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Modeling the Cardiac Extracellular Matrix

to Identify Age-specific Modulators of Cardiomyocyte Function

Mara Ariel Kauss

Abstract

The extracellular matrix (ECM) is a complex network of proteins that surrounds cells in all tissues,
providing structural and biochemical cues that influence a multitude of cellular functions. In the
heart, the ECM provides the local support and context for highly dynamic cardiomyocytes that are
continuously contracting to pump blood throughout the body. However, the cardiac phenotype
changes drastically throughout fetal development and postnatal maturation. Fetal cardiomyocytes
are small, proliferative, glycolytic cells with disorganized sarcomeric structures. In the adult,
however, cardiomyocytes become elongated, aligned, post-mitotic cells that rely on oxidative
respiration and have highly organized sarcomeres. These ontogenic changes provide a dramatic
increase in contractile efficiency, but sacrifice the heart’s proliferation-dependent ability to
regenerate after injury. As a result, heart disease is a major cause of death worldwide, and has
warranted a wealth of research efforts to model cardiac tissue function and disease. During
cardiac development and maturation, the ECM also undergoes age-dependent changes that can
impact various cardiac functions, but the extent of its influence is poorly understood. To model
the age-specific cardiac ECM in vitro, we created cell-derived matrices (CDMs) from cardiac
fibroblasts to provide the structural, biophysical and chemical context of cardiac-specific ECM. In
doing so, we sought to avoid certain caveats of established CDM protocols, which enhance matrix
adhesion and thickness via introduction and promotion of singular matrix proteins, skewing the
matrix composition, and confounding comparisons made between CDMs. We, therefore,

developed a protocol that enhances matrix adhesion and deposition, respectively, by combining

viii



an L-polydopamine coating and macromolecular crowding to produce CDMs composed of cell-
produced ECM. This methodology was applied to the study of age-dependent phenotypic and
functional changes observed in the heart by comparing the morphologic, metabolic and
proliferative responses of cardiomyocytes to CDMs produced by fetal and adult cardiac
fibroblasts. Additionally, mass spectrometry proteomics identified the enrichment of ECM proteins
in fetal and adult CDMs, enabling loss-of-function studies via genetic silencing of enriched
proteins during CDM production. Using this strategy, we identified collagen VI as necessary for
maximal oxidative respiration in stem cell-derived cardiomyocytes, which is a key component of
cardiomyocyte maturation. Furthermore, we conducted a screen of all age-specific enriched CDM
proteins for their influence over DNA synthesis in cardiomyocytes, and found that laminin a2,
plasmin-mediated signaling in fibroblasts, and fibrosis-associated proteins exerted inhibitory
effects on proliferation. Overall, these results demonstrate the development and application of

age-specific cardiac CDMs to dissecting the influence of ECM proteins on cardiomyocyte function.
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Chapter 1. Introduction

The extracellular matrix (ECM) is a complex network of proteins that encases all cells, providing
niche-specific physical and biological cues to each organ'. The heart, specifically, is an incredibly
specialized organ that has evolved to efficiently meet high functional demands, but has lost the
capacity to repair itself after acute or chronic injury. As a result, heart disease is a major cause of
death worldwide?. However, prior to birth, mammalian hearts are able to regenerate after injury®-
6, and much of our understanding of cardiac repair mechanism and the maturation required for
adult physiology are informed by comparative studies of fetal and adult hearts®’-°. Of the many
processes involved in this ontogenic shift, the ECM has been minimally explored. This thesis
focusses on identifying aspects of fetal and adult cardiac function that are influenced by the ECM

by modeling age-specific cardiac ECM in vitro.

1.1 Extracellular Matrix as a Regulator of Tissue Function

The (ECM) is the non-cellular component of all tissues that provides structural integrity and
complex physiological cues that regulate developmental, homeostatic and pathological functions’.
The ECM itself surrounds all cells as a bundled network of proteins, proteoglycans and
polysaccharides that differ between tissues and across ages, thereby providing a context-
dependent microenvironment to each tissue'®. Among these ECM components are long, fibrillar
proteins such as fibronectin (FN) and collagens (Col) that provide the foundation for the ECM™-1":12,
as well as proteoglycans'. Bound to these are smaller proteins such as morphogens' ' as well
as glycosaminoglycans, a group of polysaccharides that are particularly abundant during
morphogenesis'®'’, and bind numerous matrix components to modulate their functions and
behavior'®2%, The complex roles of the ECM in tissue biology can be categorized into three main

functions: structure, adhesion and signaling, each of which are essential to tissue physiology.



The ECM is a largely fibrillar network of proteins bundled by precise interactions that make up
both the interstitial tissue ECM"'" and basement membrane (BM)'?', each of which are
characterized by specific matrix proteins. Interstitial matrix is present between cells, and is
fundamentally composed of hydrated proteoglycans with minimal polarity, elastin, some collagens
(1, 1ll) and fibronectin®'12, The basement membrane, on the other hand, is produced by select
cell types, and is specifically oriented lateral to the cell membrane?'22. In polarized cell types such
and epithelium and endothelium, the BM is found on the basolateral surface?. However, both
muscle and adipose cells produce BMs that are circumferential to each cell?'. As a result, BM is
found adjacent to the cell(s) it originated from, whereas interstitial matrix is produced and
accessible to multiple cell types within a niche. Once deposited, these forms of ECM provide a
structural basis for tissue organization, and must be degraded for any morphogenic or
pathological alterations to tissue structure?-2’. This continual deposition and removal of ECM is
called remodeling, and reflects the homeostasis between ECM secretion/deposition and
degradation by proteases including matrix metalloproteinases (MMPs), cathepsins and others?®2°,
The longevity of the ECM is also dictated by the extent of crosslinking between matrix proteins,
which promotes the stability and stiffness of the ECM'23°. As a result, the half-life of individual
matrix proteins can vary dramatically, from minutes®' to years®?, and have long-standing effects

on the tissue organization and function.

ECM proteins are essential for the adhesion of other ECM non-protein components and cells™"21.
Fibronectin (FN), an exceptionally long glycoprotein, is one of the most widely expressed and
adhesive ECM proteins®®. Of its 32 domains, many regulate adhesion to itself, other matrix
proteins including collagens and fibrin, and to heparin, each of which then bind to a multitude of
other proteins and/or polysaccharides®*3°. FN and collagens represent the basis of most

interstitial matrices, and FN splice variants and collagen type has a large influence over which



additional ECM components are bound3*%. BMs, instead, are typically built on a foundation of

Col IV and laminins, and provide adhesion for other BM-associated proteins?'-2.

Specific configurations of ECM proteins also play a large role in dictating cell adhesion. Cells
primarily bind to the ECM via transmembrane receptors called integrins, which are heterodimers
of non-covalently associated a and B subunits®’-2°. Specificity of cell adhesion to ECM proteins is
determined by the combination of specific a/ dimer, of which there are 24 potential combinations
in humans®. Another important adhesion unit is the dystroglycan complex, which binds the BM*°.
Importantly, both these adhesion complexes are comprised of transmembrane proteins that bind
the ECM extracellularly and the cytoskeleton intracellularly*'“2. The ECM-cytoskeleton interaction
instructs several cellular processes that regulates cell morphology, stiffness, migration, mitosis,

and multiple other functions*3-48,

The complex and niche-specific interaction of cells with their ECM microenvironment exert precise
chemical and physical influences over a wide range of critical cell functions. FN is especially
abundance during development, where its numerous binding domains promote enrichment for
morphogenic molecules that influence cellular differentiation, migration and tissue formation**-%".
However, FN is often replaced by collagens and laminins during adult homeostasis, which do not
retain the same factors®®%°. FN and the integrins that preferentially bind it, a5B1 are also
associated binding dynamics that favor processing requiring cytoskeletal rearrangement such as
migration and proliferation more than other ECM/integrin pairs®-3. Additionally, many potent
signaling molecules bound to the ECM are regulated by other ECM properties, such as tension.
For example, transforming growth factor B (TGFB) is bound to the ECM in the form of a latent
complex with its prodomain, and requires force exerted by integrins on a binding region within this
prodomain to activate TGFR™. Integrin clustering in response to matrix tension and binding
domain availability has also been shown to augment local clustering of receptor tyrosine kinases,

thereby recruiting these receptors to regions of the cell membrane held in close proximity to the



ECM and its bound signaling molecules®-%5. A extensive list of signaling cascades respond to
such cues originating from the ECM, including the Akt/PI3K, ERK, RhoA and Jnk pathways®’.
Another demonstration of the complexity inherent to these interactions is the mechanosensitive
protein talin, which binds filamentous actin in focal adhesions at the intracellular domains of cell-
matrix adhesions, and exhibits 14 different configurations dependent on the tension exerted at
the cell membrane, thereby altering interactions with other intracellular proteins®. In these and
related ways, ECM properties such as structure, composition and stiffness regulate signaling
through membrane receptors and focal adhesions to influence a multitude of cell functions,

including survival, proliferation, polarity, differentiation and migration.

These mechanisms of ECM-dependent cell behavior and signal transduction demonstrate the
overt influence of the ECM over local tissue physiology and function. Modern analytical tools have
improved our understanding of complex cell-ECM dynamics, but the numerous competing factors
still necessitate the study of matrix-specific interactions within the context of specific tissues and

stages of development.

1.2 Ontogenic Cardiac Function

The primary function of the heart is to pump oxygenated blood throughout the body. To do this,
the heart contracts to expel blood from each of its four chambers in a coordinated, cyclical fashion,
with enough force to delivery blood to the extremities®®. This process is energy-intensive, and
after birth the mammalian heart is subjected to heightened functional demands that necessitate
significant adaptations in its contractile efficiency and responsiveness’. These adaptations arise
through a number of characteristics that develop postnatally, including long, rod-shaped

cardiomyocytes (CMs) with highly organized sarcomeres, which are the contractile unit of the CM



cytoskeleton, and metabolic efficiency driven by oxidative respiration”’. However, these

phenotypes are inversely correlated with the heart’s ability to repair itself®.

Insights into the ontogenic balance between maturation and regenerative capacity are available
from comparative studies of fetal and adult mammalian hearts®*#’?, and of non-mammalian
vertebrates that retain this regenerative capacity into adulthood®”*7*. Fetal mice are capable of
scarless repair after cardiac injury, though this ability wanes within the first 1-2 weeks after birth.>°
In humans this postnatal regenerative window lasts less than a year’. In non-mammalian
vertebrates such as the zebrafish, the adult heart does not under undergo the same degree of
maturation observed in mammals, and the regenerative capacity is never lost’*’5-", Comparative
studies have demonstrated that this balance of repair and maturation occurs as a result of
organism and tissue size’>°®, |ocal oxygen concentrations®’'® and metabolic substrate

availability’®®-%, among others®87-%,

The fundamental mechanism of cardiac regeneration is proliferation of pre-existing CMs’®
because, unlike many other tissues, the heart contains no resident stem cell or progenitor
population®®2, During development, myocardial growth occurs by hyperplastic growth driven by
CM proliferation, whereas postnatal growth occurs cellular hypertrophy with a concurrent loss of
proliferative capacity®®>. CM proliferation is driven by multiple factors, including growth
factors®:949, regulators cell size”®%° and the cell cycle®®®’, hormone signaling® and hypoxia®%.
As with all cells, this proliferative ability requires cytokinesis®>®°. In many cell types, the synthesis
of new DNA — an indicator of cells progressing through S phase of the cell cycle'® —is used as a
proxy for proliferation. However, in mice, mature CMs become multinucleated®'%!, decoupling the
events of nuclear division (karyokinesis) with cytokinesis. Furthermore, mature human CMs often
fail to progress through karyokinesis and become polyploid®®. This is a potential indicator that
while murine CMs experience inhibited cytokinesis, human CMs are inhibited at both karyokinesis

and cytokinesis, although this has not been definitively demonstrated. Importantly, though,



induction of some fetal signaling in adult mice can rescue some of the regenerative
capability?'-°%192  indicating the importance of fetal-specific processes and conditions to our
understanding of CM proliferation and regeneration. Additionally, the balance between
hyperplastic growth and functional efficiency represents a spectrum of CM behavior, and
understanding both ends of that spectrum is crucial to dissecting the trade-offs between functional

maturation and regenerative capacity.

A major regulator of CM size that has been linked to regenerative capacity is hippo signaling,
which promotes cell and organ size”8. The transcription factor YAP1, which drives CM
proliferation, is present in fetal mouse hearts, but inactivated postnatally by hippo kinase
signaling’. Additionally, heart size dictates certain dynamics during ischemic injury. In the
presence of necrotic tissue that compromises myocardial integrity, the primary concern is
hemorrhaging, which is handled differently depending on the size of an organism. The human
heart beats 1-2 times per second — more in smaller vertebrates — and the hemorrhaging of blood
from the contained chambers of the heart can lead to death long before there is time for any repair
mechanisms. In small animals, this can be addressed fairly quickly by a blood clot'®, which may
provide important signaling for cardiac regeneration', and prevents the loss of more blood.
However, in adult mammals, blood clots may not be sufficient to stem the leak of blood, and the
heart has developed adaptive processes to prevent hemorrhaging — specifically, activation of local
stromal cells called cardiac fibroblasts (CFs) which proliferate and deposit collagen-rich ECM to
patch the myocardium'®. This occurs in both fetal and adult mice, though interestingly, in
fetal/early neonatal mice this accumulation of ECM is resolved and replaced with functional

myocardium, whereas in adults it develops into fibrotic tissue'®.

Cardiac regeneration and maturation is also dependent on oxygen saturation® 8 as both
zebrafish and fetal mammals exist in hypoxic conditions. Normoxic conditions promote aerobic

respiration-mediated oxidative DNA damage via reactive oxygen species (ROS)'%, which inhibit



regenerative processes. Notably, though, acclimation of adult mice to hypoxic conditions is
cardioprotective, and enables better repair after cardiac injury®’. Normoxic conditions also
contribute to the metabolic shift observed in adult mammals’®'97.1%_ During embryogenesis and
fetal development, glucose is a readily available substrate and the heart produces ATP via
glycolysis, which occurs in the cytoplasm. After birth, there in a coordinated shift towards oxidative
respiration that occurs in the mitochondria and heavily relies on oxidation of fatty acids. The
normoxic oxygen tension present in adult physiology suppresses factors such as hypoxia
inducible factor a, and consequently promotes the oxidative phosphorylation as the primary
mechanism of ATP production’. This metabolic shift is also a response to availability of energy
substrates, as glucose drops postnatally to be replaced primarily by fatty acids, as well as lactate
and other substrates®8. This shift from glycolysis to oxidative phosphorylation is crucial to the
energy production and efficiency of the heart, as oxidative phosphorylation produces roughly 18

times more ATP than glycolysis'®.

During the ontogenic changes characteristic of cardiac development and maturation, the local
ECM is also undergoing age-dependent shifts in composition and structure. The fetal cardiac
ECM is loosely organized'®'"" and enriched with growth factors and GAGs'®''? to support the
developing myocardium and small, hyperplastic fetal CMs®-%%.113114 \whereas the adult ECM is a
more fibrillar'™ and collagen-rich''® environment intended to main homeostasis of aligned,
energetically-demanding adult CMs undergoing significant contractile strain®116117. These
collective changes are necessary for age-dependent cardiac functions, and understanding the
reciprocal processes of regeneration and maturation are crucial to the design of effective cardiac
tissue modeling and therapeutic strategies to address heart disease. The following sections will
address the age-specific phenotypes and functions of CMs, and the role of the ECM in those

processes.



1.3 Cardiomyocyte Morphology

CMs differentiation from induced pluripotent stem cells (iPSC-CMs) provide an in vitro model for
the shifts in CM morphology and organization associated with the spectrum of maturity''®. iPSC-
CMs are naturally immature, and under standard culture conditions, iPSC-CMs that have been
cultured for a year are only comparable to the maturity of fetal primary CMs''®. There is ample
evidence in tissue engineering and CM culture that the context and composition of the local ECM
can dictate cell shape, orientation and function'?°. Immature fetal CMs are small and round,
whereas mature adult CMs are large, rod-shaped cells organized parallel and end-to-end with
other CMs to form highly-aligned myofibers”"'?'. Both developing and mature CMs contain
sarcomeres — the cytoskeletal unit made up of actin and myosin, which generate contractile force
by sliding along each other in an ATP- and calcium-dependent reaction'?2. Sarcomeres are also
linked to the cell membrane and, thus, the ECM via specialized sarcomere/integrin complexes
called costameres'?®. However, in fetal CMs these sarcomeres are disorganized, contain
immature isoforms of some structural proteins, and do not produce contractions with much
organized uniformity. In adult CMs, the sarcomeres are highly organized and regularly spaced
parallel to the long width of the cell, producing uniaxial contractions that are directionally
coordinated with adjacent CMs'?4. This unified axis of contraction is essential for ejection of blood
from each of the heart’s four chambers as efficiently as possible’?®, and the high aspect ratio
observed in adult CMs is associated with a greater contractile force generation than rounder cells

typical of fetal hearts'?6.

One of the primary factors determining mature CM function is their organization. Unlike fetal CMs,
adult CMs are highly aligned, which promotes cell-cell adhesions that enable the synchronization
of CM contractions. Specifically, mature CMs develop specialized adhesions between cells called
intercalated discs that occur at the membrane of the short axis between longitudinally-adjacent

CMs'?". These structures contain gap junctions, which are comprised of connexins that allow the



passage of ions and small metabolites between CMs'?. While immature CMs may express
connexins, they are expressed circumferentially and not limited to distinct axes of the cells. Not
only are the presence of gap junctions crucial for ion exchange and action potential
propagation', but their diffuse localization can hinder the speed of signal propagation between
CMs, and thus the coordination of CMs within the myocardium, as longitudinally localized gap
junctions are expected to enable higher conduction velocities'°. Intercalated discs also contain
desmosomes and adhesion junctions, which anchor CMs to each other via transmembrane
cadherins. These cadherins bind each other extracellularly and link to intermediate filaments of
the cytoskeleton intracellularly’?’. The proteins involved in these junctions are not only important
structural elements, but their presence is crucial for heart morphogenesis™' and impacts
transcriptional regulation of genes involved in contraction-related processes such as calcium

cycling2.

1.4 Cardiomyocyte Contraction Dynamics

The ECM is primarily implicated in CM contraction via its elasticity and stiffness'®'3% and in the
disruption of cell-cell communication during excessive deposition associated with pathological
conditions™*. The ECM crosslinking prevalent in the adult heart leads to less compliant ECM,
which can be perceived as stiffer substrates by the CMs. This enhanced stiffness in adulthood is
further augmented by the isoform switching of the sarcomeric protein titin'*>13¢, This increase in
stiffness is correlated with increased force generation by CMs'?¢, although pathological stiffnesses
are even higher and can impede CM function’. In cardiac tissue engineering, directional tension
applied in microtissues from both physical (patterning), mechanical (stretching) and
electrophysiological stimulation results in more aligned, more mature CMs'&-'#" However, the
extent of the contributions of age-specific cardiac ECM to CM contractile properties has not been

fully explored.



The electrophysiological properties of CM contractions also change with age, and are largely
influenced by presence and abundance of ion channels that enable the flux of calcium, sodium
and potassium in and out of the cell'?®. The propagation of electrical current termed the action
potential triggers the opening L-type calcium channels on the cell membrane and the release of
intracellular calcium from the sarcoplasmic reticulum that induces a rapid depolarization of the
CM membrane™?2. This calcium binds the sarcomeric protein troponin C, enabling actin to slide
along myosin, thus inducing the contraction of the cell'*3. Calcium channels then close, allowing
repolarization of membrane, preparing the cell for to respond to future action potentials. There is
an influx of sodium prior to the opening of the calcium channel, and an outflux of potassium during
and after the calcium influx, that can mediate the speed of the depolarization and repolarization,
respectively'**. Together, these ions regulate dynamics of the action potential and CM
contraction. The speed of the depolarization and repolarization phases, as well as the degree of
ion influx into CMs, is associated with increased expression of ion channels and more mature
CMs'?514% Fluorescent reporters of calcium flux into CMs, such as GCaMP, are a powerful tool
to enable non-invasive assessments of calcium handling properties'®'47. As calcium triggers the
physical contraction of CMs, quantification of its dynamics can provide inferences about action

potential dynamics'4.

1.5 Cardiomyocyte Proliferation

The loss of CM proliferation in adulthood is a primary driver of heart disease after an insult®,
though reactivation of fetal processes have been shown to rescue the proliferative ability. During
development, CM proliferation is driven by multiple factors, including neuregulin®, insulin-like
growth factor 2 (IGF2) secreted by the adjacent epicardium®% and hippo signaling”®, which
regulates cell and tissue size, and hypoxia®%. Additionally, the cytoskeleton is heavily implicated

in CM cytokinesis, both in the fundamental mechanisms of mitosis and because it requires
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disorganization of the sarcomeres that is sometimes associated with a ‘de-differentiation’ of CMs
74148 As the sarcomeres are linked to the ECM via integrins and the dystroglycan complex, ECM

compliance of cytokinesis is a requirement for CM expansion'49-152,

The age-dependent contribution of the ECM to proliferative capacity has been demonstrated
through the use of digested fetal, neonatal and adult cardiac ECM as a culture substrate for
neonatal rat ventricular myocytes, which demonstrated increased expansion of CM number during
culture on the fetal ECM®®'53, Additionally, co-culture of mouse CMs and CFs revealed that fetal
CFs secreted the matrix proteins FN and Col Ill, which promoted DNA synthesis in fetal CMs'"4.
Over the duration of our own work, other groups have demonstrated that agrin, an fetal-enriched
ECM protein associated with CM-matrix adhesions through the dystroglycan complex, is
diminished in adulthood and can improve cardiac regeneration post-injury’©21%  Additionally,
another study has demonstrated the involvement of embryonic ECM proteins SLIT2 and
nephronectin in enabling mitotic rounding in CMs, which is crucial to cytokinesis and promotes
cardiac regeneration'®®. Both these findings highlight the role of CM-matrix adhesion dynamics
as a fundamental ECM-derived influence on CM proliferation. However, both were performed with
either digested or soluble matrix factors, which lack the structural context inherent to the ECM’s
influence on cell biology. Therefore, these studies definitively demonstrate the importance of the
ECM in CM proliferation and regeneration, but also pose and open question about the possibility
of additional, structure- or microenvironment-dependent ECM proteins the further influence CM

proliferation.

1.6 Cardiomyocyte Metabolism

CMs undergo an age-dependent shift from glycolysis to oxidative respiration to utilize available

energy substrates and enhance metabolic efficiency®®6125. Oxidative respiration, but not
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glycolysis, occurs in the mitochondria®, and relative to fetal CMs, adult CMs contain dramatically
increased mitochondrial numbers to meet energy demand'?. Mitochondria are highly specialized
double-membraned organelles that utilize oxygen and proton-derived membrane potential
gradients to produce ATP. Metabolic shifts in cultured iPSC-CMs can be induced by altering the
energy substrates, which can in turn promote other hallmarks of maturation®”-'°8, However, CMs
also respond to other strategies that promote maturation with an increase in oxidative
respiration'®, demonstrating that maturation can be both the cause of, and responsive to,

mechanisms of maturation.

While mitochondria do not directly interact with the ECM, deficiencies in the local ECM can induce
metabolic dysfunction. This has been particularly demonstrated in skeletal muscle, where loss of
the BM proteins Col VI and laminin a2 lead to muscular dystrophies characterized by reduced
satellite cell proliferation and muscle regeneration'® apoptosis and mitochondrial
dysfunction'®6"_ Specifically, mitochondria exhibit decreased basal respiration, and a failure to
reach the maximal respiration when exposed to stress. Although the skeletal muscle and cardiac
tissues are both comprised of striated muscle and share numerous similarities in their physiology
and disease pathologies, dystrophies induced by the loss of Col VI or laminin a2 do not
demonstrate overt cardiac deficiencies. However, the direct influence of that ECM proteins on CM
metabolic function has not been tested. There are other muscular dystrophies, however, that
induce dysfunction in both skeletal muscle and cardiac tissue. Duchenne’s muscular dystrophy
(DMD) characterized by muscle weakness and dysfunction of the ventricle'®® — the cardiac
chamber requiring the strongest contractions. DMD is caused by mutations in the protein
dystrophin localized in the costamere, and was originally believed to be a metabolic disease
based on its clinical presentation®*'64. The involvement of these ECM and ECM-linked proteins

underscore the role of cytoskeletal/ECM adhesion dynamics in proper cardiac function.
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CM metabolism is inherently linked to maturation in in vivo and in vitro models, during which CM
shape and contractility are both impacted. The ECM can both reinforce and destabilize the cell
adhesions required to support ongoing contractile and metabolic demands. Additionally, it is
currently unknown whether the loss of ECM proteins such as Col VI and laminin a2 directly impact
CM physiology, and whether there are other age-specific ECM proteins that facilitate the shift

towards adult metabolic respiration.

1.7 Cardiac Fibroblasts

CFs are the non-parenchymal cells that accompany CMs in the myocardium. They are derived
from numerous cellular sources via epithelial-to-mesenchymal transition, primarily the pro-
epicardium'®®, though there is some evidence of CFs differentiated from the neural crest-derived
endocardial cushion as well'®®%7_ During injury and repair, fibroblasts become activated, and
differentiate into myofibroblasts, which develop certain properties associated with smooth muscle,
such as contractile behavior and expression of a-smooth muscle actin (aSMA)'81%° |ineage
tracing studies have implicated myofibroblasts derived from several additional cell types, including
epithelial cells and bone marrow, though these contributions are minor, at most, and have not
been conclusively demonstrated'”®. A major confounding factor in the study of all fibroblasts is
the lack of specific surface and intracellular markers, leaving the majority of CFs to be
characterized by a concurrence of expressed proteins and their phenotypic and functional
behavior. Primarily, CFs are associated with the production of ECM, both during development
and pathological remodeling'®. They produce the majority of non-basement membrane ECM in

the heart'”!, and this ECM profile changes with age and myocardial health®172,

Within the myocardium, CFs are abundant, but small, and every CM is believed to be in contact

with at least one CF'®. Not only do CFs contribute to myocardial structure via their ECM
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deposition/maintenance, but they exhibit mechanical properties and stretch-dependent signaling
that exerts a paracrine influence on surrounding CMs'3. Unlike CMs, CFs do not become
depolarized or exhibit action potentials; however, they do express ion channels and can function
as transducers or as resistance between CMs'”3, and their deposited ECM is capable of disrupting
CM coupling, leading to arrythmias'“. CFs also secrete numerous paracrine molecules that can
influence CM proliferation", protein expression'# and conductivity'”®. Thus, CFs are a dynamic

and influence contributor to myocardial homeostasis.

1.8 Heart Fibrosis

Cardiac ECM is most commonly associated with its clinical presentation in heart disease,
particularly in fibrosis™*17, Fibrosis is initiated by the activation of myofibroblasts which become
highly proliferative, contractile, and deposit crosslink an excess of collagen-rich ECM'"7178_ |n the
heart, fibrosis can occur after acute injuries, such as myocardial infarctions, and chronic
conditions, such as hypertension. If unchecked, the excessive expansion of CFs and their matrix
production can interfere with the signaling and the deformability of the heart, inducing arrythmias
and reducing the ejection fraction, or ratio of blood expelled from an individual heart chamber
during contraction. Over time, these impaired functions lead to compensatory hypertrophy which
results in the thickening of the myocardium, high blood pressure, and can eventually develop into

heart failure'®.

CF-derived ECM is a necessary component of myocardial function under developmental and
homeostatic conditions, and it is only once they are activated that this can become
problematic'®®'7°. However, CF expansion and matrix deposition is also an adaptive response'®,
to replace myocardial tissue that has been damaged, and it is the failure to resolve this phenotype

post-injury that poses the largest threat to cardiac function. Fibrosis and myofibroblasts are
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canonically associated with TGFB-signaling,'® and the degradation of ECM and reversion back
to the physiological fibroblast state is associated with the expression of MMPs and other matrix
proteases. The most common collagens observed in fibrotic matrices are | and lll, although those
are also the types most commonly assayed, and other collagens present include Col IV and VI'72,
Therapeutic inhibitors of fibrosis exists, and largely target the myoactivation of fibroblasts to revert
their phenotype, including TGFB and PDGFRa'®181.182 though this only halts the progression of
fibrosis and does not mediate the existing ECM composition or the extent of its crosslinking. The
presence of individual ECM proteins'® and ECM protein subunits'®'® can also mediate the
severity of fibrosis. Thus, understanding the compositional and structural differences between
physiological and fibrotic CF-derived ECM may provide the opportunity to address fibrosis via

new mechanisms.

1.9 Traditional Models of the ECM

The complex biochemical and physical influences of the ECM significantly impact tissue
function™'8 that are sometimes apparent in tissue-level histological assessment and sometimes
require more detailed investigation to detect. ECM proteins especially essential for tissue
morphogenesis and integrity®*186.187 _ this has been demonstrated in animal studies containing
global deletions of matrix proteins, many of which have proven to be embryonic lethal®®. Such
studies have identified the roles of numerous cardiac ECM proteins in cardiac development®-58.188
including the necessity of FN for cardiac progenitor migration and heart tube fusion'®19,
However, because production of matrix proteins is not often restricted to individual cell types, in
vivo knock out and reporter studies often observe phenotypes arising from multiple cell lineages.
CFs are frequently genetically labeled by expression of either COL1A1, TCF21 or periostin, which

are not mutually exclusive to CFs or individual lineages'*1%6:191  Additionally, in vivo studies
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subject all cell types to local matrix conditions, and preclude the ability to vary matrix conditions

without impact all local cells.

In vitro experiments provide the flexibility lacking from in vivo experiments, and facilitate
mechanistic studies of individual cell types. Monolayer cell culture systems often rely on ECM
molecules as an adhesive for culture applications'®?, and de-emphasize their influence as tissue-
specific environmental cues. Many of the commonly used matrix coatings are comprised of
individual, often recombinant, proteins®®, and others, such as Matrigel, have tumorigenic origins
and offer no tissue specificity'®3. Additionally, monolayer culture is an inherently polarized system,

with the cells exposed to ECM only basolaterally.

Some studies have adopted a simplistic approach to modelling the ECM, treating it primarily as a
scaffold, but providing the three-dimensional structure typical of native tissues. In these
applications, individual proteins such as Col | or fibrin'®, peptide fragment containing integrin
binding domains'®, or Matrigel, are crosslinked into a hydrogel into which cells can be
embedded'®. This provide matrix proteins circumferentially, providing binding domains for
integrins in all directions and promoting a more tissue-like adhesion profile'®”. However, in these
configurations the matrix proteins predominantly serve the purpose of anchoring cells via integrin
binding, and rely on cell-cell adhesions and de novo matrix production for a more niche-specific

ECM composition.

