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Abstract

Calcific Aortic Valve Disease (CAVD) is one of the most common valvular ailments,
affecting over 10 million Americans each year over the age of 65. Despite its similarities
with atherosclerosis, no treatments have been successfully developed to stop or halt
disease progression, making total valve replacement the only course of treatment. Risk
factors for CAVD include age, biological sex, hyperlipidemia, diabetes mellitus, and
smoking, with males being twice as likely to suffer from the disease. Although hallmarks
of CAVD such as valve sclerosis (valve thickening) and stenosis (valve stiffening) are
present in all diseased valves, males and females exhibit different clinical outcomes. For
the same severity of aortic stenosis, males have highly calcified valves, while females
have more fibrotic valves. The mechanisms underlying these divergent clinical outcomes

are not yet fully understood.

There is very limited literature considering sex as a biological variable in CAVD research,
as most past studies have used mixed cell cultures, often resulting in conflicting results.
Only in recent years have cellular-scale sex differences been considered. To understand
why females and males present different clinical outcomes, we need to study the etiology
of CAVD in both sexes. However, this has been challenging since most human valve
specimens used in studies come from cadaveric sources or patients undergoing

transcatheter aortic valve replacement (TAVR).

CAVD hallmarks are characterized by valve leaflet thickening and stiffening as a

consequence of extracellular matrix (ECM) remodeling mechanisms. Because of the role
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of the ECM in contributing to disease progression, it is necessary to consider cell-ECM
interactions in CAVD studies. Three-dimensional (3D) culture platforms provide a
valuable tool to combine these aspects. Many researchers have implemented the use of

3D scaffolds that mimic characteristics cells experience in vivo.

In this thesis, we focus on creating disease-inspired tissue-engineered models that mimic
changes in the ECM present during CAVD progression to understand the differential
fibrotic expression in females and males. Chapter 4 describes the creation of disease-
inspired hydrogel models that mimic the transition of collagen enrichment as observed
during disease progression. Motivated by the results in Chapter 4, Chapter 5 focuses on
understanding how the biological and architectural properties of collagen affect the fibrotic
behavior of females and males VICs. VICs cultured in these disease-inspired scaffolds
were then exposed to TGF-B1 to elucidate the combinatorial effects of ECM changes and
exposure to pathological stimuli on VICs’ fibrotic responses. Chapter 6 discusses the

observed results, study limitations, and future considerations.
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Chapter 1: Introduction

1.1 CAVD Progression

Calcific aortic valve disease (CAVD) is one the most common valve ailments in the US
affecting the aging population. Despite sharing similarities to atherosclerosis, the
development of effective treatments to halt or eradicate disease progression has not been
successful. Unfortunately to this date, total valve replacement remains the only
therapeutic alternative. Our inability to develop effective therapeutic options is in part due
to our incomplete understanding of the events that occur during disease progression.
Current theories on disease development propose that CAVD is initiated by the infiltration
of lipids through the disrupted endothelial layer of the valve leaflets'?. The integrity of the
valve endothelial layer can be compromised by improper blood flow causing oscillatory
shear stress of the aortic valve leaflet causing lipid infiltration and triggering an
inflammatory response®#. Biochemical cues from this inflammatory response such as the
release of cytokines, chemokines, and growth factors then activate fibrotic and calcific
processes within the aortic valve. This affects the tissue homeostasis and its ability to
properly regulate the ECM remodeling and the native tissue’s cell behaviors. Ultimately,
this results in heavily fibrotic/calcified valves with impaired valve mechanics which could

result in death if not timely intervened.

Limitations in how CAVD has been studied over the years have hindered our capacity to
understand how these events develop. Understanding disease etiology has been

hampered due to our inability to access specimens at diverse stages of disease



progression. Most tissue specimens are sourced from cadavers or individuals undergoing

valve replacement which only provide snapshots of the late stages of disease. Information

Endothelial disrupture Inflammation Fibro-calcific remodeling
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»
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Figure 1.1 Molecular and cellular mechanisms that occur during CAVD progression.?

obtained from these specimens also vary depending on the individuals’ biological sex as
females reach the late stages of valve stenosis with highly fibrotic valves while males
exhibit highly calcific valves. Thus, consideration of sex as a biological variable is
necessary to understand why females and males present with different clinical outcomes.
We could achieve this by particularly by looking at how diverse events of disease

progression affect females and males differently to better understand disease progression



and hence develop better therapeutic approached to stop or halt onset of CAVD

progression.

Additionally, due to the complex interactions that occur within the valve leaflet structure,
the development of culture systems that mimic the changes that occur at different stages
of disease is needed. 3D culture platforms provide us with a great tool to tackle these
constraints as they offer great tunability to adjust for the mechanical, biological, and
biochemical cues that are known to contribute to cellular-scale sex dependent behavior

and maintenance of tissue homeostasis in CAVD.

This thesis is aimed developing and implementing the use of 3D models as a tool to better
understanding sex-dependent fibrotic responses of VICs in CAVD. In the following
sections, we will discuss in more detail elements of the valve architecture and
composition, the diverse culture platforms currently used in CAVD research, and the
pathobiology of CAVD focusing primarily on valve fibrosis. In addition, we will highlight
the importance of the consideration of biomaterials to study the hallmarks of CAVD

through the lenses of recent research findings in CAVD using biomaterials.

1.2 The native aortic valve: A look into the native tissues’ structure and composition

The aortic valve (AV) is composed of three semilunar leaflets that allow unidirectional
blood flow from the left side of our hearts into the aorta. Despite how thin the aortic valve
leaflets are, they are a fascinating, complex, and sophisticated tissue. The AV leaflets are

lined on both sides by a monolayer of valvular endothelial cells (VECs). VECs help



regulate the valve’s mechanical integrity properly for a tissue under constant
hemodynamic forces, aid in the modulation of the tissue’s mechanical properties, and

regulation of the ECM>~’. Within the leaflets, we can find another cell population known

as valvular interstitial cells (VICs) whose main role is to maintain tissue homeostasis by

regulating their extracellular environment.
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Figure 1.2 Schematic representation of the aortic valve architecture and composition
in its native state.

