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Paracrine interactions of basic fibroblast growth factor and interleukin-6
in multiple myeloma
Guido Bisping, Regine Leo, Doris Wenning, Berno Dankbar, Teresa Padró, Martin Kropff, Christian Scheffold,
Matthias Kröger, Rolf M. Mesters, Wolfgang E. Berdel, and Joachim Kienast

Myeloma cells express basic fibroblast
growth factor (bFGF), an angiogenic
cytokine triggering marrow neovascular-
ization in multiple myeloma (MM). In
solid tumors and some lymphohemato-
poietic malignancies, angiogenic cyto-
kines have also been shown to stimu-
late tumor growth via paracrine
pathways. Since interleukin-6 (IL-6) is a
potent growth and survival factor for
myeloma cells, we have studied the
effects of bFGF on IL-6 secretion by
bone marrow stromal cells (BMSCs) and
its potential reverse regulation in my-
eloma cells. Both myeloma-derived cell
lines and myeloma cells isolated from
the marrow of MM patients were shown

to express and secrete bFGF. Cell-
sorting studies identified myeloma cells
as the predominant source of bFGF in
MM marrow. BMSCs from MM patients
and control subjects expressed high-
affinity FGF receptors R1 through R4.
Stimulation of BMSCs with bFGF in-
duced a time- and dose-dependent in-
crease in IL-6 secretion (median, 2-fold;
P < .001), which was completely abro-
gated by anti-bFGF antibodies. Con-
versely, stimulation with IL-6 enhanced
bFGF expression and secretion by my-
eloma cell lines (2-fold; P � .02) as well
as MM patient cells (up to 3.6-fold; me-
dian, 1.5-fold; P � .002). This effect was
inhibited by anti–IL-6 antibody. When

myeloma cells were cocultured with
BMSCs in a noncontact transwell sys-
tem, both IL-6 and bFGF concentrations
in coculture supernatants increased 2-
to 3-fold over the sum of basal concen-
trations in the monoculture controls.
The IL-6 increase was again partially,
but significantly, inhibited by anti-bFGF.
The data demonstrate a paracrine inter-
action between myeloma and marrow
stromal cells triggered by mutual stimu-
lation of bFGF and IL-6. (Blood. 2003;
101:2775-2783)
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Introduction

Microvessel density of the bone marrow is increased in patients
with active multiple myeloma (MM). It parallels disease progres-
sion and correlates with poor prognosis.1-4 Myeloma cells express
and secrete vascular endothelial growth factor (VEGF)3,5,6 and
basic fibroblast growth factor (bFGF),3,6,7 both of which are
considered potent angiogenic cytokines8 and are likely to contrib-
ute to the increased angiogenic potential of bone marrow plasma
cells in progressive MM.3

We and others have previously shown that VEGF derived from
myeloma cells stimulates bone marrow stromal cells (BMSCs) to
produce and secrete interleukin-6 (IL-6),5,9 an important growth
and survival factor for human MM.10-12 Conversely, IL-6 enhances
the production and secretion of VEGF by myeloma cells.5 Besides
this paracrine circuit, VEGF may also directly mediate myeloma
cell proliferation and migration.13,14

Basic FGF concentrations have also been shown to be increased
in plasma cell lysates,3 bone marrow,15 and peripheral blood16 of
patients with active MM. In the present study, we have therefore
addressed the question of whether bFGF, other than its proangio-
genic activity, also has a role in paracrine tumor–stromal cell
interactions in MM.

Patients, materials, and methods

Patients and control subjects

Bone marrow samples from 18 patients with active MM were studied. For
control experiments, marrow aspirates were obtained from 3 healthy
volunteers and one lymphoma patient without marrow involvement. B
lymphocytes were isolated from the peripheral blood of healthy volunteers
(n � 3). Patients and volunteers gave informed written consent prior to the
sampling procedure. Approval was obtained from the institutional review
board, Ethical Committee of the Medical Faculty, University of Muenster.
Informed consent was provided according to the Declaration of Helsinki.

Immunofluorescent labeling and cell sorting

Anti–CD38 phycoerythrin/cyanin-5 was purchased from Coulter-Immuno-
tech (Hamburg, Germany). Anti-CD14 conjugated to phycoerythrin and
anti–CD19 fluorescein isothiocyanate were obtained from Becton Dickin-
son (Heidelberg, Germany), and anti–CD138 fluorescein isothiocyanate
was obtained from Serotec (Oxford, United Kingdom).

Murine monoclonal antibodies against human CD54, CD68, CD31, and
thrombomodulin were purchased from DAKO (Glostrup, Denmark) and
used for phenotypic characterization of BMSCs.
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Bone marrow mononuclear cells (MNCs) were separated by density
gradient centrifugation using Ficoll-Paque at 1172g for 20 minutes (Amer-
sham Pharmacia, Upsala, Sweden). CD38high/CD138� plasma cells were
isolated from the MNC fraction of patients with MM by fluorescence-
activated cell sorting using a FacsVantage (Becton Dickinson). The
remaining cells that were negative for the myeloma phenotype were defined
as the nontumor cell fraction. CD19�/CD14� B lymphocytes were sorted
from peripheral blood MNCs of healthy volunteers. On reanalysis, sorted
populations had a purity of at least 95% (range, 95.0%-99.8%) for the
defining phenotype.

Cell cultures

The human myeloma–derived cell lines RPMI-8226, U-266, and OPM-2
were obtained from the German Collection of Microorganisms and Cell
Cultures (DSMZ, Braunschweig, Germany). KMS-11 and KMS-18 were
kindly provided by T. Otsuki, Kawasaki Medical School, Okayama, Japan.
Cell lines, marrow MNCs, and sorted marrow myeloma cells from MM
patients were cultured in RPMI-1640 medium with 10% fetal calf serum
(FCS; Invitrogen, Life Technologies, Karlsruhe, Germany). Cultures of
bone marrow stromal cells from MM patients (MM-BMSCs) or control
subjects (control-BMSCs) were established from the MNC fraction of
marrow aspirates according to the method of Lagneaux et al,17 with minor
modifications. In brief, 5 � 105 cells/mL were cultured in minimal essential
medium � (MEM�; Invitrogen, Life Technologies) supplemented with 10%
FCS in 75-cm2 flasks. The culture medium was replaced twice weekly until
a confluent monolayer had developed (usually after 4-8 weeks). All culture
media were supplemented with 100 U/mL penicillin, 100 �g/mL streptomy-
cin (Biochrom, Berlin, Germany), and 2 mM L-glutamine (Invitrogen, Life
Technologies). Cultures were maintained at 37°C and 5% CO2.

For stimulation experiments, BMSCs in passages 2 to 4 were grown in
24-well plates. Prior to stimulation, confluent layers were starved for 12
hours (1% FCS). During the stimulation period, BMSCs were kept in
serum-free conditions.

Cocultures were established using a transwell system (pore size, 0.4
�m; Nunc, Wiesbaden, Germany) with myeloma cells seeded in the inserts
at a density of 2 � 106/mL and confluent BMSCs growing on the bottom of
the plates. The cocultures were maintained for 72 hours in serum-free
conditions. This system precluded direct cell-cell contact between different
cell types.

