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Abstract

Mechanobiology, an interdisciplinary field that explores the relationship between
mechanical forces and biological processes, has gained growing interest in the past
decades. It focuses on understanding how mechanical signals influence the behavior,
structure, and function of biological systems at various levels, from molecules and
cells to tissues and organs. Integrating mechanics and biology is crucial for gaining
insights into fundamental (mechanobiological) mechanisms underlying processes like
cell migration and tissue homeostasis in health and disease.

Cell migration, for example, plays a critical role in wound healing and cancer. To
examine the mechanical mechanisms of cell migration in realistic three-dimensional
fiber networks, a computational model capturing the micromechanical behavior of
these networks was combined with a simplified model of a cell. This helped identify a
limited set of mechanical mechanisms that can reproduce experimentally observed cell
migration patterns, including complex phenomena such as durotaxis — the preferred
migration towards stiffer regions. In addition, a biphasic relation between migration
efficiency and fiber stiffness or contraction rate was discovered. The results suggest a
crucial role of adhesion stability in determining migration behavior, which aligns with
previous experimental observations.

Mechanical homeostasis is an essential concept in mechanobiology and describes how
cells actively try to establish and maintain a preferred mechanical state to promote tissue
homeostasis. Cell-seeded tissue equivalents are often used as a reduced model system
to study soft tissue adaptation in response to mechanical perturbations. However,
no quantitative data are available on adaptation processes under dynamic biaxial
loading, which represents the most common loading condition in vivo. To close this
gap, vascular smooth muscle cells embedded in collagen gels were subjected to various
kinds of dynamic biaxial loading. The data showed that regardless of loading amplitude
or boundary condition, the cells established and maintained a preferred force or stress,
which was similar in all conditions. The results suggest that forces or stresses play a

critical role in regulating the mechanical adaptation of vascular smooth muscle cells.
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Computational models of soft tissue adaptation in response to mechanical pertur-
bations have proven particularly useful in hypothesis testing and predicting disease
progression. To understand better how intracellular signal processing and cell-cell
communication affect tissue homeostasis, a novel multiscale finite element model was
developed by combining existing models of macroscopic growth and remodeling, in-
tracellular signaling, and reaction-diffusion equations. This in silico tool facilitates
studying the effects of disrupted intracellular signaling processing on macroscopic tissue
adaptation processes and could assist in designing artificial tissues or identifying novel
pharmacological treatment strategies.

In summary, the projects covered in this thesis aim to improve the understanding
of different mechanobiological processes on various scales, ranging from individual cells
to entire tissues. Through novel experimental methods and computational models,
it was possible to confirm or identify key quantities and processes that are essential
in regulating cell behavior and tissue adaptation. An improved understanding of
mechanobiological mechanisms can have important implications for tissue engineering,
regenerative medicine, and the development of novel therapeutic strategies for various

diseases.



Table of contents

List of figures ix
Nomenclature xi
1 Introduction 1
1.1 Overview . . . . . . . . . 1
1.2 Aims and objectives. . . . . . ..o 2
1.3 Outline. . . . . . . .. . 4

2 A brief introduction to mechanobiology 5
2.1 Overview . . . . . ... 5
2.2 Mechanobiology on different scales . . . . .. .. ... ... ... ... 8
221 Tissuelevel . . . . . . . . . ... 8

222 Celllevel . . . . . . . . 12

2.2.3 Subcellular and molecular level . . . . .. .. ... ... .. .. 15

2.3 Contributions of this work . . . . . . .. ... ... ... ... ... 19

3 Integrin-mediated cell migration in three-dimensional fiber networks 23

3.1 Introduction . . . . . . . . . ... 23
3.2 Challenges of cell migration in 3D fiber networks . . . . . . . . . . . .. 25
3.3 Summary and contribution of paper A . . . . .. ... 26
3.4 Future perspectives . . . . . . . . ... 28
Dynamic biaxial loading of cell-seeded tissue equivalents 29
4.1 Introduction . . . . . . . . ... 29

4.2 Limitations of mechanical testing devices for cell-seeded tissue equivalents 30
4.3 Summary and contribution of paper B . . . . . ... 00000 31

4.4 Future perspectives . . . . . . . ... 33



viii Table of contents

5 Multiscale model of soft tissue growth and remodeling 35
5.1 Introduction . . . . . . . . . ... 35
5.2 Missing inter- and intracellular signaling in current G&R models . . . . 36
5.3 Summary and contribution of paper C . . . . . . .. ... 39
5.4 Future perspectives . . . . . . . ... Lo 41

6 Discussion 43

7 Conclusion 49

References 51

Appendix A What are the key mechanical mechanisms governing integrin-

mediated cell migration in three-dimensional fiber networks? 65

Appendix B Dynamic biaxial loading of vascular smooth muscle cell

seeded tissue equivalents 83

Appendix C Multiscale homogenized constrained mixture model of the

bio-chemo-mechanics of soft tissue growth and remodeling 99



List of figures

1.1

2.1
2.2
2.3
24
2.5
2.6
2.7
2.8
2.9

3.1

4.1

5.1

Projects overview . . . . . .. ... L 4
Multiscale structure of soft tissue . . . . . . . . . .. ... 6
Negative feedback and homeostasis . . . . . . .. ... ... ... ... 7
Extracellular matrix . . . . . . . . .. 10
Tensional homeostasis . . . . . . . . . 11
Tissue adaptation . . . . . . . . . ... L L 13
Effect of substrate stifflness on cell behavior . . . . . . . . . .. .. ... 14
Subcellular structures and molecules . . . . . . . . . ... ... ... 16
Integrin lifetime . . . . . . . . ..o o 17
Intracellular signaling pathways . . . . . ... .. .. ... ... .... 18
Cell migration process . . . . . . . . . . . .. 25
Boundary conditions for tissue equivalents . . . . . . . ... ... ... 32
Multiscale model . . . . . ... 40






Nomenclature

Acronyms / Abbreviations
Angll Angiotensin 11

EC Endothelial cell

ECM Extracellular matrix

G&R Growth and remodeling
GAG Glycosaminoglycan

GPCR G protein-coupled receptor
MMP Matrix metalloproteinase
MSC Mesenchymal stem cell
ODE Ordinary differential equation
PG Proteoglycan

RTK Receptor tyrosine kinase

SMC Smooth muscle cell






Chapter 1

Introduction

1.1 Overview

More than one billion people are affected by hypertension worldwide [158], accounting
for roughly 30-45% of adults [20]. In the U.S. alone, more than 100 million adults
have been diagnosed with hypertension, nearly half of the adult population [76]. High
blood pressure is a major risk factor for many cardiovascular diseases, including heart
failure and atrial fibrillation; additionally, chronic kidney disease, peripheral artery
disease, and cognitive decline have also been associated with chronically elevated blood
pressure [143]. While numerous drugs exist to treat hypertension, less than a third
of patients achieve adequate blood pressure control with a single drug [90]. Hence,
current guidelines recommend initiating treatments with a combination of two drugs —
with increasing dosages or potentially adding a third drug if blood pressure does not
reach target values [143]|. However, given the number of drugs available, the optimal
combination is challenging to obtain and impractical to assess.

To improve future treatments not only of hypertension but also other diseases, a
better understanding of the involved biological processes is essential. Importantly, it
is increasingly appreciated that mechanical factors play a critical role in regulating
these processes in health and disease [68, 159]. Hypertension, for example, alters the
mechanical environment cells experience, primarily cells in the cardiovascular system.
It has been observed that these cells respond to altered mechanical stimuli, such as
forces or stresses, by inducing vascular remodeling that mediates homeostasis, a process
aimed at maintaining key quantities within a preferred range to ensure proper tissue
form and function [64]. Hence, there is a pressing need to understand better how
changes in the mechanical environment affect homeostasis — in health as well as in

disease.



2 Introduction

The discipline studying the interaction of mechanics and biology is called mechanobi-
ology, which has gained growing interest over the past decades. Mechanobiology is an
inherently multiscale discipline, ranging from tissues to cells to individual molecules,
and is as complex as it is fascinating. A major challenge is how mechanobiological
mechanisms on the molecular and cellular scale manifest as changes on the tissue
level and, conversely, how mechanical loads at the tissue level are sensed by molecular
structures and processed by cells to induce a response.

To address these challenges, this thesis explores different aspects of mechanobiology
using novel experimental as well as computational tools spanning multiple length and
time scales. The aim is to improve the understanding of how mechanical stimuli affect
biological processes, which is relevant for informing future experimental studies and

improving therapeutic strategies.

1.2 Aims and objectives

This thesis covers different aspects of mechanobiology, aiming to improve our under-
standing of how mechanics influences diverse biological processes. The thesis is based

on three projects, with individual aims and objectives described below.

Project 1: Cell migration in three-dimensional fiber networks

Aim Cell migration plays an important role in health and disease, however, the
underlying mechanisms of cell migration in three-dimensional environments are not
well understood. The aim of project 1 is to identify mechanical mechanisms underlying
adhesion-mediated cell migration in realistic three-dimensional fiber networks using

computational modeling.

Objectives

1. Apply a micromechanical computational finite element model to recreate realistic

three-dimensional fiber networks

2. Include a simplified cell model based on two assumptions: experimentally observed

integrin (un-)binding behavior and cytoskeletal contraction

3. Compare model predictions with experimental results and draw conclusions on

key mechanical mechanisms involved in cell migration
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Project 2: Dynamic biaxial loading of tissue equivalents

Aim Soft tissues in vivo are most commonly subjected to multiaxial loading, however,
only few quantitative data have been reported. Project 2 aims to investigate how cell-
seeded tissue equivalents adapt to different biaxial mechanical stimuli of physiological
relevance by measuring cell-generated forces in response to various dynamic loading

and boundary conditions.

Objectives

1. Isolate vascular smooth muscle cells from mice and perform experiments with

cell-seeded tissue equivalents using a previously developed bioreactor

2. Examine the influence of different dynamic biaxial loading and boundary con-
ditions on the mechanical adaptation of cells and assess (evolving) mechanical

properties by force-extension tests

3. Draw conclusions on mechanical adaptation of vascular smooth muscle cells

subjected to dynamic biaxial loading, in particular, on tensional homeostasis

Project 3: Multiscale model of soft tissue growth and remodeling

Aim Macroscopic adaptations of soft tissue in response to mechanical perturbations
are driven by cellular responses on the microscale. To better understand how intracellu-
lar signaling processes and cell-cell communication affect macroscopic tissue adaptation,
project 3 aims to develop a multiscale finite element model of soft tissue growth and

remodeling.

Objectives

1. Combine homogenized constrained mixture model with intracellular signaling
network based on ordinary differential equations to replace phenomenological

gain parameters

2. Include reaction-diffusion equations to allow cell-cell communication via diffusion

of signaling molecules

3. Simulate the adaptation of the thoracic aorta in response to mechanical pertur-

bations and compare with previous models and experimental results

Figure 1.1 illustrates the different length and time scales involved in mechanobiology

as well as the scales covered by the projects listed above.
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Figure 1.1 Schematic illustration of the length and time scales covered by the projects in
this thesis. On the tissue scale, adaptation processes usually take several days to months. For
example, the adaptation of a blood vessel in response to elevated blood pressure usually takes
several weeks. Zooming in on the cellular level, adaptation processes take hours to days. For
example, cell migration can be observed over the course of hours. Further zooming into an
individual cell, subcellular structures and proteins become visible, which are key in sensing
and processing signals from the environment and usually adjust within seconds to hours. The
projects combine different scales to improve the understanding of mechanobiological processes.
(Created with BioRender.com)

1.3 Outline

Since the common theme of all projects constituting this thesis is mechanobiology,
chapter 2 gives a brief introduction to the field and describes mechanobiological
processes on different length and time scales. While a detailed description of the
entire field is beyond the scope of this thesis, the chapter is intended to provide
sufficient background information for the following chapters. They present the three
core projects of this thesis, ranging from computational modeling of cell migration
(chapter 3, Paper A) to experiments with cell-seeded tissue equivalents (chapter 4,
Paper B) to a multiscale model of soft tissue growth and remodeling (chapter 5, Paper

C). Chapter 6 discusses the results, and chapter 7 concludes with a summary.
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Chapter 2

A brief introduction to

mechanobiology

2.1 Overview

As mentioned in chapter 1, diseases such as hypertension, chronic inflammation, and
cardiovascular fibrosis affect large parts of our society, regardless of age, gender, or
socio-economic background. Despite being different in their macroscopic manifestations,
many of these diseases can have a common cause: impaired cellular signal sensing and
processing. The two most common signals nearly every cell experiences are biochemical
and mechanical stimuli. Even though it has been known since the late 19th century that
a dynamic relationship exists between mechanical loading and growth and remodeling
in living biological tissues [23, 147], most research in the last decades has focused on
biochemical signaling.

However, advances in experimental, theoretical, and computational techniques have
made it possible to study the complex underlying mechanisms of cellular mechanosens-
ing, transduction, and processing in detail. This has given rise to the emerging field
of mechanobiology, which explores the influence of mechanical stimuli on biological
processes at different length and time scales. One of the main difficulties in studying
mechanobiology is its inherent multiscale character, illustrated in Figure 2.1. To reduce
the complexity of this multiscale system consisting of molecules, cells, and tissues, most
studies have focused on specific aspects, which has led to valuable insights and helped
identify individual mechanobiological relevant components, such as stretch-sensitive
proteins. However, due to the pluralism of causes and effects in biological systems,
this approach offers a limited understanding of how system properties emerge and how

the system behaves in its entirety. To overcome the limitations of the reductionist
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Figure 2.1 Schematic illustration of the multiscale structure of soft tissue. Each tissue in the
body comprises different cell types, closely working together and communicating with each
other. Every cell has an internal network of signaling pathways that process the numerous
mechanical and biochemical inputs a cell receives from its environment and produce a specific
biochemical response. This response feeds back into the multicellular network, where it can
influence other cells, and the resulting collective response can, in turn, lead to macroscopic
tissue adaptation, for example, by cell proliferation or matrix synthesis. In an optimal setting,
this control loop leads to appropriate tissue adaptation in response to a changed environment
to promote homeostasis. (Created with BioRender.com)

approach, a more holistic view of the system is required by combining processes at
different length and time scales.

An essential emergent behavior of many biological systems is homeostasis. Healthy
living organisms, or their subunits, such as organs, tissues, or cells, tend to maintain a
homeostatic equilibrium, a preferred mechanical and biochemical state. The process
of maintaining the homeostatic equilibrium is called homeostasis. This is an active
process that, in healthy organisms, is dynamically stable and ultimately aims to ensure
tissues maintain their form and function by appropriately adapting to changes in the
chemical and mechanical environment.

A critical step in this process is mechanotransduction — how cells convert mechanical
stimuli into (intracellular) biochemical signals [63]. In the healthy case, tissue-resident
cells constantly sense and integrate signals from their environment and respond to
promote homeostasis. However, in the case of malfunctioning mechanotransduction,
mechanical cues are not correctly sensed or processed by the cells, potentially leading
to improper tissue adaptation. Importantly, while the mechanical state of the tissue
is crucial as it might determine mechanical failure once stresses exceed strength,
the mechanotransduction process is regulated by what cells perceive as the current

mechanical state and how this compares to desired setpoints [65].
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Figure 2.2 Schematic illustration of a generic negative feedback loop and homeostasis. A)
The current state of the system under control is compared to a setpoint to compute an error
signal, which is fed into the controller. The controller determines an appropriate control signal
to regulate the system, which might be affected by external disturbances. Applied to the case
of soft tissue, the system could be identified as the combination of cells and ECM that are
subjected to mechanical perturbations, such as stretch or flow. At the same time, cells act
as controllers of the system by sensing its mechanical state and comparing it to a reference
setpoint. Deviations from the preferred state will lead to cellular responses, such as changes
in phenotype or ECM modification, to return the system back to normal. B) Evolution of a
quantity @ regulated by negative feedback to remain within a homeostatic range (gray area).
Note that the homeostatic range might shift with time (adaptive homeostasis), potentially in
response to disease (see, for example, Ezra et al. [38]).

A key role in homeostasis can be attributed to negative feedback loops, which
ensure that deviations from a preferred setpoint are countered by a response that
returns perturbed values toward their target state (Fig. 2.2A). Note that homeostasis
does not necessarily require that target values be exactly restored but only within a
certain range (Fig. 2.2B). By contrast, positive feedback loops can have a detrimental
effect by amplifying a perturbation, leading to unstable behavior and moving further
and further away from the preferred setpoint.

To illustrate the importance of proper feedback systems, consider the effects of
dysregulated tissue growth. Tissue growth, either by matrix deposition, especially
collagen, or by cell proliferation, is an important tool for tissue homeostasis. However,
sustained collagen deposition and uncontrolled cell proliferation can have detrimental
effects, as observed in fibrosis. In cardiovascular fibrosis, excessive collagen deposition
leads to a stiffened aortic wall, reducing the energy-storing capability of the aorta and
thereby increasing the pulsatile mechanical load on the heart permanently. This is
often associated with severe cardiovascular diseases [17]. On the other hand, sustained
atrophy (negative growth), for example, through secretion of matrix metalloproteinases
(MMPs) or apoptosis of cells, can weaken tissue and subsequently result in mechanical

failure of soft tissues. Hence, functioning mechanotransduction is key to ensuring



8 A brief introduction to mechanobiology

tissue homeostasis by providing the correct response to perturbations — in direction
and magnitude.

In summary, mechanobiology is a multidisciplinary field investigating mechanisms
by which cells sense, process, and respond to mechanical signals from their surroundings.
The resulting cellular responses and adaptations can manifest at multiple scales ranging
from the subcellular level to the cell level to the tissue or organ level. From a
clinical perspective, one is often interested in the adaptations on the tissue level
as these are more easily observed and measured. However, it is crucial to study
cellular and subcellular processes if one seeks to understand the underlying mechanisms
and how disturbances propagate from the micro- to the macroscale and vice versa.
By understanding how mechanical forces induce changes at the molecular, cellular,
and tissue levels, mechanobiology tries to provide meaningful insights into tissue
physiology and disease development. An improved understanding can potentially lead
to advancements in designing engineered tissues and organs, repairing and regenerating

damaged tissue, and providing therapy for diseases.

2.2 Mechanobiology on different scales

The following sections describe a few examples of mechanobiological processes on differ-
ent length and time scales to provide some context for and facilitate the understanding

of the results presented in chapters 3, 4, and 5.

2.2.1 Tissue level

The influence of mechanics on the tissue level is probably the most studied, likely
because it is more accessible to (experimental) observation than the cellular and
subcellular scales. This might be especially relevant for early research in the field.
Already more than 150 years ago, Henry Gassett Davis observed that tissue can
adapt to changes in its mechanical environment [23]: he observed that an increased
load caused soft tissue to lengthen due to the addition of mass, while a reduced load
caused tissue to shorten due to mass removal. This is termed Davis’ law. Shortly after
Davis’ discovery, Julius Wolff discovered a similar phenomenon in bones, called Wolft’s
law [147]: if loads on a bone increase, it will remodel over time and become stronger to
resist that sort of loading. The inverse is true as well, and continued immobilization

leads to a loss of bone mass [130]. These two observations suggest an important role of
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mechanical stimuli in maintaining tissue function, which applies to both soft and hard
tissue despite their different structures and functions.

The mechanical cues the cells respond to are, at least in the case of soft tissue,
provided by the extracellular matrix (ECM), which is schematically illustrated in Fig.
2.3. The ECM consists of hundreds of proteins, glycoproteins, and proteoglycans
(PGs); however, the gross mechanical properties are primarily governed by elastic
fibers, fibrillar collagens, and glycosaminoglycans (GAGs) [63|. Elastin, the main
component of elastic fibers, is primarily produced and deposited during development,
and with a half-life of around 70 years (in humans [117]), it is very stable compared to
other constituents. It can withstand large stretches and endows the tissue with the
ability to store elastic energy. Since elastin is not produced in adulthood, any damage,
fatigue, or degradation leads to irrecoverable changes that can affect tissue form and
function. For example, age-related loss of elastic fiber integrity and normal degradation
causes wrinkling of the skin as well as stiffening of elastic arteries. Collagen is the
most abundant protein in mammals, and more than 25 different collagen types are
known to date, with type I and III collagens being the most common [112]. While
the exact process of collagen fiber formation is still an active field of research, it is
known that fibrillar collagen has a hierarchical structure where individual collagen
molecules (1.5 nm in diameter) assemble and cross-link into microfibrils and fibrils
(20-100 nm in diameter), which in turn form collagen fibers (0.5-20 pm in diameter)
[12, 56]. Compared to elastin, collagen has a short half-life of around 10 - 100 days (in
the vasculature [101]) and can be synthesized by interstitial cells such as fibroblasts
and smooth muscle cells (SMCs). These cells cannot only produce collagen but also
degrade it via the secretion of matrix metalloproteinases (MMPs) of various types.
MMPs accelerate the breakdown and degradation of collagen and other extracellular
matrix constituents and are essential in cell-driven matrix remodeling [100]. Finally,
GAGs and PGs are highly hydrated molecules that contribute to the compressive
stiffness of connective tissues [69, 153]. In addition, they can sequester growth factors,
which are important for cell signaling [109]. These and other structural constituents
undergo continuous turnover (deposition and degradation) and remodeling (change in
structure), which is mediated by interstitial cells. Indeed, the balance of deposition and
degradation rates regulates tissue homeostasis and can change in response to disease or
injury. Notably, even when maintaining a steady state, cells are actively synthesizing
and removing matrix constituents to regulate the mechanical properties of the ECM.
An often overlooked but highly important aspect is that this constant turnover occurs
while the ECM is mechanically stressed [63].
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Figure 2.3 Schematic illustration of the extracellular matrix (ECM). The ECM is a fibrous
network of collagen and elastin fibers that provides structural support to tissue and cells. While
elastin fibers endow tissues with a certain degree of elasticity, collagen fibers endow tissues
with mechanical strength. In addition to sequestering signaling molecules, proteoglycans
can bind a significant amount of water and contribute to the compressive stiffness of tissue.
(Created with BioRender.com)

To study how mechanical cues provided by the ECM affect cell behavior, many
experimental approaches have focused on so-called tissue equivalents. This eliminates
the complexity of native tissue, which contains many constituents potentially influencing
each other. Tissue equivalents represent simplified model systems and are most
commonly based on collagen (specifically type I). One of the first to use collagen-
based tissue equivalents was Bell et al. [11], who studied the compaction of free-
floating cell-seeded collagen gels. Different variations of studies have evolved over
the past decades, starting with relatively simple, free-floating gels and turning into
more sophisticated devices that can measure cell-generated forces and apply external
mechanical perturbations [14, 31, 62]. In their seminal paper, Brown et al. [14] used
such a device to subject uniaxial cell-seeded collagen gels to positive and negative static
stretches. They found that the embedded cells regulated the tissue stresses/forces to
maintain a certain homeostatic setpoint when the samples were mechanically perturbed
(Fig. 2.4). This behavior was termed tensional homeostasis and is an essential concept
in mechanobiology. However, a more accurate description of the phenomenon might be
mechanical homeostasis, as it is still unclear which quantity might be regulated on the
macroscale [33, 63].

The adaption of tissue in vivo is more challenging to study, but Matsumoto and
Hayashi [93] showed that the thoracic aorta of rats is capable to mechano-adapt to

increased mechanical loads induced by hypertension. They observed that the aortic
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Figure 2.4 Schematic illustration of tensional homeostasis. In uniaxial experiments with
cell-seeded collagen gels, Brown et al. [14] observed that once cells have established a preferred
mechanical force, they try to restore this homeostatic state after external perturbations. The
external perturbations are usually applied as positive or negative stretches.

wall adapts in a way that maintains a specific circumferential stress by increasing its
thickness. This adaptation occurred rapidly within a few weeks after hypertension
was induced. Additionally, they showed that on longer time scales (16 weeks), the
elastic properties of the aortic wall were also restored. More recent studies showed how
various disorders could affect the mechano adaptability of the vasculature [16, 138] as
well as different adaptations based on regional differences in the aorta [13].
Theoretical concepts in line with the observed tendency of cells to maintain a
preferred mechanical state allow a relatively simple mathematical description of the
adaptation processes but provide considerable insight [60]. Assuming an idealized
cylinder is a good first approximation of a blood vessel, one can use Laplace’s law to

compute the mean circumferential stress (og) in the vessel wall

Pa
= 2.1
09 = (2.1)
while the mean axial stress (o) is given by
f
L= . 2.2
%5 = Th(2a + h) (22)

Here, P is the transmural pressure, f the applied axial load, and a and h are the
deformed inner radius and wall thickness of the cylinder. Hypertension, for example,
leads to an increased transmural pressure P, which increases the circumferential stresses.

To compensate for the elevated stress, the wall thickness A has to increase, which has
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been observed experimentally [93, 149| and is schematically illustrated in Fig. 2.5.
Conversely, a reduced transmural pressure caused a thinning of the wall to restore
circumferential stresses [10]. These adaptations occurred over a period of a few weeks
to months.

In addition to the regulation of the circumferential stress via adaptation of the
thickness, it appears that the vessel diameter is regulated to maintain a certain wall
shear stress [82]. Theoretically, this can be understood by assuming a steady, fully
developed, laminar, one-dimensional, incompressible flow of a Newtonian fluid within
a rigid circular tube (again, a rough approximation of a blood vessel) [60]. In this case,

the mean wall shear stress (7,,) is given by

LY,
with p the viscosity, @ the flow rate, and a is again the deformed luminal radius. If the
flow rate () increases, assuming a constant viscosity, the inner radius a has to increase
to restore a preferred wall shear stress.
Taken together, idealized adaptations of luminal radius and wall thickness in

response to changed mechanical loads are given by

(Q 1/3 (P\[(Q 1/3
a—(Q0> aop and h—<PO) (Qo) ho, (2.4)

where P/Py and Q/Qq are the ratios of current to initial transmural pressure and flow
rate and ag and hg initial luminal radius and wall thickness, respectively. Additionally,
axial stress (eq. (2.2)) has also been reported to play a crucial role in the adaptation
of arteries [61]. Despite the simplifying assumptions, the above equations provide a
good qualitative and quantitative prediction of (ideal) tissue adaptation.

While tissue stress has proven to be a good metric to describe and predict the
homeostatic adaptation processes, it is unlikely that it can be sensed by cells directly
since it is a macroscopic quantity (in addition to being a man-made concept) [33].
Note, too, that other quantities, such as strain, force, or stiffness, might be potential

target variables that are conserved by homeostasis.

2.2.2 Cell level

Similar to the previous section about soft tissue adaptation in response to varying
mechanical loads, individual cell behavior has been observed to change based on

mechanical cues from the cellular microenvironment.
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Figure 2.5 Schematic illustration of the adaptation process of an idealized blood vessel in
response to a sudden increase in transmural pressure P. Right after the pressure increase, wall
thickness h is lower than its initial thickness hg, and circumferential stresses ¢ increase above
the homeostatic value oj. Growth and remodeling (G&R) return circumferential stresses to
the homeostatic value by increasing the thickness of the vessel above its initial value.

For example, a seminal study by Engler et al. [37] showed that stem cell differentia-
tion could be affected by substrate stiffness (Fig. 2.6A). They cultured mesenchymal
stem cells (MSCs) on two-dimensional polyacrylamide gels of different levels of stiffness.
After several days of culture, the MSCs showed a specific phenotype based on substrate
stiffness. Cells on soft substrates, mimicking brain tissue, became neurogenic, while
cells on intermediate stiffnesses, mimicking muscle tissue, became myogenic, and cells
on stiff substrates, mimicking collagenous bone, became osteogenic. Interestingly, this
stiffness-directed lineage specification could be blocked by inhibiting nonmuscle myosin
II, an actin-binding protein with an essential role in regulating cell adhesions [132].
Its inhibition only seemed to affect the differentiation process without significantly
influencing other aspects, such as cell shape and function.

In another interesting study, Bangasser et al. [9] showed that substrate stiffness
influences cell migration in a cell-type-dependent manner. By tracking embryonic
forebrain neurons (ECFNs) and U251 glioma cells migrating on substrates of varying
stiffnesses, they identified a biphasic relationship between migration efficiency and
substrate stiffness (Fig. 2.6B). ECFNs showed optimal migration, in terms of area
covered in a certain time interval (similar to a diffusion coefficient), on substrates with
a stiffness of ~ 1 kPA, while U251 glioma cells showed optimal migration on substrates
with a stiffness of ~ 100 kPA. Using computational modeling, they also identified
myosin II and cell-matrix adhesions as key regulators, which was experimentally verified
by simultaneous inhibition of both mechanisms. This resulted in a decrease in the
substrate stiffness where migration was optimal.

Besides reacting to substrate stiffness, cells have been observed to follow signals

of various kinds through directed migration [116]. These signals include, for example,
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Figure 2.6 Schematic illustration of the potential influence of substrate stiffness on cell behav-
ior. A) Engler et al. [37] showed how substrate stiffness could guide stem cell differentiation
with stem cells cultured on soft substrates becoming neurogenic, on intermediate stiffnesses
they became myogenic, and on stiff substrates they become osteogenic. B) Bangasser et al. [9]
identified a biphasic relationship between migration efficiency and substrate stiffness, which is
cell-type dependent and can be modulated by inhibiting integrin binding and cytoskeletal
contraction. (Created with BioRender.com)

chemical (chemotaxis), mechanical (durotaxis), or topological (topotaxis/contact guid-
ance) signals and usually lead to the migration of cells along the gradients of these
signals. Chemical signals are usually sensed by receptors on the cell surface, such as
G protein-coupled receptors (GPCRs) or receptor tyrosine kinases (RTKs), while me-
chanical and topological signals are usually sensed via cell-matrix adhesions (so-called
integrins and focal adhesions, see next section). How these signals are transmitted and
finally executed to result in directed migration is still ongoing research.

While the studies mentioned above focused on the behavior of individual cells, it
is often a collection of various cell types that interact to promote tissue homeostasis
and proper tissue function. In many tissues, the relevant cell types include organ-
specific parenchymal cells (for example, SMCs in the aorta or hepatocytes in the
liver), fibroblasts, macrophages, and endothelial cells, which can be summarized as
a basic tissue unit [1]. The communication between cells is often mediated by the
secretion of signaling molecules, such as growth factors, from one cell, which then diffuse
through the tissue and are sensed by other cells. This is called paracrine signaling.
Alternatively, if the source of the signaling molecule is the cell itself, this is called
autocrine signaling. A third mode of signaling is called endocrine signaling, where
signaling molecules, often hormones, are released into the bloodstream and received
by distant target cells. Instead of communicating via diffusion of signaling molecules,
cells can also exchange signals via direct physical connections. This can be subdivided

into biochemical signaling through gap junctions, which allow the passage of small
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molecules from cell to cell, and mechanical signaling by so-called adherens junctions,
which connect the cytoskeleton of neighboring cells and facilitate the transmission
of (mechanical) forces and stresses [3|. Both methods are especially important for
epithelial tissue, such as the monolayer of endothelial cells lining the luminal wall of
blood vessels.