A common approach to provide physiological ECM context ex vivo is the isolation of ECM from
primary tissue. In these approaches, tissue sections are isolated by destabilizing and removing
cellular components through a mixture of membrane bursting and detergents, following by a
DNase treatment to remove nucleic acids''%°. Decellularized tissue has been used for numerous
therapeutic purposes?®29! and for the study of cell-ECM interactions?®2. In the latter case, the
decellularized ECM provides a compositionally and structurally complex, tissue-specific scaffold

for analysis, or the subsequent seeding of the desired cell type. These studies have been
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informative in determining the response of cells to specific ECM composition?°®, but have often
been hindered by the tendency for reseeded cells to remodel the ECM, and have necessitated
specialized methods of cell delivery?*42%°_ As a result, these studies can sometimes be more

informative regarding the influence of the cells on the ECM than of the ECM on the cells'.

A more popular method of utilizing primary tissue ECM is to decellularize disrupt it, either by
mechanical processing or enzymatic digestion, and potentially solubilizing it?*2. This creates a
more homogenous and flexible matrix substance that can be adsorbed onto tissue culture plates
for subsequent cell culture®®, added directly into culture media™?, or even injected into
tissues?022%6.207 - often promoting regenerative effects?®®. These methodologies have been
incredibly useful in determining the interactions of cells with solubilized matrix proteins, and have
been instrumental to identifying the ability of the fetal cardiac ECM®® and its components'®? to
promote CM proliferation. Although these applications have relied on destruction of ECM
structure, they have provided invaluable information about cell-ECM behavior. However, the
structure associated with the fibrillar, or insoluble, forms of ECM proteins have been shown to
have unique properties?°®2'° and the study of cell-ECM interactions in the context of physiological
matrix structure may provide even further information about the influence of tissue-specific ECM

over cellular function.

1.10 Cell-Derived Matrices

One ECM model that has emerged as a tractable in vitro model of the ECM is the use of cell-
derived matrices (CDMs), which provide the complex composition of tissue-derived ECM as well
as the efficient throughput of simple hydrogels. CDMs are comprised of the matrix produced by
stromal cells from the tissue of interest?'"2'2, which produce a large proportion of interstitial

ECM'' and are then decellularized as is done for tissue-derived ECM. This methodology
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preserves both the composition and the structure of the matrix produced in vitro. The source, age,
and genetic background of the cells can be manipulated to tailor CDM properties to model specific
tissue systems and address biological questions. Additionally, CDMs are an exceptionally flexible
platform to model ECM because they are adaptable to a variety of culture formats, are highly
amenable to genetic perturbation, and limit the paracrine influence of matrix-producing cells on

additional cell types.

However, current methods for CDM matrix production and decellularization present caveats that
limit CDM fidelity to natively produced ECM, with unknown influences on subsequent cell biology
studies. Many protocols aim to improve the durability of ECM by promoting adhesion with pre-
adsorbed and/or crosslinked matrix components, such as gelatin (denatured collagen) or
fibronectin (FN)2'1213214 " and increasing matrix assembly and thickness by promoting Col |
synthesis and secretion?'>2'3, These types of approaches perturb the endogenous ECM
composition by artificially increasing individual matrix proteins, sometimes to supraphysiological
levels. Additionally, after ECM deposition, the method of decellularization can impact the
composition and structure of the isolated matrix. Decellularization of tissues and CDMs often
relies on the use of surfactants, such as SDS or Triton-X2'1:213-215 'which strip away a large fraction
of the growth factors, proteoglycans and glycosaminoglycans (GAGs) that are non-covalently
bound to the matrix'®8, thereby significantly changing the relative composition of the ECM that
had been produced. In addition, SDS has been shown to alter the stiffness and structure of
collagens in decellularized tissues?'®. Thus, the susceptibility of CDMs to protocol-specific biases

necessitates the need for careful methodological consideration in comparative matrix studies.

18



1.11 Approach

The role of the cardiac ECM in cardiac physiology and function is relatively unexplored,
particularly as it pertains to the ontogenic shift undertaken by CMs to mature from disorganized,
proliferative, glycolytic cells to efficiently contractile, post-mitotic cells utilizing oxidative
respiration. The following studies aimed to model the age-specific cardiac ECM such that it was
applicable to the study of CM morphology, metabolism and proliferation. To do so, we devised an
improved strategy of CDM production from fetal and adult CFs that did not rely on exogenous
matrix proteins, either as an adhesive substrate or as a culture media supplement, and preserved
age-specific matrix structure. We then profiled the transcriptomic and proteomic composition of
the CDMs by unbiased analyses, enabling the study of CM-ECM interactions in a defined system.
Using this system, we characterized the morphology, contractility, metabolism and proliferation of
cultured CMs in response to age-specific cardiac CDMs, and leveraged our knowledge of the
CDM composition to selectively perturb individual matrix proteins. This enabled the mechanistic
investigation into the functional CM responses to matrix composition in a structurally complex,

tissue-like ECM environment.

These studies demonstrated the application of new and specialized CDM model to the
interrogation of the ECM’s influence over ontogenic cardiac function. Further, it emphasizes the
importance of dissecting matrix biology in tissue- and age-specific contexts, and provides a model

of tissue-specific niches for the interrogation of complex cell-matrix biology.
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Chapter 2. Development of Unbiased Age- and Tissue-Specific Cell-Derived

Matrices

The ECM represents a necessary and highly influential aspect of each tissue-specific niche. Not
only does it maintain structural integrity and morphological context for all cells, it also mediates
signaling that can have profound effects on cell migration, proliferation and metabolism™1:%°_ It is
also a dynamic component of tissue function — its components are not static over time, but
constantly undergoing deposition and remodeling reflective of a tissue’s developmental and
disease state®®*°. These conditions can be hard to define in vivo, and are often inferred from
transcriptomic profiling. However, matrix proteins have incredibly variable half-lives, ranging from
minutes®' to years®?, which are not always reflected by transcript abundance. Proteomic profiling
provides a more accurate depiction of matrix protein content, but relies heavily on dissection of in
vivo tissue and the production of animal strains or pathological/pharmacological models, which
are often hampered by issues of embryonic lethality, loss of structural integrity or confounding

paracrine signaling®e.

We aimed to model the cardiac ECM in vitro to facilitate investigation of matrix chemical and
structural properties at multiple developmental stages, and their influence on CM behavior. CMs
undergo incredibly drastic shifts in almost all cell functions, including morphology, proliferation,
metabolism, force production, regeneration and disease progression®'7218_ The ECM has been
implicated in several of these processes from studies of tissue-derived matrix'%2178.183 pyt is, thus

far, relatively understudied.

To model the cardiac ECM, we produced CDMs via culture of primary CFs, which synthesize and
organize the majority of the ECM in the heart'”". CDMs require successful matrix production and
adhesion through decellularization and, to our knowledge, there were no pre-existing protocols

for cardiac-specific CDMs. Additionally, in order to faithfully recapitulate fetal and adult matrices
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and preserve the differences between them, we sought to avoid any methodology that would
introduce compositional bias, such as the addition of L-ascorbic acid to promote matrix thickness
specifically by collagen deposition?'22'3 or the pre-coating of tissue culture surfaces with gelatin
or fibronectin and the artificial crosslinking process to which they are often subjected?'213214,
Here, we present the development, optimization and characterization of in vitro cardiac CDMs
derived from fetal and adult, mouse and human fibroblasts for the in vitro study of niche-specific

cardiac ECM.

2.1 L-polydopamine

During optimization of the CDM production, each cell type was seeded at confluence and cultured
for 10 days prior to decellularization. For the optimization phase of CDM retention testing, mouse
embryonic fibroblasts (MEFs) were used, because of their ability to grow quickly and to high
passage number. Initial attempts to decellularize CDMs cultured on tissue culture plastic (TCP)
without any prior matrix coating invariable lead to matrix detachment, as the cells would respond
to the initial steps of the decellularization process by contracting with enough force to detach the
matrix from the plate (Fig. 2.1A). During subsequent efforts to optimize other aspects of the CDM
decellularization, fibroblasts were cultured on gelatin-coated TCP, without any crosslinking.
Though this enabled matrix retention through a salt-based decellularization'® (Fig. 2.1B), CDMs
still detached an appreciable amount of the time (estimated 30-50%), particularly on glass,

necessitating better methods to anchor the matrix.
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Fig. 2.1 CDM detachment. A) Detached layer of mouse embryonic fibroblasts (MEFs) in a 24 well
plate during de-cellularization. B) Decellularization of MEFs on uncoated tissue culture plastic
(TCP) and Gelatin-coated TCP.

L-polydopamine (dopa) is an inert biomolecule containing both catechol and amine functional
groups which, together, promote adhesion on a wide spectrum of materials?'’-2", This
functionality was discovered in the lab of a collaborator, Phil Messersmith, but had not yet applied
to living cells. With the help of the Messersmith lab, we explored whether dopa-coated TCP could
sustain cultured cells and promote matrix retention during decellularization. Dopa was solubilized
in a solution of 100mM Bicine, pH 8.5 (a pH typical of marine environments?'®), added to standard
plastic tissue culture plates at volumes sufficient to cover the wells, and incubated at room
temperature (RT) overnight with agitation. Well were then washed sufficiently with deionized water
(dH20), allowed to dry, and sterilized by UV for 30 minutes (for more detail, see Ch. 2 Materials
and Methods). Dopa solutions are initially clear, but quickly oxidize and turn a dark brown (Fig.

2.2A left), and high concentrations leave a residue on the TCP (Fig. 2.2A left, 2.2B).

22



A concentration (mg/ml) concentration (mg/ml)
2 1 05 02 010050025 0 2 1 05 02 010050025 0

dopareadue'

01 005 0025 0

100um

dop' residue
Fig. 2.2 L-polydopamine concentration curve. A) L-polydopamine solution (left) during plate
coating oxidizes to form a concentration-dependent brown color. After washing, a residue is

visibly left by high concentrations of dopa (right). B) L-polydopamine residue post-coating
observed at high magnification.

In the context of CDM production, dopa coatings at multiple concentrations were tested for their
abilty to support cell culture and retain ECM during decellularization with gentle, detergent-free
salt-based methodology that relied on cycles of hypotonic bursting'® (Fig. 2.3A). MEFs cultured
easily and deposited matrix on dopa coatings of all concentrations. However, at dopa
concentrations of 0.2mg/ml and below, matrix layers would become untethered at various
positions — largely the edges, where cells likely exhibit anisotropic strain — and would detach. The
matrix layers would then ‘crumple’ together, as a rubber band snapping, and would result in sheets
of matrix with low tension loosely floating in the media. The higher concentrations tested — 2, 1
and 0.5 mg/ml — all retained CDMs produced on TCP through decellularization in fully-attached

layers. Repeating this experiment with MEFs cultured on glass surfaces yielded similar results
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(Fig. 2.3B). There were other substrates under investigation for adhesive properties by the
Messersmith lab (tannic acid, pyrogallol, galic acid), that we tested for the retention of CDMs, but

at the tested doses of 1 and 2 mg/ml, they were unable to retain CDMs (Fig. 2.3C).
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Fig. 2.3 CDM adhesion of culture surfaces and adhesive polymers. Fixed and decellularized MEF-
derived CDMs on A) dopa-coated TCP and B) dopa-coated glass, and C) multiple adhesive
polymers coating TCP.

The dopa concentration of 2mg/ml was selected for all future studies, because it maintained CDM
adherence and initial testing indicated it left fewer dopa particulates on the tissue culture surface.
The dopa particulates left behind were very dark and absorbed light during fluoresent imaging.

As a result, images on dopa-coated plates were sometimes dimmer than on uncoated-plates, and
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high magnification microscopy often included regions obscured by dopa preventing light
transmission. Additionally, although the use of the salt-based decellularization method was used
as a standard throughout all future studies, 2mg/ml dopa did retain matrices throughout classical

detergent based decellularizations withTriton X-100- and SDS- as well??°.

2.2 Macromolecular Crowders

An existing method to enhance matrix production without ascorbic acid is the introduction of
macromolecular crowders (MMCs) into the culture media of stromal cells??'-225, MMCs provide
steric and electrostatic hinderance to other molecules within a solution, thereby lowering the
effective volume and increasing the effective concentration of all solutes. Along with the increase
in perceived concentration, MMCs are also believed to reinforce the proximity of solutes (such as
secreted growth factors or matrix proteins) to the cell membrane, as opposed to their typical
diffusion through the full height of the culture media. This enhances signaling driven from
molecules in solution, as well as an incorporation of secreted matrix proteins into the deposited
and organized ECM. The primary MMCs investigated have been 37.5mg/ml 70 kDa Ficoll (Ficoll
70) and 25mg/ml 400kDa Ficoll (Ficoll 400), or a combination of both, 0.1mg/ml 500kDa dextran
sulfate, and 0.1mg/ml 200 kDa polysodium-4-styrene sulfonate (polystyrene)??'-2%, Some
sources have indicated that negatively charged MMCs have an advantageous effect on matrix
deposition???; of these, dextran is negatively charged and Ficoll and polystyrene are neutral. The
efficacy of these molecules as MMCs have been primarily investigated in fibroblasts of different
origins??1222.224.226 gnd mesenchymal stem cells??2223225 the latter of which are poorly defined but
are potentially multipotent and often osteogenic, and largely in the presence of serum.
Additionally, only minimal matrix parameters have been explored as a consequence of MMCs,

and are typically limited to the presence/amount of collagens??'-22%, fibronectin??'-224, GAGs?2422°,
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and cell alignment??3, although some more recent studies have expanded to rheology, Raman

spectroscopy and MMP quantification??’.

Dextran, polystyrene, and mixed Ficoll 70/Ficoll 400 were first tested on isolate primary murine
CFs at the concentrations listed above (Fig. 2.4A). After 10 days of culture, cultures were fixed
and immunolabeled for FN (green). Both dextran and polystyrene exhibited cytotoxicity at the
doses tested, and although this may be addressed via dose testing and optimization, they were
not pursued further. The Ficoll mixture (Ficoll 70/400), however, did promote a visible increase in
FN deposition without evident cytotoxicity. Testing on human adult CFs also revealed comparable
results of cytotoxicity with polystyrene and dextran MMCs, and good matrix coverage with the

addition of Ficoll (Fig. 2.4B).

A Untreated Polystyrene Dextran Ficoll 70/400

Hoechst
Actin
Fibronectin

500 pm

B Untreated Polystyrene

Dextran Ficoll 70/400

Hoechst
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100 pm

Figure 2.4 Matrix production with MMCs. Immunolabeling of adult (A) murine CFs (B) human CFs
cultured for 10 days with MMCs. Fibronectin (green), actin (red) and nuclei (Hoechst, blue).

Thus, Ficoll 70/400 was established to be the only MMC tested capable of promoting matrix
deposition without cytotoxicity, and has been commonly used in the field of matrix biology. For
these reasons, Ficoll 70/400 was used as the MMC in all future studies. In combination with the
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dopa pre-coating, Ficoll 70/400 enabled the production of thicker CDMs that were retained
through decellularization (Fig. 2.5A). The method to produce CDMs was then standardized as

follows, and is summarized in Figure 2.5B:

1) Coat tissue culture surface in 2mg/ml dopa in 100mM Bicine solution, pH 8.5

2) Rinse, dry and UV sterilize plate

3) Seed CFs at confluence and incubate overnight to allow attachment

4) Culture in DMEM + 10% FBS + PenStrep + 37.5mg/ml Ficoll 70 + 25mg/ml Ficoll 400
5) Refresh media with Ficoll 70/400 for 10 days of total culture time

6) Decellularize with 2 rounds of: 2X dH20 rinse, 0.6M KCI (1hr), 1M Kl (1hr)

7) Remove nucleic acids with 50U/ml DNase |

8) Store overnight at 4°C in PBS™*) + PenStrep + 1ul/ml Fungizone

9) Rinse 2X PBS

10) Seed subsequent cells (CMs) for testing, or fix in 4% paraformaldehyde for analysis
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Fig. 2.5 Overview of CDM methodology. A) Successful isolation of CDMs with dopa and MMCs,
visualized via fibronectin (green), actin (red) and DNA (Hoechst, blue). B) Summary of CDM
production.
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2.3 Impact of Ficoll as a Macromolecular Crowder on CFs and CDMs

Despite Ficoll’s ability to promote CDM thickness and coverage, it was unknown what potential
influence this MMC may have on CFs biology and resulting CDMs. To address this, we
investigated a number of pertinent parameters. Ficoll molecules are small enough to be
endocytosed, thus raising concerns about their impact on cellular function during CDM production.
Examination by Zeigler, et al. observed only a minor uptake of Ficoll 70 and Ficoll 400 by MSCs,
and that Ficoll molecules were retained within vesicles and not released to into the cytoplasm??3,
thus remaining restricted from cellular processes. They further hypothesize that the cytoplasm is
already so crowded, that the influx of Ficoll will not change intracellular pressure or density. To
leverage these observations, we approached the question of whether molecules taken up by CFs
would remain in the CDMs post-decellularization. Ficoll diameters are reported to be 4-14nm,
which we modeled with the addition of 20nm fluorescent polystyrene beads (FluoSpheres
Carboxylate-Modified ~ Microspheres)  to 20nm beads Actin Nuclei

murine CF culture. While the beads were . .

clearly taken up by CF (Fig. 2.6), all traces of

Composite

fluorescent beads were removed with salt-

based decellularization methods used
throughout this thesis. Though this method of

modeling Ficoll with polystyrene beads is not

Beads

without caveats — largely the difference in

charge, and the branched nature of Ficoll

Cells Decellularized

molecules, as opposed to uniform beads — it Fig. 2.6 CF uptake of 20nm FluoroSpheres.

Beads cultured with murine CFs are
internalized during culture, but removed
during decellularization.

demonstrates that molecules endocytosed by

CFs will be removed during decellularization,
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and not directly impact any subsequently cultured cells.

The addition of MMC has also been observed to promote stromal proliferation and cytoskeletal
arrangement??®, This corresponded with our visual observations that CFs cultured with MMC
tended to adopt thin, tightly packed and aligned orientations, particularly human CFs. We
ultimately adopted human CFs as the primary source of CDM models, to allow insight into human
cardiac ECM, and unless noted, all following analysis was performed on human CFs and CDMs.
Temporal imaging enabled us to track alignment of human CFs during the course of CDM
production, as well as the alignment of the resulting CDMs, in fixed regions (Fig. 2.7). Though
human CFs did exhibit some degree of alignment during prolonged culture, the presence of MMC
in the culture media did promote further cellular alignment (Fig. 2.7A) and consequently the
alignment of the resulting CDMs (Fig. 2.7B), as determined by orientational analysis of fibronectin

(FN) fibrils using the Orientation J plugin??® in FIJI image analysis software.

A Day 1 Day 5 Day 10 B

J

Fig. 2.7 Influence of Ficoll as an MMC on cell and CDM alignment. (A) Temporal imaging of adult
human CFs during culture. (B) Alignment of fibronectin (FN) fibrils in CDMs, visualized by FN
immunolabeling and assigned colorimetric values of alignment.

CDM

- MMC
- MMC

+ MMC

+ MMC

Legend

29



We also quantified the amount of matrix present post-decellularization with the addition of MMC.
As standard BCA assays to quantify protein are noted for their inability to detect collagens, total
matrix quantity was inferred from the dry weight of CDMs that had been scraped off the tissue
culture surface and dried in a speed vacuum for equivalents amounts of time. MMC did, indeed,
induce an increase in matrix production that was retained throughout the decellularization process
by roughly 50% (Fig. 2.8A). Additionally, matrix thickness was assessed via optical sectioning of
immunolabeled FN in CDMs post-decellularization. CDMs produced with MMC ranged from 5-
10um thick when assayed on glass (Fig. 2.8B). However, this was thinner than we’d previously
observed in samples, and relative to published results from other labs. Though optical sectioning
required the clarity achieved from confocal microscopy and, thus, a glass culture surface, we did
approximate thickness with comparable optical sectioning of CDMs produced on TCP (Fig. 2.8C).

CDMs produced on plastic ranged from 10-15um, though were observed up to 25um.

A Protein Weight B Glass C Tissue Culture Plastic
v s g1s
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ug total - MMC + MMC

-MMC + MMC

Fig. 2.8 Influence of Ficoll as an MMC on ECM quantity produced by adult human CFs. (A) Protein
dry weight yielded from CDMs. (B-C) Reconstructed view of CDM thickness via optical sectioning
of immunolabeled FN after production on (B) glass and (C) TCP.

The CDM thickness is relevant because there must be sufficient matrix to separate any
subsequently cultured cells from the tissue culture surface, which has an incredibly high Young'’s
Modulus that far exceeds physiological range and can have detrimental impacts on cell
function??®, and represents an artificially flat environment. Some estimates suggest that cells
require only ~5-6um of matrix to behave as if they are in a 3D-like state, as interpreted by

rearrangement of integrin and paxillin presentation and colocalization'®”, and that neither

30



comparably thick matrices composed of single proteins, nor “2D” complex matrix coatings, which
are closer to 1.5um, are sufficient to promote “3D-like” integrin and paxillin colocalization'. These
matrices produced on dopa coated plates and in the presence of Ficoll as an MMC, thus, reach
the thickness required to support 3D-like interactions with the ECM, particular when CDMs are

produced on TCP.

With the observed increase in matrix quantity with MMC, it became important to determine the
extent of deviation in CDM composition with MMC. This had been minimally explored??'-225, with
the observation that Ficoll, specifically, increases Matrix Metalloproteinase 2 (MMP2), but CDM
composition had not yet been defined via unbiased methods. To do this, we subjected CDMs
produced with and without MMC to unbiased proteomic analysis by liquid chromatography with
tandem mass spectrometry (MS) and subsequent Intensity Based Absolute Quantification
(IBAQ)?° analysis and comparative analyses with statistical assessment using the MSstats?*'. To
solubilize CDMs, methods established for the solubilization of native cardiac tissue ECM were
adapted®?, and roughly equal fractions (volumetrically) of the -/+ MMC adult human CDM
samples were prepared for MS. Extracellular matrix and matrix-associated proteins were filtered
via reference to the annotated Matrisome Project?*®. The most commonly detected non-matrix
proteins were cytoskeletal proteins and histones, as previously demonstrated?34. Linear
regression analysis of protein abundance in these samples revealed a Pearson’s correlation
coefficient of R? = 0.96 between the two conditions (Fig. 2.9) indicating that MMC did not
drastically alter the native matrix composition. FN, the foundational matrix protein required for
binding and organization of many other matrix proteins?*>2%, was the most abundant protein
identified in CDMs, and was present at the same proportion regardless of the presence of MMCs,
as was the basement membrane protein Collagen IV, alpha chain 1. Very few of the proteins
detected deviated from the line of correlation, regardless of protein function. Interestingly,

however, Col | and MMP2 were increased three-to-five fold with the addition of MMC, and may
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reflect the more active remodeling required to produce thicker CDMs. Additionally, many of the
proteins that deviated from the correlation are small secreted factors and ECM remodeling
molecules (MMP2, S100A7, IL-1B, etc.) which fluctuate throughout time and are bound to the
ECM more loosely than the bundled foundational matrix proteins, such as FN, collagens and
laminins, many of which are present at or near the line of best fit.
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Fig. 2.9 Intensity Based Absolute Quantification (IBAQ) of adult human CDM proteins produced
with and without MMC. Data was subjected to linear regression analysis, with line of best fit Y=
1.08X, Pearson’s coefficient R? = 0.96.

Together, these analyses demonstrate that while MMC can increase the thickness and
abundance of matrix and matrix-associated proteins, the majority of the matrix composition
remains unaltered. Thus, the combination of dopa pre-coating and Ficoll as an MMC enabled the
production of CDMs without exogenous matrix factors, and provided a platform for unbiased

comparative studies of matrix biology.
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2.4 Species-specific CF Characteristics

The characterization and optimization of cardiac CDMs was done with both murine and human
CFs from both fetal and adult ages. In mice, these ages were standardized to E13.5-14.5 and
8wk old mice, respectively. Though each ontogenic cell stage has unique characteristics, the most
stark morphological differences were observed between mouse and human CFs, and there are a
number of potential sources for those discrepancies. Mouse CFs were smaller than human CFs,
though both species exhibited slightly larger adult CFs, relative to fetal CFs. Additionally, mouse
CFs were more circular but irregularly shaped, relative to human CFs, which were thin and
elongated (Fig. 2.10A). Additionally, mouse and human CFs yielded CDMs with unique structural
organizations (Fig. 2.10B), because the matrix deposited surrounds the cells, and that

morphological structure is retained post-decellularization.

A

Cells

CDMs

100 pm

Collagen |

Fig. 2.10 Species-specific CF and CDM organization. Morphological differences between mouse
and human A) CFs and B) CDMs, detected by brightfield imaging and fluorescent imaging of Col
| (red), respectively.
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There was also heterogeneity observed within mouse CF populations, whereas human CFs were
very consistent, within each age. Of the several potential reasons for these differences, most are
likely due to the fact that all murine CFs were isolated in-house and human CFs were all
purchased commercially from Cell Applications. Mouse CF isolations were performed by letting
minced fetal and adult heart tissue from CD1 mice onto uncoated tissue culture plates and
selecting CFs via the preferential adhesion and outgrowth method?®”, wherein fibroblasts are the
best equipped cell type to adhere to uncoated TCP and migrate out of the tissue, producing
colonies. This was a very robust method with fetal murine hearts, but inconsistent with adult
hearts. The source of the variability with adult tissue was never determined, but likely due to the
handling of the minced tissue. All mouse CFs were maintained in DMEM + 10% fetal bovine serum
(FBS). Particularly in fetal mouse CFs, morphological heterogeneity indicated the presence of a
non-cardiomyocyte (CM) cell type, because CMs are not migratory and no beating cells were
observed after the first passage of isolated cells. Instead, the primary observed cell types were
1) flat with irregular shapes (likely CFs), 2) raised, more ‘cobblestone’-like (likely endothelial cells,
ECs) and 3) very small rounded cells that adhered to the surface of the culture (possibly immune
cells). All 3 cell types propagated and expanded in colonies with each passage. Fetal mouse CFs
were also isolated through enzymatic digestion of fetal hearts with collagenase and pancreatin,
as a byproduct of fetal CM isolations, and this method also had visible morphological variability

among cells (Fig. 2.11).

Outgrowth _ Isolation

Fig. 2.11 CF cultures by isolation method. E14.5 fetal mouse CFs cultured isolated by preferential
adhesion and outgrowth for 7 days (left) and from enzymatic digestion (right).
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The presence of contaminating cell types, as well the prevalence of the preferential adhesion and
outgrowth method of CF isolation, are derived from the fact that fibroblasts are a heterogeneous
population?3¢2% and surface markers for stromal cells are both poorly defined and unreliable.
CFs originate from multiple progenitor sources, and attempts to label them depend on these
origins?*® or their identity as matrix-producing cells®*'. Neither of these strategies have yet been
able to successfully identify all CFs with within a heart, particularly across developmental
timelines. Additionally, though there have been many attempts to identify surface markers for the
isolation of stromal cells in general, and CFs in particular, many of these markers are not pan-
stromal identifiers?42243, or even specific to 67170.191.238 ' gand many surface markers are lost after
even short term culture ex vivo. As such, the primary method of identifying isolated CFs without

genetic tracing has been by the exclusion of other cell types.

We initially addressed the heterogeneity by quantifying the presence of CD31+ ECs in the fetal
mouse CF cultures by flow cytometry (Fig. 2.12A), followed by microscopy (Fig. 2.12B). Flow
cytometry detected mild increase in CD31+ signal in a subset of cells — more so in CFs isolated
by outgrowth than by enzymatic digestion — but the intensity did not match that of the CD31+
signal observed in freshly isolated CD31+ cells. However, it is common for membrane receptors
to dissipate after some time in culture, and so these results were inconclusive. We further
attempted to quantify ECs by labeling them with a FITC-conjugated anti-lectin antibody, which
detected lectins primary secreted by ECs. Lectin+ cells were detected in both cultures at very low
levels, suggesting that while ECs were present in both cultures, they did not make up a significant

amount of the non-CF contamination in either.
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Fig. 2.12 Endothelial cell presence in fetal mouse CF cultures. A) Flow cytometric analysis of
E14.5 fetal mouse CF cultures and freshly isolated fetal mouse cardiac cells immunolabeled for
CD31. GFP is genetically encoded by a cardiomyocyte-specific aMHC promoter, and is detected
in a negative (left) auto-fluorescent (middle) and positive (right) population. B) Fluorescent
microscopy mouse CFs isolated by enzymatic digestion and outgrowth methods. Endothelial cells
are labeled with anti-lectin:FITC (green) and DNA is labeled with Hoechst (blue).

Human CFs were obtained from Cell Applications from fetal (18 weeks of gestation) and adult
(50-52 years) male donors and cultured in proprietary media (#316K-500, Cell Applications).
Details about the isolation method and passage number prior to purchase are unknown, and may
contribute to the differences observed between mouse and human CF cultures. The long, thin
morphology of these CFs is often associated with myoactivation, in which CFs activate expression
of aSMA and Col |, and become contractile. Myoactivation can be triggered by stress, as well as
culture on stiff surfaces. aSMA was abundantly detectable in both fetal and adult human CFs
when they reached confluence (Fig. 2.13), though notably higher in fetal CFs. Mouse CFs were
not assessed for aSMA, although morphology is an indicator that they were not as activated as
human CFs, and that human CFs were highly activated during CDM production. As both mouse
and human CFs were cultured on TCP, there are likely additional factors impacting the activation

state of human CFs. Although this is a caveat to our studies with human CFs, myoactivation is
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the typical response of CFs to cardiac injury and hypertrophy'®, thus indicating that their use
enables ex vivo study of human, disease-state CFs and ECM, which are otherwise very difficult

to obtain.

aSMA Actin Composite

Fetal

- - -

Fig. 2.13 Activation of human CFs. Fluorescent labeling of a-smooth muscle actin (aSMA, green),
actin (red) and DNA (Hoechst, blue) in age-specific CFs

1SU280H

Pharmacological agents have been identified to counteract the activation of fibroblasts?3®244,
largely for use in the treatment of clinical fibrosis. Both nintedanib and GLPG1690 were tested,
alone and in combination. 1uM nintedanib alone was enough to significantly reduce aSMA (Fig.
2.14A), though the addition of 3uM GLPG1690 further reduced aSMA levels. Additionally,
collagen deposition as detected by a picrosirius red stain was dramatically reduced in CFs
cultured with nintedanib treatment during CDM production (Fig. 2.14B). However, the total matrix
deposition was observed to be minimal in nintedanib- and nintedanib+GLPG1690-treated sample,
such that no glossy matrix layers were present. Upon testing, these treated CDMs did not reliably
withstand the gentle decellularization process, making them unsuitable for high-throughput

modeling of the ECM.
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Fig. 2.14 Reversal of CF activation by nintedanib. Human CF culture for 10 days in the presence

MMCs and DMSO or 1uM nintedanib. A) Immunolabeling of aSMA (red) B) Picrosirius red staining
to detect collagen accumulation.

