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Introduction

“opl Tov adniwy T arvopveve.  [The ob-
servable is the manifestation of the invisible] 7
(Anazagoras).

Volume 1 of this interdisciplinary series “Biomathematical and Biomechanical
Modeling of the Circulatory and Ventilatory Systems” aims at presenting cell
types of the cardiovascular and respiratory systems as well as major cellular
processes that regulate cell fate and can be modeled. These books are con-
ceived with a modeling perspective rather than a purely biological approach.
Modeling aims at better understanding, predicting, optimizing, controlling, as
well as more easily testing the effects of involved parameter and visualizing.
Most often, analytical solutions cannot be used. Numerical procedures are
then employed, after basic mathematical and numerical analysis, to check
stability and, when possible, solution unicity.

Computational biology tackles biological phenomena using multisample
and multivariate data analysis. For example, computational biology aims at
pointing out circumstances that trigger a peculiar signaling pathway, among
all existing signal transduction axes. Parameters of molecular interactions
that occur during a set of chemical reactions that constitute the explored
signaling axe must then be estimated. In addition to mathematical modeling
and simulation of optimally designed dynamical signaling pathways, compu-
tational biology incorporates techniques from optimization, high-performance
computing, medical image processing, and data mining and analysis. Bioin-
formatics, which represents the engineering side of the topics, deals with the
production of biological data analysis software. Goals include deciphering the
relationships between geno- and phenotype, and correlations between indi-
vidual genome, nutrition, environment, and life mode, among other health-
related factors as well as diseases. Analyses of the human transcriptional and
translational landscape (allele-specific expression, differential gene expression
according to the context, alternative splicing, small RNA-mediated regulation,
RNA editing, etc.) are required to investigate disease-associated traits.

M. Thiriet, Cell and Tissue Organization in the Circulatory and Ventilatory 1
Systems, BBMCVS 1, DOI 10.1007/978-1-4419-9758-6 1,
© Springer Science+Business Media, LLC 2011



2 Introduction

Yet, this book series deals neither with bioinformatics, computational
biology, molecular dynamics, structural geno- and proteomics, nor drug de-
velopment. Instead, it presents the data at molecule, cell, and tissue levels
necessary to analyze and represent signal transduction pathways that regu-
late cell fate and cell’s adaptation to its environment. Reaction kinetic models
that obey the mass-action law rely on systems of IV chemical species that par-
ticipate in chains of reversible or irreversible, enzymatic and non-enzymatic
reactions (receptor or gene binding, molecular complex formation at the cell
surface or within the cytosol or nucleoplasm, post-translational modifications,
molecular translocation in different subcellular compartments, etc.). Reaction
networks can be represented by diagrams; reaction schemes can be depicted
using hypergraphs. Temporal dynamics of molecular interaction systems can
be modeled using ordinary differential equations on molecule concentrations
or continuous-time Markov chains on a number of molecules. Yet, only par-
tial differential equations based on derivatives of concentrations of involved
chemical species can express both complex temporal and spatial dynamics of
signal transduction pathways. Reaction—transport equations describe the con-
centration differences that result from production, consumption, and transfer
of these chemical species between the various subcellular compartments from
the plasma membrane to the cell nucleus, or vice versa, as well as storage and
release of molecules. One challenge is to couple models that function at differ-
ent scales, from the order of the nanosecond to the week and from the order
of the nanometer to the centimeter. Different types of models can be applied
to distinct scales: e.g., particle methods for tiny structures, partial differential
equations for processes at moderate time and space scales, and ordinary differ-
ential equations in reduced models at larger scales. Hybrid models incorporate
discrete, reactive, moving, deformable objects in a continuum. Another task
is to tackle parameters and coefficients via experiments.

Any biological and physiological system can be represented by interactions
among molecules, cells, tissues, and organs inside a given organism. Multiscale
modeling aims at coupling biomathematical models that describe cell and tis-
sue events at nano- and microscales to standard macroscale simulations of
any explored physiological process. Modeling of heart functioning illustrates
multiscale modeling. In addition, mechanotransduction in the blood circula-
tion is related to the control of the local caliber of the reactive blood vessel
wall by mural myocytes. The contraction-relaxation state of these myocytes
depends on the experienced stress field and released chemicals from the wet-
ted endothelium. To take into account the reaction of arterial walls to applied
hemodynamical stresses, the mathematical model with its set of equations
that describes the mechanochemical signaling in vascular cells and paracrine
regulation at nano- and microscopic scales can be coupled to that derived from
the continuum mechanics theory at the macroscopic scale that governs fluid
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flow, i.e., the Navier-Stokes equations.' This procedure updates the caliber of
blood vessel lumen, i.e., the size of the computational domain predicted by
the Navier-Stokes equations.
The Navier-Stokes equations arise from balances of physical variables in
a homogeneous infinitesimally small material particle (basic control volume).
They are straightforwardly exploited at the macroscopic scale to predict the
flow behavior of a fluid of given properties in a given segment of a conduit
network. The duct wall is either rigid or possesses deformable walls with given
rheological features in given dynamical conditions The (multiphysics model-
ing) couples the fluid dynamics to the wall mechanics. Any flow is computed
for a selected set of governing dimensionless parameters and boundary condi-
tions.? These boundary conditions should take into account input and ouput
impedances. Therefore, the multilevel modeling aims at coupling models of
the flow governing equations at various spatial dimensions (e.g., zero and
one- and three-dimensional models). In the future, when appropriate sofware
will be available, any multicoupling procedure associated with a multiphysics,
multilevel, and multiscale modeling will necessarily use high-performance com-
puting.
“Tout organisme, quel qu’il soit, se trouve alors
indissolublement lié, non seulement a l’espace qui
l’entoure, mais encore au temps qui l’a conduit la
et lui donne comme une quatriéme dimension. [An
organism, whatever it may be, finds itself indissol-
ubly bound, not only to the space which surrounds
it, but also to the time which has carried it there,

and gives it something like fourth dimension.| ” (F.
Jacob) [1]

This series of volumes devoted to Circulatory and Ventilatory Systems in
the framework of biomathematical and biomechanical modeling aims at pro-
viding basic knowledge and state of the art on the biology and mechanics of
blood and air flows. The cardiovascular and respiratory systems are tightly
coupled via the supply of oxygen (Os; ofvs: sharp, bitter;® yevea: beget-
ted, generated) to and removal of carbon dioxide (COq; carbo: coal) from the
body’s cells. Oxygen is not only a nutrient that is used in cellular respira-
tion, but also a component of structural molecules of living organisms, such
as carbohydrates, proteins, and lipids. Carbon dioxide is produced during cell
respiration. It is an acidic oxide that, in an aqueous solution, converts into

! Other types of mathematical models target other types of biological processes,
such as cell growth, proliferation, migration, and apoptosis, that are observed in
certain diseases, including atherosclerosis and cancers, in order to optimize drug
design and delivery procedure.

2 Differential equations are often solved with a set of constraints, — the so-called
boundary conditions —, hence the name boundary value problems. A solution
to the differential equation obviously satisfies the boundary conditions.

3 In Greek, ofvomia means a disorder in which food turns acid.
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the anhydride of carbonic acid (H2COg). It is then carried in blood mostly
as bicarbonate ions (HCOgj ) owing to carbomnic anhydrase in erythrocytes,
but also small fractions that are either dissolved in the plasma or bound to
hemoglobin as carbamino compounds. Carbon dioxide is one of the mediators
of autoregulation of local blood supply. It also influences blood pH via bicar-
bonate ions. Last, but not least, it participates in the regulation of air and
blood flows by the nervous system.