The interactions of several cell types can lead to complex cell-cell communication
patterns, potentially involving numerous signaling molecules. These networks of cells
can be challenging to comprehend but are important if one seeks to understand tissue
behavior in health and disease. For example, endothelial cells (ECs), which line the
interior surface of blood vessels, can sense and respond to changes in shear stresses
caused by variations in blood flow. ECs play an important role in regulating the
diameter of muscular arteries by releasing vasoconstrictors such as endothelin-1 (ET1)
or vasodilators such as nitric oxide (NO). Both can be sensed by SMCs in the vessel wall
and cause contraction or relaxation, respectively. Functioning cell-cell communication
plays a critical role in many more processes ranging from tissue development and
homeostasis to immune responses to carcinogenesis |6, 121].

In summary, many observations have been made describing the response of individual
cells to their mechanical microenvironment and the interaction of different cell types.
While these findings help improve the understanding of specific aspects of cell behavior,
it is less well understood if and how they combine into macroscopic responses of soft

tissue, especially when subjected to mechanical perturbations.

2.2.3 Subcellular and molecular level

The observed cell behaviors described in the previous section are primarily governed
by cell-matrix interactions, which in turn are regulated by processes on the subcellular
and molecular scale.

To be able to respond to mechanical perturbations, cells need to assess the mechan-
ical properties of the ECM. Transmembrane proteins, so-called integrins, allow cells
to attach to different ECM constituents, thereby physically linking fibers of the ECM
outside the cell to the cytoskeleton inside the cell (Fig. 2.7). Integrins consist of an
a and S subunit, and the combination of the subunits determines the affinity of the
integrin to ECM components such as collagens (for example, ap/31) or fibronectins (for
example, a5f;). Binding and unbinding of integrins to ECM ligands is a stochastic
process, and the applied force can modulate the unbinding probability. Two types of
bonds have been identified: slip bonds are characterized by a continuously decreasing

bond lifetime with increased force, whereas catch bonds have been observed to stabilize
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Figure 2.7 Schematic illustration of key subcellular structures and molecules of mechanobiol-
ogy. Cells attach to the ECM via focal adhesions, which contain several integrins. Within the
cell, the cytoskeleton connects the cytoplasmic site of the focal adhesions to the cell nucleus.
Focal adhesions have been identified as a major signaling hub that can activate different
signaling pathways affecting cell behavior. (Created with BioRender.com)

with applied load before bond lifetime decreases once a certain threshold is exceeded
[78], see Fig. 2.8.

Focal adhesions form through the clustering of several integrins and other cytoplas-
mic proteins, such as vinculin, talin, and paxillin [92]. They provide a more stable
connection between the cytoskeleton and the ECM, allowing force transmission from
the ECM into the cell or vice versa. Additionally, they have been identified as a
major signaling hub. In particular, focal adhesion kinase (FAK) is a key signaling
molecule with many downstream effects that are triggered by intracellular signaling
pathways that mediate cellular processes such as cell cycle progression or cytoskeletal
reorganization [67, 92, 135].

The cytoskeleton is a dynamic and constantly remodeling structure consisting
mainly of actin filaments, intermediate filaments, and microtubules. Various proteins
have been identified in regulating the dynamics of the cytoskeleton, such as Arp2/3 [15]
or cofilin [141]. Besides providing structural integrity to the cell, the cytoskeleton can
actively contract to generate tension and exert forces on the surrounding ECM, which
are transmitted via focal adhesions. The cytoskeletal contraction is mainly mediated
by the interaction of actin filaments and the motor protein myosin II [122| and can
be altered through intracellular signaling processes such as the Rho/ROCK pathway
[45]. Force transmission can also occur in the other direction, with focal adhesions
transferring forces from the ECM to the cytoskeleton. In fact, focal adhesions and the
cytoskeleton interact with each other via the recruitment of proteins such as vinculin
[39] or zyxin [152].
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Figure 2.8 Schematic illustration of slip and catch bonds. Slip bonds show a decreasing
lifetime with an increased applied force, whereas catch bonds initially get more stable before
the bond lifetime decreases above a certain threshold.

This system consisting of the contractile cytoskeleton, integrins/focal adhesion, and
ECM is also called a molecular clutch [36, 98]. In particular, Elosegui-Artola et al. [36]
suggested that the key regulator of the molecular clutch is the force loading rate and not
necessarily the force per se. According to [36], a typical cycle of the clutch mechanism
is initiated by the engagement of the clutches through binding to the ECM substrate
with a specific binding rate. Continuous contraction of the cytoskeleton through myosin
motors starts loading the engaged clutches and deforms the substrate depending on
substrate stiffness. As forces continue to increase, bonds eventually fail, which can
lead to a rapid disengagement of the clutches, and the cycle starts again. They also
highlight the importance of substrate stiffness in regulating the molecular clutch. Very
stiff substrates cause a rapid loading of the clutches, leading to destabilization and
preventing additional clutches from engaging. Substrates that are too compliant don’t
load the clutches fast enough, again leading to destabilization. This mechanism might
help to understand cell responses to different substrate rigidities as described in the
previous section (cell differentiation and migration). Note that besides ECM stiffness,
other factors can also affect the loading rate, such as myosin contractility or integrin
binding dynamics [9].

Integrins and focal adhesions have both been identified as important signaling
hubs associated with transducing signals originating from mechanical perturbations of
the cell environment [47, 148|. Note, though, that cells also sense other signals, such
as the concentrations of growth factors or hormones, via numerous receptors on the
cell membrane. All these signals are integrated by intracellular signaling pathways,

which are usually a complex cascade of chemical reactions that eventually influence
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Figure 2.9 Schematic illustration of intracellular signaling pathways. Receptors on the cell
membrane sense external stimuli, which can be biochemical or mechanical. This triggers a
cascade of intracellular reactions that ultimately lead to altered cell function and behavior
through transcriptional changes and associated changes in gene expression. A set of reactions
originating from a receptor and causing changes in cell function is often called a signaling
pathway. However, individual pathways often interact with each other through cross-talk,
such as through shared components that are part of either pathway.

cell behavior and function via the modulation of gene expression, see Fig. 2.9. For
example, individual pathways have been identified to regulate or influence cytoskeletal
reorganization, migration, proliferation, or differentiation. Oftentimes, however, there
is cross-talk between two or more pathways, which makes it difficult to precisely
determine which reactions are involved in specific cellular behavior. Nevertheless,
recent advances in obtaining and analyzing ’omics’ data, that is, genomics, proteomics,
and transcriptomics, have helped to generate maps or networks of interactions that likely
regulate or at least play a prominent role in specific cellular processes. For example, the
Rho/ROCK pathway has been identified as a major regulator of cytoskeletal dynamics,
including cell adhesion, motility, and contraction [5], whereas the MAPK (Mitogen-
activated protein kinase) pathway has been linked to cell proliferation, differentiation,
and development [157].

Interestingly, the cell nucleus has also been identified as a mechanoregulator. For
example, mechanical stimuli from the ECM perceived by the focal adhesions and prop-
agated to the cytoskeleton can induce conformational changes of cytoplasmic proteins

and subsequent shuttling to the nucleus. These mechano-actuated proteins include, for
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example, paxilin [158] or YAP/TAZ [35]. In addition to proteins translocating to the
nucleus in response to mechanical cues, the cell nucleus can 'sense’ forces through the
nucleus-cytoskeletal-integrin coupling. In particular, the nuclear membrane has been
identified as a critical component associated with the so-called Linker of Nucleoskeleton
and Cytoskeleton (LINC) complex. Nesprins, a protein, are part of the cytoplasmic side
of the LINC complex and connect the nucleus to the fibers of the cytoskeleton, while
SUN proteins connect the nesprins to the nuclear lamina through lamin A, a nuclear
scaffolding protein. This connection into the cell nucleus can then affect the chromatin
— a compact package of DNA and proteins — resulting in modulated transcriptional
activity [129].

In summary, subcellular structures and molecules are directly involved in mechanosens-
ing and mechanotransduction. While significant progress has been made in uncovering
the mechanisms and functions of these components, further studies are still needed to
understand better how they interact to regulate cell behavior and how this leads to

the observations mentioned previously on the cellular and tissue scales.

2.3 Contributions of this work

As illustrated in the previous sections, mechanobiology is an inherently multiscale
discipline involving different length and time scales with cells as the primary mediators.
However, cells rarely act in isolation but form a system with their surrounding ECM
based on mutual interactions and modifications. Given the multiscale nature of this
system, computational modeling at different scales has and will continue to provide
meaningful insights into the underlying mechanism of tissue homeostasis and disease.
These models range from gene regulatory networks to cell-cell communication to
phenomenological models of soft tissue growth and remodeling. Multiscale models
that are based on microscale mechanisms and can predict observed adaptations on the
macroscale could prove particularly insightful [65].

This thesis aims to advance the understanding of some of the aforementioned
mechanobiological processes by using novel computational and experimental tools. In
particular, the computational models try to reflect the multiscale nature by includ-
ing mechanistic approaches on the cellular and subcellular level and linking them
to observations/manifestations on larger length and time scales (Papers A and C).
The experimental contributions of this work are highly relevant for improving our

understanding of mechanical homeostasis, especially under dynamic biaxial loading



20 A brief introduction to mechanobiology

of physiological relevance (Paper B). The following publications form the core of the

presented work.

Paper A — Integrin-mediated cell migration in three-dimensional
fiber networks
Key contributions and findings

e cellular contractility and catch bond integrin behavior is sufficient to reproduce

cell migration in realistic three-dimensional fiber networks

e model predicts a constant integrin turnover, with steady-state values depending

on cellular contractility and fiber stiffness

e model predicts a biphasic relationship between migration efficiency and fiber

stiffness/contraction rate

e durotaxis can arise from purely mechanical interactions without a need to pre-

scribe cell polarization

Paper B — Dynamic biaxial loading of cell-seeded tissue equiva-
lents
Key contributions and findings

e vascular SMCs can establish and maintain a preferred mechanical state under

dynamic biaxial loading regardless of external strains up to 10%

e mechanical adaptation of vascular SMCs appears independent of applied loading

and boundary conditions within tested range of strains

o study suggests a critical role of forces/stresses in regulating cell behavior consistent

with prior studies

e first quantification and comparison of physiologically relevant cyclic loading

conditions with implications on multiaxial tensional homeostasis

Paper C — Multiscale model of soft tissue growth and remodeling

Key contributions and findings

e cfficient finite element model combining intracellular signaling on the subcellular

level, cell-cell communication on the cell level, and mechanics on the tissue level
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e first homogenized constrained mixture model to include effects of wall shear stress
on G&R

e in silico tool to examine effects of disrupted intracellular signal processing and

cell-cell communication on tissue adaptation

e identified long-term instabilities in the homogenized constrained mixture model,

which could indicate missing assumptions in the theory






Chapter 3

Integrin-mediated cell migration in

three-dimensional fiber networks

This chapter is based on Paukner et al. [105] licensed under a Creative Commons

Attribution 4.0 International License (https://creativecommons.org/licenses/by/4.0/).

3.1 Introduction

Cell migration plays an essential role in numerous processes, including development,
immune response, wound healing, and cancer [26, 40, 94, 154]. Wound healing, for
example, is a complicated multi-step process that relies on the migration of cells
(usually fibroblasts) towards and into the injured tissue to deposit new ECM through
the secretion of collagen and fibronectin [50]. Additionally, myofibroblasts — a fibroblast
phenotype with increased contractility — can assist in closing the wound through
contraction [96]. Over time, the cells deposit and remodel the ECM and are removed
once the healing process is complete.

Another important example of cell migration is cancer. Cancer cells are highly
motile, which allows them to migrate and invade other tissues or organs distant from
the primary site of the tumor by entering the circulation through blood or lymphatic
vessels [18]. While cancer cells use the same mechanisms as other cells to migrate, it
seems like they can transition between different migration modes, thereby retaining an
invasive phenotype and potentially rendering therapeutic strategies ineffective [42].

The two most well-characterized modes of migration are amoeboid and mesenchymal
migration, and their effectiveness depends on the cell’s (mechanical) environment. For
example, amoeboid migration is characterized by a more rounded cell morphology

and very low cell adhesion to the environment. High rates of polymerization and
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contraction of the actin cytoskeleton drive cell body deformations and bleb formation,
which move the cell body [81]. This form of migration is often rapid and avoids
proteolytic degradation of ECM barriers by circumnavigating obstacles using the high
deformability of the cell body. Leukocytes have been observed to use this type of
migration [41].

On the other hand, mesenchymal migration depends on cell-matrix adhesions
via integrins and is usually associated with high proteolytic activity. This integrin-
mediated mode of migration can be described by a 5-step process [86, 119|. It starts
with the growth of actin filaments, which push the cell membrane outward, forming
pseudopod extensions and the leading edge. This involves numerous proteins that
regulate actin cytoskeleton polymerization, such as the ARP2/3 complex. In the second
step, integrins interact with the ECM ligands to form cell-matrix interactions. Integrin
clustering leads to the formation of stable focal adhesions, which are linked to the actin
cytoskeleton through recruited adaptor proteins such as talin or vinculin. Next, surface
proteases concentrate near substrate binding sites, cleaving ECM components like
collagen or fibronectin. In the fourth step, myosin II binds to actin filaments, generating
contraction of the cytoskeleton, which is modulated by the Rho/ROCK pathway. In
the last step, focal adhesions disassemble through actin binding and severing proteins,
such as cofilin. Following the disassembly of the focal adhesions, integrins detach
from the substrate and are recycled towards the leading edge or deposited back onto
the substrate. This migration mode is primarily used by mesenchymal cells, such as
fibroblasts [29]. Figure 3.1 illustrates the process for migration on a two-dimensional
substrate where the third step, protease activity, can be neglected, resulting in a 4-step
process.

It has been observed that cells, in particular tumor cells, can switch between
mesenchymal migration and amoeboid migration if the internal or external environment
changes, which is called mesenchymal-amoeboid transition or amoeboid-mesenchymal
transition [103]. For example, if the proteolytic activity of HT-1080 fibrosarcoma
cells, which is associated with mesenchymal migration, is inhibited, they transition
to protease-independent amoeboid migration [146]. Alternatively, if adhesion to the
substrate is inhibited via disruption of integrins, tumor cells migrating in three-
dimensional matrices can compensate for the loss of adhesion by transitioning to
amoeboid migration, which does not require substantial cell-matrix connections [42].
Importantly, this cannot be achieved when cells migrate on two-dimensional substrates,
as a loss of adhesion leads to the detachment of the cell from the substrate. This

already highlights a subtle but key difference between migration in 2D and migration
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Figure 3.1 Schematic illustration of cell migration process on a two-dimensional substrate.
In this case, proteolytic activity can be neglected, and the 5-step process described in [86,
119] turns into a 4-step process. (Created with BioRender.com)

in 3D. The challenges of cell migration in three-dimensional fiber networks, for the cell

as well as for experimental observations, will be discussed in the next section.

3.2 Challenges of cell migration in 3D fiber networks

Cell migration has been studied extensively in two dimensions [104, 113]. For exam-
ple, migration speeds of different cell types have been compared by Friedl et al. [43]
and Bangasser et al. [9] investigated migration on substrates of different stiffnesses.
While these findings have improved the understanding of certain molecular and bio-
physical mechanisms involved in cell migration, it is unclear if they also apply to
three-dimensional migration, which is the most common in vivo. In fact, Cukierman et
al. |21], Doyle et al. 28], and Yamada et al. [150] describe in their review articles how
cell migration and cell-matrix interactions can significantly depend on dimensionality.

Regardless of the mode of migration, mesenchymal or amoeboid, complex three-
dimensional fiber networks present many additional physical challenges to the cell, which

are not present when migrating on two-dimensional substrates. For example, dense
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ECM fibers might lead to cell confinement, which requires proteolytic modification
or transient or permanent remodeling of the ECM via active contractile forces to
continue moving. This is usually a characteristic of mesenchymal cell migration,
whereas amoeboid migration exploits pores in the ECM to squeeze through using
the cell nucleus as a mechanical gauge [111]. Additionally, different local mechanical
properties might guide cell migration, including topological cues, spatially varying
concentrations of ECM constituents, or ECM crosslinking. In particular, it is important
to consider the local rather than the global mechanical properties of the ECM. While
individual collagen fibers possess a relatively high Young’s modulus of around 1 M Pa
[72], the bulk Young’s modulus of a reconstituted collagen gel is typically on the order
of 1 Pa to 1 kPa [4, 73]. This discrepancy between bulk mechanical properties and
micromechanical properties, which are likely more important to the individual cell
[27], is challenging to investigate and control in experiments. Besides these external
challenges, the cell nucleus is the greatest internal physical limitation for a cell migrating
in three-dimensional fiber networks. Since it is the least deformable part of a cell, it is
often a limiting factor when small pore sizes confine cell movement [145].

From an experimental point of view, performing cell migration experiments is
challenging because it is difficult to precisely modulate individual parameters of the
ECM or fibrous scaffolds. For example, increasing the collagen concentration of
reconstituted hydrogels leads to a reduced pore size [145]. At the same time, however,
this can change the fiber diameters and the bulk mechanical properties. Changing
the polymerization temperature or the source of collagen can also have a significant
influence on the resulting fiber network and affect pore size as well as fiber diameter
[145]. Furthermore, the plasticity of cells to transition to different migration modes can
make it difficult to uncover the underlying mechanisms one is interested in. Many of
these compensatory effects, such as switching to different integrin types if the primary
type is blocked [128|, complicate experimental studies even though they might be
beneficial in vivo. Hence, systematically studying cell migration in three-dimensional
fiber networks is challenging, as it requires precise control of the network architecture
and properties on the micro- and macroscale as well as the mechanisms involved in cell

migration.

3.3 Summary and contribution of paper A

To overcome the challenges associated with experimentally investigating cell migration

in three-dimensional fiber networks, a previously developed finite element model of
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cell-matrix interactions was used [32]. This model can recreate realistic biological
fiber networks based on key descriptors such as free fiber length, valency, and fiber
orientation correlation. Moreover, the model can capture the multiscale mechanics
inherent to these networks with individual fibers having a stiffness on the order of
M Pa, whereas the hydrogel itself has a stiffness on the order of 1 Pa — 1 kPa.

This study focuses on mesenchymal migration, which depends on integrins to form
cell-matrix adhesions and active cytoskeletal contraction to move the cell body. The
integrins are modeled as springs, which can transiently bind to fibers of the ECM
and cluster into focal adhesions. Similar to what has been observed experimentally
(see chapter 2.2.3), integrin dynamics are modeled as catch bonds with an initially
increasing bond lifetime as force is applied before destabilizing once a threshold force
is exceeded |78, 140|. Cytoskeletal contraction, mediated by contractile stress fibers, is
included via rods that connect the cell nucleus to the integrins and that can change their
length based on a constant, predefined contraction rate. In doing so, the stress fibers
exert forces on the integrins and, in turn, on the fibers of the ECM. The translocation
of the nucleus is then determined by the force balance of the attached stress fibers.
Importantly, the focus is on integrin-mediated migration in non-confining networks, i.e.,
networks where the pore size is larger than the size of the cell nucleus so that proteolytic
activity plays no significant role. Hence, the cell nucleus is not modeled explicitly
but instead represented by a single point. This reduced model offers precise control
over three key mechanical constituents of migration, namely cellular contractility, focal
adhesions based on integrins, and the fibrous network.

After verifying the simulations based on experimental results from other studies [27,
29, 145|, variations of various network and fiber parameters were studied. In particular,
how the collagen concentration, the fibers’ Young’s modulus, and cytoskeletal contrac-
tion rates influence cell migration. In all simulations, the number of integrins reaches
a steady state, albeit at different levels, mainly depending on collagen concentration
and fiber stiffness. Note, though, that this state is dynamic, and integrins continuously
bind and disengage.

Similar to the results described by Bangasser et al. [9], the simulations showed a
biphasic relationship between migration efficiency and fiber stiffness as well as between
migration efficiency and cytoskeletal contraction rate. Here, migration efficiency is
defined as the mean squared displacement (MSD), which gives a statistical measure of
how effectively a random walker, in this case the cell, can explore its surroundings.

Furthermore, a stiffness gradient can be introduced by prescribing a gradient in

fiber diameter along one direction of the simulation domain, which permits the study
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of directed cell migration based on external signals. These simulations showed that
the included micromechanical mechanisms appear sufficient to reproduce durotaxis,
the tendency of cells to migrate toward stiffer regions. Interestingly, a steady state
number of integrins was also observed in this case, which was very similar to the
homogeneous networks studied before. Moreover, higher collagen concentrations
and higher cytoskeletal contraction rates seemed to improve gradient detection and
subsequent movement along the gradient.

In summary, the results showed that the combination of realistic (micro)mechanics of
a fiber network, cell-matrix interactions via catch bonds, and contraction of cytoskeletal
stress fibers appear sufficient to reproduce cell migration in three-dimensional fiber
networks. Notably, no other assumptions, such as how cell polarization occurs or how
local stiffness is sensed, were required. Yet, the model was able to reproduce realistic

migration speeds and capture more complex phenomena such as durotaxis.

3.4 Future perspectives

Multicellular migration In many cases in vivo, cells do not migrate in isolation
but could be affected by other cells in the vicinity. This is especially important for
tumor cells. Using the presented model, it could be studied how two migrating cells

influence each other, potentially affecting migration speed, efficiency, or persistence.

Contact guidance By modifying the fiber networks, it is possible to introduce
topological cues into the ECM, such as a preferred fiber alignment. This so-called
contact guidance presents an oriented signal to the cell, which has been observed to
promote directional cell migration along the fibers [30, 139]. According to Provenzano
et al. [108], contact guidance could play an important role in cancer cell invasion by

exploiting aligned ECM to rapidly migrate and invade tissue.

Modified integrin dynamics Another interesting study would be to examine
the influence of different integrin dynamics. This could potentially affect migration
speeds and shift the stiffness at which optimal migration efficiency was observed.
Modified integrin dynamics could be interpreted as a different integrin type (especially if
experimental data are available), a diseased case, or modifications by a pharmacological

treatment.
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Dynamic biaxial loading of cell-seeded

tissue equivalents

This chapter is based on Paukner et al. [107] licensed under a Creative Commons

Attribution 4.0 International License (https://creativecommons.org/licenses/by/4.0/).

4.1 Introduction

Cell-matrix interactions are not only important for cell migration but also play a
significant role in tissue development, health, and disease [24]. As mentioned in chapter
2, cell-matrix interactions provide a mechanism for cells to regulate the ECM (inside-
out signaling) as well as to receive biomechanical signals from the surrounding ECM
(outside-in signaling).

To maintain a preferred mechanical state, cells can regulate the composition,
structure, and mechanical properties of the ECM, which is referred to as mechanical
homeostasis [14, 63|. On short time scales of several hours, cells likely adjust their
contractile forces to maintain a preferred mechanical state according to Eichinger et al.
[34]. On longer time scales, cells might adjust ECM turnover via increased production
and removal to restore a preferred mechanical state. Importantly, in this case newly
deposited ECM must be incorporated within existing ECM under load, which requires
that newly synthesized ECM constituents must have the same mechanical properties as
the degraded ones. Thus, proper regulation of ECM turnover is essential to maintain
tissue form and function.

On the other hand, cell behavior is influenced by ECM constituents, organization,
and mechanical properties. As mentioned previously, ECM stiffness can have significant

effects on cell differentiation, migration, and survival. In fact, cell-matrix interactions
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are vital for adherent cells as they need to be anchored to the ECM or otherwise undergo
anoikis, a form of programmed cell death that occurs when cell-matrix interactions are
disrupted [44]. Moreover, forces in the ECM, transmitted to the cell via attachments
to the ECM, can result in changes in cell behavior, often indicated by altered gene
expression. For example, cyclic stretching of cell-seeded tissue equivalents has been
shown to affect expression levels of collagens, MMPs, and signaling molecules, such as
transforming growth factor-/5 [51]. However, this is dependent on the cell type as well
as the applied strain magnitude and frequency.

To understand better how ECM composition, structure, and mechanical properties
affect cell behavior or vice versa, how cell behavior affects ECM properties, experiments
with cell-seeded tissue equivalents have proven useful. They represent a simple model
system of native tissue but remove a lot of complexity and are easier to modulate.
Controlled mechanical testing of these simpler model systems can help to get a better
understanding of the reciprocal nature of cell-matrix interactions, including underlying
mechanisms of mechanotransduction. It is important to precisely quantify and compare
cellular adaptations in response to various external loading and boundary conditions,
particularly to physiologically relevant conditions. This typically excludes uniaxial

testing as most tissues in vivo are subjected to multiaxial loading.

4.2 Limitations of mechanical testing devices for cell-

seeded tissue equivalents

To study how cells react to mechanical stimuli, different experimental devices and
approaches have been developed in the past decades. For example, the FlexCell device
provides a relatively simple 2D culture system in which a monolayer of cells grown on
an elastic membrane can be stretched by applying a vacuum. Possible dynamic loading
conditions include uniaxial as well as equibiaxial stretching. This device has been used
successfully in a variety of studies, for example, examining inflammatory or fibrotic
responses to mechanical strain |2, 156]. However, the FlexCell device has several
limitations. First, it is a 2D culture system, and as mentioned in previous chapters,
cell behavior can be significantly different in 2D and 3D, which is the predominant
environment for cells in vivo |21, 28, 150|. Second, it does not permit the application
of non-equibiaxial or strip-biaxial loading, which is often what cells experience in the
body. Third, the device is not able to measure the cell-generated forces, which is

required to study phenomena such as tensional homeostasis.
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To resolve the first limitation and study cell-matrix interactions in three-dimensional
environments, including cellular behavior in response to mechanical perturbations,
so-called tissue equivalents, introduced in the late 1970s [11], can be used. They
represent a simplified version of the highly complex extracellular matrix by reducing
the myriad constituents usually present in the ECM to a single fibrillar protein, such
as collagen or fibrin, thereby omitting confounding factors. Collagen-based tissue
equivalents (also called hydrogels due to a high content of bound water) are most
common as collagen is the predominant structural protein in mammals.

Initially, unconstrained and free-floating gels were used to study how cells compact
and remodel the ECM [11, 120]. Later studies introduced more capable devices (or
bioreactors) that were able to subject the gels — often rectangular or ring-shaped — to
static or dynamic (uniaxial) strains [14, 133]. Some of these devices could also measure
the cell-generated forces and mechanical adaptations in response to externally applied
loads. This led to the seminal discovery that cells tend to maintain and restore a
preferred mechanical state even when subjected to external mechanical perturbations,
which was termed tensional homeostasis [14].

Despite the significant insights gained through these experiments, the devices were
not able to subject the tissue equivalents to realistic biaxial loads and boundary
conditions. Further developments were necessary to introduce biaxial bioreactors that
allowed to mimic in vivo conditions more closely. For example, Hu et al. [58] used a
custom biaxial bioreactor based on [62] to study the effects of static equibiaxial and
strip-biaxial loading on the mechanical properties of tissue equivalents. Lee et al. [87]
performed similar investigations but with dynamic cyclic equibiaxial loading. Other
studies focused on the influence of stretch on fiber and cell alignment [19, 49] or tried
to enhance the mechanical properties of tissue-engineered constructs [99, 115, 118].
However, only few studies report forces cells establish and maintain in collagen-based
tissue equivalents under dynamic loading. Additionally, most previous studies focused
on uniaxial studies, even though most soft tissues are subjected to multiaxial loading

m VIo.

4.3 Summary and contribution of paper B

To address the limitations mentioned above, we used a previously developed biaxial
bioreactor that can measure cell-generated forces while subjecting the tissue equivalents
to various static or dynamic loading conditions [31]. These conditions include uniaxial,

equibiaxial, non-equibiaxial, and strip-biaxial stretching (Fig. 4.1).
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Figure 4.1 Schematic illustration of possible experimental setups using the bioreactor
described in [31]. In particular, the biaxial experiments are relevant since most tissues in vivo
are subjected to multiaxial loading conditions.

To mimic n vivo loading conditions, especially the latter three conditions are
relevant. For instance, strip-biaxial loading is characterized by holding the sample at
a constant overall stretch along one axis while cyclically stretching in the orthogonal
axis. This represents a highly physiologically relevant loading condition as, for example,
vascular SMCs of the aorta are subjected to cyclic stretching in the circumferential
direction, while there is little to no axial stretch during a cardiac cycle [7].

In this study, primary aortic SMCs were isolated from the descending thoracic
aorta, suprarenal abdominal aorta, and infrarenal abdominal aorta of mice. After
culturing under standard cell culture conditions, the cells were embedded in collagen
gels and tested using our custom bioreactor. Different loading protocols were used to
(1) assess the effects of increased equibiaxial loading amplitudes and (2) examine the
effects of different boundary conditions (strip- vs. equibiaxial) while keeping the stretch
amplitude the same. All loading protocols consisted of the same three phases: (i) a
15-hour initialization phase to allow cells to attach to the collagen matrix and establish
preferred forces, (ii) a quasi-static force-extension test, (iii) seven hours of cyclic loading
(either equibiaxial or strip-biaxial stretching). Phases (ii) and (iii) formed an interval
that was repeated seven times, resulting in a total duration of the experiment of
approximately 66 hours.

The results suggest that the mechanical adaptation of the cells was largely inde-
pendent of the applied loading and boundary conditions. This was shown by nearly
identical mean steady-state forces during all cyclic loading intervals regardless of loading
amplitude (equibiaxial 5% vs. 10%) and boundary condition (equi- vs. strip-biaxial
at 5%). These results align with previous experiments on ring-shaped tissue equiva-
lents [142], and the authors hypothesized that cells adapt the stiffness of their actin
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cytoskeleton to maintain a preferred range of stresses. Recent experiments by Walker
et al. [134] confirmed this hypothesis by inhibiting cytoskeletal remodeling of the actin
cytoskeleton, which abolished the ability of cells to adjust their stiffness and hence
maintain a preferred mechanical load.

Moreover, stiffness-force plots from the force-extensions tests showed a remarkable
similarity for all loading conditions for the forces the cells adapted to. This could
suggest that cells not only try to maintain a preferred force or stress but also a preferred
stiffness-force relationship. However, further experiments are necessary to explore and
validate this hypothesis and find the direction of influence.

