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Summary

Mechanical forces provide critical biological signals to cells during healthy and aberrant organ development as
well as during disease processes in adults. Within the cardiopulmonary system, mechanical forces, such as
shear, compressive, and tensile forces, act across various length scales, and dysregulated forces are often a
leading cause of disease initiation and progression such as in bronchopulmonary dysplasia and
cardiomyopathies. Engineered in vitro models have supported studies of mechanical forces in a number of tissue
and disease-specific contexts, thus enabling new mechanistic insights into cardiopulmonary development and
disease. This review first provides fundamental examples where mechanical forces operate at multiple length
scales to ensure precise lung and heart function. Next, we survey recent engineering platforms and tools that
have provided new means to probe and modulate mechanical forces across in vitro and in vivo settings. Finally,
the potential for interdisciplinary collaborations to inform novel therapeutic approaches for a number of
cardiopulmonary diseases are discussed.

Introduction

Mechanical forces are integral to tissue function and morphogenetic processes, and aberrant tissue mechanics
have been linked to disease and developmental defects. Within the lung and heart, mechanical forces including
shear, tension, and compression occur continuously as air and blood circulate through the cardiopulmonary
system. Additionally, integral to tissue function is the ability of cells to perceive mechanical forces and other
environmental cues that modulate their function and differentiation.’-® As such, mechanical forces regulate tissue
function at different scales, ranging from macroscale (i.e., tissue) to micro/nanoscale (i.e., cellular/subcellular).
The importance of mechanical forces in tissue development and disease has led to significant interest and efforts
in engineering tools that may enable deeper mechanistic understanding of how mechanical forces define
biological signaling. One of the goals is often to recreate and mimic mechanical forces (e.g., compression,
tension and shear) that cells and their surrounding extracellular matrix components experience. Although there
are many excellent examples where such platforms have been integrated into fundamental biology, the challenge
ahead is to more widely integrate engineered models of tissue function and disease into cardiopulmonary
biology. This review article first aims to establish the current understanding of mechanical forces in
cardiopulmonary tissue development and disease. We will highlight examples of engineering tools that
recapitulate mechanical forces at different length scales ranging from tissue to subcellular level. Finally,
emerging concepts are highlighted in the context of collaborative studies, leveraging the potential of
interdisciplinary collaborations and informing therapeutic approaches for a number of cardiopulmonary diseases.
The goal of this review is to emphasize the importance of mechanical forces in studies of cardiopulmonary
development and disease including towards drug development and testing. Although not a comprehensive



review of the vast literature that is available on engineered in vitro culture models, we highlight a set of studies
towards improving integration of mechanical cues into cell culture.

Physical laws govern tissue self-organization and morphogenesis

Tissue morphogenesis involves the process of cell specification, organization, and the resulting shaping of the
developing tissue, which often involves changes in cell number, shape, contractility, and position as well as
concurrent changes in the surrounding matrix. Critical for these constituent processes are dynamic and spatially
heterogeneous mechanical forces (Figure 1).2 For example, fluid pressure either through active surface tension
(i.e., cohesive forces of a liquid’s surface that allows it to resist external forces) or passive shear stress (e.g.,
due to frictional forces generate by liquid flow) can shape tissue architecture, where cells sense these forces
and respond to actively shape tissues through local proliferation/apoptosis or collective motion. Detailed
descriptions of these processes are described in several excellent reviews.3%¢ Below, we provide a general
description of key morphogenetic mechanical signals that are critical in probing mechanisms of tissue function
and dysfunction.

Fluid pressure and tension (Figure 1-i): Fluid flow regulates embryonic development, and its influence is seen
as early as during the establishment of left-right asymmetry after gastrulation. Following the posterior positioning
of motile cilia, the established right-to-left directional fluid flow is thought to be sensed by mechanoresponsive
cilia, leading to distinct genes expressed on each side of the embryo (e.g., Kriippel-like factor, KIf2a, paired like
homeodomain 2 (PITX2), Nodal nodal growth differentiation factor).” Blood flow is also crucial for sculpting the
heart. For example, during cardiac looping, the heart tube forms a C-shape like structure, resulting in variations
in flow rates and pressure which induces the pharyngeal arch to grow in diameter while others degenerate. In
adults, pressure gradients and flow rates are tightly regulated to maintain cardiac tissue function and tissue
oxygenation.® Similarly, fluid pressure regulates the formation of the early tracheal and bronchial buds and
subsequent alveologenesis. Upon birth, the lungs undergo a rapid transition from oxygenation via the placenta
to direct breathing of air. For example, thyroid transcription factor 1 (TTF-1) promotes transcription of surfactant
proteins that regulate surface tension homeostasis in the lung. Whether the lung is mature enough to adapt to
air depends on the sufficient production of pulmonary surfactant, which is required to lower surface tension and
prevent atelectasis.® 0

