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Mechanobiology: A landscape for reinterpreting
stem cell heterogeneity and regenerative
potential in diseased tissues
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SUMMARY

Mechanical forces play a fundamental role in cellular dynamics from the molecular
level to the establishment of complex heterogeneity in somatic and stem cells.
Here, we highlight the role of cytoskeletal mechanics and extracellular matrix
in generating mechanical forces merging into oscillatory synchronized patterns.
We discuss how cellular mechanosensing/-transduction can be modulated by
mechanical forces to control tissue metabolism and set the basis for nonpharma-
cologic tissue rescue. Control of bone anabolic activity and repair, as well as
obesity prevention, through a fine-tuning of the stem cell morphodynamics are
highlighted. We also discuss the use of mechanical forces in the treatment of
cardiovascular diseases and heart failure through the fine modulation of stem
cell metabolic activity and regenerative potential. We finally focus on the new
landscape of delivering specific mechanical stimuli to reprogram tissue-resident
stem cells and enhance our self-healing potential, without the need for stem
cell or tissue transplantation.

INTRODUCTION

Biophysical stimuli are constantly present in the human body and play a critical role in tissue formation from
the earliest stages of embryogenesis and throughout life. Even before implantation, self-organization of
the embryo and specification of the germ layers into the blastocyst rely on the cooperation between con-
tractile mechanical forces' and biochemical signaling. Afterward, biochemical and biophysical cues
continue to cooperate to give rise to proper organ form, and in case of atypical mechanical loading the
embryonic rudiments face an asymmetric, deranged development.” Mechanosensing and mechanotrans-
duction are fundamental attributes of developmental and adaptive pathways.® The (stem) cell property of
transducing mechanical forces into complex and interconnected motions is essential in the emergence of
forms, and cell-to-cell variability, thus contributing to cellular heterogeneity, an immanent property of
living organisms.” Both pluripotent stem cells, including embryonic and induced pluripotent stem cells,
as well as adult stem cells, including hematopoietic and mesenchymal stem cells obtained from different
tissue sources, exhibit remarkable heterogeneity in their pluripotency, self-renewal ability and differenti-
ating potential.””’ Heterogeneity may even arise within single-cell originated stem cell lines.® Growing ev-
idence shows that stem cell fate can be predicted by cellular mechanical properties.””"" The apparent
Young's modulus, which estimates the substrates stiffness and cytoskeletal organization in living cells, as
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have been found to promote differentiating processes.'® Cell micropatterning can be exploited to control
and modulate the relative spatial/temporal and strength distribution of integrin and E-cadherin adhesions
within a given (stem) cell colony.'® By the aid of this approach, spatially polarized integrin adhesion in a
cohesive colony of human pluripotent stem cells was found to compete in recruiting Rho-ROCK activated
myosin |l away from E-cadherin mediated cell-to-cell junctions, to promote differentiation at that locality,
thus resulting in cell population heterogeneity. These findings indicate that mechanical asymmetry
emerging from spatial and temporal polarization in cell-to-cell, and cell-to-matrix interactions play an
important role in determining stem cell heterogeneity. As an additional proof of concept of this view, expo-
sure to a ROCK inhibitor (leading to inhibition of Rho-ROCK-myosin Il activation) phenocopied E-cadherin
rather than integrin inhibition, leading to uniformly differentiated colonies." These results proved that
E-cadherin-mediated mechanical patterning acted as the primary gatekeeper to differentiation progres-
sion. Intriguingly, these observations pave the way to the development of tailored biomaterials capable
to orchestrate mechanical cues for human stem cell maintenance, or differentiation, with minimal
heterogeneity.

Overall, the above reported findings suggest that defined cellular structures behave as actuators capable
of coupling and transforming the sensed mechanical forces into instructive messages and building blocks
of biological information.

To this end, the capability of AFM of probing the nanomechanics of cellular processes '’ holds promise
for stem cell characterization at the nanomechanical level, with the potential for deciphering specific
mechanical vibration profiles during the progression throughout different metabolic states and fate
decisions. This perspective may also provide further insights into how the rhythmic unfolding of mechanical
forces may interplay with chemical oscillatory patterns, as those underlying cytosolic Ca?* and pH homeo-

stasis,”> ¢ in the shaping of complex cell signaling networks.

Mechanobiology is a rapidly developing transdisciplinary field, encompassing cell and developmental
biology, bioengineering and biophysics.?” This field concerns the reciprocity of biological and mechanical
interactions, and gains more and more interest as biochemistry and genetics alone are not sufficient to
explain the heterogeneity of biological forms and functions. Mechanobiology may also be seen as the
landscape for posing a number of fundamental unanswered questions:

- How are multiple, multifaceted mechanical oscillatory patterns connecting and acting in a coordi-
nated fashion for the storage of information over time?

- How are mechanical oscillatory patterns integrated within, or contributing to the subcellular and
cellular environment?

- What is the implication of cellular mechanical actuators and mechanical forces in the emergence of
simple-to-complex multifaceted forms?

Which fundamental dynamics may connect the cellular landscape of mechanical forces (mechano-
scape) to onset and progression of morphogenetic pathways up to the emergence of large-scale
anatomy?

From these questions and the analysis of currently available data it is evident that we are still at a partial,
analytical stage of a journey attempting to explore the mechanistic underpinning through which shaping,
self-organization, morphogenesis and regeneration may occur.

The purpose of this review is to provide an update of how mechanical cues govern the heterogeneity of
(stem) cell fate and constitute an interesting mechanoscape® for the development of unprecedented stra-
tegies and tools in regenerative medicine. We focus on the capability of mechanical forces to emerge as
defined oscillatory patterns and spread from the subcellular to a multicellular tissue environment, entrain-
ing tenets of connectedness, which may offer the chance of using simple mechanical manipulations to
cause complex and long-ranging responses. We report on the chance of using mechanical vibrations to
afford a fine-tuning of morphodynamic processes, including stem cell controlled adipogenesis and osteo-
genesis, paving the way to nonpharmacologic approaches in prevention of obesity. We also discuss the use
of extracorporeal shock waves (ESW) as a mechanotransduction strategy in the treatment of cardiovascular
diseases and heart failure, through the fine modulation of stem cell metabolic activity and rescuing
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Figure 1. Cytoskeletal mechanics and (stem) cell heterogeneity
Diagram showing a recap of the functions that involved tubulin and actin filaments depicted in the chapter.

potential. We finally tackle the new perspective of using specific mechanical stimuli to directly control the
heterogeneity of tissue-resident stem cells in situ, thus enhancing their rescuing capabilities and our self-
healing potential, without the needs for stem cell or tissue transplantation.

CYTOSKELETAL MECHANICS AND (STEM) CELL HETEROGENEITY

Spontaneous mechanical vibrations have been theoretically predicted and experimentally demonstrated
in virtually all levels of the molecular and subcellular architecture. As we reviewed elsewhere,”” the repet-
itive helix-loop—helix domains in single peptide molecules behave as intrinsically oscillatory modules, that
owing to the electrically charged features of their composing amino acids, acquire the identity of electro-
mechanical actuators. The hierarchical self-assembly of peptide moieties into larger cytoskeletal structures
entails a major outcome of self-organization, implying that the resultant assembly exhibits traits that are
way beyond the sum of the features of the composing building blocks (Figure 1). Thus, it happens that
the nanomechanical (as well as the electric conductivity) characteristics of microtubule are by far different
of those exhibited by a tubulin dimer, up to the chance of developing a mechano-electric actuator
providing features of mechanical and electromagnetic connectedness with radiation characteristics.”” "
The spreading of mechanical signals through cells entails particular complexity. In the attempt to elucidate
new mechanotransduction pathways, Koch et al.*” investigated the frequency-dependent transport of
mechanical stimuli by single microtubuli and small microtubular networks in a bottom-up approach, using
optically trapped beads as anchor points. By interconnecting microtubuli to form linear and triangular ge-
ometries, microrheology could be performed by defined oscillations of the beads relative to each other.
These studies revealed a substantial stiffening in single microtubuli on mechanical stimulation above a
characteristic transition frequency ranging from 1 to 30 Hz, depending on the filament's molecular compo-
sition (i.e., variations in microtubular length induced by stabilizing agents), with smaller transition
frequencies for longer microtubule. Below this frequency range, microtubule elasticity appeared to solely
depend on its intrinsic flexural features (including the polymer length ad maximum physically possible
extension, and the bending stiffness, referrable to as the contour and persistence length). Of interest,
this elastic behavior was found to be transferable to small networks, where linear two-filament connections
acted as transistor-like, angle dependent momentum filters, whereas triangular networks behaved as sta-
bilizing elements. These findings implicate that cells may be able of tuning mechanical signals by temporal
and spatial filtering dynamics. Such “mechanic transistor” function of microtubular networks, also suggests
that small mechanical forces may control a large amount of momentum transport. Further analysis of these
features, and of the mechanisms underlying the establishment of multivariate geometrical assembly of
microtubuli may prove rewarding in the comprehension of how cells can control the directionality of
mechanical signaling, a relevant issue in the mechanics of somatic and stem cell integration into organs,
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and possible of organs into organisms.** Common views of mechanotransduction processes have consid-
ered the conversion of a physical stimulus into a chemical signaling through the intervention of membrane
proteins, including integrins, followed by transportation of regulatory players to targeted subcellular do-
mains, such as the nucleus, either by passive diffusion, or actively by molecular motors. These are relatively
slow processes that cannot account for the extremely fast speed at which cells often execute their tasks. To
this end, a direct spreading of mechanical signaling by stress waves through a variably stiff cytoskeleton,
bridging the cell surface with the nucleus, would enable transport routes operating on microsecond
time scales, for a quasi-real-time integrations of cellular responses. Future studies focusing on bottom-
up approaches may elucidate the transmission of mechanical forces within networks of increasing
complexity, hopefully helping to understand how cellular mechanosensing/-transduction may contribute
in shaping biological patterns up to the macroscopic level.

