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IL-3 expression by myeloma cells increases both osteoclast formation
and growth of myelomacdls

Jun Won Lee, Ho Yeon Chung, Lori A. Ehrlich, Diane F. Jelinek, Natalie S. Callander, G. David Roodman, and Sun Jin Choi

Macrophage inflammatory protein—1a (MIP-
la) gene expression is abnormally regu-
lated in multiple myeloma (MM) owing to
imbalanced expression of the acute myeloid
leukemia—-1A (AML-1A) and AML-1B tran-
scription factors. We hypothesized that the
increased expression ratios of AML-1A to
AML-1B also induced abnormal expression
of other hematopoietic and bone-specific
genes that contribute to the poor prognosis
of MM patients with high levels of MIP-1a.
We found that interleukin-3 (IL-3) was also
induced by the imbalanced AML-1A and

AML-1B expression in myeloma. IL-3 mRNA
levels were increased in CD138* purified
myeloma cells with increased AML-1A-to—
AML-1B expression from MM patients, and
IL-3 protein levels were significantly in-
creased in freshly isolated bone marrow
plasma from MM patients (66.4 + 12 versus
22.1 = 8.2pg/mL; P =.038).IL-3in combina-
tion with MIP-la or receptor activator of
nuclear factor—kappa B ligand (RANKL) sig-
nificantly enhanced human osteoclast (OCL)
formation and bone resorption compared
with MIP-1a or RANKL alone. IL-3 stimu-

lated the growth of interleukin-6 (IL-6)—
dependent and IL-6-independent myeloma
cellsin the absence of IL-6, even though IL-3
did not induce IL-6 expression by myeloma
cells. These data suggest that increased
IL-3levels in the bone marrow microenviron-
ment of MM patients with imbalanced
AML-1A and AML-1B expression can in-
crease bone destruction and tumor cell
growth. (Blood. 2004;103:2308-2315)

© 2004 by The American Society of Hematology

Introduction

Multiple myeloma (MM) is an incurable hematologic malignancy,
in which bone destruction is the major source of morbidity.!
Recently, we identified macrophage inflammatory protein—1la
(MIP-1a) as an osteoclast (OCL)—activating factor, which is
produced by freshly isolated myelomacellsfrom patients who have
extensive bone disease and that induces human OCL formation
independently of receptor activator of nuclear factor—kappa B
ligand (RANKL).2 MIP-la aso enhances the OCL-inducing
activity of RANKL and interleukin-6 (1L-6).3 We demonstrated that
blocking MIP-1a expression in an in vivo model of human MM
profoundly decreases disease progression and bone destruction*
and that patients with elevated levels of MIP-1a have an extremely
poor prognosis. Blocking MIP-1« activity inhibited both MM cells
homing to the marrow aswell astumor growth. Consistent with our
observations is the recent report by Abe et al,> who showed that
elevated levels of MIP-1« are present in 15 of 20 MM patients, and
that MIP-1a induced rabbit OCL formation. Uneda et al® also
reported that the MIP-1a levels produced by myeloma cells
correlated with the number of bonelesionsin 16 of 18 MM patients
expressing devated MIP-1a levels. Recently, Oyajobi et a” reported
that MIP-1a incressed osteolysis and tumor burden in the murine
5TGM1 model of myelomabone disease. In addition, Magrangeaset al®
havereported that MIP-1« isone of thekey factorsthat isoverexpressed
in MM and that has a drong association (P = .0001) with active
myeloma bone disease. Taken together, these data demonstrated that
MIP-1« is an important mediator of myeloma bone disease and that

blocking MIP-1« activity has profound effects on both tumor burden
and bone destruction inin vivo models of MM.

Recently, we reported that abnorma transcriptional regulation of
MIP-1a gene expression occurs in MM owing to imbalanced expres-
son of the acute myeloid leukemia-1A (AML-1A) and AML-1B
transcription factors (TFs), and this imbalance results in enhanced
MIP-1a expression.® Therefore, we determined whether imbalanced
AML-1A and AML-1B expression induces expression of other genes
that may contribute to the poor prognosis of MM by enhancing the
adhesion of tumor cellsto stromd cells, the growth of myelomacells, or
the stimulation of osteoclastic bone resorption. Candidate genes that
may be regulated by theAML-1 classof TFsin myelomacellsare c-fims,
IL-3, IL-7, GM-CSF, and the MDRL1 gene, sincethe AML-1 class of
TFs is known to regulate the expression of these genes.1%19 We
found that IL-3 mMRNA is increased by the abnormal expression
ratios of AML-1A to AML-1B in myeloma cell lines and is
overexpressed in purified myeloma cells from patients with MM at
both the mRNA and the protein levels, and that I1L-3 induces OCL
formation and myelomacell growth.

