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It has been demonstrated that three-dimensional (3D)
interactions among myeloma cells, other cellular components, and extracellular
matrix (ECM) constitutes within the bone marrow (BM) microenvironment play
critical roles in disease progression. Therefore, the in vitro recapitulation of
interactions would advance the fields of disease modeling and drug screening. In
this regard, we aimed to develop simple, cost-effective, and available 3D culture
conditions for U266 cells using co-culture systems to more closely mimic their
native microenvironment.

U266 cells, BM-derived mesenchymal stem cells (BM-
MSCs) and human umbilical vein endothelial cells (HUVECs) were co-cultured in
different matrix-based and matrix-free conditions. Subsequently, the viability and
proliferation rates of U266 cells were evaluated and compared. Peripheral blood (PB)
plasma was used to generate fibrin gels for matrix-based structures.

m Co-cultured cells in the gel-free group generated and assembled into 3D cell
structures. Moreover, the viability and expansion fold of U266 cells in the gel-free
group were significantly higher compared with those in the on-gel and inside-gel
groups.

Our simple gel-free 3D co-culture system of U266 cells with BM-
MSCs and HUVECs, which demonstrated higher viability and proliferation rates of
myeloma cells, can serve as a platform for further in vitro studies, including drug
screening.

Multiple myeloma, Co-culture, Three-dimensional cell culture, Fibrin,
Proliferation
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1. Introduction

Despite the efforts made to introduce novel therapeutic
approaches, multiple myeloma (MM), one of the most
common hematological malignancies, is still incurable
(1); this has attracted researchers to more precisely study
the malignant microenvironment to figure out the disease
pathogenesis (2). On the other hand, most preclinical
studies could not successfully translate to clinics because
of the lack of appropriate in vitro and in vivo myeloma
disease models (3). It has been shown that direct and
indirect interactions between malignant cells and other
cell types in their microenvironment affect disease
progression and drug resistance (4). The bone marrow
(BM) microenvironment consists of various cell types,
including hematopoietic stem cells, mesenchymal stromal
cells (MSCs), endothelial cells, osteoblasts and
osteoclasts. MM cells interact with BM mesenchymal
stem cells (BM-MSCs), which induce NF-kB and IL-6
secretion by BM-MSCs. IL-6 promotes the survival of
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MM cells by activating proliferative and anti-apoptotic
pathways (5). MM cells and BM-MSCs induce
angiogenesis by secreting VEGF, bFGF and matrix
metalloproteinase. VEGF can stimulate proliferation and
chemotaxis in endothelial cells, and BM angiogenesis is
considered an important factor in promoting MM
progression (6). Therefore, the complex and dynamic
three-dimensional (3D) interplays determine and regulate
differentiation, migration, proliferation, survival,
progression and drug resistance of MM cells (7), and
accordingly, considering these interactions can lead to a
more similar recapitulation of the myeloma
microenvironment for disease study and drug screening
8).

Animal models offer advantages over two-dimensional
(2D) cell cultures by recreating the complexity of the BM,
but human and animal disease microenvironments and
immunity vary significantly (9). Therefore, several
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scaffold-based and scaffold-free human culture systems
have been developed to overcome the limitations of
animal models as well as 2D cell cultures for
recapitulation ~ of  the heterogeneous MM
microenvironment (10). Different types of matrices,
including silk, Matrigel, acrylic polymers and hyaluronic
acid, have been introduced to fabricate multiple myeloma
3D structures; however, most of them are not naturally
found in the BM microenvironment(11). Fibrin gels
derived from plasma samples are natural matrices suitable
for the culture of myeloma primary cells and cell lines and
have been used in several studies (12, 13). Moreover,
various approaches have been developed to generate
tissue-like 3D structures in matrix-free conditions (14).
Matrix-free culture systems take advantage of cells’
natural ability to self-aggregate without biomaterials and
to secrete their own ECM components over time (15). It
should be emphasized that all these in vitro structures can
be generated by using patients’ samples to recapitulate the
disease microenvironment as closely as possible;
however, the availability of patients’ samples as well as
the reproducibility of the generated structures are
challenging issues (16). Accordingly, the generation of
patient-independent culture systems using cell lines could
advance the field of myeloma disease modeling due to
their ease of handling, self-replication, availability and
homogenous nature (17).