In summary, the study showed that vascular SMCs can establish and maintain a
preferred mechanical state under dynamic biaxial loading regardless of external strains
of up to 10%. Overall, the study highlighted the important role of force, stress, or
tension in regulating cell behavior and is consistent with prior studies [74, 75, 88]. This
was the first quantification and comparison of diverse types of cyclic loading of vascular
SMC-seeded tissue equivalents, particularly using in vivo relevant conditions having

implications on multiaxial tensional homeostasis.

4.4 Future perspectives

Cell types and knockouts To examine if the observed behavior is specific to
vascular SMCs or a generic mechanical homeostatic process, additional cell types, such
as adventitial aortic fibroblasts, could be tested. Moreover, to probe the underlying
subcellular or molecular mechanisms of the observed behavior, cells with genetic defects
in mechanosensory proteins, such as in the focal adhesions complex (cf. section 2.2.3),

could be tested and potentially provide valuable insights.

Histology and gene expression Adding histological analysis could prove helpful
in studying effects such as cell or fiber (re-)alignment and provide deeper insight into
micromechanical changes, potentially relevant for computational modeling. A more
involved addition would be to examine gene expression (via qPCR or gene sequencing)
under the different loading conditions, which could provide valuable insights into
subcellular processes and signaling pathways responsible for the observed behaviors.
For example, specific contractile proteins might be differentially regulated under
different loading amplitudes, potentially even showing spatial differences (for example,

static vs. cycled arms in strip-biaxial experiments).






Chapter 5

Multiscale model of soft tissue growth

and remodeling

This chapter is based on Paukner et al. [106] licensed under a Creative Commons

Attribution 4.0 International License (https://creativecommons.org/licenses/by/4.0/).

5.1 Introduction

Given the complexity of soft tissue growth and remodeling and the associated experimen-
tal difficulties, computational modeling is indispensable to increase the understanding
of the underlying mechanisms. Besides facilitating systematic hypothesis testing, these
models can be used to predict tissue adaptation under various conditions.

For example, Taber and Humphrey [125] have shown that for arteries, growth
correlates better with stress than with strain, leading to the often used hypothesis that
arterial growth is stress-regulated [8, 57, 80|, and in particular, regulated by deviations
of stress from a preferred setpoint [65]. Note, though, that while stress is a convenient
metric for modeling purposes, it remains unclear which quantity serves as a target
variable for mechanical homeostasis, thereby driving G&R [33].

These models have also been used to study disease progression. For example, the
evolution of cerebral [8] or aortic aneurysms [83, 89, 144|, which are local dilatations of
a blood vessel and can lead to fatal consequences due to rupture or dissection. Other
examples include vascular aging [131], hypertension [84, 85], or thrombus formation [25].
The latter can, among other conditions, lead to myocardial infarction or pulmonary
embolism.

In addition to hypothesis testing and modeling disease progression, these models

allow researchers to optimize artificially engineered tissue in a cost- and time-effective
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way. For example, they have been used to optimize the (mechanical) properties of
tissue-engineered vascular grafts (TEVGs) [97, 124], while others have highlighted the
critical role of the immune response during vascular graft degradation [123].
Importantly, those modeling approaches are not limited to the vasculature but can
also be used to gain insight into adaptation processes of cardiac tissue [46, 102], pattern
formation in the brain [55], or skin mechanics [126]. Computational modeling, as a
general tool in biomechanics and mechanobiology, can thus help better understand
how changes in the mechanical environment affect tissue adaptation and potentially
lead to the development of new therapeutic strategies or assist in developing artificial

tissue constructs.

5.2 Missing inter- and intracellular signaling in cur-
rent G&R models

Two major theoretical frameworks have been developed in the past decades to model
the adaptation of soft tissues in response to changes in their mechanical environment.
The first is the kinematic growth model developed by Rodriguez et al. [114], which
shares similarities with mathematical models of plasticity and viscoelasticity. This
theory is based on a multiplicative split of the total deformation gradient at G&R time

s into an elastic part and an inelastic growth part,
F(s) = F.(s)F,(s). (5.1)

F, deforms the stress-free reference configuration to an intermediate configuration,
also stress-free but generally geometrically incompatible. The subsequent elastic
deformation F, maps the intermediate configuration to the current configuration,
which is geometrically compatible and in mechanical equilibrium. To compute the
elastic part of the deformation, a mechanobiological constitutive equation for F, is
required since the total deformation F is known. Different approaches exist to define an
appropriate constitutive equation, for example, via the definition of a linear evolution
equation for Fg or via directly specifying an equation for F,. Regardless of the approach,
the constitutive equation must fulfill the assumption that no growth takes place in the
homeostatic state. The advantage of the kinematic growth model is its mathematical
simplicity, which allows an efficient computational implementation. However, the
model cannot accommodate different constituents with different natural stress-free

configurations and growth characteristics. In addition to focusing on growth (changes
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in tissue mass) and not remodeling (changes in tissue microstructure), the model is
mainly focused on the consequences of G&R and not on biological or micromechanical
processes.

The second framework is the constrained mixture theory developed by Humphrey
and Rajagopal [59]. Here, an infinitesimal volume element is assumed to consist of
n structurally significant constituents such as elastin, collagen, and smooth muscle.
The key assumption is that all constituents (i € {1,2,...,n}) experience the same total
deformation F with respect to a reference configuration — they are constrained to
deform together.

During growth and remodeling, different individual mass increments of each con-

stituent ¢ can be deposited at times 7 > 0 with an elastic prestretch F;(Q with respect

to a fictitious stress-free natural configuration K™ Importantly, while the total defor-
mation gradient F is the same for all volume elements, the elastic and inelastic parts
vary for each constituent. Thus, the current elastic part of the deformation gradient of
constituent ¢ at time s, which was deposited at time 7, is then given by

Fé(s, T) = F(s)F(T)_lFi(T) (5.2)

pre

with F(s) the deformation gradient of the whole mixture, F(7) the deformation gradient
of the mixture at deposition time 7, and F;(,Te) the above described prestretch. Note
that F;(fe) is often assumed to be constant, i.e., independent of deposition time 7.
Since the deposited mass increments have finite half-lives, they degrade over time,
affecting the mass density p{(s) of constituent ¢ at time s. The mass density of

constituent ¢ per unit reference volume is then given by
i) = AOQ () + [ by (s 7)dr (5.9
0

where p{(0) is the intial density of consitituent i and @Q'(s) its remaining fraction
at time s. The true (local) mass production rate at time 7 is given by pf, (7) and
q'(s,7) € [0,1] represents the fraction of the mass deposited at time 7 that survives
at time s. The mass density of the entire mixture is the sum of the individual mass
densities, po(s) = > pi(s). Similarly, the strain energy of the mixture is given by the
sum of the individual strain energies, W(s) = > Wi(s), where the individual strain

energy of constituent ¢ is given by

S

T'(s) ZpB(O)Q"(S)Wi(Fi(S,O))Jr/O P+ (T)d' (5, )W (F(s,7))dr (5.4)
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with W the strain energy per unit reference mass of constituent 4, which is a function of
the elastic part of the deformation gradient F%(s, 7). To close the system of equations,
constitutive equations for the mass production, pf, (7), and removal, ¢'(s, 7), need to
be defined.

While the constrained mixture theory is based on realistic micromechanical processes
of G&R — the continuous production and removal of constituents in potentially different
stressed configurations — its mathematical theory is complex, and simulations are
computationally expensive since a large number of evolving natural configurations have
to be tracked for each constituent.

To overcome this complexity, Cyron et al. [22] introduced the homogenized con-
strained mixture model, which combines the efficiency and simplicity of the kinematic
growth model with the micromechanical foundations of the constrained mixture model.
The key idea is to replace computationally expensive evaluations of history integrals,
such as in equation (5.4), with a temporal homogenization over all mass increments
deposited at different times 7. In this way, the effect of growth and remodeling can be
represented by an averaged inelastic deformation gradient Fgr(s) that is independent
of the deposition time 7 of individual mass increments of constituent i. The elastic

part of the deformation gradient for constituent 7 is then given by
Fi(s) = F(s)F,,(s)"" = F(s)Fy(s) ' F,(s)" (5.5)

where Fy(s) captures the inelastic change of geometry due to growth of all constituents
together (change of tissue mass), and F%(s) captures the inelastic part of the deformation
gradient resulting from remodeling due to mass turnover of each constituent i. Both
F, and F! have to be defined via evolution equations.

Regardless of using the original constrained mixture model or the homogenized
version, both rely on constitutive equations to determine growth. Mass production is
often defined based on an average deviation of a scalarized metric of the Cauchy stress

from a preferred state oy,

iy Po(s) o'(s) — o},
p0+(5) = T 1 + koT (56)
with 7% a characteristic decay time of constituent i, and k, a dimensionless gain
parameter. Note though that other definitions of pf, (s) are possible.

While this definition allows a simple and efficient implementation to simulate tissue

adaptation, it does not allow detailed studies of subcellular processes. Especially the
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macroscopic consequences of disturbed intracellular signal processing are difficult to
include in this case since it might not be apparent a priori how disrupted cell signaling
affects the gain parameter.

In recent years, numerous intracellular signaling pathways have been identified
as mechanosensitive and potentially affecting growth and remodeling. Additionally,
(biochemical) cell-cell communication, which can play a significant role in tissue
homeostasis and disease, for example, in the case of inflammation, has been studied in
more detail. These studies greatly benefited from recent advancements in generating
and analyzing ’omics’ data, such as proteomics and transcriptomics, resulting in vast
amounts of data giving insight into subcellular processes.

Thus, there has been an increased interest in more mechanistic models that focus
on cells (including intracellular signaling and cell-cell communication) as the main
mediators of tissue growth and remodeling. Both of these aspects are important if one
seeks to understand the complex multiscale nature of mechanobiological adaptation

processes in health and disease.

5.3 Summary and contribution of paper C

Building on previous works of Irons et al. [71] and Marino et al. [91], a homogenized con-
strained mixture model of soft tissue growth and remodeling that includes intracellular
signaling as well as biochemical cell-cell communication was developed.

Instead of using a phenomenological gain parameter in equation (5.6), the output
of a cell signaling model governs growth. This intracellular signaling model is based
on a logic-gated system of ordinary differential equations (ODEs) that represent
the biochemical reactions that occur within the cell during signal processing. The
underlying framework has been introduced by Kraeutler et al. [79] and, despite its
simplicity compared to other modeling approaches, showed remarkable results in various
studies [48, 155].

The model can accommodate several cell types, each with their own intracellular
signaling pathways. In combination with standard reaction-diffusion equations, this
allows biochemical cell-cell communication via autocrine or paracrine signaling. This
is achieved through the secretion of different signaling molecules (again regulated
by the output of intracellular signaling pathways) by the cell types included in the
simulation, which subsequently diffuse through the tissue to reach their target cells.

This approach also allows the addition of external substances, such as possible time-
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Figure 5.1 Schematic illustration of the multiscale model. Key mediators of the tissue
adaptation process are the intramural cells, which are represented by the cell signaling model.
The current mechanical state, e.g., transmural stresses, and current concentrations of signaling
molecules, serve as input to the intracellular signaling network. Solving the cell signaling model
leads to updated mass turnover and secretion rates, which affect the tissue-level mechanical
model and the reaction-diffusion model, which capture cell-cell communication.

dependent pharmacological treatments or endocrine signals. The coupled multiscale
model is schematically illustrated in Fig. 5.1.

Using the model, it could be shown that the presence of exogenous angiotensin I1
(AnglI), a hormone involved in blood pressure regulation [95], does affect the time course
of tissue adaptation by increasing collagen turnover. Additionally, including the effects
of biochemical cell-cell communication between endothelial cells (responding to changes
in wall shear stress) and intramural cells (SMCs and fibroblasts) can significantly
influence the outcome of the G&R process. Importantly, homogenized constrained
mixture models have so far neglected the influence of wall shear stress-mediated growth
and remodeling.

While these results are promising, the simulations showed long-term instabilities
when there was rapid growth, occurring when parameter values representing the
sensitivity to changes in stress were large. Notably, these instabilities were not limited
to the newly introduced coupled model but also appeared in the standard version of the
homogenized constrained mixture model. The reasons for the instabilities are unclear

and could indicate missing assumptions or mechanisms in the model. Interestingly,
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these instabilities could be resolved if diffusion of the intramural cells was included,
which could be interpreted as a form of cell migration. However, this lacks physiological

foundations.

5.4 Future perspectives

Genetic disorders and pharmacological treatments Very low sensitivities to
stress could be interpreted as a compromised (stress) receptor, potentially leading
to maladaptive adaptations in response to changes in the mechanical environment.
However, these kinds of defects, possibly caused by a genetic disorder, can show at
any node in the network. If the disturbed node leads to a maladaptive response might
not be immediately apparent since compensatory mechanisms, such as alternative
paths in the signaling networks, could still ensure homeostasis. These disturbances in
the network, often in the form of knockdowns/knockouts or overexpressions, can be
easily included in the logic-gated signaling pathways to probe potential compensatory
mechanisms.

Related to this kind of study might be the identification of potential pharmacological
targets to rescue maladaptive behavior caused by compromised intracellular signaling.
A separate network analysis could prove useful in quantifying or ranking the importance
of nodes, for example, by the number of connections (total, incoming, or outgoing).
The combination of theoretical network analysis and simulations could potentially help
identify possible targets, which might not necessarily be the affected node itself, that

could lead to a compensatory adaptive response.

Cell heterogeneity It is known that not all cells of the same type are identical, and
there is usually a certain degree of variation between cells. For example, the same cell
type can express different phenotypes to establish several distinct subpopulations, such
as synthetic or contractile SMCs. In other cases, only a certain percentage of a cell
population might be affected by a genetic disorder.

This kind of variation in cell behavior can be included in the model by creating
several signaling networks with different parameters for each subpopulation of interest.
The total pathway output for a given cell type is then computed as the outputs of
the individual cell signaling networks weighted by the relative contribution of the

subpopulation

Wi(s) = ij P(s), (5.7)
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with ¢’(s) being the total output of node 7 at time s, w; the weight of subpopulation
7, and w; (t) the output of node i of the signaling network of subpopulation j. Note
that the weights are constrained by Zf w; = 1 with k the number of subpopulations.
Currently, we assume a constant, relative distribution of the subpopulations. This is a
simplification that might not hold true in reality as it is possible that one subpopulation
might outgrow the others significantly, leading to a change in the relative distribution.
If this is the case, it would be more appropriate to model each subpopulation as an

individual constituent so that their mass densities can evolve independently.

Cellular networks The study presented the case of EC-intramural cell communica-
tion via nitric oxide and endothelin-1. However, there are many more potential cell
combinations that could be studied in the future. For example, inflammation has been
associated with hypertension, particularly mediated by the accumulation of immune
cells in the vasculature and even other organs |53, 54|. Using the proposed model could

help identify key mechanisms regulating the inflammatory response in soft tissues.
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Discussion

As described in chapter 2, mechanobiology is an inherently multiscale phenomenon.
The incomplete understanding of mechanobiological systems as a whole, such as
the reciprocal relationship of cells embedded in ECM, makes it difficult to translate
findings on the molecular or cell level directly to adaptations on the macroscopic tissue
scale. However, this is often the goal, for example, for tissue-engineered constructs.
This work investigated different aspects of mechanobiological systems to improve the
understanding of (emergent) system properties spanning multiple length and time scales
to explain experimental observations and provide insight into underlying mechanisms.
The projects ranged from cell migration in three-dimensional fiber networks to dynamic
biaxial testing of cell-seeded tissue equivalents to multiscale modeling of soft tissue
growth and remodeling. The following section reviews the results of these projects by

highlighting their importance and discussing limitations.

Cell migration — Paper A This study examined micromechanical mechanisms
underlying cell migration in realistic three-dimensional fiber networks characterized
by a multiscale mechanical behavior. The study was able to reproduce realistic cell
migration speeds observed experimentally as well as more complex phenomena such as
durotaxis. This was achieved by introducing a simple set of subcellular and molecular
mechanisms: (i) cell-matrix interactions based on catch bonds and (ii) a constant
contraction rate of the stress fibers connecting integrins to the cell nucleus.

During integrin-dependent migration, cell-matrix adhesions are essential for allowing
efficient cell movement. In particular, Doyle et al. 27| have shown that the local stiffness
perceived by an individual adhesion in combination with applied forces governs adhesion

stability. This observation could be key for interpreting the simulation results.



44 Discussion

For example, the results showed that after an initialization phase, the number of
bound integrins stabilized and reached a dynamic steady state, meaning there was a
constant turnover of integrins. This is an important finding since a balanced turnover
of adhesions is required to allow cell migration [52, 66, 137]. If adhesions are too stable,
the cell will not be able to detach from the matrix, whereas if adhesions are not stable
enough, the cell can not apply forces to the ECM to move the cell body. Interestingly,
we found that the steady state level of integrins depends on the contraction rate as well
as the fiber stiffness. This could result from the catch bond behavior where a higher
contraction rate or, similarly, a higher fiber stiffness leads to a more rapid loading of
the integrins, resulting in increased adhesion stability, thereby allowing more integrins
to bind. However, there might be an upper limit for both fiber stiffness and contraction
rate, which leads to a saturation behavior above which integrins are loaded too rapidly
and become unstable.

Additionally, the results revealed a biphasic relationship between fiber stiffness and
migration efficiency in terms of mean squared displacement. A similar observation
has been made by Bangasser et al. [9] in experiments on two-dimensional substrates.
Again, this could result from adhesion stability, where a specific combination of ECM
fiber stiffness and contraction rate leads to an optimal range of adhesion stability
(neither too stable nor too unstable), allowing more efficient migration. To verify this
hypothesis, future simulations could vary the integrin binding dynamics (particularly,
the force at which bond lifetime is maximal) to examine if that shifts the optimal fiber
stiffness or contraction rate to different values.

Compared to other three-dimensional models of cell migration |[77], the presented
model does not prescribe any specific mechanisms to drive cell polarization. Instead, the
simple set of mechanisms listed above is sufficient to recreate durotaxis, the tendency
of cells to migrate towards stiffer regions. In the model, durotaxis could arise due to
spatially varying adhesion stability. Integrins attached to stiffer fibers are loaded more
rapidly and are more stable, whereas integrins attached to softer substrates are less
stable and detach more easily. Effectively, this leads to cell movement towards the
stiffer region.

While the findings provide meaningful insights into which mechanical mechanisms
could explain cell migration in three-dimensional fiber networks, the study was limited
in the possible cell migration modes by focusing exclusively on integrin-mediated
migration. Furthermore, the study focused on cell migration in non-impeding networks,
i.e., networks of low fiber density and large pore sizes. In this case, migration is primarily

protease-independent, which means no matrix degradation via MMPs occurs. This
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limitation can be attributed to the computational challenges that would be introduced
by allowing the degradation of fibers, which are modeled as discrete finite beam
elements. Moreover, the focus on non-impeding networks also means that the physical
effects of the nucleus are neglected. However, the nucleus is often the limiting factor
due to its limited deformability [145] and regulates intracellular signaling processes and
morphology as well as influences the migration mode [151|. Additionally, due to the
focus on mechanical mechanisms, the study neglected biochemical signaling in general,
which influences focal adhesion (dis-)assembly and stability [66, 110] and cytoskeletal
contraction [127, 136].

In summary, the computational model successfully reproduced experimentally ob-
served cell migration speeds and more complex phenomena such as durotaxis. This
was achieved by combining a realistic micromechanical fiber network with two simple
assumptions of cell migration: cell-matrix adhesions based on catch bonds and cy-
toskeletal contraction. Taken together, the results suggest that adhesion stability plays
an essential role in regulating cell migration, including balanced adhesion turnover,

migration efficiency, and durotaxis.

Biaxial experiments — Paper B Using a previously developed biaxial bioreactor
[31], this study presents the first quantitative analysis of biaxial tensional homeostasis
in cell-seeded tissue equivalents under dynamic loading. Compared to previous experi-
ments, this study subjected the tissue equivalents to physiologically relevant loading
conditions while measuring cell-generated forces. These conditions included equi- as
well as strip-biaxial boundary conditions. While the former is characterized by equal
stretches along the primary directions, the latter is characterized by keeping one of the
primary axes at a constant length while the perpendicular axis is cyclically stretched.
Under idealized conditions, strip-biaxial loading leads to stresses but no strains in the
static axis, while the cycled axis experiences stresses and strains [62].

While idealized biaxial loading conditions are easy to analyze and interpret, the
stress and strain distributions in cruciform samples are much more complex, resulting
from a combination of uniaxial stress/strain states in the arms and more biaxial
stress/strain states towards the central region. This was revealed by finite element
simulations of cruciform acellular gels, which showed spatially nonuniform stress and
strain distributions, especially in the strip-biaxial case. This makes the interpretation
of the experimental results less straightforward, but nevertheless, spatially averaged
quantities of stress and strain along the two primary axes align with expected values

from idealized biaxial conditions and theoretical considerations. Despite this agreement
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of average quantities, cells likely respond to local stimuli, not global stress or strain
averages. Notwithstanding these caveats, the experimentally measured cell-generated
forces represent an integrated response of all the cells, that is, cells experiencing
different local stimuli. Thus, the integrated response is expected to reflect an average
of all cells over the entire experimental domain.

With these considerations in mind, a key cellular mechanism relevant for interpreting
the observations of this study could be the results by Wille et al. [142] and Walker
et al. [134]. Taken together, they suggest that stiffness adaptations of the cellular
cytoskeleton via rapid actin depolymerization play an important role in maintaining a
preferred range of forces independent of the applied dynamic stretch.

For example, in each of the seven cyclic loading intervals — separated by intermittent
force-extension tests — the cells were able to establish and maintain a preferred mechan-
ical state in terms of mean force. Interestingly, this was independent of the applied
loading and boundary conditions, which led to significantly different amplitudes. In
particular, for the strip-biaxial case this means that while the mean forces are similar
in both primary directions and comparable to the equibiaxial case, a differential adap-
tation of the cells to local stimuli along the two primary directions appears necessary
to establish the same forces. Overall, this aligns with the adaption process described
above and is similar to previous uniaxial experiments where dynamic loading with
different amplitudes led to similar steady-state forces [142].

Similar adaptations were observed during the force-extension tests, which revealed a
remarkable similarity in the stiffness-force relationship for all loading conditions. This
was valid for the force range the cells experienced during the previous cyclic loading
interval, whereas above this range, the similarity diminished. Importantly, this also
applied to the loading protocol with the highest cyclic amplitude, even though the
force-extension tests showed a decreased stiffness in this case.

In the cases where the stretch amplitude of the force-extension test was higher
than the amplitude of cyclic loading, the force-extension test also seemed to induce
an initial active cellular adaptation when cyclic loading resumed. Again, potentially
triggered by cellular stiffness adaptations in response to the higher forces experienced
during the force-extension test compared to the cyclic loading intervals.

In summary, the study showed that vascular SMCs embedded in collagen-based
tissue equivalents adapt to maintain a preferred range of biaxial forces independent
of the applied loading condition. This suggests a critical role of stress or force in

regulating the mechanical adaptation of vascular SMCs.
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Multiscale model — Paper C This project introduced a novel multiscale finite
element model of soft tissue growth and remodeling by combining the homogenized
constrained mixture model with intracellular signaling and biochemical cell-cell com-
munication.

Using the outputs from intracellular signaling networks in the equations governing
growth allows a more transparent study of how intracellular processes affect tissue
adaptation under various conditions. While the presented results should be considered
as a proof of concept, they show how the presence of exogenous Angll accelerates
collagen remodeling and leads to a different adaption over time. The signaling pathways
can also be used to study the effects of genetic disorders, the impact of which might
be challenging to include in a heuristic gain parameter a priori. Moreover, a genetic
disorder might not necessarily cause a maladaptive tissue response, as compensatory
mechanisms can still lead to proper adaptations. Indeed, this robustness could be
a desired feature of biological signaling networks, given their noisy environments.
Additionally, this could also explain why a unique parametrization of the signaling
networks is difficult to obtain and, at the same time, might not be necessary to permit
stable adaptations [70].

By including cell-cell communication between endothelial cells and intramural cells,
the effects of changes in wall shear stress on cell behavior could be included. This is the
first time these effects were included in the homogenized constrained mixture model.
Importantly, this also required the addition of appropriate boundary conditions based
on previous experimental and computational studies to obtain realistic distributions of
signaling molecules (in this case, nitric oxide and endothelin-1) in the vessel wall. While
this was an illustrative example of the potential of the model to account for biochemical
cell-cell communication, it can be extended to other cell types. For example, the
interaction of intramural cells and macrophages could also be modeled in a similar way.

Including cellular signaling networks offers a greater amount of detail but, at the
same time, increases the complexity of the model; instead of estimating a single gain
parameter per constituent, one needs to parameterize an entire system of equations.
However, the logic-gated system of ODEs used in this study showed remarkable results
even when default parameters were used. In many cases, finding parameter values for
the key parameters governing the system of equations (EC5, W, n) and the initial values
of the input nodes might be sufficient. To facilitate network creation, online databases
provide curated pathways that could be used as a starting point and further refined
to fit the specific needs of a study. Additionally, more sequencing data are becoming

available that could be used to generate or parameterize the signaling networks.
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An important observation was the instabilities when high sensitivities to stress were
used. Importantly, this was not limited to the coupled model but also observed in the
standard implementation of the homogenized constrained mixture model for large gain
parameters. In both cases, the instabilities were independent of the applied pressure
perturbations. Radially varying mass production rates, caused by transmural stress
gradients arising from the applied pressure perturbations, could potentially lead to
these instabilities.

Interestingly, when diffusion of cells was included, which could be interpreted
as cell migration and essentially smooths out transmural gradients, the simulations
remained stable. However, this lacks biological justification since radial migration of
cells has not been observed and is likely limited due to the elastic laminae in the aorta.
Different discretizations and time step sizes were tested to examine if the instabilities
were numerical, but the instabilities remained. Thus, the homogenized constrained
mixture model seems unable to homogenize transmural stress gradients over longer
simulation times. The underlying reason for this is unclear and could be inherent to the
model, due to accumulating numerical errors, or based on missing assumptions in the
theory. Transmural stress gradients and their homogenization have been studied in the
literature, and different mechanisms have been identified that influence these gradients.
These mechanisms range from radially varying material parameters to gradients in
proteoglycan concentrations to the bilayered structure of the aorta. Hence, there is a
need to examine and understand better the underlying cause of these instabilities in
the homogenized constrained mixture model.

In summary, the computational model can serve as an n silico tool to study how
disorders in intracellular signaling pathways and cell-cell communication affect tissue
adaptation in response to changes in mechanical loading. However, more work is needed

to examine the long-term instabilities.



Chapter 7
Conclusion

While covering various topics, the projects presented in this thesis share a common
theme: the importance of mechanics in regulating biological systems. As mentioned in
chapter 2, mechanobiology is an inherently multiscale discipline, and mechanobiological
processes can manifest at different length and time scales, adding a significant amount
of complexity. Hence, to address this complexity and to better understand underlying
mechanisms, dedicated computational models and experimental setups are necessary
to uncover the influence of the mechanical environment on biological processes across
various scales.

In particular, computational models that capture mechanisms as well as mani-
festations can be especially instructive. However, developing a unifying model that
captures all processes from the micro- to the macroscale in detail is often unfeasible.
Instead, specialized models that focus on selected mechanisms are necessary, with the
key challenge being to identify which mechanisms and assumptions to include. Here,
experimental data can prove invaluable to inform these modeling approaches. Similarly,
experimental studies can benefit from computational modeling to guide experimental
design and determine which experiments to focus on. This is especially important for
experiments that are time-consuming, expensive, or dangerous to perform. In fact,
computational modeling should go hand in hand with experimental studies and lead to
a continuous cycle of model refinement and subsequent experimental verification.

This thesis covered different aspects of this cycle of model development and experi-
mental data collection. By using available experimental measurements of the binding
and unbinding kinetics of cell-matrix adhesions, a computational model of cell migration
in realistic three-dimensional fiber networks was developed. The model contributed to
the understanding of mechanical mechanisms that can explain complex cell migration

phenomena in realistic environments, which might now be tested experimentally. In a
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similar manner, the novel multiscale model introduced intracellular signaling pathways
and cell-cell communication to inform G&R processes on the tissue scale. This can
help guide new experimental studies to explore how disorders in intracellular signal
processing manifest during macroscopic tissue adaptation. This model can potentially
be used as an in silico tool to develop new therapeutic strategies or improve the design
of artificial tissue constructs. The experimental study focused on cellular behavior on
the tissue scale under different biaxial loading and boundary conditions. The study
showed that tensional homeostasis is also observed under dynamic biaxial loading
and unaffected by different boundary conditions and strain amplitudes. It highlighted
the critical role of stresses and forces as regulators of cellular mechanical adaptation,

potentially providing valuable information for future modeling approaches.
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Abstract

Cell migration plays a vital role in numerous processes such as development, wound healing, or cancer. It is well known
that numerous complex mechanisms are involved in cell migration. However, so far it remains poorly understood what are
the key mechanisms required to produce the main characteristics of this behavior. The reason is a methodological one. In
experimental studies, specific factors and mechanisms can be promoted or inhibited. However, while doing so, there can
always be others in the background which play key roles but which have simply remained unattended so far. This makes it
very difficult to validate any hypothesis about a minimal set of factors and mechanisms required to produce cell migration. To
overcome this natural limitation of experimental studies, we developed a computational model where cells and extracellular
matrix fibers are represented by discrete mechanical objects on the micrometer scale. In this model, we had exact control of
the mechanisms by which cells and matrix fibers interacted with each other. This enabled us to identify the key mechanisms
required to produce physiologically realistic cell migration (including advanced phenomena such as durotaxis and a biphasic
relation between migration efficiency and matrix stiffness). We found that two main mechanisms are required to this end: a
catch-slip bond of individual integrins and cytoskeletal actin-myosin contraction. Notably, more advanced phenomena such
as cell polarization or details of mechanosensing were not necessary to qualitatively reproduce the main characteristics of
cell migration observed in experiments.

Keywords Tissue engineering - Computational modeling - Cell migration - Fibrous networks - Durotaxis

1 Introduction

Cells in living soft tissues are constantly interacting with
their surrounding extracellular matrix (ECM) to probe the
local mechanical microenvironment. These interactions are
known to regulate key processes ranging from biochemical
signaling pathways (Nakazawa et al. 2016; Wells 2008) to
morphology (Yeung et al. 2005; Ghibaudo et al. 2011) and
differentiation (Lee et al. 2013; Yang et al. 2016; Engler
et al. 2006). The local mechanical microenvironment also
has a tremendous influence on cell migration; it can, for
example, determine the mode (Yamada and Sixt 2019)
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and speed of migration (Wolf et al. 2013), which both play
important roles in numerous processes such as development
(Franz et al. 2002; Scarpa and Mayor 2016), wound healing
(Yue et al. 2010; Gonzalez et al. 2016), and cancer (Friedl
and Gilmour 2009; Tozluoglu et al. 2013; McKenzie et al.
2018).