Stimulation of cell cultures

BMSCs were stimulated with different concentrations of recombinant
human bFGF (Boehringer, Mannheim, Germany) for 12, 24, 48, and 72
hours in serum-free conditions. Inhibition experiments were performed
using a neutralizing polyclonal goat antihuman anti-bFGF antibody (40
�g/mL; R&D Systems, Wiesbaden, Germany). Thereafter, cells were
pelleted and the supernatants were analyzed for IL-6. From BMSC pellets,
total RNA was isolated for analysis of IL-6 transcripts. IL-6 concentrations
in culture supernatants were determined by a commercial enzyme-linked
immunosorbent assay (ELISA; Quantikine, R&D Systems) with a lower
detection limit of 0.7 pg/mL. Calibration curves were prepared by dilution
of the IL-6 standard provided by the manufacturer in culture medium.
Concentrations of IL-6 are presented as pg/mL corrected for 105 cells.

Myeloma cell lines and sorted marrow myeloma cells at a concentration
of 1 � 106 cells/mL were stimulated with recombinant human IL-6
(PeproTech, Rocky Hill, NJ) at concentrations up to 10 ng/mL. For
inhibition experiments, a monoclonal mouse antihuman IL-6 neutralizing
antibody was used (1.5-5.0 �g/mL; R&D Systems). After 72 hours of
stimulation, cells were harvested and centrifuged, and the supernatants
were analyzed for bFGF. From pelleted cells, total RNA was isolated for
analyses of bFGF transcripts. Basic FGF levels in culture supernatants were
determined by a commercial ELISA (Quantikine, R&D Systems). The
lower detection limit of the assay is 3 pg/mL. Calibration curves were
prepared in culture medium by dilution of the bFGF standard provided by
the manufacturer. Basic FGF concentrations in supernatants are presented
as pg/mL corrected for 106 cells.

Cocultures of MM-BMSCs and U-266 cells or highly purified CD38high/
CD138� marrow myeloma cells were performed either in the absence or
presence of monoclonal mouse antihuman IL-6 antibody (1.5 �g/mL; R&D
Systems), polyclonal goat antihuman bFGF antibody (40 �g/mL; R&D
Systems), or anti-bFGF antibody plus monoclonal mouse antihuman VEGF
antibody (10 �g/mL; R&D Systems). Supernatants were collected for
determination of IL-6 and bFGF concentrations, and RNA for reverse
transcriptase–polymerase chain reaction (RT-PCR) analyses was isolated
from each cell population as described above. Unstimulated monocultures
of myeloma cells or BMSCs served as controls for basal expression and
secretion of IL-6 and bFGF, respectively.

Flow cytometric analyses

According to a frequently described procedure,18 cells were collected after
72 hours of culture and stimulated with phorbol myristate acetate (PMA, 1
ng/mL; Sigma, Deisenhofen, Germany), ionomycin (1 �M; Sigma), and
monensin (3 �M; Sigma), for 4 hours at 37°C, 5% CO2 for subsequent
intracellular detection of bFGF. To prevent insufficient stimulation caused
by cell sedimentation, samples were resuspended every 15 minutess. These
initial steps were omitted for detection of FGF-receptor (FGF-R) subtypes.
Paraformaldehyde-fixed cells (4%; Merck, Darmstadt, Germany) in phos-
phate-buffered saline (Gibco-BRL) including Ca2� and Mg2� were perme-
abilized by 0.1% saponin (Serva, Heidelberg, Germany). Intracellular
labeling was performed using a polyclonal rabbit antihuman bFGF antibody
(Santa Cruz Biotechnology, Santa Cruz, CA) followed by staining with
fluoroscein isothiocyanate (FITC)–coupled goat anti–rabbit immunoglobu-
lin (Pharmingen, Heidelberg, Germany). Polyclonal rabbit antihuman
antibodies for FGF-R expression studies were obtained from Santa Cruz
Biotechnology. FGF-R1, FGF-R3, and FGF-R4 antibodies are directed
against N-terminal extracellular epitopes, while the FGF-R2 antibody
recognizes the carboxyterminal terminus of FGF-R2. Therefore, cells had to
be permeabilized by 0.1% saponin prior to FGF-R2 immunostaining. Cells
were subsequently labeled with FITC-coupled goat anti–rabbit immuno-
globulin. Rabbit anti–human immunoglobulin (DAKO) served as isotype
control. Finally, flow cytometric analysis was performed using a Becton
Dickinson FACSCalibur. Data represent 10 000 counted events
per sample.

RNA preparation and cDNA synthesis

Total RNA was prepared using the guanidine isothiocyanate/phenol method19

(Trizol Reagent; Invitrogen, Life Technologies, Karlsruhe, Germany).
Complementary DNA (cDNA) was synthesized for 1 hour at 37°C, using 1
�g total RNA, 40 U/�L RNA guard (Amersham Pharmacia, Piscataway,
NJ), 100 pmol/�L random hexamers (Amersham Pharmacia Invitrogen,
NJ), 200 U M-MLV reverse transcriptase (Life Technologies), 5 � first
strand buffer (250 mM Tris-HCl, 375 mM KCl, 15 mM MgCl2, and 0.1 M
dithiothreitol [DTT]), 80 mM deoxynucleoside triphosphates (dNTPs;
Amersham, NJ), and 1 �g/mL bovine serum albumin (BSA, Serva).

RT-PCR analyses

Transcripts were amplified using Taq polymerase (Promega, Madison, WI)
on a Hybrid thermocycler (MWG-Biotech, Ebersberg, Germany) for 35
cycles as follows: at 94°C for 45 seconds, at 55°C for 45 seconds, and at
72°C for 45 seconds.

Basic FGF transcripts were amplified by RT-PCR using the following
primer pair: 5�-GAG AAG AGC GAC CCT CAC A-3� (sense) and 5�-TAG
CTT TCT GCC CAG GTC C-3� (antisense). Expression of the high-affinity
FGF receptors R1 through R4 by myeloma cell lines was determined by
RT-PCR using specific primer pairs for each receptor: FGF-R1, 5�-AAC
CCC AGC CAC AAC CCA-3� (sense), 5�-AAG CTG GGC TGG GTG
TCG-3� (antisense); FGF-R2, 5�-TCC TAT GAC ATT AAC CGT GTT-3�
(sense), 5�-TTT AAC ACT GCC GTT TAT GTG-3� (antisense); FGF-R3,
5�-TTC GAC ACC TGC AAG CCG-3� (sense), 5�-AGC AGG TCG TGG
GCA AAC-3� (antisense); FGF-R4, 5�-GCG GCG TCC ACC ACA TTG-3�
(sense), 5�-GTC TGC ACC CCA GAC CC-3� (antisense). The t(4;14)
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transcripts were detected by nested RT-PCR technique using the following
primers: 5�-AGC CCT TGT TAA TGG ACT TG-3� (sense) and 5�-CCT
CAA TTT CCC TGA AAT TGG TT-3� (antisense) for the first round.
Oligonucleotides containing the sequences 5�-CTT TGC AAG GCT CGC
AGT GAC-3� (sense) and 5�-AAG AAC TGT ACG TGA TAC TG-3�
(antisense) served as primers for the subsequent RT-PCR reaction.