In this study, we aimed to develop simple, cost-effective,
and accessible 3D myeloma structures without the need
for patient-derived samples. To achieve this, U266 cells
were co-cultured with BM-MSCs and human umbilical
vein endothelial cells (HUVECSs) under different culture
conditions: peripheral blood (PB)-derived fibrin gel-based
and gel-free systems. The culture systems were compared
based on myeloma cell viability and proliferation rates.

2. Materials and Methods

2.1 Cell culture procedures

U266 cell line (human myeloma, IBRC C10148) was
obtained from the Iranian National Center for Genetic and
Biologic Resources. U266 cells were cultured in RPMI-
1640 (Cat# 035-51800, Gibco, USA) complete culture
medium containing 10% FBS (Cat# BI-1201, Bioidea,
Tehran, Iran) and 1% penicillin/streptomycin (Cat# BI-
1203, Bioidea, Tehran, Iran) at 37°C, 95% humidity, and
5% CO,. The medium was changed every three days.
Cells were subcultured at a density of 3x103 cells/ml.
BM-MSCs, (RSCB0787) were purchased from Royan
Stem Cell Bank (RSCB), Royan Institute. Cells were
cultured in low glucose DMEM (Cat# BI-1004, Bioidea,
Tehran, Iran) supplemented with 10% FBS and 1%
penicillin/streptomycin at 37°C, 5% CO, and 95%
humidity. The medium was changed every three days.
Cells were passaged upon reaching approximately 70-
80% confluence using trypsin/EDTA 0.025% (Cat# BI-
1602, Bioidea, Tehran, Iran) treatment and seeded at a
density of 8x10* cells/cm®. In order to assess the BM-
MSCs differentiation potential into osteoblasts and
adipocytes, BM-MSCs were cultured in osteogenic (Cat#
BI-1102, Bioidea, Tehran, Iran) and adipogenic (Cat# BI-
1101, Bioidea, Tehran, Iran) differentiation induction
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media for 21 and 14 days, respectively. Alizarin Red
(Cat# BI-1801, Bioidea, Tehran, Iran) and Oil Red O
(Cat# BI-1802, Bioidea, Tehran, Iran) staining protocols
were used to evaluate osteogenic and adipogenic
differentiation, respectively. Human umbilical vein
endothelial cells, RSCB0780 were provided from Royan
Royan Stem Cell Bank (RSCB), Royan Institute.
HUVECs were cultured in EGM-2 (Cat# CC-3202,
Lonza, USA) supplemented by 10% FBS and 1%
penicillin/streptomycin at 37°C, 5% CO. and 95%
humidity. The medium was changed every three days.
Cells were passaged upon reaching approximately 70-
80% confluence using trypsin/EDTA treatment and
seeded at a density of 1x10° cells/cm?.

2.2 Flow cytometry analysis

The expression of CD138 on U266 cells, CD31 on
HUVECs, and CD90 and CD105 on BM-MSCs was
assessed by flow cytometry. Single cells were washed
with PBS (Cat# BI-1401, Bioidea, Tehran, Iran) and
thereafter resuspended at a density of 10° cells in 100 pl
PBS. They were incubated with conjugated antibodies,
FITC-conjugated CD138 (Cat# IQP-153F, 1Q Products,
Netherlands), PE-conjugated CD31 (Cat# 303105,
BioLegend, USA), APC-conjugated CD90 (Cat# 328113,
BioLegend, USA) and PE-conjugated CDI105 (Cat#
323205, BioLegend, USA), at 4°C for 30 minutes. After
washing with PBS to remove unbound antibodies, cells
were analyzed by a BD FACSCalibur flow cytometer
(BD Biosciences, San Jose, CA, USA). Flow cytometry
data analysis was performed using Flowing Software
version 2.