Cell migration has been studied extensively in two dimen-
sions (reviewed for example in Parsons et al. (2010), Ridley

@ Springer



D. Paukner et al.

et al. (2003)), since it eliminates a lot of the complexity
that comes with three-dimensional fibrous scaffolds such
as porosity and microarchitecture (Yamada and Sixt 2019;
Cukierman et al. 2001; Charras and Sahai 2014). System-
atic studies of moving cells in three-dimensional fibrous
networks are challenging, as they require precise control
of the network architecture and properties (on the micro-
and macroscale). Similarly, the majority of computational
modeling has focused on 2D so far but more models for the
three-dimensional case have been developed in recent years.
For example, Moure and Gomez (2018) and Campbell and
Bagchi (2021) studied amoeboid migration and Kim et al.
(2018) studied adhesion mediated migration in 3D fiber
networks. These studies have significantly improved our
understanding of the processes underlying cell migration.
However, cells in vivo usually migrate in three-dimensional
fibrous tissues, and it is unclear whether findings from 2D
migration experiments and computational models can sim-
ply be translated to 3D.

Another important factor complicating experiments in 3D
is the discrepancy between bulk material behavior and local
micromechanical properties. Recent studies have pointed out
the importance of the local mechanical environment when
studying three-dimensional fibrous tissues or scaffolds by
showing that the local stiffness a cell perceives can be signif-
icantly different from the bulk mechanical properties of the
scaffold (Carey et al. 2012; Doyle et al. 2015; Domaschke
et al. 2019). For example, it is known that collagen fibers
or fibrils have a Young’s modulus on the order of 1 MPa
(Jansen et al. 2018), whereas fibrous collagen networks or
gels only have a Young’s modulus on the order of 1 Pa—1kPa
(Alcaraz et al. 2011; Miroshnikova et al. 2011; Joshi et al.
2018). Different local characteristics such as the mechani-
cal properties of fibers and their arrangement can lead to
the same bulk behavior (e.g., Doyle et al. (2015)), which
complicates the comparison of experimental results. Influ-
encing factors can be as simple as the source (and therefore
exact composition and structure) of the collagen; Wolf et al.
(2013) showed that gels made from bovine or rat-tail col-
lagen can lead to similar mechanical behavior during AFM
indentation testing (at the same collagen concentration), but
to very different pore sizes, which, according to their study,
is the rate limiting factor of cell migration in 3D.

In view of the aforementioned difficulties associated
with studying cell migration experimentally in three-dimen-
sional fibrous tissues, computational models that capture
the mechanical properties of fibrous networks both on the
macro- and microscale, can provide additional insights into
the fundamentals of cellular migration that are otherwise
difficult to assess.

In this paper, we use our previously introduced computa-
tional model for three-dimensional cell-matrix interactions
(Eichinger et al. 2021) to study cell migration in realistic,
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three-dimensional fibrous networks. These networks are
based on experimentally observed descriptors such as free
fiber length, valency, and fiber orientation correlation. They
capture the multiscale mechanical behavior of biologi-
cal hydrogels with fibers having a stiffness on the order of
MPa and the hydrogel itself a stiffness on the order of 1
Pa—1kPa. The study focuses on integrin-mediated mesen-
chymal (i.e., contractility-dependent) migration in non-con-
fining networks, i.e., networks with pore sizes larger than the
cell nucleus. Because of the large pore sizes and to reduce
computational costs, we do not include contact interactions
between the cell (nucleus) and the fibers. Additionally,
since protease activity only plays a minor role in this case
(Wolf et al. 2013), it is not included in the model. To further
reduce complexity, biochemical signaling is neglected, and
the model is reduced to the three key mechanical players
of migration: cellular contractility, focal adhesions, and the
transmembrane protein integrin, and the fibrous network. We
first validate our model against experimentally observed cell
migration speeds and their dependence on fiber stiffness and
different pharmacological treatments. By placing the cell
in networks with a gradient in stiffness, we identify the key
mechanisms sufficient to reproduce durotaxis, the migration
of a cell toward higher stiffnesses, in realistic three-dimen-
sional fibrous networks without any prior assumptions on
cell polarization making this a so far unique computational
model of cell migration in 3D including durotaxis.

2 Methods

To simulate cells and their interaction with surrounding
matrix fibers we use the computational framework described
in detail in Eichinger et al. (2021). In the following, we
briefly summarize its main characteristics.

2.1 Network generation

According to Davoodi Kermani et al. (2021), the mechani-
cal properties of collagen gels are mainly governed by
their valency, the free fiber length, and the orientation
distribution of the fibers. Using stochastic optimization,
we are able to match these key metrics to experimental
values and therefore are able to create realistic periodic
representative volume elements (RVEs) of fibrous collagen
networks. For more details on the stochastic optimization
algorithm, see appendix Al in Eichinger et al. (2021).
Since the individual fibers of the network experience
large deformations during the simulation, we use geomet-
rically exact nonlinear beam finite elements based on the
Simo—Reissner theory which are able to capture the most
important modes of deformation: axial tension, torsion,
bending, and shear. The collagen fibers in our networks
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are assumed to have a circular cross section with a fiber
radius of 90 nm (Van Der Rijt et al. 2006) and a fiber stiff-
ness E = 1.1 MPa (Jansen et al. 2018). Individual fibers
are connected to form a network by coupling translational
as well as rotational degrees of freedom. As was shown
in Fig. 5C in Eichinger et al. (2021), this computational
approach is able to capture the multiscale mechanics of
fibrous networks with individual fibers having stiffnesses
on the order of MPa, whereas the resulting macroscopic
networks have a stiffness in the range 1 Pa—1kPa. This
significant discrepancy between micro- and macroscale
is an essential characteristic of fibrous networks and was
shown experimentally (Doyle et al. 2015) and numerically
for electrospun scaffolds by Domaschke et al. (2019).

In this study, we focus on collagen networks that do not
impede migration, i.e., the pore sizes of the network are
approximately as large or larger than the cell nucleus. To
this end, we generate different kinds of networks which are
defined by the total fiber length per volume of the RVE,
i.e., line densities with units [pm"z]. First, we generate
homogeneous networks with a low and high line density
and a constant fiber radius of 90 nm which result in line
densities of 3.3 x 1072 pm™ and 4.9 X 102 pm2, respec-
tively. Second, we use these same networks but with a
linearly increasing fiber radius (with a an average radius
of 90 nm) along one coordinate direction to introduce a
stiffness gradient. Note that the resulting average collagen
concentration can be computed by multiplying the total
fiber length per volume with the cross-sectional area of the
fibers and dividing by the density of collagen (v, = 0.73
ml/g, Hulmes and Miller (1979)). Doing so, the low and

high line density correspond to networks with a collagen
concentration of 1.1 mg/ml and 1.7 mg/ml, respectively.

2.2 Cell-matrix interaction

Cells typically attach to the surrounding ECM through trans-
membrane proteins called integrins. These proteins cluster to
form more stable adhesion complexes called focal adhesions
which connect the intracellular cytoskeleton to extracellular
fibers and allow for a two-way feedback. The cell is able
to sense mechanical cues from its environment and at the
same time, it is able to apply forces to the attached fibers
via contraction of the cytoskeleton. To model these com-
plex interactions, we represent the cell center by a particle
which can connect to predefined binding spots (equidistantly
spaced with d,; = 50 nm (Selhuber-Unkel et al. 2010)) on
fibers by creating an elastic connection with a certain prob-
ability. This connection can form once a potential binding
spot enters a predefined range around the cell (particle) as
illustrated in Fig. 1a. The cell radius is assumed to be R = 10
pm and the binding range is defined as R + AR, with AR =3
pm. The resulting connections represent combinations of
contractile stress fibers (forming part of the cytoskeleton)
and focal adhesions consisting of several integrins (Fig. 1b).
Based on experimental results (Kong et al. 2009; Weng et al.
2016), we assume a catch-slip bond behavior for individual
integrins, i.e., the bond initially becomes more stable with
increased loading and once a certain force is exceeded, bond
stability decreases. We approximate the bond lifetime 7(F),
depending on the current force F in the bond, by the combi-
nation of two Gaussian functions (Fig. 1¢)

Potential ECM g Cell
<>binding spots“ fibers 1 nucleus *fibers

» Y Focal : ar
Cell adhesion
\ |
VR 3
i )
Stress fiber é’ 2}
k]
E,
Catch-slip CRE:
Binding ™~ . _ bonds  ___
Range Tkon | To | | |
Stress // Koy (Fi) 0 20 Foy 40 60

1 force [pN]

(a) (b)

Fig. 1 a Cell-matrix binding. Once an ECM fiber of the extracel-
lular matrix comes within a predefined binding range, a connection
between the cell nucleus and defined binding spots on the ECM fib-
ers can be formed through a stress fiber. b Focal adhesion model.
A focal adhesion can consist of up to 20 integrins which bind and
unbind individually according to a constant on-rate k,, (0.1 s7),

(c)

adjusted from Elosegui-Artola et al. (2016)) and a force—dependent
off-rate k (F). ¢ Average integrin lifetime. Experimental studies have
shown that single integrins show a catch-slip bond behavior (Kong
et al. 2009; Weng et al. 2016), i.e., the maximal average lifetime is
assumed for tensile binding forces greater than zero
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They are defined by the same mean value of F,, but have
different spreads ¢, and o,, where o, is prescribed, e.g.,
by fitting experimental data, and o, is computed such that
the average lifetime at zero force equals some 7,,. The
force—dependent off-rate k. (F) is then computed as the
inverse of the average bond lifetime at force F. This results
in a simple, generic model for catch-slip bonds with the four
parameters F,,, 65, T, and T}, which are easy to interpret
and identify from experimental data. For the following stud-
ies, we used F,, = 30 pN, 6, =9 pN, and T, = 3s which
is based on data from Kong et al. (2009) and Weng et al.
(2016) for the average lifetimes of bonds between fibronec-
tin and asf; integrins. Note that in order to avoid infinite
unbinding rates at zero force, 7, must be set to a value larger
than 0. Hence, and because of a lack of data from which 7,
could be concluded with sufficient certainty, we heuristically
choose a value of T, = 0.25s.

Cell contractility is included by allowing existing cell-
ECM connections to contract at a constant rate of ¢ = 0.1
pm/s (Choquet et al. 1997; Moore et al. 2010), naturally
limiting the maximum lifetime of a bond which dissolves
with increase in probability as the applied load increases.
Additionally, we assume that stress fiber cannot contract
to a length of less than half the cell radius. Note though
that this cutoff is mostly irrelevant since most stress fibers
never reach this length since the associated bonds rupture
first.

The stress fibers themselves are modeled as elastic springs
with a stiffness kg which we assume to be 1 kPa (Gavara
and Chadwick 2016). Once a stress fiber has formed, it con-
tracts with the rate ¢, thereby creating a tensile force Fp,

Fgp = kg - Ax @)

with Ax the length contraction of a stress fiber since its for-
mation. Note that the force points in the direction of the fiber
in space. It acts on the cell nucleus (represented by a particle
as described above) and the focal adhesion and hence the
integrins in that adhesion. The force in an individual inte-
grin, F; is thus

Fp
Fi= 3
i bound
where 7,4, 15 the number of currently bound integrins

in the focal adhesion associated with the stress fiber. The
probability of an integrin unbinding is governed by its load
F;. The unbinding of the integrins is modeled as a Poisson
process yielding an unbinding probability of
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1
Dot = 1 —exp <—m : Af) “4)

where T(F;) is computed based on Eq. (1). Note that addi-
tional integrins can also bind during that time (further sta-
bilizing the adhesion) with the probability

Pon = 1 —exp (—kon . At). (®)]

In case all integrins of an adhesion happen to have been dis-
solved, the entire focal adhesion is dissolved and the stress
fiber removed. However, it can form again in the next time
steps. The equation of motion of the cell center is the bal-
ance between the forces of the stress fibers and a viscous
drag force Edmg impeding the motion of the cell through the

surrounding liquid-filled space:

N
Edrag + Z ESF,j = g (6)
J

Here, Edrag = —y -y With y the friction coefficient of a

sphere in a liquid with viscosity # based on Stokes Law and
L the velocity of the cell (center). In our case, we assumed
y = 6znR_; and the viscosity of water n = 1 mPa-s.

The combination of contractility and force—dependent
unbinding of individual integrins, which are clustered in
focal adhesions, allows our model to realistically capture
the distinct lifetimes of integrins (on the order of seconds)
and focal adhesions (on the order of minutes). All our simu-
lations were performed using periodic boundary conditions
for the RVE (edge length 50 pm) and the entire computa-
tional framework was implemented in BACI (BACI 2021),
an in-house finite element code. For more details on the
periodic boundary conditions, see appendix A2 in Eichinger
et al. (2021). The simulation parameters are summarized in
Table 1 in the Appendix.

2.3 Quantitative characteristics of cell motion

Cells are to some extent comparable to random walkers,
not moving always monotonously into a specific direc-
tion but changing their direction (or even reversing it)
over time. Such a random walk-like motion can be char-
acterized in particular by two quantities: on the one hand
the velocity of the cells in the three-dimensional space
(migration speed), on the other hand by the distance the
cells can effectively cover in a given time, which can be
characterized by the so-called mean-square displacement
(MSD). In case of deterministic motions, both is directly
proportional, that is, twice the speed leads to twice the
distance covered in a specific period (and thus four times
the mean-square displacement). By contrast, for a ran-
dom motion the relation is more complex. For example,
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a random walker may move through the space at a very
high velocity. However, if that random walker frequently
changes or even reverses the direction of motion, it may
for a relatively long time remain in the same neighborhood
without moving to a truly distant location.

To determine the migration speed, the position x of the
particle representing the cell center was extracted from the
raw data at (simulated) time intervals of At = 60 s over a
total simulated time of #,,, = 3600 s. The displacement
between two consecutive data points was computed, which
yield the migration speed when dividing by the time interval
(i.e., 1 min).

The MSD (r%(r)) achieved by cell migration over a time
interval 7 was computed as

N‘[
(r(0)) = % ;(x(im +7) — X(IAN)*. 7
Here, N, = (t,,,, — 7)/At is the maximal number of simu-

lated points in time from which data for the computation
of the time average defining the MSD can be harvested for
a given 7. To see this, consider, for example 7 = 600 s. In
that case, the first 50 simulated points in time can be used
to compute (r*(z)). Because for the associated positions
x(0), x(60 5),x(120 5), ..., x(3000 5) one has related positions
x(600 s5), x(660 s), x(720 ), ..., (3600 5) available in the sim-
ulation data to compute (7). By contrast, a position x(3060s)
or a position at any later point in time, the associated posi-
tion required to evaluate the MSD for 7 = 600 s would be
at time 3660 s or later and thus outside the simulated time
interval.

2.4 Computational cost

The computational cost varies with collagen concentration,
i.e., the number of fibers and thus finite elements used in
the simulation. For example, using a collagen concentra-
tion of 1.7 mg/ml, there are approximately 2200 elements
in the simulation domain. The average runtime of a simula-
tion with baseline parameters is approximately 36 to 48 h
on 16 cores (Intel Xeon Platinum 8160). For more details
on the computational implementation, see appendix A3 in
Eichinger et al. (2021).

2.5 Statistical methods

All simulations were performed with five randomly gener-
ated networks (see respective figure captions and legends
for specific details). Unless stated otherwise, all data is pre-
sented as the average or average (+) standard error of the
mean (SEM) of these simulations.

3 Results
3.1 Model validation

To validate our model and find its limitations, we first com-
pared it to various experimental results. We focused on the
speed of migration, a metric that is most often reported in
(three-dimensional) experimental cell migration studies. Our
studies were performed in homogeneous networks with a
line density of 4.9 X 10~2 pm™? corresponding to a collagen
concentration of around 1.7 mg/ml.

3.1.1 Migration speed

Reported values of migration speeds in three-dimensional
fibrous network experiments are between 0.1 and 10 pm /
min (Wolf et al. 2013; Doyle et al. 2015). As can be seen in
Fig. 2a, the average migration speed in our simulations (on
the order of 1 pm /min) using baseline parameters moti-
vated by experimental data are within the experimentally
reported values, especially those of HT1080 and HFF cells.
It is important to note that the migration speed is highly
cell-type- and substrate-specific. Neutrophils, for example,
are reported to migrate with a velocity of 5 — 10 pm /min
(Wolf et al. 2013), whereas HT1080 cells or HFFs migrate
at a speed of around 0.5 pm /min (Doyle et al. 2021). Note
that in order to remove any effects of the initialization phase
(such as increasing numbers of integrins), we only plot the
average speed in the last 30 min in Fig. 2b where migration
reached a relatively steady state.

3.1.2 Cellular contractility

Through pharmacological treatment, the contractility of
cells can be modified. For example, Doyle et al. (2015) and
Doyle et al. (2021) used blebbistatin, a myosin II inhibi-
tor, to partially disrupt the contractile apparatus of the cell
depending on the dosage. We mimicked the influence of the
drug by reducing the contraction rate of the stress fibers
and observed a similar qualitative decrease in the resulting
migration speeds (Fig. 2b).

3.1.3 Varying fiber stiffness

Systematically varying single parameters in a collagen net-
work is challenging in experiments. For example, in Doyle
et al. (2015) collagen gels were polymerized at different
temperatures. Lower temperatures led to thicker fibers and
fiber bundles. However, also the porosity of the gel, which
significantly influences migration in 3D (Wolf et al. 2013;
Doyle et al. 2015), was found to be temperature-dependent.

@ Springer



D. Paukner et al.

3 T
¢=0.05pum/s
25 | ¢=0.1pum/s
¢=0.15um/s
T ol ¢=0.2um/s
£
£
=15 +
°
3
51
3 / \
©
©05 NS
0 L L
0 20 40 60

time [min]

(a)

1.5

£ 1t
£

€

=

e}

®
%0.5
©

(3]

005 01 015 0.2
¢ [pm/s]

(b)

Fig.2 Average migration speeds for varying contraction rates ¢ in collagen networks with a line density of 4.9 X 10~2 um™. a Simulated migra-
tion speed over the range of one hour (N = 5) b Migration speed during the last 30 min of the simulated time (N = 5, mean)

This example illustrates the difficulties associated with
controlling specific mechanical characteristics of biologi-
cal fiber networks. To overcome this limitation, alternative
techniques such as nonelectrospinning (Nain et al. 2009)
were developed. Using this technique, Meehan and Nain
(2014) and Sheets et al. (2013) placed cells on synthetic fib-
ers and demonstrated that the migration speed is negatively
correlated with structural stiffness. It is important to note
though that in these experiments, cells migrated along a sin-
gle suspended fiber which limits the general transferability
to three-dimensional networks.

However, since experimental data of the influence of
fiber stiffness in three dimensions (without changing other
network parameters) is lacking, and because (Doyle et al.

3 ;
—02xE
25 1xE
5x E
—10 x E
2| =l

cell speed [pm/min]

0 20 40 60
time [min]

(a)

2009) found that cell migration in three dimensions has
more in common with migration in one dimension than
with migration on two-dimensional substrates, we used the
aforementioned studies for a qualitative comparison. They
found, for example, that migration on micropatterned 1D
substrates and in 3D matrices was dependent on cytoskel-
etal contraction, whereas 2D migration speed was largely
unaffected by a blebbistatin treatment which disrupts the
cytoskeleton. The similarity of 1D and 3D migration might
arise because migration in 3D is mainly governed by one-
dimensional topological cues, the thin fibers making up the
network. Based on this, we found a similar trend of decreas-
ing migration speed with increase in stiffness in our simula-
tions, see Fig. 3a and b, respectively. However, we would

1.5

05 f

cell speed [um/min]

0.2 xE 1xE
fiber stiffness

(b)

5xE 10 xE

Fig.3 Migration speeds for different fiber stiffnesses (multiples of baseline fiber stiffness £ = 1.1 MPa). a Migration speed during the entire
simulation. b Average migration speed during the last 30 min of the simulation (N = 5, mean)
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like to emphasize that this comparison is solely intended
to get an idea of how migration in 3D matrices could be
affected by changes in fiber stiffness because of the lack of
experimental data for 3D experiments with varying fiber
stiffnesses. As mentioned in section 3.1.1, for Fig. 3b we
only plot the average speed in the last 30 min to remove any
effects of the initialization phase.

3.2 Integrin turnover

Figure 4 presents the number of bound integrins over time.
This number stabilizes after an initial rapid increase. The
steady state level is influenced by the collagen concentration
(Fig. 4a), the contraction rate (Fig. 4b), and the fiber stiff-
ness (Fig. 4c). Interestingly, the number of integrins seems
to be insensitive to increases of the contraction rate above
0.1 um/s.

3.3 Biphasic mean-squared displacement

Cells placed on two-dimensional substrates of varying
stiffnesses have been shown to migrate most effectively
on substrates of intermediate stiffness, suggesting a bipha-
sic relationship between the stiffness of the substrate and
the mean-squared displacement (Bangasser et al. 2017).
The MSD can be interpreted as a measure of how effec-
tively a random walker, in this case the cell, can explore
its surroundings.

To see if we can reproduce this effect in our model, we
varied the fiber stiffness at a constant contraction rate.
Migration after an initialization phase of 20 min is shown
in Fig. 5a. Apparently, also our model produces maximal
migration rates at intermediate stiffnesses in agreement
with the experimental observations of Bangasser et al.
(2017).
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Fig.4 Average number of integrins (N = 5 per condition) for varying
a line densities (contraction rate ¢ = 0.1 pm/s, fiber stiffness £ = 1.1
MPa), b contraction rates (line density of 4.9 x 1072 um’z, fiber stiff-
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ness E = 1.1 MPa, and c fiber stiffnesses (line density of 4.9 x 1072
pm’z, contraction rate 0.1 pm/s)
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Fig.5 Average mean-squared displacement (= SEM) during the last
40 min (N = 5, line density of 4.9 X 10~ um2): a different fiber stiff-
nesses (E = 1.1 MPa) at constant contraction rate ¢ = 0.1 pm/s; b
different contraction rates at constant fiber stiffness £ = 1.1 MPa; ¢
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different contraction rates at increased constant fiber stiffness 5 X E.
Note that in this case, the contraction rates were adjusted such that
the product of contraction rate and fiber stiffness remains constant
compared to (b)
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In a further set of simulations, we studied the effect of
varying contraction rates at constant fiber stiffness, Fig. 5
b and c, respectively. For an intermediate fiber stiffness of
E = 1.1 MPa (Fig. 5b), we found a biphasic relationship
between MSD and contraction rate suggesting that in this
regime, cells can increase their migration rate by adjust-
ing their contraction rate (in this case to approximately 0.15
pm/s). Remarkably, increasing the fiber stiffness by a fac-
tor of 5 and adjusting the contraction in such a way that
the product of fiber stiffness and contraction rate remained
constant compared to the simulations in Fig. 5b, resulted in
a biphasic relationship again, albeit less pronounced (5c¢).

3.4 Durotaxis in three-dimensional fiber networks

To study the phenomenon of durotaxis—the preference of
cells to migrate toward higher stiffnesses on or in substrates
with stiffness gradients—we use exactly the same networks
as in the previous sections but introduce a constant gradi-
ent of the fiber radius along the x-axis of the simulation
domain (Fig. 6). All other parameters of the network are kept
constant (e.g., line density, network architecture, number of
binding spots on the fibers, etc.). Thus, the only consequence
of the gradient of fiber thickness is a gradient of stiffness of
the fibers in the x-direction. We would like to note that the
periodic boundary conditions lead to an inconsistency in the
x-direction of the domain. However, this approach allowed
us to use exactly the same five network structures as in the
homogeneous networks with the only difference being the
fiber radius distribution and everything else being identical.
This way, we can eliminate the possibility that a favorable
fiber distribution—potentially occurring at the relatively
low collagen concentrations examined—caused preferred
migration in the x-direction and ensure that the only factor
we changed is the introduction of a stiffness gradient via the
fiber radius distribution. To reduce the potential effects of

fiber diameter [nm]

Fig.6 Visualization of a three-dimensional fiber network used to
study durotaxis
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this small boundary region, we adjusted the starting posi-
tions of the cells and thereby reduced the chance of the cells
reaching those regions during the simulation.

3.4.1 Influence of initial network geometry on durotaxis

In general, when placed in networks with a stiffness gradi-
ent, cells moved preferentially along the stiffness gradient,
i.e., in the direction of increasing stiffness (Fig. 7). Inter-
estingly, in a few cases, the migration of cells stagnated
from the beginning. In fact, in Fig. 7 one observes for the
lower collagen concentration of 1.1 mg/ml (corresponding
to a line density of 3.3 X 10~ um™?) that in two cases the
cells even first moved slightly opposite to the stiffness gra-
dient before stagnating. We hypothesized that the reason
for this behavior is a statistical artifact of the distribution
of binding spots around the initial position of the cell. For
example, it could happen that the cells encounter in their
initial position within their binding range many more bind-
ing spots on fibers in the direction of decreasing stiffness
(Fig. 8). This would increase the probability of a formation
of stress fibers in that direction, eventually leading to some
migration against the stiffness gradient that is expected to
stagnate, however, quickly because in general the structure
of the network would impede such migration. To test this
hypothesis, we selected one of the simulations where the
cell initially migrated against the stiffness gradient (purple
curve in Fig. 7a) and restarted it in a setting, where we had
inverted the stiffness gradient by inverting the dependence of
fiber radius on the x-coordinate. Indeed, in this reconfigured
setup one observes the same cell continuing its motion in
negative x-direction (i.e., the direction of the now inverted
stiffness gradient) far beyond the point it could reach with a
stiffness gradient in positive x-direction. This supports that
the systemic driving force is indeed given by the stiffness
gradient and that the initial limited motion against it in two
cases in Fig. 7a is likely only a statistical artifact resulting
from random binding spot availability as illustrated in Fig. 8.
Note that this interpretation is supported also by the fact
that initial migration against the stiffness gradient appears
to happen only in the case of the lower collagen concentra-
tion in Fig. 7, where statistical artifacts are more likely. It is
worth noting that in several cases in Fig. 7 and also for the
reconfigured setup in Fig. 8b one observes after a prolonged
period of migration in the direction of the stiffness gradient
finally a stage of stagnation. Again this is likely caused by
the cell entering a region where—due to a statistical arti-
fact—sufficient binding spots for further migration in direc-
tion of the stiffness gradient are missing. Again this interpre-
tation is supported by the fact that such stagnation appears
more frequently in case of the lower collagen concentration
in Fig. 7 where statistical artifacts are generally more likely
than in case of high collagen concentrations. Note that a
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Fig.7 Migration along stiffness gradient (x-direction) for contraction rate ¢ = 0.1 pm/s and fiber stiffness £ = 1.1 MPa at a line density of a
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Fig.8 a For low collagen concentrations, there is a considerable
likelihood that—as a statistical artifact—some cells are located in an
environment where they encounter many more binding spots in the
direction of decreasing stiffness thus inducing migration against the
stiffness gradient. For high collagen densities, the likelihood of such

similar observation of stagnation or slight migration against
the gradient has been observed in 2D experiments (Hartman
et al. 2016).

3.4.2 Influence of contraction rate on durotaxis

We studied the influence of the contraction rate ¢, which, for
example, differs for different cell types, using networks with a
line density of 4.9 x 102 pm to reduce random effects of the
initial network geometry (see previous section). Apparently,
at lower contraction rates, the cells had greater difficulties to
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statistical artifacts substantially decreases. b The setup of the purple
curve in Fig. 7a was reconfigured by inverting the stiffness gradient
so that it pointed in negative x-direction. This caused a continued
migration in that direction rather than a limited motion in the begin-
ning followed by stagnation

sense and follow the direction of the stiffness gradient (Fig. 9),
leading more frequently to stagnation or motion opposite to
the stiffness gradient. The reason is likely that for lower con-
traction rates the connection between cells and matrix fibers
dissolves with a higher likelihood already before substan-
tial mechanical forces are built up because it takes longer
until the regime of optimal survival time of the catch-slip
bond is reached. This higher likelihood of dissolution of the
cell-matrix connection before it can become mechanically
effective can be interpreted as a sort of decreased effective
binding spot density, translating into less pronounced directed
migration of the cells.
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Fig.9 Migration in networks with stiffness gradient in x-direction
and a line density of 4.9 x 1072 um™. We studied contraction rates of
a ¢ =0.05pm/s. b ¢ = 0.1 pm/s. ¢ ¢ =0.15 pm/s with N = 5 realiza-

4 Discussion

4.1 What mechanisms are sufficient to ensure
a balanced adhesion turnover?

Experimental studies have argued that a balanced adhesion
turnover is key for efficient cell migration (Huttenlocher and
Horwitz 2011; Gupton and Waterman-Storer 2006; Webb
et al. 2002). On the one hand, without the formation of
stable adhesions, cells cannot attach to the matrix and are
therefore unable to move the cell body by cytoskeletal actin-
myosin contraction. On the other hand, if adhesions do not
disengage, cells might form a large number of long-lasting
adhesions resulting in impaired migration (Webb et al. 2004;
Chan et al. 2009). Especially for the disengagement of inte-
grins, the contractile apparatus of the cell has been shown
to play a major role (Doyle et al. 2015; Vicente-Manzanares
et al. 2007). Against this background, it is a key question
what mechanisms are required to ensure the balanced adhe-
sion turnover cells need for migration in a manner that is
robust across different cellular contractile stresses and dif-
ferent stiffnesses of the extracellular matrix. This question
is difficult to answer by experimental studies. Because in
such studies it is practically impossible to ensure that not
some largely unattended mechanism in the background
plays an important role nobody has understood so far. By
contrast, in a computational model, one has full control of
the mechanisms acting. Therefore, the results shown in sec-
tion 3 allow us to draw an important conclusion: the inter-
play of cell contractility (represented in our model by ¢) and
force—dependent unbinding of adhesions (represented in our
model by Eq. (1)) is sufficient to enable the kind of balanced
adhesion turnover cells need to migrate. Notably, with these
two mechanisms our model robustly reproduced physiologi-
cal cell migration over a range of collagen densities, fiber
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tions (different colors), respectively. The mean migration rate (black)
increases with ¢

stiffnesses, and cell contractilities both in homogeneous
collagen networks as well as in networks with a stiffness
gradient.