VICs come in various subtypes. Quiescent valvular interstitial cells (qVICs) are the main

cell population in the healthy valve®. However, when exposed to pathological factors,

whether mechanical or biological, they could differentiate into activated valvular interstitial

cells (aVICs). aVICs adopt a myofibroblast phenotype in an attempt to maintain ECM

homeostasis. During disease, they can subsequently differentiate into osteoblastic

valvular interstitial cells (obVICs) which contribute to aortic valve calcification”:%:1°,



The ECM of the AV is comprised of a distinct trilaminar structure with unique biological
and mechanical features. On the aortic side lies the fibrosa layer. The fibrosa is mainly
composed of circumferentially oriented Collagen | and Il conferring the leaflet great
mechanical support and tensile strength to support the extreme hemodynamic forces?!.
Between the fibrosa and ventricularis lies the spongiosa whose main components are
proteoglycans and glycosaminoglycans which provide great lubricity and mechanical
cushion to the leaflet. On the ventricular side lies the ventricularis which main component
is elastin providing the valve with mechanical elasticity during the valve opening and
closing!**2, This tri-laminar architecture and the distribution of the ECM components and

cells within the valve leaflet are necessary to maintain proper valve function.

1.3 CAVD Fibrosis Explored through Biomaterials

The development of fibrosis within the aortic valve leaflet happens as a product of diverse
interactions within the populating cells and between the cells and their environment. Due
to the many contributors of fibrosis in CAVD a clear mechanism of how it starts within the
AV leaflet is not well understood. In addition, CAVD outcomes present differently in
females versus male individuals with females having more fibrotic valves and males
having more calcific valves for the same degree of stenosis making it more challenging
to decipher the underpinnings of fibrosis etiology. During the early stages of the disease,
increased production of proteoglycans (PGs) and glycosaminoglycans (GAGS) is
observed, a known early hallmark of CAVD?*3. During the late stages, GAGs can be found
concentrated around the calcific lesions in the fibrosa layer'4 and spread across the valve.

Collagen production also increases but Collagen fiber deposition is disorganized within



the leaflet'>. This ECM remodeling process during disease results in the loss of the

trilaminar structure hence affecting the tissue homeostasis.

ECM dysregulation hallmarks of CAVD Progression
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Figure 1.3 Schematic representation of hallmarks of ECM dysregulation in CAVD
Adapted from*!

In this section we will discuss how ECM mechanics and biological cues work to drive

fibrosis in the valve. In the last decade, more attention has been directed towards



understanding how ECM composition and alterations influence cell behavior in the
context of CAVD. A study by Mahler et al.1* showed that VECs seeded in a 3D GAG-
Collagen (CS-Coll, HA-Coll, Dermatan Sulfate (DS)-Coll) scaffold underwent endothelial
to mesenchymal transformation (EndMT) noted by the expression of ACTA2 gene and a-
SMA protein expression. However, VECs particularly seeded in CS-Collagen 3D
hydrogels showed increased expression in Collagen and GAG production. In addition to
alterations to the ECM, VECs can undergo EndMT through exposure to paracrine

signaling of molecules such as TGFB-1, TNF-a, and IL667,

Mechanical cues such as shear stress also play a role in VEC EndMT. A study by Zaffran
et al.'® demonstrated how VEC EndMT is dependent on the source of origin VECs (aortic
vs ventricular side). VECs obtained from the aortic side showed upregulation of pro
EndMT markers such as ACTA2, Snail and TGFB-1 and down regulation PECAM-1, an
endothelial marker. Conversely, VECs obtained from the ventricular side showed no
activation of pro EndMT markers however, PECAM-1 expression was highly upregulated.
Another study by Lacerda et al.'® showed VECs under prolonged pulsatile shear exposure
underwent EndMT demonstrated by upregulation of aSMA and TGFB-1 compared to
VECs exposed to laminar flow. In essence, VECs significant contribution to fibrosis lies in

its ability to adopt a fibroblast-like phenotype and behavior.

During disease, ECM remodeling results in the loss of the trilaminar structure affecting
the valve homeostasis. VICs in the leaflet, can perceive the mechanical or biological

changes that occur in the ECM and in turn adopt a myofibroblastic phenotype. AVICs are



characterized for their main role in ECM repair during disease. When VIC activation is
prolonged, their repair abilities adversely affect the leaflet homeostasis by inducing an
imbalance between matrix repair and matrix dysfunction. VIC activation can occur as a
result of mechanical cues such as substrate stiffness, scaffold mechanics, and/or
composition. Recent data showed that adult human and porcine VICs cultures in 3D
poly(lactic-co-glycolic) acid (PLGA) and poly(aspartic acid) (PASP) hydrogels exhibiting
anisotropic features similar to those found in the native heart valve had increased
production of Collagen and GAGs compared to PLGA hydrogels alone?°. Substrate
stiffness has been widely investigated and corroborated to be one of the drivers of VIC
differentiation. A study by Anseth et al. used a photodegradable hydrogel to tune
topographical stiffness and look at the effects stiffness has on VICs myofibroblastic
differentiation. The data showed that VICs on higher modulus substrates (15 Kpa) had a
70% of myofibroblastic activation compared to VICs on a soft modulus substrate (3 Kpa)
which had about 20% myofibroblastic activation. The data also showed that activation
could be reversed by decreasing the topographic stiffness?t. Other studies show that in
vitro VIC differentiation (and reversal) via substrate stiffness modulation is correlated to

VIC morphology?2.

