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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/mL, 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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Fig. 6. MSCs differentiation into CAFs due to the MMCs paracrine effect. (a) Constant homogeneous distribution of TGF-g. (b) Gradient distribution of TGF-g (0-100 ng/mL) in
the longitudinal direction. (¢) TGF-p 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
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Fig. 7. MSC differentiation under different TGF-g stimulus.(a) After 24 h, with a constant distribution of TGF-p, 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-g 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-g# 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-# concentration. This
concentration threshold was established by the authors due to the lack
of experimental data in this regard. As cells perceive the TGF-g 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-g effect was
inhibited. (c) 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-# 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-#, 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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8.1 Final conclusions

A review of the results obtained during the development of the thesis is presented
in this section, along with a summary of the general conclusions. Then, the specific
conclusions for each of the considered blocks are discussed: Part-I: Cell mechanics in
tissue architecture, and Part-II: Mechanics of cancer cells. Next, the main contributions
of this thesis and future lines of research are described. Subsequently, a list of
contributions in terms of publications in journals and book chapters, and participation
in scientific conferences is provided. Finally, a brief description of the international

research stay is presented.

8.1.1 General conclusions

The cell’s ability to migrate, differentiate, proliferate, and undergo apoptosis are
crucial for tissue formation and remodeling. These processes depend on multiple
factors in the cellular environment, including the rigidity of the ECM, chemical
factors, and mechanical and electrical stimuli. In this thesis, these cell processes have
been studied from a physical perspective, and through the development and analysis
of computational models. These models have served to study tissue regeneration
and conformation processes, as well as cancer growth and metastasis, considering
different cell lineages, including MSC, fibroblasts, osteoblasts, cardiac cells, and
multiple myeloma cells. Moreover, it has been possible to study the cell’s response
in 3D environments and under the presence of stimuli such as oxygen concentration,
ECM stiffness, external mechanical and electrical stimulation, and the presence
and/or expression of certain cytokines. The obtained results, in accordance with the
experimental results, have opened a novel perspective for the study of cell mechanics
and have provided key information that leads to a series of general conclusions of high
interest.

The processes of tissue formation and regeneration are governed by a series of
mechanical, chemical, and electrical stimuli that, in a coordinated manner, stimulate
and guide cell migration. They define the cell lineage during differentiation, and
promote cell reorganization and generation of ECM. In particular, oxygen concentration
plays a key role in tissue remodeling and regeneration. Under hypoxic conditions, cells
can express certain factors or cytokines, that induce cell-cycle arrest. Under anoxic
conditions, cell apoptosis is triggered. However, these effects change depending on the
affected cell phenotype. Angiogenesis-inducing cells, such as fibroblasts, migrate to
hypoxic environments, where they express factors that promote the generation of new

blood vessels and, consequently, the recovery of normoxic oxygen concentrations. In
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this way, tissues are capable of self-regulating tissue growth and morphology, stopping
cells’ growth under certain oxygen concentrations, and promoting the growth of blood
vessels where it is necessary to increase the oxygen concentration [102,201,202].

On the other hand, cell polarization, which defines, among others, the direction of
cell migration, depends on the intensity of the local stimuli perceived by the cell. In
3D environments, the cell perceives the directional stimuli present in the ECM through
mechanotaxis, chemotaxis, and electrotaxis. However, in contact with other cells and
with local rigid elements, cells can experience a 2D stimulus by responding to the
topological stimulus [49, 60, 85]. Indeed, topological stimuli have been shown to play
an essential function in defining cellular structure in cardiac tissues and may actively
influence cancer progression [4,5].

The morphology adopted by different cell groups, and the collective cell response
depends on the cell type and its ability to establish stable cell adhesions (tight
junctions). While fibroblasts form spherical aggregates due to the simple accumulation
of cells, cardiac cells form tight junctions with other cells, presenting a coordinated
collective response. Mechanical and/or electrical stimulation of cardiac cells makes it
possible to establish preferential directions in the formation of these cell adhesions,
leading to the formation of anisotropic tissues. In this sense, the control and design
of the application of multiple simultaneous stimuli, such as the coupling of stimuli
through the application of piezoelectric materials, can be key in the design of cellular
architectures in cardiac tissues, improving the mechanical properties of the tissues
developed wn-vitro.

The stimuli applied must respond to the desired objective. In fact, cell
differentiation can be guided by tuning the ECM composition and stiffness. This
is of high interest for regenerative therapies with MSC, where these cells are sought
to differentiate into lineages of the tissue to be regenerated. In addition, the increased
ECM stiffness improves the mechanical stimulus perceived by the cells, accelerating the
cell cycle and consequently enhancing cell proliferation. However, excessive stiffness
can be harmful to the cells, limiting their ability to interact with the ECM.

On the other hand, alterations in the mechanical conditions of the cells and the
matrix can trigger abnormal cellular responses. Tumor cells can trigger changes in
resident tissue cells, modifying their behavior to act in ways that favor cancer growth
and metastasis [30,203,204]. Mechanical interactions, through contact, and paracrine
interactions, through the expression of certain cytokines, seem to play a key role in the
differentiation of CAF, which favors growth, metastasis, and the development of drug
resistance in tumor cells [30,140,205].

The developed models represent a step forward in the applied methodology for
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cell simulation, and the understanding of cell behavior in the presence of mechanical,
electrical, and chemical stimuli. The coupling of stimuli can be a tool of great
interest for the control of the different cellular processes during the development
and regeneration of tissues. In particular, models capable of analyzing multiple
simultaneous stimuli can be helpful to predict the response of the cell to complex
environments, when the adaptive cellular response can lead to the presence of stimuli
of an opposite nature [147,148].

The use of hybrid models, where a continuous formulation is used for the
surrounding medium, and a discrete formulation is used for the cells, can be very
useful for the analysis of cell behavior in liquid environments. The reduction in the
computational cost may lead to an increase in the control volume of the study and
higher precision in the definition of certain cellular processes. Indeed, considering
the medium through continuous models allows for considering processes of diffusion,
generation, and consumption of different factors, cytokines, and nutrients, which is of

great interest for the preliminary design of in-vitro experiments.

8.1.2 Conclusions of Part-I

In the first part, computational models are applied to study cell behavior under different
stimuli, with the aim of proposing adequate stimulation patterns for the development
of tissues in-vitro. This block represents most of the work developed in this thesis. It
includes the study of oxygen concentration during bone regeneration, as well as the
mechanical and electrical stimuli in the morphogenesis of cardiac tissues. Both tissues
have a close relationship between the ECM properties, the mechanical environment of
the cells, cell properties, and tissue functionality. The main conclusions obtained in

this first block are summarized below:

(1) : In the absence of other stimuli, cells migrate guided by the ECM stiffness.
Applying the models developed, assuming free boundary conditions, cells tend to

migrate toward the center of the matrix.

(2) : The geometry of the ECM, as well as the boundary conditions applied to
the matrix, play a key role in the geometry of the tissues developed both

computationally and in experiments in-vitro [206,207].

(3) : The stiffness and composition of the ECM can be a valuable tool to guide the
spontaneous cell differentiation of MSCs into specific cell lineages [97,208].

(4) : Hypoxic oxygen concentration levels inhibit the proliferation of osteoblasts and
MSCs, as well as the differentiation of MSCs into osteoblasts [103,209,210]. Low
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(5)

(6) :

(7) :

(8)

9) :

(10) :

(11)

oxygen concentration, or what is the same, anoxia, triggers cell apoptosis [201].

: Cells respond to the oxygen concentration gradient by migrating towards regions

of a higher concentration, where they remain there [202,211,212].

The application of external (unidirectional) electric fields causes the cells to
migrate in the direction of the electric field through electrotaxis, which depends
on the cell charge. Indeed, migration in the cathodic direction has been observed
for cardiac cells [117].

Cells guided by the oxygen concentration gradient, or by the external electric
field, to less rigid regions of the ECM suffer higher cell internal deformations.
This increase in deformation translates into less mechanical stimulation, slower

maturation, and decreased proliferation.

. Active mechanical stimulation of cells by applying external stresses on the ECM

generates residual stresses in the matrix that orient the fibers and guide cell
polarization, migration, and tissue organization. These residual stresses act as
a stiffening effect on the environment, reducing the internal deformations of the
cells and improving proliferation. However, in stiff matrices, the increase in
rigidity can have unfavorable consequences, hindering the interaction of cells

with the matrix and reducing cell migration.

The cellular architecture of cardiac tissues can be guided by designing
adequate mechanical and electrical stimulation. For example, the application
of longitudinal electric fields and traction forces promotes cell orientation in this
direction. This enhances achieving cell alignment and promotes the formation of
anisotropic cellular structures in the tissue. The coupling of these stimuli can be

applied through the use of materials with piezoelectric properties.

A low ECM stiffness could benefit the differentiation of MSCs into cells of
the cardiac lineage. Once differentiated, higher ECM stiffness accelerates cell
proliferation, and maturation, and increases cell-cell adhesions. In this sense, it
could be interesting to use materials whose stiffness could be increased as the

cells mature.

: The cellular response to the coupling of mechanical and electric stimuli depends
on the directionality and intensity of each stimulus. In this sense, in matrices of
low stiffness and high electrical stimulation, cells are guided in the direction of

the electric field. In matrices of high stiffness and low electrical stimulus, cells are
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guided by the ECM stiffness. Properly balancing the intensity of these stimuli
can be a useful tool to control cells during the processes of tissue formation and

regeneration.