To normalize culture conditions, seeding densities between CF of different species were first
normalized to reach confluence on day 1. This was determined empirically as 50K and 40K/cm?
for fetal and adult mouse CFs, respectively, and 55 and 50K for fetal and adult human CFs,
respectively. The differences in fetal and adult CF densities were dictated by their differences in
cell size, but the differences between mouse and human CFs were derived from observed
differences in packing densities —i.e., long, thin human CFs packed more tightly than the rounder
mouse CFs (Fig. 2.10). These differences are attributable to the myoactivation observed in

human CFs?%, and likely had consequences on the composition on the CDMs produced.

To determine species-specific compositional characteristics, IBAQ analysis was also performed

on adult mouse and human CDMs subjected to MS (Fig. 2.15). Analysis was limited to proteins
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detected in both mouse and human CDMs for which there was shared homology or clear analogs
between species. Mouse and human CDMs had a poor correlation (Pearson’s coefficient R? =
0.36), although FN was the one of the most abundant proteins in both, especially relative to other
foundational matrix proteins, and well fitted to the line of correlation. This abundance of FN
became a hallmark of CDMs in our hands, and became a very reliable marker for ECM
visualization and normalization. Additionally, fibroblast specific protein 1 (FSP1/S100A4) was the
highly enriched in mouse but not human CDMs. Despite the misnomer, this protein is strongly
associated with immune cells'®"173 suggesting that the contaminating cell types in isolated mouse

CFs may originate from the immune system.

Surprisingly, and inconsistent with the expectation of increased myoactivation in human CFs,
Collagen | a1 was 2-fold higher in mouse CDMs than human CDMs. Col1 a2 and canonical
collagen crosslinkers lysyloxidase (LOX) and lysyloxidase-like 1 (LOXL1) were similarly increased
in mouse CDMs. However, the crosslinking protein transglutaminase 2 (TGM2) was increased in
the human CDM, as were the hydrolyzing procollagen-lysine,2-oxoglutarate 5-dioxygenase
(PLOD) 1 and 2, which serve to stabilize collagen secondary structure, and connective tissue
growth factor (CTGF), which is canonically associated with fibrosis. This indicates that detection
of collagen | and LOX at the proteomic level may not reliably demonstrate differences in CF
activation, but that indicators of collagen hydrolysis and the fibrosis-associated CTGF are better

markers of myoactivation in this culture system.
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Fig. 2.15 IBAQ analysis of proteins in adult mouse and human CDMs. Data was subjected to
linear regression analysis, with line of best fit Y= 0.15X, Pearson’s coefficient R? = 0.36.

2.5 Influence of Culture Media on CDM Production

Standard CDM protocol, for both mouse and human CFs, was to culture in DMEM with L-
glutamine + 10% FBS + antibiotics. However, FBS is known to contain matrix components,
including fibronectin?*¢, but also many others. Additionally, there are occasionally needs for xeno-
free culture practices, or the culture of CFs with other cell types that have more define media. For
these reasons, we investigated the influence of media composition on CDM production,
particularly exploring DMEM vs RPMI, and the replacement of serum with the supplement B27,
which is integral to iPSC-CM culture. Human adult CFs were cultured with MMC prior to fixation
and analysis in either DMEM or RPMI basal media with FBS or B27. Additionally, CFs were
cultured in the proprietary CF culture media supplied from Cell Applications, which is used to
passage the human CFs. Although the exact composition of the Cell Applications media is

unknown, it is presumed to have a serum component, though potentially less than the 10% used
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in CDM production. Surface area coverage was quantified at days 5 and 10 of culture (Fig. 2.16A),

and final cell confluencies are shown at day 10 (Fig. 2.16B).

Under standard CDM conditions, the basal media of DMEM and the presence of FBS were
required for confluence and sufficient matrix coverage. The presence of B27 instead of FBS
prevented the alignment of CFs and caused irregular bundling of matrix fibrils. Notably, RPMI and
the Cell Applications media with FBS did not produce confluent CFs or sufficient matrix coverage
at day 10, although that is because the cells condensed and contracted, dislodging the matrix.
This is likely due to the higher cell confluence and/or collagen production observed by day 5, than
in the DMEM + FBS media. In those conditions, the matrix detected at day 10 is the result of the
remaining CFs that remained and produced additional ECM. With optimization, it may be possible
to replace FBS with B27, particularly if there is a need to disrupt the cellular and matrix alignment.
However, it is likely that the matrix composition produced in medias containing either FBS or B27
would differ, and these differences would need to be quantified to interpret results of any

comparative experiments.
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Fig. 2.16 Human CF confluence and coverage cultured with MMCs in various media conditions.
A) Quantification of surface area coverage by cells and matrix proteins during culture. B)
Visualization of CF cultures at day 10. CFs (Cell Mask, red), fibronectin (green) and collagen |

(purple).
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2.6 Preservation of CDMs

Our CDM methodology standardized CDM storage overnight at 4°C in PBS** with antibiotics and
antifungals, and any subsequent cell seeding was performed the next day. However, there are
advantages to long-term storage, particularly for the ability to streamline batch processing and

quality control. We investigated two major storage strategies: lyophilization and freezing.

Lyophilization sublimates the liquid in samples, preserving their composition and, ideally,
structure. Lyophilization had been successfully demonstrated to preserve ECM, and on
substances in multi-well plates®7-28, but never in combination. Freezing, however, samples
carries the risk of damaging ultrastructure with ice crystal formation?*®. To test these conditions,
we cultured mouse CFs isolated from 3-week-old mice, cultured for 10 days with MMCs.
Decellularized matrices were processed in one of the following ways: 1) stored overnight at 4°C,
per the standard protocol, 2) snap-frozen and stored at -80°C overnight, or 3) snap-frozen and
lyophilized overnight in a tray lyophilizer and rehydrated in dH20 for 2 hours. Snap freezing was
performed on parafiimed plates with PBS in all CDM wells. Dry ice was placed into a shallow
Styrofoam container and covered with 100% ethanol. The plate was then submerged roughly 1cm
into the ethanol. The edges of the wells were observed to freeze first, which caused the liquid to
pulled to the edges, and 500ul was determined to be sufficient to maintain coverage of the whole
well through freezing. Freezing required 2 minutes of submersion in ethanol. Freezing was also
tested in plates containing no liquid (dry), and in 1:1 PBS:glycerol, as a possible method to
supercool the wells without freezing. However, ice crystals were observed in the PBS:glycerol
solution after ~1 minute, and the liquid did eventually freeze. CDMs subjected to these
preservation techniques were then fixed and immunolabeled with FN to evaluate CDM coverage,
as were fixed CFs from the same experiment as a reference (Fig. 2.17). Imaging of these CDMs
revealed that Iyophilization introduced cracking in the matrix topology (Fig. 2.17A), which is

presumably due to the strain put on the matrix/dopa adhesions from the dehydration and
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subsequent contraction of the matrices. However, freezing CDMs induced to matrix coverage or
structure, expect when frozen dry (Fig. 2.17A). Freezing dry CDMs diminished the
immunolabeling intensity of FN, likely indicating some compaction, or destruction of the FN
structure or epitopes required for antibody binding. Estimates of cracking in lyophilized plates
performed by creating channel masks in FIJI indicated that lyophilized CDMs had 16.5%
uncovered surface, as opposed to the 0.00008% observed in CDMs frozen with PBS (Fig. 2.17B).
The presence of GAGs were also investigated via staining with alcian blue, pH 2.5 (Fig. 2.17C),
which detects sulfated GAGs and some hyaluronic acid, which is unsulfated. While GAGs were
present in fixed CF cultures and only minimally detected in fixed CDMs, there was no overt loss

of GAG presence with any preservation methods other than freezing plates dry.

Lyophilization was subsequently tried with a mixture of dH-0 and either 250mM trehalose®*° or
50% glycerol covering the CDMs. However, the trehalose did not prevent cracking, and the
glycerol was not able to be sublimated and therefore prevented lyophilization. Cardiomyocytes
were still able to adhere to CDMs post-preservation, both with lyophilization and freezing, but
primary embryonic mouse CMs did adhere to the TCP in between regions of cracked CDM in
lyophilized plates, therefore disrupting the influence of CDMs over the entirety of the seeded cell
population. After these trials, lyophilization was deemed an unsuitable method for CDM
preservation in multi-well plates, and while freezing CDMs remained a potential option for long-
term preservation, it was not explored further. CDMs were routinely stored at 4°C in the presence
of antibiotics and antifungals for one night and then utilized for subsequent seeding studies the
next day. This is a more stringent protocol that used by some labs — many of which routinely store
their CDM plates at 4°C for up to 2 weeks (word of mouth) — but we adhered to the maximum

storage time of 1 day to minimize variability in downstream assays.
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Fig. 2.17 Methods of CDM preservation. A) Matrix presence, visualized via fibronectin (green), in
CFs and CDMs after overnight preservation. B) Summary of CDM production. Matrix coverage,
labeled by fibronectin (green), Col IV (green) and laminin (red), and masked in FIJI. Percentages

represent estimated coverage. C) Glycosaminoglycans (GAGs) labeled by alcian blue, pH 2.5
after various preservation techniques. PBS:glyc., 1:1 PBS:glycerol solution.

2.7 Selective Inhibition of Matrix Proteins

A key advantage of CDMs to model the extracellular matrix is that they are amenable to a wide
range of perturbations. However, creating stable genetic modifications in isolated primary cells is
compromised by the limited passage number. Thus, we sought to determine whether we could

alter matrix composition by inhibiting the production of individual matrix proteins with siRNA-based
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silencing. The challenge of this approach is that without genetic integration, transfections are
transient. Additionally, CDMs contain the culmination of all proteins expressed and incorporated
over the full culture duration, which indicates that intermittent failure to inhibit protein expression
may result in protein accumulation in the CDMs. The efficiency and duration of siRNA-mediated
silencing was optimized using an siRNA targeting FN, the most abundant protein in CDMs. Mouse
CFs were transfected with either no siRNA, a non-targeting control, or a cocktail of 4 anti-FN
siRNAs. The anti-FN siRNA was able to fully suppress FN transcripts by 48 hours post
transfection, and suppression was waning but still >50% effective at 72 hours post transfection
(Fig. 2.18A). However, the non-targeting siRNA alone had inconsistent effects on FN mRNA
levels, first inhibiting and then enhancing expression at 48 and 72 hours, respectively. When
tested under CDM conditions, siRNAs were transfected on days 1 and 4 of culture, and CFs were
assessed for FN at the mRNA and protein level on day 7, to capture mid-CDM production
dynamics. Although FN transcripts were 60% suppressed after 2 sequential transfections (Fig.
2.18B), the minimal presence of detectable FN protein (Fig. 2.18C) indicates that incomplete
transcript inhibition is still capable of reducing protein levels dramatically. Additionally, despite the
4-fold increase in FN transcript resulting from the non-targeting siRNA control, protein abundance
was not dramatically increased. Together, these data indicate that sequential transient
transfections of siRNAs, delivered 3 days apart, are sufficient to prevent the majority of protein
accumulation in CDMs, despite indications that some post-transcriptional regulation of FN dictates
its abundance. Additionally, while inhibition of FN transcripts successfully prevented the
accumulation of cellular FN after 10 days of culture, there was still robust detection in CDMs of
FN originating from the serum used to culture the cells (plasma fibronectin, Fig. 2.18D), as
distinguished by conformation-specific antibodies. Though the contribution of factors from serum
will depend on the protein in question, this serves as a demonstration that culture in the presence

of FBS may both contribute to, and confound, in vitro studies of the ECM.
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Fig. 2.18 Inhibition of FN by siRNA. Quantified FN mRNA A) 2- and 3-days post siRNA
transfection, and B) after 7 days of CDM production. C) FN protein (green) was detected by
immunolabeling at day 7 of CDM production. D) Both cell-derived FN (green) and serum-derived
FN (plasma fibronectin, red), were detected after 10 days of CDM production by immunolabeling.

2.8 Human iPSC-CFs

Alternate approaches to creating human cardiac CDMs involve deriving cardiac fibroblasts from
induced pluripotent stem cells (iPSCs)?'2%2, Not only does this circumvent the issues of
accessibility and variability among CFs isolated from primary tissues, but it enables isogenic
comparisons between CFs and other iPSC-derived cell types as well as permanent genetic or
transgenic modifications. Though CFs from multiple origins may produce distinct ECM, many in
the myocardium are transdifferentiated from epicardial and endocardial origins'®’, which are
derived from the second heart field?%32%*. Our lab primarily utilized the differentiation method that
produced CFs via second heart field progenitors?®'. However, it was unknown whether these
iPSC-CFs would form robust CDMs. Relative to primary human CFs, iPSC-CFs retained
indicators of their cardiac lineage better (TCF21, GATA4), and expressed lower levels of genes

associated with myoactivation (POSTN, ACTA2) (Fig. 2.19A), and inflammation (IL6, CXCL6)
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(Fig. 2.19B). Additionally, while iPSC-CFs expressed comparable levels of collagens, they did
not produce as much FN, LAMA1 or MMPs (Fig. 2.19C), which are essential for matrix adhesion
and remodeling.
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Fig. 2.19 Comparative gene expression of human iPSC-CFs and primary fetal and adult human
CFs. A) Genes specific to cardiac fibroblasts. B) Fibrosis-and inflammation-associated genes. C)
Genes involved in ECM production and remodeling.

In addition to deviations in the transcript signatures associated with primary CFs, iPSC-CFs
seeded at confluence failed to adequately spread over the culture surface, even after 14 days of

culture the presence of MMCs, and this could not be overcome by increasing the seeding density
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to super-confluent levels (Fig. 2.20). To promote cell growth and matrix deposition, we tested a
variety of parameters involving culturing at super-confluent densities and introducing factors
known to promote proliferation (retinoic acid), collagen deposition (ascorbic acid, bFGF, FGF18),
fibrotic responses (TGFpB, lipopolysaccharide (LPS), CHIR99021 (Wnt agonist)), and MMP
inhibition (ONO-4817). All factors were added in addition to Ficoll 70/400 for 14 days, prior to
CDM decellularization (Fig. 2.21). Factors that notably improved CDM coverage were TGFf,
ascorbic acid and ONO-4817, which selectively targets MMP-12, MMP-2, MMP-8, MMP-13, MMP-
9, MMP-3 and MMP-7 with K; values are 0.45, 0.73, 1.1, 1.1, 2.1, 42 and 2500 nM, respectively. While
TGFB acts as a positive control for fibrosis?*® and ascorbic acid is known to induce collagen
production and synthesis??*, ONO-4817 is believe to promote matrix deposition and cell spreading
by preventing MMPs from remodeling deposited matrix. When tested in combination, ascorbic
acid and ONO-4817 were able to increase the FN and Col | abundance coverage most effectively,
though still not to the extent that primary CFs did (Fig. 2.22A-B). Similarly, the addition of either
ascorbic acid or ONO-4817 promoted a mild increase in GAGs in CDMs (Fig. 2.22C), as detected
by staining with alcian blue, pH 2.5, but none of these conditions induced GAG retention to the

level observed with primary human fetal and adult CDMs.
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Fig. 2.20 Confluence of human iPSC-CFs cultured at multiple densities for 14 days. Cells are
visualized by an endogenous red fluorescent protein. Uncovered areas are visible as black gaps
between cells.
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Fig. 2.21 Matrix retained in iPSC-CF derived CDMs cultured with MMCs and additional factors.
ECM is visualized by immunolabeling of FN (green) and Col | (red). Conditions that received
DMSO are shaded in grey. LPS, lipopolysaccharide. ONO-4817, MMP inhibitor. CHIR99021, Wnt
agonist.
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Fig. 2.22 Effect of ascorbic acid and/or ONO-4817 on iPSC-CF-derived CDMs. Comparative
measurements in primary fetal and adult human CFs and CDMs are shown. Visualization (A) and
quantification (B) of immunolabeling of FN (green) and Col | (red) in CDMs. C) GAGs retained in
CDMs, detected by alcian blue staining, pH 2.5.

Future efforts with iPSC-CF-derived CDMs utilized the addition of ascorbic acid, solely, in CDM
production, largely because it was already a common and standardized approach within the study
of CDMs, and because the addition of ONO-4817 did not yield significant improvements on CDM
characteristics. However, the evidence that the MMP inhibitor was able to promote matrix
abundance similarly to ascorbic acid, which specifically drives collagen synthesis, is an indicator
of the level of active remodeling the matrix undergoes during CDM production, and may be

relevant to future studies of matrix dynamics performed with CDM models.
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2.9 Troubleshooting

Underconfluence - The success of CDM formation depends on the seeding density of the CFs
during CDM formation (Fig. 2.23). If cells are too sparse, CDMs will be thin and potentially not
reach complete coverage. This is because all ECM remodeling and bundling into fibrils occurs
adjacent to the cells, and gaps between cells will have minimal matrix deposition, if any. These
gaps, then, cause uneven distribution of the tension applied across the CDM, whether from
manual perturbations of the media or from cellular contractility, and increase the number of
‘edges’ where the matrix is more likely to start peeling. Additionally, sparse cells will take longer
to produce as much matrix as dense cells, and after 10 days of culture may only produce thin
CDMs that don’t hold up well to further perturbations. Despite the striking adhesiveness of the
dopa coating, it is possible for the matrix to detach, if enough force or stress is applied, and thin
matrices are especially susceptible to this (Fig. 2.24, middle). The strategy of our CDM
methodology is to seed CFs so that they begin at confluence, and produce as much matrix as
possible right away. Other protocols seed at sub-confluence, or recommend waiting until
confluence is reached before adding MMCs?'3, However, we have observed that CFs seeded on
dopa at sub-confluence will never reach the packing density observed with cells seeded at
confluent densities, with or without MMCs. Whether this is due to contact inhibition that limits cell
expansion, or a failure to migrate/proliferate on dopa, is unknown. However, it underscores the
necessity of optimizing seeding density for each cell type to produce sufficient matrix and robust
CDMs. A starting density of 50K/cm? has been successful for CFs of many origins, but this is

dependent on cell size and matrix production, and must be optimized for each cell type.
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Underconfluent Confluent

Fig. 2.23 Representative brightfield images CFs at subconfluent and confluent densities. Images
shown are from 1 day post-seeding.

Overconfluence — CFs seeded too densely may also not yield functional CDMs, particularly if they
have become myofibroblasts. Particularly because activated myofibroblasts are contractile, they
will exert a considerable amount of force on the matrix, originating from where they are densest
(Fig. 2.24, right). If this force is not evenly distributed, it risks dislodging or even tearing edges of
the matrix. This will often be identifiable as one edge of the matrix bunching or bundling up — this
region will appear very bright under fluorescent microscopy — but still contain loosely
flowing/floating edges when subjected to the flow of media. Variations in tension across the CDM
can also be introduced by raised portions of the culture surfaces, such as in the Seahorse XF
plates which have 3 short posts on the culture surface for the upper plate to rest on, which will

also lead to cell contraction and matrix peeling.

Matrix Peeling — Other than confluency issues, matrix peeling can be caused by a variety of
factors. Drug additions and genetic perturbations to the CFs can increase or decrease their
contractility and matrix production, which will impact CDM formation and integrity. In general, the
peeling of CDMs is indicative of too many cells, or too much ECM or contractility, and peeling will
often occur from one edge to relieve the tension across the rest of the CDM (Fig. 2.24, right).
Conversely, the loss of cells or ECM will result in the sparse matrix that will appear to wash away
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during decellularization. Through the testing of many drugs and siRNA targets, the majority of
detrimental perturbations will result in a destabilization and loss of the CDM, rather than promoting
the matrix abundance or contractility. Matrix loss, then, can be attributable to cell seeding density

or treatment groups, but matrix peeling is almost always due to initial seeding density.

Intact Loss Peeling

Fig. 2.24 Representative brightfield images of CDM loss. CDMs shown are intact (left), exhibiting
loss due to insufficient coverage (middle) or peeling due to contraction (right).

Confirming decellularization — Due to the detergent-free decellularization technique used, some
cell debris is often left behind. Under brightfield illumination, this can appear as if some cell bodies
remain, or that the decellularization was not successful. However, even with some remaining
debris, matrix organization can be clearly imaged, by both fluorescent microscopy and SEM, and
cells seeded onto the CDMs can adhere easily. Prior to decellularization, immunolabeling of
matrix proteins will not yield sharp images, because the cells bodies — and the cytoplasmic matrix
proteins that have not yet been secreted — will refract the fluorescence of surrounding ECM. The

best way to determine whether the decellularization is successful, is by visualization of Col | or
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Col IV. In CDMs, Col | and Col IV are often enriched directly beneath CFs, as a ‘footprint’, and if
the cells are not entirely decellularized Col | between the cell membrane and CDM will remain
and be detected as a cellular shape on matrix fibrils. In general, Col | is detected beneath the FN
layer of CDMSs, and any irregular accumulation of Col | above the FN is indicative of remaining
cell bodies and incomplete decellularization (Fig. 2.25). This can often be addressed by longer
incubations during the decellularization process, which is currently standardized at 1 hour per
solution. Despite the thin nature of CDMs, relative to tissue, decreasing this time has consistently

led to incomplete decellularizations and should be avoided.

Complete Incomplete

Fig. 2.25 Incomplete decellularization of CDMs. ECM is immunolabeled with FN (green) and Col
| (red).

Fibronectin

Collagen |
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Inhibiting matrix proteins — The siRNA-mediated inhibition of individual transcripts does not always
lead to consistent gene and protein suppression. Many matrix proteins are essential for cellular
adherence and, therefore, survival, and cellular processes will promote their expression even in
the presence of targeted siRNAs. In some cases, particularly among collagens (Col |, Col VI),
attempts to knockdown individual components by siRNA caused a compensatory increase in
transcription. This was also observed with other essential genes, such as the nuclear envelope
component Lamin A/C. However, we also observed that even if the transcript level of a given gene
was elevated at the time of analysis, it was still possible for the protein to be largely depleted in

the final CDMs, as was the case when inhibiting Col VI production.

Serum-free media compositions — Although efforts to identify serum-free media for CDM
production did not identify suitable alternatives, there are several avenues left unexplored. There
is at least one commercial source of fibroblasts that use serum-free media (FibroGRO), indicating
that is possible to culture stromal cells without serum. Additionally, discussions with their technical
team alerted us to the fact that fibroblasts cultured without serum ultimate produce more matrix
that those in serum-containing media, likely because they had adopted a senescent phenotype.
This will have a negative impact on the speed and extent of culture expansion, but could be
suitable for CDM production. One key factor in exploring any of these medias further is that CFs
may need to be acclimated to serum-free media prior to CDM production, which was not the case

in our studies.

Contamination — These CDMs were decellularized under non-sterile conditions on the benchtop.
This, generally, had no detrimental effect on the CDM'’s utility for subsequent seeding with
additional cells. We attribute this to the overnight incubation of CDMs with both antibiotics and
antifungals, prior to subsequent seeding. We have seeded CDMs with both freshly isolated mouse
primary CMs and human iPSC-CMs, and though both were seeded in the presence of antibiotics,

we have only observed contamination with primary CMs coming from non-sterile environments.
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When contamination did occur, it was often fungal, and not bacterial. The frequency of
contamination with primary CMs on CDMs did not change when those CDMs were decellularized
in tissue culture hoods with entirely sterile reagents, but did change when antibiotics and
antifungals were included in the first day of CM culture, suggesting that the CDMs were not the

source of contamination.

Alignment — The alignment of CDMs resulting from the activation level of myofibroblasts?*® are
both a feature and a caveat of these CDMs. It may be advantageous for the study of CMs,
particularly because mature CMs are naturally elongated and aligned, and the morphology and
aspect ratio of CMs influences their physiology'?®. However, there is no doubt that matrix
produced by activated myofibroblasts will differ from non-activated fibroblasts, and those

differences must be taken into account when interpreting matricellular interactions.

2.10 Conclusions and Discussion

The use of CDMs to study fundamental principles of cell-matrix interactions is an attractive
approach that has increasingly grown in popularity in recent years?'2213227.257 \Ne applied this
concept to the study of cardiac biology, which represents an incredibly dynamic tissue that
undergoes both cellular and extracellular changes during development, maturation and disease
progression. In particular, the ECM has only recently been implicated in the developmental and
maturation processes that are so crucial for cardiac contractility to meet the metabolic demands
of adult 8258259 \We present, here, an optimized method of cardiac CDM production in which we
sought to address the two major challenges of CDM functionality — adhesion and thickness —
without the introduction of exogenous matrix proteins. Crucial to that process was the use of dopa
as an amine-binding adhesive substrate?'®, which we show, for the first time, to facilitate cellular

and matrix adhesion without adverse effects on cell culture. Additionally, we identified Ficoll as
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the optimal MMC to promote matrix secretion and deposition. In combination with a gentle,
hypotonic decellularization process'®®, we aimed to capture matrix composition and structure with
the most fidelity possible to native cell-produced ECM. This process successfully produced CDMs
over 10um thick, with only minimal alterations to the native matrix composition, and the successful
retention of matrix through decellularizations. This methodology was applicable to fibroblasts from
a variety of sources, including from mice and humans, fetal and adult tissues, and even iPSC-
derived fibroblasts. While the characteristics of the CFs and resulting CDMs may have source-
specific attributes, we found no source-specific variation in the ability to form CDMs. Overall, this
study demonstrates the ability to produce CDMs without the introduction of exogenous matrix
proteins or induction of collagen synthesis, and further characterizes the full proteomic

composition of CDMs for the study of cell-matrix interactions in a defined culture system.

The introduction of MMCs during CDM production did influence some cellular and matrix
properties. First, cells adopted an aligned organization during prolonged confluent culture and
matrix deposition. While present even without MMCs, this was especially pronounced with their
addition, and resulted in increased uniformity in matrix fibril orientation. Additionally, a few matrix
components were more abundant in the presence of MMCs, including MMP2 and other secreted
molecules. It is unknown whether this was a direct result of MMCs or a response to the altered
cellular and matrix organization, but it is not unexpected that factors involved in matrix remodeling

would be required at higher levels in response to increased matrix abundance.

Within CDMs, FN was the most abundant foundational matrix protein in both mouse and human
CDMs. This is not surprising, because FN acts as a binding partner and anchor for vast number
of ECM and ECM-associated molecules'2¢° including collagens?' which form the basis of most
assembled matrices. However, because it appears to be ubiquitously expressed at high levels, it
promotes FN as a candidate for any CDM applications in which exogenous matrix proteins are

desired for study-specific needs, though this abundance would need to be validated in non-
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cardiac cells. Further, CDMs contained numerous basement membrane proteins, including
collagen IV and laminins, which is notable because basement membrane proteins are thought to
be largely produced by CMs and not CFs'%4262 and the production of these proteins in CDMs
reflects a deviation from the expected tissue-specific composition. However, ex vivo culture
represents an artificial environment for all cells, in both the stiffness of the culture surface and the
polarized nature of monolayer culture. In the context of CDM production, CFs are required to
produce the entirety of the matrix they require, and basement membrane proteins are not only
crucial for cell adhesion, but also retention of other matrix proteins, proteoglycans, and GAGs'®22,
It is, therefore, possible that CFs produce basement membrane proteins as an inherent caveat to

in vitro cell culture.

In comparing the culture and CDM production of CFs derived from multiple sources, it became
apparent that the isolation method and handling of the cells yielded demonstrable differences in
cell culture and CDM properties. In murine CFs, the degree of non-CF presence in the cell culture
was dictated by the method of cell isolation, and confounded by the fact that CFs have no reliable
surface markers for positive selection. Additionally, there were stark differences between mouse
and human CF morphology and organization of their matrices. Particularly because we isolated
mouse CFs in house but purchased commercially available human CFs, it is unclear whether the
morphological differences observed were purely species-based, or whether they are a result of
cell handling during isolation and culture. However, because the human CFs exhibited
morphology and protein expression canonically associated with myofibroblast activation indicative
of cell stress™?, it is likely that the human CFs experienced some stress that induced the
myofibroblast state prior to our use of them. It is unclear how human CFs could be procured
without a similar mode of stress, particularly because human CFs procured from other companies
had similar morphological phenotypes. The activation state, therefore, represents a caveat of

human CDM production, particularly because our efforts to reverse the activation with established
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small molecules abolished matrix production almost entirely. However, these cells present an

opportunity to investigate human cardiac matrix with relevance to multiple disease states.

They key advantage of CDMs, particularly produced without exogenous matrix factors, is their
flexibility and adaptability. Culture vessels were scaled up to 35mm (6 well plates, largest size
tested) and down to 5.8mm (1/2 area 96 well plates, smallest size tested), with minimal
optimization needed to successfully produce CDMs. Additionally, CDMs were successfully
produced from all cell types tested, even iPSC-CFs, which are putatively immature and naturally
produced less matrix that primary CFs. Despite the need for the addition of ascorbic acid in iPSC-
CF-derived matrices in a timeframe comparable to primary CFs, they expand the potential for
modeling CDMs with genetic perturbations. Our approach to modulating CF behavior and
subsequent CDM characteristics was through the use of small molecule inhibitors and siRNA-
mediated gene silencing. As with any cell culture, the inclusion of small molecules was a relatively
straight-forward addition. However, siRNA transfections are transient, and required re-
transfection every 3 days. This inherently introduces experimental variability, and was a
cumbersome, though effective, process. The alternative approach of conditional or permanent
genetic mutations is difficult to achieve in primary cells ex vivo, largely because the process of
isolating clonal populations of genetically altered cells exceeds the passage number that most
primary cells are capable of. iPSC-derived fibroblasts, on the other hand, can undergo genetic
manipulation prior to differentiation, and stably express any genetic mutations without further
oversight curing CDM production. As such, the introduction of iPSC-CFs may promote an already

flexible model into an even more consistent and applicable system for the study of matrix biology.