Patients, materials, and methods

Materials and myeloma cell lines

Lipofectamine Plus transfection kits, restriction enzymes, and Tag polymerase
were purchased from Invitrogen (Carlsbad, CA). MIP-1q, IL-3, and IL-3
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enzyme-linked immunosorbent assay (ELISA) kits were obtained form R&D
Sysems (Minnegpolis, MN). RANKL was kindly provided by Immunex
(Seettle, WA), and chemicas were purchased from Sigma (St Louis, MO).
Methyl thiazolyl tetrazolium (MTT) assay kits were purchased from ATCC
(Manassas, VA). Mydoma-derived ARH-77, MCQ/2, IM9, and MM.1S cdlls
were grown in RPMI 1640 media containing 10% fetd calf serum (FCS)
(Invitrogen). The I L-6—-dependent myelomaccell lines KAS6/1 and ANBL6 were
cultured in RPMI 1640 in the presence of 1 to 5 ng/mL recombinant human IL-6
(R&D Systems). The ARH-77 cell line contains Epstein-Barr virus (EBV) while
theother cell linesare EBV free.

Generation of ARH-77 and MM.IS cell lines stably transfected
with AML-1A (ARH-A, MM.IS-A), AML-1B (ARH-B, MM.IS-B),
or empty vector (ARH-EV, MM.IS-EV)

To identify agene whose expression wasincreased by imbalanced AML-1A
and AML-1B expression in myeloma cells and that could contribute to the
poor prognosis of myeloma, AML-1A, AML-1B, or empty vector ()cDNA?3)
was transfected into ARH-77 or MM.IS cells by means of a Lipofectamine
Plus kit (Invitrogen). Stable clones were isolated as described previously,®
with minor modifications. Briefly, AML-1A, AML-1B, or empty vector
cDNASs (2 ng) were diluted with 100 p.L fetal calf serum and antibiotic-free
Dulbecco minimum essential media (DMEM) and then 6 pL Plus reagent
was added. After 15-minute incubation, Lipofectamine diluted with 100 L
serum and antibiotic-free DMEM was added, and the mixture was
incubated for 15 minutes. Transfection reagents were added to 106 ARH-77
and MM.IS cells per well in 6-well plates with serum and antibiotic-free
RPMI 1640 medium. After 3-hour incubation, transfection media were
removed, and compl ete media contai ning serum and antibiotics were added.
ARH-77 and MM.IS cells transfected with AML-1A, AML-1B, or empty
vector were then treated with 500 pwg/mL G418 every 4 days and cultured
for 3 weeks. Single-cell clones were isolated by serial dilution, and each
clone was tested for its capacity to express AML-1A or AML-1B by
reverse-transcription polymerase chain reaction (RT-PCR) with the use of
specific primer sets described below.

Human bone marrow samples from patients with multiple
myeloma and healthy donors

Bone marrow aspirates were collected into heparinized syringes from
patients with MM and healthy donors. All patients gave informed consent,
and these studies were approved by the Ingtitutional Review Board of the
University of Pittsburgh Medical Center and General Clinical Research
Center (GCRC) at the University of Pittsburgh (Pittsburgh, PA), and at the
University of Texasat San Antonio (San Antonio, TX). Bone marrow (2 mL
per aspirate) was collected from each subject, and an aliquot of the bone
marrow sample was stained with Wright-Giemsa for histologic examina-
tion. The percentage of plasma cells present in the sample was determined
by morphologic criteria. The bone marrow was pelleted by centrifugation at
1000g at 4°C immediately after collection, and the bone marrow plasma
was collected and stored at —80°C for subsequent studies.

Purification of CD138* myeloma cells

CD138* plasma cells from patients with MM and healthy donors were
purified by CD138 (syndecan-1) microbeads by means of a Miltenyi
magnetic cell sorting system (Miltenyi Biotec, Auburn, CA) as described by
Draube et al.2° Bone marrow mononuclear cells (10%) were incubated with
CD138 microbeads for 15 minutes and loaded onto a positive selection
column placed in the magnetic field. The column was washed with 1 mL
buffer (phosphate-buffered saline [PBS] containing 0.5% bovine serum
albumin [BSA] and 2 mM EDTA [ethylenediaminetetraacetic acid)]) 3
times. After removal of the column from the magnetic field, CD138" cells
were eluted with 1 mL buffer with the use of a plunger and washed 2 times
with PBS. The purity of the myeloma cells, as assessed by CD138/CD45
staining and morphology,2! was greater than 95%.

