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Abstract: We examined cytokine production by bone marrow stromal cells (BMSCs) of patients with multiple myeloma
(MM) in response to contact with myeloma RPMI8226 cells in standard 2-dimensional (2D) cultures and in 3-dimensional
(3D) cultures on a gelatine sponge scaffold. It was detected that BMSCs in the 3D cultures produced more IL-11 and HGF
and less IL-10 than in the 2D cultures. Moreover, RPMI8226 cells after contact with BMSCs in 3D cultures produced more
sIL-6R than in the classic 2D cultures. We concluded that 3D cultures of BMSCs with myeloma cells offered a promising
model for in vitro examination of interactions between myeloma cells and the bone marrow stroma and for examination of

potent antimyeloma agents.
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Introduction

Multiple myeloma (MM) is characterized by mono-
clonal proliferation of malignant plasma cells that
infiltrate the bone, initiating osteoclast activity and
extensive osteolysis. The bone marrow environment,
which is conducive to myeloma cell growth and sur-
vival, consists of several cell types intimately involved
in the evolution and propagation of myeloma bone
lesions, which include stromal cells, osteoblasts, bone
marrow leukocytes, endothelial cells and osteoclasts.
These cells communicate through a complex series of
molecular pathways including adhesion molecules,
cytokines, chemokines, growth factors and their
respective receptors that may be critical for disease
progression. Previous studies suggest that bone mar-
row stromal cells (BMSCs) in myeloma patients differ
from those of healthy donors [1-4,8,19,20]. We report-
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ed elsewhere that BMSCs of multiple myeloma
patients, in comparison to a control, produced more
IL-6, IL-10, TNF-a,, HGF, OPN and BAFF in response
to RPMI8226 cells [21].

All of those experiments, concerning the abnormal
synthesis of different cytokines and elements of the
extracellular matrix and the abnormal expression of
genes involved in angiogenesis, osteogenic differentia-
tion or tumor growth, were done on BMCSs cultivated
in two-dimensional (2D) conditions. It has been detect-
ed, however, that 2D culture systems do not allow one
to fully explore the interactions between the cells of
bone marrow because such cultures fail to reproduce
several critical aspects of the three-dimensional (3D)
structure of the bone marrow microenvironment,
including its high cell density and the microanatomical
relationships between cells. For these reasons, a 3D cul-
ture system provides an attractive model to examine
normal and abnormal cell interactions in the marrow.
3D BMSC cultures have already been used to examine
age-related changes in the production of cytokines, such
as IL-6 or osteoprotegerin (OPG) [11,13].
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In this report, we describe the influence of the cell
culture model on the production of several cytokines,
previously detected to be differentially produced by
BMSCs of MM patients and healthy controls [21]. We
measured cytokine production in myeloma patients'
BMSCs cultured on plastic plates (2D cultures) and in
gelatine sponge discs (3D cultures) resembling the
organic component of bones.

Materials and methods

Patients. Bone marrow samples from 16 patients with newly diag-
nosed MM were obtained with the patients’ written informed con-
sent. The patients were 8 males and 8 females. The disease stage
according to Durie and Salmon [6] was estimated, and four patients
were at stage [, five at stage II, and seven at stage III of the disease.
The study was approved by the Local Ethical Committee. The
characteristics of the subjects are shown in Table 1.