(12) : The mode of application of the electric field plays a key role in the cellular

response. Applying a continuous, unidirectional electric field can cause cells to
be dragged in the direction of the field and hinder cell-cell interactions. The
application of alternating electric fields can reduce the drag produced on the

cells while maintaining directionality in cell polarization.

8.1.3 Conclusions of Part-I1

In the second block, computational models are applied to study the cellular behavior

of cancer cells. The published articles included in this thesis are oriented toward the

analysis of the growth and metastasis of multiple myeloma cells. These models have

also been applied to study osteosarcoma and lung adenocarcinoma cells as part of two

final degree projects (FDP) and a final master’s project (FMP). However, the results

of these studies have not yet been published. The main conclusions obtained in this

second block are summarized below:

(1)

(2) :

(3)

(4) :

(5)

: The initial cell concentration of the culture can be a representative stimulus under

liquid conditions where the main mechanical stimulus comes from cell contacts.

In a liquid environment, mechanical stimulation becomes even more important
due to the rigidity of the culture walls and contact with other cells. In this sense,
significant differences are observed when comparing cell proliferation considering
cells in suspension (through agitation of the medium), or sedimented cells (results
presented in FDP-FMP).

: The use of hybrid models, where a continuous formulation is used for the medium

and discrete for the cells, can be very useful for the analysis of cell behavior in
liquid environments. A huge reduction in computational cost has been observed

as compared with fully discrete models.

Interactions of multiple myeloma cells with MSC cells trigger the expression
of TGF-p factors that promote CAF differentiation. Differentiated CAF act to

promote multiple myeloma growth and metastasis.

: The expression of VEGF by CAF cells increases cell adhesion and the ability of

myeloma cells to mechanically interact with the fibronectin fibers of the matrix.
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(6) :

(7)

(8) :

Thus, cell forces and migration speed depend on the concentration of fibers and
factors in the ECM.

The expression of IGF-1 by CAF cells accelerates cell-cycle progression by

increasing the proliferation of multiple myeloma cells.

The difference between the mechanical properties of the cells plays a key role
in their distribution in the matrix. With their higher stiffness and ability to
generate higher contractile forces, MSCs and CAFs migrate to the interior of
cellular aggregates. For their part, myeloma cells, with low mechanical properties,

tend to remain on the periphery in the cell aggregates.

The kinetics of the expression of factors and the speed of cell maturation
play a key role in the final conditions of the experiment. At the end of the
simulation, although the expression of factors by MSC is not considered, a higher
concentration of factors is observed in the cases where the differentiation of MSC

is considered, compared to the cases where CAF is initially considered.

8.2 Thesis contributions

The main contributions of the thesis include the development and validation of the

different models presented. These models can be classified into two different models:

1 Development of a 3D model of cell migration in hydrogel mechanical environments

using the finite element method (FEM) through user subroutines in the Abaqus
software. A UELMAT subroutine has been programmed for these models, capable

of working with all kinds of materials from the Abaqus libraries.

2 Development and validation of a hybrid model for the study of cell behavior in

fluid environments using user subroutines in the Fluent-Ansys software. In
this model, the properties have been defined through user functions of the
DEFINE SCALAR environment, and cellular processes through the programming
of DEFINE INJECTION subroutines.

Furthermore, other contributions can be highlighted as a result of the application

of the previous models, as well as the performance of some complementary activities:

1 Analysis of the mechanical behavior of cells in three-dimensional matrices using

the computational model developed in Abaqus, considering the processes of cell

adhesion, migration, differentiation, proliferation, and apoptosis. Using this
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model, the cellular response to stimuli derived from oxygen concentration was
studied and applied to osteoblasts, fibroblasts, and MSC.

2 Analysis of cell interaction in the formation of organized structures and the effects of
stimulation on tissue polarization. The model developed in Abaqus was extended
to include tight junctions. It was applied to the study of cell-cell interactions in
cardiac cells and cell polarization induced by directional electrical and mechanical

stimuli.

3 Study of cell behavior in materials with piezoelectric properties for the coupling
between electrical and mechanical stimuli, as well as the application of stimuli
by non-invasive remote methods. Using the model developed in Abaqus, the
inclusion of piezoelectric fibers of different dimensions was considered. This
was done by studying the mechano-electric response of the piezoelectric material
to different deformations and the cellular response to mechanical and electrical

stimuli.

4 Study of multiple myeloma cell growth and the formation of tumor aggregates.
Through the model developed in Fluent-Ansys, the effects of parameters such
as the initial cell concentration, the application of orbital agitation, and the
presence of hydrogel micro-spheres on the growth of multiple myeloma tumors in

fluid environments were studied.

5 Study of the interaction of multiple myeloma cells with bone marrow cells (CAF
and MSC), effects of cytokine expression on cell proliferation, migration, and

differentiation.
6 Collaboration in teaching tasks

a Co-direction of 2 Final Degree Projects
b Co-direction of 1 Final Master Project

¢ Collaboration in teaching with 180 hours of practice in Mechanics, Deformable

Solids Mechanics, and Theory of Structures and Industrial Constructions.
7 Collaborations with other universities

a Collaboration with the Center for Engineering and Health (CIS) of the
Saint-Etienne Mining University through a 3-month research stay, where
a collaboration article for the analysis, using computational methods, of the
paracrine interactions multiple myeloma cancer with bone marrow cells, has

been presented.
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b Collaboration with the Polytechnic University of Valencia, in the context of a
coordinated national project, with the preparation of a collaboration article
for the analysis, using computational methods, of the growth of multiple

myeloma.

c Collaboration with the University of Valencia, in the context of a coordinated
national project, for the development of a computational model for the study

of the epithelial-mesenchymal transition in lung adenocarcinoma cells.

8.3 Future research lines

As with so many other fields of research, the road ahead for computational modeling
is long and exciting. The constant improvement of computer processors and software
has contributed to a substantial improvement in the definition of problems that can be
addressed through computational models. Additionally, the higher understanding of
cells and their environment, the result of the cooperation of the in-vivo, in-vitro, and
in-silico models allows approaching the study of cell behavior with a better perspective
of cell processes. The combination of the increase in computation resources, together
with the higher degree of knowledge of the process, allows the generation of models with
increased fidelity. In this sense, computational models tend to increase their complexity
in the definition of cells and their environment. This leads to a more comprehensive
analysis of the problem, incorporating new factors, processes, and considerations. In
this sense, in line with this thesis, several possible future lines of research are presented
for the proposed models:

(1) Computational cost reduction. The computational cost is one of the main
limitations of the current models, being necessary to apply numerous simplifications
and considerations to reduce it. With the development of the hybrid model, a huge
reduction in computational cost has been achieved, which has allowed the development
of larger experiments with a higher number of cells. However, such models have a
number of limitations in their application. In fact, the consideration of a liquid matrix
with which the cell does not interact mechanically (in terms of stress-strain), limits
its application to certain environments. In this sense, it is necessary to approach the
optimization of the developed models through a detailed analysis of the functions,
methods, and subroutines, in such a way that it allows increasing the effectivity of the
model without additional limitations. The use of meshless models, or the use of model
order reduction methods, may be the best alternatives to reduce the computational
cost. An adaptive mesh, which allows a good definition of the cell membrane and a low

discretization in the ECM mesh, could lead to considerable savings by reducing the
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dimension of the problem, and at the same time, could be of great interest to address
the study of cell morphology.

(2) Formation of a unified database with mechanical properties for multiple cell
lineages open to using by the scientific community. When modeling, cellular properties
play a key role in defining the physical behavior of cells. In the models presented,
mechanical properties such as cell stiffness and maximum contractile stresses are
essential to study the ability of a cell to interact with other cells and with their
environment. However, it is not always easy to find the properties of a particular
cell lineage. Furthermore, reported cellular properties, such as cell stiffness, are highly
dependent on the measurement technique, the cell line used, and the previous history
of the cells. In this sense, differences of one and even two orders of magnitude have
been reported for the same parameter [213]. Establishing common effective criteria in
the definition of these parameters can bring interesting conclusions when analyzing the
origin of the differences between them.

(3) Improvement in the definition of differentiation, considering a progressive
adaptation of the phenotype and cellular properties. Additionally, through
differentiation processes, the adoption of tumor phenotypes could be included, giving
rise to the study of the factors that can trigger this process. In the same way, it could
be interesting to consider different phases of maturation within the same phenotype
or lineage. This could be done to define the different phases of maturation in the
formation of tissues and their functionality. For instance, a progressive maturation in
cardiomyocytes and osteoblasts that progressively increases contractile capacity and
bone matrix synthesis, respectively.

(4) Scale up the problem to analyze tissue functionality, and consider multiple
cell subtypes simultaneously. In this sense, progress must be made in two key
aspects: (1) reduction of the computational cost that allows increasing the scale
of the problem, and (2) improvement in the definition of cellular interactions and
collective behavior. Thus, for cardiac tissue, it could be of high interest to include
the formation of intercommunication between cells through ion channels. This would
allow the simulation of the propagation of the electrical impulse that generates the
coordinated contraction of the tissue.