The remarkable role of microtubular dynamics in subcellular self-organization has been relatively under-
studied until quite recently,?” when the availability of super-resolution microscopy has enabled to monitor
single microtubule dynamics within the context of complex cytoskeletal networks. Thus, innovative live im-
aging is providing evidence for the emergence of non-centrosomal microtubular assembly and networking
as a crucial causative determinant in morphological and functional cell heterogeneity and specialization
throughout differentiating processes.’” This aspect has received substantial confirmation from studies
showing that the formation of specific intracellular bridging geometries in the microtubular network is play-
ing a pivotal role in the establishment and regulation of cell pluripotency.®*?” To this end, microtubule
organizing centers (MTOCs), particularly non-centrosomal MTOCs, have been shown to act as major
conductors of cell potency, namely the (stem) cell capability of exhibiting heterogeneous, multifaceted fea-
tures.®* Recently, live cell confocal and super-resolution microscopy”® has provided evidence for microtu-
bule-dependent mechanisms in early mouse embryogenesis, with peculiar involvement in multiple essen-
tial steps, including (1) pronuclear centralization, (2) subcellular reorganization patterning and cell polarity
modulation occurring at 8- and 16-cell stage, and (3) inner cell mass formation. Additional studies are
needed to further dissect the analogies in microtubular dynamics among the embryonic development
and the modulation of pluripotency in isolated stem cells in vitro. Addressing the molecular underpinning
of these similarities may likely aid developing novel strategies and tools to control stem cell heterogeneity,
pluripotency and rescuing potential through the application of defined physical forces capable of
modulating the mechanical properties of cellular microtubuli.

Akin to microtubuli, actin filaments can also be viewed as mechano-electric actuators, coupling intrinsic
oscillatory patterns to the capability of sensing and generating changes in cellular behavior.”” Two distinct
spontaneous oscillatory patterns have been recorded in crawling microglial cells, exhibiting zigzag motile
behaviors that appear as temporally structured sequences of runs and turns.*® One type of intrinsic actin
oscillation manifested as fast peripheral ruffles, spontaneously emerging with an oscillating period of
about 6 s at the leading edge of crawling microglia, where the vigorously biased peripheral ruffles appear
to define the direction for a new turn (in 2D free space).40 When the cell turning events are inhibited with a
physical confinement (in 1D track), the peripheral ruffles still exist at the leading edge with no bias but
showing phase coherence in the cell crawling direction.”” The other type of spontaneous oscillatory pattern
was referred to as dorsal actin waves, exhibiting a much longer oscillatory period of about 2 min, and likely
associated with cell migration.”” On the whole, these findings indicated that the slow dorsal actin waves
and the fast peripheral ruffles were connected with microglial run and turn stages, respectively. Sponta-
neous pulsation and flow of actomyosin cytoskeleton has also been proposed as relevant dynamics in tissue
remodeling to promote heterogeneous developmental contexts."!

The involvement of intrinsic vibrational properties of actin filaments in cellular and tissue remodeling is con-
sonant with the observed interconnection between actin-regulated cytoskeletal stiffness and stem cell dif-
ferentiation. A significant contribution in this field has been brought about by the use of agents capable of
disrupting actin filaments, thus altering their mechanical properties. Among these agents, Cytochalasin D
(CD) and B (CB) have been shown to reversibly interfere with actin dynamics. In fact, a less-organized and
less-stiff actin cytoskeleton has been found to act as a necessary prerequisite to differentiate mesenchymal
stem cells into adipocytes.**** By the aid of AFM, coupled with gene expression and metabolic pattern
analyses, we have recently shown that CB could be used to afford a fine-tuning of nanomechanical prop-
erties in human, adipose-derived MSCs (AD-MSCs), deeply affecting their metabolism, proliferation, and
morphology. In particular, CB elicited a dose-dependent reduction in metabolic activity, associated with
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remarkable changes in acting organization, focal adhesions subcellular redistribution patterning, and stem
cell shape.’? The functional implications in the stem cell heterogeneity potential of such tuning of cell stiff-
ness and viscoelastic properties could be inferred by the capability of CB of inducing a marked metabolic
switch toward an adipogenesis program, highlighted by the expression and subcellular localization of
PPAR-vy, and C/EBP-a, by the overexpression of perilipin, and by the appearance of typical lipid vacuoles,
positively stained with ORO solution.** Modulation of biomechanical dynamics at the level of actomyosin
network and adhesion complexes has proven effective in the orchestration of multicellular development of
human embryonic stem cells and neuroprogenitor cells. Plexin-B2 manipulations has been shown to affect
actomyosin contractility, changing stem cell stiffness and cytoskeletal tension, as well as cell-cell and cell-
matrix adhesion.*® It has been observed that the functional domains of Plexin-B2, RAP1/2 effectors, and the
signaling association with ERK1/2, calcium activation, and YAP mechanosensory, provide a mechanistic link
between Plexin-B2-mediated cytoskeletal tension and stem cell physiology. Plexin-B2-deficient stem cells
exhibited premature lineage commitment, whereas a balanced level in Plexin-B2 activity was essential in
preserving the cytoarchitectural integrity of the developing neuroepithelium, as it was modeled in cerebral
organoids. These findings demonstrate the essential role of Plexin-B2, together with cell-cell/cell-matrix
adhesion, in the orchestration of cytoskeletal tension, and solidify the relevance of collective cell mechanics
in guiding stem cell physiology and tissue morphogenesis.”> Tissue spatial organization is a complex
phenomenon, and attempts to generate competent tissues in vitro have often failed owing to the difficulty
of faithfully reproducing the interplay between gene regulatory networks, cell-cell communication, and
physical interactions mediated by mechanical forces. Most of the adopted strategies have relied on extra-
cellular matrix manipulation which responds to, rather than imposing mechanical forces, thus failed to reca-
pitulate experimentally the dynamical ensemble of physical forces linking stem cell dynamics to tissue
morphogenesis. This important task has been recently afforded through a dedicated platform enabling
a precise actuation of gel-embedded organoids, where the gel was made of a synthetic poly(ethylenegly-
col (PEG)-based extracellular matrix whose composition and stiffness matched specific organoid proper-
ties, and the actuation was operated through a specially designed mechanical stretcher equipped with
programmable equibiaxially actuated arms.”® Under these experimental conditions, active mechanical
forces increased growth and lead to enhanced patterning in an organoid model of the neural tube derived
from single human pluripotent stem cells (hPSCs). Single-cell transcriptomics and immunohistochemistry
revealed the feasibility of actuating organoid mechanoregulation in a temporally restricted competence
window, and that organoid response to stretch was mediated extracellularly by matrix stiffness and
intracellularly by cytoskeleton contractility and planar cell polarity.*® The chance of delivering mechanical
forces to organoids by controlling the spatial and temporal profile of the actuating dynamics opens the new
avenue of a regenerative medicine executed through a precise guiding of biological patterning and
morphogenesis.*’

On more general terms, the involvement of cytoskeletal stiffness regulation in morphodynamic processes
can be further inferred through the vibrational profiling of normal and diseased/malignant cells. For this
purpose, Nelson et al.”® have designed a contact-free method and analysis protocol to convert an atomic
force microscope into an ultra-sensitive microphone, capable of sensing and recording from live biological
samples. This study investigated the vibrational profiles of normal neuronal cells and tissues, as well as
brain tumors and neocortical specimens. A major frequency of 3.4 Hz was deciphered in both cultured
rat hippocampal neurons and tissues, and the detected vibration pattern could be modulated by chemical
agents. Following high-K*-induced depolarization, whereas the ~3.4 Hz major frequency peak observed at
rest persisted in the depolarized hippocampus, the same major frequency peak of ~3.4 Hz could not be
detected in resting cerebellum but emerged within this tissue in the depolarized state. Of interest, vibra-
tional analyses performed following other chemical manipulations, including Ca* removal or exposure to
Tetrodotoxin revealed that in both conditions the dominant major frequency of 3.4 Hz disappeared. Even
more intriguingly, samples of malignant astrocytoma were found to vibrate with a significantly different
frequency profile and amplitude, when compared to meningioma or lateral temporal cortex.”® These ob-
servations indicate the chance of using a peculiar AFM technology to uncover tissue-specific, stiffness-
related vibrational modes, as well as vibrational patterning traceable for healthy, diseased/non-malignant,
or malignant tissues. In cancer cells, biomechanics features, in particular stiffness or elasticity, have been
identified as important determinants relating to cancer cell function, adherence, motility, transformation,
and invasion.*”*° Moreover, analysis of surface cell adhesion inherent to tumor and normal cells harvested
from patients revealed that cancer cells were ~33% less adhesive compared to normal cells, suggesting
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that biomechanical-based functional analysis may provide novel assessment and diagnostic platforms for
cancer in the future.”

