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Autocrine Up-Regulation of MCP-1
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Abstract
The proinflammatory cytokine tumor necrosis factor

(TNF)-� has been shown to facilitate leukocyte transendo-
thelial migration. In multiple myeloma, TNF-� is an impor-
tant factor in the promotion of growth and survival of the
malignant cells. Studies have shown that enhanced TNF-�
levels in myeloma patients correlated with aggressive dis-
ease. Therefore, we investigated the effect of recombinant
human TNF-� on the migrational behavior of myeloma cells
across the physiological barrier of the major disease com-
partment, i.e., human bone marrow endothelial cells. In the
presence of TNF-�, we observed significantly increased mi-
gration both in established myeloma cell lines and in plasma
cells from myeloma patients. Expression of TNF-receptor 2
(TNF-R2) but not TNF-receptor 1 (TNF-R1) was detected in
myeloma cell lines. Myeloma cells of patients also showed
expression of TNF-R2 but not TNF-R1. The effect of TNF-�
could not be explained by altered expression of adhesion
molecules or metalloproteases. Instead, we found an up-
regulation of monocyte chemoattractant protein (MCP)-1
and confirmed that myeloma cells express the relevant re-
ceptor C-C chemokine receptor 2. Preincubation of my-
eloma cells with recombinant human MCP-1 also enhanced
cell migration, and this effect, as well as the effect of TNF-�,
was abolished by treatment with anti-MCP-1 antibody. In
contrast, migration of myeloma cells in the direction of an
MCP-1 gradient, i.e., chemotaxis, could not be observed in

the cell lines investigated. Additionally, the mRNA level of
TNF-� was up-regulated by the cytokine treatment, which
points to an autocrine loop augmenting and/or stabilizing
the TNF-�–MCP-1 pathway. In summary, our data clearly
support additional investigations using anti-MCP-1 antibod-
ies in myeloma progression.

Introduction
Malignant cells of the hematological system usually orig-

inate from normal cells with the inherent capacity to circulate
through the bloodstream. In multiple myeloma, the cells consti-
tuting the tumor burden in the bone marrow are generally
assumed to originate from a B-cell clone that has been antigen-
selected in the germinal center of the lymph nodes and that
homes predominantly to, and spreads within, the bone marrow
(1). This implies that myeloma cells and/or their precursor cells
traverse the bone marrow endothelial barrier for entry as well as
for subsequent extravasation to distant bone marrow sites.

The fact that nonmalignant, activated B cells are capable of
migrating across the endothelial layer in response to proinflam-
matory cytokines such as tumor necrosis factor (TNF)-� (2, 3)
provides a basis for the assumption that this cytokine might also
be important for the transmigration process in myeloma. Under
physiological conditions, TNF-� is a potent chemoattractant for
neutrophils and increases their adherence to the endothelium. It
induces the synthesis of a number of chemoattractants and
modulates the chemoattractant properties of other chemotactic
reagents for neutrophils (2). In addition to chemotaxis, TNF-�
has also been shown to induce chemokinesis in several cell
types including memory and naı̈ve B cells (4). The cytokine has
been shown to regulate expression of chemokines and chemo-
kine receptors via TNF receptor 2 (TNF-R2) in a cell-type and
tissue-specific manner (5). Such a role for TNF-�, however, has
not yet been investigated in multiple myeloma.

Within the major compartment of myeloma disease, i.e.,
the bone marrow, TNF-� is readily produced not only by cells
of the microenvironment but also by myeloma cells themselves
(6). This cytokine, important in myeloma establishment and
progression, has been shown to act as a survival factor for
myeloma cells (7) and, in combination with interleukin 4, it has
also been implicated in myeloma precursor cell differentiation
(8). Furthermore, TNF-� is able to trigger the secretion of
interleukin 6 from bone marrow stromal cells, which constitutes
a major growth factor for the tumor cells (9, 10), and it displays
proangiogenic properties in vivo (11). In terms of clinical rele-
vance, it has been shown that freshly explanted bone marrow
cells from patients produced higher amounts of TNF-� than the
comparable controls. The extent of production correlates with
the stages of the disease, with the presence of extensive osteo-
lytic bone disease (12), and with the percentage of plasma cells
in the bone marrow (13). These results point to a central role for
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TNF-� in growth promotion, survival, and expansion of the
malignant clone.

TNF-�, either as soluble protein or in its membrane-bound
form, signals via two distinct TNF receptors, TNF receptor 1
(TNF-R1) and TNF-R2 and their respective signaling cascades
(14). Ligand binding to TNF-receptors can result in cell activa-
tion, migration, proliferation, apoptosis, or even inhibition of
apoptosis (15). The biological consequence of ligand binding
depends on the cell lineage, metabolic state of the cell, kinetics
of ligand binding, and which isoform of TNF-receptor is ex-
pressed. TNF-R1, which belongs to the death-receptor domain
family, is found on a number of cell types, particularly on cells
susceptible to the cytotoxic action of TNF-�, i.e., induction of
apoptosis, and binds soluble TNF-� with higher affinity than
does TNF-R2 (16). TNF-R2 is present on cell types of lymphoid
origin, i.e., on stimulated T cells and B cells. In contrast to
TNF-R1, signaling via TNF-R2 is not linked to a death receptor
domain.