The Virtual Physiological Human (VPH) project corresponds to a frame-
work program that is aimed at modeling the entire human body, especially
its physiology, drawing on recent advances in medical exploration technolo-
gies and high-performance computing. The latter, indeed, relies on specific
algorithms and coupling platforms to enable integration of various models
and rapid computations. The VPH Program’s objective is the optimization
of medical decision by achieving a better understanding and description of
pathophysiological processes, predicting outcomes, and developing and plan-
ning new customized treatment procedures based on patient data, in paral-
lel with computer-aided design of drugs and medical devices. Although this
project considers the body as a whole made up of many organs rather than
a collection of organs, physiological systems that constitute the human body
still need to be investigated separately, as their behavior remains to be fully
explored before treating their complex interactions with other components.
In other words, a new bottom-up integrative research strategy cannot be ad-
equately defined without top-down reductionist approaches.

Although the modeling and simulation of the complex behavior of the
physiological systems that govern life in organisms still rely on reductionism,
simple resulting models should be representative, i.e., developed after com-
pletely understanding the complex reality. In living bodies that are composed
of reactive constituents rather than inert elements, phenomena observed at
the macroscopic scale that are targeted by biomechanical investigations de-
pend on mechanisms that arise at the microscopic scale. The latter can initiate
studies in biomathematics.

Therefore, the first five volumes of this series are devoted to the signaling
mediators, cells, and tissues mainly of vascular and ventilatory organs, i.e.,
to the nano-, micro-, and mesoscopic scales. As biological processes are inter-
dependent, many basic cellular processes are more or less briefly presented,
sometimes despite indirect connection with explored phenomena (e.g., protein
synthesis), to better understand cell signaling and adaptation as well as tissue
remodeling.

In this multidisciplinary context, the three basic natural sciences — bi-
ology, chemistry, and physics — interact with mathematics to explain the
functioning of physiological flows, such as circulatory and ventilatory streams
in their respective pathways. Frameworks are under development to couple
biomechanical to biomathematical models of cell signaling and tissue adap-
tation to better describe the reality, although its complexity still necessitates
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abstraction. The major objective of the present publication is to present data
that will be used to design multiscale models.

“ Nam quodcumque alias ex se res auget alitque,
deminui debet, recreari, cum recipit res. [For any
body that augments and feeds others reduces and
recreates on receiving them.| ” (Lucretius) [2]

The cell is a heterogeneous medium, even inside the cytosol, nucleus, and
cellular organelles. Signaling initiation and the first steps of molecular inter-
actions and transformations of most pathways occur at the cell membrane
and cortex. Involved substances can travel between cell compartments and
possibly the extracellular compartment to achieve their tasks. Dynamics of a
biochemical process can be represented by a set of equations that link time
and space variations of concentrations of interacting substances to production
and consumption rates.

The complicated physiological system can be analyzed by decomposition
into simple parts with identified functions. The combination of these func-
tions allows us to deduce the system functioning based on linear interactions.
Deconstruction into parts of physiological systems is necessary in order to
understand the complicated behavior of these system compartments, as well
as to determine some between-part interactions.

Yet, the cell is a complex system constituted by many components. The
features of complex systems are adaptation, self-organization, and emergence.
Cells self-organize to operate with optimal performance. The behavior of a
complex system is not necessarily predictible from the properties of its el-
ementary constituents, which can non-linearly interact with feedback loops,
contributing to system bulk behavior. The organization and bulk behavior
of a complex system not only results from the simultaneous activities of its
constituents, but also emerges from the sum of the interactions among its con-
stituents. A complex system adapts by changing its organization and possibly
its structure in response to environmental stimuli. Yet, a predictive model
requires a theory, or at least a framework, that involves relationships.

Models of cell response according to environmental stimuli that treat
metabolic and signaling networks can have good predictive potential owing to
the limited number of possible states, as cells optimally function in a bounded
parameter space (experienced states are defined by a given set of physical and
chemical parameters that evolve in known value ranges and feature identified
relationships).

The major goal of this book series is to present the basic, exhaustive knowl-
edge necessary to carry out modeling and simulations of behavior and flow
pattern in the cardiovascular and ventilatory systems. Multiscale modeling
and coupled simulations should be based on a interdisciplinary approach, as
physiological conduits have deformable and reactive walls. Macroscopic flow
behavior (prediction) should then be coupled to nano- and microsocopic events
(corrector scheme of regulated mechanism).
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Volume 1 “Cell and Tissue Organization in the Circulatory and Venti-
latory Systems” introduces cells (microscopic scale) involved not only in the
architecture of the cardiovascular and respiratory systems, but also those con-
veyed by blood to ensure body homeostasis and defense against pathogens.
Volume 1 is also devoted to the basic components of cellular functions, such
as mechanotransduction, that enable adaptation to environmental conditions.

Cell fate depends on environment. Volume 2 “Control of Cell Fate in the
Circulatory and Ventilatory Systems” starts with command cells — neurons
and endocrine cells — that regulate blood circulation and the body’s respira-
tion to adapt blood and air flows to the body’s needs. Volume 2 details major,
controlled stages of the cell life, such as growth, proliferation, migration, and
death. Cell activities can be modeled using systems of equations to predict
outcomes. Cell processes can be more or less easily described, but a huge
number of scenarios can take place. Many models highlight the non-linear
dynamics of cell functions.

Volume 3 “Signaling at the Cell Surface in the Circulatory and Ventilatory
Systems” focuses on the sensors and receptors that trigger cellular responses
to environmental stimuli, particularly mechanical stresses, with cascades of
chemical reactions (nanoscopic scale). It actually presents major participants
of cell signaling at the cell surface from extracellular ligands (locally released
agents for auto- and paracrine regulation, hormones, growth factors, cytokines,
chemokines, and constituents of the extracellular matrix, as well as mechanical
stresses) that initiate signaling cascades.

Signaling pathways are usually composed of multiple nodes that corre-
spond to major mediators. Intracellular effectors of signaling cascades are
characterized in Volume 4 “Intracellular Signaling Mediators in the Circula-
tory and Ventilatory Systems”. Signaling axes trigger the release of substances
from intracellular stores that correspond to specific cellular organelles, and the
gene expression to synthesize messengers of intra- or autocrine regulation, as
well as those of close or remote control (juxta-, para-, and endocrine regu-
lation). Signaling modules and reaction cascades are represented by mathe-
matical models. Primary mediators must be retained in modeling of regulated
cellular processes, whereas multiple secondary signaling components are dis-
carded to produce simple, representative modeling and manage the inverse
problem. As mathematics deals with abstraction, modeling based on trans-
port equations is preferred to the modeling governed by mass action law that
is used by chemists, which features a large number of kinetics coeflicients (the
values of which are most often unknown).

Volume 5 “Tissue Functioning and Remodeling in the Circulatory and Ven-
tilatory Systems” deals with vascular tissues (blood, heart, blood and lymph
vessels) and tissues of the respiratory tract, including interactions between ad-
joining cells. It is thus devoted to the functioning and remodeling of these tis-
sues, i.e., events with short and long time scales. These regulated processes, es-
pecially cell activities involved in adaptation (angiogenesis, blood coagulation,
healing, inflammation, mechanotransduction, stress-induced tissue remodeling



Introduction 7

in response to acute or chronic loadings, etc.) can be described using mathe-
matical models. These models can then be coupled to flow dynamics.

Volume 6 “Circulatory and Ventilatory Conduits in Normal and Patholog-
ical Conditions” focuses primarily on macroscopic aspects of the cardiovas-
cular and respiratory systems, acquisition and processing of medical images
and physiological signals, as well as diseases of the wall of conduits that dis-
turb blood and air flows. Conversely, local flow disturbances can contribute to
trigger pathophysiological processes. Therefore, Volume 6 contains chapters
on the anatomy and physiology of the cardiovascular and respiratory systems,
and medical signals and images, as well as pathologies of the fluid convec-
tion duct network (i.e., heart, blood vessels, and respiratory tract), and their
treatment. These diseases — as well as some therapeutic procedures — have
been targeted by biomechanical studies. In addition, the development of med-
ical devices incorporates a numerical test stage in addition to experimental
procedures.