Scaffold composition mimicking the native or disease AV provides us with the tools to
study how particular ECM-Cell interactions occur in the native and disease valves. A
study by our lab*3, highlighted the importance of isolating the roles of ECM molecules
such as HA and CS in disease progression. In this study, quiescent VICs (qVICs) were

cultured on gelatin methacrylate (GelMa) + hyaluronic acid (HA) or GelMa + chondroitin



sulfate (CS) substrate mimicking native and pathological enrichment of GAGs (1X GAGs
vs 4X GAGs respectively). Results showed that GAG enrichment did not promote the
production of inflammatory or VIC activation markers which have a subsequent role in
initiating tissue fibrosis through the recruitment of immune cells within the leaflet and
production of pro-fibrotic markets through VIC activation. However, the presence of
pathological amounts of CS in these hydrogel substrates proves to be essential in
retaining and regulating the availability of oxidized low-density lipoprotein (oxLDL), a
molecule important in the initiation of inflammation and fibrosis, to VICs. VICs exposed to
oxLDL in the pathological GelMA - 4X CS model had increased levels of inflammatory
cytokines, myofibroblastic markers and GAG production, hence promoting disease
progression through a positive feedback loop. These results coincide with a study by
Khademhosseini et al.?3, in which culture of VICs in a 3D GelMA-HA scaffold did promote
VICa myofibroblastic differentiation, but when treated with a profibrotic TGFB-1-1 VIC
myofibroblastic differentiation was induced. This is particularly important since the type of
ECM alteration can affect VICs types in very distinct manners. Additionally, 2D and 3D
cultures may elicit completely different responses in cultured VICs. Grande-Allen?*, used
3D heterogenous multi-laminar tissue construct to evaluate VIC pathogenicity in a matrix-
dependent manner. Tissue constructs were designed to have varying ratios of Collagen
to hyaluran while maintaining similar mechanics. This allowed the cells to have a localized
matrix signal similar to what is seen in the native valve. VICs in construct with increased
Collagen layers exhibited a more pathological phenotype validated by aSMA and RUNX2
expression. Conversely, VICs seeded in constructs with increased hyaluran content had

lower aSMA and RUNX2. VICs in increased hyaluran constructs showed higher cell
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viability compared to VICs seeded in constructs with higher Collagen content?4. CAVD
fibrosis does not stem from a single mechanism but rather a compilation of different
processes that intertwined, drive disease progression. In this section, we discussed
examples of how fibrosis may be presented in CAVD through cell-to-cell signaling, and

cell-ECM interactions whether these are from a biological or mechanical perspective.

1.4 Culture platforms used in CAVD research

A recent review by Cai et al.?® highlights the traditional and more novel models used to
study CAVD. The more traditional models include diet-induced animal models, genetically
modified animal models, and 2D culture models, among others. On the more novel
spectrum, we have 3D models which include ex-vivo cultures, and 3D scaffold/hydrogels
systems. No model is completely perfect. Models such as diet-induced, and genetically
modified animals give us the opportunity to study molecular mechanisms, particularly in
inflammation, lipid deposition and macrophage infiltration, fibrosis, and calcification all of
which occur at diverse stages of CAVD, and which are important for identifying potential
therapeutical targets. Mouse and rabbit models are often used due to their relatively low
cost and easy maintenance; however, these have limited physiological similarity to the
human heart. Pigs, on the other hand, provide us with a more anatomically and
physiologically relevant model but their maintenance is costly. Most CAVD research has
been done in traditional 2D culture methods where cells (VICs or VECs) are produced
from a stem cell line or isolated from an animal or human source and cultured with
different pathological stimuli to understand cell responses to disease factors. This

approach is widely characterized and relatively involves low cost and maintenance.
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Despite being the standard for decades and decades of research, 2D cultures do not
entirely replicate the native cells’ behaviors that occur within the tissue. This is in part due
to the lack of a 3D structure where cells can interact with their extracellular environment
and receive biological and mechanical cues from the molecules that surround them. 3D
cultures provide an opportunity to bypass some of these constraints. There are two main
types of 3D cultures: synthetic and biobased. Synthetic 3D cultures can be used when
low reactivity to the environment is essential to isolate variables within the culture.
Biobased 3D cultures are used when it is essential to provide cells with cues that they
find in vivo, hence the use of materials naturally found within the tissue such as ECM
molecules (Collagen, FN, GAGs, etc). Although, biomaterials can be used as 2D coatings
to study cells-ECM interactions from a topographical perspective, meaning the cells’
ability to identify the molecules in their culture substrate and evaluate how the interaction
with these triggers the cellular signaling process, using biomaterials in a 3D construct can
be exploited to understand how particularly VECs and VICs interact with various
pathological features that in a more relevant fashion. For example, 3D cultures can be
used to mimic diverse stages of disease. As previously mentioned, our lab and other
groups have attempted to build scaffold constructs that mimic the ECM distribution during
the early and late stages of CAVD or the ECM composition during these stages. This
provides a particularly valuable resource since 2D cultures only allow us to partially
understand their responses to pathological signals but not environmental signals that
occur during disease. On the other hand, humans’ samples only provide us with a
snapshot of the end stages of the disease making it challenging to understand what

events occur during the early stages of CAVD as most of the diagnoses occur when
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intervention is needed. Hence, the need to develop better systems that allow us to study
the development of CAVD at different stages of disease while providing cells a more
relevant environment for different study applications such as studying the effects of
altered ECM molecules from a composition, architecture and mechanical perspectives,
cells behavior in response to pathological factors in 3D and open avenues to identify
potential therapies. In the next section, we will focus on current research involving the
use of biomaterials to study CAVD in the context of inflammation, fibrosis, and

calcification.

1.5 Utilization of biomaterials culture platforms to understand the hallmarks of

CAVD

The use of biomaterials to study disease progression provides new venues of exploration
that cannot be achieved with traditional culture methods. In recent years, biomaterials to
study CAVD etiology have been implemented, particularly to study in more detail how
cell-ECM and cell-cell interactions contribute to disease progression in the context of AV
inflammation, fibrosis, and calcification. Despite the gaps in our understanding of how
these hallmarks present in CAVD, we could agree that these processes overlap at
different stages of disease. Isolating one specific event would be nearly impossible, but
we could puzzle how each of these events comes into play by how they all work in concert.
Lipoprotein (a) (LP(a)) has been recognized as a potential driver of inflammation and
calcification in CAVD?27, Recent data by Aikawa et al., showed increased calcification of
extracellular vehicles (EVSs) in acellular 3D Collagen hydrogels treated with EVs collected

from conditioned media of VICs exposed to Lp(a). This data suggests that calcification of



13

the valve ECM by EVs could be mediated through inflammatory mechanisms?8. In
addition to VICs exposure to Lp(a), exposure of VICs to inflammatory cytokines from
infiltrating macrophages was suspected to have a role in VICs ability to further CAVD
development. Anseth et al., studied specifically how secreted factors from M1
macrophages affected the behavior of VICs cultured in 2D PEG hydrogels and
supplemented with M1s conditioned media. Their data showed that tumor necrosis factor-
alpha (TNF-a) and interleukin 1 beta (IL-1B) induced derived from M1 macrophages
conditioned media had an anti-fibrotic effect noted by down-regulation of (aSMA)
expression, reduced stress fiber formation and an increase in cell proliferation.
Conversely, it was also found that interleukin 6 (IL6) served as a pro-osteogenic driver
noted by the upregulation of RUNX2 and osteopontin. Their results suggest a potential
mechanism mediated by these secretory factors to aid VIC transition from a fibrotic to a

calcific phenotype?®.