This work is present an unbiased methodology and, to our knowledge, most detailed
compositional investigation of CDMs. As such, it provides a platform for further studies of cardiac
matrix biology in a defined system that is highly amenable to genetic and pharmacologic

perturbation.
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Chapter 3: Distinct Structural and Compositional Characteristics of Human Fetal

and Adult CDMs

The mammalian heart undergoes dramatic shifts in composition and function during development
and maturation®'"11132%  and the ECM both influences and reinforces a number of these
processes®%8262. The ECM itself undergoes dynamic structural’'® and compositional®® changes
during and after development. The fetal cardiac ECM is loosely organized'®'"" and enriched with
growth factors and GAGs'®'"2 to support the developing myocardium and small, proliferative fetal
CMg5859.113.114 - whereas the adult ECM is a more fibrillar''® and collagen-rich'® environment
intended to main homeostasis of aligned, energetically-demanding adult CMs undergoing
significant contractile strain®'6117_ However, the degree to which these CM characteristics are
influenced by the local and age-specific ECM have only been minimally explored. There have
been a number of efforts to create matrix scaffolds for the culture of CMs and cardiac tissues392%,
often with the goal of promoting CM maturation. However, these engineered environments often
utilize combinations of very few individual matrix proteins, such as collagen or fibrin
hydrogels?63264 or they use tissue-derived matrix such as Matrigel'®® or decellularized ECM from
tissues'™®. These models have been useful to the study of ECM and cell-matrix interactions, but
have certain limitations. In many cases, tissue-derived ECM has been digested, which removes
all structural elements'%2'3°, Further, reliance on tissue-derived ECM limits the ability to perturb
matrix composition for the identification of individual proteins involved in driving cellular
responses. A in vitro model of the cardiac ECM that contains both the composition and structure
specific to a precise stage of cardiac development would enable mechanistic studies of matrix

elements that are crucial to age-specific CM phenotypes and functions.
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To facilitate study of the ECM’s contribution to age-specific matrix-CM interactions, we created
cardiac CDMs reflective of the developing and mature ECM using fetal and adult CFs,
respectively. Fetal and adult CFs retain age-specific properties and influences over CMs''* in an
ex vivo murine system, including age-specific production of matrix components, but this
phenomena has not been explored in the context of human biology. We, therefore, produced fetal
and adult human cardiac CDMs, and subjected both CFs and CDMs to rigorous analysis of
structure and composition to identify elements of cardiac matrix biology that are preserved in the

CDM model.

3.1 Fetal and Adult Human Cardiac Fibroblasts

Fetal and adult human CFs had unique properties ex vivo, and were easily distinguishable in
culture. Not only were fetal CFs slightly smaller, but they expanded faster than their adult
counterparts, and could be maintained for more passages. Similar to what was observed with
murine CFs, fetal human CFs were routinely cultured up to 10 passages, and often were still
expanding after 12 passages. Adult CFs from both mice and humans, however, routinely exhibited
delayed growth by passage 6, and often stopped expanding by passage 8. EdU labeling of human
CFs during CDM production demonstrated that even under extreme confluence, DNA synthesis
was still occurring in ~29% of fetal CFs, but only ~2% of adult CFs. Especially in adult CFs, one
clear visual indicator of delayed growth was the observed morphological changes, wherein CFs
exhibited pronounced spreading, losing their elongated morphology and refracting less light.
Though this morphology is associated with senescence, B-galactosidase staining during CDM
production was more abundant in fetal CFs than adult (Fig. 3.1). This is partially due to the fact
that B-galactosidase frequently labeled densely cultured cells, and the fetal CFs are densely

packed, but this suggested that senescence-associated signaling is not more prominent during
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formation of adult CDMs than fetal CDMs. Instead, it suggested that the observed decrease in

adult CF growth dynamics is due to alternate mechanisms.

Fetal CDM Adult CDM

Fig. 3.1 B-galactosidase staining in fetal and adult human CFs under CDM conditions.

Given the unique growth properties of fetal and adult CFs, and myoactivation of CFs during CDM
production, we investigated any age-dependent differences in activation level with
immunofluorescent staining of aSMA after 5 days of culture. Images were taken across the width
of the 16mm well to capture positional differences in cell behavior (Fig. 3.2). Strikingly, nearly all
CFs of both ages contained strong aSMA signal, indicating that under CDM-producing conditions,
CFs are in a myofibroblast state. Additionally, two phenomena were readily apparent — first, cells
were condensed near the center of the plate in both cultures, but more so in fetal cultures, as
evidenced by the high density of nuclei. Second, there were intermittent regions of adult CF
cultures lacking aSMA, that were not observed in fetal CFs. The counter-label of Col | which, in
this case, was still largely intracellular and served to mark a footprint of each cell, demonstrated
that even areas with sparser aSMA contained confluent cells (Fig. 3.2). In a comparison of aSMA

to Col | coverage, only 1% of fetal culture area containing cells lacked aSMA-positive CFs, as
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opposed to only 5% of adult CF culture area. There are, therefore, mild age-specific differences
in CF aSMA expression. However, the majority of both fetal and adult CFs were activated during
CDM production, indicating that these CFs are more representative of myofibroblast biology and
the associated pathological matrix deposition'®, as was noted in Chapter 2. Importantly, though,
the age-specific differences in myoactivation were minor, and are unlikely to contribute to age-
specific characteristics identified in further studies. Additionally, while the high degree of cellular
alignment is indicative of myofibroblasts, this phenotype has been noted in multiple other CDM
models, even from fibroblasts from non-pathological origins?'3, and using non-Ficoll MMCs??7, and

may be an inherent caveat of the CDM model.

Fetal CF Adult CF

Fig. 3.2 aSMA (red) expression in age-specific human CFs during CDM production, counter-
labeled with Col | (green) and Hoechst (blue). Images outlined in orange represent magnified
regions indicated within the larger images, from regions of sparse aSMA detection.
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Fetal and adult CFs also responded to CDM production differently. Both became highly aligned
during dense culture with MMCs, but at different rates (Fig. 3.3). Fetal CFs aligned very quickly,
adopting their final orientation by day 5 of culture. Adult CFs, however, were slower to respond to
high culture confluence and only exhibited their final configuration by day 10 (Fig. 3.3A). The
matrix deposited by these CFs exhibited the same pattern and alignment post-decellularization

(Fig. 3.3B). These temporal changes are quantified in Fig. 3.3C.
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Fig. 3.3 Cellular and matrix alignment during CDM production. A) Longitudinal brightfield imaging
of fetal and adult CFs. B) Resulting CDMs visualized by immunofluorescent labeling of fibronectin.
C) Alignment of CFs and resulting ECM during CDM production.

We next sought to determine age-specific transcriptional signatures of fetal and adult CFs,
particularly in the context of total transcript abundance during matrix deposition. Transcriptional
analysis was performed by unbiased RNA sequencing of CFs collected longitudinally at culture
day 0, 5 and 10 of CDM production. Total transcript accumulation was then assessed by
calculating the geometric mean of transcript numbers, normalized against their abundance at day
0. This analysis revealed distinct temporal trends among the 497 matrix and matrix-associated
genes (Fig. 3.4A). Genes encoding crucial matrix proteins responsible for the structural integrity
and adhesion of the ECM (foundational genes) were expressed steadily throughout culture in both
fetal and adult CFs, with less variation than other classes of transcripts. In comparing fetal and
adult transcript abundance, often the genes most highly or lowly expressed in CFs of one age
were also detected at high or low levels in CFs of the other age; for example, in both fetal and
adult CFs, neuregulin (NRG1) is the most abundant growth factor and MMP3 is the most
abundance protease. The presence of NRG1 is potentially unsurprising — it is strongly associated

with promoting proliferation®, which is ongoing in CFs in vitro, although of the cardiac cells, it has
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not been explored extensively in non-CMs. However, it is expected that NRG1 would be more
highly expressed in fetal CFs, which is the case, as neuregulin associated with the fetal heart,
particularly in the context of the developing heart as a growth factor-rich, regenerative organ®'2,
Similarly, another factor associated with cardiac regeneration, inhibin subunit beta B2%° (INHBB),
was lowly expressed in both CFs, but was particularly depleted in adult CFs, which are derived
from the post-regenerative stage. Additionally, the other growth factors most upregulated in fetal
CFs over the duration of CDM production (epithelial mitogen, EPGN, glial cell line-derived
neurotrophic factor, GDNF) are present but less abundant in adult CFs. This phenomenon is also
observed in the higher abundance of multiple inflammatory molecules in adult CFs, including IL-
1B2%, and increase in proteases in fetal CFs, both are which are consistent with the adult stage
as more inflammation-prone?®” and the fetal stage as more plastic with active matrix
remodeling®®®8. These age-specific enrichments are better exemplified by the ratio of the fold
change of each cumulative transcript abundance in fetal and adult CFs (Fig. 3.4B). Among
foundational proteins, laminins were the most notably altered between ages, with the alpha 2
chain of laminin (LAMAZ2) upregulated in adult CFs and the gamma 1 chain (LAMC1) upregulated
in fetal CFs. Numerous growth factors were also more enriched in fetal CFs, including epidermal
growth factor (EGF) and nerve growth factor (NGF), which are involved in cardiac development?®®
and repair?®, respectively. Additionally, no individual inflammation-associated genes were
differentially associated with CFs of either age, but both did have age-specific proteases and

protease inhibitors.

Temporal transcriptional analysis revealed multiple age-specific parameters that were consistent
with known cardiac tissue biology, demonstrating that even after isolation and culture ex vivo,

primary human CFs retain age-specific characteristics.
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Fig. 3.4 Cumulative transcript abundance in fetal and adult human CFs. A) Individual transcript
FC in fetal (blue) and adult (red) CFs, calculated as the geometric mean of temporal transcript
fold change (FC) from expression at day 0. Genes that were more than 4-fold above or below 1
(denoted by dashed lines) were highlighted in both fetal and adult groups. The average value of
each group is indicated with a solid line. B) Ratio of significantly different transcripts in fetal/adult
CFs, more than 3-fold differentials highlighted (denoted by dashed lines).
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3.2 Age-specific Characteristics of Cell-Derived Matrices

To determine whether age-specific transcriptional profiles of fetal and adult CFs impacted the
deposition and contents of human CDMs, we characterized their structure and composition. First,
we assess matrix structure and topology in fetal and adult decellularized CDMs by scanning
electron microscopy (SEM). In native heart tissue assessed from mice, decellularized fetal ECM
is more loosely arranged, with the coiled structure indicative of low matrix tension. Decellularized
adult ECM, however, is organized into a more regular and fibrillar pattern, with larger and fewer
coiled fibrils'"°. These age-specific structural differences were apparent in human CDMs as well
(Fig. 3.5A), as seen in the smaller and more loosely coiled fibrils in the fetal CDM, relative to the
bundled matrix fibers in the adult CDM. In the heart, this is associated with randomly oriented CFs
of the fetal heart and the regimented alignment of CFs and CMs in the adult heart. These data
suggest that age-specific human CFs faithfully recapitulate certain structural characteristics of
age-specific matrix production, making them a suitable surrogate for the ex vivo modeling of some

cardiac ECM structural elements.

To further investigate both structure and composition of age-specific CDMs, we employed
histological stains common to tissue analysis. First, we assessed both collagen abundance and
organization in fetal and adult CDMs (Fig. 3.5B) by picrosirius red staining, which detects
Collagens | and Ill, which are the predominant collagens in the adult heart®, and are more
abundant in the adult murine heart, relative to fetal hearts. However, our fetal CDMs had enriched
collagen accumulation, relative to adult CDMs, with regional differences dependent on CF growth
patterns, resulting in a swirled pattern in fetal CDMs and more diffuse presence in adult CDMs.
These patterns are reflective of the overall organization of confluent CFs, which show local
alignment (Fig. 3.4) but do coalesce into broader swirling patterns, particularly in fetal CF cultures,
as a result of cellular organization and condensation (Fig. 3.2). The collagens in these CDMs,

then, are likely more a result of CF culture dynamics ex vivo than the age of the heart they
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originated from. However, the consequences of this coalesced matrix also lead to the retention
and unique distribution of GAGs in fetal and adult CDMs, as detected by staining alcian blue at a
pH of 2.5 which indicates unsulfated GAGs and hyaluronic acid (HA). HA and other GAGs are
particularly abundant during heart development, largely in the outflow tract and valves, but are
also present throughout the developing myocardium, as they bind to not only matrix proteins but
also enzymes, adhesion proteins and growth factors'®. They also play a role in water retention,
which lends unique biomechanical properties to various regions of cardiac tissue?’°, as well as
modulation of other matrix proteins. GAGs are expected to be enriched in the fetal heart, relative
to the adult heart, which is reflected in human fetal and adult CDMs. Similar to the collagen
accumulation, GAGs were more enriched in the fetal CDM, with heterogeneous distribution
reflective of the original CF growth patterns, whereas they were more uniformly present in adult
CDMs (Fig. 3.5C). Particularly in contrast to Matrigel, a common adhesive substrate for the culture
of cardiac cells, the GAGs present in fetal and adult CDMs were highly abundant and more

reflective of the levels and organization expected of native cardiac tissue'® (Fig. 3.5D).
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Fig. 3.5 Characterization of CDMs fibrils produced by fetal and adult human CFs. A) Ultrastructure
detected by scanning electron microscopy, B) presence and distribution of Collagens | and lll,
detected by picrosirius red, C) GAGs detected by staining with alcian blue, pH 2.5 in CDMs and
Matrigel, D) GAGs in primary heart tissue, detected by alcian blue, pH 2.5, counterstained with
eosin.

These histological analyses indicate both age-specific retention and distribution of key matrix

molecules in CDMs. However, a detailed account of compositional similarities and differences
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required unbiased proteomic analysis. As such, we performed liquid chromatography tandem
mass spec on 3 replicates of fetal and adult CDMs. Unique peptides were identified by
MaxQuant?"! software referenced against the SwissProt human or mouse database. Data was
subjected to comparative analyses with statistical assessment using the MSstats?3!, and cross-

references to the Matrisome database (http://web.mit.edu/hyneslab/matrisome/)?* for the filtering

of non-matrix proteins and for functional category assignments. Due to the nature of these

analysis, non-proteins components such as GAGs were not detected or quantified.

First, we compared detected proteins in the CDMs to the transcriptional profile of CFs. Of the 397
matrix genes commonly expressed in both fetal and adult CFs, only 98 (25%) were detected at
the protein level in both fetal and adult CDMs (Fig. 3.6A). In addition to the fact that several matrix-
associated proteins are non-covalently bound to the ECM and therefore unlikely to be fully
retained in CDMs through the decellularization process, this is also likely due to the transient
nature of transcript expression that resulted in their loss during CF culture, even prior to
decellularization. In total, 135 proteins were detected in decellularized CDMs by LC-MS/MS, with
109 proteins common to CDMs of both ages. These common proteins represented all major
categories of fundamental matrix and matrix-associated proteins (Fig. 3.6B), as annotated by the

Matrisome Project?®.
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Fig. 3.6 Age-specific matrix and matrix-associated transcripts and proteins. A) Comparative Venn
diagram of matrix-associated transcripts and proteins in fetal and adult CFs and CDMs, detected
by RNA-Seq and LC-MS/MS. B) Proteins detected in fetal CDMs (blue), adult CDMs (red) or both
(grey), per matrix protein categorization.

As was seen in the transcriptional analysis, CDMs from both fetal and adult CFs contained the
expected foundational matrix proteins, including FN, Col I, Col IV, and laminins, with no significant
age-specific differences in abundance (Fig. 3.7A). This is a departure from expected CDM
composition, inferred from the lack of basement membrane produced by CFs in vivo'04262,
However, not only are CFs in contact with BM proteins in the developing and adult heart, these
foundational proteins are also necessary for cell adherence, as well as retention of other matrix
proteins, proteoglycans, and GAGs, and are an essential component of all in vitro cell culture.
Once isolated, primary CFs must produce these basement membrane proteins out of necessity.
Additionally, many of the differences observed in age-specific cardiac tissue ECM are structural,

and not reflected by transcriptional abundance.

Among non-foundational proteins, there were compositional features unique to age-specific
CDMs. Nineteen proteins were significantly increased over two-fold in fetal CDMs relative to adult
CDMs, and 10 were significantly decreased (Fig. 3.7A). Notably, many of the proteases

transcriptionally enriched in fetal or adult CFs were either not detected or not significantly altered
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between CDMs from different ages (Table 3.1). This underscores the unique profiles of matrix-
associated proteins during stromal cell growth, as opposed to protein retained in decellularized
matrices. However, similar to trends observed by transcriptional analysis, GO enrichment analysis
via the STRING?"? database identified key processes in age-specific CDMs that reflect known
ontogenic characteristics in mammalian cardiac tissue ECM and development (Table 3.2).
Specifically, GO analysis identified fetal enrichment for collagen fibril organization and growth
factor binding, whereas adult CDMs were enriched for peptide cross-linking and calcium-

dependent protein binding.
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Fig. 3.7 Enriched CDM proteins. A) Age-specific enrichment of proteins in fetal and adult human
CDMs. B) Temporal transcript expression of Collagen 6 chains in age-specific CFs during CDM
production, normalized to fetal transcript abundance at day 0.

Some factors such as GDF15, which were enriched in adult CF transcripts, were also detected
as significantly enriched in adult CDMs. However, other canonically age-specific factors observed
in the CFs, such as the fetal abundance of IGFs, was not reflected by protein detection.

Additionally, several matrix and matrix-associated proteins known to be abundant in fetal cardiac

73



ECM?273274 sych as fibrillin 2, tenascin and Col VI, were enriched in fetal CDMs, as were proteins
known to influence multiple aspects of development such as morphogenesis (fibrillin 2)'88,
specification of cardiac progenitors (Wnt5a and gremlin)?"5278, Interestingly, milk fat globule-EGF
factor 8 (MFGES) is also enriched in fetal CDMs, which is known to be cardioprotective against
hypertrophy?’” and inhibit fibrosis?’8. Adult CDMs, on the other hand, were enriched for several
matrix-modulating proteins that promote matrix crosslinking and stabilization, such as
transglutaminase 227°28° and hyaluronan and proteoglycan link protein 1°°28' and proteins that
are associated with fibrosis (transforming growth factor 2282 and latent TGFB-binding protein
2283 and heart failure (insulin-like growth factor-binding protein 7224, growth differentiation factor
15%8%, cathepsin B#¢ and galectin 3%%7). This is consistent with adult cardiac biology, which exhibits

increased ECM crosslinking?® and organization''® that promotes CM maturity'3.

It is worth noting that many biomarkers of heart failure in adults are often associated with the
frequently concurrent clinical presentation of fibrosis'”®, which presents as the overabundance of
fibroblasts and deposited matrix. As such, it is not unexpected to find CDM proteins that
correspond to fibroblast-associated disease states. However, several of the proteins enriched in
adult CDMs are believed to be causative in several forms of heart disease, whether via canonical
TGFB-mediated fibrosis'8282 or in that their inhibition reduces pathological severity?%.284289.290

although the impact of these proteins may be context-dependent.

One of the most striking differences in fetal and adult CDM composition was the considerable
enrichment of col VI chains in fetal CDMs. Col VI is unique in that it is not fully a fibrillar or non-
fibrillar collagen, and instead presents as beaded microfilaments within an ECM network?®'. It is
formed of three alpha chains — a1, a2 and a3 in a 1:1:1 stoichiometric ratio, although a3 can be
replaced by a5 and a6. Another alpha chain with high homology to a3, a5 and a6 exists — a4 —
though it is not functional due to a large chromosomal inversion. In our CDMs, only chains a1, a2

and a3 were detected. To investigate the fetal enrichment, we assessed the longitudinal
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transcriptional data to determine whether the fetal enrichment was due solely to increased
expression these Col VI genes in fetal CFs. In this case, data was normalized to transcriptional
abundance in fetal CFs at day 0 of CDM production. However, although fetal expression of Col
VI chains did increase over the time in culture, transcript abundance was less than or equal to
that of adult expression at days 0, 5, and 10 of CF culture (Fig. 3.7B). This raises the possibility
that Col VI is better retained in fetal CDMs due to other factors, such as its binding partners, Col
[, Col IV, laminin®" and FN2%2, Of these foundational matrix proteins, only Col | appeared to
significantly enriched, though only mildly (Fig. 3.7A). It is therefore possible that subtle
differences in Col | contributed to enhanced retention of Col 6 in fetal CDMs. However, this does
not rule out the potential that Col 6 retention is influenced by other factors such as unique temporal

matrix dynamics, matrix organization, or non-protein components of the CDMs.

This data, in conjunction with previously discussed proteins present in CDMs, underscores the
non-linear relationship of matrix-associated transcripts and incorporation/retention into the ECM.
In the case of Col VI, it suggests that binding profile, or other post-transcriptional influences,
dictate Col VI abundance more than transcript production. Notably though, this fetal enrichment
of Col VI is consistent with MS analyses of primary tissue-derived cardiac ECM>°. As such, it will

be explored in more detail in section 4.

Additionally, adult CDMs were notably enriched for S100 proteins and annexins (Table 3.1), which
are calcium-sensitive proteins that influence both intracellular and extracellular functions. S100
proteins are a family of small proteins with diverse functions, united by structural similarities that
typically include an EF-hand calcium binding domain?%3. Calcium is a common second messenger
that interacts with many crucial EF-hand-containing proteins in the heart, such as calmodulin?**
and troponin C?%. Of the many S100 proteins, subsets are associated with individual cell types
and cell compartments, and can form both homo-dimers and hetero-dimers. This leads to wide

range of potential configurations and influences multiple cell functions, including phosphorylation
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events and signal transduction, as well as morphology and motility?°32%_ Similarly, annexins are
a family of calcium-binding proteins that form a multitude of complexes to influence many cell
behaviors?®’. They are unique from S100 proteins in that they can also bind cell membranes -
canonically, annexins bind phospholipids and participate in membrane binding and vesicle
formation. However, they also interact with cytoskeletal proteins, particularly at the internal cell
membrane, and some annexins are reported to bind both DNA and RNA?%, and to be secreted

extracellularly.

S100 proteins and annexins also complex with each other. The variety of reported S100 and
annexin dimers leads to a multitude of potential complexes with a further variety of potential
influences over cell function. The primary annexins in the heart are annexin A2, A5, A6 and A72%
— each of which, except A5, are enriched in adult CDMs. Annexin A2, in particular, binds several
S100 proteins®® — of which S100A6 and S100A11 are also enriched in adult CDMs, and
S100A10, which is common to both fetal and adult CDMs. Annexin A6 and its binding partner

S100A113% are also both enriched in adult CDMs, as are several other S100 proteins (Table 3.1).

Notably, though, the extent and mechanism of secretion of annexins or annexin-S100 protein
complexes is unknown. As annexins and S100 proteins are potentially secreted, they were
included in the Matrisome?3® database that this data references. However, particularly because
annexins are membrane-associated, and because the non-detergent decellularization of CDMs
permits residual non-matrix proteins, this data does not provide clarity on whether the annexins
and S100 proteins detected in CDMs were from the extracellular compartment or a co-
contaminant of the residual cell membranes. However, they represent a minimally-explored class
of proteins that are distinctly enriched in adult CDMs, which may influence cells that are later

seeded onto these CDMs.

The concordance of fetal and adult enrichment of matrix-associated proteins in human cardiac

CDMs with known cardiac developmentally- and functionally-relevant ECM demonstrates the
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ability of human CF-derived matrix to recapitulate age-specific cardiac tissue ECM. Many of the
age-specifically enriched CDM proteins listed in Table 3.1 have been investigated in very few, if
any, cardiac biological processes. They, therefore, represent potential candidates to further

explore in the context of cardiac biology driven and reinforced by the ECM.

Table 3.1 Enrichment of proteins in fetal and adult human CDMs.

UniProt Protein f\dult adj. p value
ID Enrichment
P02461 | Collagen alpha-1 (lll) chain Fetal only 0.0000
P05997 | Collagen alpha-2 (V) chain Fetal only 0.0000
Q12805 | EGF-containing fibulin-like extracellular matrix protein 1 Fetal only 0.0000
Q9Y6C2 | EMILIN-1 Fetal only 0.0000
Q9Y625 | Glypican-6 [Cleaved into: Secreted glypican-6] Fetal only 0.0000
P24593 | Insulin-like growth factor-binding protein 5 Fetal only 0.0000
P01584 | Interleukin-1 beta Fetal only 0.0000
Q08431 | Lactadherin Fetal only 0.0000
P01033 | Metalloproteinase inhibitor 1 Fetal only 0.0000
P55001 | Microfibrillar-associated protein 2 Fetal only 0.0000
P51888 | Prolargin Fetal only 0.0000
P28300 | Protein-lysine 6-oxidase Fetal only 0.0000
Q6UVK1 | Chondroitin sulfate proteoglycan 4 Fetal only 0.0000
P02458 | Collagen alpha-1 (ll) chain Fetal only 0.0000
Q02388 | Collagen alpha-1 (VII) chain Fetal only 0.0000
Q5KU26 | Collectin-12 Fetal only 0.0000
Q6UXH1 | Cysteine-rich with EGF-like domain protein 2 Fetal only 0.0000
P53634 | Dipeptidyl peptidase 1 Fetal only 0.0000
Q9UHF1 | Epidermal growth factor-like protein 7 Fetal only 0.0000
Q14393 | Growth arrest-specific protein 6 Fetal only 0.0000
P10145 | Interleukin-8 Fetal only 0.0000
P55268 | Laminin subunit beta-2 Fetal only 0.0000
P05120 | Plasminogen activator inhibitor 2 Fetal only 0.0000
Q6ZMPO | Thrombospondin type-1 domain-containing protein 4 Fetal only 0.0000
PO0750 | Tissue-type plasminogen activator Fetal only 0.0000
P0O0749 | Urokinase-type plasminogen activator Fetal only 0.0000
P29279 | Connective tissue growth factor Adult only 0.0000
P07585 | Decorin Adult only 0.0000
Q13443 Erls;:;ﬁ‘g;m and metalloproteinase domain-containing Adult only 0.0000
Q4ZHG4 | Fibronectin type Ill domain-containing protein 1 Adult only 0.0000
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Table 3.1 continued

UniProt Protein f\dult adj. p value
ID Enrichment
Q13361 | Microfibrillar-associated protein 5 Adult only 0.0000
P22735 | Protein-glutamine gamma-glutamyltransferase K Adult only 0.0000
P48061 | Stromal cell-derived factor 1 Adult only 0.0000
P61812 | Transforming growth factor beta-2 Adult only 0.0000
P09525 | Annexin A4 Adult only 0.0000
Q96HD1 | Cysteine-rich with EGF-like domain protein 1 Adult only 0.0000
Q8IWUS6 | Extracellular sulfatase Sulf-1 Adult only 0.0000
P30740 | Leukocyte elastase inhibitor Adult only 0.0000
P08493 | Matrix Gla protein Adult only 0.0000
P26447 | Protein S100-A4 Adult only 0.0000
P50453 | Serpin B9 Adult only 0.0000
P35442 | Thrombospondin-2 Adult only 0.0000
P12110 | Collagen alpha-2 (VI) chain -1.99 0.0000
P12109 | Collagen alpha-1 (VI chain) -3.10 0.0000
P50281 | Matrix metalloproteinase-14 -1.64 0.0003
P24821 | Tenascin -2.58 0.0003
060565 | Gremlin-1 -1.83 0.0003
P12111 | Collagen alpha-3 (VI) chain -2.22 0.0003
P31949 | Protein S100-A11 1.88 0.0004
P21980 | Protein-glutamine gamma-glutamyltransferase 2 1.71 0.0004
P41221 | Protein Wnt-5a -1.66 0.0004
Q99715 | Collagen alpha-1 (XIl) chain -1.92 0.0004
P08133 | Annexin A6 2.14 0.0006
P04080 | Cystatin-B 2.61 0.0007
Q15582 | Transforming growth factor-beta-induced protein ig-h3 -2.09 0.0008
P07858 | Cathepsin B -1.42 0.0011
P06703 | Protein S100-A6 2.26 0.0012
P50995 | Annexin A1l 1.48 0.0012
Q9Y4KO0 | Lysyl oxidase homolog 2 -1.34 0.0015
P35556 | Fibrillin-2 -1.45 0.0022
Q99988 | Growth/differentiation factor 15 1.16 0.0022
Q92626 | Peroxidasin homolog -1.03 0.0034
Q14766 | Latent-transforming growth factor beta-binding protein 1 -1.22 0.0047
P08123 | Collagen alpha-2 (l) chain -0.89 0.0051
P13611 | Versican core protein -1.15 0.0074
Q16270 | Insulin-like growth factor-binding protein 7 1.28 0.0120
P49257 | Protein ERGIC-53 -1.40 0.0124
P20073 | Annexin A7 1.79 0.0129
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Table 3.1 continued

UniProt Protein f\dult adj. p value
ID Enrichment
P10915 | Hyaluronan and proteoglycan link protein 1 1.09 0.0142
060687 | Sushi repeat-containing protein SRPX2 -0.86 0.0142
043854 EGF-Ii.ke repeat and discoidin I-like domain-containing 192 0.0180
protein 3
P08253 | 72 kDa type IV collagenase -1.75 0.0180
P50454 | Serpin H1 -1.55 0.0233
P80162 | C-X-C motif chemokine 6 1.75 0.0236
000469 | Procollagen-lysine,2-oxoglutarate 5-dioxygenase 2 0.61 0.0241
Q96CG8 | Collagen triple helix repeat-containing protein 1 -0.70 0.0241
P07355 | Annexin A2 1.36 0.0244
P17931 | Galectin-3 2.47 0.0258
Q14767 | Latent-transforming growth factor beta-binding protein 2 1.06 0.0258
P05121 | Plasminogen activator inhibitor 1 1.03 0.0265
P02452 | Collagen alpha-1 (I) chain -0.91 0.0284
Q99584 | Protein S100-A13 1.11 0.0356
P11047 | Laminin subunit gamma-1 -0.65 0.0453
P04083 | Annexin Al 0.87 0.0462
P00488 | Coagulation factor XIII A chain 0.73 0.0462
P08758 | Annexin A5 0.51 0.0488
P09486 | SPARC -1.63 0.0532
P13674 | Prolyl 4-hydroxylase subunit alpha-1 -0.80 0.0621
P22692 | Insulin-like growth factor-binding protein 4 0.68 0.0625
Q02809 | Procollagen-lysine,2-oxoglutarate 5-dioxygenase 1 -0.92 0.0625
P02751 | Fibronectin 0.81 0.0630
P02462 | Collagen alpha-1 (IV) chain -1.41 0.0693
Q08397 | Lysyl oxidase homolog 1 1.11 0.0726
Q15063 | Periostin -0.80 0.0726
060568 | Procollagen-lysine,2-oxoglutarate 5-dioxygenase 3 -0.84 0.0805
Q96FQ6 | Protein S100-A16 0.75 0.0874
P07942 | Laminin subunit beta-1 0.17 0.0962
P78539 | Sushi repeat-containing protein SRPX -1.06 0.1086
P35555 | Fibrillin-1 -1.86 0.1086
P20908 | Collagen alpha-1 (V) chain -0.49 0.1144
Q8IVL6 | Prolyl 3-hydroxylase 3 -0.72 0.1197
P35237 | Serpin B6 0.81 0.1266
QI9NS15 | Latent-transforming growth factor beta-binding protein 3 0.58 0.1266
P27658 | Collagen alpha-1 (VIII) chain 0.66 0.1293
Q14112 | Nidogen-2 -1.23 0.1409
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Table 3.1 continued

UniProt Protein f\dult adj. p value
ID Enrichment
P60903 | Protein S100-A10 -0.94 0.1569
P07339 | Cathepsin D 0.86 0.1603
P01040 | Cystatin-A 2.21 0.1783
P50452 | Serpin B8 0.47 0.1982
P02679 | Fibrinogen gamma chain 1.26 0.1999
P07093 | Glia-derived nexin 0.32 0.2092
015460 | Prolyl 4-hydroxylase subunit alpha-2 0.29 0.2176
P07996 | Thrombospondin-1 -0.79 0.2176
P01344 | Insulin-like growth factor Il -0.96 0.2253
Q12841 | Follistatin-related protein 1 -0.34 0.2281
Q92743 | Serine protease HTRA1 -0.47 0.2547
P05109 | Protein S100-A8 1.75 0.2967
Q13219 | Pappalysin-1 0.68 0.3277
000622 | Protein CYR61 0.50 0.3378
P09382 | Galectin-1 -0.55 0.3378
Q32P28 | Prolyl 3-hydroxylase 1 0.43 0.4793
P08572 | Collagen alpha-2 (IV) chain -0.38 0.4793
P21810 | Biglycan 0.39 0.4914
Q7Z4N8 | Prolyl 4-hydroxylase subunit alpha-3 0.30 0.4914
P13497 | Bone morphogenetic protein 1 -1.21 0.4987
P06702 | Protein S100-A9 0.57 0.5061
015031 | Plexin-B2 -0.39 0.5188
P35030 | Trypsin-3 0.31 0.5863
P09341 | Growth-regulated alpha protein 0.52 0.5901
Q9BY76 | Angiopoietin-related protein 4 -0.17 0.6509
P98160 Basement membrane-sp.ecific heparan sulfate 012 0.6566
proteoglycan core protein

Q07092 | Collagen alpha-1 (XVI) chain) 0.13 0.9259
P09038 | Fibroblast growth factor 2 N/A N/A
P47929 | Galectin-7 1.38 N/A
Q15113 | Procollagen C-endopeptidase enhancer 1 -1.03 N/A
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Table 3.2 GO enrichment analysis of fetal and adult human CDM protein composition.