In all PCR amplifications, glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was coamplified as an internal control for RNA integrity, using
5�-GAA GGT GAA GGT CGG AGT C-3� (sense) and 5�-GAA GAT GGT
GAT GGG ATT TC-3� (antisense) as primers. GAPDH annealing tempera-
ture was modified to 53°C for 45 seconds.

A marker containing a 100–base pair (bp) DNA ladder (Fermentas,
Hannover, MD) served as PCR product–length control.

All PCR-amplified products were separated on 6% polyacrylamide gels
(Bio-Rad Laboratories, Hercules, CA) and stained with ethidium bromide
(Oncor, Gaithersburg, MD). For the estimation of semiquantitative gene
expression, the corresponding signals were normalized against GAPDH,
using a fluorometric analysis system (Gel Doc 1000; Bio-Rad Laboratories,
München, Germany).

Quantitative RT-PCR

Quantitation of mRNA levels for bFGF and IL-6 was also carried out by
means of the 5� nuclease assay real-time fluorescence detection method.20-22

Briefly, cDNA was amplified by RT-PCR in the ABI prism 7700 sequence
detector (PE Biosystems, Foster City, CA). Oligonucleotide probes an-
nealed to the PCR products during the annealing and extension steps. The
probes were labeled at the 5� end with VIC (GAPDH) or FAM (bFGF and
IL-6, respectively) and at the 3� end with TAMRA, which served as a
quencher. The 5� to 3� nuclease activity of the Taq polymerase cleaved the
probe and released the fluorescent dyes (VIC or FAM), which were detected
by the laser detector of the sequencer. After the detection threshold was
reached, the fluorescence signal was proportional to the amount of PCR
product generated. Primer and probe sequences were designed with Primer
Express software (PE Biosystems) using published sequences. GAPDH
primer pairs: 5�-GAA GGT GAA GGT CGG AGT C-3� (sense), 5�-GAA
GAT GGT GAT GGG ATT TC-3� (antisense); GAPDH probe: VIC-5�-CAA
GCT TCC CGT TCT CAG CC-3�-TAMRA; bFGF primer pairs: 5�-GAC
GGC CGA GTT GAC GG-3� (sense), 5�-TCT TCT GCT TGA AGT TGT
AGC TTG A-3� (antisense); bFGF probe: FAM-5�-TCC GGG AGA AGA
GCG ACC CTC AC-3�-TAMRA; IL-6 primer pairs: 5�-CAG CCC TGA
GAA AGG AGA CAT G-3� (sense), 5�-GGT TCA GGT TGT TTT CTG
CCA-3� (antisense); IL-6 probe: FAM-5�-AAG AGT AAC ATG TGT GAA
AGC AGC AAA GAG GC-3�-TAMRA.

The primer combinations produced a single product of the appropriate
length as visualized by electrophoresis in a 6% polyaycrylamide gel. When
genomic DNA was used as a template, no bands were seen after PCR
amplification. All probes were positioned across exon-exon junctions. Gene
expression levels were calculated by means of standard curves generated by
serial dilutions of U-266 cDNA or BMSC cDNA. The relative amounts of
gene expression were calculated by using the expression of GAPDH as an
internal standard. GAPDH expression was stable during stimulation and
coculture experiments. RT-PCR data are presented as means of at least 2
independent analyses.

Statistics

Data other than RT-PCR results are presented as individual data plots or as
medians and interquartile ranges (IQRs). Statistical significance of overall
differences between multiple groups was analyzed by the Kruskal-Wallis
one-way analysis of variance. If the test was significant, pairwise compari-
sons were done by the multiple-comparisons’ criterion. Differences be-
tween 2 independent groups were analyzed by the Mann-Whitney rank sum
test. The Wilcoxon matched-pair signed rank test was used for comparison
of differences within pairs.23 A P value of .05 or less was considered
significant.

Results

Expression and secretion of bFGF by myeloma cells

In accordance with earlier reports,3-5 bFGF mRNA transcripts were
detected by RT-PCR in the myeloma-derived cell lines RPMI-
8226, U-266, KMS-11, and KMS-18 (Figure 1A), and in purified
CD38high/CD138� marrow myeloma cells from 12 of 15 MM
patients studied (representative samples shown in Figure 1B). In
contrast, OPM-2 cells (Figure 1A), nontumor (CD38�/CD138�)
marrow MNCs from MM patients (Figure 1C), and peripheral
blood B lymphocytes from healthy individuals (Figure 1D) did not
express bFGF.

Consistent with these data, intracellular bFGF was detected by
flow cytometric immunostaining in myeloma cell lines and MM
patient cells (shown for U-266 and a representative patient; unique
patient number [UPN] no. 10; Figure 2). Furthermore, RPMI-8226,
U-266, KMS-11, KMS-18, and MM patient cells, but not OPM-2,
were found to secrete bFGF into culture supernatants (Figure 3).
Basal secretion of bFGF protein was similar in the myeloma cell
lines U-266, KMS-11, and KMS-18, and median concentrations in
culture supernatants after 72 hours were 40.9 pg/mL (IQR,
27.3-47.8 pg/mL), 29.6 pg/mL (IQR, 29.1-30.1 pg/mL), and 21.6
pg/mL (IQR, 21.6-23.1 pg/mL) per 106 cells, respectively. By
comparison, bFGF levels were lower in RPMI-8226 (median, 7.4
pg/mL; IQR, 4.9-11.3 pg/mL; P � .05, Mann-Whitney test) and
undetectable in OPM-2.

Basic FGF levels in the culture media of ficolled marrow MNCs
from MM patients (n � 18; median, 13.5 pg/mL; IQR, 11.7-17.6
pg/mL) were similar to those measured ex vivo in the cell-free
supernatants of untreated marrow aspirates (median, 27.7 pg/mL;
IQR, 12.4-115.8 pg/mL) and significantly higher than in the media
of marrow MNCs from control subjects (n � 4; median and IQR,
0.0 pg/mL; P � .02; Figure 4). For parallel experiments, MNCs of
the MM marrows were sorted into CD38high/CD138� myeloma and
corresponding nontumor cell fractions. After 72 hours of culture,
bFGF concentrations in the media of purified myeloma cells
(median, 15.3 pg/mL; IQR, 7.7-47.7 pg/mL) were found to be

Figure 1. Expression of basic fibroblast growth factor (bFGF) in myeloma cells. Basic FGF transcripts (277 bp) in human myeloma cell lines (A) and in CD38high/CD138�

sorted myeloma cells from the bone marrow of representative patients (B; UPN nos. 1-6) were analyzed by RT-PCR. No bFGF transcripts were detected in the CD38�/CD138�

nontumor cell fraction of corresponding marrow samples (C; UPN nos. 1-3). Peripheral blood B lymphocytes (PBB-Ls) obtained from healthy volunteers served as additional
negative controls (D). DNA ladder marker (M) indicates 300 bp (upper rows) and 200 bp (lower rows). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH; 226 bp) was
used as a control for RNA integrity. C indicates nontemplate PCR control.
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significantly higher than in the media of nontumor cells (median,
0.4 pg/mL; IQR, 0.0-0.7 pg/mL; P � .0001; Figure 4). These
results identified myeloma cells as the major source of bFGF in
MM bone marrow.