4.2 How does the cytoskeletal contraction rate
affect adhesion formation?

As shown in Fig. 10, the number of integrins through which
cells connect to their environment is largely independent
on whether they are embedded into a homogeneous extra-
cellular matrix or by contrast one with a stiffness gradient.
However, this number of integrins depends on the contrac-
tion rate ¢ of the cytoskeletal stress fibers. There is some
saturation value of ¢, above which the number of integrins
becomes largely independent on ¢. However, below that
threshold, the number of integrins decreases as ¢ decreases.
This can be understood from the characteristic behavior of
the catch-slip bond discussed above. When new connections
between cells and extracellular fibers are formed through
integrins, these connections are initially nearly load-free and
thus relatively unstable. The dependence of the bond stabil-
ity on the transmitted force is often referred to as molecular
clutch (Elosegui-Artola et al. 2014, 2018) and illustrated in
Fig. 1c. Due to this molecular clutch mechanism, only as the
cytoskeleton builds up more and more mechanical loading
on the integrin, a more and more stable connection between
cell and extracellular matrix forms that is likely to survive
for a substantial time. Apparently, for very low cytoskel-
etal contraction rates ¢, there is a considerable period in the
beginning when a new integrin connection is established
during which that connection is highly unstable and thus
may disengage before becoming mechanically effective. The
higher the cytoskeletal contraction rate ¢, the shorter this
critical period becomes. However, above some saturation
contraction rate, one expects that nearly all integrins will
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Fig. 10 Average number of integrins over time for different contraction rates ¢ in homogeneous networks compared to networks with a stiffness
gradient (N = 5, line density 4.9 x 1072 pm™2). a ¢ = 0.05 pm/s. b ¢ = 0.1 pm/s. ¢ ¢ = 0.15 pm/s

become mechanically effective before disengaging. Above
that saturation rate thus no further effect of increased ¢ is
expected.

4.3 How does fiber stiffness affect adhesion
formation?

A similar argument as presented in the previous sec-
tion 4.2 may also explain why the number of active integ-
rins increases with fiber stiffness as illustrated in Fig. 4. An
increased fiber stiffness may allow the integrins to stabilize
more rapidly because for a given cytoskeletal contraction
rate it shortens the period during which the integrin-con-
nections are under critically low loading, highly unstable
and thus likely to disengage without substantial mechanical
effect. That is, increased stiffness of extracellular fibers typi-
cally extends the lifetime of integrins and of the respective
integrin cluster and focal adhesion, allowing more integrins
to bind. We expect that beyond a certain threshold (that gen-
erally depends on the cytoskeletal contraction rate), the num-
ber of integrins disengaging without substantial mechanical
effect becomes negligible so that no benefit can be expected
from a further increased fiber stiffness but the tested stift-
nesses were not sufficient to show this behavior clearly.

In reality, numerous biochemical signaling pathways are
involved in regulating cellular processes such as focal adhe-
sion dynamics or cytoskeletal contractility. Moreover, cells
may use several integrin types simultaneously with different
binding and unbinding kinetics that will result in different
turnover rates allowing a cell to adapt its migration pattern to
the given surroundings (Elosegui-Artola et al. 2014). Inter-
estingly, although our model does not capture this complex-
ity in full, it yet reproduces the major experimental findings
in cell migration, underlining that at least the fundamentals
of this phenomenon can be understood from a surprisingly
limited number of factors and processes.

4.4 Biphasicrelation between migration efficiency
and fiber stiffness

Migration speed appears to slightly decrease with stift-
ness of the extracellular matrix (Fig. 3). However, migra-
tion speed itself is not a good measure of how efficiently
cells can explore their environment or change their position
because it does not account for the fact that stochastic back-
and-forth motions may limit this efficiency. Mean-squared
displacement (MSD) accounts for this effect and is thus a
good measure of the efficiency of cell migration. In line with
(Bangasser et al. 2017), we found a biphasic relationship
between fiber stiffness and MSD. This suggests that there
is an optimal fiber stiffness at which cells can migrate most
efficiently, i.e., explore a maximally large portion of their
surroundings, given a constant contraction rate and specific
integrin dynamics (Fig. 11).

The stiffness maximizing the MSD is likely cell-type
dependent as different cell types may exhibit different con-
traction rates and properties of the integrin catch-slip bonds.
It was shown that the optimal stiffness can be modulated by
drugs (Bangasser et al. 2017) and potentially also by chang-
ing the integrin type and the associated dynamics (Elosegui-
Artola et al. 2014).

4.5 Biphasic relation between migration efficiency
and cellular contraction rate

The MSD depends not only on fiber stiffness but also on
the contraction rate via a biphasic relationship as shown in
Fig. 5b and Fig. 12 for a fiber stiffness of £ = 1.1 MPa. This
observation was also robust under variations of the fiber
stiffness (Fig. 5¢). Under such variations, the maximum
MSD was achieved if cellular contraction rate and fiber stiff-
ness were chosen such that their product was nearly equal
to the one in the baseline case shown in Fig. 5b. This raises
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Fig. 11 Average mean-squared displacement (MSD) and SEM (N = 5) for varying fiber stiffnesses (in multiples of baseline stiffness £ = 1.1
MPa) at a constant contraction rate of 0.1 pm/s after a 800 s, b 1600 s, and ¢ 2400 s

the question if there is a more fundamental principle that
governs this behavior. For example, there might be a pre-
ferred rate of increase of the integrin forces that maximizes
the MSD. Possibly, slower rates make focal adhesions too
unstable to allow effective cell-fiber interactions, and higher
rates make focal adhesions too long-living to allow efficient
migration through large spaces. Generally, such complex
interactions between adhesion dynamics, contractility, and
ECM stiffness are known from experiments (Doyle et al.
2015; Bangasser et al. 2017). Yet, exactly reproducing our
computational study in a real experiment is likely challeng-
ing because in experiments it is not straightforward to vary
single parameters and keep all other parameters constant.

4.6 What causes durotaxis?

One of the first computational studies of durotaxis in three
dimensions was proposed by Kim et al. (2018). It relied on
a very detailed and complex model where the mechanical
interactions of filopodia with a three-dimensional fiber net-
work were used to determine the local effective stiffness the
cells perceive (through their filopodia). Using this perceived
stiffness, a polarization of the cell was prescribed. Interest-
ingly, our study suggests that details such as the interactions
between filopodia and extracellular matrix or polarization
are not required to reproduce durotaxis. Rather, the much
simpler interplay between contractile stress fibers and a
catch-slip integrin bond appear sufficient. To understand,
how these two mechanisms alone can produce durotaxis, it is
worth revisiting the literature. As was shown by Doyle et al.
(2015), Domaschke et al. (2019), Kim et al. (2018), the local
micromechanical environment, especially the stiffness a cell
effectively perceives, has a significant influence on cellular
and subcellular mechanics. Doyle et al. (2015) even showed
that the local stiffness perceived by an individual adhesion
in combination with the contractile forces of the associated
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stress fiber determines adhesion stability. Durotaxis could
thus arise from a spatial difference in adhesion stability:
adhesion sites in the direction of the stiffness gradient are
loaded slightly more rapidly by cytoskeletal contraction and
are therefore slightly more likely to become mechanically
effective than adhesion sites in the opposite direction. At
the same time, a stress fiber reaching from the cell center
toward the stiffer region, i.e., in the direction of the stiffness
gradient, can pull the cell slightly more in that direction
than a similar stress fiber in the opposite direction because
the former interacts with a stiffer matrix. In summary, we
observe durotaxis in our model because cell-matrix inter-
actions, based on catch-slip bonds, are more stable in the
stiffer regions of the matrix and the contractility leads to
larger movements of the cell in the direction of the stiffness
gradient. That is, durotaxis can be understood from purely
mechanical factors. No prior assumptions on cell polariza-
tion or on how stiffness is exactly sensed by the cells are
necessary.

4.7 Limitations

Despite the qualitatively very good agreement of our com-
putational framework with various experimental observa-
tions, it also has some limitations. As our main objective
was to unravel the mechanical factors governing cell migra-
tion—durotaxis in particular—no biochemical signaling
was included. However, it is well known that intracellular
signaling pathways are intimately linked to processes such as
contraction (Tozluoglu et al. 2013; Wang et al. 2017; Mou-
jaber and Stochaj 2020) and focal adhesion (dis-)assembly
and stability (Sieg et al. 1999; Ren et al. 2000; Huttenlocher
and Horwitz 2011) which are the key players according to
our findings. These complex interactions were not included
in our study. Therefore, when translating the results of
our study to in vivo or in vitro studies, one has to keep in
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Fig. 12 Average mean-squared displacement (MSD) and SEM (N = 5) for varying contraction rates and a constant fiber stiffness of £ = 1.1

MPa after a 800 s, b 1600 s, and ¢ 2400 s

mind that there might be important biochemical modula-
tors not yet accounted for in our study. Also, the model for
cell-matrix adhesions is simplified and reduced to a single
type of integrin. It is known that focal adhesions are made
up of numerous proteins. We deliberately neglected that
multitude to focus on the essential governing cell migra-
tion. However, future studies should include this complexity
and examine its role in cell migration. Such studies should
also account for the fact that during maturation focal adhe-
sion can grow in size in a way that may depend on external
factors such as fiber diameter or fiber alignment (Kim and
Wirtz 2013).

Not only the model of cell-matrix interactions in this
study was very much simplified compared to reality but also
the model of the matrix itself. In our study, we focused on
low concentration collagen gels. This allowed us to neglect
protease activity which only has a minor influence at low
collagen concentrations (Wolf et al. 2013) and would be dif-
ficult to include in the discrete beam element model. Addi-
tionally, we did not explicitly model the cell nucleus since
the pore sizes in our low concentration gels were assumed
to be large enough not to impede cell migration. Hence, our
computational framework did not include mechanical con-
tact and therefore was not able to capture the effects of con-
finement which were shown to influence cell signaling and
morphology (Balzer et al. 2012) and to modulate migration
(Friedl and Gilmour 2009). A further important limitation
of the model is the assumed spherical geometry of the cell.
In experiments, it was observed that cells have a remarkable
ability to change and adjust their shape to their surround-
ings, see for example (Sheets et al. 2013; Yeung et al. 2005;
Thiam et al. 2016). That capability, which is not captured by
our model, might allow the protrusions of a cell to explore
more of its immediate surrounding and potentially overcome
unfavorable binding spot distributions which we observed
in low concentration gradient networks, see section 3.4.1.

5 Conclusions

In our study, we used a previously developed computational
model of cells and extracellular matrix. Cells and matrix were
modeled as discrete objects on the micrometer scale. The struc-
ture of the matrix realistically mimicked the one of real col-
lagen gels in terms of fiber stiffness and geometric key features
(distance between and valency of network nodes, orientation
correlation between fibers forming a node). The interactions
between cells and matrix were represented by a very simple
model relying on two corner stones, the catch-slip bond of the
integrins and a contractile rate of the cytoskeletal stress fibers.
We demonstrated that these two are sufficient to reproduce the
main phenomena of cell migration observed experimentally,
including complex phenomena such as durotaxis or the bipha-
sic relation between the mean-squared distance covered by cell
migration and the matrix stiffness. Notably, no ad hoc assump-
tions on cell polarization or details of the mechanical sensing
of cells were required. Compared to experimental studies, the
great advantage of our computational study is that the set of
mechanisms acting can be exactly controlled. This makes the
setup of our study particularly suitable to validate hypotheses,
which mechanisms are required to produce realistic cell migra-
tion. In future work, our model could be extended to include
intracellular biochemical signaling such as a dynamic feedback
between the integrins and the contraction rate. Additionally,
the model could be used to study additional factors known to
affect cell migration such as fiber alignment (contact guidance)
and the interplay of different types of integrins.

Appendix A

A.1 Simulation parameters
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Table 1 Parameter values

Parameter Description Value References

R Cell radius 10 pm Typical value

AR Linking range around cell 3 pm -

¢ Contraction rate of stress fiber 0.1 pm/s Choquet et al. (1997), Moore et al. (2010)

ks Stiffness of stress fiber 1 kPa Gavara and Chadwick (2016)

n Viscosity (water) 1 mPas -

E Young’s Modulus of collagen fibers 1.1 MPa Jansen et al. (2018)

Ry Radius of collagen fibers 90 nm Van Der Rijt et al. (2006)

dy Binding spot distance on collagen fibers 50 nm Selhuber-Unkel et al. (2010)

kon Association rate for integrin 0.1s7! Elosegui-Artola et al. (2016)

Fopt Force at which integrin lifetime is maximal 30 pN Kong et al. (2009), Weng et al. (2016)

T, Lifetime of integrin at zero force 0.25s -

Topt Lifetime of integrin at 3s Kong et al. (2009), Weng et al. (2016)

0, Spread of Gaussian distribution pN Kong et al. (2009), Weng et al. (2016)

Nra max Maximal number of focal adhesions per cell 65 Horzum et al. (2014), Kim and Wirtz
(2013), Mason et al. (2019)

N max Maximal number of integrins per focal adhesion 20 Changede et al. (2015), Chenget al. (2020)

L Edge length of RVE 50 pm -

At Time step size 0.05 s
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An intricate reciprocal relationship exists between adherent synthetic cells and their extracellular matrix (ECM).
These cells deposit, organize, and degrade the ECM, which in turn influences cell phenotype via responses that
include sensitivity to changes in the mechanical state that arises from changes in external loading. Collagen-
based tissue equivalents are commonly used as simple but revealing model systems to study cell-matrix
interactions. Nevertheless, few quantitative studies report changes in the forces that the cells establish and
maintain in such gels under dynamic loading. Moreover, most prior studies have been limited to uniaxial
experiments despite many soft tissues, including arteries, experiencing multiaxial loading in vivo. To begin to
close this gap, we use a custom biaxial bioreactor to subject collagen gels seeded with primary aortic smooth
muscle cells to different biaxial loading conditions. These conditions include cyclic loading with different
amplitudes as well as different mechanical constraints at the boundaries of a cruciform sample. Irrespective of
loading amplitude and boundary condition, similar mean steady-state biaxial forces emerged across all tests.
Additionally, stiffness-force relationships assessed via intermittent equibiaxial force—extension tests showed
remarkable similarity for ranges of forces to which the cells adapted during periods of cyclic loading. Taken
together, these findings are consistent with a load-mediated homeostatic response by vascular smooth muscle
cells.

1. Introduction

Many cell types are embedded in vivo within a three-dimensional
extracellular matrix (ECM), a network of constituents that often in-
cludes different fibrillar collagens and proteoglycans as well as elastic
fibers (Hynes and Naba, 2012). Besides endowing tissues with overall
structural support, the ECM provides biochemical and biomechanical
cues to resident and infiltrating cells. Changes in the composition, prop-
erties, and mechanical state of the ECM can thus influence diverse cell
behaviors (Lukashev, 1998; Wells, 2008), including differentiation (En-
gler et al., 2006), proliferation (Klein et al., 2009), migration (Wolf
et al., 2013), and survival (Wang et al., 2000). Cell-matrix interactions
are typically dictated by mechanotransduction in development, health,
and disease (Humphrey et al., 2014; Yamada et al., 2022).

Reduced model systems called tissue equivalents were introduced
decades ago to simplify the study of cell-matrix interactions (Bell et al.,
1979). Most tissue equivalents are based on collagen hydrogels, as
collagen is the predominant structural protein in mammals. Even basic
unloaded and unconstrained models have proven useful for studying
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how cells remodel the ECM, often by compacting initially low-stress
isotropic gels (Redden and Doolin, 2003; Simon et al., 2014). More
complex experimental systems can subject uniaxial cell-seeded collagen
gels to static (Brown et al., 1998; Ezra et al., 2010; Hu et al., 2013)
or dynamic (Lee et al., 2018; Walker et al., 2020; Wille et al., 2006)
loading. Some of these devices can also measure the forces generated
by the embedded cells. This led to the seminal finding of tensional
homeostasis, the phenomenon whereby cells appear to establish and
maintain a preferred state of tension (force per length) or stress (force
per area), which can be maintained even when external perturbations
(displacements or forces) are imposed (Brown et al., 1998).

Yet, because most soft tissues are subjected in vivo to multiaxial
loading or constraints, biaxial bioreactors are necessary to mimic these
conditions more closely. For example, vascular smooth muscle cells
(VSMCs) are crucial for ensuring proper function of the aorta through
their responses to changes in mechanical loading. VSMC responses in-
clude changes in the deposition, organization, and degradation of their
ECM. Under normal conditions, VSMCs in many arteries (including the
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descending thoracic aorta and abdominal aorta) experience a cyclic
circumferential stretch caused by the pulsatile distension of the vessel
during each cardiac cycle but little to no cyclic axial stretch. The asso-
ciated cyclic axial stress yet appears to contribute significantly to aortic
homeostasis and remodeling (Humphrey et al., 2009); indeed, changes
in axial loading can elicit rapid and dramatic responses (Gleason and
Humphrey, 2005a).

Different types of biaxial bioreactors have been developed to mimic
the multiaxial nature of the in vivo environment and to study effects
of mechanical loading and boundary conditions by performing stress—
strain tests on cell-seeded tissue equivalents. For example, Hu et al.
(2013) compared effects of static equibiaxial and strip-biaxial loading
on the mechanical properties of tissue equivalents whereas Lee et al.
(2018) studied effects of dynamic cyclic equibiaxial loading. Other
studies have quantified induced changes in the alignment of cells and
ECM fibers in response to stretch (Chen et al., 2018; Gould et al., 2012)
or sought to improve the mechanical properties of tissue-engineered
constructs, particularly to yield better functionality (Mol et al., 2005;
Seliktar et al., 2001; Shearn et al., 2007).

We previously developed a computer-controlled biaxial bioreactor
that can measure cell-generated forces in response to prescribed static
or dynamic boundary conditions imposed via four micro-stepper mo-
tors (Eichinger et al., 2020), with tests including uniaxial, strip-biaxial,
equibiaxial, and non-equibiaxial stretching (Fig. A.10). Of importance
herein, a strip biaxial protocol holds the sample at a constant overall
stretch along one axis while cyclically stretching in the orthogonal
axis, which resembles mechanical constraints experienced by VSMCs
over a cardiac cycle in most segments of the aorta. We used this
device to examine force generation by primary murine aortic SMCs sub-
jected to dynamic loading conditions that are motivated by physiologi-
cal conditions. Cruciform, VSMC-seeded collagen gels were subjected
to two primary loading conditions. First, effects of increased biaxial
stresses/stretches were examined using cyclic equibiaxial loading of
different amplitudes. Second, effects of cyclic equibiaxial (biaxial stress
and stretch) versus cyclic strip-biaxial (biaxial stress but not stretch)
loading were examined while keeping the amplitude of the primary
stretching the same. To the best of our knowledge, this is the first
quantification and comparison of diverse types of cyclic loading of
VSMC-seeded tissue equivalents, particularly using in vivo relevant
conditions having implications to multiaxial tensional homeostasis.

2. Methods
2.1. Primary cell isolation and culture

Primary aortic SMCs of mesoderm lineage were isolated from the
descending thoracic aorta, suprarenal abdominal aorta, and infrarenal
abdominal aorta from ~13-week-old male C57BL/6J mice that were
euthanized for a different study, with all live animal care and use
approved by the Yale Institutional Animal Care and Use Commit-
tee. Toward this end, the aorta was excised from the left subclavian
artery to the aorto-iliac bifurcation, cleaned, and subjected to an en-
zyme dispersion method to isolate the cells (Proudfoot and Shanahan,
2012). The digestion solution consisted of HBSS (with Ca®* and Mg?*,
Gibco), collagenase type IV (1 mg/ml, Gibco), elastase (0.744 U/ml,
Sigma-Aldrich), soybean trypsin inhibitor (1 mg/ml, Sigma-Aldrich),
and penicillin-streptomycin (1% v/v, Gibco). Following partial diges-
tion of the ECM for 10 min at room temperature, the aorta was
transferred to a complete culture medium of 20% fetal bovine serum
(FBS, Sigma-Aldrich) in DMEM (Sigma-Aldrich) for 2-3 min to neu-
tralize the digestion solution. The adventitia was then removed using
forceps, the wall was cut open, and the endothelial cell layer was
denuded. The remaining medial layer was then sliced into small pieces
and placed in an Eppendorf tube containing the same digestion solu-
tion. After 1 h of incubation at 37 °C to digest the ECM and disperse the
cells, the cell suspension was neutralized again with complete medium
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before being centrifuged to collect the cell pellet for seeding onto
fibronectin-coated culture plates. Aortas of five different mice were
used and kept separate during the isolation and expansion process. Cells
were stained for smooth muscle a-actin to confirm cell type, noting
that separate adventitial-derived fibroblasts did not stain with smooth
muscle a-actin.

The VSMCs were maintained in a humidified incubator at 5%
CO, and 37 °C. Their first medium change occurred three days after
seeding, then all other medium changes were performed every other
day. The cells were expanded using complete medium until passage
3, when they were frozen using a freezing medium composed of 90%
complete medium and 10% DMSO and transferred to liquid nitrogen
for long-term storage.

2.2. Gel preparation

One week before each experiment, cells were thawed and seeded in
collagen-coated (40 pg/ml) culture flasks and maintained in a humidi-
fied incubator at 5% CO, and 37 °C with 10% FBS in DMEM. The cells
were starved 24 h prior to the experiment by reducing FBS to 2% to
reduce cell proliferation and effects of growth factors and hormones.

Collagen gels were prepared following the protocol described in
Eichinger et al. (2020). Briefly, 1.414 ml of 5X DMEM (Gibco), 0.676 ml
of 10X reconstitution buffer (0.1 M NaOH and 20 mM HEPES, Sigma-
Aldrich), and 0.852 ml of high concentration type I rat tail collagen
(8.22 mg/mL, Corning) were mixed with 4.058 mL of complete medium
containing 2% FBS. Gels were kept on ice during preparation to prevent
premature polymerization of the collagen. In the VSMC-seeded collagen
gels, the medium contained 2.45 x 10° cells, resulting in a final cell
density of 0.35 x 10° cells/ml of gel. For all experiments, cells were at
passage 4.

2.3. Biaxial mechanical testing

For testing in our biaxial bioreactor (Eichinger et al., 2020), the
collagen gels were poured into a cruciform mold with four porous
attachments to the loading system already in place (Fig. 1A). The gel
polymerized for 30 min before filling the bioreactor bath with 80 mL
of 2% FBS medium, after which the mold was removed. With the
initially stress-free gel floating and attached to the force transducers,
we initiated the computer-controlled loading protocol and began force
measurement. Cell-generated forces were measured using two identical
force transducers, one per stretching axis, each with a range of 0-
5 mN (SI-H KG7, World Precision Instruments). Typical forces ranged
from 0-1 mN. Overall displacements at the ends of the four arms
of the cruciform samples were applied via four micro-stepper motors
(Advanced Micro Systems), each with a resolution of approximately
1 pm. Prior and preliminary studies suggested that there was firm
attachment of the gels within the porous attachments, with no slippage.
See Eichinger et al. (2020) for further details on the experimental
system.

All loading protocols were divided into the same three phases (see
Fig. 1B). First, the gel was maintained in its original configuration
for ~15 h to allow the cells to attach to the collagen matrix and
establish steady-state values of biaxial force. Second, a quasi-static
force—extension test was performed whereby the gel was subjected to a
10% equibiaxial stretch over 10 min and then returned to 0% stretch
(the state achieved after the 15-h initialization phase) over 10 min, thus
yielding a constant stretch rate of 1.67 x 10™* s™! (defined as change
in overall length per reference length per time). Third, the gel was
subjected to a seven-hour cycling period, with either equibiaxial or
strip-biaxial stretching. These last two phases — force—extension test
and cyclic loading — formed an experimental interval that was repeated
seven times. Combined with the initialization phase and the force—
extension tests, this results in a total computer-controlled duration of
approximately 66 h per gel.
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Fig. 1. Illustration of boundary conditions and loading protocols. (A) Equibiaxial (top) and strip-biaxial (bottom) loading conditions with porous fixtures at the ends of the four
arms of the cruciform samples (pink) allowing the gels to be coupled easily to the four motor-controlled arms and two force transducers (one per axis). (B) The loading protocols
consisted of three phases: (I) initialization, (II) force—extension testing, and (III) cyclic loading. The initialization phase lasted approximately 15 h and allowed the cells to attach to
the collagen matrix and establish a steady-state biaxial force. The intermittent, quasi-static, equibiaxial force-extension tests consisted of a 10-min loading phase from 0% stretch
to 10% superimposed stretch, then a 10-min unloading phase back to 0% stretch, each relative to the state established at the end of the initialization phase. The subsequent cyclic
loading periods lasted seven hours each, with a force-extension test repeated after each cyclic loading period. To investigate effects of cyclic stretch amplitude, we compared 5%
and 10% equibiaxial stretching; to examine the impact of different boundary conditions, a 5% strip-biaxial loading was included whereby one direction was cyclically stretched
while the orthogonal direction remained at a fixed length. The last two phases — the force-extension test and cyclic loading — formed an interval that was repeated seven times.
The blue line represents the preprocessed force measurements of one axis for a representative experiment; the orange, purple, and yellow curves correspond to the maximum,
mean, and minimum force values during a cycling period, respectively, with force amplitude defined as the maximum minus minimum values.

Three different types of cyclic loading periods were compared. To
examine effects of cycle amplitude, we performed 5% and 10% equib-
iaxial stretching protocols wherein both axes were stretched equally
and simultaneously. Additionally, we performed strip-biaxial protocols
wherein one axis was cyclically stretched 5% while the other was held
at a fixed length, which allowed direct comparison to the 5% equib-
iaxial stretching protocol. The strip-biaxial test was chosen to mimic
the mechanical conditions of the descending thoracic and abdominal
aorta, in which there is little to no cyclic axial stretch but a consistent
cyclic circumferential stretch due to the pulse wave originating from
the heart (Bick et al., 2013). It is important to note that both types
of stretching protocols result, on average, in cyclic changes in biaxial
stress while only the equibiaxial stretching protocol results, on average,
in both cyclic stress and stretch (Humphrey et al., 2008). See Figs. A.11
and A.12 for additional qualitative insight into the stress and strain
fields that can develop in the cruciform gels. The 5% cyclic loading was
performed at a frequency of 0.5 Hz, whereas the 10% cyclic loading
was performed at 0.25 Hz to maintain the stretch rate the same across
protocols (0.05 s~!). Albeit well less than the in vivo stretch rate in a
mouse aorta, these rates are similar to those used in ex vivo studies
on intact segments of the aorta (Ferruzzi et al., 2013). Control studies
were repeated with acellular collagen gels under the same conditions.
The loading conditions, the number of experiments performed per
condition, and the abbreviations used in the following sections are
summarized in Table 1.

Table 1

2.4. Data (pre-)processing

The force transducers were sensitive to changes in temperature and
humidity, which inevitably occur during the setup of the experiment
when opening the incubator that housed the biaxial testing device. To
eliminate this equilibration behavior during the initialization phase,
we first computed the average forces for each transducer during the
initialization phase of all acellular gels. These transducer-specific av-
erage values were then subtracted from the initialization phases of
both the cellular and acellular experiments. For the time after the
initialization phase, the force values were corrected with a constant
value based on the last value of the transducer-specific average values.
The preprocessed data were then analyzed using a custom MATLAB
script. Briefly, the data were split into the three different periods: (I)
initialization, (II) force-extension testing, and (III) cyclic loading. The
amplitude, A;, during each cyclic loading period, i € [1,7], was com-
puted using MATLAB’s envelope() method to extract upper ( fih'gh) and

lower ( fl,"””) values, thus yielding the difference called force amplitude
A; = fl.'”gh - f‘.""". Mean force during each cyclic loading period was
computed as f; = fl.’”'” +0.5- A;. The different quantities — upper, lower,

and mean force — are illustrated in Fig. 1B.
2.5. Data and statistical analysis

To compare effects of the different loading conditions quantita-
tively, we focused on average steady-state values of the mean forces and

Summary of the three loading conditions for VSMC-seeded gels (for strip-biaxial tests, cyc denotes cyclic stretching, stat denotes the static axis), two of which

were also used for acellular gels.

Testing protocol Notation Axis-specific notation
Protocol (n) (Axis 1 vs. Axis 2)
Equibiaxial (E), 5% stretch amplitude E5 (M =5) E5-1, E5-2
Equibiaxial (E), 10% stretch amplitude E10 (n = 3) E10-1, E10-2
Strip-biaxial (S), 5% stretch amplitude S5 (n =4) S5-cyc, S5-stat
Equibiaxial (E), 5% stretch amplitude, Acellular E5A (n = 4) E5A-1, E5A-2
Strip-biaxial (S), 5% stretch amplitude, Acellular S5A (n = 4) S5A-cyc, S5A-stat
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Fig. 2. Biaxial forces during and at the end of the ~15-h initialization phase. (A) Force evolution in the 1 and 2 directions for representative 5% equibiaxial (E5) and 5%
strip-biaxial (S5) stretching experiments. (B) As expected, cellular gels generated significant biaxial forces during the initialization phase whereas acellular gels (denoted by A-1,2,
cyc, or stat) generated negligible forces. Values of force on the ordinate represent axis-specific mean values calculated from the final two hours of initialization (**p < 0.01). See
Table 1 for the nomenclature, with E5 or E10 denoting equibiaxial stretching of 5 or 10% and S5 denoting strip-biaxial stretching of 5% while the orthogonal direction remained

static.

their amplitudes. The steady-state force at the end of the initialization
phase was determined by averaging the measured values over the last
two hours before beginning the first force-extension test. To compare
cellular behaviors during cyclic loading, we used average values of
force from the final two hours of each interval when both the mean
forces and amplitudes had stabilized. A one-way or two-way repeated
measures ANOVA with Tukey post-hoc testing was used for statistical
comparisons of the different loading conditions. All statistical analysis
was performed using GraphPad Prism 10, and results are reported as
mean + standard deviation unless noted otherwise.

3. Results
3.1. Initialization phase

Biaxial force generation was negligible in all acellular gels during
the initialization phase. By contrast, there was significant force gen-
eration in all VSMC-seeded gels during this phase, with unremarkable
differences between axis 1 and axis 2 across the various loading pro-
tocols (Fig. 2A). For this reason, average values of force (i.e., (axis
1 + axis 2)/2) are presented below for all equibiaxial experiments.
Moreover, although these forces were slightly lower in the gels destined
for 10% equibiaxial experiments (E10-1 and E10-2), these differences
did not reach statistical significance when compared to all experiments
involving cells (Fig. 2B). By contrast, mean forces observed in acellular
gels were statistically different from those observed in cellular gels.