Volumetric growth or contraction (Figure 1-ii): Morphogenetic changes are generally based on local volumetric
shrinkage or expansion, either through programmed cell shrinkage or death, or cell hypertrophy or proliferation.
In addition, local degradation or accumulation of ECM as well as gradients of signaling molecules (e.g., retinoic
acid (RA), bone morphogenetic proteins (BMP-4), fibroblast growth factors (FGF)) often act to reinforce cell-
mediated changes in tissue shape. Interaction between cells and their surrounding matrix further enables the
generation of cellular forces. Cytoskeletal contractility and coordinated transmission of active forces across
multiple cells are critical for both cardiac and pulmonary development.’'? For example, current understanding
is that contractile forces of regional myofibroblasts leads to secondary septation during the final stages of lung
maturation, and thus facilitates the increase in alveolar epithelial surface area.'®'* Throughout this process,
cellular activity is guided through changes in transcription factors such as homeoprotein NKX2.1, GATA6 and
hepatocyte nuclear factor-3 bone-morphogenetic protein 4 (BMP-4) to mediate epithelial proliferation and
differentiation.’® Within the heart, early heart tube formation is driven by carefully orchestrated endodermal
actomyosin contractions’®'”, and impaired contractility impacts normal myofilament growth and maturation.'®
Thus, contractile force itself is a major input for normal cellular maturation from an early developmental stage.
During organ level development, an equilibrium is attained, as myosin heavy chain contractility in ventricular
cardiomyocytes restricts cellular growth, counteracting hemodynamic forces that induce cellular elongation,
helping to define the curvature of the ventricle.™

Cellular contacts (Figure 1-iij): Collective motion of multiple cells in development is often associated with the
process of jamming and fluidization. Cellular jamming describes the phenomenon of collective cell migration that
increases epithelial rearrangement and plasticity to allow for tissue elongation or branching.?® High compressive
stresses experienced by cells in a jammed state facilitates tissue remodeling. As tissues are sculpted, cells
transition from a fluid-like unjammed phase to a solid-like jammed phase, which leads to the formation of regional



tissue structures.?' For example, in vertebrae body axis elongation, jammed and unjammed tissue regions
provide a gradient of mechanical stress to guide morphogenetic flow and unidirectional tissue extension.??-24
During lung alveologenesis, transient unjamming of the lung mesenchyme enables the growth of epithelial layers
and local airway branching.???®> The underlying molecular events of jamming and unjamming are associated with
several signaling cascades and downstream pathways including extracellular signal-regulated kinase (ERK) 1/2,
mitogen-activated protein kinase (MAPK).26 Within the heart as cells become overcrowded, more contractile cells
will delaminate from the myocardial wall, seeding cardiac trabeculations.?” In lung disorders like asthma,
bronchospasms are caused by disrupted jamming transitions, leading to a change in cell shape and alignment.?®
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Figure 1 Physical laws control cardiopulmonary tissue shaping, transcriptional programming, and function. (i)
Increase in hydrostatic pressure in the epithelial lumen and adequate surface tension determines tissue shape during
development and growth; (ii) Tissue size and shape further result from volume expansion by local cell proliferation and
contraction through active cellular forces; (iii) Multicellular collective motions within a tissue are often accompanied with
cell unjamming (fluid-like) while jamming (solid-like) is required for sculpting tissue structures.

Mechanical forces in cardiopulmonary diseases

Recent advances in understanding how mechanical forces guide cardiopulmonary development have provided
new insights into their contributions to congenital and acquired diseases. Both active and passive forces are
known to regulate disease development and progression. Here, we describe examples of mechanical forces
acting at different length scales that progress the pathogenesis of cardiopulmonary organs (Figure 2).

Tissue level

Lung development is described in several stages, including the embryonic, pseudoglandular, canalicular,
saccular, and alveolar stage. Although this process starts early in fetal development, the alveolar stage is not
completed until several years after birth. Mechanical forces are thought to directly contribute to all stages of lung
development, and defects in the generation of forces underlie many types of congenital diseases (Figure 2A-i).
The formation of the initial lung buds from the ventral foregut endoderm is followed by branching morphogenesis,
a series of stereotypic bifurcations that establish the arborized airways.?® At this embryonic stage, the developing
lung is filled with amniotic fluid which results in positive transmural pressure.?® Insufficient amniotic fluid
(oligohydramnios) often leads to pulmonary hypoplasia, indicating that mechanical forces exerted by positive
transmural pressures are essential throughout development.3%3' Indeed, retinoic acid (RA) signaling, known to
be locally regulated during lung development, is activated by transmural pressure, resulting in airway epithelial
branching during the pseudoglandular stage.?33 In addition, animal models of pulmonary hypoplasia, altered
fibroblast growth factor 10 (FGF 10) expression suggests a critical role in the regulation of fluid pressure and
branching morphogenesis defects.3*36 As branching continues into the canalicular stage, the distal tips of the
branches bifurcate until the formation of terminal saccules that then mature into alveoli.?® During distal sac
formation the magnitude of mechanical forces exerted onto alveolar epithelial cells specifies their fate and
function.3” For example, cells exposed to heightened mechanical tension generated by the movement of amniotic
fluid differentiate into flat alveolar epithelial cells while those shielded from these forces ultimately differentiate



