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Bi-dimensional culture systems have represented the most used method to study cell biology outside the body for over a
century. Although they convey useful information, such systems may lose tissue-specific architecture, biomechanical
effectors, and biochemical cues deriving from the native extracellular matrix, with significant alterations in several cellular
functions and processes. Notably, the introduction of three-dimensional (3D) platforms that are able to re-create in vitro
the structures of the native tissue, have overcome some of these issues, since they better mimic the in vivo milieu and
reduce the gap between the cell culture ambient and the tissue environment. 3D culture systems are currently used in a
broad range of studies, from cancer and stem cell biology, to drug testing and discovery.
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| 1. Introduction

In vitro two-dimensional (2D) culture systems have represented, till recently, the most widely used strategy to study the
mechanisms underlying cell biology, as well as diseases and drug action outside the body . The first 2D approach was
developed in 1907 by Harrison and colleagues to maintain nerve fibers in culture 2. Subsequently, this method was
applied for the study of different cell types, ranging from pluripotent and/or multipotent stem cells to terminally
differentiated adult cells. The major advantages of 2D systems are associated with the simple and low-cost maintenance
of cell cultures, the fast-downstream processing, and the easy performance of functional tests . During the years,
several steps forwards have been made to ameliorate and turn this technique into a more flexible and quicker platform. An
example is represented by the modification and functionalization of the plastic surface onto which cells are seeded, using
different materials and/or proteins, in order to resemble certain microenvironments . Nevertheless, these improvements
were not sufficient to mimic the natural structures of the original tissue and cells continued to be cultured in a monolayer
bidirectional manner, providing sub-optimal conditions for their growth and specific functions. This negatively influences
the fundamental cellular features and, usually, compromises the viability and reliability of the experiments, as well as the
correct understanding of the whole organ activity 4. Indeed, cells isolated from tissues and transferred onto flat and
hard plastic substrates have been shown to lose their specific phenotype, because of the absence of a tissue-specific
architecture and of the naturally occurring biomechanical and biochemical cues that cannot be mimicked in 2D in vitro
systems. In particular, one of the most compromising aspects is represented by the alterations and/or the complete loss of
the cell-to-cell and cell-to-extracellular matrix interactions. This leads to significant changes in several cellular features
and processes, including cell morphology, polarity, differentiation, proliferation, genetic pattern, responsiveness to stimuli
and secretions, drug metabolism, and many other functions B8NS,

The recent biotechnological advances have partly overcome these hurdles, thanks to the use of three-dimensional (3D)
culture systems, which more closely mimic the natural in vivo milieu. The 3D culture methods are currently used in a
broad range of in vitro studies, including cancer and stem cell biology, and drug testing and discovery. The first pioneering
attempt to produce a 3D culture model dates back to the 1970s, when Hamburg and Salmon used a solution of soft agar
to embed and grow human single cells 9. Since then, several cutting-edge techniques were developed, ranging from
hydrogels to organoid models and synthetic or biological scaffolds. The common key aspect of these new approaches is
represented by their ability to in vitro recreate the macro- and micro-architecture of tissues and organs, encouraging cells
to re-organize in complex 3D structures that closely resemble the in vivo micro-topography. The resulting in vitro
environment replicates the biochemical and biomechanical effectors, directly influencing both cell fate and behavior.



| 2. Biomechanical Sensors and Effectors of the Microenvironment

The cell microenvironment is regulated by several factors, which include not only temperature, pH, oxygen, metabolites,
growth factors or peptides, and hormones, but also macro- and micro-architecture-related cues as well as stretching and
contracting stimuli. Externally applied forces are directly controlled by the stiffness of the substrate that the cells adhere
to 1 and result in biomechanical signals that have a broad impact on cell behavior 1213, Cells are indeed able to sense
the surrounding microenvironment and to interact with it, regulating their shape, their intracellular organization, growth,
and differentiation, as well as their functionality. Interestingly enough, this ability is not limited to somatic cells and has
emerged as an active property of oocytes and early embryos, which may actively sense biomechanical stimuli and convert
them into intracellular signals, tuning their own behavior. In particular, in the context of the female gamete, the two main
mechanosensing signaling pathways, namely Hippo and RhoGTPase, have been demonstrated to be involved in many
fundamental oogenesis processes and to influence oocyte quality. Indeed, while the RhoGTPase signaling pathways are
important actors in the coordination of actin filaments and microtubule formation, as well as polar body extrusion and
spindle rotation during meiosis, the main actors of the Hippo pathway, Yes-associated protein (YAP) and WW domain-
containing transcription regulator protein 1 (WWTR1 or TAZ), have an essential role during oogenesis, are highly
transcribed in mouse and human oocytes, are maternally accumulated, and have been reported as strong candidates for
zygotic genome activation 241,