TNF-� has been shown to play an essential role in the
differentiation and survival of myeloma cells. However, accord-
ing to its function in other cell systems, TNF-� might also be
involved in the migration of myeloma cells, thus contributing to
the spread of the disease. We here investigated the impact of
TNF-� on the migrational capacity of myeloma cells.

Patients, Materials, and Methods
Cell Culture. Myeloma cell lines RPMI-8226, U266,

and NCI-H929 were obtained from American Type Culture
Collection (Rockville MD), and grown in RPMI-1640 (Life
Technologies, Inc. Paisley, United Kingdom) supplemented
with 10% heat-inactivated FCS (PAA, Linz, Austria), L-gluta-
mine 100 �g/ml (Life Technologies, Inc., NY), and penicillin-
streptomycin 100 units/ml (Life Technologies, Inc.). The human
bone marrow endothelial cell line HBMEC-60 was kindly pro-
vided by Dr. C. E. van der Schoot (CLB, Amsterdam, the
Netherlands; Ref. 17). Endothelial cells were cultured in M199
(PAA, Linz, Austria) supplemented with HEPES 25 mM

(MERCK, Darmstadt, Germany), 10% heat-inactivated human
serum (Biowhittaker, Belgium), 10% heat-inactivated FCS
(PAA), bFGF 1 ng/ml (Clonetics Corporation, San Diego, CA),
heparin 5 units/ml (Biochrom Ltd, Cambridge, United King-
dom), L-glutamine 0.3 mg/ml, penicillin-streptomycin 100 units/
ml, and geneticin 100 �g/ml (all Life Technologies, Inc.). Cells
were cultured at 37°C in a humidified atmosphere containing
5% CO2. Recombinant human TNF-� and recombinant human
monocyte chemoattractant protein 1 (MCP-1) were purchased
from Sigma (Germany) and from R&D systems (Minneapolis,
MN), respectively.

Native Myeloma Cells. Bone marrow samples from my-
eloma patients were obtained after informed consent. Myeloma
cells were purified using magnetic cell sorting CD138 Mi-
crobeads (clone B-B4; Miltenyi Biotec, Bergisch Gladbach,
Germany) following the manufacturers’ instructions. Briefly,
bone marrow mononuclear cells were diluted in HEPES-buff-
ered RPMI medium and separated by Ficoll-Paque; cells were
then labeled with CD138 magnetic cell-sorting beads and were
positively selected over a magnetic column with �95–99%
purity. CD138-positive cells and the remaining CD138-depleted

cell fraction were immediately used for transmigration assays.
Relevant patients’ information is summarized in Table 1. All of
the patients were in stage IIIa of myeloma and patients MM1–4
were untreated before bone marrow aspirates were taken. Patient
MM5 was recently treated and patient MM6 was in relapse 3
years after the initial therapy. Percentage of plasma cells in the
bone marrow of patients was assessed by cytological (patient
MM1–4) or histological methods (patients MM5–6; see Table 1).

Transmigration Assay. Endothelial cells were seeded
onto fibronectin-coated (BD Bioscience, Bedford, MA) tran-
swells (5 �m pores; Costar, Corning, Inc., Corning, NY) and
were allowed to grow to confluence. Per transwell, �1 � 105

myeloma cells at a concentration of 0.5 � 106 cells/ml [un-
stimulated or prestimulated for 4 h with human recombinant
TNF-� (50 ng/ml) and human recombinant MCP-1 (100 ng/ml),
respectively] were washed in PBS to eliminate residual TNF-�,
were seeded on the endothelial monolayer, and were allowed to
migrate for 4–10 h. Migrated cells at the bottom of the wells
were counted using a Coulter Counter (Coulter Electronics
LTD, Harpenden Herts, England) and the percentage of mi-
grated cells was calculated. Plasma cells from patients were
seeded onto uncoated transwells after incubation with TNF-� as
above and were allowed to migrate for 4–6 h. Blocking exper-
iments were performed by incubating the cells with 10 �g/ml
blocking antibody (anti-MCP-1; R&D Systems) for 10 min at
room temperature or with the corresponding isotype-matched
control antibody before incubation with TNF-� and MCP-1,
respectively.

Flow Cytometry Analysis. Myeloma cells were either
stimulated with TNF-� or not. Flow cytometric analyses were
performed on a FACScan (Becton Dickinson). The cells were
incubated with the specific monoclonal antibodies or an unspe-
cific, isotype-matched murine antibody as a control for 30 min
at 4°C, washed in PBS/0.2% BSA and, in case of unconjugated
specific monoclonal antibodies, were subsequently incubated
with a secondary FITC-conjugated rabbit antimouse-immuno-
globulin monoclonal antibodies for 30 min at 4°C. Cells were
again washed in PBS/0.2% BSA and analyzed. Monoclonal
antibodies and matched control antibodies were purchased from
Serotech (CD120a/TNF-R1, CD120b/TNF-R2), Ancell (CD49d,
CD106, CD44, CD54) PharMingen (CD11a, CD50), and R&D
Systems (CCR2, clone 48607.2).