(5) Consider cellular properties in a non-deterministic way, in a range or defined
by statistical means, to improve the approximation and represent variability in in-vitro
and in-vivo models. In line with the progressive maturation of cells, this could imply
the consideration of initially random cellular properties depending on the previous
history of each cell. However, this step towards greater model complexity could lead

to a considerable increase in computational costs.
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(6) Consider the process of angiogenesis, and diffusion of species (drugs, growth
factors, and nutrients). Tissues undergo constant remodeling, maintaining cell
sustainability by balancing chemical conditions. Consequently, angiogenesis is an
essential part of the tissue formation process [214, 215]. Hence, the study of
the formation and functionality of tissues requires considering the generation and
adaptation of blood vessels depending on the conditions of the cellular environment.
Thus, to improve the computational models presented in this thesis, considering the
angiogenesis process could be a future line of inquiry that is highly promising for
analyzing tissue conformation in a representative way.

(7) Consider the impact of pore fluid pressure. Hydrostatic pressure, the stresses
generated by interstitial fluid flow, plays a key role in the formation, growth, and
metastasis of tumors [216]. Studies of the tumor environment reveal increases in
both the stiffness of the matrix and the hydrostatic pressure of the interstitial fluid.
These increases could be related to the favoring of migration in tumor cells and the
outward diffusion of factors expressed by tumor cells [65]. Additionally, the increase
in intracellular pressure is closely related to drug resistance mechanisms, hindering
the transport of substances into the tumor [217]. This step could be of substantial
interest to the scientific community, bringing the developed models closer to in-vitro
pharmacokinetic models.

(8) Consideration of interstitial migration through porous elements. One of the
systems that cells use to move quickly through the body is to use the blood and
lymphatic vessels. The cells pass through the basement membrane and the lining
of the vessels, formed by endothelial cells, to enter the blood or lymphatic vessels,
which is called intravasation [215,218]. This phenomenon also occurs in tumor cell
metastasis, where cells move away from the primary tumor by invading blood and
lymphatic vessels, exiting at secondary sites through extravasation [65,92]. However,
little is known about the mechanism that governs intravasation and extravasation.
Simulation using computational models of this process can provide clarity by analyzing
the forces associated with these systems.

(9) Expand the study to include new cell types as well as different kinds of tumor
cells. An especially interesting lineage, from a mechanistic perspective, is the epithelial
cells. These cells form impermeable barriers, with a high degree of cell compaction,
through the formation and stabilization of tight junctions [36,139]. The adoption of
a carcinogenic phenotype by these cells is called carcinoma, and it affects different
tissues and organs (skin, lungs, breast, uterus, etc.) developing, in each case, a specific
carcinoma. Studying the mechanical behavior of these cells, where the forces of cell

interaction play a key role, as well as the change in the characteristics, mechanical
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and behavioral, of the tumor phenotype, can provide information of high interest for
the study of carcinomas. In fact, some studies have reported that changes in the
epithelial phenotype (adherent) to the mesenchymal phenotype (migratory) could be
due to changes in the mechanical conditions of the cellular environment, thus initiating

metastasis [36,139,219].

8.4 Publications and other contributions

The work developed in this thesis has been presented in several scientific articles in
indexed journals, and at national and international congresses. This section includes a

summary of all the author’s contributions during this thesis project.

8.4.1 Publications

The following is a summary of the contributions of the thesis in terms of articles

published in indexed journals:

e Analysis through computational models of the cellular response of osteoblasts
under different conditions of oxygen level:
Urdeitx, P., Farzaneh, S., Mousavi, S. J., & Doweidar, M. H. (2020).
Role of oxygen concentration in the osteoblasts behavior: A finite element
model.  Journal of Mechanics in Medicine and Biology, 20(01), 1950064.
https://doi.org/10.1142/50219519419500647

e Analysis through computational models of the mechanical behavior of cardiac
muscle cells under active mechanical stimulation:

Urdeitx, P., & Doweidar, M. H. (2020). Mechanical stimulation
of cell microenvironment for cardiac muscle tissue regeneration: a
3D in-silico model. Computational Mechanics, 66(4), 1003-1023.
https://doi.org/10.1007/s00466-020-01882-6

e Analysis through computational models of the cellular structure of cardiac tissues
guided by external electro-mechanical stimulation:
Urdeitx, P., & Doweidar, M. H. (2020). A Computational Model for
Cardiomyocytes Mechano-Electric Stimulation to Enhance Cardiac Tissue
Regeneration. Mathematics, 8(11), 1875. https://doi.org/10.3390/math8111875

e Analysis through computational models of the use of piezoelectric materials, in
the coupling of electrical and mechanical stimulation for cardiac tissue formation:
Urdeitx, P., & Doweidar, M. H. (2021). Enhanced Piezoelectric
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Fibered Extracellular Matrix to Promote Cardiomyocyte Maturation and
Tissue Formation: A 3D Computational Model. Biology, 10(2), 135.
https://doi.org/10.3390/biology10020135

e Development of a hybrid computational model, of discrete cells and continuous
medium, for the analysis of multiple myeloma tumors in fluidic environments:
Urdeitx, P., Clara-Trujillo, S., Ribelles, J. L. G., & Doweidar, M. H. (2022).
Computational modeling of multiple myeloma growth and tumor aggregate
formation. Computer Methods and Programs in Biomedicine Update, 100073.
https://doi.org/10.1016 /j.cmmpbup.2022.100073

e Analysis of the interaction of multiple myeloma cells with bone marrow cells using
computer models:
Urdeitx, P., Mousavi, S. J., Avril, S, & Doweidar, M. H. (2023).
Computational modeling of multiple myeloma interactions with resident
bone marrow cells. Computers in Biology and Medicine, 153, 106458.
https://doi.org/10.1016 /j.compbiomed.2022.106458

8.4.2 Participation in congresses

The following is a summary of communications at conferences held during the

dissertation:
National:

e VIII Reuniéon Anual del Capitulo Nacional Espanol de la Sociedad Europea de
Biomecénica (2018), University Jaime I, Castellén de la Plana (Spain):
Presentacién: "Role of oxygen concentration in cell behavior: A finite element
model”. Pau Urdeitx, S. Jamaleddin Mousavi, Mohamed H. Doweidar.

e VIII Jornada de Jovenes Investigadores del I3A (2019), University of Zaragoza,
Zaragoza (Spain):
Presentacién: 7Cell behavior under hypoxic conditions. 3D computational

model”. Pau Urdeitx, S. Jamaleddin Mousavi, Mohamed H. Doweidar.

e IX Jornada de J6venes Investigadores del 13A (2020), University of Zaragoza,
Zaragoza (Spain):
Poster: ”Finite Element Model for Cardiac Cell mechano-electrical stimulation”.
Pau Urdeitx, Mohamed H. Doweidar.
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e VII Jornada de Doctorandos del Programa de Doctorado en Ingenieria Mecanica
(2020), University of Zaragoza, Zaragoza:
Presentacién: ”Modelado computacional de células cardiacas en entornos

eléctrico y mecanicamente estimulados”. Pau Urdeitx, Mohamed H. Doweidar.

e | Congreso Anual de Estudiantes de Doctorado de la Universidad Miguel
Herndndez (2021), University Miguel Hernandez, Elche (Spain):
Presentacién: ”Single-cell based in-silico model for electrical and mechanical

stimulation of cardiac cells”. Pau Urdeitx, Mohamed H. Doweidar.

e X Reunién Anual del Capitulo Nacional Espanol de la Sociedad Europea de
Biomecénica (2021), University of Granada, Granada (Spain):
Presentacién: ”Piezoelectric fibered extracellular matrix to enhance cardiac cell
maturation and tissue anisotropy. An in-silico model”. Pau Urdeitx, Mohamed
H. Doweidar.

e XI Jornada de Jévenes Investigadores del I3A (2020), University of Zaragoza,
Zaragoza (Spain):
Péster: ”Dense discrete phase model for tumor cell growth analysis in fluid

environments”. Pau Urdeitx, Mohamed H. Doweidar.

International:

e VI ECCOMAS Young Investigators Conference (YIC 2021), Polytechnic
University of Valencia, Valencia (Spain):
Presentacién: ”Cardiac cell in-silico model to study cell behavior under

mechanical and electrical stimulation”. Pau Urdeitx, Mohamed H. Doweidar.

e 26th Congress of the European Society of Biomechanics (ESB 2021), Polytechnic
University of Milan, Milan (Italy):
Presentacion: ”Cardiac cell in-silico model for enhanced cell-extracellular matrix

interactions”. Pau Urdeitx, Mohamed H. Doweidar.

e 27th Congress of the European Society of Biomechanics (ESB 2022), University
of Porto, Porto (Portugal):
Presentacién: ” Agent-based in-silico model for Multiple Myeloma tumor growth

analysis”. Pau Urdeitx, Mohamed H. Doweidar.
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8.4.3 Other contributions

During the thesis, I authored a book chapter, co-directed two final degree projects
(FDP), and a final master’s project (FMP):

e Book chapter: Chapter 28.  Single-cell based models for cell-cell and
cell-extracellular matrix interactions. Pau Urdeitx, Mohamed H. Doweidar.
Digital Human Modeling and Medicine. The Digital Twin. Elsevier Academic
Press 2022, ISBN: 9780128239131.

e FDP: Simulacién computacional avanzada de cultivos celulares de mieloma
multiple en un entorno de microgeles. Alfaro Alfonso, Carmen, Universidad de

Zaragoza. Supervisor: Pau Urdeitx, Mohamed H. Doweidar.

e FDP: Simulacién computacional avanzada del comportamiento celular del
osteosarcoma. Farkhi, Oumaima, Universidad de Zaragoza. Supervisor: Pau
Urdeitx, Mohamed H. Doweidar.

e FMP: Desarrollo y validaciéon de un modelo computacional para la simulacion
del comportamiento de células cancerigenas. Hidalgo Armas, Victor, Universidad

de Zaragoza. Supervisor: Pau Urdeitx, Mohamed H. Doweidar.