Tintut et al.®° explored the role of TNF-a, an inflammatory cytokine, in ECM remodeling
by VICs cultured in a 3D free-floating and compliant Collagen hydrogel model. TNF-a was
found to increase the expression of fibrotic markers of CAVD such as aSMA, Collagen,
and fibronectin. In addition, TNF-a promoted hydrogel retraction and stiffening. The
formation of calcific nodules within these VIC-laden hydrogels was also observed. Using
NF-kB inhibitors blocked TNF-a induced hydrogel retraction. When combined with the
inhibition of C-Jun N-terminal kinase, stiffness was also blocked suggesting that the
observed TNF-a effects result from stimulation of the cytoskeletal machinery dependent

on F-actin assembly and disassembly and actin-myosin interaction.
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3D Collagen hydrogels are widely used to study CAVD progression. Combinations of
these versatile hydrogel models open avenues to isolate the effects of secretory
molecules as previously discussed, as well as the effects of ECM in driving CAVD
pathogenesis. A study by Richards et al, highlights the importance of creating 3D models
that present with different events as they occur during CAVD progression. Richards found
that VICs cultured in 3D Collagen hydrogels containing hydroxy apatite adopted
myofibroblastic and osteoblastic behaviors®!. Dahal et al.®?,cultured VICs in Collagen
hydrogels containing CS, HS or Dermatan Sulfate (DS). VICs seeded in the Coll-CS
hydrogels exhibited increased myofibroblastic and osteoblastic expression in addition to
increased Collagen 1 production and nodule formation. Schroeder et al.33, created a 3D
PEG-Collagen system that allowed for accelerated calcification of VICs when exposed to
calcifying media. Traditional calcification studies take longer periods of culture.
Schroeders system reduced culture time by 14%-50% providing quicker tools to
understand how calcification develops in CAVD as well as providing a system to identify

potential therapeutic targets.

The use of biomaterials in research allows us to replicate diverse aspects of tissues that
other traditional culture methods cannot. Biomaterials provide tools to recreate tissue
mechanics, structure, composition and presentation of biological and biochemical signals
in a more physio (patho)logical relevant manner permitting better and more accurate
advances toward discovering the mechanisms of disease and prospective disease

treatments.
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Chapter 2: Objectives

2.1 Motivation

CAVD affects about 10 million individuals of the aging population! and this number
continues to increase each year posing more challenges to the healthcare system as no
effective treatment has been developed to stop the onset of disease progression or halt
its development. Lack of understanding of CAVD etiology is one of the main reasons
hampering our ability to create effective treatments?. It is believed that CAVD pathological
processes occur concomitantly, thus a clear path to decipher the underpinnings of how
these processes interact with each other during disease development has not been
established. In addition, sex as a biological variable has been deemed essential to
understand CAVD development as females and males present with different disease
pathologies towards the end-stages of the disease®. The vast majority of CAVD research
(whether in 2D or 3D platforms) has been performed using mixed VIC cultures. For this
reason, it is precise that a better understanding of how CAVD develops in females and
males through the diverse stages of CAVD is researched. Hence, the need to develop
new and improved culture systems/technologies that allows to isolate elements of these
processes that occur at diverse stages of disease. In this thesis we will discuss how we
developed an improved 3D culture system that allows us to investigate the role ECM

(dys)regulation as is observed in through different stages of disease.
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2.2 Objective 1: Generate disease-inspired hydrogel models of that mimic the

diverse stages of CAVD progression.

3D cultures have revolutionized the way we do research in the present day. Employing
3D culture platforms provides us with the ability to isolate biological, biochemical and
mechanical cues that are present in the native and disease tissue in order to explore how
these affect cell function and activity. With this in mind, we worked in the development of
stage-specific models of CAVD to study how the ECM composition changes observed
during CAVD progression affect female and male VICs behavior differently. We built these
models based in a GelMA-Collagen interpenetrating network hydrogel model previously
designed in our lab which provided the opportunity to obtain a highly mechanically tunable
fibrous hydrogel. In chapter 3, we will discuss in detail the creation and characterization
of these disease-inspired, stage-specific hydrogel models that mimic early and late-stage
hallmarks of CAVD and the biological and architectural role of fibrillar collagen to drive

fibrosis in female and male VICs.

2.3 Objective 2: Evaluate the influence of ECM remodeling during CAVD

progression in males and females VICs.

In the past decades, much attention has been directed towards understanding how cell-
ECM interactions during disease impact further disease progression. It has been well
established that ECM (dys)regulation constitutes one of the most notable hallmarks

during the development of CAVD. It is known that in diseased aortic valves the valve
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trilaminar structure is lost and increased amounts of glycosaminoglycans and fibrillar
collagen are found spread across the three main layers of the valve tissue. However,
little is understood about how this ECM changes promote disease progression in the
context of CAVD. As previously mentioned, sex as a biological variable has been recently
considered as an important factor in the understanding of CAVD etiology as females and
males exhibit different end-stage pathologies Specifically, for the same degree of valve
stenosis, aortic valve from females exhibit high levels of fibrosis while males exhibit high
levels of calcification. Therefore, understanding how disease develops in females and
males at each stage of disease is essential. In this thesis we explain how we implement
the use of stage-specific disease-inspired hydrogel models (as described above) to
understand how ECM changes impact female and male VIC behavior. In chapter 4, we
explore how increased collagen content affect VIC fibrosis in female and male VICs
cultured in disease-inspired systems that mimic collagen enrichment from the early to the
late stages of disease. In chapter 5 we explore whether collagen fiber architecture is
essential (or not) in driving fibrotic responses in female and male VICs at the late stage

of disease.

2.4 Objective 3: Elucidate differential sex response to exposure to TGBFB-1 as a

profibrotic pathological stimulus at different stages of CAVD.