Apoptosis Assay and Proliferation Assay. To measure
the impact of TNF-� and MCP-1 stimulation on apoptosis of
myeloma cells, 0.5 � 106 cells/ml were seeded into 96-wells
and incubated for 24 h and 48 h with or without cytokine
(50–100 ng/ml) or chemokine (100 ng/ml), respectively. Apo-

Table 1 Characteristics of myeloma patients

Patients Sex Age
% plasma cells
in bone marrow Stage

MM1 M 69 36.5 IIIa
MM2 F 69 37.5 IIIa
MM3 F 62 63.0 IIIa
MM4 M 74 72.5 IIIa
MM5 M 61 60.0 IIIa
MM6 M 72 65.0 IIIa
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ptosis was detected by fluorescence-activated cell sorting anal-
ysis of the binding of AnnexinV/FITC (Molecular Probes,
Leiden, the Netherlands) and propidium iodide (Sigma). Exper-
iments were performed in quadruplicates. Proliferation was
measured in the same setting using the Proliferation Assay
CellTiter 96 (Aqueous One Solution Cell Proliferation Assay;
Promega Corp., Madison, WI). Briefly, 0.5 � 106 cells/ml cells
were seeded in 96-well plates and incubated for 24 h or 48 h
with or without recombinant human TNF-� or recombinant
human MCP-1. Twenty �l of the cell titer solution were added
for the last 4 h of the incubation period, and absorbance was
measured at 490 nm using a microplate reader (model Bench-
mark; BIO-RAD Laboratories, Hertfordshire, United Kingdom).

Adhesion Assay. Adhesion assays were performed as
described previously (18). Endothelial cells were grown to con-
fluence in fibronectin-coated 24-well tissue culture dishes
(Costar) and were washed with phenol red-free medium (M199
as above, except for 2% FCS). Myeloma cells (1 � 106/ml)
were either stimulated or not with recombinant human TNF-�
(50 ng/ml, 4 h), labeled with 10 �g/ml Calcein-AM for 30 min
(Molecular Probes), washed in PBS, resuspended in phenol
red-free medium, and allowed to bind to the endothelial mono-
layer for 30 min at 37°C. The nonadherent cells were subse-
quently discarded by washing, and adherent cells were lysed
with lysis medium [PBS supplemented with 0.1% (v/v) Tween
20, 0.2% (w/v) hexadecyl-trimethyl-ammonium-bromide, 0.2%
(w/v) BSA (Sigma), and 20 mM EDTA (Merck, Munich, Ger-
many)]. The fluorescence of the lysed cells was measured by a
spectrofluorometer (Model Fluoroscan Ascent, �ex 485 nm, �em

525 nm).
Gelatin Zymography Assay. Gelatinolytic activities in

conditioned medium of myeloma cell lines U266 and RPMI-
8226 were determined as described previously (19). Briefly, 1 �
106 cells/ml were grown in RPMI 1640 (Life Technologies,
Inc.), supplemented with L-glutamine, antibiotics, and 1% heat-
inactivated FCS, for 60 h. During the last 12 h, TNF-� (50
ng/ml) was added as indicated. The supernatants were collected
and concentrated using Centriprep columns (Millipore, Bedford,
MA). Protein content was measured by Bradford assay (20), and
10 �g of protein were mixed with SDS sample buffer without
reducing reagent and were subjected to SDS-PAGE (10%) co-
polymerized with gelatin (1 mg/ml; Sigma). After electrophore-
sis, SDS was removed from gels by incubation in renaturing
buffer containing 2.5% Triton X (two times for 20 min). Reac-
tivation of the metalloproteases was achieved by incubating the
gels over night in activation buffer [10 mM Tris-HCl (pH 7.5),
containing 1.25% Triton X-100, 5 mM CaCl2, and 1 �M ZnCl2]
at 37°C. Gels were stained with Coomassie Blue thereafter and
destained with 50% methanol/10% acetic acid/40% water. The
proteolytic activity was visualized as clear bands (zones of
gelatin degradation) against the blue background of stained
gelatin. Semiquantitative analysis was done by densitometry
using a computer-assisted scanner (HEIDELBERG Linoscan1400)
and standard software (ADOBE-Photoshop).

MCP-1 ELISA. ELISA plates coated with anti-MCP-1
monoclonal antibodies were purchased from R&D systems and
assays were performed according to the manufacturer’s instruc-
tions. We analyzed supernatants collected from myeloma cell
cultures (1 � 106 cells/ml) after 12-h growth in complete RPMI

1640 with or without the addition of recombinant human TNF-�
(50 ng/ml). Chemokine content was quantified at 450 nm with
a reference wavelength of 570 nm (Bio-Rad Benchmark Micro-
plate Reader).

Microarray. Total RNA from U266 and U266 stimu-
lated for 2 h and 4 h, respectively, with TNF-� was extracted
using TRIzol Reagent (Invitrogen, Carlsbad, CA), and mRNA
was prepared using the Oligotex mRNA Purification System
(Qiagen, Hilden, Germany) in accordance with the manufactur-
er’s instructions. Messenger RNA (600 ng) was sent to Incyte
Genomics Corporation, and the company performed mRNA
labeling and hybridizations to the Human Foundation 4 microar-
ray, which contains more than 9700 sequences. Data analysis
was performed using the GEMTools 2.5 analysis program.