into cuboidal alveolar progenitor cells.3” Similarly, mechanical tension induced by regional pneumonectomy led
to local activation of YAP/TAZ nuclear translocation and subsequent alveolar regeneration (Figure 2A-ii).3®
However, when exposed to excessive positive pressure such as during mechanical ventilation, the premature
infant lung can undergo abnormal growth and deformations which disrupt airway epithelia. Here, the activation
of mechanoreceptors such as TRPV4 increases the release of inflammatory cytokines in the developing lung.*®
Another example is the natural capacity of the lungs to elastically recoil inwards which is essential for lung
deflation (Figure 2A-iii), but if compromised such as due to proteolytic destruction (e.g., due to inflammation) of
alveolar ECM components (collagen, elastin) in lung disorders like emphysema, the alveolar walls become
weakened. As a result, nonphysiologically high mechanical forces cause local failure of alveolar walls, further
contributing to the progression of disease, which is also observed in fibrotic disorders.*® Notably, in both
emphysema and COPD, a1-antitrypsin deficiency is one of the major causes for increased elastolytic enzymes
that degrade the elastic fiber network. Mechanical forces during cardiac development and growth follow similar
mechanisms where local compressive stresses and directed buckling guide cardiac looping and blood flow
guided by genes such as PITX2 (Figure 2B-i).#"#2 The heart tube is fixed at the two poles and as it grows it
begins buckling as a result of left/right asymmetries that form longitudinally beginning in the first stages of cardiac
looping.*® Additionally, during late stages of development, abnormal alignment of the heart chambers, deficient
remodeling of the inner curvature of the loop, or enlargement of the atrioventricular canal all can contribute to
congenital heart defects such as misalignment of the heart chambers or ventricular septal defects.4344 After
cardiac looping, the heart tube folds in on itself to form trabeculations, pieces of muscle fibers that extend into
the heart chamber and are responsible for early contractility of the heart. Critical for this process of trabecular
compaction are synchronized cardiomyocyte division and cytoskeletal contractility.?” If either process is
disrupted, abnormal compaction during development results in left ventricular noncompaction, a subtype of
cardiomyopathy. In noncompaction cardiomyopathy, a relatively thinned compacted myocardial layer with
excessive trabeculation in the left ventricle may lead to contractile dysfunction and heart failure.*® In addition,
blood flow, shear stress, and wall tension (via blood pressure) are all critical to normal cardiomyocyte growth
and replication during development — if these parameters are altered in any developing cardiac chamber, its
development is perturbed. For example, hypoplastic left heart syndrome (maldevelopment of the left-sided
chambers) results from either severe congenital aortic valve stenosis (reducing flow out of the left ventricle) or
severe congenital mitral valve stenosis (reducing flow into the left ventricle).#64” Similarly, alteration of normal
flow through the right heart (e.g. pulmonary atresia or tricuspid valve atresia) causes dysregulation right
ventricular development and hypoplastic right ventricle.*® Following birth, continuous blood flow and pressure on
cardiomyocytes remain critical for cardiomyocyte maintenance, and the effects of perturbations in these
parameters accumulate over years of life, potentially leading to heart failure (Figure 2B-ii).*® For example,
increased volume through the right heart occurs with intracardiac shunting from septal defects, eventually leading
to right-sided chamber enlargement and dysfunction. Increased pressure afterload from hypertension leads to
cardiomyocyte hypertrophy, which eventually becomes maladaptive (the most common cause of heart failure in
adults).*8

Cellular level

At the cellular level, spatiotemporal patterning, cell contractility and jamming/unjamming tissue phase transitions
are all critical to tissue morphogenesis but can also contribute to disease development and/or progression in
adults. For example, alveologenesis is directed by spatially patterned fibroblast populations including secondary
crest myofibroblasts (SCMF) that are highly contractile (Figure 2C-i). SCMF generated forces have been
proposed to locally deform the developing alveoli.”®> Recent reports have also begun to investigate the role of
genes like insulin-like growth factor 1 (IGF)1 and SRY-box transcription factor 9 (Sox-9) in maintaining contractile
properties of lung fibroblasts and nuclear YAP activity necessary for alveologenesis.>® However, models to study
the effects of mechanical loads and molecular mechanisms on fetal lung are still limited.3? On the other hand,
hypercontractile cardiomyocytes, for example, arising from mutations in 3-cardiac myosin, lead to hypertrophic
signaling and widespread, aberrant remodeling of the myocardium (cardiomyopathy).5! Local increases in
compressive stresses on the bronchial epithelium have been shown to cause the typical buckling of the airway
walls and epithelial cell jamming (Figure 2C-ii).?® In asthma, cellular jamming is delayed and inefficient,
suggesting an immature epithelial phenotype that is perpetuated by increased mechanical loading during



bronchospasm.?33152Dysregulation of integrity (integrin B6) and cytoskeletal remodeling genes (DPYSL3,
FERMT1) have been reported indicators of severe asthma, highlighting the role of this migratory cell
phenomenon.%3-5%

The role of cellular forces in fibrotic remodeling is perhaps one of the most appreciated mechanisms leading to
both pulmonary and cardiac fibrosis.®¢ In the lung, activated myofibroblasts contribute to fibrosis through aberrant
collagen deposition, leading to impaired gas exchange and matrix stiffening causing difficulties in breathing.%’
More recently, cell division cycle 42 (CDC42)-deficient, injury-induced alveolar loss has been proposed to lead
to sustained alveolar mechanical tension which was shown to inhibit alveolar epithelial cell-induced repair and
thus led to progressive fibrosis, probably due to the accumulation of pre-fibrotic epithelial cells and secretion of
transforming growth factor beta 1 (TGFB1, Figure 2C-iii).585° In addition, upregulation of ECM genes such as
collagen type XVII alpha 1 chain (COL17A1) and matrix metalloproteinase-1 (MMP1) increases matrix
remodeling that alters cellular mechanosensing of matrix composition and stiffness that promote TGFf1
expression seen in fibrotic disease.°