8.5 Research stay

During the thesis, a three-month international internship was completed at the Center
for Engineering and Health (CIS) of the Saint-Etienne School of Mines. This center
is considered a research center of high academic level and one of the 5 centers of
excellence of the Saint-Etienne School of Mines. Besides, it is considered one of the most
prestigious engineering schools in France. CIS has extensive expertise in bioengineering,
including the research areas of tissue engineering, biomaterials, biomechanical testing,
numerical simulation, and artificial intelligence. Prof. Stéphane Avril, the professor
in charge during the host center stay, has a long track record in the field of numerical
simulation.

During this research stay, I worked closely with Dr. Jamal Mousavi to develop
a computational model based on the finite element method (Abaqus) to study the
interactions of multiple myeloma cells with cells of the bone marrow, the tissue where
these cells are located. This interaction, particularly with mesenchymal stem cells,
leads to the differentiation of cancer-associated fibroblasts (CAF), which actively
contribute to cancer development by promoting growth, migration, and formation of

new blood vessels, and by inducing drug resistance in myeloma cells.
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The tasks were organized according to a 12-week schedule:
e Week 1-2: Bibliography review.

e Week 2-4: Myeloma multiple cells interaction with resident bone marrow cells.

Mechanical cues, and derived growth factors due to their interactions.
e Week 3-8: Development of the computational model.

e Week 8-10: Calibration of the model with n-vitro experiments from the

literature.

e Week 10-12: Multiparametric analysis of cell-cell interactions with the developed

model. Creating opportunities and collaborations.

Very interesting results were obtained with the developed model. These results are
reflected in an article in collaboration with Professors Avril and Mousavi. This article
analyzes the expression of factors due to the interaction of cells and the adaptive
response of multiple myeloma cells and their environment. This article has been
submitted to the journal Computers in Biology and Medicine and is currently under

review.
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Capitulo 9

Conclusiones
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9.1 Conclusiones finales

En esta seccién repasaremos los resultados obtenidos durante el desarrollo de la tesis,
poniendo en relieve las conclusiones generales de la tesis en su conjunto. Se comentaran
las conclusiones particulares para cada uno de los bloques considerados en esta tesis:
Bloque 1: Mecéanica celular en la arquitectura de los tejidos, y Bloque 2: Mecéanica
de células cancerigenas. A continuacién, se expondran las principales aportaciones
de esta tesis y las lineas de investigacion futuras. Posteriormente, se presenta una
lista de las contribuciones en cuanto a publicaciones en revistas y capitulos de libro,
y participacién en congresos cientificos. Por tltimo, se presenta una breve descripcién

del trabajo realizado en la estancia de investigacion internacional.

9.1.1 Conclusiones generales

Los procesos celulares de migracién, diferenciacion, proliferacion y apoptosis juegan
un papel clave en el desarrollo y remodelacién de los tejidos. Estos procesos dependen
de multiples factores del entorno celular, entre los que se incluyen la rigidez de la
matriz extracelular (MEC), factores quimicos, y los estimulos mecéanicos y eléctricos.
En esta tesis se han estudiado estos procesos celulares, desde una perspectiva mecénica,
mediante el desarrollo de modelos computacionales. Estos modelos han servido para
estudiar procesos de regeneracion y conformacién de tejido, asi como el crecimiento y
metastasis del cancer, considerando diferentes linajes celulares, entre los que se incluye,
células madre mesenquimales (CMM), fibroblastos, osteoblastos, células cardiacas, y
células de mieloma multiple. Con los modelos desarrollados ha sido posible estudiar la
respuesta celular en entornos 3D y bajo la presencia de estimulos como la concentracién
de oxigeno, la rigidez de la MEC, la estimulacion mecanica y eléctrica externa, y la
presencia y/o expresiéon de determinadas citoquinas. Los resultados obtenidos, en
concordancia con los resultados experimentales, han abierto una nueva perspectiva
para el estudio de la mecanica celular y han aportado nuevos datos que conducen a
una serie de conclusiones generales de gran interés.

Los procesos de conformacion y regeneraciéon de los tejidos estan gobernados
por una serie de estimulos mecanicos, quimicos, y eléctricos, que, de manera
coordinada, estimulan y guian la migracion celular, definen el linaje celular durante
la diferenciacién, y promueven la reorganizacién y generacion de MEC. En especial,
la concentracién de oxigeno juega un papel clave en la remodelacién y regeneracion
de los tejidos. En condiciones de hipoxia, las células pueden expresar determinados
factores que inducen al arresto del ciclo celular, y, bajo condiciones de anoxia, se

desencadena la apoptosis. Sin embargo, estos efectos cambian dependiendo del fenotipo
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celular afectado. Células inductoras de la angiogénesis, como fibroblastos, migran hacia
entornos hipéxicos, donde expresan factores que promueven la generacion de nuevos
vasos sanguineos y, en consecuencia, la recuperacion de niveles de oxigeno norméxico.
De esta manera, los tejidos son capaces de autorregular el crecimiento y morfologia
de los tejidos, deteniendo el crecimiento celular bajo determinadas concentraciones
de oxigeno, y fomentando el crecimiento de vasos sanguineos alld donde es necesario
aumentar el nivel de oxigeno [102,201,202].

Por otro lado, la polarizacién celular, que define, entre otras cosas, la direccion
de migracién celular, depende de la intensidad de los estimulos locales que perciba la
célula. En entornos 3D, la célula percibe los estimulos direccionales presentes en la
matriz mediante la mecanotaxis, quimiotaxis y electrotaxis. Sin embargo, en contacto
con otras células y con elementos locales rigidos, las células pueden experimentar un
estimulo 2D respondiendo al estimulo topolégico [49,60,85]. De hecho, se ha observado
que los estimulos topolégicos juegan un papel clave en la definicién de la estructura
celular en tejidos cardiacos y pueden influir de manera activa en la progresion del
céncer [4,5].

La morfologia adoptada por diferentes conjuntos celulares, y la respuesta celular
colectiva, depende del tipo celular y de su capacidad de formar adhesiones celulares
estrechas (tight junctions). Mientras que los fibroblastos forman agregados esféricos
debido a la simple acumulacién de células, las células cardiacas forman adhesiones
estrechas entre si, presentando una respuesta colectiva coordinada. La estimulacién
mecénica y/o eléctrica en células cardiacas permite establecer direcciones preferentes en
la formacion de estas adhesiones celulares, guiando de este modo la formacién de tejidos
anisotropos. En este sentido, el control y disenio de la aplicacion de multiples estimulos
simultaneos, como por ejemplo el acoplamiento de estimulos mediante la aplicacién
de materiales piezoeléctricos, puede ser clave en el diseno de arquitecturas celulares
en tejidos cardiacos, mejorando las propiedades mecanicas de los tejidos desarrollados
N-vitro.

Los estimulos aplicados deben responder al objetivo deseado. De hecho, la
diferenciacion celular puede ser guiada mediante el control en composicion y rigidez de
la MEC, siendo de gran interés para terapias regenerativas con CMM, donde se busca
que estas células se diferencien en linajes del tejido que se desea regenerar. Ademas,
el aumento de la rigidez de la MEC incrementa el estimulo mecénico percibido por
las células, acelerando el ciclo celular y aumentando, en consecuencia, la proliferacién.
Sin embargo, una rigidez excesiva puede ser perjudicial para la célula, limitando su

capacidad de con la MEC.

Por otro lado, alteraciones en las condiciones mecénicas de las células y la
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matriz pueden desencadenar en respuestas celulares anormales. Las células tumorales
pueden desencadenar cambios en las células del tejido residente, modificando su
comportamiento para que actien de manera que favorezcan el crecimiento y metastasis
del céncer [30,203,204]. Las interacciones mecénicas, a través del contacto, y
paracrinas, mediante la expresién de determinadas citoquinas, parecen jugar un papel
clave en la diferenciacién de fibroblastos asociados al cancer (FAC), los cuales favorecen
el crecimiento, metastasis y el desarrollo de resistencia a farmaco en células tumorales
[30, 140, 205].

Los modelos desarrollados suponen un paso adelante en la metodologia aplicada
para la simulacién celular, y el entendimiento del comportamiento celular en presencia
de estimulos mecéanicos, eléctricos y quimicos. El acoplamiento de estimulos puede
suponer una herramienta de gran interés para el control de los diferentes procesos
celulares durante el desarrollo y regeneracion de los tejidos. Por otro lado, modelos
capaces de analizar multiples estimulos simultdaneos pueden ser de gran ayuda para
predecir la respuesta celular ante entornos complejos, donde la respuesta celular
adaptativa puede llevar a la presencia de estimulos de cardcter opuesto [147,148].