The extent of biophysical signaling afforded by the actin cytoskeleton is not merely restricted to the
mechanical level. Like microtubuli, actin filaments are highly electrostatically charged.”*? Thus, the
head-to-head arrangement of actin monomers into dimeric structures, produces an alternate patterning
of electric dipole moments along the filament.”® The participation of actin filaments to a sort of intracellular
bioelectronic circuit is theoretically conceived on the assumption that ions may be subjected to a helical
distribution winding around the filament at approximately one Bjerrum length, and it is also suggested
by experimental evidence showing that actin filaments are able to conduct ionic currents through a
swarm-like arrangement of surrounding counterions.” Agents interfering with the structure and polymer-
ization dynamics of actin filaments are expected not only to affect the mechano-sensing and-transduction,
but even the bioelectric circuitries of the cells, thus influencing normal morphogenetic decisions, and
precisely controlling stem cell fate, and larger scale anatomy.”>®

Although the role of actin filaments in sensing and transducing physical stimuli has polarized a large body
of investigations, there are also relevant actin-dependent biochemical changes that, albeit being discov-
ered over 40 years ago, have gained renewed consideration only quite recently. The actin cytoskeleton has
long been shown to bind many metabolic enzymes and to be tightly connected to cell metabolism. Actin-
bound ATP enhances filament polymerization and affects binding affinity for players controlling actin poly-
merization and branching.”” " Moreover, the assembly of actin cytoskeleton represents a major energetic
drain itself. In different cell types, about 50% of total ATP is consumed to sustain actin cytoskeletal
dynamics, as it has been shown by the observation that blocking actin assembly or disassembly in platelets
or neurons, resulted in about 50% decline in ATP consumption.®”“* These findings imply that about half of
ATP is produced cellularly to maintain actin remodeling, and that precise information has to be conveyed
by actin cytoskeleton to the biochemical machinery, to receive a timely metabolic support. Glycolytic en-
zymes, including active, phosphorylated phosphofruttokinase-1 (PFK-1),°* aldolase and GAPDH, both in
their inactive forms,®> % have been shown to bind filamentous actin. Insulin has been reported to activate
PI3K and Rac signaling to trigger cytoskeleton rearrangements, causing release of actin-bound aldolase,
which in turn enhances aldolase activity, which contributes in supporting the glycolytic flux (for a compre-
hensive review see De-Wane et al.”). There is compelling evidence linking actin binding of glycolytic
enzymes, and energy consumption to the large actin rearrangements occurring throughout cell migration,
aggregation, cell coping with mechanical deformations, or malignant metastatic dissemination.®” In this
regard, cell sensing of external mechanical forces has been shown to reinforce actin cytoskeleton,
increasing the number and thickness of in stress fibers. In particular, in response to external forces,
AMPK and its activator LKB1 are recruited and activated at the level of the E-cadherin adhesion complex.
Activated AMPK leads to enhanced phosphorylation and activation of vinculin, which in turn leads to the
activation of the RhoA-ROCK-MLCK-MLC pathway, which regulates the myosin light chain (MLC) of
non-muscle myosin I, causing an increase in actomyosin contractility, associated with actin cytoskeletal re-
modeling and reinforcement.®” The metabolic fuel for such cytoskeletal requirements is provided by AMPK
itself which promotes increased glucose uptake.®” This is likely connected to the above-mentioned inter-
action of glycolytic enzymes with actin filaments, where PFK-1 is already bound in its active form, whereas
aldolase, which is bound in its inactive form may undergo release from actin cytoskeleton and subsequent
activation by insulin. Such release is relevant for actin rearrangement and increase in glycolytic flux in the
presence of insulin.”” Similar considerations apply to GAPDH, another key glycolytic enzyme, which is
inactive in its actin-bound configuration, under low metabolic states, as in non-proliferating cells, being
released from cytoskeletal actin and acquiring an active configuration under high metabolic activities.
Compounding this intricate picture, on soft extracellular matrices, active E3 ubiquitin ligase TRIM21 has
been reported to bind and ubiquitinylate (degrading) PFK-1 in the cytosol, keeping the glycolytic pathway
in a low state. On the contrary, cell growth onto stiff substrates is associated with increased contractility
within the actin cytoskeleton, as well as enhanced F-actin binding to talin-bound integrins,”" which leads
to actin bundling and TRIM21 sequestration and inactivation. Within this context, PFK-1 accumulates in
the cytosol and stimulates glycolysis. Overall, there is progressive evidence that the mechanical patterning
of actin cytoskeleton requires substantial metabolic fueling, and that actin mechanics itself is shaped to
finely signal such request to the metabolic machinery. In such interplay, the boundaries between cellular
mechanics and metabolism vanish, posing the needs for further studies aimed at elucidating this complex
coordination. Further studies are also desirable to specifically direct the heterogeneity potential, including
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Figure 2. The extracellular matrix, a relevant nanomechanical cue in framing stem cell heterogeneity
Diagram focusing on the role of the continuous mechanical feedback sensing performed by the cell to compute and
respond to the physical external stimuli leading, in the end, to morphogenetic reprogramming.

the differentiating and paracrine properties, of different stem cell populations, by modulating the nanome-
chanical dynamics of actin filaments and microtubuli, or by affecting their interaction with other cytoskeletal
players, molecular motors, and the overall intracellular environment.

Conceivably, novel cell therapy strategies may be developed, coupling the manipulation of the mechanical
and electric properties of microtubule and actin filaments by the aid of natural or synthetic compounds, or
by cell/tissue exposure to physical energies, such as defined mechanical stimuli or electromagnetic
radiation (including light).

These studies should carefully consider the metabolic expenditure (stem) cells will undergo when sub-
jected to physical manipulations leading to increased cytoskeletal dynamics and stiffness. Thus, attaining
a given differentiating pathway by the aid of mechanical forces should take into account the corresponding
metabolic drain, and the needs for consonant metabolic compensation.

THE EXTRACELLULAR MATRIX, A RELEVANT NANOMECHANICAL CUE IN FRAMING
STEM CELL HETEROGENEITY

The extracellular matrix (ECM) is a complex 3D network of macromolecules, growth factors and bioactive
peptides providing both physical support and dynamic microenvironment for cells, modulating their
behavior and fate. ECM is a key component of the stem cell niche.”” The variegated, tissue-specific compo-
sition and arrangement of the ECM accounts for the observation that each tissue possesses its peculiar stiff-
ness (also called elastic modulus). Interpretation of mechanical inputs (including substrate stiffness)
requires the generation of contractile forces in the cytoskeleton through which the cell actively interrogates
its surroundings’®”* (Figure 2).

The key determinants of rigidity sensing relate to the integrin family (receptors) and linked proteins,”®
including: (1) the strength of integrin-ECM bonds, (2) the rates of cell protrusion/retraction, (3) the force
produced by cells during protrusion/retraction, and (4) the elasticity of associated mechanosensitive
proteins.