Biological Process Molecular Function
CDM GO term Description FDR GO term Description FDR
extracellular rowth factor
G0:0030198 | matrix 5.93E-29 | GO:0019838 Eindin 8.63E-08
organization &
anatomical extracellular matrix
G0:0009653 | structure 5.85E-14 | GO:0005201 | structural 1.80E-06
morphogenesis constituent
anatomical
Fetal structure platelet-derived
G0:0048646 | formation 2.41E-11 | GO:0048407 | growth factor 1.80E-06
involved in binding
morphogenesis
G0:0030199 | collagen fibril 2.90E-11 | GO:0005102 | SEN3INE receptor |y gap o
organization binding
circulatory
G0:0072359 | system 2.25E-09 | GO:0005178 | integrin binding 1.63E-05
development
G0:0032940 | secretion by cell | 0.00044 | GO:0048306 | C2/CluM-dependent | 5 o 1)
protein binding
G0:0018149 ﬁslfitr::ecross' 0.00073 | G0:0005509 | calcium ion binding | 6.48E-12
calcium-dependent
regulated L
Adult | GO:0045055 . 0.001 G0:0005544 | phospholipid 4.31E-09
exocytosis -
binding
G0:0000888 | LIo%Ue 0.0013 | Go:004454g | >100 Protein 3.37E-07
development binding
GO:0016102 | Vesidle-mediated | 5016 | 60:0046872 | metal ion binding | 1.19E-05
transport
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3.3 Conclusions and Discussion

The ontogenic changes undertaken by the cardiac ECM are complex and nuanced. They involve
a shift from the ECM of the developing heart, which is loosely organized''® and rich in factors®®
that promote morphogenesis'3°! and proliferation'®?, to the matrix of the adult heart, which is
highly aligned, crosslinked, and rich in factors that support homeostasis and mechanical
function®984115.116 . The maijority of studies that recognize the necessity of the ECM in cardiac
function either rely on simplistic engineered environments?®32%4 or native matrix with minimal
means of in situ perturbation, which is often digested and therefore contains limited structural
complexity'92139205 - Application of a tractable model of age-specific matrix environments enables
a variety of mechanistic and engineering studies that tractably dissect and leverage the

contribution of the native ECM to cardiac tissue function.

In this work, we demonstrate the ontogenic cardiac characteristics reflected by age-specific
human cardiac CDMs. We subjected fetal and adult human CFs and CDMs to rigorous analysis
of their structural and compositional attributes and found that they did retain a variety of age-
dependent elements at the transcriptional, organizational and proteomic level. Fetal and adult
CFs, themselves, displayed age-dependent growth dynamics and transcriptional profiles.
Specifically, fetal CFs expressed more pro-mitotic factors matrix proteases, and adult CFs
expression more chemokines and inflammation-related molecules. And while these categorical
trends did carryover to the matrix produced by the CFs, it was not necessarily reflected by the
exact same proteins enriched in fetal and adult CDMs being detectably upregulated in fetal or
adult CFs. This emphasized the non-linear relationship of transcriptional and proteomic regulation

of the ECM, and we, thus, focused our efforts of characterizing the fetal and adult CDMs.

Structurally, CDMs only recapitulated certain elements of age-specific cardiac tissue. When
observing matrix fibrils, fetal CDMs demonstrated the thin, loosely coiled bundling expected of

fetal tissue, and adult CDMs contained thick, highly-bundled fibrils indicative of the organized and
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crosslinked adult tissue. However, the ultrastructure of the deposited matrix was highly aligned in
CDMs of both ages, putatively due to the cellular organization resulting from the activated
myofibroblast state'® adopted by human CFs.  Thus, these CDMS retain age-specific
characteristics at the subcellular level, but both fetal and adult CDMs provide the enforced
alignment that is typical of adult cardiac tissue and engineering strategies aimed at cardiac
maturation'?6138392 This represents a confounding element of the CDMs for the study of some
fetal-specific characteristics and cell-matrix interactions, but may also provide an advantage for
the use of adult CDMs in studies of maturation, which is a major emphasis in iPSC-CM culture
and tissue models’®11813%  Additionally, this common alignment between fetal and adult CDMs
enables a more direct comparison of age-specific compositional differences and their impact on

cardiac cells.

Compositionally, fetal and adult CDMs each contained over 100 matrix proteins belonging to all
expected functional classes?*3, which is indicative of the rich and complex matrix milieu presented
the CDMs. Additionally, there were several hallmarks of developing and mature cardiac matrix
identified in fetal and adult CDMs, respectively. Both retained sulfated GAGs, though they were
particularly enriched in the fetal CDM, which would be expected of a matrix environment reflecting
a developing tissue. Also enriched in fetal CDMs were numerous developmentally-associated
proteoglycans and secreted morphogens, whereas the adult CDMs contained an abundance of
matrix crosslinkers and secreted molecules associated with cardiac disease. As both fetal and
adult CFs had adopted the myofibroblast state, this enrichment of fibrosis-related proteins in adult
CDMs is more likely to reflect the natural propensities of adult CFs than an artifact of in vitro

culture.

The age-specific enrichment of multiple classes of matrix and matrix-associated proteins in the
human CDMs bolstered the applicability of fetal and adult CDMs to study ontogenic matrix

environments and interactions, particularly when coupled with the evidence that they are being
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presented in matrix structurally reminiscent of age-specific tissues. Additionally, it suggests that
the enrichment of other proteins with no known age-specific or cardiac functions may also be
indicative of genuine cardiac tissue biology, and are candidates for future studies of matrix-
regulated CM behavior. This study’s approach of creating a structural complex, yet defined, CDM
represents an advancement in our approach to understanding matrix assembly and cell-matrix

interactions in an easily perturbable model that can help identify nuances of ECM biology.
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Chapter 4: Human iPSC-CM Phenotypic and Metabolic Response to Age-Specific

Human CDMs

Throughout CM development and maturation, there are numerous morphological and functional
changes that occur to promote their contractile efficiency. Characterization of these changes
requires a battery of assays associated with the cytoskeleton, electrophysiology and metabolism,
and specific metrics have become associated with these age-dependent changes as hallmarks
of CM maturation. Adult CMs are characterized by regimented cytoskeletal organization and high
metabolic demands to support ongoing oscillatory contractions’®".121.124.303 Though fetal CMs are
small with disorganized sarcomeres, postnatally they become elongated with regularly spaced,
parallel sarcomeres’"'2'. This morphology and structure are crucial to perpetuate uniaxial
contractions that coordinate the contraction of the heart to sustain blood flow. Also essential to
this process is the synchronization of individual CM contractions, which is dictated by the
propagation of electrical impulses that flow between cells via gap junctions. As the heart matures,
these gap junction proteins localize to the intercalated discs that bridge adjected
cardiomyocytes®®, along with ion channels and other cell-cell adhesion proteins, such as
plakophilin-2 and cadherins'?"3%, This cellular arrangement and coupling is crucial for efficient
propagation of electrical signal, and the aggregation of these junctional and adhesion proteins to

the short axes between elongated CMs is a morphological hallmark of functional maturation#4.

There are many factors driving the elongation of developing CMs in vivo, including electrical
stimulation’™® and mechanical stretch3®. It has also been shown that enforced morphological
constraints can promote electrophysiological properties associated with mature CMs'?6. As such,
the morphological and contraction properties of CMs are inherently linked, though there is no
single causative factor — each influences the other. The relationship between the cardiac ECM
and cell morphology is equally ambiguous. The ECM surrounds all cells, both as interstitial matrix

and, in the case of CMs, as basement membrane. As the heart develops into adulthood, the ECM
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becomes aligned, mirroring the regular spacing and alignment of the CMs. It also becomes more
abundant, more highly crosslinked and therefore stiffer, reinforcing the CM morphology and, thus,

their axis of contraction.

The ECM also regulates other processes crucial to CM function, including metabolism, though
this links have been primarily established in skeletal muscle; mutations in several ECM genes are
associated with muscular dystrophies characterized by metabolic deficits'®-'¢'. Additionally,
mutations in the protein dystrophin, which links the cytoskeleton to transmembrane ECM-
adhesion complexes, induce contractile impairment in both skeletal and cardiac muscle'®? and
has noted mitochondrial deficits'®3%4. Thus, the loss of certain elements in the ECM or cell-ECM
adhesion can hinder mitochondrial function in striated muscle, implying that certain elements of

the ECM are critical to metabolism.

We sought to determine whether age-specific human CDMs influenced structural,
electrophysiological or metabolic elements of CM function, particularly those that were specific to
pre- or post-natal physiology. We addressed this by seeding fetal and adult CDMs with iPSC-CMs
which, though committed in their differentiation, are fairly immature and plastic. As such, they
present the opportunity to study cardiac phenotypes associated with both development and
maturation, allowing the investigation of the influence of fetal and adult cardiac ECM on a single,

receptive cell source.

4.1 CDM Influence on iPSC-CM Morphology

To investigate the influence of CDMs on CM physiology, we first seeded primary fetal mouse CMs
onto both mouse and human CDMs (Fig. 4.1A). CMs were able to adhere and remain viable, as
indicated by visible contractions during culture durations of up to 7 days. The CMs were especially

responsive to the matrix fibril orientations of each CDM, and displayed a fairly spread morphology
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on mouse CDMs, which do not exhibit aligned matrix fibrils, but an incredibly thin, elongated
morphology on human CDMs, which are highly aligned, thus demonstrating that CM morphology
corresponds to the CDMs’ respective organization. However, the patterning of fetal and adult
CDMs are much more similar (Chapter 3). To determine whether the chemical composition of
fetal and adult CDMs differentially impacted CMs, we worked in an entirely human system, and
seeded human iPSC-CMs at day 15 of differentiation onto human fetal and adult CDMs for a
minimum of 3 days at low densities. These parameters were specifically chosen because day 15
represents a committed but relatively immature stage of CM differentiation, and to allow the CDMs
to be the predominant influence over CMs, rather than interactions dictate by cell-cell adhesions.
Strikingly, we did observe distinct CM morphologies on age specific CDMs, particularly in the
cellular width. On fetal CDMs, CMs were especially thin and elongated, whereas on adult CDMs
they were notably wider and shorter (Fig. 4.1B, upper). Notably, the morphology of the CMs is
readily apparent in the CDMs post-seeding, as demonstrated by the immunolabeling of FN (Fig.
4.1B, middle). Matrix fibrils in CDMs have regular spacing and consistent coverage (Chapter 2),
but a clear negative space is observed in the FN where CMs have adhered. This phenomenon
was observed throughout multiple experiments and is unlikely to be a technical artifact. Instead,
it suggests that CMs are actively remodeling the FN beneath them, likely to migrate into the matrix

itself, rather than adhering to it as merely a basal layer.
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Fig. 4.1 Morphology of CMs seeded onto CDMs. A) Primary E14 murine CMs seeded onto mouse
and human fetal CDMs. B) Human iPSC-CMs seeded onto human fetal and adult CDMs. Cardiac
troponin T (red), fibronectin (green) and Hoechst (blue).

To further investigate the CM response to matrix structure, we performed high-resolution confocal
imaging of human iPSC-CMs seeded onto human fetal and adult CDMs. We also seeded these
CMs onto Matrigel at the same density to investigate potential advantages of thicker, tissue-like
matrices over the common culture substrates used for iPSC-CMs. Confocal microscopy revealed
that CMs did, indeed, embed themselves into the CDMs, enabling multidirectional matrix cues
instead of the basally-restricted matrix cues provided by Matrigel (Fig. 4.1A, XZ and YZ views).
This is more similar to the cell-matrix orientations found in tissue''%%%2, and also promotes more
tissue like matrix adhesions through integrin localization and binding'’. Additionally, the variable
orientation and morphology of CMs on CDMs, and lack of alignment when cultured on Matrigel,
indicated that the alignment observed in CMs on human CDMs does correspond to the orientation

of the matrix fibrils. In fact, cellular orientation was especially well-correlated to matrix, particularly
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in CMs on fetal CDMs. (Fig. 4.1B). On adult CDMs, the majority but not all cells were oriented

along the direction of matrix fibrils.
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Fig. 4.2 Alignment of iPSC-CMs cultured on Matrigel and fetal and adult human CDMs. A) iPSC-
CM morphology when cultured in XY, XZ and YZ planes. B) Alignment of fibronectin fibers in
Matrigel and CDMs, and alignment of corresponding cultured iPSC-CMs.

We then assessed whether this alignment promoted any differences in cell-cell adhesions (Fig.
4.3A) and aspect ratio (Fig. 4.3B) by visualizing the presence and localization of the desmosome-
associated protein plakophilin-2 via immunocytochemistry and measuring cell widths manually in
FIJI. Many junctional proteins are enriched at the intercalated disc at the minor axis between CMs,
with 30% distributed to the lateral cell borders®®*. Plakophilin-2 is also enriched at the intercalated
discs in mature CMs, where it serves to promote electrophysiological coupling™' 132, Additionally,
CMs increase in size as they mature®3%7, and so while the combination of cell size, aspect ratio
and desmosomal positioning are not demonstrable proof of CM maturation, they are visual
indicators of various hallmarks associated with maturation. Upon examination, plakophilin-2 had
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distinct positional phenotypes in CMs on each culture substrate (Fig. 4.3A). It was present but
radially localized in CMs cultured on Matrigel, which had minimal indication of cell elongation and,
consequently, a low aspect ratio (Fig. 4.3B), and did not exhibit the polarization of desmosomes
to end-to-end CM connections that is observed in native adult tissue. CMs on fetal CDMs exhibited
the smallest cellular area, and though plakophilin-2 was present at the CM borders, it was also
diffusely localized over the entire CM area, which is indicative of desmosomes in immature CMs.
Adult CDMs promoted the most notable localized enrichment of plakophilin-2 along the short axis
of each CM at the putative intercalated discs, suggesting a cellular structure that is more mature
than those of CMs on either the Matrigel or fetal CDMs. Notably though, CMs on adult CDMs did
not have the highest aspect ratio, which was instead induced by the fetal CDMs. This is likely due
to differences in the size of the CFs that produced these matrices, and the widths between the
matrix fibrils they deposited, as expected. However, CMs on these matrices did not adhere to the
pattern seen on in CMs cultured on stamped matrix substrates, wherein the highest aspect ratio
promoted the most contractile force and velocity'?®. Instead, the combination of factors in the adult
CDM promoted the most morphologically mature CM, based on the structural parameters tested,
but this was not readily correlated to any single factor such as cell size of aspect ratio, but instead

a combination of several factors, potentially including those not tested here.
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Fig. 4.3 Size of iPSC-CMs cultured on Matrigel and fetal and adult human CDMs. A) iPSC-CM

morphology when cultured in XY, XZ and YZ planes. B) Alignment of fibronectin fibers in Matrigel
and CDMs, and alignment of corresponding cultured iPSC-CMs.

90



We further found that the degree of alignment was not necessarily dependent on cell density.
Instead, iPSC-CMs seeded at low (50K/cm?), medium (250K/cm?) and high (500K/cm?) densities
all responded to the alignment of adult human CDMs (Fig. 4.4). Additionally, at high densities,
the configuration of densely-packed, aligned CMs began to resemble that of adult ventricular
tissue; a feature that could potentially be exploited for the development of tissue-like
cardiac/matrix constructs in the future. As a note, the adhesion efficiency of iPSC-CMs to CDMs
was highly dependent on the presence of serum in the plating media. Serum contains an
abundance of matrix proteins and is commonly used to promote adhesion in CM culture. The
seeding densities listed above represent the numbers needed in the absence of serum. However,
in the presence of 10% serum supplemented into the CM media upon plating, cell numbers could

be reduced ten-fold.
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Fig. 4.4 CM alignment on CDMs. A) Human iPSC-CMs seeded onto human adult CDMs at low
(50K/cm?), medium (250K/cm?) and high (500K/cm?) densities, with ECM labeled via fibronectin
(green). B) CM density and alignment in adult human heart tissue, with interspersed fibroblasts
detected by vimentin (green). Cardiac troponin T (red) and Hoechst (blue).

CMs cultured on CDMs were especially sensitive to species- and age-dependent differences in
matrix organization. CMs responded to topographical cues by adopting distinct morphologies and,
when cultured on adult CDMs, desmosomal protein enrichment at putative intercalated discs. This
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demonstrates the ability of CDM organization to instruct numerous structural hallmarks of CM

maturity, which has been a major focus of engineered cardiac tissue.

4.2 CDM Influence on iPSC-CM Contraction Dynamics

Given the relationship between CM structure and contractile properties, we sough to determine
whether fetal and adult CDMs influenced contraction and CM electrophysiology. Specifically, the
uniaxial enrichment of plakophilin-2 observed in CMs on adult CDMs (Fig. 4.2) is important for
the directional calcium signaling and consequent efficient force contraction in the adult heart,
which results in increased displacement of contraction velocity of individual CMs3®%®. What we
found, instead, was that CMs were particularly receptive to the presence of matrices, as opposed
to Matrigel, with only minimal differences in their contractile response to age-specific CDMs. We
assessed CM contraction by two means — first, by optical flow analysis of live CMs spontaneously
contracting, captured by live imaging in brightfield (Fig. 4.5A-D), and second by the genetically
encoded calcium reporter, GCaMP6 (Fig. 4.5D-F), which fluoresces during the cyclical flux of
calcium into CMs during action potential generation44’. CMs grown on fetal and adult CDMs
exhibited much more uniform axes of contraction compared to those cultured on Matrigel (Fig.
4.5A), though matrix substrates had no impact on CM beat rate (Fig. 4.5B). However, culture on
fetal CDMs increased CM contraction velocity (Fig. 4.5C), which resulted in three-fold greater
total displacement (Fig. 4.5D). CMs on adult CDMs, however, exhibited an average displacement
and velocity that was between that of CMs on Matrigel and on fetal CDMs, and was not
significantly different than either condition. This elevated velocity in CMs on fetal CDMs may be
attributable to the abundance of GAGs in fetal CDMs, which can promote viscoelasticity?"°.
Additionally, relative to CMs cultured on Matrigel, calcium handling analyses indicated that CMs
grown on both fetal and adult CDMs had a much faster downstroke (t50 down), which is regulated

by potassium and calcium channels (Fig. 4.5E), with no change in the upstroke (t50 up) that is
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regulated by sodium channels (Fig. 4.5F)*%. Given that calcium handling is not directly reliant on
substrate elasticity, the faster observed downstroke reflects differences in CM function on CDMs,

as opposed to Matrigel, and demonstrate the indirect impact of the ECM environment on cell

function.
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Fig. 4.5 Spontaneous contraction properties in human iPSC-CMs cultured on Matrigel and fetal

and adult CDMs, assessed by optical flow analysis of brightfield (A-D) GCaMP indication of
calcium flux (E-F) in live microscopy.

Collectively, these data indicate that CDMs improve the contractile function of CMs by promoting
alignment, contraction velocity, and specific calcium handling properties that more closely
resemble native heart tissue than those achieved by CMs cultured on Matrigel. These phenotypes
appear largely correlated with the CM conformation to the structural alignment of age-specific
matrices. The elongation of CMs observed enabled more uniform axes of contraction, as well

increased speed of calcium handling correlated with enhanced calcium and potassium channels,
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both of which are phenotypically associated with increased maturity. However, only the fetal CDM
and not the adult CDM induced an increase in CM contractile displacement and velocity. While
this is an inversion the phenotypes associated with age-specific environments, it is possible that
the extreme elongation observed in CMs on fetal CDMs, and potential differences in
viscoelasticity, contributed to the larger dynamic range of contraction displacement of CMs on
fetal CDMs that was not matched by the relatively shorter CMs on adult CDMs (Fig. 4.2B).
Similarly, ECM structure and composition exhibit specific viscoelastic properties which, while not

measured here, may play a role in enabling CM contraction.

4.3 Contribution of Collagen VI to iPSC-CM Metabolism

Of the age-specific CDM properties previously identified (Chapter 3), one of the most striking was
the enrichment of all three chains of Col VI in fetal CDMs. While this correlation has been noted
in the ECM of fetal mouse hearts®®, Col VI is also crucial to metabolic function, and its loss impairs
skeletal muscle regeneration’™® and induces muscular dystrophies characterized by metabolic
deficiencies'®. The genetic deletion of Col VI has been investigated in the context of cardiac
injury’®, but revealed that the predominate phenotype of global Col VI loss influences the
conversion of CFs to myofibroblasts in the adult heart, and therefore does not address whether
cardiomyocytes, like skeletal myofibers'®, rely on the presence of Col 6 for physiological

respiration.

We, therefore, chose to investigate the potential influence of fetal and adult cardiac CDMs on
human iPSC-CMs in the context of Col VI loss. To do this, we leveraged the ability to specifically
suppress individual transcripts during CDM production via siRNA-mediated silencing (Chapter 2).
Fetal and adult CFs were transfected with non-targeting (NT) siRNAs, or a combination of siRNAs

inhibiting COL6A1, COL6A2 and COL6A3 (KD) during culture. Since CDMs represent the
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accumulation of protein production, Col VI was assessed in CFs after 10 days of culture with
siRNA silencing by western blot (Fig. 4.6A) and in decellularized CDMs by immunofluorescent
labeling (Fig. 4.6B). These analyses confirmed Col VI enrichment in un-silenced fetal CDMs,
relative to adult CDMs, and showed that Col VI protein was dramatically reduced following Col VI
KD. Notably, in some cases, suppression of Col VI destabilized the ECM to the point of CDM loss,
and this was particularly frequent in the fetal CDMs, occurring in 4/6 replicates (Fig. 4.6C). The
fetal CDMs that remained intact contained some residual Col VI protein, suggesting that the adult
CDM, which innately has less Col VI, is better able to compensate for its absence. Additionally,
this indicates that while the siRNA-treated adult CDMs represent a complete loss of Col VI protein,
fetal CDMs have only a partial Col VI loss, which should be taken into account when interpreting

the respective phenotypes cultured CMs.
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Fig. 4.6 Knockdown of Col VI (KD) protein in fetal and adult human CFs (A) and CDMs (B-C) by
siRNA-mediated silencing. A) Western blot (upper) and intensity quantification (lower) of Col VI
protein normalized to GAPDH. B) Immunofluorescent labeling of Col VI (red) and FN (green). C)
Representative images of CDM replicates with Col VI KD.
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To characterize the influence of Col VI on CM metabolism, CDM production was adapted to a 96-
well plate format compatible with the Seahorse Extracellular Flux Analyzer. CM oxygen
consumption rate (OCR) was assessed as a surrogate measurement for oxidative
phosphorylation3'°, an indicator of CM metabolic maturity’®, and extracellular acidification rate
(ECAR) was assessed as measure of glycolysis®*'®, which is typical of immature CMs’®. These
properties were measured at basal levels and during induced metabolic stress (maximal levels)
from the uncoupling key aspects of the electron transport chain. After 3 days of culture, CMs
grown on adult CDMs had a higher maximal OCR than those on fetal CDMs (Fig. 4.7A, C), which
is consistent with the increased oxidative phosphorylation observed in maturing CMs in the adult
heart. Additionally, Col VI KD in fetal CDMs did not significantly alter OCR or ECAR properties,
potentially due to the presence of residual Col VI protein. However, Col VI KD in adult CDMs
reduced the maximal OCR achieved by CMs (Fig. 4.7A, C, E), without significantly altering basal

OCR or ECAR (Fig. 4.7A, B, D).
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Fig. 4.7 Metabolic properties of CMs cultured on Col VI KD CDMs, normalized to CM number per
well. Representative traces of oxygen consumption rate (OCR) (A) and extracellular acidification
rate (ECAR) (B), quantified at the 3™ timepoint per treatment in B-C and D-E, respectively.

Given the relationship between metabolic demand and contraction in cardiomyocytes, particularly
during peak demand simulated by the stress-inducing uncoupling of the electron transport chain,
we investigated whether this reduced capacity for CM oxidative phosphorylation on adult KD
CDMs influenced their contractile properties. We assessed both contraction dynamics and
calcium flux, as was done previously (Fig. 4.5). The loss of Col VI from both fetal and adult CDMs
had no impact on CM contractile properties, including beat rate, contractile displacement velocity,

or downstroke time (Fig. 4.8A-D). While perhaps surprising, this is consistent with the lack of
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reported cardiac dysfunction in Col VI-dependent muscular dystrophies®'! except during periods

of physiological stress, such as pregnancy®'? or myocardial infarction'®?,
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Fig. 4.8 CM contraction dynamics of iPSC-CMs on Col VI-deficient CDMs. Parameters measured
by live imaging of A-C) spontaneous beating of brightfield and D) GCaMP fluorescence.

Thus, genetic suppression of Col VI had distinct influences on age-specific CDMs, and influences
CM metabolism in the absence of additional cell types. Specifically, the loss of Col VI from adult
CDMs influences CM metabolic respiration, specifically during simulated high energy demand,
which is essential for metabolically active CMs to mature and respond to functional stressors and

challenges, but this deficiency is not readily apparent in the contraction dynamics assessed here.

4.4 Conclusions and Discussion

The age-specific properties of CDMs had numerous influences on CM morphology and function.
Notably, though, the correlation between CDM age and CM phenotype was not a direct
correlation; adult CDMs did not unilaterally promote CM characteristics indicative of more
advanced maturation than the characteristics of CMs on fetal CDMs. Instead, CMs responded to
individual aspects of age-specific CDMs, which enabled a correlation between individual CM

parameters and the CM response.
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In particular, CMs responded to the structural organization of matrix fibrils of CDMs with distinctly
age-dependent cell size, shape, cell-cell adhesions and contractile properties. Both fetal and adult
human CDMs both promoted CM elongation and dictated the alignment and orientation of cultured
CMs. However, CMs on fetal CDMs were more elongated, whereas CMs on adult CDMs exhibited
uniaxial desmosomal protein localization at CM junctions. Notably, both of these phenotypes are
associated with increased maturity in iPSC-CMs. However, elongation is expected to increase the
contraction velocity and displacement, and putative electrical coupling observed in CMs on adult
CDMs is associated with faster calcium flux in CMs. Instead, only fetal CDMs enabled faster CM
contractions with higher displacement, and CDMs of both ages increased the action potential
downstroke velocity. We interpret these phenotypic changes as responding to a combination of
CDM-derived cues. Increased contraction displacement can result from higher elasticity of culture
surfaces — which may be present in fetal CDMs as a result of both the coiled ECM fibrils and the
hydration associated with GAG-rich tissues, providing more potential stretch of the matrix and,
therefore, the cultured CMs'?6. The agnostic increase in calcium downstroke velocity on both fetal
and adult CDMs also indicates that either a) plakophilin-2 enrichment at putative intercalated disks
is not sufficient to promote electrical coupling requires to increase calcium flux rates, or b) that
some other aspect of CDMs — possibly their alignment — is sufficient to increase calcium flux
dynamics even without desmosomal formation, and that further maturity requires additional
factors. The differential responses to age-specific CDMs also speaks to the inherent influence of
the ECM on cardiac physiology, as these differences were observed after a relatively short culture
duration, despite the observation that extended culture is often required to induce demonstrable

maturation of stem cell-derived CMs on minimal ECM substrates'®.

Age-specific CDMs also influenced the maximal OCR of CMs, which is indicative of the peak
oxidative phosphorylation possible during increased energy demand. This work demonstrates

that culture on adult CDMs can promote greater respiratory capacity in CMs, thereby promoting
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a major indicator of maturation, in a relative short time frame. It is, thus far, unexplored whether
this is due to the correlated increase in putative intercalated disc formation in CMs on adult CDMs,
but this age-specific property can be negated by the loss of an individual matrix protein — Col VI.
In this case, the loss of Col VI had a detrimental impact on CM oxidative respiration without
eliciting a compensatory increase in glycolysis, demonstrating the reliance of iPSC-CMs on Col
VI for physiological respiration. Notably, though, this metabolic deficit on adult KD CDMs did not
impair cardiac contractility or calcium handling, which is consistent with the lack of cardiac
dysfunction in adult Col 6-deficient muscular dystrophies®!'. The differing metabolic and
contractile responses further demonstrate that while the two functions are inherently linked in CMs

by force-dependent bioenergetic demands'®83'3, they can be uncoupled by intermediary steps.