Altogether, the properties described above are defined with the term “mechano-transduction”, which indicates the cellular
mechanisms by which mechanical inputs, such as stretching, tension or fluid flow, are converted into intracellular signals
(151, They are regulated by several membrane proteins that modify their folding in response to extracellular biomechanical
stimuli 1€, Integrins have been recognized as the main molecular link between cells and the extracellular matrix (ECM).
This protein family is characterized by the ability to sense, respond to, and bidirectionally interact with the cellular
environment 1. More in detail, integrin’s key function is to trigger the cytoplasmatic recruitment and activation of adaptors
and signaling proteins, such as Protein Tyrosine Kinase 2 (PTK2B, also known as FAK), SRC Proto-Oncogene Non-
Receptor Tyrosine Kinase (SRC), and Mitogen-Activated Protein Kinase 1 (MAPK1, known as ERK), which assemble into
the focal adhesion complex 8. Force-mediated formation and/or reorganization of focal adhesion complexes, in turn,
modify the Rho family small GTPase activities, leading to enhanced actin polymerization and the formation of stress
fibers. This latter event can produce two different effects, described as short- or long-range transmission of force. The first
directly affects the nuclear localization and function of the mechanosensitive transcription regulators, such as Myocardin
Related Transcription Factor A (MRTFA, also known as MKL1) and YAP/TAZ 4. The long-range effect transmits the force
from the surrounding environment into the cell nucleus, thanks to a physical actin-mediated connection between the ECM
and the linker of the nucleoskeleton and cytoskeleton (LINC) complex (Figure 1) 29, This results in several changes,
including chromatin remodeling, exposure of specific sites to transcription factors, gene expression changes, and the
modifications of nuclear pore conformation and size, finally promoting YAP/TAZ nuclear translocation.
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Figure 1. The sensors (integrins) and effectors (Rho and Hippo pathways) driving mechano-transduction processes,
regulating YAP/TAZ localization and the subsequent cell behavior. Signaling pathways are described in detail in the text.
Black arrow: activation, red T bar: inhibition of phosphorylation and molecule activation.



YAP/TAZ represent the main downstream effectors of the Hippo pathway cascade 24, which is involved in the cellular
response to extracellular stimuli. Their compartmentalization is strictly correlated to mechanical signals, cellular stress,
polarity, and adhesion cues 29 and influences gene expression, thus controlling cell fate. Recent studies also
demonstrate the presence of upstream molecules, such as mammalian STE20-like protein kinase 1/2 (MST1/2), Salvador
family WW domain containing protein 1 (SAV1), MOB kinase activator 1A/B (MOB1A/B), and large tumor suppressor 1/2
(LATS1/2), which regulate the Hippo pathway activity 22l23124] |n particular, it has been shown that phosphorylation
events are involved in the activation of the cascade, inducing cytoplasmatic retention of YAP/TAZ (Eigure 1). In contrast,

when the cascade is inactive, these two proteins translocate into the nucleus, interacting with different transcription factors
(TFs). It is interesting to note that the YAP/TAZ subcellular localization is tightly controlled by substrate rigidity and
topography [25128127] a5 well as by actin remodeling 28129130 and cell stretching [28]. This clearly demonstrates a specific
role of these molecules as mechanotransducers and mechanosensors. In agreement with this, cells grown on a 3D soft
matrix have been demonstrated to display YAP/TAZ localized to the cytoplasm, whereas cells plated on standard plastic
supports (2D system) showed YAP/TAZ localized to the nucleus 28, In addition, substrate stiffness is able to modulate the
expression of the two molecules, which are upregulated in cells grown on hard hydrogels compared to soft substrates B4,

Furthermore, we recently demonstrated that YAP/TAZ localization is mirrored by a parallel compartmentalization of SMAD
Family Member 2/3 (SMAD2/3). In particular, we observed that cells with cytoplasmic retention of YAP/TAZ exhibited a
SMAD2/3 cytoplasmic distribution, while cells displaying the two molecules localized in the nucleus showed concomitant
SMAD2/3 nuclear accumulation 23], This latter event led to the formation of the YAP/TAZ-SMADZ2/3 complex, which is
known to bind to TEA domain transcription factors (TEAD), regulating cell fate and differentiation processes 22, both in bi-
parental and mono-parental parthenogenetic cell lines [E3134185],

It is indeed important to note that YAP/TAZ are transcriptional coactivators, unable to directly interact with DNA, but rather
binding other TFs in order to elicit their functions €. Accumulating evidences point, in particular, to the TEAD protein
family as the main actor, mediating YAP and TAZ nuclear activity and modulating the expression of different target genes
involved in cell growth, proliferation, and organ development (231371,

| 3. D Cell Culture Systems

The cellular microenvironment is a highly complex 3D natural structure, regulating in vivo cell functional activities through
specific stimuli B8IBAMAAL Ag 5 consequence, the organization and composition of the ECM, as well as the contribution
of cell-to-cell and cell-to-ECM interactions, play a fundamental role in the control of cell behaviors and are strictly tied to
the functions of tissues and whole organs.