Bone marrow stromal cells. Bone marrow from the patients and
controls was obtained by sternal puncture. Anti-coagulated bone
marrow samples were diluted 1:2 with Iscove's Modified Dulbec-
co's Medium (IMDM; Gibco, BRL, UK) containing 0.2% methyl-
cellulose (Sigma, St. Louis, MO, USA). After sedimentation of
erythrocytes (30-40 min) at room temperature, supernatants were
collected, washed twice with IMDM supplemented with 2% fetal
bovine serum (FBS; Gibco), and resuspended in IMDM supple-
mented with 10% FBS, 10% horse serum (Gibco), 1 uM hydro-
cortisone (Sigma) and 1% antibiotic-antimycotic solution (Gibco).
Cells from the supernatants were seeded in T25 cell culture flasks
(Nunc, Roskilde, Denmark) at a density of 2 x 109cell/ml. The cul-
tures were incubated for 4 weeks at 37°C in a humidified atmos-
phere containing 5% CO,. After 1, 2 and 3 weeks of incubation all
non-adherent cells were removed together with the medium. After
4 weeks of incubation, a continuous network of adherent cells
occupying the entire bottom of each flask was obtained, and adher-
ent cells were treated with 0.25% trypsin (Sigma) and frozen in
IMDM medium supplemented with 20% FBS and 10% DMSO in
liquid nitrogen until use in the experiments. After thawing, the
cells were propagated in T75 flasks in IMDM medium supple-
mented with 10% FBS. Characterization of BMSCs by flow
cytometry revealed that 75.6+11.9 % of cells were CD166 positive,
CD166 being the marker for human bone marrow stroma fibrob-
lasts [17]. 13.1£6.0% cells were CD14 positive, indicating the
presence of monocytes and macrophages. No CD38+/CD138+
plasma cells were detected in any of the BMSC cultures.

Cytokine induction. After trypsinization, BMSCs were suspended
in IMDM medium with 10% FBS and seeded at a density of 2x103
cell/ml into 24-well plastic plates (Nunc) (1 ml/well). After 24 h of
incubation, supernatants were removed, and new IMDM medium
supplemented with 2% FBS was added. The cultures were divided
into two batches. The first batch of cultures consisted of BMSCs
seeded on 6-well plastic plates and served as a control of sponta-
neous cytokine production by BMSCs. Into the second batch of
BMSCs, myeloma RPMI8226 cells (ECACC 87012702) were
added, at a density of 1x10° cell/ml in IMDM medium supple-
mented with 2% FBS (direct cell-to-cell contact). The cultures
were incubated for 24 h or 72 h at 37°C, and cytokine concentra-
tions in supernatants were measured by ELISA.

Collagen discs, 5 mm diameter, 300-500 m pores (Spongostan®
Special), were seeded with BMSCs at a density of 2x103 cells/disc
in 1 ml of IMDM medium supplemented with 2% FBS and incu-
bated for 24 h at 37°C in siliconized tubes in a gyratory water bath
(100 rpm) in an incubator with the flow of air supplemented with
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5% CO,. After that, the medium was changed to a new one, and
into some tubes 1x106 RPMI8226 cells in 1 ml of IMDM medium
supplemented with 2% FBS were added. Supernatants were col-
lected from cultures of BMSCs and co-cultures with myeloma cells
after 24 or 72 h of incubation and assayed for cytokines by ELISA.

Assay for cytokines. The concentrations of 1L-6, IL-10, IL-11 and
HGF were measured by ELISA using commercially available kits
from R&D Systems, Minneapolis, MN, USA. The detection limit
was 0.7 pg/ml for IL-6, 3.9 pg/ml for IL-10, 8.0 pg/ml for IL-11
and 40.0 pg/ml for HGF. The concentration of sIL-6R was meas-
ured by ELISA kit obtained from Bender MedSystems GmbH,
Vienna, Austria. The detection limit was 0.01 ng/ml.

Statistical analysis. Results were reported as mean +S.D. The
two-way ANOVA test with post-hoc Tukey's test was used. The
concentrations of cytokines below the detection level were consid-
ered as O for the purpose of the analysis. P values of 0.05 or less
were considered significant.