NF-�B ELISA. The DNA-binding activity of NF-�B in
U266 cells was quantified by ELISA by the trans-AM NF-�B
p65 Transcription Factor Assay kit (Active Motif North Amer-
ica, Carlsbad, CA) according to the manufacturer’s instructions.
In brief, RPMI-8226 and U266 cells were treated with TNF-�
between 5 and 240 min or were left untreated. Whole cell
extracts were prepared as described above, and 15 �g of protein/
sample were incubated in 96-well plates coated with immobi-
lized oligonucleotides containing the consensus binding site for
the p65 subunit of NF-�B, according to instructions. Quantifi-
cation was obtained at 450 nm with a reference wavelength of
655 nm using the Bio-Rad Benchmark Microplate Reader.

Reverse Transcription-PCR. Total RNA from my-
eloma cells was prepared using TRIzol Reagent (Invitrogen
Corp.) and following the producer’s instructions. Transcription
of cDNA was performed using a mixture containing 1 �g of
RNA, 500 ng of oligo(dT) primer, 10 mM dNTP, 1� reverse
transcription buffer, and 200 units of moloney murine leukemia
virus-reverse transcriptase and incubated for 90 min at 37°C.
PCR conditions for each set of primers were 10 mM dNTP, 25
mM MgCl2, 10 �M each primer, and 1 unit of TaqDNA polym-
erase (Promega, Mannheim, Germany). PCR cycles started with
95°C for 3 min and continued for 30 cycles with 95°C for 30
s/specific annealing temperature for 1 min/70°C for 1 min. The
following primers were used (5�–3�): TNF-� sense (sense),
GCA CTG AAA GCA TGA TCC GGG, and TNF-� antisense
GTG ACA AGC CTG TAG CCC ATG, annealing temperature
57°C, which resulted in a 270-bp fragment; matrix metallopro-
tease (MMP)-2 (sense) GGC CCT GTC ACT CCT GAG AT,
and MMP-2 (antisense) TCC CCG ATA ACC TGG ATG CC
(57°C, 574 bp); MMP-9 (sense) ACC GCT ATG GTT ACA
CTC G, and MMP-9 (antisense) ACA ACA TCA CCT ATT
GGA TCC (52°C, 227 bp); tissue inhibitors of metalloproteases
(TIMP)-1 (sense) CCA AGT TCG TGG GGA CAC, and
TIMP-1 (antisense) TGC AGT TTT CCA GCA ATG AG
(52°C, 207 bp); TIMP-2 (sense) GGC GTT TTG CAA TGC
AGA TGT AG, and TIMP-2 (antisense) ACA GGA GCC GTC
ACT TCT CTT G (57°C, 496 bp); MCP-1 (sense) CTC ATA
GCA GCC ACC TTC AT, and MCP-1 (antisense), GCT TTT
CCT CTT GAA CCA CA (52°C, 495 bp fragment); and house-
keeping gene L32 (sense) CAT TGA CAA CAG GGT TCG
TAG, and L32 (antisense) GCC AGG CTG CGC AGT GAA G
(59°C, 278-bp fragment).

Real-Time PCR. Total RNA was isolated using TRIzol
reagent and following the manufacturer’s instructions. cDNA
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probes were generated using random hexamer primers and using
Superscript II Reverse Transcriptase (Life Technologies, Inc.).
Real-time PCR was performed using a PCR kit (Brilliant Quan-
titative PCR Core Reagent kit, Stratagene Europe (Amsterdam,
the Netherlands) and analysis was performed on an AbiPrism
7700 sequence detector (Applied Biosystems). Expression of
C-C chemokine receptor 2 (CCR2) was normalized against the
amount of 18S RNA. Primers and probes (5�FAM/3�TAMRA
label) were selected using the Primer Express software (Applied
Biosystems), and sequences were as follows: CCR2 (sense)
GAC CAG GAA AGA ATG TGA AAG TGA, and CCR2
(antisense) GCT CTG CCA ATT GAC TTT CCT T, and Taq-
Man Probe CCR2 CAC AAG GAC TCC TCG ATG GTC GTG
G; 18S (sense) CCA TTC GAA CGT CTG CCC TAT, and 18S
(antisense) TCA CCC GTG GTC ACC ATG, and TaqMan
Probe 18S ACT TTC GAT GGT AGT CGC CGT GCC T.

Immunohistochemistry. For immunohistochemical anal-
ysis, 5-�m serial sections from bone marrow of myeloma patients
were cut, deparaffinized, and subsequently rehydrated. Using
Ventana nexus module (Ventana Medical Systems, Tucson,
AZ), we analyzed the expression of TNFR2 (clone 22221.311;
R&D Systems) using the antibody in a dilution of 1:10.

