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ARTICLE INFO ABSTRACT

Keywords:
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The interaction of multiple myeloma with bone marrow resident cells plays a key role in tumor progression
and the development of drug resistance. The tumor cell response involves contact-mediated and paracrine
interactions. The heterogeneity of myeloma cells and bone marrow cells makes it difficult to reproduce this
environment in in-vitro experiments. The use of in-silico established tools can help to understand these complex
problems.

In this article, we present a computational model based on the finite element method to define the
interactions of multiple myeloma cells with resident bone marrow cells. This model includes cell migration,
which is controlled by stress-strain equilibrium, and cell processes such as proliferation, differentiation, and
apoptosis.

A series of computational experiments were performed to validate the proposed model. Cell proliferation
by the growth factor IGF-1 is studied for different concentrations ranging from 0-10 ng/mL.

Cell motility is studied for different concentrations of VEGF and fibronectin in the range of 0-100 ng/mL.
Finally, cells were simulated under a combination of IGF-1 and VEGF stimuli whose concentrations are
considered to be dependent on the cancer-associated fibroblasts in the extracellular matrix.

Results show a good agreement with previous in-vitro results. Multiple myeloma growth and migration are
shown to correlate linearly to the IGF-1 stimuli. These stimuli are coupled with the mechanical environment,
which also improves cell growth. Moreover, cell migration depends on the fiber and VEGF concentration in the
extracellular matrix. Finally, our computational model shows myeloma cells trigger mesenchymal stem cells
to differentiate into cancer-associated fibroblasts, in a dose-dependent manner.

Computational cell mechanics
Finite element method

Cell Mechanobiology
Multiple myeloma cells

1. Introduction reduction in net bone mass can be observed, with osteoporosis being

a frequently observed disorder in patients with multiple myeloma [6].

Multiple myeloma develops from malignant plasma cells, which in-
vade bone marrow (BM) [1]. Its heterogeneity and complex interactions
with BM resident cells make it difficult to develop effective strategies
for cancer treatments [2,3]. Despite the advances in diagnosis and

For its part, interactions with MSCs play a key role in tumor progression
and drug resistance development [7,8]. This MMCs response, due to the

interaction with MSCs, is associated with both contact-mediated and

novel pharmacological therapies, to this day, it remains incurable and
represents the second most common hematological malignancy [4,5].
Multiple myeloma cells (MMCs) interactions with BM resident cells,
such as mesenchymal stem cells (MSCs), macrophages, and osteoblasts,
play a key role in the therapies’ effectiveness and tumor progression.
For instance, interactions of MMCs with osteoblasts reduced the lev-
els of osteoprotegerin, which may lead to an increase in osteoclasts
differentiation. Consequently, an increase in bone resorption and a

paracrine signaling. The MMC-MSC interaction results in the secretion
of different cytokines, and growth factors, which promote MMCs prolif-
eration, enhance cell migration, inhibit cell apoptosis and confer drug
resistance [3].

Among these factors, MSCs secrete Vascular Endothelial Growth
Factor (VEGF), which has been reported to enhance MMCs growth,
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migration, and angiogenesis [7]. K. Lambert et al. observed that the
Transforming Growth Factor-p (TGF-p) receptor, which is usually down-
regulated in MMGs, is directly associated with the VEGF response. Thus,
restoring the expression of this receptor could inhibit the cell response
to the VEGF in terms of cell growth, proliferation, and motility [9].
For its part, Interleukin 6 (IL-6), a cytokine expressed by different cells
in the BM such as T cells, B cells, monocytes, and MSCs, increases
cell growth and inhibits cell apoptosis [8,10,11]. Through the cell-cell
contact with the MSCs, IL-6 confers contact-mediated drug resistance
to the MMCs [7,8]. Other factors, such as Insulin-like Growth Factor 1
(IGF-1), Interleukin-1 (IL-1), Hepatocyte Growth Factor (HGF), TGF-8,
and Stromal cell-Derived Factor-la (SDF-1«), are reported to play an
important role in MMCs growth, proliferation, and migration [6,12,13].

Besides, it has been reported that the advantages conferred by MSCs
are highly relevant for homing and tumor growth, where MMCs play
an active role in the recruitment of MSCs, generating alterations in
MSCs, thereby increasing their pro-tumor effect [7,11]. Thus, in the
study presented by Y. Feng et al. they observed how the cells of patients
affected by multiple myeloma presented significant changes in their
gene expression profiles and mechanical properties [10]. This was also
corroborated by D. Wu et al. who cocultured MSCs with MMCs, and
observed an increase in the MSCs stiffness and Focal Adhesion Kinase
(FAK) activation [11]. They also observed that MSCs revert MMCs to
a less differentiated phenotype through IL-6 and adhesive interactions,
thus concluding that cell adhesions were crucial in the development of
drug resistance [11]. These phenotype changes, reported by these and
other authors, suggest the MSCs, among other cell types, as a possible
origin of Cancer-Associated Fibroblasts (CAFs) cell phenotype [8,14].
The complex interactions between cells, with multiple factors acting
simultaneously, as well as the heterogeneity of the cell populations of
MMCs and CAFs, make it difficult to understand the tumor niche and
reproduce in in-vitro experiments to study MMCs drug response [15,
16]. In this sense, computational models, capable of considering these
effects, individually and coupled, allow us to provide new perspectives
in the study of the growth of malignant MMCs.