RT-PCR analysis

Myeloma-derived ARH-77 and MM.1S cells and bone marrow mono-
nuclear cells from patients with MM and healthy donors separated by
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gradient centrifugation, and CD138* plasma cells isolated from the
mononuclear cell fraction were resuspended in PBS at 5 X 10%/mL. Total
RNA was extracted from the cells with the use of RNAzol according to the
manufacturer’s protocol (Biotecx Laboratories, Houston, TX). RNAs were
precipitated with isopropanol, and the pellets washed with 70% ethanal,
briefly air dried, dissolved in diethylpyrocarbonate-treated water and stored
at —80°C. RT-PCR analysis was performed by means of the PerkinElmer
(Branchburg, NJ) PCR apparatus. After RT, the PCR was carried out under
the following conditions: 94°C for 30 seconds, 60°C for 30 seconds, and
72°C for 1 minute for 24 to 34 cycles depending on relative amount of PCR
products for glyceral dehyde-3-phosphate dehydrogenase (GAPDH), which
was used with the same PCR condition as an internal control. The PCR
primers for MIP-1a, AML-1A, AML-1B, IL-3, and GAPDH used were as
follows: AML-1A sense strand (SS), 5'-CTG GTC ACT GTG ATG GCT
GG-3'; AML-1A antisense strand (AS), 5'-CTG CCT TAA CAT CTC CAG
GG-3'; AML-1B SS, 5'-CAC CGA CAG CCC CAA CTT CC-3'; AML-1B
AS,5'-AGG TGG CGA CTT GCG GTG GG-3'; MIP-1a. SS,5'-ACATTC
CGT CAC CTG CTCAG-3’; MIP-1a AS, 5'-CGG TTG TCA CCA GAC
GCG G-3'; IL-3 SS, 5'-CTT CAA CAA CCT CAATGG GG-3'; IL-3AS,
5-AAT TCA TCT GAT GCC GCA GG-3'; GAPDH SS, 5-ACC ACA
GTC CAT GCC ATC AC-3"; and GAPDH AS, 5'-TCC ACC ACC CTG
TTG CTG TA-3'. The PCR products were subcloned into the TA cloning
vector and sequence analyzed to confirm their identity.

Human OCL formation assay

Nonadherent healthy human marrow mononuclear cells were prepared as
previously described® and resuspended in a—minimum essential media
(a-MEM) (Gibco, Grand Island, NY) with 20% horse serum (Hyclone,
Logan, UT) at 10%mL. The marrow cells (1 X 105100 pL) were plated in
96-well plates in the presence or absence of varying concentrations of
recombinant human MIP-1q, IL-3, and/or RANKL. Cultures were main-
tained in an atmosphere of 5% CO, and air at 37°C for 3 weeks. The
cultures were fed biweekly by replacing half the media with an equal
volume of fresh media containing the cytokine of interest. In selected
experiments, 1L-3 was only added for the first week, the first 2 weeks, the
last 2 weeks, or the last week of 3-week culture period. After 3 weeks of
culture, cells were fixed with 2% formaldehyde in PBS, and the number of
OCL-like multinucleated cells (more than 3 nuclei) that cross-reacted with
the 23c6 monoclonal antibody (generously provided by Dr Michael Horton,
St Bartholomew’s Hospital, London, England), which identifies OCL-like
cells, were scored.?? Binding of the 23c6 monoclonal antibody was assessed
with biotin-conjugated rabbit antimouse immunoglobulin G (IgG) coupled
to akaline phosphatase (Vector Laboratories, Burlingame, CA). The cells
were counterstained with methylgreen. In selected experiments, human
bone marrow mononuclear cells were treated with marrow plasma from
MM patients in the absence and presence of a murine monoclonal
antihuman IL-3-neutralizing antibody (500 ng/mL) as follows: Bone
marrow plasma from MM patients containing known amounts of 1L-3
and/or MIP-1a were dialyzed against a-MEM for 48 hours and added to
these cultures at 30% (vol/vol) concentration (biweekly), and the cultures
were continued for 3 weeks. Cultures not treated with bone marrow plasma
were used as controls, and an isotype-specific mouse 1gG (500 ng/mL) was
used as a control for anti—IL-3 antibody treatment.

Measurement of IL-3 in marrow plasma from patients with MM
and healthy donors and conditioned media from CD138*
purified plasma cells from patients with MM

The concentrations of IL-3 in bone marrow plasma from patients with MM
and healthy donors, and 96-hour conditioned media from CD138* purified
plasma cells, were determined by means of ELISA kits according to the
manufacturers’ protocols. The ELISA kit for human IL-3 could detect as
little as 7.4 pg/mL IL-3 in bone marrow plasma.

Effects of IL-3 on the growth of MM cells

To test the effects of 1L-3 on the growth of myelomacell lines, |L-6-independent
myeloma cell lines (ARH-77, MM.1S, MCQ/2, and IM9) and |L-6-dependent
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Figure 1. The mRNA expression levels of AML-1A, AML-1B, MIP-1e, and IL-3 in
myeloma cell lines. The mRNA expression levels of AML-1A, AML-1B, MIP-1«, and
IL-3 in myeloma cell lines expressing AML-1A or AML-1B. ARH-77 (A) and MM.1S (B)
cell lines were stably transfected with AML-1A, AML-1B, or empty vector (EV), and
the mRNA expression levels of MIP-1« and IL-3 were determined. Three independent
ARH-77 single-cell clones (A) and 2 independent MM. 1S single-cell clones (B) stably
transfected with AML-1A or AML-1B were examined by RT-PCR analysis as
described in “Materials and methods.” GAPDH was used as an internal control.

myelomacell lines (KAS6/1, ANBL6) weretreated with 0.01 to 1 ng/mL IL-3for
96 hours in the presence and absence of IL-6, and the number of viable cellsthat
excluded trypan blue was scored with a hemocytometer. Alternatively, myeloma
cdl lines were treated with 1 pg/mL anti-IL-6 neutralizing antibody (R&D
Systems) and 0.1 to 1 ng/mL IL-3 for 4 days. Samples were transferred into
96-well plates, and myelomacell proliferation was assayed by meansof aMTT
assay kit (ATCC). Briefly, the insoluble purple formazan crystals formed by
cellular dehydrogenase, were solubilized by detergent, and optical density was
quantified with a spectrophotometer.