FGF receptors in myeloma and marrow stromal cells

The expression of the high-affinity FGF receptors R1 through R4
was analyzed by flow cytometric phenotyping and RT-PCR in
U-266, RPMI-8226, and OPM-2 cells. As shown for U-266 in
Figure 5A-B, the cell lines mainly expressed the FGF receptor
subtypes R1, R2, R4, and to a lesser extent R3. In contrast, RT-PCR
indicated overexpression of FGF-R3 in OPM-2 cells (Figure 5A).
OPM-2 cells are known to carry the translocation t(4;14), and this
finding was confirmed by specific RT-PCR (not shown).24 FGF-R1
through FGF-R4 expression was also examined on cultured
myeloma cells derived from 6 MM patients. As shown for a
representative patient in Figure 5C (UPN no. 49), patient myeloma
cells consistently expressed mainly R1, R2, and R4. However, in
line with the findings on OPM-2, myeloma cells from one patient
with t(4;14) as detected by RT-PCR showed dominant overexpres-
sion of FGF-R3 (Figure 5C, UPN no. 47).

BMSCs derived from both MM patients and control subjects
expressed FGF-R1 through FGF-R4 (representative results in
Figure 5D).

Basic FGF stimulates IL-6 expression and secretion
in MM-BMSCs and control-BMSCs

BMSC cultures were established from bone marrow aspirates of 13
patients with multiple myeloma (MM-BMSCs) as previously

Figure 2. Detection of intracellular basic fibroblast growth factor (bFGF) in
myeloma cells. (A) Intracellular bFGF in U-266 myeloma cells stained by intracellu-
lar sandwich labeling using a polyclonal rabbit antihuman bFGF antibody and a goat
antirabbit FITC-labeled secondary antibody. (B) Intracellular bFGF in sorted marrow
myeloma cells from a representative patient (UPN no. 10). UC indicates unstained
control; IC, isotype control.

Figure 3. Secretion of basic fibroblast growth factor (bFGF) by myeloma cells.
Basal bFGF concentrations were determined in supernatants of myeloma cell lines
(RPMI-8226, U-266, OPM-2, KMS-11, KMS-18; n � 8 independent experiments
performed in triplicates per cell line) and of purified CD38high/CD138� marrow
myeloma cells from patients (MM, n � 18; see also Figure 4) after 72 hours of culture.
Basic FGF concentrations were corrected for 106 cells. Data are presented as
medians and interquartile ranges.

Figure 4. Secretion of basic fibroblast growth factor (bFGF) by marrow
mononuclear cells (MNCs) as well as tumor and nontumor cells. Basic FGF
concentrations were determined in supernatants of marrow MNCs from control
subjects (n � 4), marrow MNCs from patients with multiple myeloma (MM; n � 18),
and of the corresponding sorted tumor and nontumor cell fractions of the MM
marrows after 72 hours of culture. Basic FGF concentrations were corrected for 106

cells. Data are presented as medians and interquartile ranges. The Mann-Whitney
rank sum test was used to identify differences between control MNCs and MM-MNCs
(P � .02) and between tumor and nontumor cells (P � .0001).

Figure 5. Expression of FGF receptors 1 through 4 (FGF-R1-4) in myeloma and
stromal cells. (A) FGF-R1-4 expression in 2 myeloma cell lines (U-266, OPM-2)
using RT-PCR. Note the FGF-R3 overexpression in OPM-2 cells. (B) Flow cytometric
detection of FGF-R1-4 in U-266 myeloma cells stained by sandwich labeling using
polyclonal rabbit antihuman antibodies directed against FGF-R1-4 and a goat
antirabbit FITC-labeled secondary antibody. UC indicates unstained control; IC,
isotype control. (C) FGF-R1-4 transcripts in purified marrow myeloma cells of
representative patients. Note the FGF-R3 overexpression in the t(4;14)-positive MM
patient (UPN no. 47). (D) Amplified FGF-R1-4 transcripts in marrow stromal cells from
a representative myeloma patient (MM-BMSCs) and a control subject (control-
BMSCs). The product size for each receptor isotype is indicated on the left.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a control for
RNA integrity. � indicates transcript detectable by RT-PCR; �, no transcript
detectable by RT-PCR.

2778 BISPING et al BLOOD, 1 APRIL 2003 � VOLUME 101, NUMBER 7



described.5 Stimulation of BMSCs with bFGF for up to 72 hours
induced a time- and dose-dependent increase in IL-6 secretion
(2-fold over unstimulated controls at 10 ng/mL of bFGF after 72
hours; P � .001; Figure 6). The increase in IL-6 secretion was
completely abrogated in the presence of an antihuman bFGF
antibody (working concentration, 40 �g/mL; Figure 6B). Stimula-
tion of BMSC cultures from control subjects with bFGF revealed a
similar time- and dose-dependent increase in IL-6 levels as
observed for MM-BMSCs (not shown).

Quantitative RT-PCR showed a 3- to 10-fold increase in IL-6
transcripts in MM-BMSCs after exposure to 10 ng/mL bFGF for 72
hours, indicating that bFGF-induced stimulation of IL-6 production
occurred at the mRNA level (data not shown; compare quantitative
RT-PCR data in coculture experiments shown in Figure 9A, insert).

Effects of IL-6 on bFGF expression and secretion
in myeloma cells

To analyze whether IL-6 would in turn stimulate the secretion of
bFGF by myeloma cells, U-266 and RPMI-8226 myeloma cell
lines were cultured for 72 hours in the absence or presence of
exogenous IL-6 (10 ng/mL) with or without antihuman IL-6
antibody (1.5 �g/mL) (Figure 7). A 2-fold increase in bFGF
concentrations was observed in culture supernatants of both cell
lines, which was completely inhibited in the presence of an
IL-6–neutralizing antibody.

Next, myeloma cells sorted from bone marrow aspirates of 18
MM patients were cultured in the presence or absence of IL-6 (10
ng/mL) for 72 hours. Although highly variable, IL-6 stimulated the
bFGF secretion into culture supernatants up to 3.6-fold (median,
1.5-fold, P � .002; Figure 8A). In line with these results, an
increase in bFGF mRNA levels was observed in IL-6–stimulated
marrow myeloma cells using quantitative RT-PCR (Figure 8B). As

Figure 6. Effect of basic fibroblast growth factor (bFGF) on interleukin-6 (IL-6)
secretion by bone marrow stromal cells from myeloma patients (MM-BMSCs).
(A) Time-course experiments: IL-6 concentrations were determined in serum-free
culture supernatants of MM-BMSCs exposed to (f) 10 ng/mL of bFGF for 12, 24, and
72 hours; (E), unstimulated controls. IL-6 concentrations were corrected for 105 cells.
Data represent median values and interquartile ranges of 7 independent experiments
in different MM-BMSC cultures. The Kruskal-Wallis test and the multiple compari-
sons’ criterion were used to identify differences between groups (10 ng/mL vs
controls, P � .05 at 12 hours; P � .001 at 24 hours; P � .0001 at 72 hours). (B)
Dose-response effects: IL-6 concentrations were determined in 13 independent
MM-BMSC cultures stimulated with 1, 5, or 10 ng/mL of bFGF for 72 hours (�). As a
control experiment, stimulation with 10 ng/mL of bFGF was also performed in the
presence of polyclonal antihuman bFGF neutralizing antibody (anti-bFGF, 40 �g/mL)
in serum-free conditions (f). IL-6 concentrations are corrected for 105 cells. Data
represent median values and interquartile ranges (IQRs). The Mann-Whitney rank
sum test was used to identify differences between groups (10 ng/mL bFGF vs
controls, P � .001; 10 ng/mL bFGF vs 10 ng/mL bFGF � anti-bFGF, P � .01).