Computational models are classified into two main groups: con-
tinuous models and discrete models. Continuous models, based on
partial and ordinary differential equations, describe the dynamics of
big cell populations as well as the diffusion of species [17]. Although
they have been shown to be effective in the study of wound heal-
ing [18], bone remodeling [19], nutrient consumption for bioreactors
design [20,21], and scaffolds design [22-24], these models do not
recognize the individualized cell response, or the effects due to cell-
cell contacts and adhesion, which play a key role in tumor’s growth
and drug resistance development [11]. For their part, discrete models
focus their study on the specific conditions of each individualized cell,
being capable of reproducing cell-cell adhesions and the response they
trigger [25-27]. In fact, different models are applied to the study
of cell differentiation [28,29], proliferation [30-32], cell morphology
[33-36], migration [25,37-39], angiogenesis [27] and cell-level tissue
architectures [30,31]. However, to the authors’ knowledge, in the
literature, there is no model where complex interactions of MMCs
with resident BM cells in 3D environments, including cell-cell contacts,
enhancement of mechanical properties, and the cell growth response.
Thus, here we present an in-silico agent-based model, where MMCs
interactions with BM resident cells and the cells’ response, are studied.
This model includes cell growth and migration enhancement due to the
effect of IGF-1, and VEGF stimulation, and differentiation of MSC into
CAF due to the TGF-g stimulation. These effects are coupled with direct
cell-cell interactions and the Extracellular matrix (ECM) stiffness.

2. Methods
The spread of cancer cells from the primary tumor, as well as the

formation of stable cell aggregates, depends, among others, on the
ability of cells to mechanically interact with their environment and
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with other neighboring cells [40,41]. In fact, cell migration is a cellular
process where the main internal components of the cell intervene
in a series of coordinated events that culminate in cell translocation
[42,43]. Cells interact with their environment by deforming the ECM
through focal adhesions. ECM stiffness, among other factors, deter-
mines cell polarization and thus the direction of the cell migration
process. Therefore, it is possible to define cell motility as an equilibrium
between the active forces of the cell and the cell-ECM deformations
[30].

2.1. Modeling of cell migration

Our cell mechanical model assumes that cell internal deforma-
tions are a result of cell-cell and cell-ECM interactions [26]. The
actin-myosin (AM) bundles, which are considered as a part of the
cytoskeleton (CSK), are the main components that actively develop
contractile forces within the cell, whereas other components of the
CSK along with the cell membrane, act as resistive elements that
oppose the cell internal deformation. The mechanical model of the cell
differentiates the active and passive cell components from their me-
chanical contribution perspective. Hence, cell internal deformations are
defined through the stress—strain equilibrium between the cell internal
components and the ECM, which includes the equilibrium between the
AM contraction and the whole cell resistance to the deformation. Thus,
the cell internal deformations generate cell internal stresses that are
transmitted to the ECM through the CSK and the focal adhesions. The
cell traction forces, which are dependent on the cell’s internal stresses,
are defined as [28,30]:

n
FtraL‘ = Zai Sk n.y e, (1)
i=1
where «, n,, and y are the binding constant, the number of available
receptors in the cells, and the Fibronectin (FN) concentration, respec-
tively, which denotes the strength of the cell-ECM adhesion. ¢; are the
cell internal stresses at each membrane node on the cell surface, located
at the e; position, and .S is the cell surface area.

According to Y. Feng et al. MSCs, after priming by myeloma cells,
stimulate FAK activation, which improves cell adhesion and cell mi-
gration [10]. Additionally, K. Podar et al. studied cell migration under
different VEGF and FN concentrations through a transwell migration
assay, observing a linear increase in the cell’s velocity with the increase
of both concentrations [7]. We here consider the effects of the CAFs on
cell migration through the effects of the expression of VEGF. Thus, we
consider a modulated effect on the number of available receptors of the
cells, n,, due to the VEGF concentration in the ECM, as:
n,=n., g—g, (2)

v

where n,,, are the receptors of the cell of reference. Q) and Q?,
are the VEGF concentration and the maximum reference VEGF value,
respectively. Both parameters, O, and Q?,, were calibrated considering
the VEGF and FN concentrations, and the output velocity obtained
experimentally in-vitro. In this sense, Q) corresponds to the VEGF
concentration in the referenced in-vitro experiments, while Q‘I), is an
auxiliary parameter for the nondimensionalization of Q, [7].

Cell migration is considered a result of the equilibrium of the forces
acting on the cell, which include traction forces, F,,,., protrusion forces,
F,.., and drag forces, F,,,. In this case, the inertial forces are neglected
due to the scale of the problem.