Results and discussion

As can be seen from Fig 1., BMSCs seeded at a densi-
ty of 2x105cells/disc on gelatine foam, attached to the
pore surface and, after 24 h of incubation, covered
nearly all the entire surface of the gelatine sponge. At
that stage RPMI8226 cells at a density of 1x106
cells/ml (ratio 1:5) were added and cultivated for addi-
tional 24h or 72h. The level of several cytokines was
measured in the supernatants. As can be seen from Fig.
2A, the level of IL-6 produced spontaneously, without
induction, increased with the time of incubation and
was similar in the 2D and the 3D cultures. The addition
of RPMI8226 cells to BMSCs resulted in a significant
drop in the IL-6 level. This phenomenon was probably
caused by IL-6 binding to its soluble receptor (sIL-
6R), as in co-cultures a significant increase of sIL-6R
produced by RPMI8226 cells was observed (Fig. 2B).
It seems likely that IL-6 bound to sIL-6R was no
longer detectable by the monoclonal antibodies used in
the ELISA test. On the other hand, we had already
reported a significant increase of intracellular 1L-6
produced by BMSCs of MM patients after contact with
RPMIS226 myeloma cells when the IL-6 level was
measured inside the cells by flow cytometry [21].
A measurement of sIL-6R revealed that it was mainly
produced by myeloma RPMI8826 cells, especially
after contact with BMSCs. Moreover, in 3D cultures
the sIL-6R concentration was significantly higher than
in 2D cultures.

In contrast to sIL-6R, IL-10 was produced by
BMSCs of MM patients nearly exclusively after cell-
to-cell contact with RPMI8226 cells (Fig. 2C). When
we compared its production in 2D and 3D cultures,
a significant decrease of IL-10 production was
observed in the latter, indicating differences in the
induction of signals generated in spatial interactions
between of both types of cells, in comparison to the
flat 2D cultures.
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Table 1. Clinical characteristics of multiple myeloma patients.

Feature lm
Age (mean ) 63.6
Age (range) 49 - 83
Men / women (n) 8/8
Disease stage acc. to Durie and Salmon [9]
17117111 471577
% of plasma cells m bone marrow (mean £ 8SD) | 2545+ 1774
Osleolysis0/1/2/3 3/1/3/9

In the 2D model, co-culture of BMSCs with
RPMI8226 cells did not increase HGF production, but
in the 3D model, HGF production in co-cultures of
both types of cells was significantly increased (Fig.
2D). RPMI8226 cells alone produced a level of HGF
below the detection limit of the ELISA kit, and these
results were not considered.

Similarly to HGF, a significant increase in IL-11
production in 3D co-cultures of BMSCs with
RPMI8226 cells, in comparison to the 2D model of co-
culture, was observed (Fig. 2E).

We believe that 3D system reproduces the condi-
tions of the bone marrow environment better than do
2D cultures and can be useful in examining the inter-
actions of bone marrow stromal cells with the extra-
cellular matrix (collagen) and with other cells, such as
myeloma cells.

Our studies showed that the level of cytokine expres-
sion was dependent on the conditions of culture of
BMSC:s and their co-culture with RPMI8226 cells. In the
3D model, in which the gelatine sponge mimicked sev-
eral aspects of the bone marrow microenvironment,
including the organic component of bone, its architec-
ture, high cell density and intimate interactions between
stromal cells and myeloma cells, the expression of IL-11,
sIL-6R and HGF in BMSCs in cell-to-cell contact with
myeloma cells was significantly higher than in 2D cul-
tures. In contrast to that, IL-10 production was signifi-
cantly lower. IL-11 and IL-6 have both been reported to
stimulate growth, promote osteoclastogenesis and bone
resorption in bone marrow cultures [9,10]. Recent stud-
ies have identified HGF as a potential key signal in the
evolution of myeloma, as HGF exerts a strong antipro-
liferative and antiapoptotic effect on myeloma cells [18].
Therefore, overexpression of IL-11, HGF and sIL-6R,
and decreased production of IL-10 seem to favour over-
growth of myeloma cells in the bone marrow microenvi-
ronment. Importantly, cell-to-cell contact of BMSCs
with RPMI8226 cells did not induce IL-11 and HGF pro-
duction in 2D cultures, unlike in the 3D model where it
was a strong signal for overproduction of IL-11 and
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HGF. Also, production of sIL-6R, which is known to
enhance the activity of IL-6 [12] was significantly
enhanced in the 3D model of multiple myeloma. These
results strongly indicate that combination of 3D culture
of BMSCs using gelatine sponge as a scaffold with co-
culture with myeloma cells offers a promising model for
in vitro examination of interactions between cells which
occur in vivo in patients with multiple myeloma.