Volume 7 “Blood and Air Transport in the Circulatory and Ventilatory
Systems” addresses the mechanics of air and blood flows in relatively short,
curved, deformable conduits that thus convey developing, three-dimensional,
time-dependent, mostly laminar flows. Volume 7 takes into account the rheol-
ogy of blood and deformable walls of respiratory conduits and blood vessels as
well as different types of air transport — convection and diffusion — in the res-
piratory tract. This volume also provides insights into numerical simulations
of these types of flows.

Volume 8 contains a set of glossaries, which will aid the reader in rapidly
getting information on the parameters and structures that are used in models,
as these data arise from diverse scientific disciplines. Certain field-specific
vocabulary can indeed limit easy access to this field to researchers of other
disciplines. This set of glossaries aims at accessibly explaining the vocabulary
and techniques of the 3 involved basic natural sciences (biology, chemistry,
and physics) that interact with mathematics to explain the functioning of
physiological systems.

Volume 1 is composed of 9 chapters. Chapter 1 provides an introduction
to the body’s cells and biological tissues. Chapters 2 and 3 give a survey
of cell types involved in the vasculature and the respiratory tract, respec-
tively. Chapter 4 describes the cell and its major components, such as the nu-
cleus, which contains the genome, cellular organelles (endoplasmic reticulum,
Golgi stack, mitochondria, vesicles, etc.), cytoskeleton, and large molecular
complexes immersed in the cytosol. The cell, its nucleus, and organelles are
wrapped by typical membranes, which are duplicated in the case of the nu-
cleus and mitochondrion to form envelopes. Mitochondria produce cell energy.
Chapter 5 summarizes the current knowledge on protein synthesis, as most
signaling mediators are proteins and cell signaling can trigger gene expression.
Chapter 6 focuses on the cell cytoskeleton, which is involved in cellular trans-
port, cell division, adhesion, migration, and, last but not least, in cell adap-
tation to mechanical stresses. Chapters 7 and 8 deal with the cell membrane
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and its relation to the cell environment. The extracellular matrix is a necessary
medium for cell fate, and tissue formation and remodeling due to applied me-
chanical stresses. Multiple cell processes are primed by activated ion carriers
and receptors of the plasma membrane. Numerous cell processes involve the
cell cytoskeleton. Chapter 9 deals with molecular transport in the cell in inter-
actions with its environment. Intracellular transfer of cargos uses nanomotors
and the tracks of the cytoskeleton.

Common abbreviations such as “a.k.a.” (“also known as”) and Latin-derived
shortened expressions (“e.g.” [exempli gratia: for example| and “i.e.” [id est: in
other words|) are used throughout the text to lighten sentences. Rules adopted
for substance aliases as well as alias meaning and other notations are given at
the end of this book.
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Cells and Tissues

The body organization can be described according to several length scales
from physiological systems, organs, tissues, cells, subcellular structures, to
molecules (Table 1.1). A physiological system is commonly constituted of var-
ious organs. A body’s organ usually contain several tissue types. A biological
tissue is often composed of different types of cells. A cell consists of an intra-
cellular medium wrapped by a plasma membrane that encloses a nucleus and
diverse types of organelles immersed in the cytosol (Chap. 4).

Cells, although specialized, share a common bulk structure with a genetic
code-containing nucleus and a set of organelles. The cell nucleus possesses an
envelope (double membrane) that separates the nucleoplasm from the cyto-
plasm. Cytoplasmic organelles, strictly speaking, also possess either a mem-
brane or an envelope. In addition, large proteic complexes, such as cytoskeletal
filaments, spliceosomes, and ribosomes within the cytoplasm, and nucleolus
inside the nucleoplasm, correspond to cellular substructures like membrane-
bound organelles. Whatever the length scale, a biological structure is endowed
of compartments.

Anatomy and histology deal with the macroscopic (organs) and micro-
scopic (tissue and cell structures) scale, respectively. In addition, cells synthe-
size the components of the interstitium. Any cell aims at surviving, growing,
proliferating, and migrating, as well as, for certain cell types, differentiating,
before disappearing (Vol. 2 — Chaps. 2. Cell Growth and Proliferation and 4.
Cell Survival and Death). Cell replacement and regeneration to which stem
and progenitor cells contribute occur in 2 contexts: renewal of the cell popu-
lation and injury.

Regulated assemblies of cells produce biological tissues. Tissue morphol-
ogy depends on cell shapes, hence cell cytoskeletons and adhesions that are
controlled by the cell response to applied forces. Biological tissues are able to
resist stresses and remodel.

Water, proteins, and lipids are the main constituents of the cell. Although
the water content is quite high, the deformable cell has been considered as a
slightly compressible material.

M. Thiriet, Cell and Tissue Organization in the Circulatory and Ventilatory 11
Systems, BBMCVS 1, DOI 10.1007/978-1-4419-9758-6 2,
© Springer Science+Business Media, LLC 2011
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Table 1.1. Tier architecture of living systems. Levels and sizes (in adults). The right
lung is lower and thicker than the left lung due to the liver and heart, respectively,
but is globally larger. Lung height is correlated with body’s height; lung width with
body’s height, weight, and sex; heart size with age, weight, and sex [3]). At rest, vital
capacity depends on subject’s age, sex, and size (VC 1.9-4.41 in women and 2.4—
5.91 in men; Source: [4]). Albumin is a monomeric, non-glycosylated, water-soluble
protein commonly detected in blood plasma (human serum albumin constitutes ~
60% of human plasma protein). It regulates the blood oncotic (or colloidal osmotic)
pressure. It carries molecules of low water solubility (hormones, bile salts, free fatty
acids, and cations (Ca™", K*, and Na™t). It is currently used in experiments on the
permeability of blood vessel walls.

Level Size

Human height 1.40-1.90 m

Macroscopic scale
Lung height 21-26 cm
Lung thickness 25-32cm
Heart length 11-15cm
Heart width 89 cm (broadest section)
Heart thickness ~ 6cm

Microscopic scale
Epithelial cell —~ 30 pm
Erythrocyte ~ 7 pum

Nanoscopic scale
Albumin ~ 6nm
H>O ~ 0.5 nm

1.1 Cell

The cell is the basic structural and functional unit of the organism (typical
size O[10 pm]). The cell nucleus houses the genetic material, i.e., a set of genes
that form a long molecular chain, the deoxyribonucleic acid (DNA). In the
extranuclear space, the cytoplasm is made of the cytosol and organelles. An
organelle is a specialized subunit within a cell that has a specific function.
Unlike large proteic complexes, cell organelles are membrane-bound struc-
tures. Among the organelles, the nucleus and mitochondria are coated by an
envelope, i.e., a double membrane that limits a thin space. Single membrane-
bound organelles encompass the endoplasmic reticulum, Golgi body, mito-
chondria, various types of endo- and exosomes, and cilia. Other cellular func-
tional units include, within the nucleoplasm, the nucleolus and, within the
cytoplasm, ribosomes, the cytoskeleton with its 3 components — microfila-
ments, microtubules, and intermediate filaments — and centrioles. The wall
of each centriole are usually composed of 9 triplets of microtubules. The stress
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fibers are components of the actomyosin cytoskeleton that support the cell
contraction or relaxation.