It is notable that Col VI was particularly enriched in fetal CDMs, and yet the predominant influence
of Col VI loss on CMs was observed in the context of adult CDMs. It is possible that Col VI has
an equally important role in supporting CM respiration when cultured on fetal CDMs, and the
inability to fully KD Col VI due to structural instability prevented us from fully exploring this
phenotype. In the context of the developing heart, an abundance of Col VI might, then, serve to
promote oxidative phosphorylation as the CMs are undergoing the maturation-associated
metabolic shift away from glycolysis and towards oxidative respiration for increased ATP
production®2%8 in the oxygen-rich environment associated adult physiology®*°. Additionally, it is
also possible that the enrichment of Col VI in fetal CDMs accounts for a structural dependency
that is not seen at later ages. However, the global deletion of Col VI is not associated with
embryonic lethality, but instead associated with a reversion of the myofibroblast state'®3. Fetal
development involves a similar, natural expansion of CFs that is not seen in adulthood except
under pathological conditions?*°, and it's possible that fetal matrices are especially reliant on a
factor such as Col VI, which is associated with the CF proliferation and matrix production typical

of development.
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This work demonstrates that extracellular matrix reflective differential stages of development,
modeled by CDMs, impart age-specific morphological and functional properties onto human cells.
In this cardiac model, the influences of the ECM include CM shape, cell-cell adhesions,
contraction dynamics and metabolism. The use of CDMs coupled with an atlas of their age-
specific composition enabled the identification of Col VI as a crucial matrix protein for maximal
metabolic respiration of iPSC-CMs. Furthermore, this work demonstrates the utility of age- and

species-specific CDMs in dissecting complex cell-matrix biology.
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Chapter 5. Influence of Age-specific CDMs on CM Proliferation

One of the most impactful ontogenic changes that occurs in the mammalian heart is the postnatal
loss of regenerative capacity®>®, which has lead to the prevalence of heart disease worldwide?.
Cardiac regeneration occurs exclusively by proliferation of pre-existing CMs’ in the fetal and early
neonatal mammalian heart, after which the pathological response to injury such as hypertension
and myocardial infarctions is via hypertrophy and fibrosis®*3'*, which can develop to heart failure.
Several key processes have been identified to regulate this age-dependent loss of proliferation in
CMs?73, including hippo signaling’>°8, hypoxia and the postnatal increase reactive oxygen
species®'®2, and the immune system®-2. CM proliferation involves a disorganization of existing
sarcomeric structure’3'S, thereby implicating costameres and CM-ECM adhesion dynamics in
the process. Recently, the individual components of the fetal ECM have been shown to promote
CM proliferation®® and cardiac regeneration’?21%531%  As is the case for many developmental
factors that promote CM proliferation, though they are less abundant after fetal development, the
re-introduction of several of these factors can rescue the regenerative ability in adult
mice’281:82102155 - Ag such, the identification of fetal factors that promote CM proliferation provide

valuable information to ongoing therapeutic strategies for heart disease.

The ability of the fetal ECM to promote more CM proliferation than the adult ECM has been
demonstrated in vitro with digested tissue-derived ECM®®'%3, However, to date, all studies
exploring the contribution of the cardiac ECM to CM proliferation have done so with digested
and/or solubilized ECM lacking the structurally-complex, tissue-like ECM demonstrated by our
CDM system (Chapters 2-3). We, thus, sought to determine whether components of our fetal
CDMs could support more CM proliferation than adult CDMs. To approach this, we investigated
a broad number of fetal CDM proteins for their ability to promote DNA synthesis in CMs. Because
DNA synthesis is decoupled from cytokinesis in mammalian CMs?*¢:9°191 this is not a definitive

demonstration of proliferation. However, we perform these investigations in fetal mouse CMs,
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which are still capable of cytokinesis, and impact on DNA synthesis is indicative of the ability to

influence the cell cycle and, therefore, warrants further exploration.

5.1 Age-Specific CDMs are Differentially Permissive of DNA Synthesis in CMs

The fetal ECM has been demonstrated to support more CM proliferation than the neonatal or
adult ECM. To determine whether our age-specific CDM model recapitulated this ontogenic
function of the cardiac ECM, we seeded CMs onto fetal and adult CDMs and probed for DNA
synthesis via labeling with EdU, which incorporates into newly synthesized DNA indicative of S-
phase progression. We performed this experiment with both mouse and human CMs on CDMs
from their respective species (Fig. 5.1A, B). Mouse CMs were isolated from fetal mouse hearts
at E14 and labeled with EdU for 72h, and human CMs were differentiated from iPSCs for 15 days
and EdU-labeled for 24 hours, to reflect the faster cycler time in human iPSC-CMs. Fetal mouse
CMs and immature human CMs were specifically chosen because they possess a proliferative
capacity to potentially be augmented/diminished by these studies and because, in the mouse,
adult CMs are not able to be kept in culture. In both species, culture of CMs on fetal CDMs
supported more progression through S phase than culture on adult CDMs. Next, we determined
whether the pro-proliferative effect of fetal CDMs on CMs was species-specific by performing the
inverse experiment, with mouse CMs on human CDMs and vice versa. Notably, we observed the
same enrichment of EdJU labeling in CMs on fetal CDMs (Fig. 5.1C, D) regardless of the species
of origin. The majority of the structure and composition of mammalian ECM is conserved®'’, and

this data indicates that the proliferative response of CMs to the ECM is also conserved.
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Fig. 5.1 DNA synthesis of CMs on species-specific CDMs. EdU incorporation into fetal (E14)
mouse CMs and human iPSC-CMs (day 15) cultured on mouse CDMs (mCDM) and human
(hCDM) age-specific CDMs. A) Mouse CM, mouse CDM. B) Human CM, human CDM. C) Mouse
CM, human CDM. D) Human CM, mouse CDM.

5.2 Laminins as Regulators of CM Proliferation

The contrasting ability of fetal and adult CDMs to support CM DNA synthesis validates the use of
CDMs as a model to explore the influence of cardiac ECM on CM proliferation. Coupled with our
defined atlas of fetal and adult CDM compositions (Fig. 3.7, Table 3.1), this provided a list of
candidate proteins potentially involved in the process. To augment this tool further, we assessed
the composition of mouse fetal and adult CDMs by MS, although this was performed on single
matrices and statistical analysis was not possible. Matrix proteins detected in mouse fetal and
adult CDMs are listed in Table 5.1, alongside the age-specific enrichment found in human CDMs,
if present. In mouse CDMs, 31 proteins were over 2-fold enriched in fetal CDMs, and 28 were
over 2-fold enriched in adult CDMs. However, only 4 and 7 proteins were similarly upregulated in
human fetal and adult CDMs, respectively. Among those with fetal enrichment in both species, 2
were laminin chains (laminin 2 and y1), along with a Col V chain and the protease cathepsin B.
Additionally, several other laminin chains (a5, B1) were enriched in fetal mouse CDMs, as well as

the pro-regenerative fetal-associated protein agrin. Adult-enriched proteins in both mouse and
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human CDMs were plasminogen activator inhibitor 1 (SerpinE1), IGFBP7, Matrix Gla protein, as

well as annexins and S100 proteins.

Table 5.1 Age-specific enrichment of proteins in adult vs fetal mouse (Ms) CDMs, with correlating
enrichment in human (Hu) CDMs and associated adjusted (adj.) p value. Enrichment is expressed
as the log 2 Fold change (Log2FC). Proteins with matching age-specific enrichment in both Ms
and Hu are bolded.

Ms . M H Hu adj. n
Un:;rot Protein Enrich:nent Enrichl:nent l\Jl:lﬂje i nC::n:s
P02468 | Laminin subunit gamma-1 -20.50 -0.65 0.04526 Lamcl
Q61292 | Laminin subunit beta-2 -16.65 Fetal Only Lamb2
P10605 | CathepsinB -2.00 -1.42 0.00108 Ctsb
Q3U962 | Collagen alpha-2(V) chain -1.47 -0.89 0.01795 Col5a2
P10107 | Annexin Al 1.67 0.87 0.04620 Anxal
P19788 | Matrix Gla protein 2.08 Adult Only Mgp
Q07076 | Annexin A7 2.72 1.79 0.01293 Anxa7
P22777 | Plasminogen activator inhibitor 1 17.10 1.03 0.02650 Serpinel
Q61581 InsuIi|.1-Iike growth factor-binding 19.15 1.28 0.01204 Igfbp7

protein 7
P07091 | Protein S100-A4 24.87 Adult Only $100a4
P14069 | Protein S100-A6 26.17 2.26 0.00118 $100a6
P10493 | Nidogen-1 -20.14 ND ND Nid1
Q61001 | Laminin subunit alpha-5 -20.03 ND ND Lama5
P16110 | Galectin-3 -19.88 2.47 0.02577 Lgals3
P08122 | Collagen alpha-2(IV) chain -19.03 0.11 0.76988 Col4a2
P18242 | Cathepsin D -18.93 -0.72 0.18912 Ctsd
P97384 | Annexin Al11 -18.74 1.48 0.00123 Anxall
P02469 | Laminin subunit beta-1 -18.44 0.17 0.09619 Lambl
Q99JR5 :;’E:Lc’r::?zs“t'a' nephritis 17.75 ND ND Tinagll
088322 | Nidogen-2 -17.56 -1.23 0.14095 Nid2
Q91WP6 | Serine protease inhibitor A3N -17.39 ND ND Serpina3n
P06797 | Cathepsin L1 -17.37 ND ND Ctsl
A2ASQ1 | Agrin -16.11 ND ND Agrn
035640 | Annexin A8 -4.45 ND ND Anxa8
Q9R118 | Serine protease HTRA1 -3.15 -0.47 0.25473 Htral
P35441 | Thrombospondin-1 -2.85 -0.79 0.21757 Thbs1
Q61702 Inte.r—alpha-trypsin inhibitor heavy .42 ND ND Itihl

chain H1
P02463 | Collagen alpha-1(IV) chain -2.39 -1.41 0.06926 Col4al
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Table 5.1 continued

dioxygenase 1

Ms Protein Ms Hu Hu adj. p
UniProt ID Enrichment | Enrichment value
p21981 | Protein-glutamine gamma- 174 1.71 0.00039
glutamyltransferase 2
Q3viT4 Prolyl 3-hydroxylase 1 -1.57 -0.18 0.54377
P16675 Lysosomal protective protein -1.41 ND ND
035639 Annexin A3 -0.98 ND ND
Qookcg | von V\./il.lebrand ffactor A domain- 0.85 ND ND
containing protein 5A
Q62426 Cystatin-B -0.72 2.61 0.00074
P50543 Protein S100-A11 -0.51 1.88 0.00039
Q05793 Basement membrane-specific heparan -0.39 0.12 0.65661
sulfate proteoglycan core protein
P11276 Fibronectin -0.39 0.13 0.54377
Q91XD7 Cysteine—rich with EGF-like domain 0.30 Adult Only
protein 1
P09535 Insulin-like growth factor Il -0.08 -0.96 0.22535
P14824 Annexin A6 -0.05 2.14 0.00059
P07214 SPARC -0.02 -1.63 0.05318
P16045 Galectin-1 0.04 0.33 0.54377
Q9DOF3 Protein ERGIC-53 0.14 -0.84 0.02409
QIROBY Procollagen-lysine,2-oxoglutarate 5- 0.19 0.61 0.02409
dioxygenase 2
Q01149 Collagen alpha-2(I) chain 0.35 -0.89 0.00508
P19324 Serpin H1 0.41 -1.55 0.02326
QIROE1 Procollagen-lysine,2-oxoglutarate 5- 0.55 -0.30 0.25473
dioxygenase 3
P97429 Annexin A4 0.70 Adult Only
P07356 Annexin A2 0.91 1.36 0.02442
P11087 Collagen alpha-1(l) chain 1.03 -0.91 0.02844
Q61072 Disintegrin and metalloproteinase 1.08 0.16 0.36716
domain-containing protein 9
P08207 Protein S100-A10 1.13 -0.94 0.15689
Q60854 Serpin B6 1.13 0.81 0.12655
Q60847 Collagen alpha-1(XIl) chain 1.38 -1.92 0.00043
Q60715 Prolyl 4-hydroxylase subunit alpha-1 1.44 -0.39 0.17256
B2RXS4 Plexin-B2 1.47 -0.39 0.51881
P37889 Fibulin-2 1.94 ND ND
QOROE2 Procollagen-lysine,2-oxoglutarate 5- 2.24 0.26 0.51198
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Table 5.1 continued

Ms Protein Ms Hu Hu adj. p
UniProt ID Enrichment | Enrichment value

Q99K41 EMILIN-1 2.89 -0.94 0.00364
Q512A0 Serine protease inhibitor A3G 2.90 ND ND
Q60716 Prolyl 4-hydroxylase subunit alpha-2 4.43 0.29 0.21757
P08121 Collagen alpha-1(lll) chain 4.52 -0.84 0.11442
Q61554 Fibrillin-1 7.88 -1.86 0.10862
Q62009 Periostin 18.33 -0.80 0.07261
008573 Galectin-9 19.01 ND ND
Q61398 Procollagen C-endopeptidase enhancer 1 19.02 -1.03
Q9oQzl6 Microfibrillar-associated protein 5 19.29 2.41 0.18432
Q8VED9 Galectin-related protein 19.29 ND ND
P51655 Glypican-4 19.52 ND ND
P28653 Biglycan 20.82 0.39 0.49141

Given the prevalence of fetal-enriched laminins in both mouse and human CDMs, we first
investigated whether individual laminins impact CM proliferation. Laminins are comprised of 3
chains — a, B and y — that self-assemble to form a key component of basement membranes®.
The majority of functional variation among laminins is derived from the a chains, because there
are 5 a chains and only 2 B chains and 1 y chain®'®, and because exposed regions of the a chains
bind individual integrins that are only expressed by certain cells®®. Current annotation denotes
laminins by the number associated with each chain, such that the laminin a5, 2 and y1, would
combine to form laminin 521. Multiple different laminins are associated with promoting specific
cell behaviors, including proliferation or differentiation of progenitor populations3'®320, and laminin
521 has recently been shown to sustain pluripotency and promote expansion of stem cells®2'322,
In addition to the potential to promote DNA synthesis in CMs, we also explored whether laminin
chains in the adult CDMs could potentially inhibit CM proliferation. The only alpha chain detected
in CDMs was a5, which has noted as transcriptionally enriched in fetal mouse heart'®®, but a2 is
also present in the developing and adult heart’*. We did, additionally, investigate the

transcriptomic profiles of CFs during CDM production and determine that LAMA2, the gene
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producing laminin a2, was in the top 10 might highly upregulated matrix genes in adult human
CFs, relative to fetal CFs (p value = 0.000405), while no other laminins were enriched in adult
CFs. Thus, the laminins we assessed for their contribution to CM proliferation included 211, 221,
511 and 521, as well as the commonly-used 111 as a reference. To perform these studies, we
used primary murine CMs because they reflect native tissue biology that may not be recapitulated

by immature iPSC-CMs'"°,

When cultured on multiple laminins adsorbed directly onto TCP, we found that both laminins 511
and 521 supported more EdU incorporation into fetal mouse CMs than 211 or 221, suggesting
that the a5 chain is a key component to promote CM proliferation. Further, it demonstrates that
the identify of the B chain had no significant impact on DNA synthesis (Fig. 5.2A). CMs on laminin
211 also had a dampened proliferative response relative to laminin 111. To ensure that these
differences were not due to adhesion — an important role of laminin - we quantified the number
of CMs present in each condition (Fig. 5.2B). We observed only one significant difference in cell
count between CMs on laminin 221 and 511, but in the inverse relationship of what would be
expected if laminins containing the a2 chain compromised cell attachment. Instead, there were
fewer CMs on laminin 511 than 221, despite supporting greater EdU incorporation. The potential
causes for this are numerous; it is possible that laminin a2 enables the adhesion of a different
subset of CMs that are less able to progress through the cell cycle, but equally possible that
laminin a2 inhibits certain aspects of proliferation despite promoting adhesion. In fact, each matrix
protein is preferentially bound by specific integrin pairs, and even minor differences in
integrin/matrix dynamics can lead to differential adhesion and proliferation properties3?+-32¢ due
to mechanotransductive signals and because integrins link the matrix to the cardiac

cytoskeletal®?”, which must undergo dynamic rearrangement during the cell cycle.

Although the laminin a5 chain is associated with fetal CDMs and progenitor cells3'®320, cells are

known to adapt their integrin expression and binding profiles over time, depending on the matrix
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that is available to them. This raised the possibility that older CMs, representing a different
maturational state, would respond differently to the different laminin chains. To test this, we
isolated neonatal mouse CMs, and seeded them onto the same laminin combinations (Fig. 5.2C).
The overall prevalence of DNA synthesis was low, as is typical of neonatal CMs. However,
surprisingly, we saw the inverse relationship of DNA synthesis and laminins, wherein laminin 211
supported more EdU incorporation than 511, although once again the identify of the 8 chain had
no influence of EdU levels. This suggests that while laminin a2 and a5 are capable of influencing
CM proliferation, the cardiac response to individual laminins are dependent on the age or

maturational state of the CMs.

Interestingly, laminin a2 is linked to muscle metabolism in a similar way to Col VI (Chapter 4). The
loss of LAMA2 causes muscular dystrophy that is linked to metabolic dysfunction'®'. Specifically,
this phenotype is a consequence of the opening of the mitochondrial permeability transition pore
(MPTP), which sits in the inner mitochondrial membrane and allows the membrane to depolarize.
When not properly regulated, it can cause mitochondrial swelling and apoptosis®®. In CMs, the
MPTP is detected as early as E9.5 and remains open by default until ~E13.5%%°, when it's closure
becomes regulated. Inhibition of the MPTP prevents dystrophic signaling in the absence of laminin
a2, suggesting that one impact of laminin a2 is to promote MPTP closure which consequently
promotes mitochondria integrity and homeostasis. This cardioprotective function associated with
laminin a2 may be responsible for the lower CM numbers observed in culture on laminin 511
instead of 211. However, as laminin 511 also enhances CM cell cycling, it is possible that the
laminin-specific regulation of the MPTP influences other developmentally-associated properties,
such as proliferation. To address this, we cultured fetal CMs on laminin 111, 211 and 511 in the
presence of a well-characterized MPTP inhibitor, cyclosporin A (CsA)3%, as well as on gelatin, as
a non-laminin control (Fig. 5.2D). Under these conditions, MPTP inhibition suppressed the DNA

synthesis observed in CMs cultured on laminin 511, but not on other laminins 211 or 111, or on
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gelatin, and MPTP inhibition in CMs on laminin 511 suppressed the DNA synthesis to the level

observed on laminin 211 (Fig. 5.2D). This suggests that the opening of the MPTP in fetal CMs is

regulated by specific laminins, and enables CM proliferation.
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Fig. 5.2 EdU incorporation into CMs cultured on laminin-coated TCP, 10ug/cm?. A) Fetal (E13)
CMs, B) neonatal (P4) CMs, C) Fetal (E14) CMs in the presence of DMSO or the mitochondrial
permeability transition pore inhibitor (CsA, 200uM). * p <0.05, ** p < 0.01, *** p < 0.005, **** p <
0.001, as determined by one-way ANOVA.

5.3 Screening for Age-specific Modulators of CM Proliferation

Our ontogenic model of the cardiac ECM has, thus far, identified matrix proteins enriched in age-

specific cardiac matrix that influence CM proliferation and mitochondrial function. Given the

extensive list of other proteins enriched in age-specific CDM, we reasoned that there may be less-

explored components of these CDMs that could also impact CM proliferation. To approach this,
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we cast a wide net and compiled a list of all proteins that were significantly enriched in fetal and
adult human CDMs, as well as enriched in fetal and adult mouse CDMs, and screened for their
impact of EdU incorporation into mouse CMs on human CDMs. This resulted in a total of 115
proteins. To facilitate a screen of this size, we adopted a pooled-screen approached, wherein we
group proteins into sets of 3 using a random number generator, and silenced each set of proteins
in CFs by pooled siRNAs. To determine KD efficiency of siRNAs, transcript abundance of the
targeted genes were assessed 24 hours after transfections and referenced to their abundance in

CFs transfected with the NT siRNA control (Table 5.2).

Table 5.2. siRNA KD efficiency, determined by transcript abundance relative to non-targeting
(NT) siRNA control 24 hours post-transfection.

Gene KD Gene KD Gene KD Gene KD
VCAN 39.81 NID2 0.78 PLOD2 0.41 COL1A2 0.18
EGFL7 7.50 LGALS3 0.76 LOX 0.34 FBLN5S 0.12
LAMA2 3.04 CTHRC1 0.76 PLOD1 0.34 PLXNB2 0.10
CSTB 2.76 CTGF 0.76 MGP 0.33 PAPPA 0.10
DCN 1.65 GAS6 0.72 IL1B 0.33 CRELD2 0.09
ANXA2 1.48 CXCL12 0.72 COL5A2 0.33 LOXL2 0.08
SULF1 1.47 COL7A1 0.72 COL12A1 0.33 HTRA1 0.07
TGFB2 1.45 THBS2 0.69 WNT5A 0.32 VWAGSA 0.05
EFEMP1 141 TNC 0.68 NID1 0.31 EMILIN1 0.04
THSD4 1.39 IGF2 0.68 COL3A1 0.30 FGB 0.04
GPC6 1.36 LAMB2 0.68 LTBP2 0.30 LGALS1 0.03
F13A1 1.29 SERPINB2 0.66 AGRN 0.29 LMAN1 0.03
S100A11 1.26 SERPINE1 0.65 LAMAS 0.28 PLOD3 0.03
LTBP1 1.26 S100A13 0.61 CXCL8 0.28 SERPINA3 0.03
COL6A1 1.12 MFGES8 0.61 CTSL 0.27 COL4A1 0.02
TGFBI 1.11 MFAP2 0.61 ANXAS 0.27 EGF 0.02
TGM1 1.10 IGFBP7 0.60 P3H3 0.27 LAMB1 0.02
CXCL6 1.10 IGFBP5 0.57 CSPG 0.26 SERPINH1 0.01
MMP14 1.06 MFAP5 0.56 COL1A1 0.26 S100A6 0.01
SERPINB1 1.02 HAPLN1 0.56 LGALSL 0.25 HBEGF 0.01
PLAU 1.02 FGF2 0.55 LAMC1 0.25 CTSD 0.01
CSPG4 1.00 MMP2 0.54 EDIL3 0.24 ANXA4 0.00
ANXA1 0.98 IGF1 0.51 THBS1 0.24 S100A10 0.00
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Table 5.2 continued

Gene KD Gene KD Gene KD Gene KD
THBS1 0.95 S100A4 0.50 CTSC 0.23 TGM2 0.00
SRPX2 0.95 ANXA6 0.50 COL6A2 0.23 CTSB 0.00
ADAM9 0.95 PLAT 0.48 FN 0.22 ANXA11 0.00

FBN2 0.87 SERPINB9 0.47 LGALS9 0.21 CTSA 0.00
TIMP1 0.84 POSTN 0.46 CRELD1 0.21 GAPD 0.00
COL6A3 0.84 FBN1 0.46 COLEC12 0.21 FNDC1 0.00
ANXA7 0.81 SPARC 0.42 GDF15 0.21

54% of siRNAs tested in human CFs achieved a KD of more than 50%. However, we noted that
KD with siRNAs targeting COL6A1 and COLG6A3 failed to reach this degree of transcript
suppression, even though they had been demonstrated to successfully reduce Col VI protein
almost completely. To determine whether this trend was observed across multiple proteins, we
selected a few siRNAs and directly compared KD efficiency in RNA and the protein of
corresponding CDMs (Fig. 5.3). Here, we noted that even in cases where protein transcript was
not suppressed, as was the case for S100A10 KD in fetal CFs after 10 days of serial siRNA
transfections, the protein was absent from the CDMs, indicating that transcript level at an
individual timepoint is not a good indicator of total protein level. As such, we noted which siRNAs
did not suppress transcripts efficiently (Table 5.2, KD > 0.5), but did not remove them from the

screen.
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Fig. 5.3 Comparative KD efficiency in fetal and adult human CFs (striped) and CDMs (solid) after
siRNA-mediated silencing of target genes in CFs. **** p < 0.001 as determined by one-way
ANOVA.

To ensure quality control within the screen, siRNAs were pooled ahead of time and frozen in
aliquots for individual use. As with previous studies, these pools of siRNAs were re-delivered
every 3-4 days throughout the course of CDM production to maintain silencing. The inhibition of
FN, the ubiquitous and abundant fundamental matrix protein, was used as a positive indicator of
transfection efficiency on each experimental plate, as matrices without FN lack structural integrity
and are not retained on the plate through decellularization. Furthermore, CMs were observed to
undergo reduced DNA synthesis when cultured where the CDMs had been lost — i.e., TCP.
Therefore, the anti-FN condition served as a positive control for transfection efficiency and a
negative control for CM proliferation. Any plate on which this internal control did not behave as
expected was discarded from the study. siRNA pools were annotated by alphabetic labeling (A-
EE) and transfected into a minimum of two replicate wells across 3 experimental replicates. Each
experimental replicate consisted of separate CDM preparations and CM isolations. Primary
mouse CMs (E14) were cultured on the resulting CDMs in the presence of EdU for 72 hours, after

which EdU+ CMs were quantified by fluorescent microscopy.

The results of the CDM target-inhibition screen are presented in Fig. 5.4. Representative levels

of EdU incorporation in CMs on fetal and adult CDMs and gelatin are included for comparison,
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and FN inhibition significantly decreased CM EdU levels in each set of CDMs. All values are
shown relative to the NT control. Of the CDMs transfected with pooled siRNAs (Fig. 5.4A, C),
there were 2 conditions in both fetal (Fig. 5.4A) and adult (Fig. 5.4C) that significantly increased
EdU incorporation into CMs. There were, additionally, experimental conditions that destabilized
the CDMs to the point of loss (§), and those with high variability, which potentially indicated that
co-transfected had oppositional effects. As such, siRNAs from pools that induced significant

changes in EdU incorporation, or were associated with CDM destabilization or variability, were

further tested individually (Fig. 5.4B, D).
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Fig. 5.4 Loss-of-function screen of age-specific CDM protein enrichment on CM proliferation.
EdU incorporation into fetal (E14) mouse CMs was measured after culture on CDMs produced
with siRNA-mediated silencing. EAU quantification in CMs on fetal (A-B) and adult CDMs (C-D)
are shown relative to the NT control for each experimental group, after treatment with pooled A,
C), and individual (B, D) siRNAs. *p <0.05, ** p <0.01, *** p < 0.005, **** p <0.001, as determined

by one-way ANOVA.
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Our screen identified 3 and 12 proteins whose inhibition supported increased DNA synthesis in
CMs on fetal and adult CDMs, respectively. Notably, we did not observe any conditions that
resulted in a decrease in CM proliferation. According the paradigm of fetal ECM as permissive of
CM proliferation and adult ECM as inhibitory to proliferation, the fetal CDMs were expected to
contain pro-proliferative factors that, when removed, resulted in reduced EdU incorporation. This
may still be the case; it is possible that the removal of individual factors is not sufficient to alter
the pro-proliferative milieu contained within fetal CDMs. Additionally, these CDMs were prepared
in the presence of FBS, which is known to contain pro-mitotic growth factors, which may negate
the need for the matrix-bound reservoir of growth factors. These are caveats to this CDM model
that may warrant future investigation. However, this model did identify that both fetal and adult
CDMs contain factors that suppress DNA synthesis in CMs, and that these factors are 4 times

more prevalent in adult CDMs.

5.4 Underlying Mechanisms

The identification of 15 protein ‘hits’ whose inhibition supported increased DNA synthesis in CMs,
posed several potential avenues of further investigation. Focusing, first, on the targets that yielded
the highest increase in CM EdU labeling (CSPG in fetal CDMs and CTGF in adult CDMs, Fig.
5.4), we noticed that both were involved in collagen production. CSPG, the basement membrane-
associated chondroitin sulfate proteoglycan, catalyzes the 3-hydoxyproline formation required for
proper collagen synthesis and assembly®*. Additionally CTGF, connective tissue growth
factor/cellular communication network factor 2 (CCN2), is a mitogen downstream of TGFf
signaling?® that acts as an autocrine factor regulating cardiac fibrosis®*'*32, Given this functional
correlation among the top hits in CDMs of both ages, we assessed the targets yielding significant
changes in CM EdU labeling for overlapping functionalities. Among the significant hits in our

screen, we found that several were associated fibrosis and/or plasmin signaling.
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Fibrosis — Several of proteins involved in mediated CM proliferation, in both fetal and adult CDMs,
were associated with the progression of tissue fibrosis, including CTGF, GDF15, TGM2, S100A6,
CTHRC1 and CSPG. Specifically, CTGF, GDF15, CXCL6 and CTHRC1 are biomarkers of fibrosis
in multiple tissues33'333-33% whereas TGM2 is a transglutaminase that crosslinks matrix proteins
to promote stability>*. Fibrosis is characterized by conversion of fibroblasts to myofibroblasts and
the excessive production and crosslinking of collagen-rich ECM that disrupts cell function’*. We
previously determined that our human CDMs were produced by activated CFs (Figs. 2.13, 3.2),
which likely influenced the CDM composition. It has also previously been shown the prevention
of cardiac fibrosis improves cardiac regeneration and recovery post-infarct'®33" which requires
an CM proliferation. To test whether this was broadly true of fibrotic signaling in the CDM model,
we produced CDMs in the presence of angiotensin Il, which is frequently used to induce tissue
fibrosis in mouse models*? (Fig. 5.5A, B). In both fetal and adult CDMs, the presence of
angiotensin Il significantly decreased the CDMs’ ability to support CM proliferation. To then
determine whether the pro-proliferative effects observed with KD of these proteins was due to
their lower level of myofibroblast activation, we assessed aSMA expression in CFs during KD of
target proteins (Fig. 5.5C, D). We observed that in some cases (CSPG, GDF15, TGM2), though
not all, CFs exhibited a marked decrease in aSMA (Fig. 5.5D), suggesting a correlation between
their reversion back to a physiological fibroblast state and their CDM’s ability to support CM DNA

synthesis.
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Fig. 5.5 Modulation of myoactivation and fibrosis in CDMs. EdU incorporation into fetal (E14) CMs
cultured on A) fetal and B) adult CDMs produced in the presence of angiotensin Il (250ng/ml). C-
D) aSMA expression in C) fetal and D) adult CFs during silencing of fibrosis-associated genes. **
p< 0.01 as determined by ANOVA.