Statistical analysis

Invitro and in vivo results are reported as the mean = standard error of the mean
(SEM) for typica experimentsdonein 5 replicate samples and were compared by
the Student t test. Results were considered significantly different for P < .05.

Results

IL-3 MRNA expression is down-regulated in ARH-77 and MM.IS
cells stably transfected with AML-1B

We determined if imbalanced AML-1A and AML1B expression
regulated the expression of other genes associated with tumor
growth or increased the bone-resorbing activity produced by
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myeloma cells. An extensive literature search suggested that c-fms,
IL-3, IL-7, GM-CSF, and MDR1 were candidate genes that might be
increased by the abnormal AML-1A and AML-1B expression in
myeloma cells.1%1° Therefore, we evaluated the mRNA expression
levels of these genes in myeloma-derived ARH-77 and MM.IS
cells stably transfected with AML-1A, AML-1B, or empty vector
by RT-PCR using specific primer sets. Among these genes, we
found that IL-3 was one of the genes that were increased by
imbalanced AML-1A and AML-1B expression in myeloma cells.
As shown in Figure 1A, MIP-1a mRNA was down-regulated in
ARH-77 cells stably transfected with AML-1B as we previously
reported.® IL-3 mRNA expressions levels were also down-
regulated in 3 independent ARH-77 clones stably transfected with
AML-1B compared with ARH-77 cells stably transfected with
either AML-1A or EV. IL-3 mRNA levelswere markedly increased
in 2 of 3ARH-77 clones stably transfected with AML-1A, whilean
empty vector—transfected ARH-77 clone or parent ARH-77 cell
weakly expressed IL-3 mRNA. Three of 3 AML-1B—transfected
ARH-77 clones did not express MIP-1a or IL-3 mRNA (Figure
1A). Similarly, MIP-1a and IL-3 mRNA was down-regulated in 2
independent MM.1S cells stably transfected with AML-1B com-
pared with MM.1S cells stably transfected with either AML-1A or
EV. IL-3 mRNA levels were markedly increased in 2 of 2 MM.1S
single-cell clones stably transfected with AML-1A, compared with
an empty vector—transfected MM.1S clone or parental MM.1Scells
(Figure 1B).

IL-3 expression is up-regulated in bone marrow from patients
with MM compared with healthy donors

We then determined the IL-3 mRNA expression levels in bone
marrow samples from patient with MM versus healthy donors by
RT-PCR. As shown in Figure 2A, IL-3 mRNA was consistently
overexpressed in 6 of 8 bone marrow samples from MM patients,
and 4 of 6 patients that showed decreased AML-1B and increased
MIP-1a expression. Marrow from healthy donors expressed very
low amounts of MIP-1a or IL-3 mRNA and had increased
expression of AML-1B. Since total bone marrow cells contain
multiple cell types and the number of myeloma cells varies
depending on the stage of the disease, we then assessed IL-3
MRNA expression levels in CD138" purified plasma cells from
patientswith MM versus healthy donors. Asshown in Figure 2B, in
purified cellsfrom 9 patients, 7 of 9 patients showed increased IL-3

22 Normal MM Patients 2501 .
Plasma Cells Plasma Cells i
B I .o 1 2341234567609 ™ peom
.|
E 150]
N e f .
|
wip-to [ R VL5 ] f ¥
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Figure 2. The mRNA expression levels of AML-1A, AML-1B, MIP-1«, and IL-3 in bone marrow samples from patients with MM and healthy donors. Relative mRNA
expression levels of AML-1A, AML-1B, MIP-1a, and IL-3 were determined by RT-PCR analysis. (A) (B) Total bone marrow mononuclear cells (A) and CD138* purified plasma
cells (B) from healthy donors and MM patients were examined. The mRNA expression levels of MIP-1a and IL-3 were significantly enhanced in total bone marrow samples (A)
as well as purified plasma cells (B) from patients with MM as compared with healthy donors. IL-3 expression levels in purified plasma cells from patients with MM correlated with
enhanced MIP-1a and decreased AML-1B expression (r = 0.753 for IL-3 versus MIP-1a; r = 0.62 for IL-3 versus AML-1A). (C) IL-3 protein expression levels in bone marrow
plasma from MM patients and healthy donors were measured by commercial ELISAkits. Expression levels of IL-3 were significantly increased in 12 of 16 bone marrow plasma
samples from MM patients as compared with healthy donors.
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Figure 3.IL-3 expression levels by purified CD138* plasmacells from MM
patients and healthy donors. CD138* plasma cells were purified from
patients with MM and healthy donors. First, 2 X 106 cells were cultured in RPMI
media containing 10% fetal calf serum for 96 hours. IL-3 expression levels in
these culture media were measured by commercially available IL-3 ELISA kits.
Atthe end of culture period, cells were harvested, and mRNA expression levels
of AML-1A and AML-1B were determined by RT-PCR analysis. Three of 6
purified CD138* plasma cells from MM patients who showed enhanced
AML-1A mRNA expression secreted 26 to 95 pg/mL IL-3 into culture media.
IL-3 was not detected (ND) in media conditioned by CD138* cells from healthy
donors and patients 2, 5, and 6 (P2, P5, and P6).