In this model, we considered protrusion forces, F,,, due to the
spontaneous generation of protrusions in the cell membrane. This force
is proportional to the traction forces and is considered by the action of
uncontrolled polymerization of actin filaments. Thus, it is defined as a
random force as [28,30]:

Fpror =I| Ftruc “ Kend ©rnd» (3)
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Table 1

Mechanical parameters considered in the model.
Parameter Description Value Ref.
K Binding constant 10® mol! [37,38]
Ryor Number of available receptors 1x10° [44,45]
W FN concentration 10-100 ng/mL [7]
\Z; ECM viscosity 1.0 kPa s [46,47]
E,,. MSC stiffness 670 Pa [10,11]
E.f CAF stiffness 1500 Pa [10,11]
E,.c MMC stiffness 320 Pa [10,11]
Egen ECM stiffness 400 Pa [46]
[ Natural time of maturation without stimulus 60 h [48]
1, Time proportional to the mechanical signal of the cell 17 h [49]
Q‘; IGF-1 reference concentration value 10 ng/mL [12]
Q“)/ VEGF reference concentration value 30 ng/mL [7]
Q‘; Minimum threshold concentration of TGF-p for CAF differentiation 50 ng/mL -

where «,,, and e,,, are random scalar value (0 < «,,; < 1) and unit
vector to define the magnitude and direction of the resultant random
force, respectively.

Drag forces are defined as opposing forces to a spherical object

moving at a velocity v, in a medium with v, viscosity as [28,31]:

Fdrag =6rxr Vr Veells ()]

where r is the cell radius. Consequently, the force balance on the cell
can be represented by [28,311]:

F + Fpror + Fgrav = Fdrag' (5)

trac

2.2. Modeling of cell proliferation

Mechanical conditions of the ECM are shown to play a key role in
different cellular processes such as differentiation [50-52], maturation
[53-55], and apoptosis [56-58]. Thus, the cell Maturation Index (MI),
referred to the cell-cycle progression, is a time-dependent process in
which the cell evaluates and responds to the specific mechanical and
chemical conditions to which it is subjected [55,58]. It can be defined
as [28,59]:

ﬁ t<t

MI = (6)
1 t>t

= “mat

where ¢ is the cell-cycle progression time, and 7,,,, is the time needed for
the cell to complete the cell cycle [31]. The effects of the mechanical
conditions, which can increase the rate of cell-cycle progression, are
dependent on the cell’s internal deformations [26]. So, the cell cycle
time is dependent on the mechanical stimuli perceived by the cell at
each time, ¢, which can be defined as:
o

0
9;

tmat = [tmin + 1,7.()] 0.5 )
where 7,,, is the minimum time needed for a complete cell-cycle
progression, 1, is the time proportionality related to the mechanical
signal y,(r) perceived by the cell. Q; and Q(I’ correspond to the IGF-1
concentration and the maximum IGF-1 reference concentration value,
respectively, which represents the chemical stimuli of the MMCs [12,
60]. In this sense, according to M. Zlei et al. Q; was established as the
IGF-1 concentration in their experiments. Consequently, Q?, has been
calibrated to obtain proliferation enhancement comparable to their
results [12].

The mechanical signal of the cell is obtained from the mean cell’s
internal deformations such as [28]:

n
1 S &
yc(t):;Ze,- tee, (8)
i=1
being ¢; the strain tensor at each membrane node, ith, of the cell. ¢;

is the director unit vector of each membrane node towards the cell
centroid.

2.3. CAF differentiation

Ridge et al. in their interesting review, pointed out that TGF-p
plays a major role in the transition from MSCs to CAFs [8]. In this
sense, several authors have studied how MSCs transitions into CAFs
when exposed to TGF-g. Thus, the differentiation of MSCs into CAFs
is conditioned by the state of maturation (MI) as well as the level of
TGF-p concentration. Hence, once the MSCs reach a complete cell cycle,
i.e. MI=1, and the minimum threshold of TGF-g stimulation is achieved,
MSCs differentiate into CAF phenotype. So, it can be defined as:

CAF
MSC =
S¢ {no differentiation

0% <0 &MI=1
Otherwise

€©)

where Q; and Q‘; are the concentration and minimum threshold con-
centration of TGF-§ for CAF differentiation, respectively. Although this
relationship has been reported by numerous authors, to the authors’
knowledge, there is no report from which these parameters can be
obtained directly. In this sense, without prejudice to the results, certain
predicted values have been suggested for this process.

2.4. Model assumptions

Some assumptions have been taken into account in order to reduce
the model’s computational cost. In this sense, cell geometry is consid-
ered spherical with no changes in its morphology [61]. To represent
cells, a constant diameter of 15 pm is considered for all cells, even
some differences in cell diameter between cell types can be found in
the bibliography [32,62-64]. In general, cell properties are considered
homogeneous for every cell phenotype. However, slight discrepancies
can be found due to the non-homogeneous nature of MMCs, MSCs,
and CAFs [12]. Due to the lack of in-vitro experiments, the MSC dif-
ferentiation threshold, as well as CAFs and MMCs cytokine and factors
expression, has been estimated [8,10,11,60]. Finally, neither oxygen
nor nutrient consumption has been considered in this study. All the
model parameters can be found in Table 1.

3. Results

To describe and validate each cell’s response to the considered
factors, we have prepared a series of computational experiments, which
have been compared with in-vitro results in the bibliography. In the first
case, we studied the effect of different concentrations of IGF-1 on MMCs
proliferation. Secondly, the enhancement of the mechanical ability of
MMCs due to the presence of VEGF, as well as the effects of the FN
concentration in the ECM, has been studied. Later, we investigated MSC
differentiation into CAF due to the TGF-p stimulation. Finally, different
coupled effects have been analyzed with the proposed model, where
gradients for the different factors, and the presence of MMCs and MSCs
or CAFs, have been considered (see Fig. 1).
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Fig. 1. Graphical representation of the overall study presented with the developed model.