TGFB-1 is a well-known pro-fibrotic factor which presence is also known to be part of the
ECM fibrocalcific remodeling in CAVD progression. In chapter 4, we explored the

combinatorial effects of TGFB-1 as a pathological stimulus and collagen 1 enrichment in
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driving female and male VICs fibrotic responses cultured in early and late-stage hydrogel
systems. In chapter 5, we explore the combinatorial effects of profibrotic TGFB-1 in
female and male VICs cultures in late stages models with varied degrees of fibrillar
architecture. Investigating how the ECM in the context of ECM composition and
architecture as well as exposure to pathological cues affect VIC pathological behavior
provides us with new understanding that inform us on how to better design culture

platforms to understand disease etiology and test new therapies.
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Chapter 3: Engineering of CAVD Disease-Inspired Engineered
Scaffolds: A Somewhat Challenging Task

3.1 Abstract

The extracellular matrix (ECM) plays a critical role in maintaining tissue homeostasis and
influencing cellular functions such as proliferation, migration, and signaling. Recent
research has underscored the significance of ECM in disease progression, particularly in
Calcific Aortic Valve Disease (CAVD). In CAVD, ECM components like collagens and
glycosaminoglycans (GAGs) are heavily implicated in the disruption of aortic valve
structure and the pathological responses of valvular interstitial cells (VICs). GAGs are
notably increased in the early stages of CAVD, promoting inflammation through the
entrapment of lipoproteins, while collagens, elevated at later stages, contribute to calcific
deposits that impair valve mechanics. Despite their pathological roles, these molecules
are essential in healthy valves for providing lubricity and mechanical strength.
Advancements in tissue engineering now enable the development of more physiologically
relevant 3D models to study disease progression, moving beyond traditional 2D cultures.
Techniques such as decellularized organ scaffolds, functionalized synthetic molecules,
and ECM-integrated hydrogels offer novel platforms to explore cellular interactions with
ECM components. In this chapter, we detail the creation of disease-inspired engineered
3D models to investigate sex-specific VIC responses to GAG and collagen elevations in
CAVD. We also address the challenges and limitations encountered during the model

development and the strategies employed to overcome them.
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3.2 Introduction

More attention has been given in the scientific community considers the extracellular
matrix (ECM) as a potential regulator of tissue’s physiological health or as a contributor
to tissue’s pathology!. The ECM is a complex system - mostly composed of proteins - that
sustains the tissue homeostasis and provides the cells with an infrastructure to aid in
processes such as cell proliferation, migration and signaling via mechanical or biological
stimuli?. In light of this, research of pathologies should consider cell-ECM interactions as
a potential for disease progression. Research of pathologies such as Calcific Aortic Valve
Disease (CAVD) have highlighted the importance of ECM in modulating disease
progression as molecules such as Collagens®-° and Glycosaminoglycans®1° have been
found to be heavily involved in disrupting the aortic valve structure and the valve’s cells
(such as valvular interstitial cells (VICs)) responses. Particularly, Glycosaminoglycans
have been found to be highly increased during the early stages of CAVD’, while collagen
have been found to be highly elevated at later stages of disease?®. It is important to note
that glycosaminoglycans which have been spotted around calcific nodules?, are known
to entrap and retain lipoproteins which are highly involved in the process of inflammation
in CAVD’. Collagens on the other hand serve as nucleation sited for calcific deposits
which stiffens the valve and impairs its mechanical compliance®. However, in healthy
valves these two molecules serve important roles such as providing the valve with enough
lubricity (GAGs) and strength (Collagens) to withstand the strong mechanical of blood

flow.
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In the tissue, cells exist within this 3-dimentional ECM structure allowing the cells to
interact in many ways with the environment that surrounds them. While many
breakthroughs in research of pathological process haven been obtained through culture
in 2D platforms, new advances in technologies can now provide us new innovative
systems to investigate disease development in more physiological relevant 3D models.
Innovations in tissue engineering allows to design and develop disease-inspired models
in many ways. For instance, decellularized organs can be used as a tissue scaffold to
grow new tissues in an accurate physiological environment, synthetic molecules can be
functionalized with specific chemical groups or biological signals to modulate cells
behaviors, additionally, isolated ECM molecules could be added to hydrogel constructs
allowing us to understand individual cells responses/interactions with a particular ECM
molecule. Thus, implementation of new tissue engineering strategies as previously
mentioned could help us to better understand the cellular mechanisms that underly

disease progression in a more physio(patho)logically relevant manner.

With this in mind, we embarked in our mission to designed and develop disease inspired
engineered 3D models to investigate VICs differential sex responses to GAG and
Collagen increase as hallmarks of CAVD. In this chapter we will discuss the challenges
and limitations we encountered in the creation of disease inspired engineered 3D models

and the approaches taken solve these constraints.
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3.3.1 VIC isolation and expansion

Valvular interstitial cells (VICS) were isolated, expanded and maintained in culture as
previously described'?. Briefly, aortic valve leaflets were excised from 6-month-old pig
hearts obtained from our local abattoir (Hoesly’s Meats, New Glarus, WI) and incubated
for 30 minutes in a collagenase 1l (Worthington Biochemical Corporation, Lakewood, NJ)
solution to remove valvular endothelial cells from the tissue. A second 60-minute
incubation followed, in fresh collagenase Il solution to release VICS for expansion. VICs
were then divided into two subsets, aVICs and qVICs. aVICs were maintained in low
glucose Dulbecco’s Modified Eagle’s Medium (Sigma-Aldrich, St. Louis, MO),
supplemented with 2 mM L-glut (Sigma Aldrich), 150 U/mL penicillin/streptomycin
(Sigma-Aldrich) and 10% fetal bovine serum (FBS) (Corning, Corning, NY) at 37 °C and
5% CO2. QVICs where cultured on collagen-1 coated TCPS at 2 pg/cm? (Advanced
Biomatrix) and maintained in low glucose Dulbecco’s Modified Eagle’s Medium (Sigma-
Aldrich, St. Louis, MO), supplemented with 2 mM L-glut (Sigma Aldrich), 150 U/mL
penicillin/streptomycin (Sigma-Aldrich) and 2% fetal bovine serum (FBS) (Corning,
Corning, NY), 5.25 ug/mL insulin (Sigma Aldrich), and 10 ng/mL FGF-2 (PeproTech) at

37 °C and 5% CO:. VICs were not used past passage 3 for any of the experiments.