The endoplasmic reticulum contributes to the synthesis and folding of new
proteins in its rough compartment covered with ribosomes and production of
lipids in its smooth compartment. The Golgi body functions in sorting and
modification of proteins. Mitochondria are specialized in energy production.
Endo- and exosomes carry numerous types of molecules inside the cytosol.
Autophagosomes sequester cytoplasmic material and organelles for degrada-
tion. Lysosomes are specialized compatments for the breakdown of molecules.
Peroxisomes are used for the degradation of hydrogen peroxide. Melanosomes
are pigment stores.

Nucleolus is an intranuclear compartment involved in the ribosome gen-
eration. In the extranuclear space, ribosomes are sites of translation of the
genetic information contained in mature messenger RNAs that is processed
to synthesize proteins. Many eukaryotic cells are endowed with a primary cil-
ium. The primary cilium serves as signaling platforms. Primary cilia can act
as chemo-, thermo-, and mechanosensor. Some polarized cells possess multiple
cilia at their apical (luminal, or wetted) surface in contact with a fluid that
are aimed at sweeping this fluid.

1.2 Stem Cells

Stem cells replace dead, fully differentiated cells, especially in tissues charac-
terized by high cell turnover (blood, skin, and gut epithelia) or occasionally
for tissue repair and regeneration in response to tissue damage.

Stem cells may thus be employed in therapies that require repair, replace-
ment, and regeneration. Tissue repair and regeneration involve cell interaction
over a long time scale to produce suitable cell type, number, and location. The
regeneration capacity of stem cells that reside in adult tissues depends on the
organ type. In many tissues, stem cells give rise to progenitors (intermedi-
ate cells) that have a limited self-renewal potential and elevated probability
to undergo differentiation. In terminal differentiation, precursor cells become
very specialized and irreversibly lose their ability to self-renew.

During the early stages of embryogenesis, the fertilized egg starts to divide
into blastomeres. Embryonic stem cells (ESC), derived from totipotent cells® of
preimplantation embryos, are pluripotent cells (Fig. 1.1). After gastrulation,
they give birth to multipotent cells that are irreversibly programmed for a
given tissue. Multiple stem cell populations have been discovered from various
adult tissues. The number in tissues is less than 1 for 10* cells. Unipotent
progenitors differentiate into a single cell type.

Mesenchymal stem cells localize mainly to the adipose tissue and bone
marrow. In the bone marrow, these stem cells participate in the maintenance

L A single totipotent cell leads to the development of several hundreds of cell types.
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Figure 1.1. Different types of stem cells. Fusion between female and male gametes
(fertilization) leads to the zygote and embryogenesis. After fertilization, a set of
fast mitoses occurs (cleavage) with formation of blastomeres that build the blastula.
In mammals, the blastula is called the blastocyst. The morula corresponds to an
organized cell set with external and internal cells. After the mitosis rate has slowed
down, blastomeres move (gastrulation), forming the gastrula with 3 germ layers:
ecto-, endo-, and mesoderm.

of hematopoietic stem cells. They can differentiate in many cell types, such as
adipocytes, neurons, osteoblasts, chondroblasts, vascular cells, and cardiomy-
ocytes. They thus contribute to repair of damaged tissues (Vol. 5 — Chap. 11.
Tissue Growth, Repair, and Remodeling). They also operate as immunosup-
pressors (that lower the body’s immune response).

In the bone marrow, blood cell formation from a single cell type — the
hematopoietic stem cell — maintains the circulating cell pool, because mature
blood cells continuously undergo senescence with a given degradation rate.
All hematopoietic lineages derive from hematopoietic stem cells that generate
both myeloid or lymphoid cells, intermediate progenitors having both lym-
phoid and myeloid potential.

Tissue repair and regeneration involve cell interactions over a long time
scale to produce suitable cell type, number, and location. Relevant mesenchy-
mal progenitor cells can undergo multi-lineage differentiation into mesenchy-
mal tissues, such as bone, cartilage, and adipose tissue.?

Regeneration potential relies on tissue-resident stem cells. Tissues with
high cell turnover can be restored to their original state after injury, whereas
other tissues such as the myocardium can be repaired, but not completely

2 Derivation of mesenchymal stem cells from human embryonic stem cells and
their commitment to the chondrogenic lineage can be obtained in a relevant
environment using morphogenetic factors from chondrocytes [5].
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restored. Regeneration capacity of cardiac stem cells that reside in adult heart
is actually small, although they can give rise to the 3 main heart cell types:
cardiomyocytes and smooth muscle and endothelial cells.

Self-renewing stem cells constantly produce similar daughter cells or more
mature daughter cells with restricted properties. The switch between self-
renewal and differentiation is discriminative, as a less primitive cell cannot
naturally become a stem cell. Cells indeed differ according to the expressed
part of the genome, i.e., its transcriptional and epigenetic regions. During
development and adult life, stem cells integrate and react to regulatory sig-
nals that maintain self-renewal or prime differentiation, i.e., they change their
transcriptional program. Gene expression is in fact determined by the presence
of transcriptional regulators (non-coding RNAs, ATP-dependent chromatin-
remodeling complexes, chromatin-binding proteins, DNA methyltransferases,
histone-modifying enzymes, etc.; Chap. 5). Genes that encode proteins and
microRNAs and prime the cell differentiation are repressed in self-renewing
stem cells. Although adult stem cells specific to a given tissue are only able to
form their tissue of origin, upon stimulation using genes and molecules that
define embryonic stem cells, they can return to a more primitive cell state
and then transform themselves into other tissue cells (trans-differentiation).
In addition, fetal and adult hematopoietic stem cells differ in their expression
of cell-surface markers and proliferation rate.

In addition to the original quartet of transcription factors® (e.g., octamer-
binding transcription factor Oct4, Sry-related HMG box Sox2, Kriippel-like
factor KLF4, and MyC), relatives of these transcription factors and other
transcription factors such as homeobox gene product Nanog,* as well as other
proteins (i.e., RNA-binding protein Lin28 homolog-A® and nuclear receptor
NR5a2) can contribute to the reprogramming of somatic cells into pluripotent
stem cells, the so-called induced pluripotent stem cells (IPSC).

Transcription factors — Oct4, Sox2, KLF4, MyC, and Nanog — coordi-
nately participate in stem cell pluripotency and self-renewal of embryonic stem
cells, activating genes that maintain pluripotency and repressing those that
are required for differentiation. The transcription factor Sal-like protein SalL4”
influences the transcription of pluripotency regulators from genes Klf4, MYC,
OCT4, SOX2, and NANOG in mouse embryonic stem cells [6]. Nevertheless,

3 A transcription factor is a sequence-specific DNA-binding protein that controls
the transcription of genetic information from DNA to messenger RNA. Tran-
scription factors cooperate with coregulators, chromatin remodelers, and histone
acetylases, deacetylases, methylases, and kinases in gene transcription (Chap. 5).

4 In Gaelic, tir na nog means land of the ever young.

® The alias Lin stands for abnormal cell lineage in Caenorhabditis elegans
(Sect. 2.1.4).

6 A.k.a. liver receptor homolog LRH1.

" A k.a. zinc finger protein ZNF797.
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transcription factor Oct4 may be sufficient to generate pluripotent stem cells
from adult mouse neural stem cells [7].8

Stem cells are located in specific niches, specialized microenvironments,
where their proliferation rate is regulated.” Stem cell fate (maintenance, sur-
vival, self-renewal, and differentiation) depends on many factors: (1) cell-
surface molecules of cellular adhesion (Sect. 7.5); (2) secreted substances from
stem cells and /or stromal support cells within these niches (e.g., ions such as
Ca™™, growth factors, Wnt morphogens, etc.); (3) neural and blood inputs;
(4) niche stiffness and mechanical stresses; and (5) spatial information.? Stem
cell niches receive and transmit signals to ensure not only stem cell function
and mobilization in response to tissue injury, but also stem cell recruitment
(Vol. 2 — Chap. 5. Circadian Clock, Sect. Circadian Rhythm Influence on
Stem Cells). Hematopoietic stem cells that reside along the endosteal surface

8 Among the original quartet of transcription factors, Oct4 was supposed to be crit-
ical, as it could not be substituted by other transcription factors, whereas KLF,
MyC, and Sox2 can be replaced by other factors. However, unrelated transcrip-
tion factors such as orphan nuclear receptor can replace Oct4 in reprogramming
to induced pluripotent stem cells [8].