3.2. Cyclic loading periods

3.2.1. Consistent behavior within each loading period

Within each cyclic loading period, that is, the seven hours following
each intermittent force—extension test, the cells tended to establish
a new steady-state value of both force amplitude and mean force,
irrespective of the cycle amplitude and boundary condition (Fig. 3). As
expected, the initial force amplitude in the first interval of the E10 ex-
periments was approximately twice as high as in the first interval of the
E5 experiments (because the stretch was twice as high); it then gradu-
ally decreased and approached a value similar to the E5 experiments.
Furthermore, in the E5 and S5 experiments, force amplitudes and mean
forces tended to exhibit an initial increase during the first two to three
hours of each cyclic loading period, suggesting further active cellular
contributions. By contrast, in the E10 experiments, force amplitudes
and mean forces remained largely stable over each seven-hour cyclic
loading period, except during the first interval, where a decrease was
observed. Compared to cellular gels, acellular gels exhibited smaller
force amplitudes (Fig. B.13A) and mean forces (Fig. B.13B), each of
which remained relatively constant during the experiments.

3.2.2. Steady-state force amplitudes

Analysis of the force amplitude during the final two hours of each
cyclic loading period revealed that although E10 experiments tended to
have the largest amplitudes, they were not statistically different from
the E5 experiments (Fig. 4A). As expected, the static axis of the S5
experiment, denoted S5-stat, exhibited the smallest force amplitude and
this difference was statistically significant compared with amplitudes
across all intervals. A noteworthy trend observed in all VSMC-seeded
gels was a decreasing amplitude from one interval to the next. In
contrast, acellular amplitudes remained constant over time, albeit at
a lower value (Fig. B.14A).

To assess in-plane coupling in the strip-biaxial experiments, we
calculated the ratio of the force amplitude in the static axis to the
amplitude in the cycled axis. In both cases, cellular and acellular,
this ratio remained nearly constant over the seven intervals of study
(Fig. 4B). However, the VSMC-seeded gels exhibited a significantly
higher in-plane coupling compared to acellular gels.

3.2.3. Mean steady-state forces

Despite significant differences in steady-state force amplitudes in
the cellular experiments (Fig. 4A), there were no statistically significant
differences in steady-state mean forces across the different intervals and
loading protocols (Fig. 5A). Of particular note, the force generated in
the static axis of the strip-biaxial experiment closely approximated that
generated in the cycled axis. The mean forces in the acellular exper-
iments were lower than those in the VSMC-seeded gels (Fig. B.14B).
Notably, both cellular and acellular experiments experienced a re-
duction in force from one interval to the next. This trend was more
pronounced in cellular experiments, however.

To investigate whether there was a common underlying trend in
the evolution of steady-state forces in the VSMC-seeded gels, we nor-
malized the steady-state mean values by the force at the end of the
initialization phase. This revealed that the behavior for all loading con-
ditions was nearly identical (Fig. 5B), including for the E10 experiments
that had a slightly lower mean force at the end of the initialization
phase (Fig. 2B).

To quantify the absolute reduction in force during the experiments,
we calculated the difference between the force in the initialization
phase and the last interval (Fig. 6A). Cellular gels exhibited a con-
siderably larger decrease in the average mean force when compared
to acellular gels. Interestingly, the reduction in mean force appeared
to be independent of the loading condition in cellular experiments,
suggesting a common underlying cell-mediated mechanism. A statis-
tically significant difference in mean force reduction became evident
when comparing cellular (E5, S5) and acellular (E5A, S5A) experiments
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Fig. 3. Average values, that is, (axis 1 + axis 2)/2, of both force amplitude (A) and mean force (B) in VSMC-seeded gels during the seven, seven-hour cyclic loading periods.
Referring to the nomenclature in Table 1, results are presented from left-to-right for the 3 experimental protocols for the VSMC-seeded gels, with periods 1-7 denoted by different

colors: 1 — light blue, 2 — light purple, 3 — pink, 4 — green, 5 — blue, 6 — purple, 7 — red.
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Fig. 4. Evolution of steady-state force amplitudes in VSMC-seeded collagen gels. (A) Steady-state amplitudes were calculated from the last two hours of each of the seven cyclic
loading periods. Regardless of the magnitude of stretch imposed during cyclic loading, E5 and E10 showed similar steady-state amplitudes. The amplitude of the static axis in the
strip-biaxial experiment was significantly different from all other amplitudes. (B) The ratio of the force amplitude in the static axis to that in the cycled axis was significantly
higher in the cellular (S5) than in the acellular (S5A) strip-biaxial experiments, revealing an increased in-plane coupling in VSMC-seeded gels. The ratio remains nearly constant

over time in both cases. (* p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

(Fig. 6B). This eliminated transducer drift as the only cause as this
should have affected both cellular and acellular experiments in a sim-
ilar way. Additionally, transducer drift would be expected to show a
continuous decrease in force, whereas the observed changes occurred
in a step-like manner.

3.3. Equibiaxial force—extension tests

Before presenting results of the force-extension tests (FET), it is
important to note that these tests do not necessarily begin from a stress-
free configuration. Consequently, forces at zero imposed stretch are
above zero for cellular gels (Fig. 7A-D) and either at or slightly below
zero for acellular gels (Fig. 7E-H).

The first force—extension test in all cellular gels exhibited an almost
linear relationship, though with a slight negative curvature in some
cases indicating a stiffer behavior at low stretches and more compliant
behavior at higher stretches (similar observations have been reported
by others (Wagenseil et al., 2003; Wille et al.,, 2006) and is com-
mon in many elastomers). Nevertheless, the force-stretch relationship
in the VSMC-seeded gels appeared nearly linear, while the acellular
gels exhibited more of a nonlinear behavior. In both cases, cellular
and acellular, there was no discernable difference between E5 and
S5 experiments, with the static and cycled axes displaying similar
behaviors during the equibiaxial force-extension tests. In the case of
the E10 experiment, however, there was a notable reduction in stiffness
(evidenced by the decreased slope of the curve) in the second force—
extension test, which occurred after the first cyclic loading period. This
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observed in pilot studies without intermediate force—extension testing.

A

1.0 *
* |
= 0.84 Kk
£ Kk
c 0.6
8 *
8]
'ch) 0.4+ "' T *
2 ol
2 T
0.0 B T; -

O O >N ¥ O A
COFC LS P

vr)
—_
o
]

o
oo
]

Fkkk

o
(o]
]

T

Force reduction [mN]
o =]
S

L

]
acellular

e
o

]
cellular

Fig. 6. Reduction in mean force from initialization phase to last cyclic loading interval. (A) Reduction in mean force between the end of the initialization phase and the end
of the last (seventh) cyclic loading period for each loading condition. The dotted line represents the average value of all acellular experiments, and the dashed line represents
the average value of all cellular experiments. (B) Comparing acellular (E5A, S5A) and cellular (E5, S5) experiments revealed a statistically significant difference (unpaired t-test).

(*p <0.05, **p <0.01, *** p <0.001, ****p < 0.0001).

reduction persisted in subsequent force—extension tests. Additionally,
both acellular and cellular gels exhibited a continuous decrease in
peak mean forces up to the 5th force-extension test, after which the
force-stretch curves tended to stabilize.

Fig. 8A provides a visual representation of average loading and
unloading curves for the second force-extension test of the E5 (blue
curves) and E10 (green curves) experiments. The E10 experiment ex-
hibited a distinct behavior compared to the other loading conditions,
which is also evident from Fig. 7A-D. This was confirmed by fitting a
linear relation to the loading curves to estimate the stiffness. Although
the loading curves were not linear, this indicated a significant softening
of the E10 gels (Fig. 8B).

Energy storage is determined as the area under the unloading curve
(Fig. 8C), which remained nearly constant after the second force-
extension test. Note that the E10 experiments exhibited significantly
lower energy storage and dissipation than the other experiments after
the first cyclic loading period. It is important to mention the difference
in stored energy between the first ES force-extension test and the
first E10 force—extension test. Ideally, there should be no significant
difference, but one possible explanation for this discrepancy could be
the slight variation in the initialization force, which led to increased
energy storage in the E5 experiments.

Dissipated energy is calculated as the area between the loading and
unloading curves (Fig. 8D). This dissipation progressively decreased
from one force-extension test to the next, as is common in tissue pre-
conditioning. Experiments with a 10% cycle amplitude (E10) showed
a significantly reduced energy dissipation from force-extension test 2
onward.

Fig. 9A plots mean stiffness vs. mean force generation for the
first, third, fifth, and seventh force-extension tests (FET 1 through 7).
Note the decreasing stiffness with increasing force in FET 1, which
followed the 15-h static initialization phase. The subsequent tests, each
following 7-h periods of cyclic loading, showed a marked difference:
the nearly linear stiffness-force relationship changed its slope from
negative (FET 1) to positive or zero (FETs 2-7) and separated into two
linear regimes for the E5 and S5 experiments and one linear regime
for the E10 experiment. It may be that E10 gels did not reach the
same levels of force as the other loading conditions since they had
already adapted to a 10% stretch during the cyclic loading periods.
Regardless, the first linear regime was nearly identical for all loading
conditions, whereas the second regime diverged slightly. The force at
which the first linear regime transitioned into the second one coincided
approximately with the maximum force that the gels had experienced
during the last two hours of the previous cyclic loading period (Fig. 9B).
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Fig. 7. Loading curves of selected intermediate force—extension tests (FETs). Shown are loading curves for FETs 1, 3, 5, and 7. The left column (A-D) shows results for VSMC-seeded
gels and the right column (E-H) shows results for acellular gels. Acellular gels exhibited a more nonlinear force-stretch relationship, while VSMC-seeded gels exhibited a more

linear behavior.

In contrast to the two distinct linear regimes observed in the VSMC-
seeded gels, acellular gels exhibited a single nearly linear stiffness-force
relationship, which did not change significantly during the course of the
experiment (Fig. B.15).

4. Discussion

We quantified and compared how forces generated by primary
aortic SMCs embedded within a collagenous tissue equivalent develop

under different dynamic loading and boundary conditions in a biax-
ial setting. Whereas uniaxial tests are relatively easy to perform and
interpret, they tend not to capture the complex multiaxial loading
conditions that exist in vivo. Conversely, biaxial tests can better mimic
in vivo conditions but are less easily performed and interpreted. Bi-
axial tests typically use rectangular or cruciform samples, each with
associated advantages and disadvantages (Hu et al., 2009; Jhun et al.,
2009; Thomopoulos et al., 2005). Important here, our measurements
of overall biaxial forces in cruciform samples necessarily integrate
cell-gel contributions from both the arms (which experience primarily
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Fig. 8. Analysis of force—extension tests based on stiffness, energy storage, and energy dissipation. (A) Average loading and unloading curves of the second force-extension test
(FET) for the E5 (blue) and E10 (green) experiments. (B) Stiffness estimation by simplified linear fit to loading curves. (C) The energy storage was computed as the area under the
unloading curve for each loading condition. (D) The energy dissipated was computed as the area between the loading and unloading curves. (*p < 0.05, **p < 0.01, ***p < 0.001,
k< 0.0001, #p < 0.0001 between E10 and all other loading conditions for the same force-extension test.)

uniaxial loading) and the central region (which experiences nonuniform
biaxial stresses and strains) of the sample. Fig. A.10 shows stress—strain
conditions under the relevant idealized situations, whereas Figs. A.11
and A.12 show possible nonuniform fields computed using finite ele-
ments for an illustrative initially homogeneous cruciform collagen gel.
Although the evolving constitutive relation for a VSMC-seeded collagen
gel is not known, similar qualitative results have been reported for sim-
ple Hookean (linear) and extended Mooney-Rivlin (mildly nonlinear)
relations, that is, without superimposed cell-generated contributions.
Results are shown here for the former for different values of Poisson’s
ratio for gels ranging from nearly incompressible (v ~ 0.49) to more
compressible behaviors with less biaxial coupling (v ~ 0.25 or 0.10).
Similar assumptions have been used previously (Barocas and Tran-
quillo, 1997; Raub et al., 2010) and likely capture qualitative trends. It
is seen for a strip-biaxial case (with 1 the stretching axis and 2 the
static axis) that, on average, the strains reach their target values of
~5% in the 1 direction and 0% in the 2 direction despite differences
in the arms and central region. The predicted stresses were also as
expected, on average, namely, overall tensile in both directions, with
1-direction stresses many-fold higher than 2-direction stresses. Yet, cell
responses likely depend on local mechanical stimuli, not average states
of strain and stress. The reported force measurements in our biaxial
experiments necessarily represent the integrated responses by all cells,
meaning cells that experienced different local stimuli. One would ex-
pect, however, that the integrated response should reflect an average
of all cell responses. Given the continuing lack of understanding of how
VSMCs respond to different levels and types of multiaxial stresses and
strains, we also considered coordinate invariant values of the stress
tensor. Spatial differences were less for the trace (tr(c)) than for the
magnitude (1/7r(co”)) of the Cauchy stress, especially for equibiaxial

stretching, remembering that the out-of-plane component of stress is
zero.

Caveats notwithstanding, overall, the data suggested that, in a
series of cyclic loading periods separated by force-extension tests,
the cells established a new steady state level of biaxial force during
each interval. This behavior is similar to prior observations in static
experiments (Brown et al.,, 1998; Eichinger et al., 2020; Ezra et al.,
2010) where cells tend to restore a preferred mechanical state when
subjected to a single sustained external perturbation. It is especially
interesting that the observed steady-state mean forces were similar
across all protocols herein, regardless of the specific boundary con-
ditions and amplitude of cyclic stretch over the range of 5 to 10%
(Fig. 5B), and that the biaxial force generation in the two primary axes
of the cruciform sample (f, and f,) was similar. Conceptually, this
implies that

/(O_;nlatrix +6f§”)dA — fl ~ f2 — /(O_énzatrix +6§§”)dA

where A is an appropriate cross-sectional area and we decomposed the
stress into collagen gel (matrix) derived and VSMC (cell) generated
contributions (cf. Barocas and Tranquillo (1997)). Since aﬁ””i" ~ ag’z‘”’""
in an equibiaxial stretching test (which tends to preserve the original
isotropy in the central region (Hu et al.,, 2009) and generate similar
collagen fiber realignment in the uniaxial arms), this suggests that
o¢¥!l ~ 6Z¢!! in equibiaxial stretching. By contrast, since o7/ > garrix
in a strip-biaxial test, with 1 the stretching axis and 2 the static axis,
this suggests that 655" > ¢¢//. That is, it appears that differential cell-
generated stresses were needed to yield the experimentally observed
near equivalence of net force generation in the two primary directions

independent of the type of loading conditions.
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Fig. 9. Analysis of stiffness evolution for VSMC-seeded gels during consecutive force—extension tests (FETs). (A) Stiffness-force relationships for cell-seeded gels. All gels exhibited
a similar behavior during the first test, which followed the initialization phase but changed significantly in the subsequent tests that followed the 7-h cyclic loading periods. Two
distinct linear regimes appear to emerge for the E5 and S5 experiments, whereas one linear regime appears to hold for the E10 experiment over the forces imposed. Interestingly,
there is a remarkable agreement in all loading conditions for small and medium forces. (B) Zoomed-in insets on the transition point from the first linear regime to the second one,
including the average maximum force range the gels experienced during the last two hours of the previous cyclic loading interval. The transition point seems to be approximately

in that range.

This experimental observation and conceptual consideration appear
to be consistent with the cells seeking to establish and maintain a pre-
ferred range of forces (or tensions or stresses), irrespective of external
boundary conditions. This implication also aligns with a previous ob-
servation that higher amplitude dynamic loading of uniaxial cell-seeded
tissue equivalents does not lead to higher stresses after a few hours of
cyclic loading (Wille et al., 2006), suggesting a cellular response aimed
at maintaining a specific range of stresses. These authors hypothesized
that cells achieve this regulation by adjusting their stiffness through
modulation of the actin cytoskeleton. A recent study (Walker et al.,
2020) confirmed this hypothesis by depolymerizing F-actin with Cy-
tochalasin D. They proposed cytoskeletal remodeling, specifically rapid
actin depolymerization, as the key mechanism by which cells adjust
their stiffness and maintain a preferred mechanical state under dynamic
loading defined by different strain amplitudes. Only with an intact actin
cytoskeleton could cell stiffness adaptations occur, including softening.
Moreover, they showed that tissue stiffness can be recovered when
switching from large to small amplitudes during cyclic loading. This
supports their observation that the stiffness adaptation was mainly cell-
mediated, not a passive material response (such as, for example, the
Mullins effect). Our experiments suggest further that, on average, cells
may adapt their stiffness to maintain near-equal net steady-state forces
(or tensions or stresses) despite different spatial distributions of stresses
and strains.

This apparent force/tension/stress-mediated response seems to ex-
tend to the stiffness-force relationship of the cell-seeded tissue equiv-
alents (Fig. 9). During equibiaxial force-extension tests, the average
stiffness-force relationships agreed well within the force range expe-
rienced during the previous interval of cyclic loading for all tested
conditions. This adaptation is not immediately apparent from force-
stretch plots (Fig. 7A-D), as E10 experiments exhibited a significantly
more compliant behavior. Nonetheless, this agreement diminished once
forces exceeded the peak values experienced by the gels during the last

two hours of the previous cyclic loading period; if stretched beyond
this force, the stiffness either remained constant or increased at a
lower rate. Again, the similar stiffness-force relationships for forces
experienced during cyclic loading could suggest that cells not only
adjust to maintain a preferred force/tension/stress but they also try
to maintain a preferred stiffness or stiffness-force relationship. These
two observations may not be independent, and further studies will be
needed to explore and validate this relationship and find the direction
of influence.

Another observation stems from the increase in force at the begin-
ning of the cyclic loading periods in the E5 and S5 experiments (Fig. 3).
The gels appeared to be initially too compliant, perhaps stimulating
the cells to adjust to reach a preferred range of force/tension/stress.
Interestingly, this behavior was absent in the E10 experiments. To
explain this difference, we posit that these cells may have adapted to
the cyclic 10% stretching by the end of the loading periods, evidenced
by the steady-state mean forces and force amplitudes. Hence, during
the following 10% stretch force—extension tests, the E10 cells would
likely have had experienced the same forces/tensions/stresses to which
they had adapted. As described before (Wille et al., 2006; Walker et al.,
2020), cells can respond to higher forces by reducing their stiffness.
Therefore, we hypothesize that the 10% stretch force—extension tests
in the E5 and S5 experiments induced an active response by subjecting
the cells to loads higher than previously experienced, triggering cellular
adaptations leading to a reduced stiffness. This may also explain the
reduced slope of the second linear regime for E5 and S5 experiments in
the stiffness-force relationship once peak cycling forces were exceeded
(Fig. 9B). For E10 experiments, perhaps there was only one linear
regime in the stiffness-force relationship since the cells did not expe-
rience loads during force—extension tests that they had not experienced
before. In this case, it seems reasonable that no further adaptation
would occur; the cells would already be in the preferred state when
cyclic loading resumed. Consequently, we suspect that the initial active
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adaptation during cyclic loading might not have been present in E5
and S5 experiments if the force-extension tests did not exceed 5%
stretch; alternatively, an active cell contribution might appear in E10
experiments if the force-extension tests surpass 10% strain. These and
other hypotheses remain to be investigated by further studies.

Note that the static direction in the S5 experiments only experi-
enced an imposed 10% change in strain seven times (once during each
force—extension test), whereas both directions in the E10 experiments
experienced an imposed 10% strain thousands of times. Despite this
difference, the reduction in force was similar in all tested conditions,
independent of boundary conditions. Note that such a force reduction
is not limited to the experiments performed herein, as previous studies
have shown that SMCs are unable to maintain a steady force for a
prolonged time during static culture (Eichinger et al., 2020; Hall et al.,
2007). Interestingly, pilot studies with 5% cyclic loading and no force—
extension testing delayed the force reduction but did not prevent it
compared to static experiments (data not shown). It thus appears that
short-term, intermittent force-extension tests may have impacted the
force reduction, but underlying mechanisms remain unclear.

It is important to note that comparing data from different studies
can be complicated due to many factors. For example, a key difference
compared to other studies is that the tissue equivalents tested herein
were not mature. In multiple studies (Hu et al., 2013; Wagenseil et al.,
2003; Walker et al., 2020; Wille et al., 2006), the tissue constructs
were allowed to compact or incubate under dynamic loading (Lee et al.,
2018) for several days before testing. This affects the mechanical prop-
erties of the gels and, hence, the measured forces. Another complicating
factor is that different experimental designs are used to characterize the
mechanical properties of the gels or to measure cell-generated forces.
For instance, the shape of tissue-equivalents varies across different
studies, with some using ring samples (Wagenseil et al., 2003; Wille
et al., 2006), others uniaxial samples (Walker et al., 2020), and some
biaxial samples, even with different geometries (Hu et al., 2013; Sander
et al., 2011). Each testing method has advantages and disadvantages.
The factors mentioned above, as well as differences in the experimental
setup (cell type, serum concentration, preconditioning, applied stretch
rate, etc.), must be kept in mind when comparing or translating re-
sults across different systems. We focused herein on different biaxial
stretching protocols while maintaining the stretch rate fixed. Further
studies should explore responses across multiple stretch rates as well
as possible changes due to different degrees of hydration and levels of
compressibility that would be expected to affect viscoelastic responses.

Whereas computational models should guide experimental design
(Humphrey et al., 2008; Niklason et al., 2010), such modeling must
be informed by relevant data. We submit that the present data will
contribute to the development of new models for aortic smooth muscle
cells and that additional theoretically motivated studies will be needed
not only for VSMCs but also primary aortic fibroblasts. Indeed, these
fibroblasts play a critical role in many cases of aortic remodeling,
including in hypertension (Bersi et al., 2016). Again, notwithstanding
the aforementioned caveats, biaxial testing should be used given the
in vivo loading conditions on the aorta, which renders strip-biaxial
testing at multiple fixed stretches informative for examining the crit-
ical role of axial loading on cell responses (Gleason and Humphrey,
2005b). Indeed, axial remodeling is often the earliest in many cases
of aortic adaptation or maladaptation to perturbations in loading. Fi-
nally, the present study focused on mechanical homeostasis (Eichinger
et al., 2021), but there will also be a need to design similar ex vivo
studies to assess and/or test hypotheses regarding mechanobiological
stability (Cyron and Humphrey, 2014).

5. Conclusion

This study sought to explore impacts of different mechanical con-
straints in combination with dynamic cyclic loading on possible biaxial
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tensional homeostasis in VSMC-seeded collagen-based tissue equiva-
lents. It was observed that steady-state mean forces remained consistent
across all tested conditions despite significant differences in boundary
conditions and loading amplitudes. Additionally, the stiffness-force
relationships assessed via equibiaxial force—extension tests showed re-
markable similarity for ranges of loading to which the cells had adapted
during previous cyclic loading periods. These results are consistent with
prior findings of a critical role of force/tension/stress in the mechanical
adaptation of VSMCs (Kanda and Matsuda, 1994; Karkhaneh Yousefi
et al., 2023; Li and Xu, 2000). Further testing with additional cell types
will be needed to determine whether this behavior is specific to VSMCs
or generic mechanical homeostatic processes. Furthermore, testing cells
with genetic defects in mechanosensory proteins, such as in the focal
adhesion complex, could provide valuable insights into the dominant
mechanisms at play in the observed behavior.
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Appendix A. Loading conditions

Considering idealized mechanical tests can help build conceptual
understanding and motivate experimental design (Humphrey et al.,
2008). Fig. A.10 illustrates four loading conditions that have proven
useful in studying planar tissue equivalents, often considered on a
continuum scale to have coincident principal directions of stress and
stretch with a zero out-of-plane stress.

Notwithstanding the intuition gained via idealized experimental
situations, actual biaxial testing of cruciform samples results in complex
stress and strain fields, potentially ranging from nearly uniaxial in the
four arms of the sample to nearly homogeneous biaxial in the central-
most region, with non-homogeneous fields between (Hu et al., 2014). In
the absence of detailed material characterization and associated finite
element studies, there is a need to interpret cautiously any associated
experimental results based on the measured forces and globally pre-
scribed stretches. Consistent with other studies (Gould et al., 2012;
Hu et al., 2014; Sander et al., 2011), here we provide simple illus-
trative finite element simulations using ABAQUS (Dassault Systems)
to appreciate better the non-homogeneous fields that can develop in a
biaxially tested cruciform gel (Figs. A.11 and A.12). Because of double-
symmetry, only one-quarter of the cruciform geometry was modeled
with corresponding symmetry boundary conditions. The domain was
discretized with 1780 finite elements (C3D8H) and described by an
isotropic, linear elastic material with material parameters E (Young’s
modulus) and v (Poisson’s ratio). E and v were adjusted to approximate
the force amplitudes measured in acellular gels under 5% equi- and
strip-biaxial loading in the steady state (Fig. B.14A), as well as the
amplitude ratios of the static and perturbed axis in the strip-biaxial
experiments in the steady state (Fig. 4B). This resulted in a Young’s
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Fig. A.10. Illustration of different idealized loading conditions. (A) shows a general in-plane tensile test with biaxial stretches (4,,4,) greater than unity and associated non-
negative biaxial strains and stress resultants (i.e., quantities having units of force/length that can be obtained by integrating the associated stress through the thickness). Different
specializations follow in B-D. Cases (B) and (C) are relevant herein for the central region of a cruciform sample, whereas case (D) is relevant herein for the arms of a cruciform
sample. It is noted further that other strip-biaxial tests could include non-zero but fixed values of E,,, for which the associated values of 7, would increase further above baseline

during testing.
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Fig. A.11. Illustrative finite element results for biaxial strains (top row) and stresses (middle and bottom rows) in a cruciform sample (E = 250 Pa, v = 0.1) subjected to displacement
boundary conditions at the ends of the four arms. Note that, on average, the 1 and 2 directions in the equibiaxial case (left column) experience a 5% strain, while in the strip-biaxial
case, the 1 direction experiences a 5% strain (middle column) and the 2 direction 0% strain (right column). Despite achieving the target levels of biaxial strain, on average, note
the complex nonuniform strain and stress fields. In particular, the strain in the 2 direction yields a 2-direction stress that is both tensile (in the arms) and compressive (in the
central region), though overall positive (middle row). Finally, note that coordinate invariant measures of the biaxial state of stress (bottom row), including the trace (shown) and

the magnitude (not shown, but similar), reveal a more uniform distribution except for deviations in the strip-biaxial arms.
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Fig. A.12. Given the idealized quarter-symmetry, illustrative biaxial strain (top) and stress (bottom) distributions along the mid-line 1 (stretched) and 2 (fixed) directions reveal
that the desired strains (5% in 1 direction, 0% in 2 direction) were achieved in the strip-biaxial test, on average, when examining the full computational domain, from which the
experimentally measured forces derived. Reducing the Poisson’s ratio has a marked impact on the strain and stress distributions in these strip-biaxial simulations; it reduces the
magnitude of the 2-direction strains, and the 2-direction stresses become slightly more compressive in the central region. Despite both tensile and compressive stresses in the 2
direction, the net stress was yet tensile in both the 1 and 2 directions as expected in a strip-biaxial test. Although cell responses likely depend on the local, not overall, state of
stress and/or strain, the experimental measurement of biaxial force generation necessarily results from the integrated responses of all cells over the entire experimental domain.
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Fig. B.13. Time-averaged forces in acellular experiments during cyclic loading intervals. (A) Average force amplitude across all acellular experiments for each loading condition
during the seven intervals. (B) Average mean force across all acellular experiments for each loading condition during the seven intervals. See Table 1 for the nomenclature for all

testing protocols.
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Fig. B.14. Evolution of steady-state forces in acellular experiments. (A) Force amplitudes were constant over time, with the amplitude of the static axis in the strip-biaxial being
significantly different from the other amplitudes. (B) The steady-state mean forces in acellular gels were low and showed a slight decrease over time. (*p < 0.05, **p < 0.01,

% p < 0.001, ****p < 0.0001) See Table 1 for the nomenclature for all testing protocols.

3 FET 1 FET 3 FET 5 FET 7
_25
€
E 2
£
o 1.5
1%
Q
£ 1
=
0.5
0
0 1 2 0 1 2 0 1 2 0 1 2
Force [mN] Force [mN] Force [mN] Force [mN]
B Average(E5A, S5A) E5A S5A-cyc S5A-stat

Fig. B.15. Stiffness-force relationship for acellular experiments during selected force—extension tests (FETs). All gels exhibited a similar behavior during the first test, which did
not change as significantly as cell-seeded gels in the following tests. The stiffness-force relationship remained approximately linear throughout all the force—extension tests. Black —
Average of the first force-extension test in E5A, S5A-cyc, and S5A-stat experiments, blue — average of E5A experiments, purple — average of S5A-cyc experiments, pink — average

of S5A-stat experiments. See Table 1 for the nomenclature for all testing protocols.

modulus of 250 Pa and a Poisson’s ratio of 0.1, which are comparable
to previously measured values of acellular collagen gels (Raub et al.,
2010). Figs. A.11 and A.12 show strain and stress distributions for the
equibiaxial case (prescribed 5% strain in the 1 and 2 direction) and
strip-biaxial case (prescribed 5% strain in the 1 direction, 0% strain in
the 2 direction). Because of the isotropy and the symmetric loading in
the equibiaxial case, only the strains and stresses in the 1 direction are
shown.

Appendix B. Acellular experiments

See Figs. B.13-B.15.
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Abstract

Constrained mixture models have successfully simulated many cases of growth and remodeling in soft biological tissues. So
far, extensions of these models have been proposed to include either intracellular signaling or chemo-mechanical coupling
on the organ-scale. However, no version of constrained mixture models currently exists that includes both aspects. Here,
we propose such a version that resolves cellular signal processing by a set of logic-gated ordinary differential equations
and captures chemo-mechanical interactions between cells by coupling a reaction-diffusion equation with the equations of
nonlinear continuum mechanics. To demonstrate the potential of the model, we present 2 case studies within vascular solid
mechanics: (i) the influence of angiotensin II on aortic growth and remodeling and (ii) the effect of communication between

endothelial and intramural arterial cells via nitric oxide and endothelin-1.

Keywords Homeostasis - Constrained mixture - Cell signaling - Growth and remodeling - Soft tissue

1 Introduction

Most soft tissues consist of a collection of different cell types
that communicate with each other and work together to pro-
mote tissue homeostasis under normal conditions. Accord-
ing to Adler et al. (2018), nearly all tissues are composed of
4 key cell types: those responsible for the primary function
of the tissue plus endothelial cells, fibroblast-like stromal
cells, and macrophages. This ensemble forms a remarkably
robust system working reliably under different environmen-
tal conditions.