Similarly, in the heart, excessive contractility due to sarcomere gene variants that increase myofilament sliding
velocity and consequently heighten wall tension also lead to myofibroblast activation.®' In contrast, reduced force
transmission due to sarcomeric variants associated with hypo-contractility leads to ineffective transmission of
force to the extracellular matrix, limited protection from mechanical stress, and thus subsequent thinning of the
myocardial wall.5263 Consequently, cardiomyocytes become hypertrophic in response to increases in contractile
demand, and the additional stress feeds into cardiac fibroblast proliferation and fibrotic matrix deposition (Figure
2C-iv).%4%6 Thus, the fibrotic response appears to be a convergent pathway stemming from chronic, abnormal
levels of cardiac contractility and wall stress, similarly mediated by connective tissue growth factor (CTGF) and
TGFB1-activated myofibroblasts regardless of initial etiology (hypertrophic or dilated cardiomyopathy subtype).®”

Subcellular level

Fibrotic remodeling is one example where bidirectional signaling between cells and ECM critically regulates
disease initiation and progression. The predominant class of mechanical linkers between cells and ECM are
integrins. Although essential for tissue morphogenesis and maturation, integrin expression can rapidly change
in disease. For example, within the distal lung, o536 integrins are expressed by alveolar epithelial cells and are
known to be essential for epithelial maturation.®® However, repetitive alveolar injury has been shown to increase
expression of a5 domains in epithelial cells. Here, increased cellular traction through o531 integrins is one of
the key mechanisms in the activation of the pro-fibrotic growth factors, including through the release of
TGFB from its latent complex sequestered within the ECM.®° Similarly, activation of latent TGFB1 in heart tissue
is directly linked with increased contractility of myofibroblasts through integrins avp5 and avf3.6%-"" Cardiac cells
also actively interact with the ECM through vinculin, one of the key proteins of focal adhesions. Vinculin
localization is regulated by active cell forces as in during cardiomyocyte contractility and serves as key initiation
points for sarcomerogenesis, myofibril assembly, and cortical cytoskeletal organization.”>-"* There are numerous
genes implicated in this process’ although most of the primary sensors of mechanical stress within the heart
are not known. Alterations in vinculin or other focal adhesion proteins (e.g., filamin C) have also been shown to
contribute to dilated cardiomyopathies and pulmonary fibrosis.”s"7

Transmission of extracellular mechanical signals occurs through several mechanisms. YAP/TAZ signaling is
perhaps the most well-studied mechanotransduction pathway during cardiopulmonary development and
disease.”®%2 |nactivation of YAP/TAZ has been observed in underdeveloped lungs of diseased infants with
bronchopulmonary dysplasia, presumably due to reduced contractility.® During heart development, atrial
expansion activates YAP/TAZ nuclear translocation due to increased mechanical strain on the endocardium
through VE-cadherin.®® Additionally, increased YAP expression and decreased inhibitory phosphorylation at
Ser127 have been observed in both tissue samples from patients with hypertrophic cardiomyopathy (HCM) and
mouse models of myocardial infarction.® In addition to YAP/TAZ, mechanical signals are transmitted through
Piezo1-dependent Ca?*influx and ATP release. Aberrant Piezo-1 activation has been linked to cardiac
hypertrophy, cardiopulmonary fibrosis and pulmonary arterial hypertension.88 Notably, increased Piezo-1
activity has been shown to promote degradation of VE-cadherin, thus contributing to pressure-induced



pulmonary edema.?”-# |In addition, lung epithelial cells sense mechanical stress through autocrine loops (Figure
2D-i). For example, compressive stresses on the epithelium during bronchoconstriction provoke shedding of
epidermal growth factor (EGF) into the intracellular space and subsequent binding of EGF receptors necessary
for mechanosignalling.?#8%% In the heart, individual cardiomyocytes are connected to each other through
intercalated discs (desmosomes, adherens and gap junctions) that transduce contractile force between cells
(Figure 2D-ii).%"
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Figure 2 Mechanical forces during cardiopulmonary tissue morphogenesis and associated disease A (i)
Positive transmural pressures regulate lung development during embryonic, pseudoglandular and saccular stages; (ii)
In young adults, increase in mechanical tension initiates alveolar regeneration through differentiation of type 2 alveolar
epithelial (AT2) cells to type 1 alveolar epithelial (AT1) cells; (iii) Elastic recoil of the lung is essential for deflation of
the lung during expiration. B (i) Local compressive stresses and directed buckling guide cardiac looping and blood
flow; (ii) Continuous blood flow and increasing pressure on cardiomyocytes is critical for myocardial growth and
maintenance. C (i) Local contractility of secondary crest myofibroblasts deforms and shapes alveoli during
development; (ii) Jamming to unjamming transition of bronchial epithelial cells during bronchoconstriction; (iii) Injury-
induced alveolar leads to sustained increase in mechanical tension leading to accumulation of pre-fibrotic alveolar
epithelial cells and fibrotic remodeling; (iv) Thinning of the myocardial walls upon myocardial injury. D (i) Compressive
stresses on the bronchial epithelium shrink the lateral intercellular space that promotes ligand shedding responsible
for downstream mechanotransduction. (ii) Dysfunction of adherens, desmosomal and gap junctions in cardiomyocytes
leads to defective mechanical coupling and cardiomyopathies



Engineering tools to study mechanical forces in vitro

Engineering tools, ranging from relatively simple biomaterial cell culture platforms to more complex systems such
organs-on-a-chip devices, have provided insights into how mechanical forces regulate cell signaling and function
in vitro. There have been several excellent reviews on the development of engineering tools for cell and tissue
engineering.%>% |In this section, we highlight some key engineering approaches towards studying
cardiopulmonary development and disease with a focus on accessible techniques with high potential for
translation into biology-focused laboratories.