3.3.2 GelMA Synthesis

Gelatin type A from porcine skin (Sigma Aldrich) was dissolved at 10% w/v in phosphate-

buffered saline (1X PBS) (Corning, Corning, NY) at 50 °C. Once the gelatin was
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dissolved, methacrylic anhydride (MA) (Sigma Aldrich) was added to the gelatin solution
with a syringe in a drop-wise manner and stirred overnight protected from light. The
following day, the gelatin-methacrylate (GelMA) reaction solution was centrifuged at 3000
xg for 5 minutes at 37 °C degrees to precipitate unreacted MA. The supernatant was
collected and diluted at a 1:4 ratio in pre-warmed 1X PBS at 50 °C and then transferred
to 12-14 kDa MWCO dialysis tubing (Spectrum Labs, Rancho Dominguez, CA). The
diluted GelMA solution was dialyzed against 1X PBS for 3 days and diH20 for 3 more
days at 50 °C to remove any unreacted MA. PBS and DiH20 solutions were changed
daily through the dialysis process. At the end of the dialysis period, the GelMa solution

was filtered, lyophilized and stored at -80 °C until needed for further characterization and
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Figure 3.1 Schematic representation of disease inspired models design and stiffness
characterization

3.3.3 Creation of healthy, early and late CAVD stage models

3-D disease-inspired scaffolds were developed to mimic gag (healthy to early transition)
and collagen enrichment (early to late transition) as a hallmarks of CAVD. All models were
created using a GelMA (Gelatin Methacrylate) based hydrogel (4% w/v) with an

interpenetrating network of collagen fibers's. Scaffolds mimicking healthy valves
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contained 0.75 mg/mL collagen | (Coll) (Advanced Biomatrix, San Diego, CA), and 2.5
mg/mL chondroitin sulfate A (CS) from bovine trachea (Sigma Aldrich), early-stage
disease contained 0.75 mg/mL Col and 10 mg/mL CS, while late-stage (Late 2X; 2X
referred to the increased amount of fibrillar collagen enrichment) disease scaffolds
contained 1.5 mg/mL Coll and 10 mg/mL CS. An additional late model (Late 1X) was
created by maintaining the same fibrillar collagen concentration as our early model (0.75
mg/mL Coll1) but increasing the total amount of collagen ligand by adding an additional
0.5 mg/mL of GelMa for a total concentration of 1.5 mg/mL of total collagenous protein.
This model was created to understand whether expression of fibrotic markers was
affected by total collagenous protein enrichment or whether collagen fibrillar structure was

the main driver for fibrosis in CAVD.

Healthy AV Early CAVD Stage Late CAVD Stage ™ Influence of ECM composition
in VICs fibrotic outcomes and
ECM (dys)regulation
TGags = T Fibers Qo

Figure 3.2 Schematic representation designed disease inspired models mimicking early
(GAGs enrichment) and late (Collagen enrichment) hallmarks of CAVD and pathological
outcomes to measure

Then, to account for over engineering, iterations of these models were created by
subtracting CS from the system. To neutralize the collagen added to our GelMa-Coll pre-
polymer solutions, 0.1 M NaOH (RPI, Mt. Prospect, IL) and 10x DPBS (Sigma Aldrich)

were added at their appropriate ratios. A co-culture of QVIC and aVICs were also added
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at a concentration of 2 x 10° cells/mL to the pre-polymer solution for a total concentration
of of 4 x 10% cellss/mL, along with photoinitiator lithium-phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) (Sigma Aldrich) at a final concentration of 0.05% wi/v.
100 ul of the pre-polymer solution was added to silicone molds (9 mm diameter x 1.7 mm
depth) and incubated at 37 °C for 30 minutes to allow for collagen fibrillogenesis. The
molds were then incubated at 4 °C for the amount of time previously optimized via
dynamic mechanical analysis*® to reach a Young’s modulus of 5-8 kPa and subsequently

photocrosslinked under UV light (365 nm) for 6 minutes.

3.3.4 VIC culture in 3D early and late-stage hydrogel models

VICs (qVICS and aVICS co-culture) embedded in this disease-inspired hydrogel models
were cultured for a total of 6 days (DO= seeding day, D2 and D4 = media change and
collection days, D5 = sample collection for RT-gPCR) in low glucose DMEM,
supplemented with 2 mM L-glut, 150 U/mL, penicillin/streptomycin and 10% FBS. Fresh
media was provided every other day. Samples for each assay were collected and

processed as described in the sections below.

3.3.5 Detection of fibrotic markers via gene expression quantification

Since hallmarks of fibrosis start presenting from the early stages of disease progression,
all healthy, early and late-stage (including both Latelx and Late 2X) female and male
samples were collected on day 5 and underwent q-PCR screening of known fibrotic
markers (listed below). All samples were digested in a collagenase (4.2 mg/mL) digestion

solution supplemented with 30% v/v Proteinase K (Qiagen, Hilden, Germany), 50% v/v
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10X Trypsin (Gibco, Grand Island, NY) and 20% v/v 1X PBS to facilitate RNA isolation.
RNA isolation was performed according to the manufacturer's instruction for Qiagen’s
RNeasy kit (Qiagen, Germantown, MD). Retrieved RNA was then subjected to reverse
transcription using a High-Capacity cDNA Reverse Transcription kit (Applied Biosystems,
Foster City, CA). Tagman Gene Expression Assays were used to quantify genetic
expression profiles of fibrosis-related genes (aSMA, COL1A1, FN and TGFB-1) (Thermo
Fisher). All PCR reactions were performed in a Biorad CXF Opus 96 Real Time PCR and

analyzed via the delta-delta ct method.

3.3.6 Detection of inflammatory cytokines

Since inflammation is observed in the initial stages of CAVD progression and is likely
linked to the effects of GAG enrichment and entrapment of inflammatory molecules, all
female and male samples cultured in healthy and early-stage models were collected on
days 2 and 4 to evaluate production of inflammatory cytokines, IL6 and IL8 from media in
response to GAG enrichment. IL6 and IL8 expression was evaluated via R&D DuoSet
ELISA following the manufacturer’s instructions. Total cytokine levels were quantified via

four-parameter logistic regression.