3.1. Stimulation of MMCs proliferation via IGF-1

To validate the model, a series of numerical experiments have been
prepared by considering different distributions of IGF-1 ranging from 0
to 15.0 ng/mL. Each experiment was repeated five times for different
random initial cell distributions with different random initial cell MI.
The model validation was studied through two control experiments,
with 0.0 and 10.0 ng/mL IGF-1 concentrations, during six days. Later,
a parametric study of the effect of different IGF-1 concentrations was
performed.

The results were qualitatively consistent with the in-vitro experiment
of reference (Fig. 2(a)) [12]. The results show that cell proliferation
increased as the IGF-1 concentration was increased. After 24 h, the
cells migrated to the central area of the ECM guided by the stift-
ness of the ECM and the presence of other nearby cells. The cells in
contact decreased their internal deformation, increasing the rate of
cell maturation and hence cell proliferation. Thus, cells in the inner
part of the cell aggregates showed faster maturation. In the control
experiment (non-stimulated), after 24 h, a total of 60-64 cells was

observed, which increased to 127-158 cells after 96 h (Fig. 3). For the
10.0 ng/mL concentration, after 24 h, a total of 65-88 cells was found,
which increased to 203-243 cells after 96 h. These results correspond
to a 3.31 + 0.36 and 5.19 + 0.47 in cell doubling (number of cells
to the initial cell number) after 96 h, for the control and maximum
IGF-1 concentration, respectively. Once reach 10.0 ng/mL, a saturation
stimulus was considered, and no significant increase in cell prolifer-
ation was observed for 15.0 ng/mL (Fig. 2 (b)). Increased variability
was observed at 96 h, when the effects of the internal deformations
and IGF-1 stimulation on cell proliferation, were accumulated over the
simulated time.

3.2. Effect of VEGF and FN interaction in MMCs migration

Cell traction forces, and thus cell motility, are improved with the
presence of VEGF in a dose-dependent manner, while it is proportional
to the FN concentration in the ECM. Thus, to validate the model, a
series of computational experiments were performed for 0, 50, and 100
ng/mL concentrations of VEGF, in an ECM with 0, 50, and 100 ng/mL
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Fig. 2. Cell growth (doubling number) for different IGF-1 concentrations. (a) Validation of the cell doubling number results for six days of simulation. Control case (0 ng/mL of
IGF-1) and 10.0 ng/mL IGF-1 concentration was compared with in-vitro results [12]. (b) Variation of the cell proliferation for 72 and 96 h with the IGF-1 concentration. The results
showed faster cell maturation, which increased cell proliferation. After 72 h, a slight effect on the cell proliferation was observed linearly dependent on the IGF-1 concentration.
After 96 h, cell proliferation was doubled compared with the non-stimulated case.
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Fig. 3. Stimulation of MMCs proliferation via different IGF-1 concentrations. (a) Control experiment (non-stimulated). After 24 h, cells migrated towards the central zone of the
ECM where cells proliferated. After 96 h, cells continued proliferating to reach a total of 127-158 cells. (b) Experiment for 5.0 ng/mL concentration. After 24 h, a slight increase
in cell number was observed. After 96 h, cell proliferation increased 24.65% as compared with non-stimulated cells, reaching a total of 156-207 cells. (c) Experiment for 10.0
ng/mL concentration. Cells showed the fastest maturation due to the maximum IGF-1 stimulation. After 96 h, cell proliferation increased 57.04% as compared with non-stimulated

cells reaching a total of 203-243 cells (See also Video S1).



P. Urdeitx et al.

(a)

140
In-vitro In-silico
—120 |
=
100 t —
2
= ]
> 80 | L
E
EN| -
-4
o 40 -
O
ot & -
0 T
V.0-F.0 V.0-F.1 V.1-F.l1 V.0-F.0 V.0-F.l V.1-F.l
(c) = 100
80
<
€
=
> r 60
S
2
[
-
5 I 40
IS
ey
=
20
= g

Computers in Biology and Medicine 153 (2023) 106458

(b)

4.5
)
2 35
2
LE‘ — =
2
£ 25 |
g
=
VEGF
1.5 T T
0.0 50 100 [ng/mL]

r 0.0190

r0.0189

F0.0188

r0.0187

r0.0186

F0.0185

r0.0184

r0.0183

60 A
\%
40 ; \(\Q\ﬁ\

Fn 40
1 20
gy, 20 0 K29

My 0 E 0182

Fig. 4. Results for different VEGF and FN concentrations. (a) Mean cell velocity compared with the in-vitro results corresponding to 10 ng/mL of FN (V.0-F.0), 100 ng/mL of FN
(V.0-F.1), and 100 ng/mL of both VEGF and FN (V.1-F.1) [7]. (b) Results for mean cell traction forces corresponding to 0 ng/mL, 50 ng/mL, and 100 ng/mL of VEGF, with 100
ng/mL of FN for all cases. VEGF enhanced the capacity of the cells to interact with the FN within the ECM. Besides, an increase in the FN concentration increased the traction
forces developed by the cells. (c) Results for mean cell migration velocity. Cell migration velocity increased proportionally to the VEGF and FN concentration. (d) Results for mean
cell internal deformation. Cell internal deformations were decreased as the FN concentration increased. Slight differences can be observed with VEGF variation.

concentrations of FN. Each computational experiment was repeated for
five random initial cell distributions with random initial MI. The results
of these experiments were compared with in-vitro experiments in the
bibliography [71].