Engineered cell culture models

There has been an increasing interest in using synthetic or natural extracellular matrix-derived biomaterials for
cell culture. Recent advances in material engineering have further enabled spatiotemporal control over
biomaterial properties to dynamically and on-demand modulate mechanical forces that cells experience in vivo.
One example is hydrogels, water-swollen polymer networks, that are tunable in their mechanical properties
including viscous behavior and elastic moduli (Figure 3A).%6°7 Hydrogels that offer tunability over their modulus
have been useful in identifying the role of elasticity and mechanical memory in pulmonary fibroblast differentiation
into myofibroblasts.®®*° To integrate dynamic changes of ECM mechanics, several approaches have been
introduced to either stiffen or soften engineered hydrogels in the presence of adherent cells.® Examples include
hydrolytically and enzymatically degradable polymers or crosslinkers that induce hydrogel softening over time in
response to reaction with water or cell-secreted proteases,'®! In contrast, on-demand stiffening or softening can
be achieved through engineering polymers that respond to external stimuli, such as pH, temperature, electric or
magnetic fields or biological targets.'? A relatively well-established example is the use of photosensitive
crosslinkers to stiffen or soften hydrogels in response to light exposure.'%3-1% Such hydrogels have been used
to study pulmonary fibroblast function in responses to ECM stiffening such as observed during pulmonary
fibrosis.'% Towards mimicking the increasing ECM modulus of developing chick hearts, chemistries with slow
crosslinking kinetics to induce time-dependent hydrogel stiffening enhanced the maturity and calcium signaling
of cultured cardiomyocytes.'”1% Thus, such dynamic hydrogels are useful towards recapitulating changes in
mechanical stresses within the lung and heart.04.109.110

In addition to changing elastic moduli, hydrogels have been designed to provide control over tissue architecture
(Figure 3B). For example, mimicking the curved geometry of alveoli may direct cellular organization and
dynamics.''-113 An approach to engineering curvature has been the use of polycarbonate membranes that are
thermoformed into microwells, enabling physiologically relevant co-culture of epithelial and endothelial cells on
opposite sides of a thin polymer films.'"* Hydrogels are also being applied towards mimicking the 3D architecture
of pulmonary tissues such as the curvature present within bronchioles by leveraging mechanical instabilities
between two hydrogel layers; this technique further allows for combination with magnetic particles to induce
dynamic changes to scaffold formation and be used to study cell response to changing patterns relevant to
disease conditions such as asthma.'® In addition, microsphere hydrogels have been used to recreate the 3D
architecture of alveolar tissue. Here, recent notable approaches include the use of sacrificial microspheres, which
are pre-seeded with epithelial cells prior to embedding into another 3D hydrogel containing fibroblasts.'® Another
elegant study embedded epithelial cells in photodegradable microspheres within a 3D hydrogel, which then
formed a monolayer within the voids after light-induced degradation.!’” These 3D models are powerful in
mimicking aspects of the 3D architecture of the alveoli. However, the light absorption of the hydrogels renders
cells relatively inaccessible and may be challenging to retrieve the cells for downstream analyses. In addition,
fibrous microstructure is a ubiquitous feature of interstitial ECM that typically is lacking in engineered
hydrogels. In recent work, composite hydrogels incorporating synthetic cell-adhesive fibers into soft hydrogels
allowed for robust activation of myofibroblasts in 3D.""8

For cardiomyocytes, the geometry of individual cells can be constrained using micropatterning on elastic
substrates to investigate intrinsic relationships among cell shape, myofibrillar alignment, and contractile force.
These techniques have been used to demonstrate that the optimal myofibrillar alignment and force generation
occurs when the cell aspect ratio mimics that of cardiomyocytes in the in vivo heart (i.e. ~7:1), both in rat
cardiomyocytes and in human induced pluripotent stem cell-derived cardiomyocytes (iPSC-CMs).!19-12" This
observation further scaled to 7:1 micropatterned multicellular iPSC-CM derived cardiac muscle bundles



micropatterned on elastic silicone polymers (elastic modulus ~8 kPa)." This system revealed a feedforward set
of interactions among elongated geometry, myofibrillar alignment, uniaxial contractile direction, and contractile
force during cardiomyocyte development.