3.3.7 Statistical Analysis

Each experiment was performed using a n=3 sample. Specifically, VICs isolated from 3
different pigs were pooled for each sex. Data points as seen in each graph represent a

sample repeat of this pooled set. Additional experiments performed to validate our results
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used a new set of pigs. Statistical analysis was performed via 2-way Anova with Tukey

Post-Hoc test. Statistical Significance was considered for all comparisons with P < 0.05.

3.4 Results

3.4.1 Inflammation of VICs is sex-dependent

The production of inflammatory cytokines IL6 and IL8 in female and male qVICs and
aVICs co-culture, embedded in healthy and early-stage models, was assessed using
ELISA at days 2 and 4. Notable sex-specific differences were observed, particularly in IL-
6 expression at the early stage (Figure 3.3 a). Female cells exhibited a higher production
of IL-6 compared to male cells, a trend that persisted across all conditions and timepoints,
although the differences were not always statistically significant. Similarly, sex-specific
differences were evident in IL-8 expression, with female cells showing increased IL-8
production in both healthy models at days 2 and 4 and in early-stage models at day 4

(Figure 3.3 b).
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Figure 3.3 Impact of GAG enrichment in a collagen background hydrogel on
inflammatory cytokine production by females and male VICs. Cytokine expression of
a) IL6 and b) IL8 was measured 2- and 4-days post seeding via ELISA. Results are
presented as mean % standard deviation; *indicates P < 0.05 by Tukey Post-hoc test.
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3.4.2 Biological sex affects gene expression profiles of CAVD fibrotic markers of
VICs cultured in healthy and early-stage models

The expression of fibrotic markers, which are critically involved in the progression of
Calcific Aortic Valve Disease (CAVD), was evaluated using RT-qPCR. Gene expression
levels were normalized to the female healthy-stage condition to facilitate comparison. The
results revealed that males exhibited a more pronounced fibrotic response compared to
females. This heightened response was particularly evident in the increased expression
of a-Smooth Muscle Actin (aSMA) and Collagen Type | Alpha 1 Chain (COL1A1) genes
(Figure 3.4 a and d) across both healthy and early-stage models. Additionally, a similar
trend was observed in the expression of Transforming Growth Factor Beta 1 (TGFB-1)

(Figure 3.4 c), though this effect was specifically noted in the early-stage model.
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Figure 3.4 Fibrotic geAe expression of female and male VICs embedded co-culture
in healthy and early-stage models shows a sex-dependent response. Gene
expression of fibrotic markers (a)aSMA (ACTA2), b) FN ¢) TGFB-1, and d) COL1A1
was assessed by RT-qPCR and normalized to female healthy. Results are
presented as mean + standard deviation; *indicates P <0.05 by Tukey Post-hoc

test.
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3.4.3 Collagen enrichment is sufficient to drive pathological responses regardless
of CS presence.

The expression of fibrotic markers involved in the fibrotic progression of Calcific Aortic
Valve Disease (CAVD), was assessed through RT-gPCR. Gene expression levels were
normalized against the female early-stage condition. Notable sex-specific differences
were identified in the expression of key fibrotic markers, including aSMA, FN, TGFB-1,
COL1Al. Specifically, males demonstrated a more pronounced fibrotic response
compared to females during the early stage of the disease. However, stage-specific
differences were predominantly observed in female subjects, where an increase in the

expression of all fibrotic markers was noted in the late-stage model (Figure 3.5 a).
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Figure 3.5 Collagen enrichment is sufficient to drive pathological responses regardless of
CS presence. Fibrotic gene expression of female and male VICs embedded co-culture in
early- and late-stage models shows sex- and stage-dependent responses. Gene
expression of fibrotic markers (a) aSMA (ACTA2), b) FN ¢) TGFB-1, and d) COL1A1 was
assessed by RT-gPCR and normalized to female early. Results are presented as mean *
standard deviation; *indicates P < 0.05 by Tukey Post-hoc test.
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To further evaluate the potential over-engineering of the system, the experiment was
replicated in newly generated early and late-stage models that lacked the presence of
chondroitin sulfate. Consistent with the initial findings, sex-dependent responses were
observed, with males exhibiting a higher fibrotic response than females at both disease
stages. Interestingly, when CS was absent, stage-specific differences were observed only
in male subjects, indicating that the presence of CS may play a role in modulating the

disease progression in a sex-specific manner (Figure 3.5 b).

3.4.4 Total collagen enrichment, but not fiber enrichment, may play a role in driving

fibrotic responses regardless of presence or absence of CS

To determine whether the sex- and stage-specific changes observed in the early and late
models were driven by the fibrillar architecture of collagen or merely by an overall increase
in collagenous protein, we conducted an additional experiment. This involved the creation
of a late-stage model referred to as "Late 1X," which maintained the same total
collagenous protein content as the standard late-stage model (also referred as "Late 2X")

but with the same amount of collagen fibers as seen in the early model.

Our findings revealed that, in the presence of chondroitin sulfate (CS), it was the total
enrichment of collagenous protein rather than the enrichment of collagen fibers that
primarily drove fibrotic responses, as indicated by the expression of fibrotic markers.
Males exhibited a more pronounced fibrotic response than females during the early stage
of the disease. However, stage-specific differences were particularly prominent in female

subjects, where a notable increase in the expression of all fibrotic markers was observed
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in the late-stage model (Figure 3.6 a). Importantly, no significant sex- or stage-specific

differences were observed between the Late 1X and Late 2X models in the presence of

CS (Figure 3.6 b).
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Figure 3.6 Total collagen enrichment, butnotfiber enrichment, may play a role in driving fibrotic
responses in presence of CS. Collagenous protein enrichmentis sufficientto drive pathological
responses in presence of CS. Fibrotic gene expression offemale and male VICs embedded co-
culture in early- and late-stage models shows sex- and stage-dependent responses, while no
overall fibrotic expression was observed between the Late 1X and Late 2X models (same
amount of total collagenous protein but differing collagen fibers amount). Gene expression of
fibrotic markers (a) aSMA (ACTA2), b) FN c) TGFB-1, and d) COL1A1 was assessed by RT-
gPCR and normalized to female early or female Late 1X respectively. Results are presented as
mean t standard deviation; *indicates P <0.05 by Tukey Post-hoc test.
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In contrast, in the absence of CS, distinct sex-dependent responses were noted, with
males showing a higher fibrotic response than females at both disease stages.
Interestingly, when CS was lacking, stage-specific differences were apparent only in male
subjects, suggesting that CS may influence disease progression in a sex-specific manner
(Figure 3.7 a). However, similar to the findings in the presence of CS, no overall sex- or
stage-specific differences were observed between the Late 1X and Late 2X models

(Figure 3.6 b).