Figure 7. Effect of interleukin-6 (IL-6) on basic fibroblast growth factor (bFGF)
secretion by myeloma cell lines. Basic FGF concentrations in supernatants of
U-266 (A) and RPMI-8226 (B) cells after exposure to 0 (control) or 10 ng/mL IL-6 for
72 hours in the absence or presence of polyclonal antihuman IL-6 antibody (1.5
�g/mL anti–IL-6). Basic FGF concentrations were corrected for 106 cells and are
presented as medians and interquartile ranges of 3 independent experiments. The
Mann-Whitney rank sum test was used to identify differences between groups
(U-266: control vs IL-6, P � .02; IL-6 vs anti–IL-6, P � .02; RPMI-8226: control vs
IL-6, P � .1; IL-6 vs anti–IL-6, P � .02).

Figure 8. Effect of interleukin-6 (IL-6) on the production of basic fibroblast
growth factor (bFGF) by purified marrow myeloma cells from patients (n � 18).
(A) Basic FGF concentrations in supernatants of myeloma cell cultures after
exposure to 0 (native) or 10 ng/mL of IL-6 for 72 hours, presented as pg/mL corrected
for 106 cells. P � .002 for difference between native and IL-6–stimulated myeloma
cells (Wilcoxon test). (B) Quantitative bFGF-RT-PCR in CD38high/CD138� marrow
myeloma cells of 2 patients (UPN nos. 10 and 11) after exposure to 0 (native) or 10
ng/mL of IL-6 with or without anti–IL-6 for 72 hours. Basic FGF-RT-PCR was
performed as described in “Patients, materials, and methods.” Ratios of bFGF over
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression are depicted as
fold increase over unstimulated controls. Corresponding patient numbers (UPN) are
indicated in panels A and B.
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shown for a representative patient, this effect of IL-6 could again be
completely inhibited by the IL-6–neutralizing antibody.

Up-regulation of IL-6 and bFGF in transwell cocultures
of myeloma and marrow stromal cells

To further support the hypothesis of an enhancing interaction
between bFGF and IL-6 within the marrow of myeloma patients,
we studied the mutual effects of cocultivation of myeloma and
marrow stromal cells on IL-6 and bFGF secretion. In order to
preclude direct myeloma-to–stromal cell contacts, we chose a
transwell coculture system. In this series of experiments, BMSCs
from MM patients were cocultured with either U-266 cells (Figure
9) or CD38high/CD138� myeloma cells purified from the marrow of
MM patients (Figure 10). Monocultures were used as controls in
order to determine basal IL-6 and bFGF secretion by either cell
type alone.

Cocultivation of BMSCs with either U-266 or patient MM cells
resulted in a significant 2- to 3-fold stimulation of IL-6 secretion
over the sum of basal concentrations in the monoculture controls
(Figures 9A and 10A). The presence of both anti-bFGF antibody
and the combination of anti-bFGF with anti-VEGF significantly
reduced the enhancing effect of cocultivation, indicating a role for
bFGF as a mediator of IL-6 stimulation. This was true for U-266 as
well as patient MM cells. Finally, quantitative RT-PCR of IL-6
transcripts in monocultures or cocultures of BMSCs, in the absence
or presence of anti-bFGF antibody, demonstrates a regulatory
effect of bFGF on IL-6 production by marrow stromal cells (Figure
9A, insert). However, the inhibitory effect of anti-bFGF even in
combination with anti-VEGF was incomplete, suggesting that
additional humoral mediators are involved in stimulating BMSCs.

In turn, there was a supra-additive increase of bFGF in
coculture supernatants (Figures 9B and 10B). Quantitative RT-PCR
analyses in U-266 cells revealed that increased bFGF production
by myeloma cells was likely to account for at least part of the bFGF
increase (Figure 9B, insert). However, in contrast to monoculture
experiments, we were unable to demonstrate a significant inhibition
of bFGF secretion in cocultures by IL-6–neutralizing antibodies.

Discussion

Bone marrow neovascularization is increased in MM and character-
izes active disease with poor clinical outcome.1-3,25 These recent
observations have implicated a role in myeloma progression for
angiogenic cytokines such as VEGF and bFGF, both of which are
expressed by myeloma cells.3,5,6,26,27 Besides its angiogenic activ-
ity, VEGF has also been shown to stimulate myeloma cell
proliferation and migration in an autocrine manner and to support
the growth of and confer apoptosis resistance to myeloma cells
through paracrine induction of IL-6 release from marrow stromal
cells.5,9,13,28 Basic FGF, too, is considered a potent angiogenic
cytokine in MM.3 However, in contrast to VEGF, little is known
about potential autocrine and paracrine pathways triggered by
bFGF. Therefore, the present study aimed at investigating the
contribution of bFGF to paracrine IL-6 secretion from stromal cells
in the marrow microenvironment.

Our findings corroborate previous reports demonstrating that
various myeloma-derived cell lines, except OPM-2, as well as
purified marrow myeloma cells from patients express and secrete
bFGF.3,6,26,27 The present data extend these observations in that they
identify myeloma cells as the prevailing source of bFGF in the

bone marrow of patients with active MM (Figure 4). The latter
results would explain why bFGF concentrations in marrow aspi-
rates and peripheral blood have been found to correlate with MM
disease activity.15,16,29

Signaling of bFGF is mediated by a familiy of tyrosine kinase
receptors comprising FGF-R1 through FGF-R4 and the recently

Figure 9. Interleukin-6 (IL-6) and basic fibroblast growth factor (bFGF) in
noncontact cocultures of U-266 myeloma cells and bone marrow stromal cells
(BMSCs). (A) Enhanced IL-6 secretion of BMSCs derived from myeloma patients in
transwell cocultures with U-266 cells (P � .01 vs BMSC monocultures). The addition
of anti-bFGF or anti-bFGF plus anti-VEGF antibodies resulted in a significant
reduction of IL-6 secretion (P � .01 and P � .02, respectively, versus native
cocultures containing no antibody). IL-6 secretion by BMSCs and U-266 monocul-
tures served as baseline controls. IL-6 concentrations were determined in serum-free
supernatants of 72-hour cultures. Results were corrected for 105 cells and are
presented as medians and interquartile ranges of 9 independent coculture experi-
ments with BMSCs from different patients. Analysis of significance for group
differences was performed by the Mann-Whitney rank sum test. The insert shows the
induction of IL-6 transcripts in BMSCs by noncontact cocultivation with U-266 cells
and its reversal by the addition of anti-bFGF antibody (quantitative IL-6 RT-PCR in a
representative coculture). Ratios of IL-6 over glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) expression are depicted as fold increase over the unstimulated
control. (B) Increased bFGF secretion into supernatants of transwell cocultures of
U-266 cells with BMSCs for 72 hours (P � .03 vs U-266 monocultures). The addition
of polyclonal antihuman IL-6 antibody (5 �g/mL) slightly, but not significantly,
decreased bFGF secretion. U-266 and BMSC monocultures served as baseline
controls. BFGF concentrations were determined in supernatants of serum-free
72-hour cultures. Results were corrected for 106 cells and are presented as medians
and interquartile ranges of 3 independent experiments. The insert shows the
induction of bFGF transcripts in U-266 myeloma cells by noncontact coincubation
with BMSCs and the effect of anti–IL-6 antibody (quantitative bFGF RT-PCR,
representative experiment). Ratios of bFGF over glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH) expression are shown as fold increase over the
unstimulated control.