mMRNA and 8 of 9 showed decreased AML-1B expression. Seven of
8 patientswho had decreased AML-1B mRNA levelshad increased
IL-3 expression. IL-3 mRNA was increased in 4 of 5 plasma cells
from MM patients who showed increased MIP-1 « and AML-1A
expression. We then calculated the correlation coefficients (r val-
ues) for the relative mRNA expression levels of IL-3 versus
MIP-1a and AML-1A detected by scanning the x-ray films. IL-3
expression levels in purified plasma cells from patients with MM
correlated with enhanced MIP-1 « and AML-1A expression levels
(r = 0.753 for IL-3 versus MIP-1 «; r = 0.62 for IL-3 versus
AML-1A). As shown in Figure 2C, IL-3 protein levels were
significantly increased in marrow plasma from 12 of 16 MM
patients compared with 10 healthy donors (66.4 = 12 versus
22.1 + 8.2; P = .038). We then measured IL-3 protein expression
levelsin conditioned media from purified CD138" plasma cells of
MM patients using commercialy available 1L-3 ELISA Kkits.
Purified CD138" and CD138~ cells (2 x 10°) were cultured in
RPM11640 media containing 10% fetal calf serum for 96 hours.
Three of 6 purified CD138* plasma cells (2 X 106) from MM
patients secreted 95, 51, and 26 pg/mL IL-3 into their conditioned
media, and the IL-3 expression levels are correlated with increased
MRNA expression ratios of AML-1A to AML-1B in purified
CD138* plasma cells from patientswith MM (Figure 3).

In contrast, purified CD 138* plasma cells from healthy donors
did not secrete IL-3 protein.

IL-3 acts at the early stages of OCL formation

We then tested the effects of 1L-3 on OCL formation. Bone marrow
mononuclear cells prepared from human marrow aspirates from
healthy donors were cultured at 2 X 10%mL in the presence of 1 to
1000 pg/mL IL-3. As shown in Figure 4A, IL-3 dose-dependently
increased OCL formation from 1 to 100 pg/mL. As seen with other
cytokines in this assay,2+2> OCL formation induced by very high
concentrations of 1L-3 (1000 pg/mL) was less than OCL formation
induced by 100 pg/mL IL-3, but was still greater that control levels.

We have previously demonstrated that OCL precursors prolifer-
ate during weeks 1 to 2 of marrow cultures and then differentiate
and fuse during weeks 2 to 3.22 To determine at which phase of

Ratio (AML-1A/B)
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OCL formation IL-3 was acting, I1L-3 (100 pg/mL) was added to
human bone marrow cultures at different times, and OCL formation
was assessed. As shown in Figure 4B, addition of IL-3 for only the
first week or first 2 weeks of the culture period significantly
increased OCL formation. Addition of IL-3 for second week or last
2 weeks of the culture period did not increase OCL formation.

IL-3increases OCL formation and bone resorption
in combination with MIP-1a and RANKL

Since IL-3 gppeared to act a the early stages of OCL formation and
MIP-1a and RANKL act a the later stages of OCL formation?? and
their expression levels are increased in bone marrow sample from
patients with MM, we tested the effects of IL-3 in combination with
MIP-1a or RANKL on OCL formation. As shown in Figure 5A,
trestment of bone marrow mononuclear cdlswith IL-3 (100 pg/mL) in
combination with MIP-1a (200 pg/mL) or low concentration of
RANKL (10 ng/mL ) for 3 weeks significantly increased OCL formation
compared with MIP-1a, RANKL, or IL-3 aone.

We then treated human bone marrow mononuclear cells with 100
pg/mL IL-3 for only the first week of the culture and added 200 pg/mL
MIP-1« or 10 ng/mL RANKL for the last 2 weeks of culture. Asshown
in Figure 5B, IL-3 treatment for the first week followed by MIP-1« or
RANKL trestment for the last 2 weeks of culture significantly enhanced
OCL formation compared with the control culture trested with MIP-1a
or RANKL for 3 weeks. Interestingly, OCLs formed in these cultures
were markedly increased in both size and nuclear number compared
with control culture treated with MIP-1ac or RANKL (Figure 5C).
Furthermore, OCLs formed in the cultures treated with IL-3 for
only the first week of the culture and followed by MIP-1a or
RANKL demonstrated increased pit formation on dentine slices
compared with OCLs in the culture treated with MIP-1a or
RANKL alone (Figure 5D).