2.3 Generation of fibrin gel

Fibrin gel preparation and selection of ingredient
concentrations were performed as described in our
previous study (18). Briefly, PB samples were collected
from three volunteers using EDTA as the anticoagulant.
Plasma fractions were separated by centrifugation at 1500
rpm for 5 minutes and pooled. Plasma samples were
stored at -20°C. Fibrin gels were generated using 40 pl of
thawed plasma samples, 1 mg/ml calcium chloride (Cat#
C7902, Sigma-Aldrich, Darmstadt, Germany) and 5
mg/ml tranexamic acid (Caspian Tamin Pharma. Co.,
Rasht, Iran) in a total volume of 100 ul in RPMI-1640
media.

2.4 Generation of 3D cell structures

U266, BM-MSCs and HUVECs were co-cultured under
three different conditions: 1) in non-adherent culture
plates without any matrices (stated as the gel-free group),
2) in fibrin gel-coated plates (referred to as the on-gel
group), and 3) inside fibrin gels (stated as the inside-gel
group) (Figure 1). In all experimental groups, 3x10* U266
cells, 10* BM-MSCs and 10* HUVECs (3:1:1 ratio) were
mixed in the 100 pl total volume of RPMI1640 complete
culture media or fibrin gel mixture (19). In the gel-free
group, the cell mixtures were co-cultured in 96-well non-
adherent culture plates to prevent cell attachment to the
culture surface, enabling aggregation and 3D structure
formation in the absence of an external extracellular
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matrix, and were force-aggregated by centrifugation at
200 g for 5 minutes at 22°C (20). In the on-gel group,
fibrin gels were added to culture plates, and after gelation,
the cell mixtures were cultured on fibrin matrices. Low-
attachment plates were not used in this condition. In the
inside-gel group, cells were suspended in complete
culture media mixed with plasma, and then, calcium
chloride and tranexamic acid were added to initiate
gelation. Then, each 100 pl of cell/gel mixture was placed
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in non-adherent culture plates as droplet-like structures,
and culture media were added when gels were formed
(18). Non-adherent plates were used in this group to
prevent cells from migrating out of the gel and adhering
to the plate surface, and to facilitate handling of the fibrin
constructs during downstream analyses. The medium was
changed every three days in all experimental groups. Cell
proliferation and viability assessments were performed on
days 3 and 7 post co-culture.
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Figure 1. Schematic illustration of the study design. U266 cells were co-cultured with BM-MSCs and HUVECs under gel-free and
matrix-based conditions to develop a simple and cost-effective three-dimensional (3D) co-culture model. Tx: tranexamic acid

(Prepared by Authors, 2026).

2.5 Cell proliferation and viability assessment

Gel-free cell structures were incubated and digested using
trypsin-EDTA 0.025% at 37°C for 2 minutes. The
generated droplet-like cell/gel structures were washed and
digested in 5 mg/ml collagenase type I (Cat# 17100-017,
Gibco, USA) enzyme at 37°C (18). After complete
digestion of the gels, the enzyme was diluted with culture
medium and removed by centrifugation at 1500 rpm for 5
minutes. Cell proliferation was measured using the trypan
blue staining method (Cat# BI-1803, Bioidea, Tehran,
Iran) on days 3 and 7 post co-culture. Cells without color
were considered to be live cells.Cell expansion fold was
calculated as the ratio of counted live cells to the cell
seeding count (5x10* cells). Moreover, the viability of
U266 cells was measured three and seven days after co-
culture by propidium-iodide (PI; Cat# P4170, Sigma-
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Aldrich, Darmstadt, Germany) and anti-CD138 double
staining using the flow cytometry technique.

For this purpose, washed cells were incubated with FITC-
conjugated CD138 antibody at 4°C for 30 minutes.
Thereafter, cells were washed to remove unbound
antibodies and were stained with 1 mg/ml PI. Cells were
analyzed by a BD FACSCalibur flow cytometer.