2780 BISPING et al BLOOD, 1 APRIL 2003 � VOLUME 101, NUMBER 7



described FGF-R5.30-35 These receptors transduce signals related to
cell growth, differentiation, tissue modeling, and angiogenesis.36-38

Binding of bFGF to one of its receptors requires the interaction
with heparan sulfate proteoglycans such as syndecan-1, which is
present on the surface of myeloma cells and in their stromal
environment.39-42 In the cell lines RPMI-8226 and U-266, and in
purified myeloma cells from patients, we could demonstrate
expression of the high-affinity FGF receptors R1 through R4.
Although not addressed in the present study, the simultaneous
expression of bFGF and its high-affinity receptors by myeloma
cells gives rise to the speculation on an autocrine loop as it was
recently described for VEGF.13 As an exception, predominant
expression of FGF-R3 was evident in those patient cells and
myeloma cell lines (OPM-2, KMS-11, KMS-18) carrying the
translocation t(4;14), which is known to result in dysregulated
expression of the receptor gene.7,43 FGF-R5 expression by my-
eloma and stromal cells was not studied in the present series and
thus cannot be excluded.

In line with earlier reports on marrow stromal cells in humans,44

we also showed expression of FGF-R1 through FGF-R4 in BMSCs
from control subjects and MM patients, indicating that paracrine
bFGF signaling in the marrow microenvironment may occur. As
previously described, the BMSC cultures used in our experiments
mainly consisted of CD54� fibroblastlike cells with few CD68�

macrophages, but without CD31 or thrombomodulin-reactive endo-
thelial cells.5,45 Thus, the observations on bFGF-induced IL-6
release from BMSCs indicate that paracrine bFGF effects do not
depend on the presence of microvascular endothelium in the
vicinity of the tumor.

Similar to the previously described effects of VEGF121 and
VEGF165,5 our results demonstrate that bFGF induces a time- and
dose-dependent increase in IL-6 secretion by BMSCs. These

findings suggest that bFGF is not only an angiogenic growth factor
in MM, but also functions as a cytokine supporting myeloma cell
growth and survival by paracrine stimulation of IL-6 release from
the marrow stroma.

The IL-6 release induced by bFGF appears to be less pro-
nounced than that reported for VEGF.5 In addition, although bFGF
effects were observed with concentrations as low as 1 ng/mL, these
concentrations are still one order of magnitude higher than those
measured in culture supernatants of myeloma cells. Nonetheless, it
is conceivable that concentrations of myeloma-derived bFGF
sufficient to elicit an IL-6 response may be reached in the vicinity
of a myeloma cell infiltrate in the marrow.

Other than bFGF and VEGF, myeloma cells have been shown to
secrete cytokines including transforming growth factor-	 (TGF-	),
tumor necrosis factor-� (TNF-�), and IL-1	, which are capable of
stimulating IL-6 secretion by marrow stromal cells.46-49 In order to
rule out an effect of such cytokines, bFGF stimulations of cultured
BMSCs were performed under serum-free conditions. Apart from
these humoral mediators, adhesion of myeloma cells to bone
marrow stroma has also been shown to potently stimulate IL-6
secretion.9,50-53

These data and observations led us to examine the role of bFGF
in a transwell coculture model, which precluded direct cell-to-cell
contact between the myeloma and stromal cell compartments. The
observation of a supra-additive effect of cocultivation on IL-6
release and its significant, though partial, inhibition by anti-bFGF
antibodies strongly supports the hypothesis of a paracrine effect of
bFGF on IL-6 secretion. The increase in IL-6 transcripts in BMSCs
upon cocultivation with myeloma cells and its reversal by anti-
bFGF antibodies further confirms this conclusion. Finally, consis-
tent findings in cocultures of BMSCs not only with the cell line
U-266, but also with patient cells, underline the biologic relevance
of the bFGF effect in human MM.

In analogy to the data reported on VEGF,5 we were also able to
demonstrate reciprocal stimulation of bFGF transcription and
secretion in myeloma cells by IL-6. This effect and its specific
inhibition by anti–IL-6 antibodies was observed in cell lines (ie,
U-266 and RPMI-8226) and in purified marrow myeloma cells
from some, but not all, MM patients. In line with the findings in
IL-6–stimulated myeloma cell monocultures, the transwell cocul-
ture experiments revealed a significant supra-additive increase in
bFGF release when myeloma cells were cultured in the presence of
BMSCs. However, in cocultures the bFGF release was not signifi-
cantly inhibited by anti–IL-6 antibodies, indicating that bFGF
secretion is redundantly regulated.

Finally, the question arises whether the bFGF release into
coculture supernatants is entirely derived from myeloma cells. As
mentioned above, cell-sorting studies revealed myeloma cells to be
the primary source of bFGF in the marrow of patients with active
MM. In addition, we detected only trace amounts of bFGF in
supernatants of BMSC monocultures (compare Figures 4, 9, and
10). Therefore, we tend to attribute the increase of bFGF in
cocultures and the related effects on IL-6 to enhanced bFGF
secretion by myeloma cells. Support of this interpretation comes
from a preliminary report by Van Riet et al,26 demonstrating that
BMSC-conditioned media induced a 5-fold increase in bFGF
production by the myeloma cell lines MMs.1 and U-266, while
cocultivation with MM cell lines had no effect on the stromal
production of bFGF. Nonetheless, there is some controversy as to
the relative contributions of BMSCs and myeloma cells to bFGF
secretion. Gupta et al9 showed that cultured BMSCs are equally