To study the response of soft tissue to changes in the
mechanical environment on the macroscale, constrained
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mixture models (Humphrey and Rajagopal 2002) and in par-
ticular their homogenized versions (Cyron et al. 2016) have
proven very successful. For example, they have been used to
study the formation of aortic (Wilson et al. 2013; Mousavi
and Avril 2017; Horvat et al. 2019) or cerebral (Baek et al.
2006) aneurysms, vascular adaptation to increased blood
pressure (Valentin et al. 2008; Latorre et al. 2019), optimi-
zation of tissue-engineered vascular grafts (Szafron et al.
2019), inflammatory effects (Hill et al. 2018; Latorre et al.
2019; Maes et al. 2023), or cardiac growth and remodeling
(Gebauer et al. 2023). In both full and homogenized mod-
els, the production of new tissue mass is usually governed
by phenomenological gain parameters. While this approach
allows numerically efficient organ-scale simulations, it does
not allow detailed studies of subcellular processes and their
effects on the organ-scale.

To study cellular signal processing, it is necessary to
model the biochemical reactions within cells. These are
usually triggered by signals sensed by receptors on the
cell membrane (Alberts et al. 2017). One possibility is
to model the reactions in detail, which requires param-
eters for each involved chemical reaction (Saucerman
et al. 2003). This detailed approach, however, requires
extensive experimental data to determine the reaction
parameters. A simpler alternative is a graph represen-
tation of the signaling network (Kraeutler et al. 2010).

@ Springer
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In this approach, biochemical reactions are replaced by
simpler Hill-type functions, resulting in a logic-gated sys-
tem of ordinary differential equations (ODEs) requiring
fewer parameters. Despite its simplicity, this approach
has yielded surprisingly accurate results, ranging from
cardiac fibroblast signaling (Zeigler et al. 2016) to brain
endothelial cells in the context of cerebral pathologies
(Gorick et al. 2022). This approach also facilitates study-
ing genetic defects, such as knockdowns or overexpres-
sion of specific proteins and pharmacological treatments
(Irons and Humphrey 2020).

By combining constrained mixture models and cellu-
lar signaling models (Irons et al. 2021), one can create
a scale-bridging model that captures how cell signaling
affects growth and remodeling (G&R) on the organ-scale
and vice versa (Karakaya et al. 2022; van Asten et al.
2022, 2023; Irons et al. 2022). Such scale-bridging mod-
els can benefit from the RNA sequencing data that are
becoming more and more available. For example, this
approach has been used to study effects of exogenous
angiotensin II on aortic smooth muscle cells (Irons et al.
2021) and effects of notch signaling in hypertension (van
Asten et al. 2023).

Whereas the above studies couple cell signaling and
tissue-level constrained mixture models, others focus on
chemo-mechanical coupling on the organ-scale (Marino
et al. 2017; Gierig et al. 2021). That is, effects of the dif-
fusion of paracrine signals at the tissue level were mod-
eled by coupling reaction-diffusion equations and those
for the soft tissue mechanics. Thereby, some have exam-
ined interactions of macrophages, smooth muscle cells,
and endothelial cells and their effects on the mechanical
properties of collagen (Marino et al. 2017); others have
examined effects of matrix metalloproteinases (MMPs)
and growth factors on the healing process of damaged soft
tissue (Gierig et al. 2021). So far, to the authors’ knowl-
edge, no constrained mixture models of G&R include both
intracellular signaling and chemo-mechanical coupling on
the organ-scale.

In this paper, we introduce the first (homogenized) con-
strained mixture model that includes both intracellular sign-
aling and chemo-mechanical coupling on the organ-scale
for arbitrary geometries. Numerical implementation is based
on open-source software packages (deal.ii (Arndt et al.
2021), Trilinos (The Trilinos Project Team 2021), SUNDI-
ALS (Hindmarsh et al. 2005)). By making the model and
the associated code available to the community, we aim to
facilitate the study of how different aspects of cellular signal
processing, such as (dysfunctional) intracellular signaling
pathways or cell-cell communication, affect G&R on the
organ-scale.
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2 Mathematical model
2.1 Mechanics

Herein, we use the homogenized constrained mixture
theory to describe the mechanics of soft biological tis-
sues undergoing growth (changes in mass) and remodeling
(changes in microstructure). Its main equations will be
summarized in the following. For more details, the reader
is referred to previous articles (Cyron et al. 2016; Braeu
et al. 2017; Mousavi et al. 2019; Maes and Famaey 2023).

2.1.1 Kinematics

Using the general theory of nonlinear continuum mechan-
ics, soft biological tissue can be modeled as a domain B
of material points X referred to as reference configuration.
A time-dependent deformation maps the domain By, to its
current configuration B(s) at G&R time s. This means that
each material point X is mapped to its current position
x(s,X). Without loss of generality, we assume that the
reference configuration coincides with the initial configu-
ration, that is, B, = B(s = 0). The so-called deformation
gradient at time s is

_ ox(y)

F&) =%

(1)
The determinant of the deformation gradient, det(¥), maps
differential volume elements dV of the reference configura-
tion to differential volume elements dv of the current con-
figuration with

dv = det(F)dV. (2)

Although we assume that each volume element is a
mixture of N structurally significant constituents that are
constrained to move together, each constituent has its indi-
vidual stress-free reference configuration. For each con-
stituent 7, the deformation gradient F can be split into an
inelastic part F ;r and an elastic part F ’6 F ;r represents the
inelastic change of the tissue geometry due to G&R; it
maps differential volume elements to a fictitious interme-
diate configuration that is not necessarily geometrically
compatible. That is, neighboring volume elements in the
intermediate configuration may overlap, or gaps may arise
between them. The volume elements in the intermediate
configuration are mapped by Fi to the current configura-
tion. This happens such that the current configuration is
always geometrically compatible and in mechanical equi-
librium (Fig. 1).
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Fig. 1 Kinematics of the homogenized constrained mixture model:
For each constituent i, the deformation gradient F can be split into an
inelastic part F! and an elastic part F!

ar e

In the homogenized constrained mixture model, the elastic
part of the deformation gradient of a constituent i at time s is
given by
Fi(s) = F(s)F ()™ = F()F (s)"'Fi(s)™". 3)
In this case, F is the deformation gradient of the mixture as
a whole, F, captures the inelastic change of geometry due to
growth of all constituents together (change of tissue mass),
and F’r captures the inelastic part of the deformation gradi-
ent resulting from remodeling due to mass turnover of each
constituent i, where Fg, = FiFg. Both Fg and F’r have to be
defined via evolution equations described below.

2.1.2 Elasticity

Since growth and remodeling occur on long time scales, we
solve the quasi-static equilibrium equation div(c) = 0 where
o is the Cauchy stress of the mixture. The strain energy of the
mixture per unit reference volume is

¥ = ZPSW"(CQ)- @

Here, a superscript i = e refers to elastin, i = m to (circum-
ferential) smooth muscle, and i = ¢, cgg, €44, C_q, t0 4 dif-
ferent collagen fiber families with the subscrlpt 1ndlcat1ng
the angle with respect to a specific direction or axis (collec-
tively summarized as ¢;). A superscript ¢ without an indica-
tion of an angle refers to a quantity for collagen as a whole.
Wi denotes the strain energy per unit mass of constituent

i p0 the reference apparent mass density of constituent i,
and C’ = F’TF’ the elastic part of the right Cauchy—Green
tensor of constltuent i. Since inelastic deformations, that
is, G&R, do not contribute to the stored energy, the strain
energy of the constituents only depends on the elastic part
of the deformation.

The main constituents of the tissues considered herein
are an isotropic elastin matrix, reinforced by several fami-
lies of quasi-one-dimensional fibers of collagen and smooth
muscle. The elastin matrix is modeled by the strain energy
(Braeu et al. 2017; Maes and Famaey 2023)

(1:-3) +

where u¢ and k are material parameters, Ie is the trace of
the isochoric elastic Cauchy—Green tensor of elastin C
(including prestretch), and J¢ is the determinant of the elas—
tic part of the deformation gradient of elastin, F¢. Note that
C = (J:)_z/ 3F27F§ (Holzapfel 2000). The quasi-one-dimen-
sional fibers reinforcing the elastin matrix are modeled using
Fung-type constitutive equations

we

N|"=N

e 1)2
+50=1) )

we =1 [exp( I"’ 1)2>—1] (6)

with the superscript a referring to fiber constituents (i.e.,

T

a=m,c;), IZ = (a“ ) C%a® the fourth pseudo-invariant of
4 8r e gr

the elastic Cauchy—Green tensor of constituent & and agr its

fiber orientation in the inelastically deformed intermediate

configuration (Braeu et al. 2017; Gebauer et al. 2023). Note

that I§ = (/13)2 with the elastic fiber stretch A%.

In certain cases, an additional active stress contribution
of the smooth muscle cells may be considered and added in
Eq. (4) as part of their strain energy. In this case, the stress
of smooth muscle is the sum of the passive and active con-
tributions. This is based on the assumption that active and
passive contributions act in parallel with the contractile units
embedded in a passive matrix (Murtada et al. 2010). Fol-
lowing Wilson et al. (2012), we model this contribution as

3
(o (imax - )’act)
Wty = —Yeon(8) | dges + ———— |- @)
act con aci 2
(0) (’lmm - A’O)
Here, o,,,, is the maximal active stress where the factor

Yeon(s) € [0, 1] modulates that stress according to intra-
cellular signaling in a way described in Sect. 2.2. The
stretches 4,,,, and A, are the stretches at which force gen-
eration is maximal and minimal, respectively. The active
smooth muscle stretch in the fiber direction 4., is modeled
as A,,, = A/ 4,,, where Ais the total stretch in the fiber direc-
tion and 4, represents the (evolving) reference configura-
tion for active smooth muscle. We assume that this reference
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configuration evolves due to fast muscle remodeling such
that ., = A (Wilson et al. 2012). Hence, 4,,, = 4/4,., = lat
all times s in the quasi-static equilibrium but d4,,,/dA = 1/4
(Braeu et al. 2017).

2.1.3 Growth

Different possibilities exist for defining the growth tensor F,.
For simplicity, we choose an anisotropic growth tensor (Braeu
et al. 2017) used in several studies (Mousavi and Avril 2017,
Maes and Famaey 2023). In this case, the growth tensor in
equation (3) can be written as

_ Po(s)
£ po(0)

a,®a,+(I-a,®a,) (8)

with a, the unit growth direction vector in the reference con-
figuration, po(s) = X, p(s), and J, = det(F,) = py(s)/py(0).
For ease of comparison with previous studies, we chose to
use transversely isotropic growth, noting that other ways of
defining the growth tensor can be implemented in the model
(Braeu et al. 2019).

2.1.4 Remodeling

The evolution equation for F’r in equation (3) is detailed in
(Cyron et al. 2016) and (Maes and Famaey 2023); see these
articles for details. Briefly, constituents are subject to continu-
ous mass turnover where extant tissue mass is degraded and
new mass is added. This process adapts the stress-free configu-
ration of a constituent over time in a manner that is, in many
respects, similar to inelastic deformations in viscoelasticity.
Assuming new mass is added with a preferred stress 0'2, this
can effectively be captured for constituent i by an evolution

equation

p;) 1 ] i i 60'i iy i
—+=|le'-a] = l— : (FeLr)] ©)
|J00 r aFe F,Fg=const.

where L! = l'?‘,(Fr)_1 represents the remodeling velocity
gradient, pf) the rate of change of the referential mass den-
sity p, T the degradation time constant (Cyron et al. 2016;
Maes and Famaey 2023; Gebauer et al. 2023; Braeu et al.
2017), and 0'2 the assumed homeostatic target value for the
Cauchy stress experienced by constituent i. We assume that
only the fiber constituents representing collagen and smooth
muscle (@ = m, cj) are subject to G&R. Further assuming
incompressible remodeling of the fibers, F¥ can be written
as (Cyron et al. 2016)

F* = A%% @ al + —— (I - 2% @) 10)

Vi
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with ag the fiber orientation in the reference configuration,
and A the inelastic remodeling stretch in the fiber direction,
the only unknown. Hence, equation (9) can be simplified to
a scalar evolution equation for /'1‘: (see Appendix 1 in (Cyron
et al. 2016) or (Maes and Famaey 2023) for a derivation)

. A5 1\ A% [oee]™!
Iy = <—3+_> : [ | (o" o). ()
py  T*) 20, | 9L,

This evolution equation can be integrated using standard
time integration schemes; we use a forward Euler scheme.
Following (Gebauer et al. 2023), the initial remodeling
stretch is set to

a 1
A7(0) = P 12)

where A} represents the (homeostatic) deposition stretch of
constituent @. This ensures a homeostatic initial state for
constituents subject to G&R.

2.1.5 Initial configuration

The reference (and also initial) configuration with F =T is
typically not load-free; we assume that it is a homeostatic state.
That is, the constituents subject to G&R (collagen (a« = cj) and
smooth muscle (o« = m)) are in their respective homeostatic
state with an initial elastic part of the deformation gradient

Fio=0)= Aag @ag + ——(I-a5®a5), (13

v

with A7 the homeostatic stretch of collagen or smooth mus-
cle, and a]) the orientation of the respective fiber family in
the reference configuration (Cyron et al. 2016; Braeu et al.
2019; Maes et al. 2019).

We determine the initial elastic stretch of elastin such that
the constrained mixture as a whole is in mechanical equilib-
rium at F = I for a given external loading (e.g., the blood pres-
sure p, in a vessel) and that smooth muscle and collagen are
in their respective homeostatic state (Bellini et al. 2014). An
iterative approach is adopted to this end as detailed before
(Mousavi and Avril 2017; Famaey et al. 2018; Maes et al.
2019). As a starting point for the iterations, an axial prestretch
of elastin A? (estimated, e.g., from experimental data) is pre-
scribed, and the initial elastin prestretch tensor is constructed
assuming incompressibility (Famaey et al. 2018)

1
& 00
F, s=0)=|0 ﬁ 0| (14)
0 0 i

At iteration step k, a mechanical equilibrium problem is
solved based on an assumed elastic prestretch Fi =0
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of elastin and yields for the constrained mixture as a whole
the deformation gradient F;, compared to the desired initial
state. The objective of the iterations is to achieve F, =1,
with k the iteration step, which indicates that the elastic
prestretch of elastin has been chosen such that mechani-
cal equilibrium is satisfied directly in the desired initial
configuration. To achieve F, =1, we compute for itera-
tion step k + 1 for elastin the assumed elastic prestretch
Fz’k L=0)= Fsz,k(S = 0) and continue such iterations
until we have found a Fz’k +1(s = 0) which yields within a
certain tolerance F;,; =1 when solving the associated
mechanical equilibrium problem. To facilitate the solution,
external forces, predefined deposition stretches of the fiber
constituents, and the axial deposition stretch of elastin are
applied gradually in the first few iterations.

2.2 Intracellular signaling

As mentioned in Sect. 1, different approaches exist to
model the intracellular signaling network of cells. We
focus on the approach introduced by Kraeutler et al.
(2010), which, despite its relative simplicity, has produced
excellent results (Zeigler et al. 2016; Irons and Humphrey
2020; Gorick et al. 2022). This model uses a logic-based
representation of the chemical reactions of cellular sig-
nal processing. Each chemical species is represented by a
node y; in a directed graph. Under normal conditions, the
value of each node ranges in the continuous interval [0, 1]
with O representing an inactive state and 1 a fully active
state. However, diseases or pharmacological treatments
might change the maximal activity level of a node to some

different upper bound y; ..., which will be discussed at the
end of this section. In a graph of N nodes, the change of
activation of node y;, is given by the following (nonlinear)
ODE,

dy

; 1
- = Zf;(yh ,yN)Yi,max —Ji
1

ds (as)

where 7, is a time constant (determining the reaction speed).
To understand this model, consider the simplest case where
node y; depends only on one other node y;. In this scenario,
we distinguish 2 cases. First, y; is assumed to have a posi-
tive (activating) effect on y;, and f;(y,, ..., yy) is assumed
to reduce to

o) =170 1= Wy
(By— 1+

(16)
This function is illustrated in Fig. 2a. Second, if \ has a
negative (inhibitory) effect on y;, fi(y;, ..., yy) is assumed to
be (Kraeutler et al. 2010; Khalilimeybodi et al. 2020)

LOp=£f0p :=1-f70)

By’ (17)

=1_Wl]—n
(By— 1)+,

Activating functions of the type fl.+ and inhibitory
functions of the type f; similarly form the main building
blocks of a signaling network in more complex scenarios.
They represent normalized Hill functions, with n; the

(c)

Fig.2 a Dashed blue line (a) |
shows activation function with — = default values
default parameters W,/ =1, 08 —2;0 = 2{ o
ECsy; = 0.5,n; = 1.4, solid ) _%50:'“0__75'
lines show variations of a single
—~06
parameter (see legend) from 5
the default case and its effect i P
Lo . =04
on the activation function. /
b Contour plots of logical , ‘
operators described by the Eqgs. 0.2 z
(20) through (22). ¢ A simple s
o

example of a signaling network
with 2 input nodes (y,, y,) and 3
output nodes (y3, Y4, ¥s)

(b)

AND(y;, yr)

fi (yy)

74 V1 Y2
7
7
7
/4
V3 Va Vs
+ o, y2) = -
o0 N NOT (3, y2) fs O2)
06 08 1 —> activation =1 inhibition
, _ ORG;u) J AND NOT(y;v6)

fi+(yk)
Ti(yjs yr)

f; (yk)

7 |,

10 1
fi(vy)

f;r(yj)
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Hill coefficient, Wii a reaction weight, and the constant Bii
enforcing the constraints

f;+(yj = 0) = 03
[Fo =D =W, (18)
[0 = ECsp ) = 0.5W;
where ECy, ; is the value at which the activation function is
half-maximal, i.e., 0.5 Wi/" Based on these constraints, Bi/‘ is
(ECs05)" 1

T 2(ECs,;)" -1 >

with (ECsg;;)" < 0.5 to ensure B; remains positive. If a
node y; depends on 2 nodes y; and y,, their combined effect
is modeled by the logical operations ‘AND,” ‘OR,” and ‘AND
NOT’ (Irons et al. 2022). In the first of these 3 cases, y; is
activated if both y; and y, are active and we have

ATCATALCTS)
(v.,v.) = AND(y,,y,) 1= ——L"L "
1y 0> Yi) ﬁ+(Yj) +f,-+()’k) (20)

In the second case, y; is activated if y; or y; are active and
we have

[0 y1) = OR(Y;, y))

= RO 00 — L O 0. @h

In the third case, y; is activated if y; is active and y, is inac-
tive, and we have

fi0j» y) = AND NOT(y;, y;)
AN
O+ ) 22)
2o - £ Ow)
o+ (1=£700)

These logical operators are illustrated in Fig. 2b. Note that
Eqgs. (20) and (22) deviate slightly from the original defini-
tions (Kraeutler et al. 2010) and use a modification (Khal-
ilimeybodi et al. 2020; Irons et al. 2022) to ensure proper
scaling. This avoids issues where the classical ‘AND’ defini-
tion, f;"(y;)f;" (), would lead to outputs that are too small if
not scaled by 2/ (f*(y,) + ;" (y;)) (similar for ‘AND NOT").
If a node y; depends on several other nodes, their effect on
¥; can be modeled by a recursive combination of the logical
operators in Egs. (20) through (22).

Based on the above model, the dynamics of the net-
work are governed by a system of nonlinear ODEs. A
simple example with 5 nodes is illustrated in Fig. 2c. The
inputs could represent, e.g., the stress of the smooth mus-
cle fibers (node y,) and the nitric oxide concentration in
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the tissue (node y,). The outputs could represent smooth
muscle proliferation (node y;), collagen production (node
v4), and the active contraction of smooth muscle (node ys).
By changing y; ., it is possible to simulate overexpres-
sion (¥; 4 > 1) or knockdown (y; .. < 1) of a species that
could result from a pathogenic variant or a pharmacologi-
cal treatment.

2.3 Continuum-scale biochemistry
2.3.1 Reaction-diffusion equations

One way cells communicate is by secreting signaling mol-
ecules that diffuse through the surrounding tissue and are
sensed by neighboring cells (paracrine signaling) or the cell
itself (autocrine signaling). We model such processes on the
continuum scale by a coupled system of reaction-diffusion
equations

k
% = DSV + 1 (pgs oo PY M) + 55(5) (23)
with superscript k denoting the kth species tracked by the
model in the extracellular space (k = 1, ..., N + M). Here, pg
is the density in the reference configuration of species k, N is
the number of structurally significant species (such as elas-
tin, collagen, smooth muscle), and M is the number of rel-
evant biochemical species, for example, signaling molecules
secreted by the cells that are not structurally significant (see
Fig. 3). Dg is the (constant) diffusion coefficient of species
k, rjo‘ represents possible reactions between species, and s’(‘) is
a potentially time-dependent source term. The source term
can, for example, represent the exogenous addition of certain
molecules or potential endocrine signals.

In the present coupled chemo-mechanical model (see
below), the tracked species include the N = 3 structural con-
stituents of the soft tissue (elastin, collagen, smooth muscle)
and potentially the concentrations of M biochemical species,
such that k = e,c,m, ..., N + M. For the 3 mechanically rel-
evant constituents in the constrained mixture, we assume

D =0,
15O ooy — Lo
= T ) )L+ Ay () = =0 (s), (24)
55=0,
Dy =0,

1 m m 1 m m 25
= 2O+ A — sy =0 )

For elastin, we assume no deposition, degradation, or diffu-
sion, that is, sg =0, rf) =0, Df) = 0. By contrast, we assume
that collagen production depends on the intramural cell
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Fig.3 Schematic coupling of
mechanics, intracellular signal-
ing, and reaction-diffusion prob-
lem (continuum-scale biochem-
istry). Only the first N species in

( Continuum-scale )

biochemistry

the reaction-diffusion problem Referential Stresses
mass densities >
are assumed to be structurally >

significant (elastin, collagen,
smooth muscle), whereas the
last M species in the concentra-
tion vector are assumed to be
structurally insignificant but to
matter as an environment for the
intracellular signaling processes

il

Continuum / Intracellular \
mechanics signaling

Contractility

I

Referential densities —

[

density since more cells, all producing collagen at a basal
2;(0)
g§(0>
ensures a homeostatic state at G&R time s = 0. The 7" are
degradation time constants and the Ay’(s) are normalized
deviations of the relevant signaling network output of node
y; from its baseline level y;, with (Irons et al. 2021)

rate, leads to more collagen production. Here, the factor

Yi(®) = yio

Yio

Ay'(s) = 26)
Following Irons et al. (2021, 2022), we assume a constant
relative distribution of the different collagen fiber families,
which leads to

pcl p'C

¢ T ¢
Py Po
For simplicity, we assume that rates of collagen degradation
and cell apoptosis are constant and Dj = D' = 0.

Note that the purely mechanical homogenized constrained
mixture model can be obtained by setting Dj = 0, s; = 0 and

o o
c(s) — o,

o = Po($)K* , a=m, (28)

~

o
h
where k“ is a rate parameter, 6%(s) the current stress of fiber
constituent «, and o-Z‘ its homeostatic stress (Braeu et al.

2017; Gebauer et al. 2023). In this case, equation (27) need
not hold.

2.3.2 Endothelium as a boundary condition

Endothelial cells can play important roles in sensing
mechanical stimuli as well as in cell—-cell communication. To
include these effects, an endothelial cell layer with its own
signaling network can be added to the model. For example,

Production / secretion

Nan /

when modeling a blood vessel by a tube-like geometry, the
endothelial cells line the inner surface. Using the current
(inner) radius of the vessel, the mean wall shear stress can
be computed based on

_ e

9
na’

w (29)
assuming a fully developed laminar flow of a Newtonian
fluid. Here, u is the fluid viscosity, Q the flow rate, and a
the current (inner) radius. Changes in wall shear stress can
then serve as an input to the endothelial signaling network
and trigger a response. For example, by releasing signaling
molecules, which diffuse through the attached volume, the
endothelial cells can communicate with intramural cells by
providing potential inputs to their signaling networks. Note
that the endothelial cells are assumed not to be structur-
ally significant but instead form a (dynamic) Neumann-type
boundary condition for the continuum-scale diffusion prob-
lem described in the previous section.

3 Implementation
3.1 Coupling

The equations in Sect. 2 related to mechanics, intracellular
signaling, and continuum-scale biochemistry are coupled
as illustrated in Fig. 3. For example, nodes in the intracel-
lular signaling model determine mass production rates in
the continuum-scale biochemistry model; these production
rates govern the G&R that drives mechanical deformation;
these deformations result in mechanical stress, which alters
inputs for the intracellular signaling model.

Hence, the above equations must be solved as a coupled
system. A geometry, for example, a tube representing a
blood vessel, is discretized using the finite element method
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(FEM) to solve both mechanical and continuum-scale bio-
chemical reaction-diffusion problems. The intracellular sign-
aling is computed at a representative selection of material
points, that is, at each Gauss point in each finite element.
To solve time-dependent problems, we discretize time into
a finite number of times s’ with i = 1,2, 3, .... At each time
s', we solve the coupled problem via the following sequence
of steps:

1. FEM solution of mechanical problem based on system
state at previous time s’

2. Solution of ODE system for intracellular signaling (to
steady state) at each Gauss point in the FEM discre-
tization based on the mechanical state computed in the
previous step (1) and mass concentrations from s,

3. FEM solution of reaction-diffusion problem with
mechanical state from step (1) and intracellular signal-

ing state from step (2).

This staggered solution scheme allows a flexible combina-
tion of submodules. For example, in certain cases, only 2 of
the 3 domains of the problem may actually be solved (e.g.,
only mechanics and diffusion or only mechanics and intra-
cellular signaling).

3.2 Signaling network initialization

To determine normalized changes Ay(s) of pathway output
y; in (26), its baseline pathway output y,, is needed. This
value can be determined by fixing all input nodes to a base-
line value and simulating the dynamics of the network until
a steady state at all output nodes has been reached.

3.3 Scaling of inputs for intracellular signaling

To use a continuum-level quantity g (e.g., smooth muscle
stress) as an input to a node y; in the intracellular signaling
network, it has to be scaled to a suitable range. A simple way
is to use a sigmoidal function

1 q—4qy

with Ag =

(Ag) = —— |
YA 1+ ef=sata qp

(30)

where s, determines the sensitivity to a perturbation
from homeostatic, Ag represents the normalized devia-
tion of ¢ from its baseline (e.g., homeostatic) value, g,
and f shifts the sigmoidal function horizontally such that
v;(Agq = 0) = y,, where y,, is the baseline input at time s = 0.
Figure 4 shows the influence of varying sensitivities on the
scaling behavior.
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Fig.4 Influence of sensitivity s, on scaling behavior with y;, = 0.5

3.4 Solvers
3.4.1 Mechanics

The nonlinear mechanical equilibrium problem was solved
with a standard Newton solver from the Trilinos NOX
package (The Trilinos Project Team 2021) (relative and
absolute tolerances set to 10712). The linearized system
was solved with a direct solver since all the problems
studied were relatively small. The code was fully parallel-
ized, supporting iterative linear solvers in case of larger
problems.

3.4.2 Intracellular signaling

The system of ODEs modeling the intracellular signal-
ing was solved using the SUNDIALS ARKode package
(Hindmarsh et al. 2005; Gardner et al. 2022; Reynolds
et al. 2023) with an explicit Runge—Kutta method of order
5 with relative and absolute tolerances of 107!°. Because
ARKode is a general-purpose ODE solver, there is no
restriction on using a logic-based model of intracellular
signaling.

3.4.3 Continuum-scale biochemistry

To solve the reaction-diffusion problem modeling con-
tinuum-scale biochemistry, the SUNDIALS ARKode
package was used with an implicit Runge—Kutta method
of order 3 in combination with a GMRES solver and an
algebraic-multigrid (AMG) preconditioner. The relative
and absolute tolerances of the time integration algorithm
were set to 1077 and 1078, respectively.
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4 Numerical examples
4.1 Validation of mechanical model

To validate the implementation of the (uncoupled) homog-
enized constrained mixture model of G&R (Eq. (28)), we
recreated the test cases presented in (Maes and Famaey
2023). See Appendix A.1 for details.

4.2 Growth and remodeling of murine aorta

In the following section, we use the coupled model to
study the response of a mouse descending thoracic aorta
to mild to moderate increases in pressure. To this end,
we coupled the homogenized constrained mixture model
to the signaling pathways introduced by Irons and Hum-
phrey (2020) and further used and refined in (Irons et al.
2021, 2022). The network consisted of 50 nodes and 82
reactions and represents the behavior of synthetic intra-
mural cells (SMCs and fibroblasts) as one might obtain
from bulk qPCR or Western blotting. The network has
5 inputs (Angiotensin II (AnglII), smooth muscle stress,
flow-induced wall shear stress (WSS), integrins, stretch-
activated channels (SACs)) and 4 outputs (Collagen-I,
Collagen-III, cell proliferation, actomyosin activity).
The outputs Collagen-I and Collagen-III were combined
into one output for fibrillar collagen production by tak-
ing their average, noting that this is a simplification as
collagen fiber formation is highly complex and the con-
tribution of other matrix constituents is omitted (Kadler
et al. 2008; Liu et al. 1997). For the network, we used
the default parameters from (Irons and Humphrey 2020)
unless noted otherwise, see Table 1. Inputs to the network
were scaled using the sigmoidal function in equation (30).
In Sect. 4.2.1, the only variable input to the signaling
network is the smooth muscle stress, while in Sect. 4.2.2,
the inputs are the smooth muscle stress, the nitric oxide,
and endothelin-1 concentration.

The geometry and material parameters are based on
(Irons et al. 2022; Latorre and Humphrey 2020) and
represent a radially averaged single-layered arterial
wall. Assuming axisymmetry, the artery was modeled
as a cylindrical quarter segment similar to Sect. A.1.2
with original inner radius A, thickness H, and length L
(Table 1). Axial displacements were fixed at both ends,
and the growth direction defined as radial. The geometry
was discretized using 216 quadratic finite elements: 2 in
radial and axial directions, and 54 elements in the circum-
ferential direction. The choice of 2 quadratic elements in
the radial direction was motivated by a convergence study

(Latorre and Humphrey 2020) that used 4 linear elements
in radial direction. This was confirmed by a mesh con-
vergence study. The geometry was prestressed using the
algorithm described in Sect. 2.1.5 with an in vivo pres-
sure of p, = 14.0 kPa until the average nodal displacement
(normalized by the reference wall thickness) was less than
107% and a homeostatic state was (nearly) reached.