Stiffness varies markedly between organs and tissues, representing a key element in the unfolding of (stem)
cell and tissue heterogeneity: soft tissues (e.g., brain) have a low elastic modulus of approximately 1 kPa,
muscle tissue has an intermediate elastic modulus of ~10 kPa, chondrogenic tissue has an elastic modulus
of ~70 kPa and more rigid structures (e.g., bones) exhibit a relatively high elastic modulus of ~100 kPa.”” It
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has been shown that stiffness alone is sufficient to direct MSC heterogeneity through the attainment of var-
iegated differentiation outcomes: MSCs acquire neurogenic/adipogenic phenotypes on soft substrates
(<1 kPa), whereas on stiff ones (>10 kPa) they undergo myogenic/osteogenic differentiation.”®’? Intrigu-
ingly, Yang et al.®’ demonstrated that if MSCs were seeded on a phototunable hydrogel, therefore oste-
ogenic patterns of gene expression persist even after decreasing the substrate stiffness. They concluded
that stem cells possess a sort of mechanical memory, and that YAP/TAZ acts as an intracellular mechanical
rheostat storing information from past physical environments (depending on both culture time and sub-
strate stiffness), thus orchestrating stem cell heterogeneity and multilineage repertoire. In this regard,
Peng et al.?' simulated gene expression dynamics under different mechanical loadings, using an in silico
approach describing MSCs cultured in two passages: a first, and a second seeding. Their mathematical
model predicted that memory regions can exist for neurogenic, adipogenic, myogenic and osteogenic lin-
eages. They found that the substrate stiffness for the first seeding and the duration of the first seeding were
remarkable determinants in stem cell fate specification. Stiffness throughout the second seeding was also
relevant in these simulation studies, further contributing in mechanical memory characterization. This
mathematical model enabled to assess when stem cell fates are determined, not only by the current
substrate stiffness but also by a past exposure. This approach emphasized the role of temporal and spatial
accumulation of mechanical loadings, introducing the issue of “mechanical dosings” as major determi-
nants in shaping cell memory.®'

An important feature of cell-matrix adhesion, which makes it more versatile than any individual surface
receptor, is the large repertoire of mechanosensitive and signaling components in its cytoplasmic scaffold.
Mechanotransduction most likely occurs through protein conformational changes that act as molecular

switches leading to major transcriptional and signaling reprogramming and heterogeneity.®*%*

Undoubtedly, the main hub for cell-matrix interaction is represented by focal adhesions (FAs), which are
complex plasma membrane-associated macromolecular assemblies, through which the direct contact
cell-ECM occurs, transmitting mechanical force and regulatory signals.” FAs undergo a regulated turnover
atany given time, governed by diverse environmental factors, including adherens and gap junctions, integ-
rins and ECM related proteins.®* There is now compelling evidence that the microenvironmental interac-
tion between FAs, cytoskeleton, and the Linker between Cytoskeleton and Nucleoskeleton (LINC) creates
the context for a major heterogeneity event: the reprogramming of a somatic cell into a stem cell. As
demonstrated by the pioneer work of Yamanaka et al.,?> this phenomenon was first induced by viral-vector
mediated delivery of a set of defined genes. Noteworthy, even in the absence of gene delivery, mature
adipocytes have been reprogrammed in vitro into dedifferentiated cells (DFAT cells), undergoing loss of
lineage-specific transcripts and gain of stem cell-specific transcripts, solely after exposure to mechanical
stress, including high osmotic pressure, traction forces, and ceiling culture.?° DFAT cells lack lipid droplets
and acquire a fibroblast-like phenotype,®” even expressing similar surface markers to those of ESCs, bone
marrow-, and AD-MSCs.%*®” DFAT cells have proliferation traits similar to those in MSCs,”*”" and undergo
a major heterogeneity shift, because they show multi-directional differentiation both in vitro and in vivo,
mainly depending on physical stimuli applied in culture. Such a physical mechano-sensing/-transduction
pathway triggers a chemical pathway involving YAP/TAZ, through the intervention of the ENH protein,
acting as a connector between the two pathways. These findings lay the foundation for the use of mechan-

ical forces in the modulation of somatic-to-stem cell reprogramming.®®

Accordingly, it has been recently shown that the capability of Sox2 to promote a pro-regenerative behavior
of Schwann cells, the main glial cells responsible for axonal post-injury re-growth in the peripheral nervous
system, relies on a direct regulatory action of the stemness gene on integrin-based cell-ECM adhesion,
through the activation of fibronectin expression and fibrillogenesis.”*”* These results show that stemness
activation in Schwann cells and axonal regeneration are coupled by cell-ECM mediated reprogramming.
The relevance of defined, mechanically applied vibrational modes in governing stem cell heterogeneity
is shown by the observation that cyclic strain dominates over microtopography in regulating cytoskeletal
and FAs remodeling in human MSCs through the transcriptional activation of the related coding genes.”
This finding indicates that defined vibrational patterns are essential for the stem cells’ ability to decipher
their physical environmental cues, suggesting that targeted external mechanical stimuli may be fashioned
to optimize the stem cell niche for regenerative medicine strategies. Corroborating the relevance of ECM/
FAs-regulated mechanotransduction in determining biological heterogeneity is the evidence that ECM/
FAs patterning not only operates within in vitro settings, but it is also essential in modulating metabolic
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dynamics and the onset of complex forms, up to the establishment of large-scale anatomy in vivo. In this
regard, studies on cardiogenesis have been particularly informative. During heart development, epithe-
lial-to-mesenchymal transition (EMT) of epicardial cells and their migration into the underlying myocardium
represent a crucial step in supporting organ metabolism, growth, and morphogenesis, as it is indicated by
the fact that disrupting epicardial EMT results in embryonic lethality.”>¢ Ultra-high resolution scanning
electron microscopy combined with immunofluorescence analysis revealed an essential role of ECM,
mainly the basement membrane-associated proteoglycan agrin, in directing the whole EMT process.
Deletion of agrin led to impaired EMT and cardiac development. Conversely, in human ESC-derived
epicardial-like cells agrin enhanced EMT via localization of the phosphorylated form of Focal Adhesion
Kinase at FAs.”’

Thus, ECM/FAs orchestrate not only specific developmental pathways in isolated cells but provide
essential morphogenetic signaling for the acquirement of organ shapes.

OSCILLATORY PATTERNS IN MECHANOBIOLOGY: A CUE FOR CONTROLLING (STEM)
CELL HETEROGENEITY

Overall, the data discussed above concur with the notion that cellular, and on a larger scale, tissue morpho-
genesis require force-generating mechanisms, and that these mechanisms are essential to the appearance
of complex structures. If so, a fundamental question arises: how are mechanical forces arranged over space
and time? Can we consider these forces moving as discrete phenomena, rising from a baseline threshold,
reaching a stable sustained plateau, then declining toward baseline again? Rather, should we think of me-
chanical forces as oscillatory phenomena, exerting their biological effects on the basis of the frequency at
which mechano-sensing and-transduction are intertwined within a given cellular, or inter-cellular context?
The data up to now discussed in terms of single molecule, and larger subcellular structures, including
microtubule and actin filaments argue in favor of this last hypothesis, and prompt consideration for cellular
nanomechanics as a context where mechanical forces emerge as ensembles of oscillatory patterns, char-
acterized by defined frequencies and amplitudes. We have previously highlighted how nanomechanical
and electromagnetic oscillations may coexist in signaling molecules and supramolecular assemblies,
owing to their electrically charged nature.”” Although the mechanical and electric/electromagnetic
(including light) oscillations can hardly be separated, as they emerge within the context of the same sub-
cellular structure, it is conceivable that a thorough dissection of the mechanical and electrical components
of these oscillations may provide relevant knowledge on how these patterns are generated and on the
chance of using mechanical and electric stimulation alone, or in various combinations, to efficiently direct
the heterogeneity and rescuing potential of stem cells. A major premise in light of future attempts along
this line is establishing whether oscillatory patterns are occurring not only at the subcellular level in
cytoskeletal elements, but they are also evident in complex in vitro systems recapitulating relevant devel-
opmental pathways, as well as in in vivo settings, and whether, in the affirmative, such oscillatory patterning
may have any causal role in morphogenetic decisions. Focusing on mechanical oscillations, a number of
interconnected observations may be gathered to confirm such hypotheses. Exploring cell matching, in
which individual cells establish targeted inter-cellular connections between partner cells, within the com-
plex context of cardiogenesis, revealed periodical oscillations of non-muscle Myosin Il within cardioblasts,
with about 4-min intervals, during the Drosophila embryogenesis.”® In this setting, filopodia dynamics,
including protrusions, retraction, binding stabilization, and binding separation, correlated with the peri-
odic (oscillatory) positioning of Myosin Il clusters at the level of the cell leading edge, conveying mechan-
ical oscillations to the leading-edge actin cytoskeleton.”® These dynamics enable precise cell alignment
and represent a major developmental cue in the heart, like other organs’ formation. The causal role of
the oscillatory interplay of Myosin Il and actin filaments in correctly shaping cardiac morphogenesis was
inferred by the observation that perturbing Myosin |l activity and oscillatory patterns resulted both in
the derangement of filopodia dynamics, and in mismatched cardioblasts, up to the appearance of severe
heart defects.”® In the same study, evidence was produced that load bearing filopodia drove the heart
closure, suggesting that the oscillatory profile associated with Myosin Il and actin filaments was essential
in imparting a timely pattern of forces acting as a sort of nanomechanical code for the execution of proper
cardiogenesis. These findings indicate the existence of a mechanical proofreading machinery for
robust cell matching and morphogenetic decisions, where rhythmic oscillatory mechanical patterns are
featured to modulate (stem) cell heterogeneity by ensuring correct cell-cell connection formation. Actomy-
osin flow has been found to represent another important phenomenon in driving morphogenetic pro-
cesses, including cytokinesis, migration, polarization, metabolic activity, and wound healing.”” During
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embryogenesis, cytoskeletal fluctuations and mechanical instability are fashioned to define the axis of sym-
metry breaking, that is the key morphogenetic event where symmetry along a particular axis is lost to estab-
lish a polarity.”