Epithelial stem cells that regenerate hair follicle and sebaceous glands are de-
tected within the follicular bulge of the outer root sheath of the hair follicle. Basal
keratinocytes that repopulate the interfollicular epidermis are observed at the
base of epidermis above the basement membrane that separates it from dermis.
Gut stem cells reside at the base of intestinal crypts and produce precursor cells
that differentiate as they migrate toward intestinal villi [9]. A feedback control
between enterocysts and intestinal stem cells involves the Janus kinase—signal
transducers and activators of transcription, Jun N-terminal protein kinase, and
Notch pathways, as well as epidermal growth factor receptor signaling [10]. Skele-
tal muscle stem cells are found along myofibers. Neural stem cells are situated in
the subventricular zone of the hippocampus and in olfactory bulb, where they are
adjacent to endothelial cells [9]. Neuronal cell fate is controlled by neurogenin and
NeuroD basic helix-loop—helix (bHLH) proteins that interact directly with the
nucleosome-remodeling factor subunits of the switch/sucrose non-fermentable
(Swi/SNF) ATP-dependent chromatin-remodeling complex [10]. Nuclear gemi-
nin blocks neurogenesis and favors the proliferation of stem cells, as it antago-
nizes bHLH factors and Swi/SNF components. Carbonic anhydrase-24 pancre-
atic cells are progenitors for both endocrine and exocrine pancreas [11].
Interactions between human embryonic stem cells and extra-embryonic endo-
derm that is mediated by localized secretion of bone morphogenetic protein-
2 by the latter and antagonistic growth differentiation factor-3 by the former
controls niche size-dependent spatial gradient of receptor-associated proteins
SMAD1 [12]. Mediator SMADI1 processes spatial niche information to control
self-renewal and differentiation of human embryonic stem cells. Markers of hu-
man embryonic stem cells comprise glycolipid antigens SSEA3 and SSEA4, ker-
atan sulfate antigens TRA1-60, TRA1-81, GCTM2, and GCT343, and a set of
protein antigens (CD9, CD90 [also known as Thyl], alkaline phosphatase anti-
gens, and class-1 HLA antigens), as well as genes NANOG, OCT4 (also called
POU5SF1), TDGF, DNMT3B, GABRB3, and GDF3 [13].

©

10



1.3 Cellular Differentiation 17

of trabecular bone close to osteoblasts and vascular endothelial cells (Vol. 5 —
Chap. 2. Hematopoiesis) can leave their niches, enter into the blood circula-
tion, and return to niches.

During embryogenesis, hematopoietic stem cells arise in the aorta—gonads—
mesonephros region. The first heartbeat in embryos creates pulsatile flow
(Sect. 1.9.2) of blood that consists mainly of plasma and primitive red blood
cells. Blood flow promotes the formation of hematopoietic stem cells in close
connection with the endothelium of embryonic blood vessels from heman-
gioblasts, particularly in the ventral wall of the dorsal aorta, before the bone
marrow appears. Hematopoietic stem cells can sense flow-generated stresses.
Normal hemodynamic stress that causes vasodilation and raises blood flow
increases the expression of the transcription factor Runx1, a master regulator
of hematopoiesis, via nitric oxide [14,15].

Cardiac stem cells are able to generate cardiomyocytes and coronary vessel
cells. Human self-renewing, multipotent, SCFR+ cardiac cells (but negative
for hematopoietic and endothelial antigens CD34, PECAM1, PTPRc, and
VEGFR2) differentiate predominantly into cardiomyocytes and, to a lesser
extent, vascular smooth muscle and endothelial cells [16]. Human circulating
endothelial progenitors that express CD34, PECAM1, VEGFR2, and SCFR
molecules and can migrate to and accumulate in the heart cannot generate a
functional myocardium in vivo.

Circulating stem and progenitor cells contribute to angiogenesis and arte-
rial repair after injury. However, the main source of progenitor and stem cells
resides in the vascular wall and perivascular region. SCA1+, SCFR*V, Lin—,
CD34°" progenitors,'! also called side population cells, that express ATP-
binding cassette transporter ABCg2 have been detected in the tunica media
of adult mice aortas [17]. They are able to acquire the phenotype of endothe-
lial cells,'? when they are stimulated by vascular endothelial growth factor
(Vol. 2 — Chap. 3. Growth Factors), and smooth muscle cells'? in the pres-
ence of transforming growth factor- 31 and platelet-derived growth factor-BB,
respectively.

1.3 Cellular Differentiation

Three basic categories of cells include germ, somatic, and stem cells. Germ
line cells give rise to gametes (eggs and sperm). During the body’s develop-
ment, immature precursor cells — stem cells that can can replicate indefinitely
and differentiate into numerous cell types and progenitor cells that divide a
limited number of times and give rise to a specific cell type — differentiate

' The aliases SCA and Lin stand for stem-cell antigen and lineage, respectively.

12 These progenitor cells can produce CD31, vascular endothelium (VE)-cadherin,
and von Willebrand factor.

13 These progenitor cells can synthesize o-smooth muscle actin, calponin, and
smooth muscle myosin heavy chain (Chap. 6).
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Table 1.2. Stages of the vascular differentiation. Zygocyte, or zygote, is the ini-
tial cell formed by male and female gamete cells (from maturation of germ cells).
Hemangioblasts, the common blood and vascular precursors, originate from meso-
dermal progenitors of the embryonic mesoderm and extra-embryonic yolk sac (sac
attached to the human embryo that operates as the developmental circulatory sys-
tem). Hemangioblasts of the yolk sac generate hematopoietic stem cells and, then,
angioblasts, or vasoformative cells, that form early blood islands. Mesodermal he-
mangioblasts give rise to angioblasts that aggregate and join blood islands to create
the primitive vascular plexi. Differentiation of arterial and venous endothelial cells
leads to the mature vasculature, lymphatic endothelial cells originating from venous
endothelial cells.

Zygocyte

Blastocyte (single-layered blastula)

Germ layer cells (three-layered gastrula)
Ectoderm Mesoderm Endoderm

Hemangioblasts Respiratory tract

Hematopoietic stem cells
Angioblasts

Primitive vasculature

Differentiated vasculature
Arteries and veins

Mature blood vasculature
Lymphatic vessels

into mature specialized cell types.'4 Multipotent progenitors form the cells of
the 3 germ layers: (1) the mesoderm, from which are derived connective tissue,
muscles, and the circulatory system (Table 1.2); (2) the ectoderm (nervous
system, skin, etc.); and (3) the endoderm (digestive and respiratory tracts,
and endocrine glands).

Cellular differentiation happens during embryo- and fetogenesis (Vol. 5 —
Chap. 11. Tissue Growth, Repair, and Remodeling) as well as after birth in
children and adults for normal cell turnover and during tissue repair.

Cell differentiation changes the cell’s size, shape, membrane polarity,
metabolic activity, and responsiveness to signals because of controlled modi-
fications in gene expression. On the other hand, dedifferentiation allows dif-
ferentiated cell to revert to an earlier developmental stage.