Anti—IL-3 neutralizing antibody only inhibits OCL formation
stimulated by bone marrow plasma containing IL-3
from patients with MM

To test whether anti—IL-3 antibody inhibits OCL formation
stimulated by bone marrow plasma from patients with MM, we

Figure 4. IL-3 induces osteoclast formation in human marrow cul-
tures and acts at the early stages of OCL differentiation. (A) Long-term
human marrow cultures were treated with varying concentrations of
recombinant human IL-3 (hIL-3). Controls for these experiments were
cultures treated with 1,25—(OH),D3 (10~8 M). IL-3 at concentrations of 10
to 100 pg/mL significantly increased osteoclast formation in a dose-
dependent manner. (B) Human bone marrow cultures were treated with
hIL-3 (100 pg/mL) for varying periods of time. IL-3 significantly increased
OCL formation only when present during the first 2 weeks of the 3-week
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culture period. Results represent the mean = SEM for quadruplicate
determinations for a typical experiment. Similar results were seen in 4
independent experiments (*P < .05), compared with culture lacking IL-3.
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Figure 5. Effects of IL-3 in combination with MIP-1a
or RANKL on OCL formation. Human bone marrow
mononuclear cells were cultured with IL-3 in combination
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with MIP-1a and RANKL. (A) Treatment of human bone
marrow cells with 100 pg/mL IL-3 in combination with 200
pg/mL hMIP-1a or 10 ng/mL RANKL for the entire culture
period significantly increased OCL formation (23c6*
multinucleated cells [MNCs]) compared with control cul-
tures that were treated with only IL-3, MIP-1c, or RANKL.
(B) Treatment of human bone marrow cells with 100
pg/mL IL-3 for the first week of culture period in combina-
tion with 200 pg/mL hMIP-1« or 10 ng/mL RANKL at the
second and third weeks of the culture period further
increased OCL formation compared with control cultures
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that were treated with media for the first week of the
culture period. (C) The numbers of large OCLs (more
than 10 nuclei per OCL) were quantified in these cultures.
IL-3 markedly increased the number of large OCLs. (D)
Pit formation on dentine slices by OCLs formed in
cultures treated with 100 pg/mL IL-3 for the first week and
followed by 200 pg/mL MIP-1a or 10 ng/mL RANKL was
increased compared with that of control cultures treated
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with MIP-1a or RANKL alone. Results represent the
mean * SEM for quadruplicate determinations for a
typical experiment. Similar results were seen in 4 indepen-
dent experiments (*P < .05).
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treated human OCL formation cultures with plasma from MM
patients in the absence and presence of anti—IL-3 neutralizing
antibody. Bone marrow plasma from MM patients containing
known amounts of IL-3 and MIP-1a, were dialyzed against
o-MEM for 48 hours and added on these cultures at the 30%
(vol/val) concentration for 3 weeks. Bone marrow plasma from
patients with MM stimulated OCL formation compared with the
nontreated control cultures. Furthermore, OCL formation stimu-
lated by plasmafrom MM patients that contained more than 100
pg/mL IL-3 (more than 30 pg/mL in the cultures) was inhibited
by anti—-IL-3 antibody treatment as shown in P1 and P3 in
Figure 6 compared with the cultures not treated with anti—
IL-3 or treated with isotype-specific mouse 1gG. In contrast,
OCL formation stimulated by marrow plasma containing high
levels of MIP-1a and lower levels of IL-3 levels (patient 2)
was not significantly blocked by anti—IL-3 antibody treatment
compared with the isotype-specific 1gG controls, possibly

+ IL-3(1% wk)
- - MIP-1ax
+ + RANKL

+ +

reflecting the effects of the very high levels of MIP-1a on
OCL formation.