These studies aid placing oscillatory patterns within the context of “morphodynamics”, to elucidate how
cellular heterogeneity may be orchestrated to define the changes of a subject’s form over time. Morpho-
dynamic processes necessarily entail a collective behavior, as they require consistent coordination of me-
chano-sensing/-transduction in individual cells, which are often too far apart to communicate by chemical
diffusion of chemical moieties. Complex computational/modeling approaches, coupled with ad hoc
designed experiments in the Drosophila embryo have been performed to elucidate whether, and how
oscillatory mechanics may contribute to the systems’ collective morphodynamics. These studies identified
the tensile stress as the key activator that switches the collective oscillations on and off.'°° This regulatory
role was shown analytically using the Hopf bifurcation theory. The same study showed that the physical
properties of the tissue boundary are directly responsible for synchronizing the oscillatory intensity and
polarity of all inner cells and for orchestrating the spatial oscillation patterns in the tissue. Further experi-
mental observations indicate that oscillatory morphodynamics also involves the collective behavioral inter-
play of phase-coherent synchronization and desynchronization of cytoskeletal elements with tissue fluidics,
emerging from pressure inflation/deflation dynamics, shear-stress induced waves, and the pressure
generated by rhythmic variation in cell shape and proliferation rates.'®"

On this basis, oscillatory morphodynamics may be viewed as a field of investigation designed to assess the
unfolding of mechanical cues in multicellular process-driven collective behavior, with the perspective of
using defined vibrational signatures to modulate cell heterogeneity and afford efficient regenerative med-
icine approaches in the treatment of complex diseased states, including metabolic and cardiovascular
diseases, as discussed below.

THE APPLICATION OF MECHANICAL FORCES TO SUPPORTTISSUE REGENERATION

Major evidence supporting the relevance of mechano-sensing/-transduction in controlling stem cell het-
erogeneity would result from the chance of using defined mechanical stimuli to afford a targeted direction
of stem cell fate along different lineages in vitro on the basis of the characteristics of the applied forces.
Additional, even more conclusive evidence would come from the possibility to perform the same manip-
ulation in vivo, exploiting the diffusive features of mechanical vibrations to target tissue resident stem cells
and enhance their rescuing potential in multiple diseased states without the need for cell or tissue
transplantation.

Bone and cartilage: From tissue rescue to metabolic remodeling

On the basis of the currently available literature, we can affirm that both conditions are satisfied (Table 1).
Sometimes, evidence was produced in a sort of reverse approach, being firstly gathered in vivo, and then
brought to a deeper mechanistic understanding through in vitro experiments. This was the case of the
pioneer studies of Rubin et al., showing that long-term (one year) mechanical stimulation of hindlimbs in
adult sheep on a daily basis with 20-min, low-amplitude, high-frequency vibration, remarkably increased
the density of the trabecular bone in the proximal femur, as compared with untreated controls.'%? The strain
levels generated by this treatment were three orders of magnitude below those known to damage the bone
tissue, indicating that this soft approach of mechano-stimulation acted as an anabolic, non-invasive stim-
ulus, holding the potential for treating skeletal conditions such as osteoporosis. The same team showed
that in adult female rats the anabolic activity of bone tissue suppressed by disuse could be normalized
by a brief exposure to extremely low-amplitude mechanical stimuli. These studies provided evidence
that mechanical vibrations could effectively restore bone mass in vivo, setting the basis for clinical interven-
tion in conditions plagued by bone loss, such as long-term space flight, bed rest, or immobilization caused
by paralysis.'%*'%* Exposure to high-frequency mechanical signals, induced at a magnitude well below that
which would arise during walking, was found to inhibit adipogenesis in C57BL/6J mice.'® Exposure to me-
chanical vibrations also reduced key risk factors in the onset of type |l diabetes, non-esterified free fatty acid
and triglyceride content in the liver.'% Over 9 weeks of exposure, the same mechanical signals suppressed
fat production in the C3H.B6-6T congenic mouse strain that exhibits accelerated age-related changes in
body composition. This compelling in vivo evidence could be related to a mechano-transduction effect
on tissue resident stem cells, when in the aim of elucidating the underlying mechanism for the observed
inhibition of fat depots, the Authors decided to repeat the experiments in irradiated mice receiving
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Table 1. Bone and cartilage: mechanical force applications, from tissue rescue to metabolic remodeling

(7]
Aim/findings Biomechanical stimulus Vitro/vivo  Cell/tissue type Observed effect Reference 9_
Treating skeletal conditions such as Daily, long-term (1 year), 20-min bursts  vivo Hind limbs of adult sheep Significantly increased (by 34.2%) Rubin et al.'% ]
osteoporosis of very-low-magnitude, high- density of the trabecular bone in the 8
frequency vibration proximal femur, compared to controls (]
Clinical intervention in conditions 10 min/day, for 28 days, extremely low-  vivo adult female rats Restored anabolic bone cell activity Rubin et al.'®*
plagued by bone loss (long-term magnitude (<10 microstrain), high- inhibited by disuse
space flight, bed rest, or frequency mechanical signals
immobilization caused by paralysis)
Setting the basis for nonpharmacologic 15 weeks of brief, daily exposure to vivo C57BL/6J mice Inhibited adipogenesis by 27%; Rubin et al.'%
prevention of obesity and its sequelae  high-frequency mechanical signals, reduced key risk factors in the onset of
induced at a magnitude well below that type Il diabetes, non-esterified free
which would arise during walking fatty acid (by 43%) and triglyceride
content (by 39%), in the liver
Over 9 weeks, same LMS Vivo C3H.B6-6T congenic mouse strain with  Suppressed fat production by 22%
accelerated age-related changes in
body composition
6 weeks of LMS vivo irradiated mice receiving BM Reduced commitment of MSC
transplants from heterozygous differentiation into adipocytes by 19%
GFP+ mice
Mechanical signals can act in vivoatthe  Brief daily exposure to LMS (0.2gat vivo murine model of diet-induced obesity ~ Restored bone structure and B cells to  Chan et al.%
stem cell level to operate major 90 Hz, 15 min/day, 5 days/week) the levels detected in control mice fed
developmental metabolic switches a regular diet
Mechanical loading regulates MSC Mechanical load (3600 cycles/day, vitro murine BM-MSCs cultured under Inactivation of GSK3B in a Wnt- Sen etal.'”’
differentiation through inhibition of 2% strain) strong adipogenic conditions independent fashion, leading to the
GSK3B, which in turn regulates multiple activation of both b-catenin and
downstream effectors NFATc1 signaling, thus limiting MSC
adipogenesis and promoting
osteoblastic differentiation
Major role of cytoskeletal dynamicsin ~ MSCs were subjected to vibration vitro AD-hMSCs Vibration-induced increase in the Uzer et al.'®®

cellular response to mechanical

stimulation

frequencies (100 Hz and 30 Hz) and
acceleration magnitudes (0.15g, 1 g,
and 2 g) that induced fluid shear stress
ranging from 0.04 Pa to 5 Pa

osteogenic commitment and
proliferation of MSCs does not depend
on fluid shear; the mechanically driven
osteogenic commitment of
undifferentiated MSCs was influenced