14 Totipotent cells (zygote and early embryonic cells) can differentiate into all cell
lineages. Pluripotent stem cells (e.g., hematopoietic and mesenchymal stem cells)
are able to differentiate into many cell types. Multipotent progenitors give rise
to functional cells.
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Table 1.3. Features of transcription factors and microRNAs (Source: [18]).

Transcription factors MicroRNAs
Pleiotropy + +
Cooperation Cooperative binding to ~ Cooperative activity

cognate DNA sequences
Cooperative recruitment
of transcription cofactors

Recognition of  Nucleosome coating RNA-binding proteins
site accessibility Folding of target
and binding mRNA sequences
Other microRNAs
Regulation Activation or Repression mostly
repression Fast, reversible repression
Slower activity Quick reactivation

(% translocation)

Expression MicroRNA dependency  Post-translational
Feedback regulated maturation
Post-translational RNA editing
regulation (adenosine-to-inosine conversion);
(phosphorylation) MicroRNA cofactor modifications

Each differentiated cell type expresses a gene subset of the genome due
to a peculiar pattern of gene expression. Growth factors control the switch
from one gene expression pattern to another. Distinct cell types differentially
retrieve the genetic information encoded in the genome. Transcription factors
and microRNAs (Sect. 5.3) form the largest families of gene regulatory fac-
tors [18]. Sets of combinatorially expressed transcription factors and microR-
NAs delineate cell types. Transcription factors and microRNAs share many
similar features although they have their specific properties that determine
specialized regulatory niches (Table 1.3). Some microRNAs are expressed in a
cell- or tissue-specific manner and contribute to the cell identity. MicroRNAs
can control the expression of transcriptional regulators. They also regulate
alternative splicing during tissue development (Table 1.4; Sect. 5.4).

1.4 Recognition of the Body’s Cells — Major
Histocompatibility Complex

A large set of proteins on the cell surface such as blood group markers on the
erythrocyte surface serve as antigens. The superclass of MHC genes actually
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Table 1.4. Example of alternative splicing. Intronic and exonic splicing enhancers
and silencers determine exon inclusion in or exclusion of the mature transcript.
Alternative splicing variants may have distinct functions. Moreover, the splicing
modes may depend on cell type due to the restricted presence of regulators that
orchestrate splicing decisions. Splicing regulators repress or promote the formation
of spliceosomes, often according to the location of specific binding sites within exon
(E) or intron (I) sequences.

Pre-mRNA 5UTR—E1—I1—E2—I12—E3—3'UTR

mRNA variant 1 5UTR—E1—E2—E3—3'UTR

mRNA variant 2 5’UTR—E1—E3—3'UTR

expresses cell-surface antigens that operate as both self-antigens within the
body and non-self-antigens outside of the organism.'®

In humans, molecules of the major histocompatibility complex (MHC) are
also called human leukocyte antigens (HLA). The immune system uses HLAs
to differentiate native cells and foreign organisms. Genes of human leukocyte
antigen categories HLA-A to HLA-C as well as HLA-E to HLA-G are class-1
MHC genes, whereas those of categories HLA-DP-A1 and -B1, HLA-DQ-A1
and -B1l, and HLA-DR-A and -B1l to -B5 are class-2 MHC genes. Class-1
MHC molecules are present at the surface of almost all cells, whereas class-2
MHC molecules are restricted to antigen-presenting cells, B lymphocytes, and
a subset of T cells. Human leukocyte antigens of categories HLA-A to HLA-C
and HLA-G have been detected in soluble form in body fluids.'¢ Class-1 MHC
molecules are homo- and hetero-oligomers.!” Both classes of MHC proteins
in infected or dysfunctional cells are able to initiate an immune response
via antigen presentation to T lymphocytes. Class-3 MHC genes encode for
immune components (e.g., complement components and cytokines).

Embryonic stem cells produce small amounts of class-1 MHC molecules,
but no class-2 MHC molecules [20]. Some embryonic stem cells synthesize
H antigens that can induce rejection by the immune system.!® Expression

5 The immune system comprises 2 main components: (1) humoral immunity that
ensures the body’s protection is found in humor (cell-free fluid) and involves
antibodies against involved antigens or complement and (2) cellular immunity
that is defined by activation of cells, such as macrophages, natural killer cells, and
antigen-specific cytotoxic T lymphocytes, and release of cytokines in response to
an antigen that influences the activity of cells involved in adaptive and innate
immune responses.

Soluble HLAs can trigger apoptosis of CD8+ T lymphocytes and natural killer
cells [19].

For example, tetrameric complexes of HLAb27 homodimers bind to natural killer
(NK) receptors and related immunoreceptors on lymphocytes, monocytes, and
natural killer cells [19].

Moreover, fetal antigens that are absent in the thymus (thus not recognized as
self-antigens) can be present at the surface of embryonic stem cells.

16
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of class-1 MHC molecules is upregulated in embryoid bodies (aggregates of
embryonic stem cells that have begun to differentiate).

The classical function of class-1 MHC molecules at the plasma membrane
corresponds to presentation of peptides for recognition by T-cell receptors
(Vol. 3 — Chap. 11. Receptors of the Immune System). To maintain self-
tolerance, natural killer cells (Sect. 2.2.3.2) express combinations of class-1
MHC inhibitory receptors.

Class-1 MHC molecules also intervene in cell growth and differentiation
and organogenesis. Class-1 MHC molecules that are not associated with 32-
microglobulin (i.e., class-1 MHC molecules correctly folded) serve as signaling
mediators [19].

Class-1 MHC molecules that are involved in signaling to immune cells have
many partners that bind to various motifs of MHC molecules. Several class-1
MHC receptors bind to class-1 MHC ligands. Clustering of MHC class-1
molecules enhances their recognition by T-cell receptors. In addition, class-1
MHC molecules are able to prime signaling cascades that control cell fate, such
as decisions toward survival and proliferation. Class-1 MHC signals are trans-
duced in combination with integrin signaling (Sect. 7.5.4), in particular using
(34 integrins in endothelial cells. Low concentration of circulating class-1 MHC
antibodies leads to cell survival via the focal adhesion kinase pathway (Vol. 4
— Chap. 3. Cytosolic Protein Tyrosine Kinases), whereas a high level enhances
amount of fibroblast growth factor (Vol. 2 — Chap. 3. Growth Factors) on the
plasma membrane and favors cell proliferation via the mitogen-activated pro-
tein kinase pathway [19] (Vol. 4 — Chap. 5. Mitogen-Activated Protein Kinase
Modules).

In adaptive immunity, T cells recognize pathogen-derived peptides on the
surface of antigen-presenting cells. Activation of T cells is triggered when
T-cell receptors recognize the major histocompatibility complex ligand that
displays the appropriate antigenic peptide. Within 5 mn of contact, antigenic
peptide-TCR complexes form molecular clusters owing to the actin cytoskel-
eton that brings components from the periphery to the center of the im-
munological synapse. Concomitantly, a3 integrins on the surface of T cells
tether to intercellular adhesion molecules ICAMs1 on the antigen-presenting
cell, in a peripheral ring that surrounds the central TCR cluster. Paired
immunoglobulin-like receptor (PIR) expressed by B lymphocytes, mastocytes,
and myeloid cells binds to several class-1 MHC molecules and decreases synap-
tic adaptation and synapse remodeling in response to stimuli.

Among non-classical class-1 MHC molecules, cluster of differentiation
molecules CDle (expressed only in dendritic cells) interacts with phagosome
membrane to present large glycolipids for cleavage. CD1-restricted yd T lym-
phocytes recognize pollen-derived phospholipids in allergy [19]. Neonatal Fc
receptor that also belongs to non-classical class-1 MHC molecules operates
in the passive transfer of maternal immunoglobulin-G to the fetus. More-
over, overexpression of this receptor can prolong the circulatory half life of
immunoglobulin-G [19].
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Class-1 MHC molecules are able to modulate the function of other
cell-surface receptors. Another non-classical MHC molecule, HLAh' actu-
ally links to transferrin receptor to modulate its affinity for transferrin and
participates in erythropoiesis [19] (Vol. 5, Chap. 2. Hematopoiesis).