Results were in good qualitative agreement with in-vitro reference
experiments (Fig. 4(a)) [7]. The results show that cell traction forces
and, consequently, cell migration velocity, were linearly influenced by
FN and VEGF concentrations (Fig. 4(b), (c)). Cells migrate towards the
central zone of the ECM guided by its stiffness and by the presence
of other surrounding cells. Higher VEGF stimulation resulted in higher
cell velocity, which, in turn, increased cell packing and reduced cell
internal deformation (Fig. 4(c), (d)). Once cells interacted with other
cells, they tended to adhere and stay attached to the neighbor cells.
As cells proliferate, new cells incorporated forming cell aggregates (see
Fig. 5). These interactions reduced cell internal deformations due to the
cell-cell contacts (Fig. 4(d)). However, differences in the mechanical
stimulation due to the internal deformation were limited, and no
significant differences in cell proliferation were observed after 96 h.

3.3. MSC differentiation into CAF due to the MMCs paracrine effect

To the knowledge of the authors, there are no specific studies that
deal with this behavior. Therefore, without prejudice to the outcome,
the authors proposed a specific threshold, which can be adjusted once
in-vitro results are available. Three different configurations were eval-
uated to consider MSCs differentiation into CAFs. In the first case, a
constant concentration of TGF-# in the ECM, which corresponds to the
threshold of MSC to CAF differentiation, was considered (Fig. 6(a)).
Additionally, a TGF-$ gradient distribution from 0 to 100 ng/mL along
x-axis, was considered (Fig. 6(b)). Finally, the expression of the TGF-4,
proportional to the MMCs number, was studied (Fig. 6(c)).

Once MSCs mature, if the minimum TGF-p threshold was estab-
lished, cells differentiated into CAF. This process depended on the
distribution of this factor in the ECM. For the constant concentration
case, cells differentiated once they complete their first cell cycle (Fig. 7
(a)). In the gradient TGF-f case, cells differentiated according to their
position in the ECM (Fig. 7(b)). In the last case, as the TGF-f ex-
pression from the MMCs was considered, MMCs needed to proliferate
and increase their number to achieve the minimum TGF-g threshold
(Fig. 7(c)). In this sense, the authors propose both the minimum TGF-
p threshold and the TGF-p rate expression. However, once in-vitro
experiments are available, both parameters can be adjusted to their
results. At the end of the simulations, CAFs were located in the inner
part of the cell aggregates. This is a result of differences in cell behavior
and mechanical properties for the different cell types. This is consistent
with in-vitro results, where different cell populations tend to reorganize
into organoid-like structures [14,65,66].

3.4. MSC-MMC and CAF-MM(C interactions

CAF plays a key role in cancer progression, promoting favorable
conditions in the ECM for cancer cell growth, homing, and cell survival
[69]. In this final section, we contrast the effects of IGF-1 and VEGF
expression on CAF enhancement in the presence of MSC. Three different
configurations were proposed. In the first one, MMCs were considered
co-cultured with CAFs (MMC-CAF) (Fig. 8(a)). In the second case,
MMCs were considered co-cultured with MSC cells (MMC-MSC), being
inhibited their differentiation due to the TGF-f. According to Lambert
et al. this can be achieved by restoring TGF receptor expression in
myeloma cells [9]. In the last configuration, MMCs were considered
co-cultured with MSC cells. In this case, MSCs differentiate into CAFs
according to the TGF-§ concentration (MMC-dCAF). In all the cases,
IGF-1 and VEGF concentrations were considered proportional to the



P. Urdeitx et al.

(a) Non-simulated

VEGF |ng/mL)] Time: 0 hours VEGF |ng/mL)]

N°cells: 42 cells
333 66.7 100.0 0.0

2

0.0 333 66.7 100.0

x

Time: 24 hours
N°cells: 52 cells

VEGF [ng/mL)]
I = u

VEGF [ng/mL)]
I u

0.0 333 66.7 160.6

x

VEGF [ng/mL)] Time: 96 hours VEGF [ng/mL]

N°cells: 126 cells

0.0 33.3 66.7 100.0 0.0 33.3 66.7 100.0

v

x x

(b) 50 ng/mL FN & VEGF

Computers in Biology and Medicine 153 (2023) 106458

(c) 100 ng/mL FN & VEGF
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Fig. 5. Effect of VEGF and FN interaction in MMCs migration. Cells migrated towards the central zone of the ECM guided by the ECM stiffness and the presence of other
surrounding cells. (a) Control experiment (non-stimulated) for 10 ng/mL concentration of FN with no VEGF stimulation. After 96 h, the cells formed a spherical aggregation in
the central area of the ECM. (b) Experiment for 50 ng/mL concentration of FN and 50 ng/mL concentration of VEGF. Faster cell migration was observed due to the combined
effect of the FN and VEGF. (c) Experiment for 100 ng/mL concentration of FN and 100 ng/mL concentration of VEGF. After 24 h, higher cells’ packing was observed compared
with lower FN and VEGF stimuli, which results in higher compaction after 96 h (See also Video S2).

number of CAFs, while TGF-§ concentration was proportional to the
number of MMCs. Thus, the incidence of their effects were applied
progressively as their concentration were increased. As in the previous
cases, 40-45 cells were randomly seeded in the ECM with random
initial MI. In this experiments, 18-20 cells were considered MSC or
CAF, depending on the case of study, and 22-25 cells were considered
MMCs. Initially, all the cytokine and factors concentrations were 0
ng/mL and scaled with the number of CAFs and MMCs. Each case was
repeated five times with different initial cell distributions to compare
the variability of the results.