IL-3 enhances the proliferation of myeloma cells

To determine the effects of IL-3 on myeloma cell growth, we
treated various myeloma cell lines (MM.1S, ARH-77, MCQ/2,
IM9, and KAS6/1) with 10 pg/mL to 1 ng/mL IL-3 for 96 hours.
The growth rates of myeloma-derived IL-6—dependent KAS6/1
cells were significantly enhanced by treatment with 1 ng/mL IL-3
in the absence of IL-6 (Figure 7A) compared with nontreated
control cultures. The enhanced growth rates of KAS6/1 cells by
IL-3 were not further increased by the addition of 1 ng/mL
anti-IL-6 (Figure 7B) and were not blocked by 100 ng/mL
anti—| L-6 neutralizing antibody. Furthermore, 1 ng/mL IL-3 signifi-
cantly stimulated the growth of MM.1S cells, which are IL-6
independent (Figure 7C), and IL-3—enhanced growth rates of
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Figure 6. Effects of an anti—IL-3 neutralizing antibody on OCL formation stimulated by bone marrow plasma from patients with MM. Bone marrow plasma from MM
patients containing varying amounts of IL-3 and MIP-1a were dialyzed against a-MEM for 48 hours. Human bone marrow culture was treated with dialyzed bone marrow
plasma from patients with MM at the 30% (vol/vol) concentration for 3 weeks in the presence and absence of anti—IL-3 neutralizing antibody (500 ng/mL). Cultures not treated
with bone marrow plasma or cultures treated with isotype IgG were used as controls for these experiments. Results represent the mean = SEM for quadruplicate
determinations for a typical experiment (*P < .05). Similar results were seen in 2 independent experiments.
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Figure 7. Effects of IL-3 on the growth of myeloma cells. The IL-6—-dependent myeloma-derived KAS6/1 cells were treated with 1 ng/mL IL-3 in the absence (A) and
presence (B) of IL-6 (1 ng/mL). IL-3 significantly increased the growth of KAS 6/1 cells in the absence of IL-6 compared with nontreated control culture. IL-6 (1 ng/mL) did not
further increase the growth of KAS6/1 cells by induced IL-3, and addition of an anti—IL-6 neutralizing antibody (100 ng/mL) to the cultures did not block the growth of KAS6/1
cells induced by IL-3 (B). IL-3 also increased the growth of the IL-6—independent MM.1S cells (C), and the enhanced growth was not blocked by an anti—IL-6 neutralizing
antibody (D). Results represent the mean *= SEM for triplicate determinations for a typical experiment. Similar results were seen in 2 independent experiments (*P < .05).

MM.1S cells were not blocked by anti—IL-6 neutralizing antibody
(Figure 7D). We then measured 1L-6 expression levels in condi-
tioned media from KAS6/1 cells treated with 1 ng/mL IL-3 for 96
hours. We could not detect increased IL-6 expression by KAS6/1
cellstreated with IL-3.

Discussion

Recently, we reported that abnormal expression of AML-1A and
AML-1B regulates MIP-1a expression in myeloma cells® and that
enhanced MIP-1a expression results in stimulation of OCL forma-
tion and tumor cell homing and adhesion in an in vivo model of
myeloma bone disease* We now report that enhanced IL-3
expression also results from abnormal AML-1A and AML-1B
expression in myelomacellsand that IL-3 markedly increases OCL
formation in combination with MIP-1a and RANKL, as well as
myeloma cell growth. These results are consistent with previous
reports that IL-3 levels are increased in 70% of MM patients and
that 1L-3 can induce OCL formation and enhance the proliferation
and differentiation of promyelomacells from MM patients.?”-30

Highly purified MM cells produce IL-3. MM cell production of
IL-3 appears to result from decreased AML-1B expression analo-
gous to our previous finding with MIP-1a. Transduction of
AML-1B cDNA into ARH-77 and MM.IS cells markedly de-
creased both IL-3 and MIP-la mRNA expression. AML-1B
induceslow levels of expression of many hematopoietic genes such
as GM-CSF, G-CSF receptor, c-fms, and Bcl-2,1%1° and increases
transcription of these genes to higher levels in combination with
other tissue-specific regulators such as activator protein 1 (AP-1),
CCAAT/enhancer-binding protein—a (C/EBP), ets-1, PU.1, and
c-Myb.3 However, in ARH77 and MM.IS cells, transduction of
AML-1B markedly down-regulated IL-3 expression, and transduc-
tion of ARH 77 and MM.IS cells with AML-1A up-regulated I1L-3
mRNA expression. Uchida et a® reported that AML-1A and
AML-1B can transactivate the human IL-3 promoter, demonstrat-
ing that although AML-1A lacks a putative transactivation domain,
it can transactivate the IL-3 promoter in T cellsnearly as effectively
as AML-1B. It is unclear how AML-1B down-regulates IL-3
expression in myeloma cells. Possibly a repressor gene is aso
activated by AML-1B near the adjacent GATA-2 site as reported by
Zhang et al .33 However, to date no such factor has been identifiedin
myeloma cells.

Multiple studies have suggested that IL-3 can increase the
proliferation of myeloma cells in combination with IL-1p3, IL-5,
tumor necrosis factor—3 (TNF-B), macrophage colony-stimulating

factor (M-CSF), granulocyte-macrophage CSF (GM-CSF), G-CSF,
and 1L-6.3438 Our results demonstrate that |L-3 levels are increased
in marrow plasma samples from the majority of patients with MM
whom we tested. Consistent with our results, Merico et a?®
reported that 1L-3 is the only cytokine consistently increased in
serum samples from MM patients while IL-13, IL-4, IL-6, IL-7,
IL-8, and tumor necrosis factor—« (TNF-a) are not increased.
Lauta?® and Goto et al*° also reported that serum IL-3 levels are
increased in MM patients compared with patients with monoclonal
gammopathy of undetermined significance (MGUS) and that IL-3
can differentiate peripheral blood nonadherent mononuclear cells
from MM patients but not from MGUS patientsinto mature plasma
cells. Furthermore, our data demonstrate that |L-3 stimulation of
myeloma cell growth was not due to induction of IL-6, since
increased IL-6 levels were not detected in conditioned media from
myeloma cells treated with 1L-3. Additionally, anti—IL-6 antibody
did not block the effects of IL-3 on the myeloma cell growth, and
IL-3 stimulated the growth of |L-6-independent cell lines.