1.5 Mechanotransduction-Directed Cell Shape

Mechanotransduction in mechanically loaded tissues, such as those of con-
duit walls of the cardiovascular and ventilatory apparatus, enables the cell
to quickly adapt its shape and function to change in loading. The cell senses
force exerted to on it by its environment as well as matrix rheological status,
transduces (converts) mechanical stimuli into chemical signals, and responds
by adapting its shape and fate (survival, growth, differentiation, etc.) [21].

Mechanosensing involves molecule conformational changes following varia-
tion in force and/or structure of recognition sites. Mechanotransduction inte-
grates the entire set of mechanical stimuli and triggers chemical reactions and
substance fluxes. In addition, mechanoresponse reorganizes relatively quickly
the cytoskeleton (Chap. 6) and adjusts the metabolism.

Force sensing relies on detection of local changes in protein conformation
that lead to ion channel opening, protein unfolding, modified enzyme kinetics,
and variations in molecular interactions following exposure of buried binding
site or, conversely, hiding them. Matrix stiffness sensing involves the detection
of spacing between matrix constituents and membrane curvature variations.

Mechanotransduction initiates several signaling pathways. Multiple medi-
ators include: (1) at the cell surface, enzymes, adhesion molecules (Sect. 7.5),
ion channels (Vol. 3 — Chap. 3. Main Classes of Ion Channels and Pumps),
and receptors (Vol. 3, from Chap. 6. Receptors), as well as specialized mem-
brane nanodomains of the plasma membrane (Sects. 7.2.1, 7.2.5, and 7.2.6);
(2) at the cell cortex, signaling adaptors and effectors (e.g., monomeric guano-
sine triphosphatases, heterotrimeric guanine nucleotide-binding (G) proteins,
kinases, phosphatases, ubiquitins, etc. [Vol. 4]); (3) in the cytosol, enzymes,
scaffolds, carriers such as endosomes (Chap. 9), calcium concentration, and
transcription factors; and (4) in the nucleus, nuclear pore carriers (Sect. 9.1.8)
enzymes, and the transcriptional and translational machinery (Chap. 5).

)

1.6 Cell and Tissue Morphology

Morphogenesis describes the regulated spatial distribution of cells, their con-
trolled growth and differentiation, and the localization, shape, structure, and
function of the body’s tissues and organs during embryo- and fetogenesis as
well as after birth.

19 A k.a. hemochromatosis protein “high iron” (HFe).
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Multiple chemical signals and physicochemical processes contribute to
morphogenesis. Morphogens and growth factors are soluble messengers that
target their cognate receptors to control the cell fate (Vol. 3 — Chaps. 8. Recep-
tor Kinases and 10. Morphogen Receptors). Morphogenesis also involves cell
interactions (between them and with the extracellular matrix) and differenti-
ation processes, such as epithelial-mesenchymal and mesenchymal-epithelial
transitions.

Tissue morphogenesis can depend on small local asymmetries in localiza-
tion and activity of cellular proteins, such as myosin-2 and actin, as well as
in the extracellular matrix [22]. Numerous molecules cooperate to conduct
morphogenesis that results from signal integration.

Segmentation refers to the progressive formation of body’s segments. It
relies on the coordination of 3 processes [22]: (1) oscillations of gene expres-
sion driven by internal clocks that determine the phase of segment formation;
(2) generation of a wavefront that determines the competence zone character-
ized by bistability for the creation a new segment at each cycle; and (3) cell
division coupled to posterior growth to generate new precursors for subsequent
segments. Two opposing phases are identified in the oscillating behavior: (1) a
phase associated with genes of the Notch and fibroblast growth factor (FGF)
pathways; and (2) another linked with genes of the Wnt axis (Vol. 3 — Chap. 10.
Morphogen Receptors). The wavefront of competence is directed by a FGF
gradient and an opposing retinoic acid gradient that originates from different
regions with feedbacks.2°

Biological tissues have an architecture and a functioning that allows resis-
tance and adaptation to stress, respectively. Cell adhesion is a major factor for
tissue organization and remodeling. The cortical actin network regulates the
cell-surface mechanics, hence it controls the spatial and temporal cell shape
and behavior. The tissue-specific extracellular matrix is crucial for tissue de-
velopment, maintenance, repair, and functioning, as it integrates cells into
appropriate structural and functional assembly.?!

Morphogenesis that develops over medium (minute) to long (hours) time
scales is supposed to be governed by viscous effects with an equilibrium due
to surface tension, whereas short time scale (seconds) response relies on elas-
ticity [24].

The surface tension (o) in a cell set minimizes the contact area with
the environment.?? Increasing the surface area (A) requires an energy SE =

20 Fibroblast growth factor stimulates retinoic acid synthesis, but retinoic acid
represses FGF signaling, hence, the bistability.
Extracellular matrix dysfunction can result from mutations that reduce synthesis
or increase degradation of structural constituents and disturb molecular interac-
tions due to secreted, mutant proteins. Besides, mutant misfolded extracellular
matrix proteins (e.g., collagens and matrilin-3) trigger the unfolded protein re-
sponse following endoplasmic reticulum stress [23].
The surface tension that measures the resistance of an interface to a force has
the dimension of force per unit length or energy per unit area (J/m?). Biological

21
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05 8A.23 Contacting cells tend to minimize the total surface area. The least
cohesive cell groups surround the other ones. Cell compartments are separated
by connective tissues.

The Steinberg differential adhesion hypothesis states that differences in
cellular adhesion guide tissue segregation. Tissue surface tension increases
linearly with the concentration of cell adhesion molecules. Adhesion strength
and specificity rely on types of implicated adhesion molecules and bonds,
as homophilic binding is often stronger than heterophilic associations, and
adhesion kinetics.

Cellular surface tension results not only from adhesion, but also from cor-
tical tension that opposes membrane flexibility, which is exerted by the actin—
myosin contractile cytoskeleton. Cortical tension is exerted by filamentous
actin (Factin) and myosin-2 anchored to the plasma membrane. Cellular sur-
face tension thus depends on the density of the cortical actin network as well
as the number and dynamics of connections with the plasma membrane.

Cell internalization by another most often corresponds to transient en-
gulfment of apoptotic cells (Vol. 2 — Chap. 4. Cell Survival and Death) by
phagocytosis?* or transcellular migration, but a viable cell can invade an-
other cell during large periods. Cells can internalize into different or same
cell type (hetero- or homotypic cell-in-cell structure). Invading cells can move
and divide. Unusual cell internalization can carry out a specific function (e.g.,
thymocyte maturation within thymic nurse cells) [25]. Host cells can protect
and promote differentiation and maturation of internalized cells. However, in-
ternalized cells can destroy or be degraded by host cells. Various cell types are
potential host cells, but invading cells most often are blood cells. In addition,
tumor cells can internalize other neoplastic cells and leukocytes.

tissues can be assumed to behave like fluids, cells in a tissue like molecules in a
liquid despite heterogeneous material, and different cell populations character-
ized by cohesion of cells with mobility potential like immiscible multiphase fluids.
The physical significance of liquid surface tension is related to the cohesive in-
teractions between molecules in a liquid (Van der Waals forces, hydrogen bonds,
ionic interactions). Intermolecular forces within the liquid are, on average, bal-
anced. Molecular interactions that occur with similar molecules disappear with
different molecules at any interface. Surface-tension forces arise from imbal-
ance between intermolecular forces. The resulting force tends to bring surface
molecules inside the liquid (away from the interface), thus stretching the surface
of the interface.