Results
TNF-� Prestimulation Enhances Transmigration of

Myeloma Cell Lines through HBMEC-60. To investigate
the migrational behavior of myeloma cells resulting from
TNF-� stimulation, we preincubated the cells with TNF-� for
4 h and seeded them onto transwells coated with fibronectin and
covered by a human bone marrow endothelial cell line mono-
layer (HBMEC-60). Myeloma cells showed a spontaneous mi-
gration in the range between 2 and 8% [RPMI-8226 (migra-
tion � SD), 2.3 � 1.1%; U266 (migration � SD), 4 � 1.8%;
and NCI-H929 (migration � SD), 8.8 � 1%); and this migration
was significantly increased (RPMI-8226, P 	 0.029; U266, P 	

0.0003) after preincubation with TNF-� in two of three cell lines
after 10 h (Fig. 1). Spontaneous migration rate was cut in
approximately one-half when we used fibronectin-coated or
uncoated transwells without an endothelial monolayer, but the
extent and pattern of TNF-�-induced migration remained the
same (results not shown). This suggests that the TNF-�-induced
migration was due to alterations of the innate migrational be-
havior of the myeloma cells which do not interfere with the
transendothelial migration process. In contrast to myeloma cell
lines, other cell lines of B-cell origin (Raji, B-cell lymphoma
cell line) or T-cell origin (CEM-C7H2, T-ALL cell line) did not
demonstrate an enhanced migrational response to TNF-� stim-
ulation (Raji 
/� TNF-�, P 	 0.1; CEM-C7H2 
/� TNF-�,
P 	 0.16). Analysis of expression of TNF-receptors showed that
two of three myeloma cell lines expressed TNF-R2 and hardly
any of them expressed TNF-R1 (Fig. 2). A positive correlation
(r 	 0.99, P 	 0.04) was found between the level of TNF-R2
expression and the percentage of myeloma cells migrating after
TNF-� prestimulation (data not shown). The cell line NCI-
H929, which expressed neither TNF-R1 nor TNF-R2, did not
show enhanced migrational behavior in response to the TNF-�
stimulus. Cell lines of other hematopoietic tumors without al-
tered migration levels in response to TNF-� (CEM-C7H2, Raji)
expressed various amounts of TNF-R2 and TNF-R1 [CEM-
C7H2: TNF-R2, mean fluorescence intensity 	 1.4; TNF-R1,
mean fluorescence intensity 	 3.2; Raji: TNF-R2, mean fluo-
rescence intensity 	 2.5; TNF-R1 mean fluorescence inten-
sity 	 2.1). There was no significant influence of TNF-� on
apoptosis and proliferation of myeloma cells after 48 h of
stimulation (data not shown).

Fig. 1 Transmigration of myeloma cell lines across a human bone
marrow endothelial cell line monolayer (HBMEC-60) with/without tu-
mor necrosis factor � (TNF-�) prestimulation. Two of three myeloma
cell lines [RPMI-8226 (n 	 4; �, P 	 0.029), U266 (n 	 6; ���, P 	
0.0003), and NCI-H929 (n 	 6; P 	 0.09)] showed significantly
increased migration through 5-�m transwells coated with fibronectin
and covered by an endothelial monolayer after TNF-� preincubation
(RPMI-8226
TNF� and U266
TNF�); migration is presented as in-
crease in percentage compared with untreated control (RPMI, 100%);
bars, SE; statistical analysis was performed using paired t test.

Fig. 2 Tumor necrosis factor receptor expression on myeloma cell
lines. Flow cytometry analysis showed that TNF receptor 2 (TNF-R2) is
expressed on all of the cell lines, whereas TNF receptor 1 (TNF-R1) is
not. TNF-R2 expression correlates with enhanced migration after
TNF-� stimulation in the cell lines RPMI-8226 and U266. Cell line
NCI-H929 does not show expression of TNF-R2 or TNF-R1 (filled
profile, isotype; black line, specific signal).
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Adhesion Molecules and Matrix-Metalloproteases Are
Not Involved in TNF-�-Induced Migration. Activation of
NF-�B was previously described to be involved in TNF-�-
induced up-regulation of adhesion molecules leading to en-
hanced adhesion of myeloma cells to bone marrow stromal cells
(10). We, therefore, analyzed the activation of NF-�B in our cell
lines and found relatively high levels of constitutive activation
in U266 but no impact on activation by TNF-� stimulation.
Activation was enhanced in RPMI-8226 starting after 2 h cyto-
kine treatment of the cells (Fig. 3A). We then performed flow
cytometry analysis of several adhesion molecules known to be
expressed and suggested as playing a role in the adhesion
process of myeloma cells. We found no significant quantitative
change in the expression of CD11a, CD44, CD49d, CD50,
CD54, or CD106 after preincubation with TNF-� (Fig. 3B) in
myeloma cell lines RPMI-8226 and U266. Expression of adhe-
sion molecules was analyzed at different time points and using
different concentrations of TNF-� to evaluate the expression in
our migrational set-up and to compare our data with the previ-
ously published ones (10). Adhesion assays of myeloma cells on
HBMEC-60 supported our fluorescence-activated cell sorting
analysis data because no significant change in the extent of
adhesion due to cytokine stimulation was found [RPMI-8226

(mean � SE), 104.4 � 8.9% adhesion of control; U266
(mean � SE), 89.75 � 14.4% adhesion of control]. We next
tested the possible involvement of matrix-metalloproteases-2
(MMP-2) and -9 (MMP-9). In gelatin zymography assays, we
found no change in protease activity due to TNF-� treatment for
12 h (Fig. 3C). Additionally, the amounts of mRNA of metal-
loproteases (MMP-2 and MMP-9) and their inhibitors (TIMP-1
and TIMP-2) were not changed by the TNF-�-treatment (50
ng/ml), either, as was shown by microarray-based expression
profiling and semiquantitative reverse transcription-PCR (data
not shown).