by the level of cytoskeletal remodeling

(Continued on next page)
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Table 1. Continued
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Aim/findings Biomechanical stimulus Vitro/vivo  Cell/tissue type Observed effect Reference
MSCs respond to dynamical physical LMS: vibrations applied to MSCs at vitro murine BM-MSCs While HMS suppressed MSC Uzer et al.'””
environment not only with “outside-in”  peak magnitudes of 0.7gat 90 Hz for Adipogenesis through FAK/mTORC2
signaling primed by HMS, but even 20 min (two 20 min bouts separated by signaling generated at focal adhesions,
through matrix independent “inside- 2 h rest). HMS: uniform 2% biaxial strain LMS suppressed MSC adipogenesis
inside” signaling conducted by LMS delivered at 10 cycles per min despite virtual absence of substrate
through the LINC complex for 20 min strain (<0.001%); this response
occurred through mechanical coupling
of the cytoskeleton and the cell nucleus
Gene and protein expression of BMPs  ESW treatment using 500 impulses vivo Rats with a 5-mm segmental Intensive MSC aggregation, Wang et al.'"®
is implicated in the bone healing action  at 0.16 mJ/mm? femoral defect hypertrophic chondrogenesis, and
exerted by ESW endochondral/intramembrane
ossification, resulting in the healing of
segmental defect; ESW promoted
BMP-2, BMP-3, BMP-4, and BMP-7
mRNA expression in callus (tissue-
rescuing pattern)
SW-promoted bone healing is 6000 impulses of SW at 28 kV in a clinical trial  Patients affected by long bone At 6 months radiographically Wang etal.'"”
associated with significant increases in  single session non-unions confirmed bony union in 78.6% of
serum NO level and osteogenic growth treated patients; in these patients after
factors 1 month of treatment higher serum
levels of NO, TGF-beta1, VEGF and
BMP-2 were measured
ESWT strategy is feasible, well Debridement, outpatient ESWT (100~ clinical trial ~ Patients with complicated, Feasibility and safety of ESWT foracute ~ Schaden et al."'?
tolerated, and suitable to be evaluated 1000 shocks/cm? at 0.1 mJ/mm?, non-healing, acute and chronic and chronic soft-tissue wounds
in a Phase |ll trial for acute traumatic according to wound size, every 1 to soft-tissue wounds
wounds 2 weeks over mean 3 treatments), and
moist dressings
Application of a single defocused Standard topical therapy and clinical trial  Patients with acute traumatic Mean times to complete graft donor Ottomann et al.'"?

ESWT immediately after skin graft
harvest can accelerate donor site

epithelialization

antiseptic gel to graft donor sites with
or without defocused ESWT (100
impulses/cm? at 0.1 mJ/mm?) applied
once to the donor site, immediately
after skin harvest

wounds and burns requiring
skin grafting

site epithelialization for patients who
did and did not undergo ESWT were
13.9 + 2.0 days and 16.7 + 2.0 days,
respectively (p = 0.0001)

BM: bone marrow, MSCs: mesenchymal stem cells, AD-hMSCs: adipose derived human MSCs, HMS: high magnitude strain, LMS: low magnitude mechanical signals, BMPs: bone morphogenetic proteins,
ESW: extracorporeal shock waves, SW: shock wave, ESWT: extracorporeal shock wave therapy.
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bone marrow transplants from heterozygous GFP* mice.'% In this way, they could prove that the exposure
to low-magnitude mechanical signals reduced MSC differentiation into adipocytes, indicating that adipose
tissue formation was deterred by a marked reduction in MSC adipogenesis. These studies set the basis for
mechanotransduction approaches in nonpharmacologic prevention of obesity that could be achieved
through developmental pathways executed at the stem cell morphodynamic level, rather than intervening
on metabolic pathways. These perspectives entail further implications in the clinical handling of obesity.
Such a condition is paralleled by impairment in both skeletal and immune systems. In a murine model of
diet-induced obesity, leading to accelerated age-related loss of trabecular bone, and marked reduction
in bone marrow and circulating B-cells, in vivo exposure to low-magnitude mechanical signals (0.2 x g at
90 Hz, 15 min/day, 5 days/week) restored both bone structure and B cells to the levels detected in control
mice fed aregular diet.'% These outcomes resulted at least in part from the downregulation of osteoclastic
activity and a biasing of hematopoietic stem cell commitment toward the lymphoid B-cell lineage at the
expenses of a myeloid fate decision.'% These results demonstrate that mechanical signals and mechano-
transduction can act in vivo at the stem cell level to operate major developmental metabolic switches within
the context of a fragile interplay between adiposity and osteoimmunology. These conclusions are
corroborated by additional molecular evidence in in vitro experiments, showing that in bone marrow
derived murine MSCs cultured under strong adipogenic conditions, mechanical load (3600 cycles/day,
2% strain) inactivated GSK3p in a Wnt-independent fashion.'”” GSK3B inhibition led to the activation of
both B-catenin and NFATc1 signaling, thus limiting MSC adipogenesis through the former mechanism
(B-catenin upregulation) and promoting osteoblastic differentiation via NFATc1/COX2. Hence, cell expo-
sure to mechanical vibrations evocates complex and interrelated molecular and metabolic pathways, and
the reiterated application of a defined mechanical load results in the regulation of multiple downstream
effectors controlling stem cell heterogeneity.'”” When translated to an in vivo setting, the observed oste-
ogenic response of stem cells to mechanical vibrations could reflect a cellular response to a fluid shear
stress and/or cytoskeletal remodeling.'® Highlighting the major role of cytoskeletal dynamics in cellular
response to mechanical stimulation, exposure of hMSCs to multiple vibration frequencies and acceleration
magnitudes revealed that hMSC proliferation was greater in the presence of the frequency/acceleration
combination that induced the smallest level of fluid shear stress. Actin remodeling by mechanical vibrations
was essential to achieve upregulation in the expression of the osteogenic gene RUNX-2, depending on the
magnitude of the applied acceleration.'”® Further insights into the multifaceted intracellular mechanisms,
transducing stem cell response to mechanical vibrations, came from the comparative analysis of the
molecular patterning elicited by high-magnitude substrate strain (HMS >2%) and extremely low magni-
tude signals (LMS). Although HMS suppressed murine MSC adipogenesis through FAK/mTORC2 signaling
generated at FAs, LMS suppressed MSC adipogenesis, as well, despite virtual absence of substrate strain
(<0.001%)."%? This intriguing response occurred through mechanical coupling of the cytoskeleton and the
cell nucleus, with LMS-induced actin remodeling being concentrated at the perinuclear domain. Disruption
of the LINC complexes prevented nuclear-actin cytoskeleton mechano coupling, thus abrogating LMS-
mediated repression of adipogenic differentiation, highlighting that LINC connections are critical for
sensing LMS. In contrast, FAK activation by HMS was unaffected by LINC decoupling, consistent with signal

initiation at the FA mechanosome.'”

A complex mechanoscape emerges from these results, indicating that MSC heterogeneity can be regu-
lated by mechanical vibrations not only by “outside-in” dynamics primed by HMS, but even through “in-
side-inside” signaling conducted by the LMS through the LINC complex.

An important modality of releasing mechanical signals and afford therapeutic outcomes is quite recently
emerging as the result of tissue-resident stem cell reprogramming, is represented by the tissue application
of ESW. These are high-energy carrying acoustic waves, including sound pulses, exhibiting a peculiar waveform,
involving a rapid peak of positive pressure followed by a rapid phase of negative pressure, able to produce
direct mechanical stimulation. When ESW are generated in an aqueous environment and conveyed onto
defined “focuses”, they transmit a measurable amount of energy, providing precise therapeutic effects.’™*

In 2003, Wang et al."'® provided the first evidence that the gene and protein expression of bone morpho-
genetic proteins (BMPs), playing an essential role in bone development and fracture healing, were
implicated in the bone healing action exerted by ESW in segmented femoral defects induced in rats.
Fractured femurs receiving ESW underwent intensive MSC aggregation, hypertrophic chondrogenesis,
and endochondral/intramembranous ossification, resulting in the healing of segmental defects.''”
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Moreover, ESW significantly promoted BMP-2, BMP-3, BMP-4, and BMP-7 mRNA expression in callus, with
MSCs and immature chondroblasts mainly expressing BMP-2, BMP-3, BMP-4 proteins, and osteoblasts ex-
hibiting BMP-7 immunoreactivity throughout the whole regeneration period. These tissue-rescuing pat-
terns were associated with a highly proliferative state of osteoblasts adjunct to newly formed woven
bone.'"®

These studies set the basis for an important clinical trial in patients affected by long bone non-unions.""”
For each of the patients enrolled in the study the long bone non-union was subjected to 6000 pulses of ESW
at 28 kV within a single session. At 6 months, bony union was radiographically confirmed in about 80% of
treated patients. Intriguing parallel biochemical experiments performed on peripheral blood samples,
revealed that patients with successful bony union had significantly higher serum levels of nitric oxide
(NO), TGF-betal, VEGF and BMP-2, as compared with patients with persistent non-union. The increase
in NO levels and osteogenic growth factors was evident as early as after 1 month of treatment, a period
by far preceding the onset of bone healing.!"" These findings were further refined in experimental animal
models showing that ESW promoted bone formation in segmental defects in rats through the activation of
extracellular signal-regulated kinase (ERK) and p38 kinase. ESW rapidly promoted [*H]-thymidine uptake in
1 day and progressively increased alkaline phosphatase activity, collagen |, I, and osteocalcin synthesis in
callus organ cultures within 14 days after treatment. Analysis of [y—32P]-phosphotransferase activity re-
vealed that ERK and p38 in calluses were rapidly activated 1 day and 7 days after ESW treatment, respec-
tively. MSC aggregates were detected in segmental defects subjected to ESW treatment, along with hy-
pertrophic cartilage, and endochondral/intramembranous ossification. Intensive bone formation
coincided with evident expression of phosphorylated ERK and p38. Moreover, persisting expression of
phosphorylated ERK was found in MSCs, as well as in chondral, and osteoblastic cells at newly developed
bone and cartilage sites, and the expression of activated p38 was evident on chondral cells located at hy-
pertrophic cartilage."""