Hydrogels for cell culture provide control over mechanical signals including viscoelasticity and geometry. In
addition, tools that incorporate dynamic mechanical forces such as stretch through mechanical tension may be
relevant to the cardiopulmonary system. Given that cyclic stretch is highly relevant to the cardiopulmonary
system, introducing dynamic mechanical stimulation has been the focus of several recent strategies (Figure 3C).
For example, cyclic stretch of cells seeded atop a silicone elastomer was used to determine the role of Piezo-1
in lung development'?? or studying pharmacokinetics under more physiological conditions, an important step
forward for drug testing.'?® Although less controlled, explanted lung tubes have also been stretched directly in a
customized device supporting the hypothesis that mechanical forces determine cell shape and mitotic spindle
formation in the developing lung.'?* When performed in zebrafish heart models, stretching showed that cardiac
contractility directs myofibril development.’?> In general, in vitro dynamic stretching of iPSCs-derived
cardiomyocytes has been used in several studies to improve overall tissue function, and contributed to our
understanding of how mechanical stretch feeds into in contractile myofibril function.'?6-12% In the engineering of
3D cardiac tissue, a myriad of techniques has been reported, including flexible pillar systems (Figure 3C). Most
investigators currently utilize variants of an elastomeric pillar system, wherein tissues assemble longitudinally
between two flexible pillars that deflect under tissue forces, thereby providing a direct read-out of tissue function.
The influence of extracellular matrix topography has also been investigated in cardiac tissue formation by
patterning different organizations of a collagen layer atop polymeric materials. Surfaces with higher matrix
alignment increased cardiac fibroblast differentiation and cardiomyocyte maturation, demonstrating the
importance of extracellular organization matrix vitro.'873130.131 As passive tension and afterload are critical for
heart function, recent microfabrication strategies have been described to mimic physiological tissue loading. For
example, formation of cardiomyocyte microtissues between two elastic pillars enables studying the impact of
passive load on tissue maturation or dysfunction.'3?-13# In these studies, using pillars with higher elastic moduli,
heightened passive tension or afterload increased iPSC-derived cardiomyocyte tissue maturation. However,
when the elastic moduli of the pillars were too high, the contractile function of cardiomyocytes diminished,
providing an engineered system to study the effect of pathological afterload.3?-3* Finally, pacing of young iPSC-
derived cardiomyocytes via electrical stimulation has been shown to markedly increase levels of tissue
maturity.'3® However, engineers are often faced with limited experience with generating and culturing iPSC-
derived cardiomyocytes. To address this companies including ‘FUJIFILM Cellular Dynamics’ offer
cardiomyocytes differentiated from human iPS cells (iCell Cardimyocytes). An important limitation of micropillars
is the need for engineering techniques such as photolithography that may be inaccessible to non-engineering
labs. Here, emerging companies such as ‘4D cell.com’ and ‘curibio.com’ offer a range of organ-in-a-well® and
engineered heart tissue platform technologies that may help address this limitation.



Engineered cell culture models
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Figure 3 Applications of engineered cell culture models: A Polymeric hydrogels engineered to recapitulate the
modulus and dynamics of tissue stiffening and softening. Representative fluorescent images of fibroblasts cultured on 1
(left) and 50 kPa (right) polyacrylamide hydrogels for 2 days (scale bars 100 ym, left) and maximum projections of single
cells stained for f-actin (red) and nuclei (blue) (scale bar 50 uym, right). B Recreation of tissue surface curvature and 3D
architecture using molds and biofabrication techniques. Representative images showing SEM image of a close-up of
non-porous and porous microwells (scale bar 100 um, left), high-resolution confocal z-stack projections of representative
cells in samples with no, intermediate, and high fiber density (F-actin (cyan), nuclei (yellow), dexVS fibers (magenta),
scale bar 10 ym, middle), and representative bright field images of lung epithelial cells (A549) progressively covering
fibronectin-loaded microspheres (scale bar 200 um, right). C Mimicking the dynamics of tissue using hydrogels atop
stretching devices to mimic tension and relaxation (e.g., Lifeact-labeled actin in myofibrils in live hPSC-cardiomyocytes,
scale bar 20 um, or microposts to engineer 3D microtissues from neonatal rat cardiomyocytes to stimulate tissue
contraction (e.g., representative brightfield image of cardiac microtissues).

Adapted with permission from the following: A Asano S et al., Physiol Rep 2017%, Rosales AM et al., Angew. Chem. Int.
Ed., 2017'%4, B Baptista D et al., Biomaterials 2021'"*, Lewis JR et al., Biomater. Sci. 2015""7, Matera DL et al., ACS
Biomater. Sci. Eng. 2019'%*, C Ribeiro AJS et al., PNAS 2015'%°, Boudou T et al., Tissue Eng Part A 201232,

Organ-level engineering tools

Advances in understanding how mechanical forces regulate the interplay between multiple cell types and guide
changes in tissue architecture has also pushed the field of organ engineering. Lung models may involve ex vivo
culture of explanted or sliced lungs as well as organ-on-chip model. For example, a microfluidic chest cavity was



generated using embryonic mouse lungs to determine how transmural pressure regulates lung development and
branching morphogenesis (Figure 4A).32 Precision-cut lung slices (PCLS) have been used to interrogate
epithelial migration and cell clustering occurring during alveologenesis (Figure 4B).'3¢ However, these ex vivo
lung culture models are generally limited to a few days. Thus, “lung-on-a-chip,” models providing longer-term
culture durations have been invaluable. For example, microfluidic devices have been used in probing
mechanisms of alveolar-capillary barrier function during breathing (Figure 4C). These are often microfluidics-
based silicone models, and may include multiple cell types and mimic the cyclic mechanical stretching resulting
from breathing.’” Recent advances in lung-on-chip models include a microdiaphragm that mimics the biaxial
geometry of mechanical stretching and an air-liquid interface of the in vivo lung alveolus.'®® Towards engineering
heart-on-chip models, high precision fabrication techniques such as two-photon 3D printing have been leveraged
to recapitulate ventricular fluidic pumping.'3® Alternatively, fibrous polycaprolactone (PCL) scaffolds have been
used to create organized cardiomyocyte tissues with a shape similar to that of a rat ventricle.'® These systems
have allowed further allowed significant advances in connecting multiple tissue-chip systems such as via a
shared endothelium (Figure 4C).141.142