Up-Regulation of MCP-1 and TNF-� by TNF-�. Be-
cause we did not find significant changes in the expression of
molecules generally involved in transmigration (namely, adhe-
sion molecules and matrix-metalloproteases), we performed mi-
croarray analysis of U266 with or without TNF-� stimulation
for 2 and 4 h in search of potential candidate genes. A surpris-
ingly low number of genes (i.e., 7 genes of 9700) matched the
criteria of at least a 2-fold regulation. In addition to expressed
sequences of unknown function (EST) and genes regulating
TNF-�-induced signaling pathways, we found a significant rise
in MCP-1 mRNA (4.8-fold induction after 2 h and 3.9-fold after
4 h). All responsive myeloma cell lines displayed basal mRNA

Fig. 3 Nuclear factor-�B (NF-�B) activation,
expression of adhesion molecules, and activity
of metalloproteases in response to tumor ne-
crosis factor � (TNF-�) stimulation. A, NF-�B
activation was analyzed at 0–4 h of cytokine
treatment using an ELISA assay. Absorbance
at 450 nm was measured and cell line RPMI-
8226 showed a 2.5-fold activation after cyto-
kine treatment for 4 h. B, cell lines RPMI-8226
and U266 were incubated with different con-
centrations of TNF-� (10 and 50 ng/ml, respec-
tively) and the mean fluorescence intensity
(MFI) of various adhesion molecules known to
be involved in myeloma cell adhesion was
measured by fluorescence-activated cell sort-
ing analysis at two time points (4 h and 24 h)
to investigate our settings and to compare with
previously described data (Ref. 10; n 	 4;
bars, SD). C, gelatin zymography assay was
used to show that activity of metalloproteases
(MMP-2 and MMP-9) was not changed by 12 h
TNF-� incubation (
TNF). Expression of both
metalloproteases was higher in U266 than in
RPMI-8226.
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expression levels and up-regulation of MCP-1-mRNA after
TNF-� stimulation. In contrast, the unresponsive cell line NCI-
H929 neither expressed basal levels of MCP-1 nor showed a
TNF-�-induced up-regulation of this chemokine (Fig. 4, A–C).
The production of MCP-1 protein and the TNF-� induced
up-regulation of MCP-1 were confirmed by ELISA assay (Fig.
4D). Additionally, TNF-� mRNA was up-regulated in all of the
cell lines except NCI-H929 in response to the cytokine treat-
ment, although basal expression levels of TNF-� mRNA were
detectable also in this cell line (Fig. 4, A and B). The high-
affinity receptor for MCP-1, i.e., chemokine receptor CCR2 was
expressed by all of the myeloma cells as shown by real-time
PCR experiments (Fig. 5A) and flow cytometry analysis (Fig.
5B) and was not significantly regulated by the TNF-� treatment
either at mRNA or at the protein level in fluorescence-activated
cell sorting analysis (data not shown). Preincubation of the
myeloma cells with recombinant human MCP-1 enhanced mi-
gration to an extent similar to that after TNF-� treatment. These
chemokinetic effects of MCP-1 and of TNF-� preincubation
were almost completely abolished by incubation with anti-
MCP-1 antibody in both cell lines, U266 and RPMI-8226 (Fig.
6). In contrast to this clear chemokinetic effect, we could not
confirm previously described chemotactic effects of MCP-1 on
the myeloma cell lines (Ref. 21; data not shown).

Native Myeloma Cells Express TNF-R2 and Show En-
hanced Migration after TNF-� Preincubation. To under-
line the possible in vivo relevance of the cytokine-induced
migration that we found in myeloma cell lines, we tested native
myeloma cells (CD138-positive cells purified from bone mar-
row aspirates) of six myeloma patients on their migrational
behavior after TNF-� preincubation. Migration of myeloma
cells was investigated across transwells for 4–6 h and migrated
cells were counted as described above. We compared the num-
ber of migrated CD138
 myeloma cells and CD138-depleted

bone marrow cells in response to TNF-� (Fig. 7). The rate of
spontaneous migration of myeloma cells varied depending on
the patient (rate of migration � SD, 4.3 � 3.3%). Significantly
enhanced migration (from 215 to 450%, depending on patient

Fig. 4 Monocyte chemoattractant protein 1
(MCP-1) and tumor necrosis factor � (TNF-�)
are induced by treatment with TNF-�. A, expres-
sion of MCP-1 and TNF-� and the regulation
after TNF-� incubation (4 h) was confirmed by
reverse transcription-PCR. A representative ex-
periment of three is shown. R, RPMI; U, U266;
N, NCI-H929; 
, incubation with TNF-�. B and
C, densitometric analysis is presented as the ratio
of TNF-�:L32 housekeeping gene (B) and as the
ratio of MCP-1:L32 (C). D, expression of MCP-1
at the protein level was confirmed by ELISA.
Increase of MCP-1 protein is calculated in per-
centage of control, cytokine treatment is indi-
cated by 
TNF. Cell line NCI-H929, which did
not migrate in response to TNF-� stimulation,
neither expressed MCP-1 nor showed up-regula-
tion of TNF-� mRNA.