In the following years, ESW also proved to act efficiently in soft tissue wound healing in patients with
complicated, non-healing, acute and chronic soft-tissue wounds,''? as well as in accelerating the re-epithe-
lialization of skin graft donor sites.""”

Cardiovascular system: From peripheral tissue revascularization to cardiac repair

Tissue damage very often involves, and results from impaired vascularization, especially at the microvessel
level, representing at the same time the best site for tissue perfusion and oxygen supply, and the worst
context for a surgical intervention, given the size limits of the affected vasculature. One of the first evidence
of ESW effectiveness in peripheral vascular diseases (Table 2) came from the observation that exposure to
low-energy ESW of non-ischemic hindlimb adductor muscles in nude rats enhanced by itself the tissue
expression of the chemoattractant stromal cell-derived factor 1 (SDF-1), with subsequent increase in local
number of vascular endothelial growth factor (VEGF)-positive endothelial cells per myocyte.'® Such pre-
conditioning resulted in a remarkable enhancement in muscle recruitment and homing of endothelial pre-
cursor cells (EPCs) infused 24 h after ESW exposure. To explore the implications of these results, in the
same animal model, ESW were applied after the induction of unilateral chronic hindlimb ischemia, then fol-
lowed by the intravenous infusion of EPCs. This strategy resulted in significantly increased blood flow re-
covery, compared to untreated limb, or the ischemic limb only receiving ESW, or EPC alone.""® Another
relevant finding in this field was contributed by the observation that ESW could restore tissue perfusion
following hindlimb ischemia in mice.''® Macrophages are crucial for angiogenic responses following an
ischemic damage, with the M2 macrophage being the main conductors. ESW treated muscles manifested
increased expression of monocyte chemotactic protein 1 (MCP-1), an essential factor in macrophage re-
cruiting.!"® Supporting the effectiveness of the ESW treatment, increased numbers of macrophages, in
the M2 polarization, releasing anti-inflammatory chemokines were found in the exposed tissue. Elevated
gene expression of the M2 scavenger receptor CD163, contributing to the macrophage transition from
the M1 (releasing proinflammatory factors) to the M2 phenotype (releasing anti-inflammatory chemokines),
were also detected. These effects were associated with increased number of capillaries and arterioles, with
significant improvement in limb perfusion.’'®

These observations are highly consonant with the first studies investigating the ESW effect in animal

models of myocardial ischemia. ESW treatment first applied to cultured human umbilical vein endothelial
cells (HUVECs) markedly increased the gene expression of VEGF and that of its receptor Flt-1 in vitro."'” In
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Table 2. Cardiovascular system: mechanical force applications, from peripheral tissue revascularization to cardiac repair

Aim/findings Biomechanical stimulus Vitro/vivo Cell/tissue type Observed effect Reference
Giving evidence of ESW (1) Hindlimb adductor muscles  vivo nude rats: (1) non-ischemic, (1) Enhanced expression of Aicher etal.'"®
effectiveness in peripheral of nude rats were treated with (2) chronic ischemic tissue SDF-1, with subsequent
vascular diseases 500, 1000, and 2000 impulses increase in local number of
of focused low-energy SW (flux VEGF-positive endothelial cells
density level: 0.05 mJ/mm?); (2) per myocyte; (2) significantly
SW were applied after the increased blood recovery
induction of unilateral chronic
hindlimb ischemia, followed by
IV infusion of EPCs
ESW could restore tissue ESW vivo C57BL/6 mice subjected In muscles increased Tepekoylii et al.”"
perfusion following HLI, to HLI expression of MCP-1, essential
therefore represents a in macrophage recruitment;
promising new treatment increased number of
option for ischaemic heart macrophages in the M2
disease polarization (releasing anti-
inflammatory chemokines);
increased number of capillaries
and arterioles
Investigation of ESW effect ESW vitro HUVECs Increased gene expression of Nishida et al.""”
in animal models of VEGF and its receptor Flt-1
myocardial ischemia ESW therapy for 4 weeks to Vivo Porcine model of chronic Complete recovery of LVEF,
the ischemic myocardial myocardial ischemia wall thickening fraction,
region regional myocardial blood
flow, myocardial upregulation
of VEGF
Investigation of safety 4 weeks after ligation of LAD vivo Porcine model of ischemic Cardiac contractility assessed Holfeld et al.""®
and efficacy of SWT in a coronary artery, animals were heart disease as LVEF remarkably improved
large preclinical model treated in the absence or in ESW-exposed animals, and
of AMI presence of epicardial SW was associated with increased
delivered through 300 angiogenesis at the infarcted
impulses at 0.38 mJ/mm? at and border zone
the level of the infarcted wall
Potential mechanism for ESW vitro HCAECs Elicited stimulation of VEGF
the observed in vivo effects receptors
ESW prevented the onset ESW delivered to the heart vivo Mice subjected to AMI Significant improvement of the ~ Tepekdylt et al."'?

of heart failure after AMI

through the thorax, with 300
impulses of 0.38 mJ/mm? at
a frequency of 5 Hz

myocardial function as well as
hemodynamic pressure-
volume measurements,
increased number of capillaries
and arterioles, marked
reduction of fibrosis and scar

formation

(Continued on next page)
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Table 2. Continued

Aim/findings Biomechanical stimulus Vitro/vivo Cell/tissue type Observed effect Reference
Cell treatment with a vitro HUVECs Higher proliferation rates, ESW
preconditioned medium action was owing to a factor
derived from previously ESW- released in the culture medium
exposed HUVECs (250
impulses with an energy flux
density of 0.08 mJ/mm? at a
frequency of 3 Hz)
Central role of the innate SW vivo Murine HLI model Induced angiogenesis and Holfeld et al."*®
immune system, TLR3, to arteriogenesis, improved
mediate angiogenesis blood perfusion of treated
limbs
Cardiac regeneration Animals received SWT 3 weeks  vivo Murine model of chronic Induced local cardiac sprouting  Gollmann-Tepekaylii et al."?’
promoted by ESW therapy may  after LAD ligation: 300 myocardial ischemia of pre-existing vessels through
occur through endogenous impulses were delivered to the increased in vivo tissue gene
mobilization of vasculogenic ischemic area with an energy expression of pivotal
progenitors from the BM flux density of 0.38 mJ/mm? at angiogenic factors; enhanced
a frequency of 4 Hz expression of SDF-1 and
recruitment of BM resident
endothelial cells to the
damaged myocardium
ESWT is an effective and non- Cardiac SWT (200 shots/spotat  clinical trial Patients with severe coronary Improved symptoms, reduced Fukumoto et al.'??

invasive treatment for end-
stage coronary artery disease,
although further careful

evaluation is needed

Effectiveness and safety of
cardiac ESWT for severe angina

pectoris

SW therapy is feasible and may
ameliorate postmyocardial
infarction LV remodeling in
patients with AMI as an
adjunctive therapy to

primary PCI

0.09 mJ/mm? for 20-40 spots,
3 times a week/series)

SW

double-blind and placebo-
controlled study

first-in-human study

artery disease

Patients with severe angina
pectoris

Patients with AMI who
successfully underwent
primary PCI

nitroglycerin use, improved

myocardial perfusion

Improved chest pain
symptoms and cardiac
function, without any
complications or side effects
Reverse remodeling and
enhanced myocardial

performance

Kikuchi et al.'?*

Kagaya et al.'**

ESW: extracorporeal shock waves, SW: shockwave, IV: intravenous infusion, EPCs: endothelial progenitor cells, HLI: hindlimb ischemia, HUVECs: human umbilical vein endothelial cells, LVEF: left ventricular

ejection fraction, SWT: shock wave therapy, LAD: left anterior descending artery, HCAECs: human coronary artery endothelial cells, AMI: acute myocardial infarction, TLR3: Toll-like receptor 3, BM: bone

marrow, LV: left ventricle, PCl: percutaneous coronary intervention.
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concomitant in vivo experiments in a porcine model of chronic myocardial ischemia, with sustained
myocardial dysfunction in the absence of myocardial infarction, ESW therapy applied for 4 weeks to the
ischemic myocardial region induced a complete recovery of left ventricular ejection fraction (LVEF), wall
thickening fraction, and regional myocardial blood flow.""” These effects were also accompanied by a
significant myocardial upregulation of VEGF in vivo.'"”