Apoptotic cell phagocytosis is launched by phosphatidylserine that becomes ex-
posed on the outer leaflet of the plasma membrane of apoptotic cells to bind to
host-cell receptors, such as brain-specific angiogenesis inhibitor BAI1, stabilin-2,
and T-cell immunoglobulin and mucin domain-containing protein TIM4. Phago-
cytosis is driven by cytoskeletal rearrangements within the host cell that are
regulated by small GTPase Rac (Vol. 4 — Chap. 8. Guanosine Triphosphatases
and their Regulators). Host receptor activation stimulates RhoG via its guan-
ine nucleotide-exchange factor (GEF) Trio, which in turn hastens Rac via GEF
complex 180-kDa protein downstream of CRK (DOCK180, or dedicator of cy-
tokinesis DOCK1) and engulfment and cell motility protein (EIMo).
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Table 1.5. Extracellular matrix constituents in the cardiovascular system and
regulator kidney (Source: [23]).

Component Gene Tissue

Collagen-1 COL1A2 Heart

Collagen-3 COL3A1 Blood vessels

Collagen-4 COL4A1 Kidney, basement membranes

COL4A3, COL4A4 Kidney, basement membranes
COL4A5, COL4A6 Kidney, basement membranes

Elastin ELN Blood vessels
Fibrillin-1  FBNI1 Cardiovascular system
Fibronectin FN1 Kidney

Laminin LAMB2 Kidney

Perlecan HSPG2 Basement membranes

Most of the body’s cells are polarized, i.e. they display shape and functional
asymmetry. Cell polarity refers to the asymmetric organization of the cell
surface, distribution of intracellular organelles, and orientation of the cell cy-
toskeleton (Sects. 4.2.2, 6.10, 7.7.5, and 9.4). Cells coordinate spatially and
temporally their polarity to form polarized tissues. Polarity complexes, sig-
naling cascades, transport pathways, lumen design mechanisms for formation
of conduits and hollow organs, and polarity type transitions correspond to
tissue building processes [26]. In epithelial-mesenchymal and mesenchymal-
epithelial transitions (Sect. 1.13), cells convert between 2 types of cell polarity.
Transcription factors control these 2 processes by regulating cell adhesion and
polarity complexes.

The extracellular matrix is composed of numerous structural components
(elastin, 28 collagen types that provide the matrix scaffold for interaction of
extracellular components, hyalectins, proteoglycans, among others; Table 1.5).
Matrix—cell interaction relies on functional assemblies of these constituents for
signaling and mechanotransduction. The extracellular matrix is an important
factor of initiation and maintenance of tissue polarity, as it yields a struc-
tural scaffold and conveys positional and differentiation cues. These signals
are transduced by various receptors (integrins, dystroglycans, and proteogly-
cans; Sects. 7.5.4 and 8.1.1) and their effectors of the RHO superfamily of
small GTPases (Vol. 4 — Chap. 8. Guanosine Triphosphatases and their Reg-
ulators).

During embryo- and fetogenesis, cell differentiation and displacement
(Vol. 2 — Chap. 6. Cell Motility) must occur in correct locations at proper
times. Spatial and temporal signals that prime changes in gene expression
patterns must then be integrated. Migration timing and spatial patterning
depend on various agents, such as hormones, morphogens, and microRNAs.
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Table 1.6. Tissue organization and development are governed by cell interactions
with the environment. Between-cell communications are either direct via cell con-
tacts or indirect via signaling molecules. Cells communicate with other cells via
adhesion molecules, growth factors, morphogens, as well as chemoattractants and
-repellants.

Inputs Cell number and functions for tissue formation
(cell molecular pathways)
Matrix features

Cell fate Growth factors
Cell loadings
Cell adhesiveness
Migration potential, chemotactic factors

Growth control Anchorage to adjacent cells and extracellular matrix
State of the surrounding extracellular matrix
(local degradation)
Nutrient input

Tissue development, organization, and functioning depend on cellular in-
teractions between a given cell and not only its matrix, but also surrounding
cells (Table 1.6). These interactions, indeed, occur either by transmission of
chemical cues and stresses through the extracellular matrix (Chap. 8) that
separates neighboring cells, or, for cells in contact, by stimulated between-
cell adhesion complexes and intercellular communications. Signaling pathways
that consist of chemical reaction cascades then convert stimuli into cell ac-
tion, modulating especially the cytoskeleton dynamics (Chap. 6). Among sent
signals, erosomes secreted into the extracellular environment contain mR-
NAs and microRNAs. Force transmission to/by the extracellular matrix and
cell contacts affects the cell maturation and assembly. The time and space
variations in cell interactions regulate the cell fate.

Tissue development and differentiation pathways are activated by growth
factors (Vol. 2 — Chap. 3. Growth Factors) and morphogens that stimulate
their cognate receptors (Vol. 3). Liganded receptors at the cell surface trigger
signaling cascades that stimulate or repress the transcription of development
genes.

During organ motions, especially in heart and lungs, which bear large de-
formations during the cardiac and respiratory cycles, cells undergo mechanical
stresses: stretch, shear, and possible torsion. Stretch stimulates growth, dif-
ferentiation, migration, and remodeling. The cytoskeleton transforms from a
solid-like to a fluid-like phase (polymerization—depolymerization cycle) in re-
sponse to transient stretches of relatively small amplitude [27]. Loaded soft
cells quickly fluidize and then slowly resolidify (slow relaxation). The closer
the initial state from the solid-like state, the greater the fluidization, and the
faster the subsequent recovery, except in the case of ATP depletion. The cell
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ability to fluidize suddenly in response to mechanical stresses and to subse-
quently resolidify appears to depend much more on stresses themselves than
on molecular reactions triggered by stresses.

Arrangement of tissues created by generations of seemingly random cell
division depends on cell connections. Imaging techniques do not allow ex-
ploration of cell division strategy, but computational models are able to test
hypotheses on cell division [28].

1.7 Mechanotransduction during Embryogenesis

Embryo- and fetogenesis rely on the regulation of cell proliferation, differenti-
ation, and migration in the framework of spatially and temporally coordinated
changes in the gene expression pattern that is responsible for the mandatory
synthesis of soluble morphogens.

In addition, Local and regional variations in mechanical loading can influ-
ence tissue pattern formation. Morphogenetic movements can be associated
with nuclear translocation of transcription factors. Cells exert traction forces
on their matrix via cell-matrix adhesions (Sect. 7.7) and then spread and
migrate.

External forces applied to cells by their environment influence cell signal-
ing and functioning. Moreover, forces applied at the cell surface can reorient
the cell division plane, thereby influencing tissue formation, as DNA, its pro-
teic scaffolds, and nucleo- and cytoskeleton operate as a single structure [29].
Conversely, internal forces exerted by the contractile actomyosin cytoskeleton
trigger cell signaling to regulate cell behavior. Therefore, mechanical forces
that are transduced into chemical signals participate in the control of cell and
tissue structure and function during embryo- and fetogenesis.

Vasculo- and angiogenesis (Vol. 5 — Chap. 10. Vasculature Growth) are
partly based on tensed regions in the extracellular matrix that channel the
cell displacement. Cell migration and differentiation depend on spreading con-
figuration, i.e., on cell and matrix rheology and strain and stress fields cells
exert on the extracellular matrix, and vice versa.

The mechanical stress field originates from contractile activity of cells in
their environment with its given rheological properties. Cells develop con-
tacts onto their environment with a given strength. They contract and pull
on the extracellular matrix and adjoining cells to which they are attached.
Consequently, cells generate internal mechanical forces that are transmitted
to their environment, particularly via adhesion sites (Sect. 7.7), to which their