2.6 Statistical analysis

Experiments were performed with at least three
independent replications. Data is presented as mean =+
standard deviation. The significant differences between
groups were analyzed by student’s t-test and ANOVA
(Tukey’s post-hoc test) using GraphPad Prism software.
The differences were considered statistically significant
with P<0.05.
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3. Result

3.1 Development of co-culture conditions

To generate in vitro structures more closely resembling
the myeloma microenvironment for further studies, U266
cells were co-cultured with BM-MSCs and HUVECs. As
shown in Figure 2a-b, BM-MSCs had spindle-shape
morphology and expressed CD90 and CD105 surface
markers. Moreover, Oil Red O and Alizarin Red staining
revealed the adipogenic and osteogenic differentiation
potential of BM-MSCs (Figure 2 ¢). HUVECs showed
cobblestone-like morphology and expressed the CD31

surface marker (Figure 2 d-e).

Co-culture of U266 cells, BM-MSCs, and HUVECs
was carried out in different matrix-based and matrix-
free culture conditions. Figure 3 shows the morphology
of co-cultured cells in gel-free, on-gel and inside-gel
conditions over a seven-day period. Cells in the gel-
free group could generate 3D cell structures one day
after co-culture, and the formed structures became
condensed over the culture period (Figure 3 a).
However, the organization of co-cultured cells into 3D
structures was not observed in the on-gel group (Figure

3b).

99.47% 97.93%
CD90 APC 'CD10S PE

CD31PE

Figure 2. BM-MSCs and HUVEC: culture and flow cytometry analysis. a) Phase-contrast image of BM-MSCs (x20), b) Flow cytometry
analysis of BM-MSCs for CD90 and CD105 expression, c¢) Differentiation potential of BM-MSC into adipocytes and osteoblasts assessed
by Oil Red O and Alizarin Red staining, respectively (x20), d) Phase-contrast image of HUVECs (x20), ¢) Flow cytometry analysis of

HUVEC:s for CD31 expression. (Prepared by Authors, 2026).
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Figure 3. Phase-contrast images of co-cultured U266 cells, BM-MSCs and HUVECs at days 1, 3, 5 and 7 after co-culture in a) gel-free
(x10), b) on-gel (x10), and c) inside-gel groups (x10). (Prepared by Authors, 2026).

3.2 The survival rate of U266 cells in co-culture
conditions

Flow cytometry analysis of co-cultured cells at day three
showed that 80.9 = 6.8%, 47.1 £ 8.1%, and 12.7 + 5.1%
of cells were positive for the CD138 marker in gel-free,
on-gel and inside-gel groups, respectively (Figure 4a).
The percentage of CD138" cells in the gel-free group was
significantly higher than those of the on-gel and inside-gel
groups. Moreover, as presented in Figure 4a, the

CcD138" cells (%)

& & o

«
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percentage of CD138" cells at day three of culture in the
inside-gel group was significantly less than two other
groups. Seven days after co-culture, the percentages of
CD138 positive cells decreased to 74.2 + 11.4%, 34.6 +
21.5%, and 7.6 = 2.6% although the differences between
days three and seven of each group were not statistically
significant (Figure 4a). Similar to day three, the
percentage of CD138" cells in the gel-free group at day
seven after co-culture was significantly higher than those
of the on-gel and inside-gel groups (Figure 4a).
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Figure 4. Flow cytometry analysis of co-cultured cells at days three and seven. a) The percentage of CD138" cells in three different co-
culture groups, b) The percentage of CD138"/PIcells in three different co-culture groups. The data is presented as mean =+ standard
deviation, *: P <0.05, **: P <0.01, ***: P <0.001 and ****: P <0.0001. (Prepared by Authors, 2026).
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On the other hand, flow cytometry of CD138/PI
double-stained co-cultured cells at day three revealed
that 75.9 + 6%, 35 £ 5.1%, and 3 + 3.6% of cells were
CD138"/PT" in gel-free, on-gel and inside-gel groups,
respectively (Figure 4b). The percentage of CD138*/PI”
cells at day three in the gel-free group was significantly
higher than those of the gel-free and on-gel groups.

As it is presented in Figure 4b, seven days after co-
culture, 61.5+15.7%, 20.9 + 10.5%, and 0.5 = 0.5% of
cells were CD138"/PI"in gel-free, on-gel and inside-gel
groups, respectively. Similar to day three, the viability
of CD138" cells in the gel-free group was significantly
higher than the other two groups, at day seven (Figure
4b).