We found that recombinant IL-3 induced OCL formation, asdid
IL-3, in marrow plasma samplesfrom MM patients and acted at the
early stage of OCL differentiation. Barton et al?” also reported that
treatment of murine bone marrow monocytic cells with 1L-3
enhanced formation of multinucleated cells that express tartrate-
resistant acid-phosphatase activity, an OCL marker enzyme, in the
absence of 1,25OH),Ds. Consistent with our result that IL-3
increases early OCL precursors, Lorenzo et al3® have reported that
combined treatment of 1L-3 and GM-CSF induced OCL differentia-
tion via the stimulation of M-CSF production by human mono-
cytes. M-CSF increases the proliferation of OCL precursors.*
However, IL-3 can induce OCL formation independently of
M-CSF. Myint et a* have reported that IL-3 can induce OCL
formation in osteopetrotic op/op mice, which do not produce
functional M-CSF. They showed that treatment of young op/op
mice with 5 ng recombinant murine GM-CSF (rmGM-CSF) and
100 ng rmlIL-3 expanded their bone marrow cavities at 2 weeks
after administration and significantly increased the number of
tartrate-resistant acid phosphatase—positive (TRAP*) cells and
bone marrow macrophages. These results demonstrate that GM-
CSF and IL-3 induce the development of osteoclasts, which can
correct osteopetrosisin the op/op mice and suggest that IL-3 has an
important rolein OCL development in the bone marrow microenvi-
ronment. However, Barton and Mayer#? found that 1L-3 does not
induce bone resorption as measured by 4°Ca release in neonatal
mouse calvaria, even though IL-3 induced formation of osteoclast-
like cells. These data suggest that IL3 induces only partial
maturation of osteoclasts and that additional factors produced in
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the bone marrow microenvironment are necessary to activate
osteoclastic bone resorption. Our observations that IL-3 stimulated
bone resorption in combination with MIP-1a and RANKL, factors
that act at the later stages of OCL development and are also present
in marrow plasma from MM patients, suggest that IL-3 increases
the number of immature OCLs, which then are further differenti-
ated into active mature OCLs by MIP-1a and RANKL.2?8 More
importantly, OCLs formed in the cultures treated with IL-3 and
MIP-1a or RANKL showed markedly increased OCL size, number
of nuclei per OCL, and bone-resorbing activity compared with
control cultures treated with MIP-1a or RANKL alone. Consistent
with our results, Lees et al*® reported that increased OCL size
correlated with enhanced bone resorption.

Interestingly, treatment of human bone marrow culture with low
concentrations of RANKL (10 ng/mL), which are suboptimal
concentrations for OCL formation, can stimulate formation of
23c6™ OCL-like multinucleated cells in vitro that do not form pits
on dentine slices. This most likely reflects that 10 ng/mL RANKL
is not sufficient for activation of c-Jun N-termina kinase (INK),
which prolongs the survival of mature OCLS, and permits them to
actively resorb bone** These data suggest that increased IL-3,
MIP-1a, and RANKL expression may cooperatively enhance bone
resorption in the marrow microenvironment of MM patients in the
presence of low levels of RANKL.

Patientswith increased levels of MIP-1a have apoor prognosis,
and MIP-1a and IL-3 expression is increased by abnormal
AML-1A and AML-1B expression in myeloma cells. These factors

BLOOD, 15 MARCH 2004 - VOLUME 103, NUMBER 6

in combination increase osteoclastic bone resorption as well as the
proliferation of myeloma cells. Recently, Lentzsch et a* have
reported that MIP-1a also increases the growth and survival of
myeloma cells. These results suggest that other genes that contrib-
ute to the poor prognosis of MM in addition to MIP-1a and IL-3
may also be increased or decreased by abnorma AML-1A and
AML-1B expression. Puig-Kroger et a“* have reported that
CCAAT-hinding factor (CBF)/AML-1 decreases transcription of
the CD1la integrin gene through recognition of its binding
element, suggesting that lymphocyte function—associated anti-
gen-1 (LFA-1) (CD11a/CD18) expression may be decreased in
acute myeloid and B-lineage acute lymphoblastic leukemias by
AML-1B and contribute to their altered adhesion and metastatic
potential .47 Thus, the imbalanced AML-1A and AML-1B expres-
sion in myeloma may also affect myeloma cell homing and
adhesion to stromal cells, in addition to the growth of myeloma
cells and osteoclastic bone resorption.
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