Figure 10. Interleukin-6 (IL-6) and basic fibroblast growth factor (bFGF) in
noncontact cocultures of purified marrow myeloma cells (MMCs) and stromal
cells (BMSCs) from patients. (A) Enhanced IL-6 secretion of BMSCs derived from
myeloma patients in transwell cocultures with MMCs (P � .02 vs BMSC monocul-
tures). The addition of anti-bFGF or anti-bFGF plus anti-VEGF antibody resulted in a
significant reduction of IL-6 secretion (P � .02 and P � .02, respectively, vs native
cocultures containing no antibody). IL-6 secretion by BMSCs and MMCs served as
baseline controls. IL-6 concentrations were determined in serum-free supernatants of
72-hour culture. Results were corrected for 105 cells and are presented as medians
and interquartile ranges of 5 independent experiments. Analysis of significance for
group differences was performed by the Mann-Whitney rank sum test. (B) Increased
bFGF secretion into supernatants of noncontact cocultures of MMCs with BMSCs
(P � .03 vs MMC monocultures). The addition of polyclonal antihuman IL-6 antibody
(5 �g/mL) revealed no significant effect. Basic FGF concentrations were determined
in supernatants of serum-free 72-hour cultures and corrected for 106 cells. MMC and
BMSC monocultures served as baseline controls. Data are presented as medians
and interquartile ranges of 4 independent experiments. Analysis of significance for
group differences was performed by the Mann-Whitney rank sum test.
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and sometimes more potent than myeloma cells in releasing bFGF.
In their study, binding of myeloma cells to BMSCs decreased,
rather than increased, bFGF concentrations in culture superna-
tants.9 Considering that we used transwell cocultures precluding
adherence of myeloma cells to BMSCs, our findings in cocultures
are not necessarily conflicting with this report because they merely
reflect the effect of humoral mediators on bFGF release. However,
our experiments cannot exclude an additional induction of bFGF
secretion from BMSCs by yet unidentified myeloma-derived
mediators. After all, this possibility would not detract from the
observation that bFGF, be it derived from myeloma or stromal
cells, is a biologically relevant paracrine mediator of IL-6 secretion
by marrow stromal cells.

Taken together, the mutual stimulation of bFGF and IL-6
strongly suggests a role for bFGF in paracrine interactions

between myeloma and marrow stromal cells, similar to the role
previously described for VEGF.5 These findings are particularly
relevant in view of new treatment strategies for MM targeting
marrow neovascularization or angiogenic cytokines and their
receptors.54-56

Acknowledgments

D.W. contributed experiments to fulfill requirements for her
MD thesis.

We thank Takemi Otsuki from Kawasaki Medical School,
Okayama, Japan, for kindly providing the KMS-11 and KMS-18
myeloma cell lines.

References

1. Vacca A, Ribatti D, Roncali L, et al. Bone marrow
angiogenesis and progression in multiple my-
eloma. Br J Haematol. 1994;87:503-508.

2. Munshi N, Wilson C, Penn J, et al. Angiogenesis
in newly diagnosed multiple myeloma: poor prog-
nosis with increased microvessel density (MVD)
in bone marrow biopsies [abstract]. Blood. 1998;
92:98a.

3. Vacca A, Ribatti D, Presta M, et al. Bone marrow
neovascularization, plasma cell angiogenic po-
tential, and matrix metalloproteinase-2 secretion
parallel progression of human multiple myeloma.
Blood. 1999;93:3064-3073.

4. Ribatti D, Vacca A, Nico B, et al. Bone marrow
angiogenesis and mast cell density increase si-
multaneously with progression of human multiple
myeloma. Br J Cancer. 1999;79:451-455.

5. Dankbar B, Padro T, Leo R, et al. Vascular endo-
thelial growth factor and interleukin-6 in paracrine
tumor-stromal cell interactions in multiple my-
eloma. Blood. 2000;95:2630-2636.

6. Bellamy WT, Richter L, Frutiger Y, Grogan TM.
Expression of vascular endothelial growth factor
and its receptors in hematopoietic malignancies.
Cancer Res. 1999;59:728-733.

7. Otsuki T, Yamada O, Yata K, et al. Expression of
fibroblast growth factor and FGF-receptor family
genes in human myeloma cells, including lines
possessing t(4;14)(q16.3;q32.3) and FGFR3
translocation. Int J Oncol. 1999;15:1205-1212.

8. Carmeliet P, Jain RK. Angiogenesis in cancer and
other diseases. Nature. 2000;407:249-257.

9. Gupta D, Treon SP, Shima Y, et al. Adherence of
multiple myeloma cells to bone marrow stromal
cells upregulates vascular endothelial growth fac-
tor secretion: therapeutic applications. Leukemia.
2001;15:1950-1961.

10. Hardin J, MacLeod S, Grigorieva I, et al. Interleu-
kin-6 prevents dexamethasone-induced myeloma
cell death. Blood. 1994;84:3063-3070.

11. Klein B, Zhang XG, Lu ZY, Bataille R. Interleu-
kin-6 in human multiple myeloma. Blood. 1995;
85:863-872.

12. Lichtenstein A, Tu Y, Fady C, Vescio R, Berenson
J. Interleukin-6 inhibits apoptosis of malignant
plasma cells. Cell Immunol. 1995;162:248-255.

13. Podar K, Tai YT, Davies FE, et al. Vascular endo-
thelial growth factor triggers signaling cascades
mediating multiple myeloma cell growth and mi-
gration. Blood. 2001;98:428-435.

14. Podar K, Yu-Tzu T, Sattler M, Treon SP, Mitsiades
C, Davies FE. The role of vascular endothelial
growth factor (VEGF) in the pathophysiology of
multiple myeloma (MM) [abstract]. Blood. 2000;
96:836a.

15. Di Raimondo F, Azzaro MP, Palumbo G, et al. An-
giogenic factors in multiple myeloma: higher lev-

els in bone marrow than in peripheral blood.
Haematologica. 2000;85:800-805.

16. Sezer O, Jakob C, Eucker J, et al. Serum levels
of the angiogenic cytokines basic fibroblast
growth factor (bFGF), vascular endothelial growth
factor (VEGF) and hepatocyte growth factor
(HGF) in multiple myeloma. Eur J Haematol.
2001;66:83-88.

17. Lagneaux L, Delforge A, Dorval C, Bron D,
Stryckmans P. Excessive production of transform-
ing growth factor beta by bone marrow stromal
cells in B-cell chronic lymphocytic leukemia inhib-
its growth of hematopoietic precursors and inter-
leukin-6 production. Blood. 1993;82:2379-2385.

18. Prussin C. Cytokine flow cytometry: understand-
ing cytokine biology at the single-cell level [re-
view]. J Clin Immunol. 1997;17:195-204.

19. Chomczynski P, Sacchi N. Single-step method of
RNA isolation by acid guanidinium thiocyanate-
phenol-chloroform extraction. Anal Biochem.
1987;162:156-159.

20. Wang AM, Doyle MV, Mark DF. Quantitation of
mRNA by the polymerase chain reaction. Proc
Natl Acad Sci U S A.1989;86:9717-9721

21. Livak KJ, Flood SJ, Marmaro J, Giusti W, Deetz
K. Oligonucleotides with fluorescent dyes at op-
posite ends provide a quenched probe system
useful for detecting PCR product and nucleic acid
hybridization. PCR Methods Appl. 1995;4:357-
362.

22. Holland PM, Abramson RD, Watson R, Gelfand
DH. Detection of specific polymerase chain reac-
tion product by utilizing the 5�33� exonuclease
activity of Thermus aquaticus DNA polymerase.
Proc Natl Acad Sci U S A. 1991;88:7276-7280.

23. Siegel S, Castellan JN. Nonparametric Statistics
for the Behavioral Science. Singapore: McGraw-
Hill Book; 1988.

24. Chesi M, Nardini E, Brents LA, et al. Frequent
translocation t(4;14)(p16.3;q32.3) in multiple my-
eloma is associated with increased expression
and activating mutations of fibroblast growth fac-
tor receptor 3. Nat Genet. 1997;16:260-264.

25. Rajkumar SV, Leong T, Roche PC, et al. Prognos-
tic value of bone marrow angiogenesis in multiple
myeloma. Clin Cancer Res. 2000;6:3111-3116.