3.3 The proliferation rate of U266 cells in co-culture
conditions
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The expansion fold measurement showed that co-cultured
cells at day three of culture in the gel-free group
proliferated 1.5 + 0.3 times more than the seeding count
(Figure 5a). At day seven, the expansion fold of co-
cultured cells in the gel-free group was increased to 4 +
0.8. However, as presented in Figure 5a, the calculated
expansion folds of cells in the on-gel group were 0.9 £0.2
and 0.6 + 0.4 at days three and seven after co-culture,
respectively. Moreover, the pattern of increase in
expansion folds over seven days (0.8 = 0.5 at day three
and 2.4 £ 1.9 at day seven) was observed in the inside-gel
group, similar to the gel-free group (Figure 5a). Statistical
analysis revealed that the calculated expansion fold of
cells in the on-gel group at day seven of culture was
significantly less than that of the gel-free group.
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Figure 5. Calculated expansion folds of co-cultured cells at days three and seven versus day zero. a) Expansion folds of cells in three
different co-culture groups, b) Expansion folds of CD138"cells in three different co-culture groups. The data is presented as mean +

standard deviation, **: P <0.01, ***: P <0.001 and ****: P <0.0001.

As presented in Figure 5b, at day three of co-culture, the
calculated expansion folds of CD138" cells were 2.1 £ 0.6,
0.7+0.2 and 0.1+ 0.1 times the seeding counts in gel-free,
on-gel and inside-gel groups, respectively. The expansion
fold of CD138" cells at day three in the gel-free group was
significantly higher than that of the inside-gel group.
Moreover, expansion folds of CD138" cells in the on-gel
and inside-gel groups at day seven of co-culture were
significantly less than those of the gel-free group.

4. Discussion

Fabrication of tissue-like structures to mimic 3D cell-cell
and cell-ECM interactions present in native tissues is both
challenging and promising in disease modeling and drug
screening studies (21). In the case of MM, various BM-
mimicking constructs have been developed as in vitro
tools for disease study and drug testing (22).Notably,
sources of patient-dependent primary cells are relatively
limited. Moreover, primary cells without suitable
microenvironmental supports in the culture conditions are
maintained for a limited time (23). Therefore, in this
study, an attempt was made to generate simple and
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patient-independent co-culture-based 3D structures in
order to produce myeloma tissue-like cell cultures. In this
regard, the U266 myeloma cell line was co-cultured with
BM-MSCs and HUVECs in different matrix-free and
matrix-based culture conditions, which were further
analyzed and compared in terms of U266 cell viability and
proliferation rates.

It has been confirmed that malignant myeloma cells, and
their microenvironment, are directly or indirectly affected
by distinct cell types (24). MSCs and endothelial cells are
important cells in the BM that influence the proliferation,
survival and drug resistance of myeloma cells. Activation
of the Notch signaling pathway in both MM cells and BM
stromal cells induces secretion of IL-6, VEGF and IGF-1
and is associated with myeloma cell proliferation and
survival (25). Although it has been shown that gene
expression and cytokine secretion of patient-derived BM-
MSCs differ from those of normal BM-MSCs (26), co-
culture of normal BM-MSCs with myeloma cells could
alter the gene expression patterns and signaling pathways
of normal MSCs to become similar to patient-derived
cells (27). It is well-established that angiogenesis is
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important for MM growth and metastasis. MM cells
secrete VEGF, which triggers endothelial cells to secrete
IL-6; this dynamic crosstalk determines the proliferation
of both MM cells and endothelial cells (28). According to
the importance and impact of MSCs and endothelial cells
on myeloma cell features and responses, similar studies
co-cultured myeloma cell lines or primary cells with
MSCs and endothelial cells to recapitulate the disease
microenvironment (29, 30).