These findings indicate that 1) a selection of the fibrosis-associated proteins represent targets for
the reduction of fibrosis signaling without destabilizing the total ECM, as was observed with small
molecule inhibitor nintedanib (Fig. 2.14), and 2) that the matrix produced by activated, fibrosis-

associated CFs directly inhibits CM proliferation.

Additionally, a major component of tissue fibrosis is the involvement of the immune system, which
can act to either resolve or exacerbate the disease. CXCL6, for example, is a chemokine that

promotes granulocyte chemotaxis and neutrophil recruitment3®. In fact, multiple fibrosis-
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associated proteins and others play a role in recruitment of immune cells. CTHRC1, ANXA1,
MFGES8 and S100A10 recruit either monocytes or macrophages, which can be both pro- and anti-
fibrotic, depending on a number of factors including local inflammatory signaling and timing.
Although immune cells are not involved in CDM-CM interactions, this correlation between fibrosis,
immune cell recruitment and CM proliferation raises the question of potential in vivo interplay

during cardiac injury, which is known to respond to macrophage activation and infiltration33°.

Plasmin_Signaling — Also well-represented among proteins involved in CM proliferation were

several involved in plasmin signaling. Plasmin is a protease that is canonically involved in cleaving

fibrin clots (fibrinolysis), but also cleaves other Fibroblast

matrix proteins to activate MMPs and liberate Extracellular

e

growth factors®¥. Plasmin itself is cleaved from S100A10
the zymogen plasminogen by urokinase and
tissue-type plasminogen activator (UPA, tPA),
which bind cell receptors uPA Receptor (UPAR)

and the heterotetramer S100A10:annexin 2,

thereby regulating the precise location of

Fig. 5.6 Schematic of plasmin signaling.

plasmin activity. This interaction is inhibited by upstream proteins plasminogen activation inhibitor
1 and 2 (PAI1/SerpinE1 and PAI2/SerpinB2). Fibrin clots are made up of insoluble fibrin
crosslinked by multiple proteins including coagulation factor 13 (F13A1) and TGM2, a
transglutaminase3*. These interactions are summarized in Fig. 5.6, with the proteins identified in

our loss-of-function screen shaded in with color (S100A10, SerpinB2, F13A1, TGM2).

The loss of plasminogen reduces regeneration in skeletal muscle®*'342, although in the heart the
effects of plasmin signaling are disease- and context-specific. One inhibitor of plasmin activation,
SerpinE1 both aggravates and ameliorates fibrosis in cardiac infarct®*® and hypertension®

models, respectively. Plasmin(ogen) itself is required for macrophage recruitment to injury sites,
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which are necessary for remodeling and resolving inflammation3*° and the plasmin activator uPA,
specifically, is associated with cardioprotection from apoptosis3#°. Collectively, these data indicate
the importance of plasmin regulation in the heart, though its role in proliferation, specifically, is

unknown.

We first assessed whether mediating plasmin activation specifically in CDMs altered the CM
proliferative response by producing CDMs in the presence of small molecules inhibitors against
tPA and uPA (1uM PPACK and 10uM BC-11, respectively) and with the physiological direct
inhibitor of plasmin, a2-antiplasmin (SerpinF2). We observed that when treated with a2-
antiplasmin and anti-tPA, CDMs were able to support more CM DNA synthesis, though treatment
with anti-uPA did not significantly alter CM proliferation, nor augment the increase observed with
anti-tPA treatment (Fig. 5.7A). We reasoned, then, that if decreased plasmin activation enabled
increased CM proliferation, suppressing plasmin activity during CM culture should have the same
effect. To test this theory, we treated CMs cultured on Matrigel with the same inhibitors, as well
as with free plasmin directly (Fig. 5.7B). Surprisingly, we saw the inverse effect — plasmin itself
increased CM proliferation and inhibiting plasmin and its activators decreased proliferation.
Further, unlike in the CDMs, inhibiting uPA had a more pronounced effect on EdU incorporation
than anti-tPA, suggesting a different primary mechanism of plasmin in the CDM production vs CM
culture. Additionally, we noted that the direct inhibition of plasmin activation in CM culture could
not be rescued by the addition of free plasmin (Fig. 5.7C), but that it could be phenocopied by
inhibiting a cell surface receptor, a-enolase®*, that recruits plasmin to the cell membrane to

protect CMs from apoptosis during stress3#” (Fig. 5.7D).
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Fig. 5.7 Modulation of plasmin activation in CM culture. A) Inhibition of urokinase (uPA) and
tissue-type (tPA) plasminogen activators with 1uM PPACK and 10uM BC-11, respectively, or
combined, and a2-antiplasmin in fetal CDMs prior to CM culture. B-D) Inhibition of plasmin
signaling directly in CMs cultured on Matrigel with B) inhibitors of plasmin and plasminogen
activators, C) anti-uPA in the presence of plasmin, and D) inhibition of surface plasminogen
receptor a-enolase. * p < 0.05, *** p < 0.005, **** p < 0.001, as determined by one-way ANOVA.

These results indicate that plasmin signaling have inverse effects during CDM production as
opposed to CM culture. During CM culture, membrane receptors uPA and a-enolase that promote
plasmin activity at the cell surface are crucial for DNA synthesis in CMs. However, during CDM
production, plasmin activity is detrimental to the CDM’s ability to support CM proliferation. It was
unlikely, then, that inhibitors of plasmin activation in CDMs directly suppressing plasmin levels.
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However, given that CDMs represent the accumulation of matrix protein during CF culture, we
reasoned that suppression of plasmin activation during CDM production may leave more of the
zymogen present for activation during CM culture. To address this first sought to determine
whether inhibition of plasmin activation in CDMs altered the abundance of plasmin in the final
CDM composition. Surprisingly, we were not able to detect any plasminogen in CDMs, with or
without plasmin activity (Fig. 5.8A). Further attempts were made with high-sensitivity detection

reagents, but no plasminogen was ever detected in CDMs.

The inhibition of plasmin activity, then, was not altering the level of plasmin available during CM
culture. We next hypothesized that plasmin activity may be inducing systemic changes, as was
observed with fibrotic agents (Fig. 5.5). Given the involvement of plasmin in cardiac fibrosis®*?,
we next assessed whether inhibition of plasmin activation was mediating indicators of fibrotic
matrices, both by histology and transcriptional analysis. Staining of CDMs with picrosirius red
(Fig. 5.8B) showed no overt changes in collagen accumulation with the inhibition of tPA and uPA.
We then compared the transcriptional signature of CFs treated with inhibitors of plasmin activation
with CFs receiving pro- or anti-fibrotic treatments (Fig. 5.8C). In doing so, we noted that anti-
plasmin treatments did not cluster with anti-fibrotic treatments, but instead with TGF@, which
induces a fibrotic phenotype in fibroblasts'2. However, the impact of plasmin inhibition in CDMs
contrasted with the known influence of fibrotic CDMs on CM DNA synthesis, and we therefore
reasoned the mediating the fibrotic state was not the primary function of plasmin signaling during
CDM production. However, several other transcripts associated with plasmin signaling were
notably altered. Specifically, in both fetal and adult CFs, multiple MMPs were downregulated
during plasmin inhibition, which suggests a decrease in matrix remodeling, and several IGFs and
IGFBPs were upregulated. One of the many function of plasmin is to cleave IGF1 and IGF2 from
complexes with IGFBPs®*#%, and IGFs are well documented mitotic factors that promote CM

proliferation during development and injury repair®®°.
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Fig. 5.8 Altered matrix transcription in CDMs induced by inhibition of plasmin activation. A)
Immunodetection of plasminogen in CDMs by western blot. B) Collagen abundance in CDMs
treated with plasminogen inhibitors, visualized by picrosirius red staining. C-D) Transcriptional
analysis of genes associated with myofibroblasts and plasmin signaling in C) fetal and D) adult
CFs after 10 days of treatment with anti-plasmin and pro-fibrotic (TGF 10ng/ml) or anti-fibrotic
molecules (nintedanib 1uM + GLPG1690 3uM, or anti-TGFp SB431542 1uM).
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Inhibition of plasmin signaling enhanced expression of IFG1, IGF2 and IGFBP3 in fetal and adult
CFs, suggesting that suppressing plasmin activation promotes the reservoir of potent mitogens
for CMs. To determine whether enrichment of IGF protein was detectable in CDMs, we prepared
western on CF lysates after treatment with anti-tPA and anti-uPA for 10 days and probed for IGF1
and IGFBP3 (Fig. 5.9). With the inhibition of plasmin activation, we noted a marked increase in
free IGF1, both of the glycosylated form (2-fold) which has not yet been secreted, and of the
deglycosylated form (~3-fold) (Fig. 5.9A), though a similar increase was not observed with
IGFBP3 (Fig. 5.9B). Quantification of these band intensities shown in Table W were normalized
to the cellular and matrix proteins GAPDH and FN, which were present in the samples at a ratio
of 1:1.002 and 1:1.033, respectively. Surprisingly, there was not an increase in IGF1 bound to
IGFBPs. However, IGF half-lives are quite short, even when bound to IGFBPs®, and the treated
CFs are cultured for a prolonged period and therefore represent the cumulation and
compensatory response of any changes in IGF signaling dynamics. It stands to reason, then, that
the increase in IGF production observed in plasmin-inhibited CFs may be a response to reduced

bound and unbound IGF.
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Fig. 5.9 IGF abundance in CFs after inhibition of plasmin activity. Lysates of CFs treated with
either DMSO or a combination of anti-tPA and anti-uPA (1uM, 10uM) probed for A) IGF1, B)
IGFBP3 and C) loading controls GAPDH and fibronectin.
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Table 5.3 Abundance of IGF1 and IGFBP3 during inhibition of plasmin activation. Intensity of
western blot bands, normalized to GAPDH and fibronectin.

Abundance Ratios DMSO anti-tPA/uPA
Free unglycosylated IGF1 1 1.98
Free glycosylated IGF1 1 3.3
IGF1:IGFBP 1 0.92
IGFBP3 1 1
IGFBP3:ALS:IGF 1 0.86

This data demonstrates the complex effect of plasmin signaling in both CDMs and CM culture.
Plasmin activation is capable of promoting proliferation in CMs, but is heavily reliant on context.
In CDMs, loss of plasmin activation promotes expression of IGFs, and ultimately leads to
increased DNA synthesis in CMs subsequently cultured on those matrices. However, during CM
culture, plasmin activity is required for maximal DNA synthesis, as are proteins that recruit plasmin

to the cell membrane, uPA and a-enolase.
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5.5 Conclusions and Discussion

Through this work we demonstrate that fetal and adult CDMs, which reflect many stage-specific
characteristics of developing and mature cardiac ECM, impact the proliferative capacity of CMs
through several distinct mechanisms. The ability of fetal CDMs to support more DNA synthesis in
CMs is conserved between mice and humans, and is the result of several complementary
mechanisms. Here, we leverage the known composition of fetal and adult CDMs to identify age-
specifically enriched matrix proteins that contribute to their differential impact on CMs. We
specifically investigated these interactions with primary fetal mouse CMs, which reflect native
biology but still retain their proliferative capacity, thus providing a dynamic range to measure the
influence of the CDM over aspects of the CM cell cycle. We demonstrate that the fetal-enriched
laminin chain a5 enables more CM proliferation than laminin a2 via regulation of the mitochondrial
permeability transition pore, and that a broad class of molecules associated with fibrosis induce
CDMs with a suppressed ability to support CM proliferation. This is the first demonstration, to our
knowledge, that matrix produced by myofibroblasts directly inhibits CM proliferations. Additionally,
one of our most unexpected findings was the complex regulation of IGF expression during CDM
production by inhibition of plasmin activation. Each of these findings represents opportunities for
further exploration, both in the potential for these mechanisms to influence aspect of CM

proliferation beyond DNA synthesis, and for potential therapeutic application during heart disease.

In particular, plasmin signaling is particularly relevant to the context of cardiac injury. Not only are
plasmin activators and inhibitors upregulated during left ventricular hypertrophy3#°, but any context
in which there is a blood clot will required plasmin activity®>° and this activity could have multiple
effects on CMs, depending on multiple contextual factors. One specific receptor of plasminogen
— a-enolase — is heavily implicated in cardioprotection during hypertrophy®*’ and in skeletal
muscle regeneration®¥?, which shares many similarities with cardiac regeneration3®'. Our results

also help distinguish signaling specific to CFs and the ECM from CM-specific biology. While
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plasmin is an essential component of CM survival and proliferation, sequestering plasmin from
CFs could induce and upregulation of IGFs, which would also promote CM proliferation, if this
signaling could be limited to CMs and not allowed to promote pathological CF expansion. This
balance between CF and CM signaling is an ongoing challenge in the treatment of cardiac

disease, and requires a nuanced understanding of the balance between the two.

One paradigm that is pertinent to the study of multiple ECM-CM interactions is the concept of
cardioprotection. In the context of plasmin signaling, activation at the CM membrane is
cardioprotective against apoptosis and exclusively associated with positive outcomes®#®347,
However, in the context of laminins, laminin a2 induces a closure of the MPTP, and thereby
suppresses a number of detrimental processes. However, we show that this closure is associated
with decreased CM proliferation, and a switch to the laminin a5 prevalent during development
increased DNA synthesis in CMs, but does so via an open MPTP, which poses a risk to CM
stability®?8. Given this comparison, plasmin activation appears to be a more promising candidate
for therapeutic application during cardiac injury; however, it is very difficult to restrict cardiac
interventions to a single cell type, and unlike plasmin activation, laminin a5 is not associated with

the promotion of fibrosis.

The question of CM proliferation is a complex challenge that requires insight into the heterotypic
interactions of the heart’s many cell populations. We provide, here, evidence that multiple aspects
of the cardiac ECM influence the context-specific promotion of CM proliferation, and that
leveraging knowledge of the developmental ECM can provide insights toward identifying the

optimal extracellular environment for cardiac regeneration and resolution of pathological fibrosis.

127



Chapter 6. Concluding Remarks

6.1 Summary

The goal of this doctoral work was to further understand the influence of the ontogenic cardiac
ECM on CM function. The mammalian heart undergoes a series of shifts throughout development
and maturation® that coincide with significant changes to cardiac ECM structure, mechanical
properties and composition®**°. These dynamic age-dependent properties have a significant
impact on the prevalence of heart disease and the in vitro modeling of cardiac tissue'"113259,
Additionally, the cardiac ECM has been shown to influence multiple CM functiong5%102.155.159 pt
is still leveraged primarily for its structural properties®®2353, We proposed that in vitro modeling of
the age-specific cardiac ECM would enable systematic investigation of how its ontogenic
properties support or initiate age-dependent CM characteristics, including morphology,
metabolism and proliferation. The complex influences of the ECM can be difficult to study in vivo,
and necessitate the careful application of in vitro modeling. To enable the mechanistic
investigation of the age-specific cardiac ECM-CM interactions, we developed an improved CDM

model from fetal and adult human CFs.

Our CDM system relies on a coating of the adhesive biopolymer L-polydopamine and
macromolecular crowding to promote matrix retention and thickness, instead of the
supplementation or promotion of individual matrix proteins that are common in other protocols,
thereby maintaining compositional fidelity to the naturally cell-produced ECM (Chapter 2). We
then systematically characterized the structure and composition of fetal and adult CDMs, which
demonstrated the retention of numerous key hallmarks of age-specific cardiac ECM and validated

the use of these matrices for in vitro ECM-CM mechanistic studies (Chapter 3).

We applied the fetal and adult cardiac CDMs to the culture of human iPSC-derived and mouse

primary CMs, and observed a number of morphological and functional responses to the age-
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specific matrices. Specifically, we found that both fetal and adult CDMs enhanced the alignment
and speed of calcium handling in iPSC-CMs, but that only adult CDMs promoted morphology and
desmosome localization to the putative intercalated discs in a pattern reminiscent of the adult
myocardium (Chapter 4). Additionally, the defined composition and the accessibility of these
CDMs enabled detailed loss-of-function studies into the influence of individual matrix proteins
over CMs. Through this strategy we observed that Col VI is important for CM oxidative respiration
when cultured on adult, but not fetal, CDMs (Chapter 4). We also identified a number of proteins
enriched in adult matrices that are inhibitory to DNA synthesis in CMs, including laminin a2, pro-
fibrotic agents and plasmin signaling (Chapter 5). In applying target-specific siRNA-mediated
silencing to assays requiring multiple specialized formats, we demonstrated these CDMs to be a
tractable, flexible platform that provides consistent methodology across numerous biological
applications. Furthermore, it is, to our knowledge, the first ECM model to enable the pursuit of

ontogenic research questions in an entirely in vitro system.

Together, these studies demonstrate the characterization and applicability of our CDM model to
the mechanistic investigation of ECM-responsive cardiac functions, and identify ECM proteins

capable of modulating age-specific proliferative and metabolic phenotypes in CMs.

6.2 CDMs as a Model

The development of CDMs'72"" provides a powerful and flexible tool to study the ECM in a model
providing the complexity and native organization of tissue-derived ECM and the simplicity of in
vitro cell culture. They also enable the combination of ECM and cells from disparate origins, such
as age-specific sources or healthy and diseased sources, which will aid in distinguishing matrix-
derived influences from autocrine/paracrine influences. Additionally, CDMs are especially

amenable to genetic and pharmacological perturbation without risking confounding cross-
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signaling to parenchymal cells used in downstream studies, and have thus risen in popularity over
recent years?'2213227.257  CDMs that reflect the native cell-derived matrix composition provide
utility to study of ECM-related diseases involving multiple organs such as fibrosis, congenital
disorders like Ehlers-Danlos and Marfan syndromes®®*, and aspects of developmental biology,
where embryonic cells and their derivatives migrate through various ECM environments while

simultaneously undergoing concurrent lineage specification?®2,

In approaching our study of the cardiac ECM, we noted that all CDM protocols cultured stromal
cells on a substrate containing an sole matrix protein (often FN or denatured collagen)?'!213.214,
or augmented the collagen secretion of the stromal cells with ascorbic acid?'22'3, or both. Previous
studies into the cardiac ECM proteomic composition had noted the age-specific enrichment of
multiple fundamental proteins including FN (enriched in fetal ECM) and Col | (enriched in adult
ECM)®. We were, therefore, reluctant to produce cardiac CDMs on these substrates, for fear the
exogenous matrix protein would confound or negate age-specific compositional differences in the
CDMs. We then identified L-polydopamine as an adhesive amine-binding substrate that could
replace ECM substrates to retain the CDMs during decellularization?'82'°, and augmented matrix
production via the alternate strategy of Ficoll as an MMC?', without significantly changing the
composition of the CDMs (Fig. 2.9). The detailed proteomic analysis of the CDMs by MS provided
an atlas of protein presence and abundance, and became a guide for the battery of mechanistic
studies that would have been challengingly cumbersome to complete in vivo. During the
optimization of this process, we identified a number of factors that influence the final CDMs, and
therefore their downstream applications. The most notable of these factors were the isolation
method and handling of the cells used to produce CDMs. Isolation of CFs from fetal mouse hearts
enriched for different sub-populations (Fig. 2.12), and all commercially available human CFs
expressed aSMA indicative of their conversion to myofibroblasts'®® (Fig. 2.13), likely due to their

handling prior to purchase. The specific identity of the CFs producing CDMs undoubtedly had
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consequences on the organization and composition of the CDMs, and must be considered when
interpreting CDM-dependent results. However, the activation of the human CFs enabled the
production of especially aligned matrices?5¢, which contributed to the CM alignment and functional
response to age-specific CDMs. Additionally, it provided an opportunity to identify genes whose
inhibition in CFs could revert the aSMA expression without compromising the integrity of the
CDMs (Fig. 5.5) as was observed with a pharmacological inhibitor of myofibroblast activation

(Fig. 2.14).

The defined protein composition of fetal and adult CDMs also allowed us to examine our
assumptions about CDM composition. We found fetal and adult transcriptomes to generally reflect
that classes of proteins enriched in age-specific CDMs, but to be poorly reflective of individual
protein levels (Fig. 3.4, 3.7A), likely due to differential retention of proteins based on multiple
parameters, including their half-lives, binding profiles and other protease activity. In many ways,
the age-specific composition of CDMs matched expectations, based on proteomic analysis of
cardiac tissue ECM (Figs. 3.4, 3.6B, 3.7A). However, the relative abundance of FN and Col | did
not match that observed in vivo. FN, which is enriched in fetal heart ECM®®, was equally present
in both fetal and adult human CDMs, and was the most highly detected matrix protein (Fig. 2.9).
Col |, rather than being enriched in adult CDMs®°, was slightly, but significantly, more abundant
in fetal CDMs (Fig. 3.7A). We attribute the deviation between CDM and ECM enrichment of these
proteins to caveats of cell culture, in which CDMs are produced by only a single cell type, and
must create their ECM de novo to ensure the adhesion required for their survival. However, we
note that if future studies utilizing CDMs required the use of exogenous proteins, the addition of
FN would likely not introduce any experimental biases between CDM conditions that did not
already exist. Further, knowing the ways in which these CDMs differ from heart tissue ECM

highlights the opportunity to further tailor CDM composition to better match that of native tissue.
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6.3 ECM Applications for CM Maturation

An ongoing challenge in cardiac research is the relative immaturity of iPSC-CMs'3%1443% Many
of the significant advances made in iPSC-CM maturity either promoted or enforced individual
phenotypes associated with maturity®®®, such as morphology/alignment'?63%7  fatty acid
oxidation'®’, electrical stimulation'®, and three-dimensional tissue formation'®'#' and have
observed a concomitant improvement in the maturity of other functions. However, very few of
these studies have utilized the ECM for purposes beyond structural integrity or cell adhesion352-3%3,
We demonstrate here that adult human CDMs naturally provide the structure to promote CM
elongation and alignment in a 3D-like context without the need for specialized engineering culture

vessels or surfaces, such as micropatterned polydimethylsiloxane (PDMS) substrates.

Further, we have identified certain age-specific ECM proteins that promote individual hallmarks
of CM maturity, both in the context of complex CDMs and as individual proteins. Their application
to ongoing efforts in cardiac modeling may augment maturation-associated phenotypes. For
example, Col VI has not been previous linked to CM maturation but, in our system, Col VI-deficient
CDMs were unable to support the maximal oxidative phosphorylation achieved by CMs cultured
on CDMs containing Col VI (Fig. 4.7). Given the requirement for Col VI in the integrity of fetal
CDMs, it is possible that the 3D, tissue-like structure of CDMs was required to isolate the influence
of Col VI on CMs. It is also possible that the inclusion of Col VI in engineered cardiac tissue
undergoing the stress of metabolic or electrical training may better support the function and
ultimate maturation of these tissues. Additionally, multiple studies have observed that the
pharmacological inhibition of the MPTP promotes mitochondrial maturity and iPSC-CM
differentiation3%83%, though these studies were largely performed in differentiated CMs cultured
on gelatin, i.e. denatured collagen. Our results demonstrate that CM culture on laminin 211
inhibits the proliferation of CMs associated with the opening of the MPTP (Fig. 5.2D) and, because

proliferation is anti-correlated with CM maturity, culture of iPSC-CMs on laminin 211 may naturally
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promote their mitochondrial function and augment their oxidative respiration. Currently, these
proteins have not been implicated in the maturation of iPSC-CMs, and the potential of theirimpact
and utility to the cardiac field is only speculative. However, the application of CDMs demonstrated
that Col VI and laminin 211 are able to modulate maturation-associated phenotypes in CMs, and
the other proteins enriched in age-specific CDMs have not yet been investigated for their impact
to CM metabolism or maturation. Thus, these and other proteins enriched in the cardiac ECM and
age-specific CDMs may have broader applications to advance efforts in iPSC-CM culture and

tissue engineering.

6.4 ECM Implications for Cardiac Repair and Regeneration

In recent years, the ECM has been recognized as a contributing factor in CM proliferation and
cardiac regeneration. This has led to the previous identification of 3 ECM proteins capable of
regulating CM regeneration — agrin'2'%4 nephronectin and slit 2'%®. One fundamental aspect
common to these proteins is that they interact directly with transmembrane receptors and
complexes. Agrin'*3¢ and nephronectin®', specifically, interact directly with the dystroglycan
complex and integrin receptors, respectively, that bind both the ECM and the cytoskeleton. This
is also true of laminins 511 and 21139362 and Col VI?®', which we identified as modulators of CM
DNA synthesis and metabolism, respectively, and which both bind the dystroglycan complex and
integrin receptors. Furthermore, while agrin did increase S phase cycling in CMs, nephronectin
and slit 2 did not — they, instead, promoted mitotic cell rounding, which requires significant
cytoskeletal rearrangement and dynamic interactions with cell-ECM binding complexes.
Especially in light of the sarcomeric disorganization that accompanies CM proliferation’#3'°, these
studies and our data emphasize the importance of ECM adhesions as dynamic regulators of cell

behavior, whose compliance is necessary for cell proliferation, particularly cytokinesis'49:150-363,
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There are multiple factors that influence cell-ECM binding dynamics, including integrin®2°3¢* and
ECM protein isoforms®°® and stiffness®3. For example, FN is commonly associated with
proliferation and migration, but FN containing the extra domain B (EDB) is more permissive of
these processes®®®3%7  both of which require active cytoskeletal rearrangement. Thus, while EDB+
FN is not required for mitosis, it is more permissive of proliferation. Additionally, we observed
laminin 511 to support more DNA synthesis than laminin 211. These proteins bind similar integrins
but with different dissociation constants®*®, which demonstrates the potential influence of binding
dynamics in regulating CM proliferation. Given that CMs experience a significant block in
proliferation and cytokinesis®®°, specifically, there is merit in exploring the extracellular conditions

that are most permissive of cell division.

One unexpected outcome of our studies was the identification of multiple factors involved in
pathological fibrosis as associated with decreased CM proliferation. While fibrosis itself has
typically been associated with reduced cardiac regeneration and poorer prognoses'6%178.179.183
the matrix itself produced under fibrotic conditions has not been directly show to impact CM
proliferation. Based on this data, further studies are required identify which aspects of fibrotic
ECM directly impact CM proliferation. Further, in combination with our studies suggestive of the
ability of laminin 211 to suppress CM proliferation, these represent the first identification of ECM
proteins that are inhibitory to CM proliferation, rather than fetal-associated proteins that promote
proliferation. Additionally, our CDMs proved valuable in modeling the behavior of CFs from
different ages and under different disease-associated conditions, and are applicable to the broad

research focus of CF-targeted therapies addressing fibrosis and other aspects of heart disease.

Another phenomenon we observed is certain signaling being both advantageous in one context
and detrimental in another. With plasmin, its presence is required for cardioprotection®** and
proliferation during CM culture, but CDMs produced in the presence of plasmin are inhibitory to

CM proliferation (Fig. 5.7). Similar contrasting results are observed with plasmin signaling during
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hypertension and infarct models®3'*. However, this paradigm of conflicting functional
consequences is not unique to plasmin'®®'8 and represents a challenge in the therapeutic
approaches to CM-ECM interactions. For example, injecting plasmin into a damaged myocardium
may do more harm than good, but promoting plasmin receptors on CMs could selectively benefit
CMs without impacting CF signaling. Similarly, laminin 511 may not enhance cardiac regeneration

if laminin 211 is actively inhibiting CM proliferation, but laminin a2 blockade may be more effective.

Altogether, our work contributes to the growing evidence that fundamental ECM properties dictate
CM proliferation, particularly in regulating ECM-CM-cytoskeletal binding dynamics that are more
or less permissive of CM cytokinesis. Additionally, our findings identify proteins with potentially
inhibitory influences to CM proliferation, including laminin 211, CTGF, CSPG, and plasmin-
signaling in CFs (Figs. 5.4B,D, 5.7), and suppression of these proteins may provide a new
therapeutic strategy in treating heart disease. Of the multiple protein candidates identified by our
work, several warrant further investigation to identify the extent of their influence of CM cytokinesis

and cardiac regeneration.

6.5 Conclusion

This work significantly contributes to the growing body of evidence that the cardiac ECM impacts
the function of CMs in by dynamic and age-dependent mechanisms. A more thorough
understanding of these ECM-CM interactions is necessary to recognize the influences guiding
CM development and maturation, and to leverage the ECM as a biochemically instructive tool to
model cardiac tissue behavior. Through the application and tailoring of CDMs to model the age-
specific cardiac niche, we provide a defined and tractable platform for the mechanistic study of
the ECM’s role in tissue-specific biology that can, additionally, be applied to the study of all organ

systems. Our investigation into CM metabolism and proliferation in the context of age-specific
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ECM uncovered the impact of multiple matrix proteins in these processes, and identified
numerous additional candidates for further investigation. Furthermore, we identified contrasting
effects of signaling cascades in CFs and CMs, which provide important context for the role of
multicellular interactions during cardiac homeostasis and injury. Together, this work demonstrates
the nuanced and influential role of the ECM in multiple stages of CM function, and underscores

the importance of the ECM as a fundamental component of niche-specific biology.
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Materials and Methods

Cardiac Fibroblast Culture

Primary human fetal and adult CFs were obtained from Cell Applications and maintained in
Human Cardiac Fibroblast Media (Cell Applications, 316K-500). Mouse CFs were isolated from
CD1 murine hearts at fetal (E14) or adult (8 week) ages via outgrowth selection. Briefly, heart
were extracted from euthanized mice, minced, and allowed to settle onto tissue culture-treated
plastic. Cells that migrated out of heart sections were collected as CFs. Mouse CFs were
maintained in CF Media, comprised of DMEM (Corning, 15-013-CV) + 10% Fetal Bovine Serum

(FBS; Atlanta Biologicals, S11150 lot M16139).