26. Van Riet I, Hellebraut L, Castronovo V, et al. Ex-
pression of the angiogenesis-inducing molecules
VEGF and bFGF in multiple myeloma and its
regulation by paracrine interactions between tu-
mor cells and stromal bone marrow cells [ab-
stract]. Blood. 2000;96:361a. Abstract 1559.

27. Guiliani N, Colla S, Sala R, et al. Pro-angiogenic
properties of myeloma cells: role in myeloma-
induced angiogenesis [abstract]. Blood. 2001;98:
159a. Abstract 671

28. Podar K, Tai YT, Lin BK, et al. Vascular endothe-
lial growth factor-induced migration of multiple

myeloma cells is associated with beta 1 integrin-
and phosphatidylinositol 3-kinase-dependent
PKC alpha activation. J Biol Chem. 2002;277:
7875-7881.

29. Sato N, Hattori Y, Wenlin D, et al. Elevated level
of plasma basic fibroblast growth factor in mul-
tiple myeloma correlates with increased disease
activity. Jpn J Cancer Res. 2002;93:459-466.

30. Maher PA. Nuclear translocation of fibroblast
growth factor (FGF) receptors in response to
FGF-2. J Cell Biol. 1996;134:529-536.

31. Plotnikov AN, Schlessinger J, Hubbard SR, Mo-
hammadi M. Structural basis for FGF receptor
dimerization and activation. Cell. 1999;98:641-
650.

32. Stauber DJ, DiGabriele AD, Hendrickson WA.
Structural interactions of fibroblast growth factor
receptor with its ligands. Proc Natl Acad Sci
U S A. 2000;97:49-54.

33. Dionne CA, Crumley G, Bellot F, et al. Cloning
and expression of two distinct high-affinity recep-
tors cross-reacting with acidic and basic fibroblast
growth factors. EMBO J. 1990;9:2685-2692.

34. Keegan K, Johnson DE, Williams LT, Hayman
MJ. Characterization of the FGFR-3 gene and its
gene product. Ann N Y Acad Sci. 1991;638:400-
402.

35. Sleeman M, Fraser J, McDonald M, et al. Identifi-
cation of a new fibroblast growth factor receptor,
FGFR5. Gene. 2001;271:171-182.

36. Folkman J, D’Amore PA. Blood vessel formation:
what is its molecular basis [review]? Cell. 1996;
87:1153-1155.

37. Risau W. Mechanisms of angiogenesis [review].
Nature. 1997;386:671-674.

38. Hanahan D. Signaling vascular morphogenesis
and maintenance. Science. 1997;277:48-50.

39. Yayon A, Klagsbrun M, Esko JD, Leder P, Or-
nitz DM. Cell surface, heparin-like molecules
are required for binding of basic fibroblast
growth factor to its high affinity receptor. Cell.
1991;64:841-848.

40. Witzig TE, Kimlinger T, Stenson M, Therneau T.
Syndecan-1 expression on malignant cells from
the blood and marrow of patients with plasma cell
proliferative disorders and B-cell chronic lympho-
cytic leukemia. Leuk Lymphoma. 1998;31:167-
175.

41. Wijdenes J, Vooijs WC, Clement C, et al. A plas-
mocyte selective monoclonal antibody (B-B4)
recognizes syndecan-1. Br J Haematol. 1996;94:
318-323.

42. Bayer-Garner IB, Sanderson RD, Dhodapkar MV,
Owens RB, Wilson CS. Syndecan-1 (CD138) im-
munoreactivity in bone marrow biopsies of mul-
tiple myeloma: Shed Syndecan-1 accumulates in
fibrotic regions. Mod Pathol. 2001;14:1052-1058.

2782 BISPING et al BLOOD, 1 APRIL 2003 � VOLUME 101, NUMBER 7



43. Chesi M, Brents LA, Ely SA, et al. Activated fibro-
blast growth factor receptor 3 is an oncogene that
contributes to tumor progression in multiple my-
eloma. Blood. 2001;97:729-736.

44. Walsh S, Jeffries C, Stewart K, et al. Expression
of the developmental markers STRO-1 and alka-
line phosphatase in cultures of human marrow
stromal cells: regulation by fibroblastgrowth factor
(FGF)-2 and relationship to the expression of
FGF receptors 1-4. Bone. 2000;27:185-195.

45. Caligaris-Cappio F, Bergui L, Gregoretti MG, et
al. Role of bone marrow stromal cells in the
growth of human multiple myeloma. Blood. 1991;
77:2688-2693.

46. Thomas X, Anglaret B, Magaud JP, Epstein J,
Archimbaud E. Interdependence between cyto-
kines and cell adhesion molecules to induce in-
terleukin-6 production by stromal cells in my-
eloma. Leuk Lymphoma. 1998;32:107-119.

47. Carter A, Merchav S, Silvian-Draxler I, Tatarsky I.
The role of interleukin-1 and tumor necrosis fac-

tor-alpha in human multiple myeloma. Br J
Haematol. 1990;74:424-431.

48. Shalaby MR, Waage A, Espevik T. Cytokine regu-
lation of interleukin-6 production by human endo-
thelial cells. Cell Immunol. 1989;121:372-382.

49. Urashima M, Ogata A, Chauhan D, et al. Trans-
forming growth factor-1: differential effects on
multiple myeloma versus normal B cells. Blood.
1996;87:1928-1938.

50. Uchiyama H, Barut BA, Mohrbacher AF, Chauhan
D, Anderson KC. Adhesion of human myeloma-
derived cell lines to bone marrow stromal cells
stimulates interleukin-6 secretion. Blood. 1993;
82:3712-3720.

51. Kim I, Uchiyama H, Chauhan D, Anderson KC.
Cell surface expression and functional signifi-
cance of adhesion molecules on human my-
eloma-derived cell lines. Br J Haematol. 1994;87:
483-493.

52. Chauhan D, Uchiyama H, Akbarali Y, et al. Mul-

tiple myeloma cell adhesion-induced interleukin-6
expression in bone marrow stromal cells involves
activation of NF-
B. Blood. 1996;87:1104-1112.

53. Lokhorst HM, Lamme T, de Smet M, et al. Pri-
mary tumor cells of myeloma patients induce in-
terleukin-6 secretion in long term marrow cul-
tures. Blood. 1994;84:2269-2277.

54. Singhal S, Metha J, Desikan R, et al. Antitumor
activity of thalidomide in refractory myeloma.
N Engl J Med. 1999;341:1565-1571.

55. Lin B, Podar K, Gupta D, et al. The vascular en-
dothelial growth factor receptor tyrosine kinase
inhibitor PTK787/ZK222584 inhibits growth and
migration of multiple myeloma cells in the bone
marrow microenvironment. Cancer Res. 2002;62:
5019-5026.

56. Satomura K, Derubeis AR, Fedarko NS, et al. Re-
ceptor tyrosine kinase expression in human bone
marrow stromal cells. J Cell Physiol. 1998;177:
426-438.

BASIC FIBROBLAST GROWTH FACTOR AND INTERLEUKIN-6 2783BLOOD, 1 APRIL 2003 � VOLUME 101, NUMBER 7