To generate 3D cell structures, three different culture
conditions were used and compared. In our first group,
cells were co-cultured without a matrix and force-
aggregated to from 3D structures. It has been shown that
the existence of stromal cells in co-cultures could promote
and enhance this assembly (31). For instance, Djomehri et
al. co-cultured breast cancer cell lines and MSCs in
scaffold-free conditions and observed the formation of 3D
structures after three days of culture (32). In our second
co-culture group, cells were cultured on a fibrin gel-based
coating. Similar studies have used a variety of ECM
coatings, including Matrigel, to enhance the self-
organization of cultured cells (33, 34). However, we did
not observe the generation of cell clusters over 7 days of
co-culture on fibrin gels. This may be attributed to the type
of coated matrix used in our study compared with
Matrigel (35). In the third group, cells were cultured
inside the fibrin gel. Fibrin gels have been widely used as
3D scaffolds for generating of tissue and organ-like
structures to study various diseases, including chronic
lymphocytic leukemia, acute myelogenous leukemia, and
chronic myelogenous leukemia (13). Previous studies
mostly used BM aspirate to fabricate fibrin gel-based
structures; however, we tried to generate available fibrin
gels by using PB plasma. Despite differences in the
cytokine content, it has been shown that the fibrinogen
levels of PB and BM samples did not significantly differ
(36). It should be emphasized that using PB plasma
samples rather than MM patient-derived BM plasma may
have affected the proliferation and survival of U266 cells
in our study. Notably, in our previous study, we
successfully generated a PB-derived fibrin gel-based 3D
mono-culture system for U266 cells and demonstrated
that this structure could support myeloma cell viability

and proliferation under optimized conditions (18).
However, in the present study, two additional cellular
components, BM-MSCs and endothelial cells, were
introduced into the culture systems. Moreover, in recent
years, more complex 3D structures, such as microgel-
based systems, have been developed, that can successfully
maintain the viability and proliferation of myeloma cells
(37). In contrast, we intentionally employed simple and
accessible strategies to culture myeloma cells with BM-
MSCs and endothelial cells.

The percentage of CD138" cells in the gel-free group was
significantly higher compared to the other groups.
Consistent with our study, de la Puente and colleagues
reported higher percentages of CD138 expression in the
gel-free group compared to the inside-gel group (19).
Moreover, the viability and expansion fold of U266 cells
in the gel-free group were significantly higher compared
to those in the on-gel and inside gel groups. However,
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other studies reported the increased viability and
proliferation of myeloma cells when co-cultured with
MSCs and endothelial cells in Matrigel and BM-derived
fibrin gel (19, 29, 30). It has been demonstrated that the
proliferation rate of MSCs co-cultured with HUVECs in
fibrin gels was significantly higher compared to the
mono-culture of MSCs in the 2D culture condition (38).
Accordingly, the significantly lower levels of
proliferation rate and viability of CD138 positive cells in
on-gel and inside-gel groups compared to the gel-free
group may be attributed to the dominant proliferation of
MSCs and HUVEC:S in these conditions, which prevented
the proliferation and survival of MM cells; however, this
hypothesis requires evaluation and confirmation in future
studies. In this regard, tracking lineage-specific markers
in BM-MSCs and HUVECs or using multiplex imaging
strategies can help determine the fate and distribution of
each cell type, thereby achieving a more comprehensive
characterization of 3D co-culture systems. On the other
hand, more precise evaluation and tracking of U266 cells
in 3D cultures require histological assessments; therefore,
the observed decrease of viable cells may be attributed to
the enzymatic digestion of structures for the flow
cytometry analysis and the usage of non-destructive
techniques, including the application of cell tracking dyes,
may help reduce the potential negative influence of
enzymatic processing. Moreover, assessing I1L-6 secretion
is highly recommended in future studies to indicate the
functionality of cultured MM cells.

5. Conclusion

In this study, we tried to generate a simple, cost-beneficial,
patient-independent and available 3D co-culture
condition for U266 MM cells with MSCs and endothelial
cells. Our different matrix-based and matrix-free culture
conditions showed significantly higher survival and
proliferation rates of CD138 positive cells in gel-free
cultures. This gel-free culture condition can be suggested
as a suitable platform for further in vitro studies, including
drug screening.
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