Another aspect of engineered organ-on-chip systems is the ability to interrogate how fluid pressure and flow
direct cardiopulmonary development and disease. For example, vasculature-on-a-chip platforms have been
developed to measure the impact of physiologic and pathologic shear stress on platelet aggregation, endothelial
cell phenotype, and initiation of atherosclerosis.#3-'4> Such systems further enable modeling arterial
hypertension by mimicking the effect of blood pressure and wall shear stress on endothelial cells and thus
provide a platform for drug testing and discovery.'46-148 Similarly, microfluidic devices have been used to induce
shear flow across alveolar epithelial cells which was found to regulate surfactant secretion.'*® Towards larger
scale experiments, perfusion bioreactors have been developed for cardiopulmonary cell and tissue culture. For
example, cardiac perfusion bioreactors increase oxygen delivery and distribution across the cultured tissue, '%°
which has been shown to improve the maturity and contractility of rat cardiomyocytes.'®! Similar to microfluidic
devices, bioreactors are technically more challenging than standard cell culture, curtailing their widespread
adoption.
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Figure 4 Applications of organ-level engineering tools: A microfluidic chest cavity models to study the role of
transpulmonary pressures. Lung explants cultured at different pressure differences and immunostained for E-cadherin
(scale bars: 200 um); B precision-cut-lung slices (PCLS) to recreate the lung microenvironment ex vivo. PCLS in 24-well
plate and representative widefield, single plane z-stack image of PCLS; C Organ-on-chip devices with representative
images of lung-on-chip and cardiac pump-on-chip to mimic aspects of the lung and heart microenvironment in vitro.

Adapted with permission from the following: A Nelson C.M et al., Development 201732, B Akram et al., Nat Commun
201936 C Huh et al., Science 2010,'¥” Michas et al., Sci. Adv. 2022.13°

Measuring mechanical forces

Studying how cells respond to mechanical signals requires tools that enable quantification of the forces that cells
reciprocally exert and perceive (Figure 5A). Collagen contraction assays were an early and primitive force
measurement established in 197952, and are still widely used to measure fibroblast contractility, including in a
recent study on myofibroblast contractility in alveologenesis.' However, these measurements are not precise
enough to extract single cell traction forces. Measuring displacement of an underlying mechanically defined
hydrogel matrix via traction force microscopy (TFM) provides far more accurate spatial characterization of local
cellular forces. Typically, matrices are made from polyacrylamide or silicone-based elastomers with embedded
fluorescent beads. For example, TFM was critical in quantifying contractility of alveolar fibroblasts during
alveologenesis and jamming transitions of bronchial epithelial cells derived from healthy and asthmatic
patients.’323 TFM has also been used to quantify contractile force in micropatterned cardiomyocytes.'®-2' Given
that TFM requires fluorescent-bead containing elastomers it is currently primarily used in engineering labs, and
is relatively inaccessible to biology labs without collaborators. In addition, atomic force microscopy (AFM) nano-
indentation with a flexible cantilever allows for quantitative measurements of cardiac microtissue contraction
including the beat rate and force as well as the spatial stiffness of fibrotic tissues (Figure 5B).1%31% However,
AFM can be technically challenging. Alternatively, mechanical forces can also be estimated from simple



measurements of cardiac muscle bundle displacements on deformable 2D substrates or silicone post
displacements for 3D tissues.'®

Towards measuring subcellular forces, molecular sensors that take advantage of fluorescence resonance energy
transfer (FRET) have been developed, including sensors for cell-ECM interactions and intracellular
mechanosignalling (Figure 5C)."° For example, within the lung, FRET-based sensors have been used to
measure cellular traction forces and their colocalization to Piezo 1'% or cell-cell forces mediated by cadherin in
response to mechanical tension on pulmonary endothelial cells.'®” Similar sensors have also been useful in
quantifying intracellular forces such as those generated by myosin within cardiomyocytes.'%® Although a powerful
tool, the efficiency of FRET-based sensors is often limited by high signal-to-noise ratios. Thus, computational
simulations have been developed to predict cellular responses to mechanical forces and cell force generation
and ftransmission in complex, multicellular tissues (Figure 5D). For example, modeling of cell
jamming/unjamming transitions contributed to the current understanding of mechanical forces in asthma.?'23.1%°
Additionally, computational fluid dynamics analyses have been used to model blood flow in the heart'®® and
airflow through the lungs. Such studies not only contribute to our understanding of healthy and diseased tissue
but also have clinical implications for drug design and delivery.'®! Finite element analysis simulations are another
tool to predict the role of mechanical forces such as during mucosal buckling in asthma and COPD and potential
drug applications.'®? Integrated computational modeling and experimental approaches are both critical for
understanding the role of mechanical forces in cardiopulmonary development and disease. For example, our
understanding of branching morphogenesis in the developing lung has been established through a combination
of mathematical and experimental models.'63-165 |t s likely that future findings will likewise depend on hand-in-
hand advances in modeling and experimental approaches.166-16°
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Figure 5 Applications of tools to measure mechanical forces: A collagen contraction and traction force microscopy
(TFM) assays to quantify collective and single cell forces; B atomic force microscopy (AFM) nano-indentation to
measure cardiac beat rate and force; C fluorescence resonance energy transfer (FRET) to measure subcellular forces;
D computational simulations to calculate and predict directional forces such as during the jamming/unjamming
transition.