The results showed that MMCs stimulated by CAFs increased their
proliferation due to the expression of IGF-1 (Fig. 8(a)). In compari-
son, MMCs stimulated by MSCs, showed less cell growth after 96 h
(Fig. 8(b)). When differentiation of MSCs was considered in MMCs stim-
ulation, cell proliferation, and motility improvement were delayed until
MSCs were differentiated (Fig. 8(c)). Due to differences in proliferation
rates between CAFs and MSCs, the final number of CAFs in the MMC-
dCAF case was higher than the MMC-CAF, and thus, higher were the
stimuli of IGF-1 and VEGF. After 24 h, in the case of MMC-CAF, a
slight improvement in cell proliferation was observed compared with

MMC-MSC and MMC-dCAF (Fig. 9(a), (b)). However, these differences
highly increased after 96 h, where the number of CAFs was higher
and, consequently, the produced stimulus. This tendency was also
observed in the traction forces (Fig. 9(c)) and cell migration velocity
(Fig. 9(d)), which was proportional to the traction forces. After 96 h of
MMC-CAF interaction, the concentration of IGF-1 and VEGF reached
6-7 ng/mL and 70-80 ng/mlL, respectively, while null cytokine and
factors concentrations were considered in the MMC-MSC case (Fig. 8).

4. Discussion

Zlei et al. studied MMCs growth stimulated by 3 different cytokines
and factors combinations [12]. These stimuli, which include IL-6, IGF-
1, VEGF, and SDF-1 are present in the BM and are expressed by the MSC
[3,8]. They observed that, under IL-6, SDF-1, and IGF-1 stimulation,
cell proliferation, and cell viability increased. According to the general
consensus, IL-6 is mainly involved in cell survival and the development
of drug resistance, while SDF-1 was reported to play a key role in metas-
tasis and homing of MMCs [13,67]. In this sense, in order to define
separately their effects, we considered proliferation enhancement due
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(c) CAF proportional TGF-g
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Fig. 6. MSCs differentiation into CAFs due to the MMCs paracrine effect. (a) Constant homogeneous distribution of TGF-§. (b) Gradient distribution of TGF-f (0-100 ng/mL) in
the longitudinal direction. (c) TGF-§ proportional to the number of MMC (See also Video S3).

to the IGF-1, while a combination of different factors could be also
assumed.

The results of the computational model are in agreement with their
results (Fig. 2). Thus, cell proliferation increased as the IGF-1 concen-
tration increased. The model assumes a saturation point for the IGF-1
stimulus. After this point, higher IGF-1 concentrations do not increase
cell proliferation. Below this saturation level, linear stimulation has
been considered. However, the results show a non-linear relationship
between the IGF-1 concentration and the cell number. In this sense, the
effect of other stimuli may be acting simultaneously. The cells’ internal
deformation was also evaluated, which showed a decrease when the
IGF-1 stimulus increased. These cell internal deformations were related
to the cell distribution in the matrix and the degree of compaction
of the cells. Thus, as the cell proliferation increases, due to the IGF-
1 concentration, cell packing was augmented, which increased, even
more, cell proliferation due to the mechanical stimulation of the cells.
In this sense, the non-linear effect was associated with the coupled
effects of the IGF-1 and mechanical stimuli (see Fig. 3). For the 10
ng/mL concentration of IGF-1, the results showed a huge increase in
the cells after 144 h, which was attributed to the high concentration of
the cells at the end of the simulations (see Fig. 2(a)). In contrast, the
non-stimulated cells continue with a slight increase in the cell numbers.
In this sense, the mechanical stimulation was cumulative over the time
of simulation, showing higher differences in long simulated times. After

this point, due to the limitations in the considered ECM dimensions,
the cells stopped their proliferation and the results were no longer
representative (data not shown). Additionally, even though their effects
are hidden, space limitations within cell aggregates reduce the rate of
proliferation through contact inhibition [68].

VEGF plays multiple roles in cancer progression, such as angiogen-
esis, metastasis, and homing [3,7,69]. S. Ridge et al. reported that BM
cells migrate to pre-metastatic sites before tumor cells arrive, and, by
blocking the VEGF-receptor, this cluster formation and metastasis can
be inhibited [8]. In this sense, K. Podar et al. studied the effect of
VEGF on MMCs migration observing that cell migration velocity were
proportional to the VEGF and FN concentrations [7]. Moreover, VEGF
was associated with an increase in FAK activation, which enhanced
cells’ adhesion to the FN fibers, increasing migration speed and guiding
the cells along the fibers direction. In the computational model, a linear
increase of cell traction forces can be observed as the concentrations
of VEGF and FN are increased, which in turn increases cell migration
velocity (Fig. 4). The coupling effect of FN and VEGF was higher
than the individual contribution of each stimulus separately. When
compared to the non-stimulated or minimum FN case, the increase of
the FN represents an increase in cells’ velocity. It was 21.49 pm/h for
the minimum FN concentration, while it was 42.21 pm/h for maximum
concentration (mean values). On the other hand, the effect of the VEGF
stimulus when combined with minimum increased the cells’ velocity to