Cell-Derived Matrix Production

Prior to cell seeding, tissue culture multi-well plates were dopa-coated with 2mg/ml poly L-
dopamine hydrochloride (Sigma H8502) dissolved in a buffer of 100 mM Bicine (Sigma B3876),
pH 8.5. Dopa stocks were stored under nitrogen before coating. Plates were allowed to incubate
in dopa buffer overnight at room temperature (RT) with rotary agitation at 150rpm, and then
washed with distilled water from a pressurized nozzle. After drying, plates were sterilized by UV
for 30 minutes, and stored at RT until use. CFs were seeded at confluency, between 50-60K/cm?
depending on well and cell size. Seeding was standardized to 55K (fetal) and 50K (adult) CFs in
24-well plates. Cells were cultured in CF media + 37.5mg/ml 70 kDa Ficoll (Fc; Sigma, F2878)
and 25 mg/ml 400 kDa Ficoll PM (Sigma, F4375) (CF media + Fc) for 10 days with media
refreshed every 2-3 days. Dextran and polystyrene were introduced to CF media at 100ug/ml,

respectively.
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Decellularization

CDMs were decellularized by first rinsing with H20 twice, following by 2 rounds of the following:
0.6M KCI for 1hr, 1M KI for 1hr, 2X H20 for 5 minutes at RT with rotary agitation at 150rpm.
Matrices were then treated with 50u/ml DNase in 200mM Tris-HCI, pH 8.3 and 20mM MgCl, for
1 hour at 37°C with rotary agitation, and then rinsed 2X with H20 for 5 minutes. CDMs were then
either fixed for analysis, or stored overnight at 4°C in phosphate-buffered saline (PBS)+/+ with 1X
Penicillin-Streptomycin (PenStrep) and fungizone at 0.25mg/ml. The following day, CDMs were

rinsed 2X with PBS and allowed to equilibrate to RT prior to seeding with iPSC-CMs.

Mass Spectrometry

CDMs were rinsed overnight at 4°C in 0.5M NaCl in 10mM Tris at pH 7.5 + 1X cOmplete Protease
Inhibitor Cocktail (PI), and subsequently solubilized with a 1% sodium dodecyl sulfate (SDS)
solution in PBS + 1X Pl at RT with agitation at 300rpm for 3-5 days until complete dissolution was
achieved. Solubilized protein fractions were collected daily and replaced with fresh SDS + PI. Tris
and SDS fractions were precipitated separately via chloroform/methanol separation and protein
dry weight was quantified. Dry protein was then in 8M Urea with 100mM Ambic and 10mM
dithiothreitol (DTT), reduced with 500mM iodoacetamide in HPLC-grade water and
deglycosylated with 1000U PNGase F (P0704S, New England Biolabs). Solubilized protein was
then be digested with 3ug trypsin at 37°C overnight with agitation at 1400rpm, and then desalted
on C18 columns. 1ug of the protein (determined by volume/original protein weight) was then
analyzed by LC-MS/MS. Unique peptides were identified by MaxQuant?”" software referenced
against the SwissProt human or mouse database. Data was subjected to Intensity Based
Absolute Quantification (IBAQ)?° analysis and comparative analyses with statistical assessment

using the MSstats?®'. A total of 3 distinct CDMs/condition were analyzed. Pearson’s coefficient
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was calculated assuming a Gaussian distribution from 109 data pairs. The mass spectrometry
proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE®®
partner repository with the dataset identifier PXD020273. Identified proteins were cross-

references to the Matrisome database (http://web.mit.edu/hyneslab/matrisome/)?3 for the filtering

of non-matrix proteins and for functional category assignments.

Scanning Electron Microscopy

Decellularized CDMs were fixed with 2.5% (v/v) glutaraldehyde in 0.1 M sodium cacodylate and
0.03% aqueous eosin for 30 min with gentle agitation at RT. Then, samples were washed with
0.1 M sodium cacodylate buffer, progressively dehydrated in an ethanol series and stored in
absolute ethanol until critical point drying. Dried samples were immobilized on carbon tape,
sputter-coated with gold and imaged by a specialized technician at Electron Microscopy Lab (UC

Berkeley).

Histological Stains

To detect glycosaminoglycans, CDMs produced in 24 well plates with 0.1% dimethyl sulfoxide
(DMSO) were fixed, rinsed with distilled water, incubated with agitation in a 1% alcian blue solution
in 3% acetic acid, pH 2.5, for 30 minutes at RT. Primary tissues were fixed in formalin for 6 hours
(fetal) or 24 hours (adult), embedded into paraffin and sectioned. Individual sections were then
deparaffinized with 3 incubations in xylene for 3 minutes, followed by rehydration in sequential
solutions of 100% - 70% ethanol and then rinsed with tap water. Tissue sections were then stained

with alcian blue for 30 minutes, followed by a 1 minute counterstain with eosin.

139


http://web.mit.edu/hyneslab/matrisome/

To detect collagens, CDMs produced in 24 well plates stained according to manufacturer’s
instructions (Polysciences, 24901). Briefly, fixed CDMs were rinsed with distilled water, incubated
in solution A (Phosphomolybdic Acid) for 2 minutes, then rinsed in distilled water and incubated
in solution B (Picrosirius Red F3BA Stain) for 60 minutes and then solution C (0.1 N Hydrochloride

Acid) for 2 minutes. CDMs were then rinsed once more in distilled water.

To assess senescence, CFs were grown under conditions to produce CDMs and stained with a

Senescence Detection Kit (Sigma Aldrich CS0030) according to manufacturer’s instructions.

Histological stains were imaged on a Keyence BZ-X710 microscope.

Flow cytometry

Cells were removed from culture via trypsinization, and prepared for cytometry in a staining buffer
containing 2% bovine serum albumin. Cells were blocked in staining buffer containing 2% FBS
for 30 minutes prior, and then labeled for 30 minutes with the primary antibody against CD-31
(Santa Cruz Biotechnology SC-1506, 1:2500), followed by 3X washes with staining buffer. Cells
were then incubated with an APC-conjugated anti-goat secondary antibody for 30 minutes, rinsed

with PBS 3X and analyzed via cytometry on a BD Accuri.

Lyophilization

CDMs in 24 well plates were wrapped in parafilm and snap-frozen in PBS, 1:1 PBS:Glycerol, or
dH0 containing 250mM trehalose (Sigma T9449) by submerging plates into 100% ethanol super-
cooled with dry ice. Pinholes were poked into the parafilm to allow sublimation, and plates were
lyophilized overnight in a flask attached to a LABCONCO FreeZone 4.5 lyophilizer attached to an

Adixen Pascal 2005SD vacuum.
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RNA Sequencing

Cultured CFs were lysed with Trizol (Ambion), and all groups were collected in triplicate. RNA
was extracted using the RNeasy Mini Kit (Qiagen 74104) and quantified using the NanoDrop
2000c (ThermoFisher Scientific). RNA-seq libraries were created using the SMARTer Stranded
Total RNA Sample Prep Kit (Takara Bio) and sequenced on the NextSeq 500 (lllumina) to a
minimum depth of 25 million reads per sample. Initial reads were aligned to GRCh37 human
genome using HiSAT2 2.1.0%°. Genes with low counts were filtered and gene expression levels
normalized across samples using edgeR 3.28.1%"". Counts were transformed to log2-counts per
million (logCPM) using limma-voom 3.42.2372, Significantly different genes were assessed at a
Benjamini & Hochberg adjusted p < 0.05 level and a minimum logCPM absolute difference of 1
between the gene and the mean expression level. GO term analysis was performed on
significantly up and downregulated genes using enrichGO from clusterprofiler 3.14.3. To
determine cumulative transcript abundance, Samples were normalized and converted to
Log2Counts using the L2 transformation®’3. Log2FC differences between fetal and adult were
compared using Welch's t-test with the bonferroni holm correction for multiple comparisons. Raw

data will be available at GEO (Accession #: GSE155225).

Cardiomyocyte Differentiation

Human induced pluripotent stem cells (hiPSCs) (WTC11 cells modified with GCaMP6f reporter in
the AAVS1 safe harbor locus; generously donated by Dr. Bruce Conklin) were seeded onto
Matrigel-coated (80ug/mL; Corning, #354230) plates at a concentration of 3x10* cells/cm? in
mTeSR1 medium (Stem Cell Technologies, #85850) supplemented with 10uM ROCK inhibitor,
Y-27632 (SelleckChem, S1049) for 24h. Differentiation of hiPSCs to CMs was performed using a

serum-free, chemically defined protocol. Briefly, once hiPSCs reached 100% confluence (~3-4
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days; denoted as differentiation day 0), cells were fed with 12uM CHIR (SelleckChem, S2924) in
RPMI1640 medium (Thermo Fisher, S2924) with B27 supplement without insulin (RPMI/B27-;
Life Technologies, A1895602). After 24h, CHIR was removed by feeding with RPMI/B27- and on
day 3, cells received a 48h-treatment with 5uM IWP2 (Tocris, #3533) in RPMI/B27-. On day 7,
Medium was switched to RPMI1640 medium containing B27 supplement with insulin (RPMI/B27+;
Life Technologies, 17504044) and fed every 3 days thereafter. On day 12-15 of differentiation,
hiPSC-CMs were re-plated onto prepared CDMs in RPMI/B27+ with supplemented with 10uM
ROCK inhibitor and 10% FBS and cultured in RPMI/B27+. Cultures were refreshed with
RPMI/B27+ media after 2 days, and cultured for a minimum of another 1-4 days prior to functional
assessment and/or fixation with 4% paraformaldehyde (PFA) for 15 minutes and 3X rinses with

PBS.

Cardiac Fibroblast differentiation

Cardiac fibroblasts were differentiated from iPSCs following the GiFGF protocol, as previously
published?®'. Briefly, hiPSCs were seeded at 1.5x104 cells/cm2 in mTeSR1 medium; once they
reached 100% confluency, they were treated with 12uM CHIR99021 in R/B- medium (day 0). 24
hours later, media was changed to fresh R/B- (day 1). From days 2-20, cells were fed every 2
days with cardiac fibroblast basal media (CFBM) supplemented with 75ng/mL bFGF. On day 20,
CFs were singularized with Accutase for 10 minutes and replated at ~7,000 cells/cm2 onto TCP
plates in FiboroGRO medium (MilliporeSigma SCMF001). Following this, FiboroGRO media was
changed every two days until the fibroblasts reached approximately 80-90% confluency when
they were passaged with Accutase. iPSC-CFs were then cryopreserved in media containing 20%
FBS and 10% DMSO prior to thawing and culturing for a minimum of 1 passage before use in any

CDM experiments. iPSC-CFs were validated with the anti-stromal TE-7 antibody (MilliporeSigma
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CBL271) by flow cytometry. Most replicates gave >80% TE-7+/Vimentin+, although the

differentiation used to study CDM formation had very low TE-7+ detection (<10%).

Immunofluorescent Microscopy

Proteins were visualized by immunocytochemistry, wherein fixed CDMs and/or cells were blocked
in 5% normal donkey serum (017-000-121, Jackson Immunoresearch Labs) and 0.3% Triton-X
100 (T8787, Sigma) in PBS for 1 hour at RT. Antibody dilution buffer (Ab Buffer) was comprised
of PSB supplemented with 1% BSA (A4503, Sigma) and 0.3% Triton-X 100. Samples were
incubated with primary antibodies in in Ab Buffer for 1 hour at RT or overnight at 4°C, followed by
3 washes with PBS and 1 hour of incubation with secondary antibodies at 1:300 in Ab Buffer at
RT and 3 subsequent PBS washes. Primary antibodies and stains used are as follows: lectin
(Sigma L9381), a-smooth muscle actin (DAKO M0851, 1:50), human-specific cardiac troponin T
(Abcam ab45932, 1:400), mouse-specific cardiac troponin T (Abcam ab8295, 1:200), cellular
fibronectin (used, unless otherwise noted, Sigma F6140, 1:400), plasma fibronectin (Abcam
ab154211, 1:100), Collagen | (Abcam ab34710, 1:500), Plakophilin 2 (VWR 101981-232, 1:10),
Col 6 (Abcam ab6588, 1:500), Hoescht 33342 (ThermoFisher 62249, 1:10,000), Phalloidin
(ThermoFisher A34055, 1:100), and Cell Mask (ThermoFisher C10045, 1:5000). Samples were

imaged on a Zeiss Z1 Inverted or Zeiss LSM880 Confocal Microscope.

Contractility and Calcium Handling

CM contraction and calcium handling properties were assessed via recorded live imaging of live
CMs maintained at in Tyrode's solution (137 mM NaCl, 2.7mM KCI, 1 mM MgClz, 0.2 mM
Na HPO4, 12 mM NaHCOs, 5.5 mM D-glucose, 1.8 mM CaCl,; Sigma—Aldrich) at physiological

conditions (37°C, 5% CO,, 80% humidity, OkoLab). Cells were placed into Tyrode’s solution 1
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hour prior to data acquisition. CM contraction frequency and speed were assessed from videos
captured with brightfield illumination and assessed through the Pulse contractility analysis (Dana
Solutions). Optical flow gradients of CM contractions were quantified by custom python scripts,

available at https://github.com/david-a-joy/cm-disp-angle. Calcium handling properties were

quantified by recording fluorescence intensity of the genetically encoded GCaMP6 calcium
indicator. Stroke velocities were calculated using custom python scripts, available at

https://github.com/david-a-joy/multilineage-organoid. A total of 4 experimental replicates were

measured per condition, and video recordings were performed at 50ms (brightfield) or 10ms

(fluorescence) exposure times through Zen software on a Zeiss Z1 Inverted Microscope.

SsiRNA-mediated silencing

Target KD in CDMs was achieved by serial lipid-mediated transient transfections of siRNAs in
CFs during CDM production every 3-4 days. Complete CF media was refreshed at least 1 hour
prior to transfection. All siRNAs were purchased from Dharmacon. siRNAs against the target(s)
or a non-targeting control (D-001210-01) were diluted to a final concentration of 100nM in Opti-
MEM Reduced Serum Medium (ThermoFisher, 31985070), and then mixed with an equal volume
of Optimem:RNAiMax (ThermoFisher, 13778150) at a ratio of 50:1. The siRNA:RNAiMax mixture
was allowed to complex at RT for 5 minutes, and was then added to cultures dropwise. Media
was refreshed 6-18 hours later with CF media + Fc, and then cultured as normal. In 24 well plates,
media was refreshed with 400ul CF media and transfected with a final volume of 100yl
siRNA:RNAiMax. In the case of Col VI KD, siRNAs against COL6A1, Col6A2 and Col6A3
(Dharmacon, M-011620-01, M-011621-01, M-003646-02) were mixed at equal concentrations for
a final combined concentration of 100nM. Other siRNAs pooled for screening purposes were
mixed in the same manner, and stored as frozen aliquots for multiple uses without additional

freeze-thaw cycles.
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Cell Treatments

Both CFs and CMs were treated with a variety of biological agents and small molecules. In each

case, control wells were treated with the same volume of the treatment’s diluent. Treatments not

addressed elsewhere are detailed below.

Treatment Application Conc. Diluent Distributor Catalog #
fluorospheres | size-based uptake 100ug/ml N/A ThermoFisher F8r8r
ascorbic acid pro-collagen 100uM Water Sigma Aldrich ABI60

ONO-4817 anti-MMP 2uM DMSO R&D Systems 2628

bFGF pro-fibroblast 75 ng/ml Water Stem Cell Technologies 78003
FGF18 pro-collagen 100 ng/mi Water Abcam ab50129
LPS inflammatory 1 ng/ml DMSO gift from Ott lab
Retinoic acid pro-growth 0.1 uM DMSO Sigma Aldrich R2625

CHIR99021 Wnt agonist 1mM DMSO SelleckChem S1263

cyclosporin A | MPTP inhibitor 200pM DMSO Sigma Aldrich 30024
PPACK anti-tPA 1uM Water Sigma Aldrich 520222

BC 11 HCI anti-uPA 10puM DMSO R&D Systems 4372

a2 antiplasmin anti-plasmin 150ug/ml Water Sigma Aldrich SRP6313
Plasmin pro-plasmin Tpg/mi Water Sigma Aldrich P1867

enoblock anti-a enolase 10uM DMSO ThermoFisher 501364779

TGFB pro-fibrotic 10ng/ml Water R&D Systems 240-B-002
Angiotensin Il pro-fibrotic 250ng/mi Water Sigma Aldrich A9525

SB431542 anti-TGFB 1uM DMSO SelleckChem S1067

Nintedanib anti-fibrotic 1uM DMSO Cayman Chemicals 11022

GLPG1690 anti-fibrotic 3uM DMSO | Cayman Chemicals 25498
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Western Blot

CFs were incubated for 10 min on ice in RIPA Buffer (Sigma-Aldrich). Cell debris was pellet by
centrifugation at 10,000Xg for 15 minutes, and supernatants were collected. Protein
concentrations were determined using a Pierce BCA Protein Assay kit (Thermofisher Scientific,
23225) colorimetric reaction and quantified on a SpectraMax i3 Multi-Mode Platform (Molecular
Devices). The protein concentration was determined by Bradford assay (Thermo Fisher, 23225).
17.5ug each lysates was suspended in 1X Sample buffer (BioRad) containing beta-
mercaptoethanol, boiled for 5 minutes and separated on precast 12% SDS-PAGE TGX gels
(BioRad, 465-1044). Proteins were then transferred to a nitrocellulose membrane, which was
blocked in 1:1 PBS:Blocking Buffer (Rockland Inc, MB-070) for 1hr at RT and subsequently at
4°C overnight with primary antibodies anti-Col 6 (Abcam, ab182744, 1:2000), anti-plasminogen
(Cell Signaling, #12657, 1:1000), anti-IGF1 (Bioss bs-0014R, 1:500), anti-IGFBP3 (Sigma Aldrich
MA1-20185, 1:500), anti-FN (Abcam, ab194395, 1:200) and anti-GAPDH, (Invitrogen PA1-9046,
1:1,000). The membrane was washed with PBS containing 0.1% Tween, followed by incubation
(45 min at RT) with infrared secondary antibodies: IRDye 800CW and IRDye 680CW (LI-COR
1:5,000) and imaged on an ChemiDoc MP Imaging System (BioRad). Band intensity was
analyzed in Image Lab v2.4 (BioRad). Representative CDMs for each condition were assessed

by western blot.

Seahorse Assay

For metabolic assays, fetal and adult CFs were seeded onto dopa-coated Seahorse XF96-well
cell culture microplates (V3 PS, Agilent, 101085-004) at a density of 123k/cm? . XF96 plates were
refreshed with 60ul CF media 1 hour prior to transfections, and transfected with a final volume of
20ul siRNA:RNAiIMax pre-diluted with 20ul DMEM (Corning, 15-013-CV) following the 5 minute

incubation. Transfections were repeated every 3-4 days for 10 days, and then decellularized. The
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following day, iPSC-derived cardiomyocytes between day 12 and 15 of differentiation were
dissociated with Trypsin supplemented with 10uM ROCK-Inhibitor for 30 min and seeded onto
the decellularized Seahorse plate in RPMI/B27+ supplemented with 10uM ROCK inhibitor and
10% FBS at a density of 439k/cm? and cultured for 3 days. Before the metabolic assay, media
was refreshed with Seahorse XF RPMI medium, pH 7.4 (Agilent, 103576-100) supplemented with
10mM Glucose (Agilent, 103577), 2mM Sodium Pyruvate (Agilent, 103578), and 1mM Glutamine
(ThermoFisher, 35050061) pH 7.4, and incubated for one hour at 37°C without CO,. Oxygen
consumption rate (OCR) and extracellular acidification rate (ECAR) was measured using the
Seahorse XF96 Extracellular Flux Analyzer (Agilent) during repeating cycles of 3x 3 minutes mix,
3 minutes measure, after sequential injection of the following mitochondrial inhibitors: ATP
synthase inhibitor oligomycin (final concentration: 1.5uM), proton ionophore fluorocarbonyl
cyanide phenylhydrazone (FCCP: 1uM), and complex | inhibitor rotenone/Antimycin A (0.5uM).
Metabolic parameters were analyzed using Wave software version 2.6.1 and normalized per 10°
iPSC-CMs. A total of 6-8 replicates were prepared per CDM condition, and 2-8 per experimental

run were analyzed, depending on CDM integrity, which was assessed prior to CM seeding.

Primary CM Isolation

Embryonic CD1 mice from timed breedings were isolated at embryonic days 13.5-16.5. Briefly,
pregnant mice were euthanized via CO; for a minimum of 5 minutes, followed by cervical
dislocation. Embryos were then surgically extracted, after which their hearts were collected via a
dissection microscopy. The atria and aorta were then removed, and the remaining ventricles and
placed into cold isolation buffer containing 116.4mM NaCl, 20mM HEPES, 1mM NaH;PO.,
5.55mM glucose, 5.4mM KCI and 0.831mM MgSOs. These procedures were performed with
sterile tools in a non-sterile environment, and then ventricles were moved into sterile tissue culture

hoods, minced, and transferred to sterile isolation buffer. CMs were then digested in 3-4 rounds
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of sequential digestions with trituration at 37°C in sterile-filtered isolation buffer containing
50ug/20ml Collagenase A (Roche 10103586, 0.21U/mg) and 26mg/20ml pancreatin (Sigma P-
3292). After each round, supernatant containing individual cells was diluted into DMEM containing
10% FBS. After the final digestion, all supernatants were passed through a 100um filter and
centrifuged at 350xg for 5 minutes to collect the cells. These cells were then resuspended in
DMEM + 10% FBS and plated onto TCP for 1 hour, after which non-adhered cells were collected
as the CM-enriched fraction. Adherent cells were saved as the stromal fraction. CMs were then
collected via centrifugation at 350xg for 5 minutes, and resuspended in CM plating media
containing a 4:1 mixture of M199 media (Gibco 21151-030) and DMEM + 10% horse serum
(ThermoFisher 26050070), 5% FBS, 1X Glutamax, 1X Fungizone at 0.25mg/ml. Primary mouse
CMs were seeded onto CDMs at 15-25K/cm?, or onto substrate-coated TCP plates at 30-45K/cm?,
and allowed to adhere overnight prior to refreshing the media with CM maintenance media,
containing 4:1 M199:DMEM + 1% FBS, 1X Glutamax and 1X PenStrep. A serum-free alterative
to CM Maintenance Media was DMEM/F12 (ThermoFisher 10565018) containing 100uM L-

ascorbic acid, 0.2% w/v BSA, 0.5% ITS-X (ThermoFisher 51500056) and 1X PenStrep.

Matrix Substrate Coatings

Laminins 111, 211, 221, 511, and 521 (Biolamina LN111-0,2 LN211-02, LN221-02, LN511-02,
LN521-02) were diluted in PBS and added to tissue culture plates at a final concentration of
10ug/cm? and incubated 37°C for 3 hours. Plates were then rinsed with PBS, and cells suspended

in culture media were added to the plates without letting the substrates dry.

Matrigel (Corning 354230) was diluted to a final concentration of 80ug/ml in Knock-out DMEM

(ThermoFisher 10829018) and added to plates (100pl/well/96 well plate, 500ul/well/24 well plate).
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Plates were then incubated in a 37°C tissue culture incubator overnight, or for a minimum of 2

hours. Immediately prior to use, Matrigel was removed from the plates without additional rinsing.

Gelatin (Stem Cell Technologies 07903) was applied to tissue culture surfaces with sufficient
volume to cover the well and allowed to incubate at RT for 5-20 minutes. Immediately prior to use,

gelatin was removed from the plates without additional rinsing.

qgPCR

Transcriptional changes in CFs were assessed by quantitative polymerase chain reaction (QPCR).
Treated CFs were lysed using RLT Buffer (Qiagen) containing 150mM beta-mercaptoethanol,
and mRNA was isolated from treated CFs using the RNeasy Mini Kit (Qiagen, 74104) following
the manufacturer’s instructions. RNA was converted to cDNA using the iScript cDNA synthesis
kit (Bio-Rad). Forward and reverse primers for genes were designed using NCBI’s Primer-BLAST.
To compare iPSC-CF CDM conditions, 50ng cDNA was diluted into Fast SYBR Green Master Mix
(ThermoFisher 4385610) with primers listed below at a concentration of 200nM each. gPCR was
run for 40 cycles on a QuantStudio 5 (ThermoFisher). CFs treated with modulators of plasmin
signaling were assessed by high throughput qPCR using Fluidigm technology. Primers were
pooled to 500 nM to enable specific-target amplification and cDNA was amplified with PreAmp
Master Mix (Fluidigm 100-5580) and pooled primers for 15 cycles. Pre-amplified samples mixed
with 2X SsoFast EvaGreen Supermix with low ROX (Bio-Rad SsoFast EvaGreen Supermix with
low ROX) and 20X DNA Binding Dye Sample Loading Reagent (Fluidigm 100-7610), and 10 uM
primer sets were mixed with 2X Assay Loading Reagent (Fluidigm 100-7611). 5 pl of diluted cDNA
and primers and were loaded onto the IFC 48.48 Gene Expression chip per manufacturer’s
instructions and loaded into the chip using the IFC Controller MX (Fluidigm). gPCR was run for

40 cycles in the IFC chip using the BioMark HD in the BioMark HD Data Collection Software.
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Resulting data was subjected to quality assessment in the Real-Time PCR Analysis Software. All

instruments and software involved with the IFC chip were manufactured by Fluidigm.

Gene

Forward Primer

Reverse Primer

18S

CTC TAG TGATCC CTG AGA AGT TCC

ACT CGC TCC ACCTCATCCTC

ACTA2

AAA AGA CAG CTA CGT GGG TGA

GCCATG TTC TAT CGG GTACTT C

ANXA2

CAC GGC CCA GGT TAT CTT GT

CCA TAT GCACTT GGG GGT GT

COL1A1

TTT GGA TGG TGC CAA GGG AG

CAC CAT CAT TTC CAC GAG CA

COL3A1

TGG AGG ATG GTT GCA CGA AA

AAA AGC AAA CAG GGC CAA CG

COL4A1

CCG GAT CAC ATT GAC ATG AAACC

TGC TCG CAA AGC TCA GAAGA

CXCL12

TGC CCT TCA GAT TGT AGC CC

GCG TCT GAC CCT CTCACATC

CXCL6

CCC GGA AGC CCC TTT TCT AA

GTAGGCTTT CCCCCACACTC

CXCR4

CGTCTCAGT GCCCTTTTGTTC

CTG AAG TAG TGG GCT AAG GGC

ENO1

GCC GTG AAC GAG AAGTCC TG

ACG CCT GAAGAGACTCGG T

F13A1

TCA GAA ACT TCC AGG ACC GC

AGG TGAACG CTC GTGACATT

F2

CAC GGC TAC GGATGT GTT CTG

ACC CTC AGC ACAGTTACCTTC

FN1

CCCAATTGAGTGCTTCATGCC

CCTCCAGAGCAAAGGGCTTA

GATA4

ACCTGGGACTTGGAGGATAGC

CCATCAGCGTGTAAAGGCATCT

IGF1

AGA GCC TGC GCAATG GAATA

GGA GGA CAT GGT GTG CAT CT

IGF2

GTG GCGCCCTTCCCTC

ACA GCA CGG AGA GAA ACA GA

IGFBP10

CGC CTT GTG AAA GAA ACC CG

GGT TCG GGG GATTTC TTG GT

IGFBP3

GCC AGC TCC AGG AAATGC TA

TCG GAG GAG AAGTTC TGG GT

IGFBP5

TCC GTTTTC ACC CTT CTC CG

GCA GAA CAG GTA AGA GGC GT

IGFBP7

AAG GAC AGG CTT CAG CAT CA

ACT TAATGC CCT TAT GGG TTG CT

IL1B

ATG ATG GCT TAT TAC AGT GGC AA

GTC GGA GAT TCG TAG CTG GA

IL6

CCT GAA CCT TCC AAA GAT GGC

TTC ACC AGG CAAGTC TCC TCA

IL6

CCT GAA CCT TCC AAA GAT GGC

TTC ACC AGG CAAGTC TCC TCA

LAMA1

CTC AGG TTAAGT GTT TCT GGG GA

ACG TTT AAA AAG AGA GCC AGG GAA

LAMA2

GGC TTC CGT TGT CAG CAATC

TCAAGT TTCTCAGCGTTG GC

LAMAS

GGACTG CAG GCCACCG

AGG ATG CCC ACAAAC TCC AG

LOX

GCG AAG GGT GAG GAG TAA GG

GAC GCC TGG ATG TAG TAG GG

MMP1

TAT GCA CAG CTT TCC TCC ACT

GCC TCC CAT CATTCT TCAGGT T

MMP12

GGAATC CTAGCC CATGCTTTT

CAT TAC GGC CTT TGG ATC ACT

MMP13

ACT GAG AGG CTC CGA GAA ATG

GAACCCCGCATCTTGGCTT

MMP14

ATC TGC CTC TGC CTC ACC TA

AAG CCC CAT CCAAGG CTAAC

MMP2

TCT GTG TTG TCC AGA GGC AA

GTGTTC AGG TATTGCATGTGC T

MMP3

CTG GAC TCC GAC ACT CTG GA

CAG GAAAGG TTC TGA AGT GAC C

MMP9

AGA CCT GGG CAG ATT CCA AAC

CGG CAAGTCTTC CGAGTAGT

PDGFRA

GAA GGC GCAATC TGGACACT

AGT AAT GGG CTC AAA AAC CGC

PLAT

TCA GAA GCA ACC GGG TGG AAT A

ACG TGG CCC TGG TAT CTATTT

PLAUR

TGT AAG ACC AAC GGG GAT TGC

AGC CAG TCC GAT AGC TCA GG

PLAUR

TCT GGT TTG TGG ATG CGT TT

AGA GGC TCT CCT TGA CCT GA
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Gene Forward Primer Reverse Primer
PLG TCTGGTTTGTGGATGCGTTT AGA GGC TCT CCT TGA CCT GA
POSTN CCC GTG ACT GTC TAT AAG CC CACCTT CAATGAATTTGG TGA CCT
S100A4 TTCTTGGTTTGATCCTGACTGCT CCT GTT GCT GTC CAAGTT GC
SERPINB2 GTAACAACT CTCAGAGGAGCAT ACT CGG TGG TGC ATAGCTT
SERPINE1 GAC CGC AACGTG GTTTTCTC CTT GTA CAG ATG CCG GAG GG
TCF21 CTGACG TGG CCC TTT ATG GT ACA GAG AGA GGA GCATTG CG
TGFB1 ATG GAG AGA GGA CTG CGG AT TAG TGT TCC CCACTG GTC CC
TGFB2 AGA AGA CTATCC TGA GCC CGA CTG AGC CAG AGG GTG TTG TAA
TGM2 TGT CTC TCC GGG AAC CCT TC GAG ACCCTCCAAGTGCGAC
VIM GGA CCA GCT AAC CAACGACA AAG GTC AAG ACG TGC CAG AG
Statistical analysis

All results are shown as mean = standard deviation.

Unless otherwise stated, all statistical

analysis of the data was performed using Prism 8 with statistical significance determined at p <

0.05 by a one way ANOVA with subsequent Dunnett’s test to correct for multiple comparisons or

a or student’s t-test.
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