4.2.1 Cell signaling network - influence of Angll

In the first study, we compared how the presence of Angll
via modification of the baseline network input y,,,.; o influ-
ences arterial G&R when subjected to a sustained sudden
increase in pressure of 15%. To quantify tissue adaption over
time in response to the pressure perturbation, we computed
the normalized trace of the tissue-level Cauchy stress and
the normalized Cauchy stress of the smooth muscle cells
at the midpoint of the vessel. Additionally, we show nor-
malized wall thickness and inner radius. In this example,
we assumed that flow rate Q remains constant at its initial
value Q,, yielding a flow rate ratioe = Q/Q, = 1 and a pres-
sure ratio y = p/p,, where p is the blood pressure after the
pressure increase. It is known (Humphrey 2008) that blood
vessels tend to regulate their inner radius in accordance with
the flow rate (to maintain a certain wall shear stress) and
their wall thickness in accordance with the inner pressure
(to maintain a certain hoop stress). The markers at the right
end of the graphs in the third and fourth columns represent
adaptations that would be expected from these theoretical
considerations. To maintain the initial wall shear stress, the
(current) inner radius, a, should adapt to the limit £'/34; to
maintain a certain hoop stress, the (current) wall thickness,
h, should adapt to the limit ye'/>*H (Humphrey 2008).

As shown in Fig. 5a, exogenous Angll accelerated the
adaptive response leading to a slight undershoot in the
trace of the mixture-level Cauchy stress and the SMC
stress before recovering baseline values (first 2 graphs).
The adapted wall thickness was similar in both cases and
close to the ideal adaptation based on the theoretical con-
siderations (third graph). However, the adapted inner radii
were different; the simulation with Angll showed a smaller
radius (fourth graph). These results qualitatively aligned
with experimental observations (Wu et al. 2014; Ruddy
et al. 2009) that AnglI increases collagen turnover, leading
to accelerated remodeling. This is, for example, indicated
by increased activation of the network nodes representing
Col3mRNA and MMP?2 (Fig. 5Sb). However, note that the
simulations should be viewed as a proof of concept as the
model still missed important aspects such as wall shear
stress sensing, and the parameters were not calibrated to
specific experimentally observed results.
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Table 1 Parameters for coupled
finite element simulations of
growth and remodeling of a
mouse descending thoracic
aorta

Mixture mass density

Initial mass fractions

Collagen fiber orientation
Initial inner radius

Initial wall thickness
Initial length

Elastin parameter

Elastin bulk modulus
Collagen properties

SMC properties

Elastin axial deposition stretch
Collagen deposition stretch
SMC deposition stretch
Mean survival times

Initial blood pressure

Time step size

Geometry and material parameters

Continuum-scale biochemistry parameters

SMC diffusion coefficient
Collagen diffusion coefficient
Cell signaling parameters
SMC sensitivity to stress
Reaction time constant
Reaction edge weight

Half maximal activation

Hill parameter

Maximal node activation
Initial input values

Po 1050 kg /m?

¢° 0.34

" 0.33

@<, o, 0.01848, 0.02211, 0.1447
® 29.91°

A 0.647 mm

H 0.04 mm

L 0.04 mm

ue 89.71 kPa

K 10/46

i, ¢ 234.9 kPa, 4.08
cf', ¢y 261.4 kPa, 0.24
A 1.62

A, 1.25

Z 12

™, T° 70 days, 70 days
Po 14.0 kPa

As 7 days

Dgl 0

Df] 0

8o 0.5

T 1.0

w 1.0

ECy 0.55

n 1.25

Vimax 1.0

Ywss.0 0.5

Yintegrins,0 0.2

YSACs,0 0.2

Ystress.0 0.2

YAngll 0 {0.0, 0.1}

Geometry and material parameters are based on (Irons et al. 2022; Latorre and Humphrey 2020) and rep-
resent radially averaged values for a single-layered G&R model. Cell signaling parameters are based on

(Irons and Humphrey 2020).

4.2.2 Endothelial cell-intramural cell communication

To ensure an adaptive response of the tissue, different cells
and cell types need to communicate with each other, for
example, through signaling molecules. One such exam-
ple of cell-cell communication can be observed between
endothelial cells (ECs) and intramural cells such as smooth
muscle cells and fibroblasts. ECs in a blood vessel respond
to changes in wall shear stress (WSS), 7,,, by changing their
production of nitric oxide (NO) and endothelin-1 (ET1)
(Sriram et al. 2016), which alter smooth muscle contractility
(Hong et al. 2011) and collagen production (Hershey et al.
2012). Even though the interaction between the 2 cell types
is much more complex, involving other signaling molecules
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and growth factors, we reduced their interaction to depend
only on nitric oxide and endothelin-1. For the following
simulations, we also included active SMC stresses, as NO
and ET1 are potent regulators of active smooth muscle tone.
The parameter regulating active cell contraction y,,,(s) used
in Eq. (7) is computed via a sigmoidal scaling function (Eq.
(30)) with sensitivity 1.0, Ay““(s) is the normalized change
of the output node in the signaling network regulating acto-
myosin activity, and y,,, o = 0.5.

In addition to cells within the vessel wall, we included
an EC layer on the inner surface as described in Sect. 2.3.2.
We used the same intracellular signaling pathway as in Sect.
4.2.1 but extracted the part that represents endothelial cell
behavior and assigned it to the ECs, while the remaining
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Fig.5 Mechanical and network responses of the coupled finite ele-
ment model in response to a 15% pressure increase under 2 differ-
ent levels of exogenous Angll over normalized time (s/7™). Top (a)
shows, from left to right, the normalized trace of the mixture-level
Cauchy stress, normalized Cauchy stress of the smooth muscle fibers,

network was assigned to the intramural cells, which now
have NO and ET1 inputs instead of wall shear stress (Fig. 6).

The ECs respond to changes in wall shear stress (WSS)
by producing NO and ET1, which then diffuse through the
vessel wall with diffusion coefficients D) and DL, but are
consumed or degrade with mean survival times 7V° and 77!
assuming first-order kinetics (Vaughn et al. 1998; Liu et al.
2008). The parameter values are based on previous experi-
mentally determined values (Malinski et al. 1993) or theo-
retical studies (Vaughn et al. 1998; Liu et al. 2008; Kavdia
and Popel 2006) and listed in Table 2, including references
where available. Compared to NO, data on ET1 are scarce.
Hence, we used a generic value for the diffusion coefficient
of a peptide, and the baseline production rate was assumed
to be of a similar order of magnitude as NO.

One challenge in this scenario was the boundary con-
ditions. Similar to (Vaughn et al. 1998; Kavdia and Popel
2006), we relate the NO and ET1 production rates 0 and

Fig.6 Schematic illustration (a)
of the inputs and outputs of

the endothelial cell signaling

network (a) and the intramural

cell signaling network (b). NO
production by ECs increases

with increases in WSS; ET1

production increases with

decreases in WSS

WSS . EC

O Inputs

D Intracellular network

O Outputs

Oro
O

normalized time

normalized wall thickness, and normalized inner radius. The dashed
lines represent baseline values and markers represent ideal adapta-
tions based on theoretical considerations (see text). Bottom (b) shows
fold changes in activation levels of 3 network nodes with respect to
the baseline (y4,,4170 = 0)

O™ to the influx of these 2 quantities and prescribed cor-
responding boundary conditions,

, Jd[NO
0)°(1 + 3y (s) = Do A umen
r
(31)
_ DNO a[NO]limue
0 or
. OLET 1 1men
QOETI(I + AIIIETI(S)) — DOETI P ]
’ (32)
0 or '

Here, Ay¥O(s) and Ay T (s) are outputs from the EC signal-
ing network regulating NO and ET1 production, while %

nd 2E70 represent concentration gradients in the radial
direction (into the lumen or into the tissue). Some of the

NO and ET1 produced by the ECs will be released into the

(b)
Y
Stress Q—
Angll Q— —O Collagen-|
NO O— —O Collagen-lil
SMC
ET1 O— —Q Proliferation
Integrins O— —Q Actomyosin activity
SACs Q—
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Table 2 Additional parameters
for the coupled finite element
simulations including
endothelial cell-intramural cell
communication

Material parameters

SMC active contribution

Cpax 170 kPa Irons et al. (2022)
Apae 1.1 Irons et al. (2022)
Ao 0.4 Irons et al. (2022)

Continuum-scale biochemistry parameters

Nitric oxide diffusion coefficient
Nitric oxide mean survival time

Nitric oxide production rate

Endothelin-1 diffusion coefficient
Endothelin-1 mean survival time

Endothelin-1 production rate

Fraction diffusing into tissue
Outflux fraction

Cell signaling parameters

EC sensitivity to wall shear stress
SMC sensitivity to nitric oxide
SMC sensitivity to endothelin-1

SMC sensitivity to changes in acto-

myosin activity

Dy° 3300 um? /s Malinski et al. (1993); Vaughn et al. (1998)
TNo 15s Malinski et al. (1993); Vaughn et al. (1998)
oy 53, 10—14&;’{ Vaughn et al. (1998)
s
Dgﬂ 300 um? /s -
TET! 120s Saleh et al. (2016)
o 10 10—14% see text
n 0.2 see text
& 0.9 see text
S, 0.5 -
SNO 0.75 -
sgrp - 075 -
s, 1.0 -

con

Active smooth muscle parameters are based on (Irons et al. 2022)

lumen and transported away by convection, whereas some
parts will be released into the tissue and transported via
diffusion. We estimate the fraction of NO and ET1 that is
released into the tissue to be # = 0.2 (Vaughn et al. 1998;
Liu et al. 2008; Zhang and Edwards 2006). This resulted in
the following boundary conditions on the inner surface of
the vessel,

a[NO] issue >
~DyO = = 0?1+ Ay() (33)
O[ET1],,, .
DT == = QT (1 + Ay (5). (34)

Additionally, a second boundary condition is needed at the
outer surface of the vessel wall. Because the outer surface of
the vessel is not impermeable to NO and ET1 and the vessel
is surrounded by perivascular tissue, an outflux boundary
condition was prescribed. Previous studies (Vaughn et al.
1998; Liu et al. 2008; Zhang and Edwards 2006) found that
the concentration profile of NO is nearly linear over short
distances comparable to the wall thickness of the studied
vessel. Hence, we assumed that the outflux is proportional to
the influx with a proportionality factor £. Here, we assumed
that £ = 0.9, which resulted in a nearly linear concentration
profile of NO and ET1 and concentrations on the order of
100-300 nM (Chen et al. 2008).

To analyze the influence of EC—transmural cell com-
munication on tissue adaptation, we first applied a sudden
10% pressure increase that was sustained over time. The
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additional stimulus through NO and ET1, mediated by wall
shear stress sensing of the endothelial cells, led to an almost
ideal adaptation in inner radius and wall thickness (Fig. 7a).
After a slight undershoot, the stress of the SMCs slowly
returned back toward the baseline value while a slight offset
in the trace of the tissue-level Cauchy stress remained.

With the addition of the EC layer and the NO-mediated
cell-cell communication, the model could now also account
for changes in blood flow rate. To study the response of
the vessel to a change in (blood) flow, we increased the
flow rate Q by 10% (e = Q/Q, = 1.1) while keeping the
blood pressure constant (y = p/p, = 1). As illustrated in
Fig. 7b, the vessel dilated to reduce the wall shear stress
close to the value £'/3A ~ 1.03A withe = Q/Q, = 1.1. The
stresses slowly returned toward their baseline values with
a slight offset in the trace of the tissue-level Cauchy stress.
After a slight decrease, the thickness of the vessel remained
unchanged compared to the initial thickness, different from
the idealized adaptation limit ye'/3H.

4.3 Instabilities for high sensitivities

When analyzing the results from the previous Sects. 4.2.1
and 4.2.2, we found that simulations can exhibit instabili-
ties at longer simulation times (normalized time > 20).
These instabilities resulted in a continuous deviation of the
stresses from their baseline values, ultimately leading to
divergence of the simulations. To further probe this behav-
ior, we replaced the complex intracellular signaling pathway
with a highly simplified model consisting of only 3 nodes:
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Fig. 7 Evolution of selected (a) tr(e)/tr(a(s = 0)) o™ /o h/H a/A
quantities over normalized time
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one input node (smooth muscle stress) that activated 2 out-
puts (cell proliferation and collagen production). For this
network, 7 =1, W=1,ECs;, =05,n=14, and y,,,, = L.
Smooth muscle stress as an input for the intracellular sign-
aling network was scaled to the range [0, 1] by a sigmoidal
function with an adjustable sensitivity as described in Eq.
(30). Five sensitivities, s,, ranging from 0.25 to 1.25, were
tested for a 5%, 10%, and 15% pressure increase.

Figure 8 shows that low sensitivities (e.g., s, = 0.25)
led to unbound growth and continuous distension of
the vessel. This is in agreement with a prior observa-
tion (Braeu et al. 2017) for low rate parameters, k', using
a homogenized constrained mixture model without

normalized time normalized time normalized time

intracellular signaling. In fact, too low sensitivities s, led
to mechanobiological instabilities (Cyron and Humphrey
2014; Cyron et al. 2014). By contrast, higher sensitivities
led to a regime of mechanobiological stability, marked by
the convergence of the vessel geometry to a new stable
mechanobiological equilibrium state. Higher sensitivities
decreased the offset in the trace of the tissue-level Cauchy
stress compared to its initial value. This is in agreement
with the concept of mechanobiological adaptivity (Cyron
and Humphrey 2014; Cyron et al. 2014). The response
in case of corresponding pressure decreases is shown in
Fig. 11 in Appendix B.1.

Fig.8 Evolution of selected tr(e)/tr(a(s = 0) o™ fay? h/H a/A
quan};ties over r.10rma1iz.e.d _ti.me . 13 13 12 12
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For the highest sensitivity (s, = 1.25), instabilities in the
stresses were observed toward the end of the simulation.
Interestingly, these instabilities seem independent of the
magnitude of the applied perturbations and were not imme-
diately visible in geometric quantities (thickness and inner
radius). To ensure that the instabilities were not introduced
through the coupling of the different submodules, we tested
the uncoupled homogenized constrained mixture model
with the same geometry, material parameters, and a pressure
increase of 15%. We found similar instabilities when increas-
ing the rate parameters, k', to high values, which is compa-
rable to increasing the sensitivity s, (Fig. 12 in Appendix
B.2). Further testing using the uncoupled homogenized
constrained mixture model with the geometry and material
parameters described in Braeu et al. (2017) again revealed
instabilities for high rate parameters when subjected to a
pressure increase of 15% (Fig. 13 in Appendix B.2).

Furthermore, we tested if the sensitivities leading to sta-
ble adaptations (s, = {0.5,0.75, 1.0}) would show instabili-
ties under pressure perturbations of 30% and 50% (Fig. 14 in
Appendix B.3). No stress instabilities were observed in these
cases. However, a sensitivity of 0.5 seemed insufficient to
achieve a stable state within the observed time period. Fur-
ther tests of reducing the time step size, gradual application
of the pressure perturbations, or using stricter tolerances did
not remove the instabilities.

5 Discussion
5.1 Intracellular signaling

Adding intracellular signaling networks to the homogenized
constrained mixture model to replace phenomenological
parameters for mass production with quantities rooted in
intracellular signaling allows a more detailed study of how
specific intracellular processes influence tissue homeosta-
sis. While the example presented in Sect. 4.2.1 should be
understood as a proof of principle, it showed how signaling
networks could be used to study how G&R is affected by a
different biochemical environment, in this case, the pres-
ence of Angll. In these cases, it can be difficult to know
how certain chemicals influence phenomenological param-
eters for collagen production and cell proliferation a priori.
Furthermore, the complex intracellular signaling networks
can also exhibit internal feedback loops, which can lead to
a more dynamic adaptation process, such as the undershoot
of the stresses or the reduction in radius observed in Fig. 5.

In addition to the influence of exogenous factors, it
becomes possible to study how specific defects in intracel-
lular signaling, such as a genetic defect, change the behavior
on the organ-scale. Notably, some defects in intracellular
signaling may have little effect on the organ-scale due to
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compensatory mechanisms in the signaling networks. Gener-
ally, biological signaling networks benefit from this kind of
robustness as their surrounding is inherently noisy and they
have to operate under various conditions. This may explain
why a unique parametrization of the (logic-gated) signal-
ing networks is challenging to obtain but also might not be
necessary to promote a stable adaptation (Irons et al. 2022).

Moreover, the intracellular signaling pathways can be
created with the amount of detail necessary for the studied
problem. For example, with the highly simplified signaling
networks used in Sect. 4.3, we observed that a range of
(stress) sensitivities can promote a stable adaptive response.
Similar results were obtained with purely mechanical
homogenized constrained mixture models, where a specific
range of rate parameters led to stable adaptations (Appendix
B.2). However, the coupled model allows a more straightfor-
ward interpretation of the physiological meaning and origin
of the parameters.

5.2 Effects of cell-cell communication

It is known that different cell types collectively contribute
to tissue homeostasis. In fact, 4 cell types appear to be suffi-
cient to form a minimal tissue unit: (I) the cell type perform-
ing the core function (for example, smooth muscle cells in
the aorta, hepatocytes in the liver, etc.), (II) endothelial cells,
(IIT) fibroblast-like stromal cells, and (IV) tissue-resident
macrophages. According to Adler et al. (2018), the last 3 cell
types are nearly universal to all tissues and mainly support
the primary cell type in their function.

In this work, we included endothelial cells in addition
to the intramural cells. The combination of both cell types
communicating with each other via NO and ET1 produced
different results (Fig. 7a) compared to a model where only
intramural cells were included (Fig. 5). The additional influ-
ence of the NO and ET1, regulated by the wall shear stress
sensed by the ECs, allowed the vessel to adjust its inner
radius toward ideal values. This underlines one of the many
important functions of the endothelium. It also allowed the
study of tissue adaptation in response to changes in flow
(Fig. 7b), which, to the best of our knowledge, was so far
not included in 3-dimensional simulations using the homog-
enized constrained mixture model.

Overall, coupled models have the potential to study dif-
ferent combinations of cell types forming basic tissue units.
For example, including macrophages could help to eluci-
date their role in promoting tissue homeostasis (Zhou et al.
2018). In particular, studying dysfunctional communication
between different cell types and the resulting effects on tis-
sue adaptation could improve our understanding of when
tissue can adapt and under which circumstances it cannot.
This might help to identify potential pharmacological targets
or treatments to improve clinical outcomes.
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The flexibility of the model to include several cell types
offers great potential but can also add considerable complex-
ity. Ultimately, though, it is a trade-off between the amount
of detail to include, and the resulting complexity to still
generate interpretable and actionable results or hypotheses,
which can then be tested experimentally.

5.3 Long-term instabilities

Long-term instabilities might arise when high rate param-
eters, k', or high sensitivities, s, are used in combination
with curved geometries such as the cylinder wall studied
herein. Interestingly, this was independent of the magnitude
of the applied pressure perturbation. We found that adding
diffusion of the cells (i.e., Di > 0in Eq. (25)), which could
represent cell migration, was able to stabilize the system for
all times considered and even larger values of k' and s, (not
shown). However, this lacks a biological foundation, at least
in the case of elastic arteries, where migration of SMCs is
constrained by the elastic laminae, and fibroblasts primarily
remain in the adventitia. Nevertheless, these results might
indicate that the homogenized constrained mixture model
is not able to homogenize the transmural stress gradients
and maintain them toward the end of the adaptation process.

The question remains as to what exactly causes these
instabilities potentially resulting from persistent transmural
stress gradients. The instabilities might be inherent to the
homogenized constrained mixture model, caused by basic
assumptions, or of a purely numerical nature. For example,
Taber and Humphrey (2001) showed that radially varying
material parameters help to homogenize the transmural
stresses. Moreover, Azeloglu et al. (2008) showed that a
gradient in the proteoglycan concentration also provides
a mechanism by which transmural stresses can be homog-
enized, and cells might modify proteoglycan synthesis and
degradation in response to altered stresses. These observa-
tions are not included in current implementations. Addition-
ally, we used a radially averaged, single-layered approach to
model the arterial wall. However, the arterial wall consists
of 3 distinct layers, the endothelium, media, and adventitia,
the latter 2 bearing the majority of the load. This bi-layered
structure can significantly influence transmural stresses. For
example, Bellini et al. (2014) showed that different material
properties in the medial and adventitial layer can protect
the media from excessive stresses when pressure increases
above normal as the adventitia carries more load at elevated
pressure levels.

As evidenced by the different possibilities listed above,
transmural stress gradients are important and complex, and
different mechanisms have been identified that influence their
distribution. More work is needed to understand this better
and examine what exactly causes the long-term instabilities in
the homogenized constrained mixture model when large rate

parameters or sensitivities are used and how this influences
transmural stress distributions.

6 Conclusion and outlook

In this paper, we proposed the first homogenized constrained
mixture model of soft tissue growth and remodeling that cou-
ples mechanics, continuum-scale biochemistry, and intracel-
lular signaling. Our model allows one to replace phenomeno-
logical growth parameters of purely mechanical homogenized
constrained mixture models with models of specific intracellu-
lar processes. This allows one to relate a behavior on the organ-
scale to specific intracellular processes. Moreover, it facilitates
physiological interpretations of the simulations. Importantly,
the continuum-scale biochemistry module in our framework
also allows us to capture long-range communication between
cells, e.g., the communication between endothelial cells and
transmural cells via nitric oxide and endothelin-1.

The computational cost of our coupled multiphysical
model was around 3-5 times higher than that of a purely
mechanical homogenized constrained mixture model of
soft tissue G&R. The majority of the additional cost can
be attributed to the implicit time integration scheme used
in the diffusion submodule and solving the intracellu-
lar signaling networks. The former could potentially be
improved by using different time integration schemes.
The computational cost of solving the intracellular sign-
aling strongly depends on their size and complexity.
However, the additional level of detail will always incur
an additional computational cost.

In the future, the model could be used to study specific
aspects of cell-cell communication or the effect of genetic
defects on growth and remodeling. Moreover, it provides
insights into how biochemical processes on the cell-level
can translate into macroscopic changes on the tissue level.
While the presented results are promising, more research
is needed to make the coupled model applicable to real-
world applications. Independent of the coupling to intra-
cellular signaling networks, the instabilities in the homog-
enized constrained mixture model occurring during longer
simulations with large rate parameters or stress sensitivi-
ties need to be addressed to find their cause.

Appendix A

A.1 Validation of mechanical model

The implementation of the (uncoupled) homogenized con-
strained mixture model of G&R (Eq. (28)) is validated
based on test cases presented in (Maes and Famaey 2023):
a unit cube with either a displacement or traction boundary
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Fig.9 Test cases used for verification based on Maes and Famaey
(2023). a Schematic drawing of a unit cube and the corresponding
boundary conditions (BC) for each surface. DBC - Dirichlet bound-

condition and a cylindrical tube as a simplified model of
arterial adaptations to a pressure increase, see Fig. 9. The
material parameters for both cases are largely identical and
summarized in Table 3. Note that while the elastin content
is higher than in vivo, the material parameters suggested by
Maes and Famaey (2023) fall into physiological relevant
ranges and are comparable to parameters used in previous
studies such as (Wilson et al. 2012) who fitted experimental
data from (Vande Geest et al. 2004) or (Latorre and Hum-
phrey 2018) who fitted experimental data from (Bersi et al.
2016).

A.1.1 Unit cube

In the first test case, a unit cube (Fig. 9a) was discretized with
a single finite element. The cube consisted of a slightly com-
pressible elastin matrix and 4 families of collagen fibers in the
vz-plane, including angles of 0°, 90°, +22.5°, and —22.5° rela-
tive to the y-axis, respectively. The boundary conditions on the
surfaces are as follows: Surface 1 is free, surface 2 is fixed in
x-direction, surface 3 is fixed in y-direction, surface 5 is fixed in
z-direction, and surface 6 is fixed in z-direction. The displace-
ment or stress boundary condition is applied in y-direction to
surface 4. The growth direction is defined as the x-direction.
Dirichlet boundary condition In the first test, a displace-
ment of 0.5 mm in the y-direction was applied to the upper
surface of the cube (surface 4), corresponding to a stretch of
1.5. In this case, no prestressing for the initial configuration
was applied since the deposition stretches were assumed to
be 4; = A7 = 1.0. The obtained results compared well to ones
from Fig. 2(I) in (Maes and Famaey 2023), see Fig. 10a.
Neumann boundary condition In the second test, a Cauchy
traction was applied to the upper surface of the cube (surface
4). Since the deposition stretches of collagen and elastin were
A, = L.1and A7 = 1.2, respectively, the iterative prestress algo-
rithm described in Sect. 2.1.5 was used to determine the final
prestretch of elastin. To this end, a homeostatic Cauchy stress,
0, of 0.1 MPa was applied in y-direction to surface 4, and the
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ary condition, NBC - Neumann boundary condition. b Schematic of
arterial growth and remodeling test case

Table 3 Geometry and material parameters for the test cases based on
Maes and Famaey (2023). DBC - Dirichlet boundary condition

Geometry - Cube

Edge length L 1 mm
Homeostatic Cauchy stress o, 0.1 MPa
Geometry - Artery
Initial inner radius A 5 mm
Initial wall thickness H 1.3 mm
Initial length L 1.3 mm
Initial pressure Do 0.01 MPa
Material parameters
Initial mass fractions @ 0.8
¢cl,’ ¢C90’ ¢Cin0 0.05

Collagen fiber orientation  « 22.5°
Elastin parameter ue 0.07625 MPa
Elastin bulk modulus K 0.7625 MPa
Collagen properties ¢y 1.156 MPa, 1.23
Elastin axial deposition A‘ 1.0 (cube with DBC), 1.2

stretch

Collagen deposition stretch A¢

¢ 1.0 (cube with DBC), 1.1

Collagen rate parameter k¢ 0.1/1¢
Mean survival time T¢ 101 days
Time step size As 10 days

prestress algorithm was run for 20 iterations (equivalent to the
procedure in (Maes and Famaey 2023)). In the second step,
the stress was increased by 20% to 0.12 MPa, and the material
was allowed to remodel for 100 steps, equivalent to 1000 days.
The obtained results compared well with ones from Fig. 2(II)
in (Maes and Famaey 2023), see Fig. 10b.

A.1.2 Arterial wall remodeling

Next, consider an idealized model of an artery with a simple
cylindrical geometry. The inner radius was A = 5 mm, the wall
thickness H = 1.3 mm, and the length L = 1.3 mm in the refer-
ence configuration. Again, 4 families of collagen fibers were
included with angles 0°,90°, +22.5°, and —22.5° relative to the
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Fig. 10 Results of our simulations (continuous line) vs. reference data
from Maes and Famaey (2023) (black markers). a Cube subjected to
displacement boundary condition. b Cube subjected to (Cauchy) trac-

time [days|
@ reference
tion boundary condition. ¢ Circumferential stretch at the inner surface

of the cylinder wall in response to a 50% pressure increase. The refer-
ence data were obtained using WebPlotDigitizer (Rohatgi 2022)
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circumferential direction. Due to axisymmetry, the geometry
was reduced to a quarter cylinder (Fig. 9b) and discretized
with 448 linear (hexahedral) finite elements, with 4 elements
in radial and axial directions and 28 in the circumferential
direction. The growth direction is defined as the radial direc-
tion. Material parameters are listed in Table 3. To obtain a
prestressed configuration in equilibrium, the iterative prestress

normalized time normalized time normalized time

-5% pressure ==-10% pressure ——-15% pressure

algorithm described in Sect. 2.1.5 was used with an in vivo
pressure of 10 kPa for 20 iterations. Once this configuration
was obtained, a 50% pressure increase to 15 kPa (in the current
configuration) was applied, and the artery was allowed to grow
and remodel over 100 time steps with a time step size of 10
days. Figure 10c depicts the circumferential stretch evolution
on the cylinder’s inner surface and compares the result to the
one presented in (Maes and Famaey 2023) (Fig. 4(I)).
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Appendix B
B.1 Response to decreased pressure

We studied how the model discussed in Sect. 4.3
responded to a decrease (rather than an increase) in inter-
nal pressure in the cylinder representing a blood vessel.
Specifically, we studied pressure decreases of 5%, 10%,
and 15%. Similar to the cases of pressure increases, a low
sensitivity could not restore a new homeostatic state, while
high sensitivities led to instabilities toward the end of the
simulation.

B.2 Instabilities of purely mechanical model
for large rate parameters

To examine possible reasons for the long-term instabili-
ties observed in Sect. 4.3 for high sensitivities, we simu-
lated comparable scenarios but with a purely mechanical
homogenized constrained mixture model (based on Eq.
(28)) using the geometry and material parameters listed
in Table 1 and in Table 4. Figures 12 and 13 reveal that
also in the case of a purely mechanical homogenized con-
strained mixture model, long-term instabilities arise for
high rate parameters, which are comparable to high sensi-
tivities in the model used in Sect. 4.3. This suggests that
the long-term instabilities observed in Sect. 4.3 are not

Table4 Geometry and material parameters for the simple model
aorta used in Braeu et al. (2017)

Mixture mass density 2 1050 kg/m?
Initial mass fractions @° 0.23
" 0.15
@0, p0, g0 0.062, 0.062, 0.248
Collagen fiber orientation a 45°
Initial inner radius A 10 mm
Initial wall thickness H 1.41 mm
Initial length L 1.41 mm
Elastin parameter ue 72 J kg
Elastin bulk modulus K 10u°
Collagen properties f, ¢ 568 J/kg, 11.2
SMC properties s 7.6 J/kg, 0.8
Elastin axial deposition stretch g7 1.25
Collagen deposition stretch A€ 1.062
SMC deposition stretch A 1.1
Mean survival times TC, T™ 101 days, 101 days
Initial blood pressure Do 14.0 kPa
Time step size As 10.1 days

specific for the coupled model presented herein but are
rather inherent already to the mechanical homogenized
constrained mixture model (likely only in 3-dimensional
geometries because they have never been reported in

Fig. 12 Evolution of selected tr(e)/tr(a(s = 0)) o™ foy! h/H a/A
quantities over normalized time 1.2
(s/T™) in a purely mechani- N x
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time of smooth muscle and col- Il (
. ~ 1 x
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1.2
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quasi-2-dimensional models using, e.g., membrane finite
elements).

B.3 Response to higher step increases in pressure

We repeated the simulations presented in Sect. 4.3 with
higher pressure increases of 30% and 50% for the previ-
ously stable (stress) sensitivities of 0.5, 0.75, and 1.0. Fig-
ure 14 shows that no long-term instabilities arise for high

normalized time normalized time normalized time

+50% pressure

sensitivities (though for the sensitivity 0.5 and a pressure
increase by 30% and 50%, a stable state is not reached within
the observed period). Our results support the hypothesis that
the magnitude of the pressure perturbation is not the decisive
factor for the long-term instabilities observed in Sect. 4.3.
It should be noted, of course, that in vivo responses to large
increases in pressure are expected to elicit an inflammatory
response Latorre et al. (2021), not modeled here.
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