Fig. 5 Myeloma cell lines express C-C chemokine receptor 2 (CCR2).
A, the expression of the chemokine receptor CCR2 is shown by real-
time PCR correlating the RNA amount of the 18S housekeeping gene
with the mRNA amount measured for the CCR2-specific PCR. B, flow
cytometric analysis (filled profile, isotype; black line, CCR2) of the cell
lines confirmed the expression on protein level.
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samples) due to cytokine-treatment was found in CD138
 cells
in four of six samples, whereas the cell fraction depleted of
CD138
 cells did not show any change in migration. Myeloma
cells of patient MM4 showed only weak enhancement (126%),
and migration of myeloma cells of patient MM6 were even
blocked by TNF-� treatment. These results show that the mech-
anism of migrational enhancement due to TNF-� could also be
operative in a subset of native myeloma cells.

Because myeloma cell lines expressed TNF-R2, we per-
formed immunohistochemical analysis of TNF-R2 on slides of
bone marrow from the six myeloma patients tested above.
Myeloma cells infiltrating the bone marrow of these patients
showed a positive immunostaining. This finding was supported
by the results of flow cytometry analysis of magnetic cell-
sorting CD138
 selected myeloma cells from additional pa-

tients. We found that these cells expressed TNF-R2 and CCR2
but not TNF-R1 (data not shown).

Discussion
Multiple myeloma is characterized by a massive infiltration

of the bone marrow by end-stage plasma cells and many but not
all clinical symptoms are caused by this infiltration. It is a matter
of discussion whether these cells by themselves can account for
the malignancy and spread of the disease, or whether a pool of
less mature cells that are able to circulate, disseminate, and
differentiate into plasma cells are responsible for disease estab-
lishment and progression (22, 23). Experiments in mice models
suggest that disease establishment and progression might be
attributed to tumor cells at various differentiation stages (22,

Fig. 6 Migration and inhibition of migration of
myeloma cell lines. Preincubation with tumor ne-
crosis factor � (TNF-�; T) and monocyte che-
moattractant protein 1 (MCP-1; M) enhanced mi-
gration of RPMI-8226 and U266, and migration
was blocked by anti-MCP-1 monoclonal antibody
(anti-M). Migration is calculated as increase in
comparison with unstimulated cells (100%); bars,
SE. Statistical analysis was performed using
paired t test (�, P � 0.01; ��, P � 0.001).

Fig. 7 Migration of CD138
 myeloma cells from the bone marrow of patients. We compared the migrational behavior of CD138
 selected cells
without (0, white columns) and with (
TNF, black columns) tumor necrosis factor � (TNF-�) stimulation from six myeloma patients (MM1–MM6).
Additionally, the CD138 fraction of the same bone marrow cells were tested without (hatched columns) and with TNF-� stimulation (
TNF, gray
columns) for all of the patients except patient MM5. Percentage of migration is shown in comparison with migration of unstimulated cells (numbers
on the vertical axis, percentage of migration of control; bars, �SD). Analysis was performed in duplicate.
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24–26). In patients, the number of peripheral monoclonal
plasma cells has been shown to predict survival (27). Further-
more, the number of malignant precursor cells in mobilized
peripheral blood stem cell harvests has also been inversely
correlated with the duration of disease-free intervals (28). How-
ever, it cannot be excluded that in these patients, disease pro-
gression might also be due to a small fraction of therapy-
resistant plasma cells below detection levels. In this case,
mechanisms boosting plasma cell growth and migration might
have great impact on disease progression and spread.

In our experiments, we could show that myeloma cell lines
as well as native end-stage plasma cells, i.e., CD138
 cells
from the bone marrow of patients, were able to migrate through
a human bone marrow endothelial cell monolayer and that this
migration was enhanced in response to TNF-�. The primary
signal is probably delivered via TNF-R2 because myeloma cell
lines did not express TNF-R1, the second and higher-affinity
receptor for TNF-�. Moreover, the extent of migration corre-
lated with the extent of surface TNF-R2 expression. Native
myeloma cells infiltrating the bone marrow were also shown to
express TNF-R2. In additional experiments, we found that there
was no enhanced migration of tumor cells of other hematopoi-
etic origin that displayed both receptors on their surface in
response to TNF-�. This points to a possible interference of the
two TNF-receptor pathways, with TNF-R1 dominating or even
suppressing TNF-R2 pathways. Thus, it appears that lack of
TNF-R1 in myeloma cells would allow migrational response. In
fact, native myeloma cells exclusively expressed TNF-R2, and
migration of native cells was clearly enhanced by cytokine
stimulation in four of six patients and to a lesser degree in one
patient. All in all, we found that enhanced migration after
TNF-� treatment correlated with the rate of spontaneous migra-
tion, suggesting a predisposition of the patients’ cells to migrate
by, e.g., the existence of an autocrine TNF-� loop. In addition,
microenvironmental factors might contribute to such a predis-
position. This might explain the complete unresponsiveness of
myeloma cells of patient MM2; in fact in this patient, there was
decreased migration of cells after cytokine treatment. The tumor-
supporting interplay between the bone marrow microenviron-
ment and myeloma cells awaits further elucidation.

