary, these data demonstrate that hMdRvkhich is
cells in response to myeloma cells. produced by myeloma cells, is an osteoclastogenic factor in
MIP-1ac or IL-6 did not increase RANKL expression innormal human bone marrow cultures that acts directly on OCL
human bone marrow. RANKL is a recently described osteoclagrogenitor cells and enhances the osteoclastogenic effects of
togenic facto¥’ that is expressed on the surface of marrowL-6, PTHrP, and RANKL. The combination of these factors
stromal cells and osteoblasts and mediates the effects of mosty be responsible for the severe bone destruction seen in
osteoclastogenic factors such as PTHrP, IL-1, IL-11, armhtients with myeloma.
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