P. Urdeitx et al.

(a) Constant TGF-p

Cell type Time: 0 hours Cell type
CAF CAF

IMMC y IMMC
MsC MSC

Cell type

CAF CAF
I I MMC
MSC

Time: 24 hours | Cell type

Cell type Time: 96 hours | Cell type

CAF CAF
I v I MMC
MSC

(b) Gradient TGF-p

Computers in Biology and Medicine 153 (2023) 106458

(c) CAF proportional TGF-g
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Fig. 7. MSC differentiation under different TGF-p stimulus.(a) After 24 h, with a constant distribution of TGF-g, cells started to differentiate. After 96 h, all MSCs were differentiated
into CAFs and migrated towards the inner part of the cell aggregation. (b) After 24 h under a gradient distribution of TGF-g, cells in the higher concentration zones started to
differentiate. After 96 h, differentiated CAFs were in the inner part of the cell aggregation, while some MSCs, in lower TGF-§ concentration, were still undifferentiated. (c) After
24 h with TGF-# stimulus proportional to the number of MMC, MSCs were still undifferentiated. After 45-50 h, due to the MMCs proliferation, TGF-# concentration reached the
CAF differentiation threshold and MSCs started to differentiate. After 96 h, all the MSCs were differentiated into CAFs (See also Video S4).

27.33 pm/h. The accumulated effect of both maximum concentrations
increased the cells’ migration velocity to 96.03 pm/h. Thus, the indi-
vidual effects of the FN and VEGF concentration increased by 0.96 and
0.27 times with respect to the non-stimulated case, respectively, while
the combined effect rose to 3.47 times concerning the non-stimulated.

The effect of these stimuli was to increase the velocity at which cells
made contact. This results in a slightly induced mechanical stimulation
due to the reduction of the cell’s internal deformation. However, even
though the cells migrate faster, this does not ensure higher packing.
Thus, the reduction of the cell’s internal deformation was lower than
in the previous case (IGF-1 stimulation), and differences in cell prolif-
eration were negligible. When compared to in-vitro results, there were
significant differences in the variability of the cells’ migration velocities
(see Fig. 4(a)). These differences were attributed to the heterogeneity of
the cells in the in-vitro experiments, while the properties and geometry
of the in-silico cells are considered homogeneous.

CAFs are considered as the major contributor to the tumor mi-
croenvironment, such that they improve cell proliferation, induce an-
giogenesis, promote cell survival, and activate cell invasion through
paracrine signaling [70-72]. Their origin is heterogeneous, which in-
clude multiple progenitor cell types, such as epithelial cells, MSC, and
fibroblasts [8,14]. Among these cells, S. Ridge et al. pointed to MSCs as

a source for CAFs, where TGF-f, among other factors, could contribute
triggering this differentiation [8]. Besides, other authors observed that
blocking TGF-# inhibit MSCs upregulation of proliferation, migration
and invasion in various cancer cells [8,73]. These findings were consis-
tent with those of D. Saforo et al. who observed that tumor-derived
cells cultured in 3D hypoxic conditions, where TGF- showed the
maximum expression, alter their phenotype to produce pro-tumorigenic
factors [70]. Other authors report that TGF-g plays a dual role in
cancer progression, with suppressive effects in the early stages of cancer
development but promoting metastasis in the late stages [8,9,14,74].
In this sense, the differentiation of MSCs into CAFs, induced by TGF-
B, could be responsible for this phenomenon. While cells expressing
the MSC phenotype that may have a tumor-suppressive response, CAFs
exhibit pro-tumor behavior. In this sense, D. Wu et al. observed that
the stiffness of myeloma cells increased significantly due to their in-
teractions with myeloma patient-derived MSCs, compared with those
co-cultured with normal MSC [10]. In this model, the authors propose
MSC differentiation under a determined TGF-f concentration. This
concentration threshold was established by the authors due to the lack
of experimental data in this regard. As cells perceive the TGF-§ with
concentrations higher than the minimum threshold, they trigger CAF
differentiation. In locations where the minimal concentration of TGF-p
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Fig. 8. MMCs interactions with CAFs and MSCs after 96 h. (a) Co-culture of MMCs with pre-differentiated CAFs. (b) Co-culture of MMCs with MSCs in which TGF-§ effect was
inhibited. (¢) Co-culture of MMCs with MSCs, which differentiated into CAF phenotype due to the presence of TGF-f. CAFs expressed IGF-1 and VEGF, which improved cell
proliferation and cell motility. Their concentrations were dependent on the number of CAFs in the ECM (See also Video S5, Video S6, and Video S7).

is unavailable, MSCs remain undifferentiated. Thus, different configu-
rations of the TGF-§ concentration were proposed, observing relevant
differences in cells differentiation. Cells under non-homogeneous TGF-
B concentration differentiate in zones where this concentration exceeds
the minimum threshold. As the TGF-$ was considered to be expressed
by cancer cells, we considered TGF-§ concentration proportional to
the number of myeloma cells. Consequently, it can be possible to
study differences in tumor growth with different cancer cells and MSCs
proportionalities, which showed relevant differences in cancer behavior
[75]. At the start of the simulation, with few MMCs, MSCs retain
their normal phenotype. As MMCs proliferate, the TGF-f concentration
increases which triggers MSCs differentiation into CAFs. In a real
tumor microenvironment, different cells located in different positions
can perceive a variety of conditions, resulting in non-homogeneous
behaviors.