SpongostanR gelatine sponge has been shown to be a
useful cell carrier for different purposes. For example, it
was used to cultivate human osteoblasts derived from
bone marrow stem cells in a bioreactor for application in
the alveoloplasty of cleft palate [16]. This scaffold, as the
authors explain, was chosen because of its availability,
biocompatibility, reabsorbability, osteoinductivity and
absence of allergic reactions or other side effects in
patients. Spongostan has also been used as a scaffold for
chemosensitivity examination of malignant astrocytic
tumors isolated from patients. Patients were treated with
those cytostatics which exhibited a high growth inhibito-
ry rate in 3-dimensional cultures. Individual chemother-
apy based on in vitro chemosensitivity contributed to
longer survival of the treated patients [14].

It has already been detected that cultures of human
bone marrow cells cultivated on 3D scaffolds in com-
parison to those cultivated in a 2D monolayer exhibit a
significantly different response to the toxicity of
trimethoprim and pyrimethamine [5].

Growth in 3D architecture has been shown to pro-
mote resistance of cancers to treatment with drugs,
cytokines, or irradiation, thereby potentially playing
an important role in tumor expansion. Studies revealed
that 3D cultures had an overall impact on gene expres-
sion in melanoma HBL and NAS cell lines. Cells cul-
tivated as multicellular tumor spheroids exhibited
increased expression of genes encoding proangiogenic
and melanoma growth factors as compared to standard
2D cultures [7].

CD34+ cord blood cells cultivated in 3D cultures
containing a collagen I matrix exhibited quantitative
changes in gene expression. Gene expression analysis
with the microarray chip technology revealed an
upregulation of more than 50 genes in 3D cultures in
the presence of collagen I. Among these, genes for sev-
eral growth factors, cytokines and chemokines were
overexpressed. For example IL-8, IL-1, IL-6, and HGF
gene expression was enhanced [15].

It was detected in our experiments that BMSCs in
the 3D cultures produced more IL-11 and HGF and
less IL-10 than in the 2D cultures. The results of our
study strongly indicate that combination of 3D culture
of BMSCs using gelatine sponge as a scaffold with co
culture with myeloma cells offers a promising model
for in vitro examination of interactions between the
cells which occur in vivo in patients with multiple
myeloma in the specific bone marrow microenviron-
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Fig. 1. Confocal Scanning Microscopy
(LSM 5 PASCAL, Carl Zeiss, Germany)
was used to obtain images of spongostan
coated with BMSCs. All data were collect-
ed in fluorescent channel 488 nm (Agy =
488 nm, Agy = 505 nm). BMSCs were
prepared for confocal microscopy by stain-
ing the viable cells with the fluorescent
dye 3,3" Dihexyloxacarbo-cyanine iodide
(DIO3(6)). The 3D cultures were incubat-
ed with 0.5 pg/ml of DIO3(6) in complete
media for 10 min (in the dark, at room
temperature). Following a rinse in PBS
(3X) and a replacement with fresh PBS,
the cell cultures were examined using a
confocal microscope. (A) cross-sectional
view of a spongostan (original magnifica-
tion x50). (B) 3D Depth Cod (Color Coded
Depth Map) of surface of spongostan.
Color corresponds to the depth from the
sponge surface, with blue being closest to
the surface and red being at 400 um from
the surface (original magnification x50).
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