El uso de modelos hibridos, donde se utiliza una formulacion continua para el
medio y discreta para las células, puede ser de gran utilidad para el andlisis del
comportamiento celular en entornos liquidos. La reduccién en el coste computacional
puede suponer un aumento en el volumen de control del estudio y una mayor precision
en la definiciéon de determinados procesos celulares. De hecho, considerar el medio
mediante modelos continuos permite considerar procesos de difusion, generacion y
consumo de diferentes factores, citoquinas y nutrientes, de gran interés para el diseno

preliminar de experimentos in-vitro.

9.1.2 Conclusiones parte 1

En el primer bloque se aplican modelos computacionales para el estudio del
comportamiento celular ante diferentes estimulos, con el objetivo de proponer pautas
de estimulacién adecuadas para el desarrollo de tejidos in-vitro. Este bloque supone
la mayor parte del trabajo desarrollado en esta tesis e incluye el estudio de la
concentracion de oxigeno durante la regeneracion dsea, y los estimulos mecénicos y
eléctricos en la morfogénesis de los tejidos cardiacos. Ambos tejidos guardan una
estrecha relacion entre las propiedades y condiciones mecanicas del entorno celular y
las propiedades y funcionalidad del tejido. Las principales conclusiones obtenidas en

este primer bloque se resumen a continuacion:

(1) : En ausencia de otros estimulos, las células migran guiadas por la rigidez de
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(2)

(3)

(4) :

(5)

(6) :

(7) -

(8)

la MEC. En los modelos desarrollados, derivado de las condiciones de contorno

considerados en el problema, esta regién se corresponde con el centro del sustrato.

: La geometria de la MEC, asi como las condiciones de contorno aplicadas sobre la

matriz, juegan un papel clave en la geometria de los tejidos desarrollados tanto

a nivel computacional como en experimentos in-vitro [206,207].

: La rigidez y composicién de la MEC puede ser una herramienta de gran valor para

guiar la diferenciacién celular espontanea de CMM en linajes celulares concretos

97,208].

Niveles de concentraciéon de oxigeno hipéricos inhiben la proliferacion de
osteoblastos y CMM, asi como la diferenciacion de CMM en osteoblastos
[103,209,210]. Baja concentracion de oxigeno, o lo que es lo mimso, la anoxia,

desencadenan la apoptosis [201].

: Las células responden al gradiente de concentraciones de oxigeno migrando por

quimiotaxis hacia regiones de mayor concentracion, donde se mantienen en torno

al plano de méxima concentracién de oxigeno [202,211,212].

La aplicacion de campos eléctricos externos (unidireccionales) provoca la
migracién de las células en la direccién del campo eléctrico a través de la
electrotaxis. Esta migracién depende de la carga celular, habiéndose observado

migracion en direccién catédica para células cardiacas [117].

Las células arrastradas por el gradiente de concentracién de oxigeno, o por el
campo eléctrico externo, a regiones menos rigidas de la MEC sufren mayores
deformaciones celulares internas. Este aumento en las deformaciones se traduce
en un menor estimulo mecanico, una maduracién mas lenta y un descenso en la

proliferacion.

: La estimulacion mecéanica activa de las células mediante la aplicacion de tensiones

externas sobre la MEC genera tensiones residuales en la matriz que orientan
las fibras y guian la polarizaciéon, migracion y orientaciéon de las células. Estas
tensiones residuales actian como efecto rigidizador del entorno, reduciendo las
deformaciones internas de las células y favoreciendo la proliferacion. Sin embargo,
en matrices de elevada rigidez, el aumento de la rigidez puede tener consecuencias
desfavorables, dificultando la interaccion de las células con la matriz y reduciendo

la migracién celular.
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(9) :

(10) :

(11)

(12)

La arquitectura celular de tejidos cardiacos puede ser guiada mediante el diseno
de una estimulacion mecanica y eléctrica adecuada. Por ejemplo, la aplicacion de
tensiones y campos eléctricos longitudinales promueve la orientacién celular en
este sentido, logrando asf la alineacién de las células y fomentando la formacién de
estructuras celulares anisétropas en el tejido. El acoplamiento de dichos estimulos

puede ser aplicado mediante el uso de materiales con propiedades piezoeléctricas.

Una baja rigidez de la MEC podria beneficiar la diferenciacion de CMM en
células del linaje cardiaco. Una vez diferenciadas, una mayor rigidez favoreceria la
proliferacion y maduracion de las adhesiones célula-célula. En este sentido, podria
ser interesante usar materiales cuya rigidez pudiera ir aumentando conforme las

células maduran.

La respuesta celular ante el acoplamiento del estimulo mecanico y eléctrico
depende de la direccionalidad e intensidad de cada uno de ellos. En este sentido,
en matrices de baja rigidez y estimulo eléctrico alto, las células se veran guiadas
en la direccién del campo eléctrico. En matrices de elevada rigidez y un estimulo
eléctrico bajo, las células se guiaran por la rigidez de la MEC. Equilibrar la
intensidad de los estimulos puede ser una herramienta 1til para guiar las células

durante los procesos de formacion y regeneracion de tejidos.

: El modo de aplicacion del campo eléctrico juega un papel clave en la respuesta
celular. Aplicar un campo eléctrico continuo y unidireccional puede generar un
arrastre de las células en la direccion del campo y dificultar las interacciones
celulares. La aplicaciéon de campos eléctricos alternos puede reducir el arrastre
producido sobre las células, mientras que se mantiene la direccionalidad en la

polarizacion celular.

9.1.3 Conclusiones parte 11

En el segundo bloque se aplican modelos computacionales para el estudio del

comportamiento celular de células cancerigenas. Los articulos publicados incluidos

en esta tesis estan orientados al analisis del crecimiento y metastasis de células de

mieloma muiltiple. Estos modelos también se han aplicado con células de osteosarcoma

y adenocarcinoma pulmonar como parte de dos trabajos final de grado (TFG) y un

trabajo final de master (TFM). Sin embargo, los resultados de estos trabajos no se

encuentran publicados todavia. Las principales conclusiones obtenidas en este segundo

bloque se resumen a continuacion:
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(1)

(2)

(3) :

(4)

(5) :

(6)

(7) :

(8) :

: La concentracion celular del cultivo puede suponer un estimulo representativo en

entornos liquidos donde el principal estimulo mecanico proviene de los contactos

celulares.

: En entornos liquidos, la estimulaciéon mecanica debida a la rigidez de las paredes

del cultivo y el contacto con otras células cobra especial relevancia. De este
modo, se observan diferencias significativas al comparar la proliferacién celular
considerando células en suspensién (mediante la agitacién del medio), o células

sedimentadas (resultados presentados en TFG-TFM).

El uso de modelos hibridos, donde se utiliza una formulaciéon continua para
el medio y discreta para las células, puede ser de gran utilidad para el analisis
del comportamiento celular en entornos liquidos, donde presentan una elevada

reduccion en el coste computacional.

: Las interacciones de células de mieloma multiple con células CMM desencadena

la expresion de factores TGF-f que promueven la diferenciacion de FAC, los

cuales actian favoreciendo el crecimiento y metastasis del mieloma multiple.

La expresion de VEGF por parte de células FAC, aumenta la adhesién celular
y la capacidad de las células de mieloma de interactuar mecanicamente con las
fibras de fibronectina de la matriz. De este modo, las fuerzas celulares y velocidad

de migracion, depende de la concentracién de fibras y factores en la matriz.

: La expresion de IGF-1 por parte de células FAC, acelera la progresién del ciclo

celular aumentando la proliferacion de células de mieloma multiple.

La diferencia entre propiedades mecanicas de las células juega un papel clave
en la distribucién de estas en la matriz. Las células CMM y FAC, con mayor
rigidez capaces de generar mayores esfuerzos contractiles, migran a las posiciones
internas en los agregados celulares. Por su parte, las células de mieloma, con
bajas propiedades mecanicas, tienden a quedarse en la periferia en los agregados

celulares.

La cinética en la expresion de factores y la velocidad de maduracion celular
juegan un papel clave en las condiciones finales del experimento. Al final de la
simulacién, a pesar de que no se considera la expresién de factores por parte
de CMM, se observa una mayor concentracion de factores en los casos donde la
diferenciacion de CMM es considerada, en comparacion con los casos donde FAC

son considerados inicialmente.
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9.2 Aportaciones de la tesis

Las principales contribuciones de la tesis incluyen el desarrollo y validacion de los
diferentes modelos presentados. Estos modelos se pueden clasificar en dos modelos

diferenciados:

1 Desarrollo de un modelo 3D de migracién celular en entornos mecanicos de hidrogel
usando el método de elementos finitos (FEM) a través de subrutinas de usuario
en el entorno de Abaqus. Para estos modelos se ha programado una subrutina
UELMAT, capaz de trabajar con todo tipo de materiales de las librerias de
Abaqus.

2 Desarrollo y validacion de un modelo hibrido para el estudio del comportamiento
celular en entornos fluidicos mediante subrutinas de usuario en el entorno de
Fluent-Ansys. En este modelo se han definido las propiedades mediante funciones
de usuario del entorno DEFINE SCALAR, y procesos celulares mediante la
programacion de subrutinas DEFINE INJECTION.