To investigate the molecules involved in TNF-�-induced
migration, we analyzed expression of adhesion molecules and
MMPs that has been reported to play a role in myeloma cell
migration. At the RNA level as well as in functional experi-
ments, we could not find an involvement of these molecules in
the enhanced migration of myeloma cells. It has been observed
previously that murine myeloma cells, isolated from a mouse
model, acquired MMP-9 activity (29). However, because in our
experiments, the induction of migration via TNF-� stimulation
was not dependent on the availability of an endothelial cell
monolayer or the presence of fibronectin, the regulation of
adhesion molecules and/or activity of metalloproteases might
not play an essential role in this process. Using microarray
analysis, we found that TNF-�-induced up-regulation of MCP-1
in myeloma cells correlated with migration, and blocking
MCP-1 abrogated the enhanced migration induced by TNF-�
stimulation. Migration of myeloma cells has previously been
correlated with MCP-1, -2, and -3 in a mouse model and also in
an in vitro model (21, 30). In these investigations, the authors

showed that MCP-1, MCP-2, and MCP-3, produced by endo-
thelial cells and/or bone marrow stromal cells, promoted the
directed migration of myeloma cells in response to chemotactic
gradients, which would explain the restricted localization of the
tumor. In our experiments, using RPMI-8226 and U266 cell
lines, we could not confirm these observations regarding che-
motactic properties. This might point to differences in the che-
motactic responses between murine and human myeloma cells
or to the different chemotactic responsiveness of various cell
lines. Although MCP-1 was clearly not chemotactic in our
experimental set-up, transmigration induced by it was appar-
ently caused by chemokinesis of the cells, a finding that has not
been described previously. Different from chemotaxis, i.e., mi-
gration in the direction of a chemokine gradient, this induction
of MCP-1 enhances a migrational capacity of the myeloma cells
that is not necessarily directed. Autocrine chemokine-loops in
myeloma cells themselves might allow the cells to interfere with
the chemokine gradients presented in the microenvironment. It
has been reported that bone marrow stromal cells produce
MCP-1, -2, and –3 (21). Our microarray data showed that U266
did not express MCP-2 and did not regulate MCP-3 and MCP-4
in response to TNF-�, and that only MCP-1 was under the
regulation of this cytokine. This points to a pivotal role of
autocrine MCP-1 and the TNF-�/MCP-1 loop in regulating the
migrational activity of myeloma cells. In vivo, additional mech-
anisms might play a role and might potentiate the effect that we
observed in vitro. For example, MCP-1-induced up-regulation
of MMP-9 as a result of TNF-� stimulation in peripheral blood
monocytes has been reported previously (31). A prerequisite for
this effect was the autocrine up-regulation and production of
TNF-�. We could show that myeloma cells can, indeed, up-
regulate autocrine cytokine production, and, although TNF-�
did not influence metalloprotease production in the time frame
examined, the long-term in vivo stimulation might in fact stim-
ulate metalloprotease expression and, thus, modulate the mi-
gratory capacity of the cells. Previous examinations of sdf-1-
induced migration on high-grade non-Hodgkin lymphoma in a
xenograft mouse model have shown that antibody strategies
targeting the migrational process may delay disease progression
and prolong overall survival of the animals (32). In theory, the
TNF-�/MCP-1 loop described here suggests a hierarchical
model favoring the targeting of TNF-�. In fact, thalidomide,
which dramatically down-regulates TNF-�, has been shown to
simultaneously reduce tumor burden and provide clinical benefit
to myeloma patients (33). It remains to be determined whether,
at least in part, thalidomide acts via the suppression of migration
via the mechanisms described in this article. Although anti-
TNF-R2 targeting strategies might be feasible from a therapeu-
tic point of view, our preliminary experiments showed an en-
hancement rather than an inhibition of transmigration. This
might be caused by a signaling capacity of the anti-TNF-R2
antibody. In fact, in a recent study, anti-TNF-R2 antibodies in
myeloma patients failed to show tumor-suppressing effects but
were associated with elevated levels of TNF-� (34). It will be
interesting to investigate whether the mechanisms involved in-
clude the regulation of MCP-1 also. Although our data seem to
suggest that successful suppression of TNF-� would also de-
crease MCP-1 levels and effects, it must be kept in mind that
MCP-1 and TNF-� might be produced by different cell types,
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are differentially regulated by the cytokine network, and also
exert pleiotropic biological effects. MCP-1 activity has also
been shown to contribute to neovascularization (35, 36) and
immune suppression (37) in other types of malignant disease.
Furthermore, in some of these tumor types, high MCP-1 levels
have been correlated with advanced disease (38). A promising
avenue for research for the future, therefore, is investigation of
the net effect on growth, expansion, and/or immunological
control of myeloma cells exerted by differential or combined
blocking of TNF-� and/or MCP-1. The clear-cut inhibitory
effects of anti-MCP-1 antibodies on the suppression of myeloma
cell transmigration support the potential power of antibody-
strategies.
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