Holfeld et al."'® investigated the safety and the efficacy of shock wave treatment in a large, preclinical
animal model of acute myocardial infarction. SW were delivered through the epicardium of pigs subjected
to the ligation of the left anterior descending (LAD) coronary artery. Four weeks later, animals underwent a
re-thoracotomy and were treated in the absence, or presence of epicardial SW delivered through 300 im-
pulses at 0.38 mJ/mm? at the level of the infarcted wall. Cardiac contractility assessed as left ventricular
ejection fraction remarkably improved in ESW-exposed animals.'"® This rescuing action occurred without
acute or chronic adverse events and was associated with a notable increase in angiogenesis at the infarcted
and border zone. Concomitant in vitro experiments, aiming at providing a potential mechanism for the
observed effects in vivo, showed that ESW elicited stimulation of VEGF receptors in human coronary artery
endothelial cells."”® In subsequent studies conducted in mice subjected to acute myocardial infarction
through LAD ligation, ESW were delivered to the heart through the thorax, aiming at the ischemic area
with 300 impulses of 0.38 mJ/mm? at a frequency of 5 Hz.""” This treatment elicited a significant improve-
ment of the myocardial function, assessed through echocardiography, as well as hemodynamic pressure-
volume measurements,’'? showing that ESW prevented the onset of heart failure after acute myocardial
infarction. ESW treatment resulted in significantly increased numbers of capillaries, and arterioles, which
accounted for the marked decrease in the amount of fibrosis and scar formation. In parallel in vitro exper-
iments, ESW enhanced proliferation in HUVECs. Cell treatment with a preconditioned medium derived
from previously ESW-exposed HUVECs resulted in higher proliferation rates, indicating that the ESW
action was because of a factor released in the culture medium.''? At this level, the authors found enhanced
amounts of total RNA, which was also subjected to reuptake, following ESW treatment, as it was revealed
by the aid of pre-marked RNA. To elucidate whether RNA release and uptake may have a causative role in
the endothelial proliferation induced by ESW, RNase, or proteinase, or a combination of both were added
to the endothelial cells before shock wave treatment. Although RNase alone did not affect the shock wave
effect, this was instead abolished in the presence of proteinase. In actual fact, the expression of the anti-
microbial peptide LL37 resulted to be enhanced following ESW treatment in both HUVECs, and precondi-
tioned supernatants.''” In previous experiments, the same group described that ESW-mediated rescue of
ischemic skeletal muscle occurred via RNA release and TollLike Receptor3 (TLR3) activation, but it went lost
in TLR3™/~ animals.'?° The fact that extracellular self-RNA escapesits degradation by forming RNA-protein
complexes,'?® and that self-RNA-antimicrobial peptide complexes activate human dendritic cells through
TLRs,'? led to the hypothesis that the observed increase in LL37 following ESW exposure may have fulfilled
similar requirements, by protecting RNA from degradation and forming RNA-TLRs complexes.''? Thus,
differently from untreated controls, the supernatant from HUVECs that had been exposed to ESW was
found to cause TLR3 activation when transferred onto TLR3 reporter cells. Similar to the in vivo experi-
ments, this effect could not be abolished by RNase, but only by additional proteinase treatment, or by
the sole proteinase itself."'” These data strongly suggest that ESW-mediated prevention of left ventricular
remodeling and failure occurred through an angiogenic mechanism, involving LL37 release, its ability to
form complexes with RNA, and the subsequent cellular uptake of such complexes, ensuing in RNA binding
and activation of TLR3 at the intracellular level.

The possibility that cardiac regeneration promoted by ESW therapy in infarcted mice may occur through
endogenous mobilization of vasculogenic progenitors from the bone marrow has been confirmed by
recent studies in an animal model of chronic myocardial ischemia, using wild-type mice receiving bone
marrow transplantation from green fluorescent protein (GFP) donor mice.'”! These experiments showed
that ESW induced local cardiac sprouting of pre-existing vessels (angiogenesis) through an increased
in vivo tissue gene expression of pivotal angiogenic factors, including VEGF, its receptor VEGFR2,
placental growth factor and fibroblast growth factor (FGF). Although VEGF and FGF stimulate capillary
sprouting by induction of endothelial proliferation and migration, placental growth factor is known for
inducing maturation and stabilization of vessels contributing to arteriogenesis, an essential process
optimizing tissue oxygen supply.'”! Even more intriguingly, ESW triggered an enhanced expression of
SDF-1 in the ischemic myocardium and serum, and led to the recruitment of bone marrow resident
endothelial cells to the damaged myocardium, an event associated with the de novo vessel formation
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(vasculogenesis).wzwln vitro studies in HUVECs confirmed that ESW induced endothelial cell proliferation,
their enhanced survival, and capillary sprouting, and that this vasculogenic program was VEGFR2-, and
heparan sulfate proteoglycan (HSPG)-dependent.'?' In fact, ECM contains growth factors from the
VEGF and FGF families bound to HSPGs. Based on the observation that HUVEC pretreatment with heparin-
ase or heparin, leading to growth factor depletions of the ECM, abolished ESW induced cell proliferation
and in vitro vasculogenesis, it has been proposed that the SW action may have involved the release of VEGF
from an HSPG-bound reservoir.'?' This hypothesis is consistent with a more general mechano-sensing/-
transduction context for the exploitation of the ESW effects. In fact, the polysaccharides composed of a
core protein and glucosamine chains have been described as mechanosensors directing major cellular
decisions through growth factor release and angiogenesis on applied mechanical forces, or changes in
cellular viscoelastic properties arising from tissue injuries and diseased states.'?’

These observations may also be recalled as a reverse from - the bed - to - the bench side story, because they
helped to elucidate the potential molecular and biophysical mechanisms underlying a number of earlier
studies performed in subjects with severe coronary artery disease. These clinical investigations showed
that ESW therapy was able to ameliorate myocardial ischemia in patients with severe coronary artery
disease,'?? also improving the myocardial function and affording chest pain relief in patients with severe
angina, without any complication or sideeffects.’*® More recently, a first in human study revealed that
SW therapy afforded a reverse remodeling and enhanced myocardial performance in patients with acute

myocardial infarction.'*

CONCLUSIONS AND FUTURE DIRECTIONS

Deciphering nanomechanical signatures in morphodynamic pathways has been boosted by the continuous
upgrading in AFM technology.””'?%~"2* Within this context, we have established the ability of (stem) cells to
express "vibrational” (nanomechanical) signatures of their healthy/non-healthy status, as well as nanome-
chanical signatures of their differentiation pattern along defined lineages.'?” The term “sonocytology” was
coined to describe a new field of study based on the fact that cell vibrations could be converted into
audible sounds following a thorough amplification process, providing comprehensive morphodynamic
analyses.'?” These sounds have been shown to emerge as well-defined sequences of pitch, timing and
structure of audible vibrations, providing an accurate characterization of the extreme complexity of the
nanomechanical activity of somatic and stem cells, as a function of the specific cellular tasks executed
within a given experimental setting.*®

Now the tremendous informational potential offered by nanoscale measurement of vibrational forces in
living systems poses an intriguing chance for future biomedical development. Mechanical, like electromag-
netic forces, entail diffusive properties, meaning that their energy can be conveyed to cells and tissues to
elicitlocal and non-local precise mechanotransducting responses, capable of effective molecular and func-
tional reprogramming, even for therapeutic purposes. The story and outcomes from the use of ESW and
vibrational actuators reviewed herein is a clear example of such perspective. There is anyway an additional
putative level of understanding that may now emerge, with dense biomedical and therapeutic implications.
The evidence for defined signatures of nanomechanical patterning and (stem) cell morphodynam-
ics?8:129131132 raises the more general question as to whether they not only recapitulate a specific biolog-
ical journey, but whether they also entail causative roles in the adaptogenic potential of somatic and stem
cells. If so, we may assume that within the challenging context of a deranged pathological environment,
(stem) cells may also express decipherable signatures of their effort to counteract, at least in part, the
non-coherent environment, or signatures that drive specific fates within their multilineage stem cell reper-
toire. We are currently working to extract these vibrational signatures by the aid of advanced AFM
recordings, also developing multifrequency mechanical and electromagnetic actuators capable of
conveying the acquired signatures back to targeted stem cells and tissues, in the effort to specifically
orchestrate their self-healing and differentiating potential. Hopefully, these lines of investigation will
pave the way to the development of a new generation of wearables, embedding ad hoc designed and ver-
satile mechanical/electromagnetic actuators, making available a regenerative medicine without the needs
for stem cell/tissue transplantation, but primarily based on the in situ reprogramming of tissue-resident
stem cells to boost our inherent self-healing potential.
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