Adicionalmente, derivados de la aplicacién de los modelos anteriores, asi como
la realizacién de algunas actividades complementarias, se pueden destacar otras

contribuciones:

1 Analisis del comportamiento mecanico de las células en matrices tridimensionales
mediante el modelo computacional desarrollado en Abaqus, considerando los
procesos de adhesion celular, migracion, diferenciacion, proliferacion y apoptosis.
Mediante este modelo se estudio la respuesta celular ante estimulos derivados de

la concentracién de oxigeno, y aplicado a osteoblastos, fibroblastos y CMM.

2 Analisis de la interaccion celular en la formacién de estructuras organizadas y los
efectos de la estimulacion en la polarizacién de los tejidos. El modelo desarrollado
en Abaqus se amplié para incluir las adhesiones celulares estrechas, y se aplico
para el estudio de las adhesiones celulares en células cardiacas y la polarizacion

celular inducida mediante estimulos eléctricos y mecanicos direccionales.

3 Estudio del comportamiento celular en materiales con propiedades piezoeléctricas
para el acoplamiento de estimulos eléctrico y mecdnico, asi como la aplicacion
de estimulos mediante métodos remotos no invasivos. Mediante el modelo
desarrollado en Abaqus, se consideré la inclusiéon de fibras piezoeléctricas
de diferentes dimensiones, estudiando la respuesta eléctrica del material
piezoeléctrico para diferentes deformaciones y la respuesta celular ante los

estimulos mecénicos y eléctricos.
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4 Estudio del crecimiento celular del mieloma miiltiple y la formacion de agregados
tumorales. Mediante el modelo desarrollado en Fluent-Ansys, se estudiaron los
efectos de parametros como la concentracion celular inicial, la aplicacion de
agitacion orbital, y la presencia de microesferas de hidrogel en el crecimiento

de tumores de mieloma multiple en ambientes fluidicos.

5 Estudio de la interaccion de células de mieloma muiltiple con células de la médula
dsea (FAC y CMM), efectos de la expresion de citoquinas sobre la proliferacién,

migraciéon y diferenciacién celular.
6 Colaboracion en tareas de docencia

a Direccion de 2 Trabajos Final de Grado
b Direccion de 1 Trabajo Final de Master

¢ Colaboracion en la docencia con 180 horas de practicas en Mecanica, Mecanica

de Sélido Deformable, y Teoria de Estructuras y Construcciones Industriales.
7 Colaboraciones con otras universidades

a Colaboracion con el Centro de Ingenierfa y Salud de la Universidad de Mineria
de Saint-Etienne a través de una estancia de investigacién de 3 meses y
la elaboracién de un articulo conjunto para el andlisis, mediante métodos
computacionales, de las interacciones paracrinas del cancer de mieloma

multiple con células de la medula 6sea.

b Colaboracion con la Universidad Politécnica de Valencia, en el contexto de un
proyecto nacional coordinado, con la elaboraciéon de un articulo conjunto
para el andlisis, mediante métodos computacionales, del crecimiento del

mieloma multiple.

¢ Colaboracion con la Universidad de Valencia, en el contexto de un proyecto
nacional coordinado, para la elaboracién de un modelo computacional
para el estudio de la transicion epitelial-mesenquimal en células de

adenocarcinoma pulmonar.

9.3 Lineas de investigacion futuras

Al igual que con tantos otros campos de investigacién, el camino que queda por
recorrer para los modelos computacionales es largo y apasionante. La constante
mejora de los procesadores y de los softwares comerciales, ha permitido una mejoria

sustancial en la definiciéon de los problemas que pueden afrontarse mediante modelos
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computacionales. Por otro lado, el mayor entendimiento de las células y su entorno,
fruto de la cooperacién de los modelos in-vivo, in-vitro, e in-silico, permite abordar el
estudio del comportamiento celular con una mejor perspectiva de los procesos celulares.
La conjuncion de un aumento de los recursos computacionales, junto con un mayor
grado de conocimiento del proceso, permite generar modelos con una mayor fidelidad.
De este modo, los modelos computacionales tienden a aumentar su complejidad en la
definicién de las células y su entorno que conlleva a un anélisis en mayor profundidad del
problema, incorporando nuevos factores, procesos y consideraciones. En este sentido,
en la linea de esta tesis, para los modelos propuestos se presentan varias lineas de
investigacion futuras posibles:

(1) Reduccién del coste computacional. El coste computacional es una de las
principales causas en la limitacién de los modelos actuales, siendo necesario aplicar
numerosas simplificaciones y consideraciones para reducirlo. Con el desarrollo del
modelo hibrido se ha logrado una gran reducciéon del coste computacional, lo que
ha permitido desarrollar experimentos de mayor tamano, aumentando asi el nimero
de células. Sin embargo, este modelo presenta una serie de limitaciones en su
desarrollo. De hecho, la consideracién de una matriz liquida con la que la célula no
interactiia mecanicamente (en términos de tensién-deformacién), limita su aplicacién
a determinados entornos. En este sentido, es necesario abordar la optimizacién de
los modelos desarrollados mediante un analisis detallado de las funciones, métodos
y subrutinas, de tal manera que permita incrementar la complejidad del modelo sin
limitaciones adicionales. La utilizaciéon de modelos sin malla, o el uso de métodos
para reducir el orden del modelo, pueden ser las mejores alternativas para reducir el
coste computacional. Una malla adaptativa, que permita una buena definicién de la
membrana celular y una baja discretizacién en la malla de la MEC, podria suponer un
ahorro considerable al reducir la dimensién del problema, y a la vez, podria ser de gran
interés para abordar el estudio de la morfologia celular. Por otro lado, los métodos de
reduccién del orden del modelo podrian reducir enormemente el coste computacional
al redefinir las dimensiones del problema en un modelo de orden menor, mientras que

mantiene una precisién aceptable.

(2) Formacién de una base de datos unificada con propiedades mecdnicas para
multiples linajes celulares, y abierta al uso por parte de la comunidad cientifica. Las
propiedades celulares juegan un papel clave a la hora de definir el comportamiento
mecanico de las células. En los modelos presentados, las propiedades mecéanicas,
como la rigidez celular y las tensiones contractiles maximas, son fundamentales para
estudiar la capacidad de una célula de interactuar con otras células y su entorno.

Sin embargo, no siempre es sencillo encontrar las propiedades para un linaje celular
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concreto. Ademas, las propiedades celulares reportadas, como la rigidez celular,
dependen enormemente de la técnica de medicién, la linea celular utilizada, y la historia
previa de las células. En este sentido, diferencias de uno e incluso dos ordenes de
magnitud han sido reportadas para una misma variable [213]. Establecer criterios
comunes en la definicién de estas propiedades puede reportar interesantes conclusiones
al analizar el origen de las diferencias entre ellas.

(3) Mejora en la definicién de la diferenciacién, considerando adaptacién progresiva
del fenotipo y las propiedades celulares. Adicionalmente, se podrian incluir, a través de
los procesos de diferenciacion, la adopcion de fenotipos tumorales, dando pie al estudio
de los factores que pueden desencadenar este proceso. Del mismo modo, podria ser
interesante, considerar diferentes fases de maduracion dentro de un mismo fenotipo o
linaje, para definir fases de maduracién en la formacién de tejidos y la funcionalidad
de estos. Por ejemplo, una progresiva maduracion en cardiomiocitos y osteoblastos
que progresivamente aumente la capacidad contractil y la sintesis de matriz Osea,
respectivamente.

(4) Aumentar la escala del problema para analizar funcionalidad de tejidos, y
considerar multiples subtipos celulares simultaneamente. En este sentido, se debe
avanzar en dos aspectos clave: (1) reduccién del coste computacional que permita
aumentar la escala del problema, y (2) la mejora en la definicién de las interacciones
celulares y el comportamiento colectivo. Asi, para el tejido cardiaco, podria ser de gran
interés incluir la formacion de intercomunicacion entre las células a través de canales
iénicos que permita, en ultima instancia, simular la propagacién del impulso eléctrico
que genera la contraccion coordinada del tejido.

(5) Considerar propiedades celulares de un modo no determinista, en un rango
o definidas por medios estadisticos, para mejorar la aproximacién y representar la
variabilidad en modelos in-vitro e in-vivo. En linea con la maduracién progresiva de
las células, esto podria suponer la consideracién de propiedades celulares inicialmente
aleatorias en funcion de la historia previa de cada célula. Sin embargo, este paso hacia
una mayor complejidad del modelo podria suponer un aumento considerable en los
costes computacionales.

(6) Considerar el proceso de angiogénesis, y difusién de especies (farmacos, factores
y nutrientes). Los tejidos estédn en constante remodelacién, equilibrando las condiciones
quimicas para mantener la sostenibilidad de las células. De este modo, la angiogénesis
forma parte esencial del proceso de conformacion de los tejidos [214,215]. Asi, el
estudio de la formacion y funcionalidad de los tejidos, requiere considerar la generacion
y adaptacién de los vasos sanguineos en funcion de las condiciones del entorno celular.

Para mejorar los modelos computacionales presentados en esta tesis, una linea de futuro
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con gran potencial para analizar la conformacion de tejidos de manera representativa,
es la consideracién de la angiogénesis.