The major aim of the recently introduced 3D cell culture systems is to model and in vitro re-create the tissue and organ in
vivo milieu, mimicking the underlying biochemical and biomechanical signals 243l A well-selected and -designed
microenvironment can be therefore used in tissue and cell engineering to faithfully re-produce in vitro the conditions that
promote all cell functions, including proliferation, migration, matrix production, and stem cell differentiation.

| 4. Tissue and Organ Regeneration Approaches

The first reports describing in vitro skin reconstruction date back to over 30 years ago 2445481471 \yhile the first bio-
artificial bone tissue was developed in the 1990s by Ishaug et al. 28l and Baksh et al. “9. Following these pioneering
studies, extraordinary progress has been made in tissue engineering, not only for the optimization of scaffold production
processes, but also for the regeneration and recellularization methods B4 |ndeed, cell repopulation plays a key role in
getting fully functional bio-artificial organs. Needless to say, this procedure needs to be improved and optimized, and
above all, adapted to the specific biophysical and biomechanical proprieties of the scaffold used as well as to the
complexity of the tissue or organ of interest. Indeed, each organ varies in its unique structural components, namely, its cell
types, matrix, architecture, as well as in its biophysical and biochemical environment, such as pressure, flow, oxygen
tension, cytokines, and growth factors. As a consequence, the repopulation step requires the use of appropriate specific
cell types, while commanding an optimized seeding method and a physiologically relevant culture approach (Eigure 2).
Skin cell sheet or blood vessel in vitro re-creation, for example, requires a single cell type, whereas whole organ
reconstruction necessitates the seeding of multiple cell types to reestablish all the functional structures, including
parenchyma, vasculature, and supporting components.
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Figure 2. The two main ways and essential key aspects to successfully recreate in vitro a fully functional bio-artificial
organ.

To date, distinct cell sources, such as embryonic stem cells, mesenchymal stem cells, fetal and adult tissue cells, and
induced pluripotent cells, have been used to repopulate both artificial scaffolds as well as biological ones. The first tissue-
engineered airway was transplanted into a patient in 2008. In this work, the authors repopulated a trachea scaffold with
epithelial cells and mesenchymal stem-cell-derived chondrocytes. The results obtained demonstrated that it was possible
to in vitro re-create a tissue-engineered trachea with mechanical properties that allow normal functioning, providing
successful treatment for patients 52, Following this, many studies using a single type of tissue-specific stem cells [B31541155]
(5615711581159 o induced pluripotent cells BABAG1IE2] were carried out, and others are currently ongoing, in order to identify
the best 3D supports able to boost cell differentiation and successfully produce in vitro functional tissues and organs for
future possible transplantation. In parallel, both synthetic and biological scaffolds were repopulated with terminally
differentiated cells, including fibroblasts 83, mature hepatocytes 84631681 and pancreatic endocrine EAE8IEA cardiac [,
and ovarian cells 24,

Nevertheless, it is still difficult to identify and standardize common protocols indicating routes of delivery, methods of
infusion, and the correct cell number to be applied for the generation of functional organs. The main limitations are
currently related to the complexity and the specialization of tissues, and, in some instances, to the elevated experimental
costs. Indeed, although, different studies have already described distinct approaches obtaining encouraging results, none
of them have proved their absolute potential to replace a damaged organ or tissue and several issues need to be solved.

In the kidney, a variety of successful strategies were developed 2. However, the current techniques still show important
limitations that impede the obtainment of a complete and functional whole-organ. In particular, while a piecemeal of renal
components were reconstructed in vitro, the nephron structure has not yet been recreated 3],

In contrast, the liver represents a simpler, more feasible model, thanks to its regular structure and clear cellular
organization. The current technical approaches in liver tissue engineering are based on the use of different methods, such
as cell encapsulation, 3D printing, 3D bioprinting, and decellularized organs, which display the appropriate topography
and biomechanical properties that facilitate hepatocyte colonization, migration, differentiation, proliferation, and cell
polarity 47378 1t js, however, important to highlight that, to date, 3D liver tissue organization and function has been
mostly demonstrated in animal models and further studies and evidence are necessary in order to confirm the generation
of a functional liver for human transplantation.

Many strategies were also developed for 3D heart recreation. Nevertheless, they led to the production of functionally
immature contractile cardiac constructs [ZAZ8IZ9 Fyrthermore, although cardiomyocytes represent the key cell type of this
tissue, the engrafting of stromal and endothelial populations, for the recreation of vascular system, remains the most
immediate need for obtaining functional organs 2.

Lastly, the lung represents an extraordinary challenge to engineer almost from scratch. The studies carried out up to now
demonstrated the recreation of some microscopic aspects of alveolar organization, without any gas exchange (88182,
This organ, in fact, displays a unique and complicated architecture and is composed of more than 40 different highly
specialized cell types. Furthermore, the peculiar structure of each capillary vessel, surrounded on both sides by a one
cell-thick epithelium, which is needed to ensure carbon dioxide—oxygen exchange, represents the greatest obstacle for
successful lung tissue engineering €2,
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