Conclusion and Future Opportunities

In this review article, we discussed the role of mechanical forces in cardiac and pulmonary development and
disease. These insights have often relied on the development and application of new engineering tools. Although
many of these tools are already well-established in the field, we believe that there is a need for increased
accessibility and continued improvement of such tools to enable widespread adoption amongst non-engineers.
Chemically defined hydrogels are an excellent example of an already widely accessible tool that has provided
numerous insights into (sub)cellular responses to matrix stiffness and cell contractile forces.® Based on various
natural and synthetic polymer backbones, hydrogels have been used to mimic tissue elasticity'®?, adhesion
properties'”%171 or growth factor composition.'”? While commercially available hydrogels are readily accessible,
their widespread adoption remains still limited. Concerns often include their applicability for downstream
analyses such as imaging, or incompatibility with established protocols for gene and protein expression. In
addition, commercially available hydrogels often require additional modifications to facilitate cell adhesion (e.g.,



coating with matrix proteins), making them less amenable to off-the-shelf use. Here, pre-formed hydrogels or
hydrogel kits containing cell-adhesive domains may ease the transition from tissue culture plastic to hydrogels
of varying elastic moduli (e.g., CytoSoft®, Advanced Biomatrix). Towards broader applicability of hydrogel
platforms, materials that are easily fabricated without the need for expensive specialized equipment will be
crucial. Beyond static hydrogel platforms, devices that apply stretch to cells have started to become widely
available for studies of cell maturation and mechanosignaling. Several systems including the Flexcell® tension
system'25173 gs well as the Emulate® system can apply cyclic uniaxial or biaxial tension to cells cultured atop
silicone substrates. Although more complex systems exist, the simplicity of the designs and their commercial
availability and cost are critical inputs into the adoption of such approaches among non-engineering laboratories.

A potential opportunity for growth is a better integration of engineering tools in biological assays such as the
measurement of intracellular forces. Collagen contraction assays provide insight into cellular contractility but are
limited to collective cellular forces. In contrast, traction force microscopy is based on the displacement of
fluorescent beads to measure forces generated by single cells. While this technique uses materials and tools
that are easily accessible, fabricating the fluorescent bead-containing hydrogels often requires collaboration with
an engineering laboratory. Here, commercially available hydrogels for TFM and bead-tracking software may be
beneficial for the integration of TFM into biology laboratories. In addition, advanced TFM techniques such as
light tracking of matrix fibers or tissue tracking without the need of fluorescent beads may enable an even broader
adoption of the technique,'”* including the measurement of forces in PCLS and within 3D tissues.'33'75 Taken
together, continued communication and collaborations between biologists and engineers is essential to
improving and implementing engineering tools into biological workflows. Pre-formed hydrogels are just one
example of minimally engineered tools that are relatively easy to be implemented and are offered for a range of
applications such as microwells for cost-effective and reproducible organoid culture.'”®'77 In addition, other
strategies may include workshops and seminars that are tailored for the needs of non-engineers to access and
learn how to implement engineering tools into their research questions.

Finally, that mechanical forces are critical as a therapeutic target has been highlighted throughout the review. It
is worth noting several drugs that target aberrant tissue mechanics have successfully been implemented in the
clinic. For example, treatment with the protease inhibitor a1 antitrypsin (GLASSIA) is commonly used to prevent
the continued destruction of alveolar ECM in emphysema patients with a1 antitrypsin deficiency.'”® Exogenous
surfactant, either animal-derived or synthetic, is supplied to infants with bronchopulmonary dysplasia to prevent
alveolar collapse.'”®18 Another FDA-approved drug is Entresto® which includes a neprilysin inhibitor used to
treat patients with chronic heart failure.'®! Inhibition of neprilysin prevents the cleavage of atrial natriuretic peptide
(ANP) and B-type natriuretic peptide (BNP) that are downstream integrators of mechanical stress.'®? In addition,
drugs such as Mavacamten and Aficamten that inhibit myosin and reduce hypercontractility, are commonly used
for the treatment of patients with hypertrophic cardiomyopathy.'8-8 Another FDA-approved drug is pirfenidone,
an anti-fibrotic drug that is known to act on multiple fibrogenic pathways;'8 and may be applicable to other fibrotic
diseases such as cardiac fibrosis. 8”18 however, the exact mechanisms are still unclear. For example, studies
have shown that pirfenidone treatment reduces collagen deposition by activated in fibroblasts leading to an
increase in lung tissue compliance in patients with pulmonary fibrosis.® Other studies have demonstrated that
pirfenidone acts through inhibiting TGFB signaling pathways, including SMAD.'® Interestingly, approaches to
reduce the release of latent TGFB through the monoclonal antibody against av@6 integrins (BG00011) were
successful in static cell culture studies’®! but have ultimately failed in clinical trials.'92193 Thus, such an example
of unsuccessful translation into patients may highlight the need for integrating dynamic mechanical forces into
biological studies. In fact, engineered beating heart tissue platforms are now being used for screening new drugs
for cardiotoxicity (e.g., Valeo Health, Comprehensive In Vitro Proarrythmia Assay (CiPA)). Taken together, these
examples and new directions of engineered tools in drug testing underline the significance in understanding the
potential therapeutic applications to countervail the effects of mechanical cues on cardiopulmonary diseases.
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