(7) Considerar efectos de presién del fluido intersticial. La presién hidrostatica,
las tensiones generadas por el flujo de fluido intersticial, juegan un papel clave en la
formacién, crecimiento y metdastasis de los tumores [216]. Estudios del entorno tumoral
revelan aumentos tanto en la rigidez de la matriz como en la presiéon hidrostatica
del liquido intersticial, que podrian estar relacionados con el favorecimiento de la
migraciéon en células tumorales y la difusion, hacia el exterior, de factores expresados
por las células tumorales [65]. Por otro lado, el aumento de la presién intersticial esté
estrechamente relacionado con los mecanismos de resistencia a farmaco, dificultando
el transporte de sustancias hacia el interior del tumor [217]. Este paso podria ser de
gran interés para la comunidad cientifica, acercar cando los modelos desarrollados a
modelos farmacocinéticos in-vitro.

(8) Consideracién de la migracién intersticial a través elementos porosos. Uno
de los sistemas que utilizan las células para moverse rapidamente por el cuerpo es
utilizar los vasos sanguineos y linfaticos. Las células atraviesan la membrana basal
y el revestimiento de los vasos, formado por células endoteliales, para entrar dentro
de los vasos sanguineos o linféticos, lo que se denomina intravasacién [215,218]. Este
fenémeno también se da en la metastasis de células tumorales, donde las células se
alejan del tumor primario invadiendo vasos sanguineos y linfaticos, y saliendo en
sitios secundarios [65,92]. Sin embargo, se sabe poco sobre la mecénica que rige la
intravasacion y la extravasacién. La simulacién mediante modelos computacionales
de este proceso, puede aportar claridad analizando las fuerzas asociadas a estos
mecanismos.

(9) Ampliar el estudio a nuevos tipos celulares, y nuevos tipos de células tumorales.
Un linaje especialmente interesante, desde el punto de vista del andlisis mecénico,
son las células epiteliales. Las células epiteliales forman barreras impermeables, con
un alto grado de compactacién celular, mediante la formacion y estabilizacion de
adhesiones celulares estrechas [36,139]. La adopcién de un fenotipo cancerigeno por
parte de estas células es llamado carcinoma, y afecta a diferentes tejidos y érganos (piel,
pulmén, mama, tutero, etc.) desarrollandose, en cada caso, un carcinoma especifico.
Estudiar el comportamiento mecéanico de estas células, donde las fuerzas de interaccién
celular juegan un papel clave, asi como el cambio de caracteristicas, mecédnicas y de
comportamiento, del fenotipo tumoral, puede reportar informacion de gran interés
para el estudio de los carcinomas. De hecho, algunos estudios han reportado que los
cambios en el fenotipo epitelial (adherente) a fenotipo mesenquimal (migratorio) podria

ser debido a cambios en las condiciones mecéanicas del entorno celular, inicidndose asi
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la metdstasis [36,139,219].

9.4 Publicaciones y otras contribuciones

El trabajo desarrollado en esta tesis ha sido presentado en varios articulos cientificos
en revistas indexadas, y en congresos nacionales e internacionales. Esta seccion incluye

un resumen de las contribuciones del autor durante este proyecto de tesis.

9.4.1 Publicaciones en revistas cientificas

El siguiente es un resumen de las contribuciones de la tesis en cuanto a articulos

publicados en revistas indexadas:

e Andlisis mediante modelos computacionales de la respuesta celular de
osteoblastos bajo diferentes condiciones de concentracién de oxigeno:
Urdeitx, P., Farzaneh, S., Mousavi, S. J., & Doweidar, M. H. (2020).
Role of oxygen concentration in the osteoblasts behavior: A finite element
model.  Journal of Mechanics in Medicine and Biology, 20(01), 1950064.
https://doi.org/10.1142/50219519419500647

e Andlisis mediante modelos computacionales del comportamiento mecanico de
células musculares cardiacas bajo estimulacion mecanica activa:

Urdeitx, P., & Doweidar, M. H. (2020). Mechanical stimulation
of cell microenvironment for cardiac muscle tissue regeneration: a
3D in-silico model. Computational Mechanics, 66(4), 1003-1023.
https://doi.org/10.1007/s00466-020-01882-6

e Analisis mediante modelos computacionales de la estructura celular de los tejidos
cardiacos guiados por estimulacion electromecénica externa.
Urdeitx, P., & Doweidar, M. H. (2020). A Computational Model for
Cardiomyocytes Mechano-Electric Stimulation to Enhance Cardiac Tissue
Regeneration. Mathematics, 8(11), 1875. https://doi.org/10.3390/math8111875

e Anélisis mediante modelos computacionales del uso de materiales piezoeléctricos,

en la estimulacién eléctrica y mecéanica acoplada para la formacion de tejido
cardiaco:
Urdeitx, P., & Doweidar, M. H. (2021). Enhanced Piezoelectric
Fibered Extracellular Matrix to Promote Cardiomyocyte Maturation and
Tissue Formation: A 3D Computational Model. Biology, 10(2), 135.
https://doi.org/10.3390/biology10020135
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e Desarrollo de un modelo computacional hibrido, de células discretas y medio
continuo, para el analisis de tumores de mieloma muiltiple en ambientes fluidicos:
Urdeitx, P., Clara-Trujillo, S., Ribelles, J. L. G., & Doweidar, M. H. (2022).
Computational modeling of multiple myeloma growth and tumor aggregate
formation. Computer Methods and Programs in Biomedicine Update, 100073.
https://doi.org/10.1016/j.cmpbup.2022.100073

e Analisis de la interaccién de células de mieloma multiple con células de médula
Osea mediante modelos computacionales:
Urdeitx, P., Mousavi, S. J., Avril, S, & Doweidar, M. H. (2023).
Computational modeling of multiple myeloma interactions with resident
bone marrow cells. Computers in Biology and Medicine, 153, 106458.
https://doi.org/10.1016/j.compbiomed.2022.106458

9.4.2 Participacién en congresos

A continuacion se presenta una lista de las contribuciones en congresos. Se distingue

la participacion en congresos nacionales e internacionales:

National:

e VIII Reuniéon Anual del Capitulo Nacional Espaniol de la Sociedad Europea de
Biomecénica (2018), Univesidad Jaime I, Castellén de la Plana (Espana):
Presentacién: ”Role of oxygen concentration in cell behavior: A finite element

model”. Pau Urdeitx, S. Jamaleddin Mousavi, Mohamed H. Doweidar.

e VIII Jornada de Jovenes Investigadores del I3A (2019), Universidad de Zaragoza,
Zaragoza (Espana):
Presentacién: 7Cell behavior under hypoxic conditions. 3D computational
model”. Pau Urdeitx, S. Jamaleddin Mousavi, Mohamed H. Doweidar.

e IX Jornada de Jévenes Investigadores del I3A (2020), Universidad de Zaragoza,
Zaragoza (Espana):
Poster: ”Finite Element Model for Cardiac Cell mechano-electrical stimulation”.
Pau Urdeitx, Mohamed H. Doweidar.

e VII Jornada de Doctorandos del Programa de Doctorado en Ingenieria Mecanica
(2020), Universidad de Zaragoza, Zaragoza (Espana):
Presentacién: ”Modelado computacional de células cardiacas en entornos

eléctrico y mecanicamente estimulados”. Pau Urdeitx, Mohamed H. Doweidar.
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e | Congreso Anual de Estudiantes de Doctorado de la Universidad Miguel
Herndndez (2021), Universidad Miguel Hernandez, Elche (Espana):
Presentacién: ”Single-cell based in-silico model for electrical and mechanical

stimulation of cardiac cells”. Pau Urdeitx, Mohamed H. Doweidar.

e X Reunién Anual del Capitulo Nacional Espanol de la Sociedad Europea de
Biomecanica (2021), Universidad de Granada, Granada (Espana):
Presentacién: ”Piezoelectric fibered extracellular matrix to enhance cardiac cell
maturation and tissue anisotropy. An in-silico model”. Pau Urdeitx, Mohamed
H. Doweidar.

e XI Jornada de Jévenes Investigadores del I3A (2020), Universidad de Zaragoza,
Zaragoza (Espana):
Poster: ”Dense discrete phase model for tumor cell growth analysis in fluid

environments”. Pau Urdeitx, Mohamed H. Doweidar.

International:

e VI ECCOMAS Young Investigators Conference (YIC 2021), Universidad
Plotécnica de Valencia, Valencia (Espana):
Presentacién: ”Cardiac cell in-silico model to study cell behavior under

mechanical and electrical stimulation”. Pau Urdeitx, Mohamed H. Doweidar.

e 26th Congress of the European Society of Biomechanics (ESB 2021), Universidad
Plotécnica de Milan, Milan (Italia):
Presentacion: ”Cardiac cell in-silico model for enhanced cell-extracellular matrix

interactions”. Pau Urdeitx, Mohamed H. Doweidar.

e 27th Congress of the European Society of Biomechanics (ESB 2022), Universidad
de Porto, Porto (Portugal):
Presentacién: ” Agent-based in-silico model for Multiple Myeloma tumor growth

analysis”. Pau Urdeitx, Mohamed H. Doweidar.

9.4.3 Other contributions

Durante la tesis he publicado un capitulo de libro, y codirigido dos trabajos finales de
grado (TFG) y un trabajo final de master (TFM):

e Book chapter: Chapter 28.  Single-cell based models for cell-cell and
cell-extracellular matrix interactions. Pau Urdeitx, Mohamed H. Doweidar.