As the considered cytokines and factors are expressed by the dif-
ferent cells in the tumor microenvironment, their concentrations in
this computational model depend on the number of cells expressing
them. In this sense, we established proportional concentrations of the
different cytokines in a computational experiment where all the stimuli
were acting simultaneously (Fig. 8). Under these conditions, we studied
MMCs growth in co-cultures of CAF and MSC. An increase in cell
proliferation and cell forces were observed under IGF-1 and VEGF
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stimulation produced by the CAF cells. MSCs differentiation into CAFs
also depended on the number of MMCs in the ECM. When inhibi-
tion of the TGF-p was considered, even though the MMCs continue
increasing, and thus the TGF-p concentration, differentiation of MSCs
was not triggered. In this case, the upregulation of proliferation and
migration was also inhibited (see Fig. 9). Differences between the
initial consideration of CAFs (MMC-CAF) and the differentiation of
MSCs (MMC-dMSC) were also observed. As MSCs proliferate faster,
at the end of the simulation, a higher number of differentiated CAFs
were observed compared to CAFs in MMC-CAF case. Thus, the final
concentration of VEGF and IGF-1, and their effects on MMCs, were also
higher.

The results showed interesting differences in co-culture experi-
ments. Different characteristics make cells behave in different ways.
When MMCs are co-cultured with MSCs and CAFs, their differences
in mechanical properties (see Table 1) cause them to be positioned
differently in the ECM (see Figs. 7 and 8). MSCs and CAFs were 2.1
and 4.7 times stiffer than MMCs, respectively, which improves their
capacity to interact with the ECM. At the end of the simulations, CAFs
and MSCs are located in the inner part of the cell’s aggregates, while
the MMCs are distributed at the periphery. This is in accordance with
in-vitro findings where a correlation between the cell phenotype and
their location was observed [65,66]. This was reported by R. Foty in
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Fig. 9. Results of MMC-MSC and MMC-CAF interaction. (a) Cell proliferation and (b) cell doubling number. Cell proliferation was increased when considered CAFs stimulation.
The effect was increased after 96 h where higher IGF-1 concentration was observed. (c) Traction forces and (d) mean cell migration velocity. Cell forces and cell migration were

increased due to the expression of VEGF by the CAFs.

co-cultures of heart and liver cells. The heart cells are distributed in the
inner part of these aggregates, while the liver cells stay at the periphery
[66].

5. Conclusion

We have presented a new computational model to study MMCs
behavior and tumor growth. In this model, the effect of the paracrine
interactions with MSCs and CAF have been considered in cell growth,
migration and differentiation. The model couples the effect of the
mechanical cues with the cell response to different cytokines, which di-
rectly influence the cells’ behavior. The obtained results are consistent
with the bibliography [7-12,60,76,77].

In this computational model, myeloma cell growth was increased
as a response to the cytokines expressed by CAF cells. IGF-1 increases
cell proliferation by reducing the cell cycle of the cells. This effect was
coupled with the mechanical stimulation of the cells guided by the ECM
stiffness. In this way, a non-linear improvement of the cell proliferation
is observed as the IGF-1 stimulus is increased. VEGF, which improved
cell adhesion to the ECM fibers, increased cell exerted forces and,
thus, cell migration. With this model, the biparametric dependence can
be considered and studied in different cell culture conditions. Cells
migrated faster towards the central zone of the ECM, which was the
stiffest part of the ECM. An increase in the cells packing was observed,
with a slight reduction in the cell internal deformations due to the cell-
cell interactions. Despite this mechanical stimulation, cell proliferation
was not significantly increased. In the presented model, we considered
the MSC differentiation due to the MMC interaction. Although we
proposed a reference threshold of TGF-f to trigger this differentiation,
the model can easily be calibrated to the specific in-vitro results when
available. So, the authors encourage the experimental colleagues to
cover this point. On the other hand, different distributions of TGF-p
was taken into account to study cell differentiation. Cells under a higher
concentration of TGF-g, which corresponds to a higher concentration of
myeloma cells, differentiated faster and started to produce pro-tumor
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cytokines, which improved MMCs growth, and motility. As a result of
differences in the mechanical properties of the cells, their distribution
differs according to the cell phenotype. CAFs migrate to the inner
part of cell aggregations, while MMCs remain at the periphery. As
CAFs differentiated and proliferated, cytokines concentration increased,
which increased their pro-tumor effect.

The presented computational model is able to consider a wide
range of different complex tumor microenvironments during tumor
growth. This includes different cytokine concentrations, multiple simul-
taneous cell types, with distinct mechanical properties and behavior,
and complex mechanical conditions. Even though we estimated some
reference values for certain aspects and parameters of the model, such
as the different cell type concentrations, differentiation thresholds, and
cytokine expression kinetics, these values can be adjusted based on
patient-specific data, when available, in order to carry out simulations
to study the most effective strategies for cancer treatment. Thus, we
considered the presented model as a helpful tool for predicting and a
better understanding of the biological interaction between MMCs and
resident bone marrow cells.
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