Digital Human Modeling and Medicine.
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e TFG: Simulacién computacional avanzada de cultivos celulares de mieloma
multiple en un entorno de microgeles. Alfaro Alfonso, Carmen, Universidad de

Zaragoza. Supervisores: Pau Urdeitx, Mohamed H. Doweidar.

e TFG: Simulacién computacional avanzada del comportamiento celular del
osteosarcoma. Farkhi, Oumaima, Universidad de Zaragoza. Supervisores: Pau
Urdeitx, Mohamed H. Doweidar.

e TFM: Desarrollo y validacion de un modelo computacional para la simulacion
del comportamiento de células cancerigenas. Hidalgo Armas, Victor, Universidad

de Zaragoza. Supervisores: Pau Urdeitx, Mohamed H. Doweidar.

9.5 Estancia de investigacion

Durante la tesis se realizé una estancia de investigacion internacional de tres meses en
el Centro de Ingenierfa y Salud (CIS) de la Escuela de Mineria de Saint-Etienne. Este
centro es considerado un centro de investigacién de alto nivel académico y uno de los
5 centros de excelencia de la Escuela de Minas de Saint-Etienne, a su vez, considerada
una de las escuelas de ingenieria mas prestigiosas de Francia. CIS tiene una amplia
experiencia en bioingenieria, incluidas las areas de investigacion de ingenieria de tejidos,
biomateriales, pruebas biomecanicas, simulacién numérica e inteligencia artificial. El
Prof. Stéphane Avril, profesor responsable durante la estancia en el centro de acogida,
tiene una larga trayectoria en el campo de la simulacién numérica.

Durante esta estancia de investigacion, se trabajé estrechamente con el Dr. Jamal
Mousavi para desarrollar un modelo computacional basado en el método de elementos
finitos (Abaqus) para estudiar las interacciones de las células de mieloma multiple
con las células de la médula odsea, el tejido donde se encuentran estas células.
Esta interaccion, particularmente con las células madre mesenquimales, conduce a
la diferenciacién de los fibroblastos asociados con el cancer (FAC), que contribuyen
activamente al desarrollo del cédncer al promover el crecimiento, la migraciéon y la
formacién de nuevos vasos sanguineos, y al inducir resistencia a los medicamentos
en las células de mieloma.

Las tareas se organizaron de acuerdo con un cronograma de 12 semanas:
e Semanas 1-2: Revision bibliografica.

e Semanas 2-4: Preparacion de las conclusiones del andlisis de la interaccion de
células multiples de mieloma con células residentes de la médula ésea. Senales

mecanicas y factores de crecimiento derivados debido a sus interacciones.

221



e Semanas 3-8: Implementacion del modelo computacional.

e Semanas &8-10:  Calibracién del modelo computacional. Busqueda de

experimentos in-vitro de referencia para comparar resultados.

e Semanas 10-12: Dessarrollo de los experimentos computacionales y anélisis de

los resultados. Consideracién de nuevas oportunidades y colaboraciones.

Con el modelo desarrollado se obtuvieron resultados de gran interés. Estos
resultados se han reflejado en un articulo en colaboracién con los profesores Avril y
Mousavi. En este articulo se analiza la expresion de factores debido a la interacciéon de
las células de mieloma multiple con células del tejido de la médula ésea. Este articulo
ha sido enviado a la revista Computers in Biology and Medicine y actualmente esta

bajo revision.
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ABQ: Abaqus

AM: Actin Myosin

ANS: Ansys-Fluent

AR: Aspect ratio

BM: Bone marrow

CAF: Cancer-associated fibroblast
CJ: Cell junction

CM: Cardiomyocyte

CPC: Cardiac progenitor cell
CSK: Cytoskeleton

DPM: Discrete particle model
ECM: Extracellular matrix
ES: Electrical stimulation
FAK: Focal adhesion kinase
FB: Fibroblast

FEM: Finite element method
IGF: Insulin-like growth factor
MI: Maturation index

MMC: Multiple myeloma cell
MSC: Mesenchymal stem cells
PZE: Piezoelectric

TGF: Transforming growth factor
UDF': User-defined function

VEGF: Vascular endothelial growth factor
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Appendixes B

Author’s original contribution

Author’s contribution: articles in scientific journals

Publication I

Urdeitx, P., Farzaneh, S., Mousavi, S. J., & Doweidar, M. H. (2020).
Role of oxygen concentration in the osteoblasts behavior: A finite element
model. Journal of Mechanics in Medicine and Biology, 20(01), 1950064.
https://doi.org/10.1142/50219519419500647

2020 SCI impact factor: 0.897

Rank by Journal Impact Factor & Category (2020)

— Biophysics: Q4 (67/71)
— Engineering, Biomedical: Q4 (86/89)

All authors collaborated in conceptualizing the model, designing the experiments,
and discussing the results, contributing to the final manuscript. Without prejudice to
the other authors who, to a greater or lesser extent, contributed to the different tasks
related to the development of the work and the preparation of the article, the thesis

author’s main contributions are:

— Investigation
— Methodology
— Data validation

— Writing original and revised drafts

Publication II

Urdeitx, P., & Doweidar, M. H. (2020). Mechanical stimulation
of cell microenvironment for cardiac muscle tissue regeneration: a
3D  in-silico  model. Computational ~ Mechanics,  66(4),  1003-1023.

https://doi.org/10.1007/300466-020-01882-6
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2020 SCI impact factor: 4.014
Rank by Journal Impact Factor & Category (2020)

— Mathematics, interdisciplinary Applications: Q1 (14/108)
— Mechanics: Q1 (30/135)

The first author is the main contributor to this article. The second author, who
is the director of this thesis, supervised all the tasks, with special presence during
conceptualization, design of the experiment, results analysis, and discussion. Thus,

without prejudice to the other author, the thesis author’s main contributions are:

— Investigation

— Conceptualization and design of the experiment
— Methodology

— Software development

— Data validation

— Visualization

— Writing original and revised drafts

Publication III

Urdeitx, P., & Doweidar, M. H. (2020). A Computational Model
for Cardiomyocytes Mechano-Electric Stimulation to Enhance Cardiac Tissue
Regeneration. Mathematics, 8(11), 1875. https://doi.org/10.3390/math8111875

2020 SCI impact factor: 2.258

Rank by Journal Impact Factor & Category (2020)

— Mathematics: Q1 (24/330)

The first author is the main contributor to this article. The second author, who
is the director of this thesis, supervised all the tasks, with special presence during
conceptualization, design of the experiment, results analysis, and discussion. Thus,

without prejudice to the other author, the thesis author’s main contributions are:

— Investigation

— Conceptualization and design of the experiment
— Methodology

— Software development

— Data validation

— Visualization

— Writing original and revised drafts
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Publication IV

Urdeitx, P., & Doweidar, M. H. (2021). Enhanced Piezoelectric
Fibered Extracellular Matrix to Promote Cardiomyocyte Maturation and
Tissue Formation: A 3D Computational Model. Biology, 10(2), 135.

https://doi.org/10.3390/biology10020135
2021 SCI impact factor: 5.168
Rank by Journal Impact Factor & Category (2021)

— Biology: Q1 (21/94)

The first author is the main contributor to this article. The second author, who
is the director of this thesis, supervised all the tasks, with special presence during
conceptualization, design of the experiment, results analysis, and discussion. Thus,

without prejudice to the other authors the thesis author’s main contributions are:

— Investigation

— Conceptualization and design of the experiment
— Methodology

— Software development

— Data validation

— Visualization

— Writing original and revised drafts

Publication V

Urdeitx, P., Clara-Trujillo, S., Ribelles, J. L. G., & Doweidar, M. H.
(2022). Computational modeling of multiple myeloma growth and tumor aggregate
formation. Computer Methods and Programs in Biomedicine Update, 100073.
https://doi.org/10.1016/j.cmpbup.2022.100073

The Computer Methods and Programs in Biomedicine Update is indexed in: Open
Access Journals List (OAJL)

The first author is the main author of this article. The second and third authors
support it by defining, developing, and processing the results of the in-vitro experiments
used to calibrate the in-silico model. The last author, who is the director of this thesis,
supervised all the tasks, with special presence during conceptualization, design of the
in-stlico experiment, results analysis, and discussion. Thus, without prejudice to the

other authors, the thesis author’s main contributions are:

— Investigation
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— Conceptualization and design of the in-silico experiment
— Methodology

— Software development

— Data validation

— Visualization

— Writing original and revised drafts

Publication VI

Urdeitx, P., Mousavi, S. J., Avril, S., & Doweidar, M. H. (2023).
Computational modeling of multiple myeloma interactions with resident
bone marrow cells. Computers in Biology and Medicine, 153, 106458.
https://doi.org/10.1016/j.compbiomed.2022.106458

2022 SCI impact factor: 6.698

Rank by Journal Impact Factor & Category (2022)

— Biology: Q1 (13/94)

— Computer Science, Interdisciplinary Applications: Q1 (24/113)
Engineering, Biomedical: Q1 (22/98)

Mathematical & Computational Biology: Q1 (6/57)

The first author is the main author of this article. The second and third authors,
supervising teachers at the host center during the research stay, supervised the research,
conceptualization, and design phases of the experiments. The last author, the director
of this thesis, supervised the development of the experiments, the discussion of the
results, and the revision of the final manuscript. Thus, without prejudice to the other

authors, the thesis author’s main contributions are:

— Investigation

— Conceptualization and design of the experiments
— Methodology

— Software development

— Data validation

— Visualization

— Writing original and revised drafts
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