Differences in aSMA expression, as seen in Figures 3.5 b and 3.6 b, may be attributed to
the effects of cell imbalance between quiescent valvular interstitial cells (qVICs) and
activated valvular interstitial cells (aVICs) within the embedded co-culture. We also
examined whether the presence or absence of CS would affect fibrotic responses in
female and male VICs in the Late 1X and Late 2X models. Our results indicated that the
presence or absence of CS did not significantly impact fibrotic responses in female and

male VICs cultured within these systems (Figures 3.8 a and b).

Thus, the primary driver of fibrotic expression across all our models appears to be the
total increase in collagenous protein, regardless of other factors such as increased fiber

content or the presence of glycosaminoglycans (GAGs) within the system.
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Does collagen enrichment promote fibrocalcific responses in a sex _C S
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Figure 3.7 Total collagen enrichment, butnotfiber enrichment, may play a role in driving fibrofic
responses in absence of CS. Collagenous protein enrichmentis sufficient to drive pathological
responses in presence of CS. Fibrotic gene expression of female and male VICs embedded co-
culture in early- and late-stage models shows sex- and stage-dependent responses, while no
overall fibrotic expression was observed between the Late 1X and Late 2X models (same
amount of total collagenous protein but differing collagen fibers amount). Gene expression of
fibrotic markers (a) aSMA (ACTAZ2), b) FN c¢) TGFB-1, and d) COL1A1 was assessed by RT-
gPCR and normalized to female early or female Late 1X respectively. Results are presented as
mean t standard deviation; *indicates P <0.05 by Tukey Post-hoc test.
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P <0.05 by Tukey Post-hoc test.
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3.5 Discussion

In this chapter, we delved into the design and development of various tissue-engineered
scaffolds aimed at more accurately replicating the hallmarks of early and late stages of
Calcific Aortic Valve Disease (CAVD). Our research primarily focused on two critical
areas: the sex-specific responses of valvular interstitial cells (VICs) and the stage-specific
responses to changes in the extracellular matrix (ECM) that occur as the disease
progresses. By leveraging three-dimensional (3D) models, we were able to overcome
some of the limitations inherent in studying CAVD, particularly the scarcity of clinical

specimens, which are often available only at advanced stages of the disease.

3D models provide a more physiologically relevant environment, allowing us to better
understand the complex interactions between VICs and the ECM as the disease unfolds.
This approach is particularly important given the well-established sexual dimorphism in
CAVD, where males and females exhibit distinct clinical outcomes despite experiencing
the same degree of valve stenosis. Understanding these differences is crucial for

unraveling the mechanisms that drive disease progression.

We first investigated the effects on GAG enrichment as observed in the transition from
healthy to earlier stages of CAVD. Initiation of inflammation is thought to be a result of
lipid infiltration through the epithelial layer of the aortic valve leaflet with chronic
inflammation persists across all stages of the disease, with cytokines, chemokines and
growth factors, released by inflammatory cells contributing to the activation of VICs?4,

Lipids are known to be retained by GAGs possibly contributing to chronic inflammation in
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the valve leaflet during CAVD’. Using healthy and early models of CAVD we screened for
inflammatory markers (IL6 and IL8) known to influence fibrosis in the aortic valve. Our
results suggested that females have a higher inflammatory profile than males, a resulted
that often repeated in our 3D models as further described in chapters 4 and 5. We also
observed that males have a more pro-fibrotic response compared to females in this

enriched GAG models.

We then wanted to explore whether collagen enrichment was a prominent driver of valve
fibrosis. For this we created early, and late-stage disease inspired models that mimicked
collagen enrichment as observed during CAVD while also keeping our GAG concentration
elevated. We observed sex and stage specific differences in regard to fibrotic marker
expression with males having a more robust response than females, and stage specific
differences observed only in females. To account for the possibility of having an over-
engineered system, these experiments were repeated once more by removing CS from
our system. While sex-differences trends persisted, stage-specific differences were then
reflected only in males. Taken together, these results suggest that males are more
sensitive to changes in ECM composition compared to females and, although, GAG
presence did not impact sex-differential responses of VICs, they might be needed to

better replicate disease pathology as it occurs in females and males.

Because these were the first experiments of its kind during the time these were
conducted, no background on potential sex-dependent VIC behavior in a 3D system were

known. Other studies had explored the role of GAGs on collagen background hydrogels
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in valvular endothelial cells®, or GAG enrichment in VICs cultured on hydrogel films?’,
however these studies lacked insight on sex-depended responses of VICs. However,
upon refining our engineered systems we were able to confirm some of these responses

in similar engineered tissue engineered models.

Since, fibrotic marker expression was maintained in our early- and late-stage disease
models lacking CS, we wondered whether total collagenous enrichment or collagen fiber
architecture played a role in driving a robust fibrotic response since it has been well
establish that collagen plays an important role in tissue fibrosis and calcification*®. In
order to assess for this, we introduced an additional late model that contained the same
fibrillar collagen content as our early-stage model but maintained total collagenous protein
concentration as our late model. Results from these experiments were obtained in
absence and presence of CS as we were able to observe opposing patterns in presence
of CS. Results suggested that increased fibrillar content was not the main driver of fibrotic
responses in VICs but rather the increase of total collagenous protein content. These

results were consistent regardless the presence or absence of CS in the system.

The research presented in this chapter underscores the critical importance of
troubleshooting and meticulously designing 3D engineered systems that accurately mimic
the various stages of CAVD. The ability to replicate the complex environment of valve
tissues in vitro is essential for gaining deeper insights into the disease’s progression and
the underlying mechanisms that drive it. By refining these models to more closely mirror

the physiological conditions of both early and late stages of CAVD, we can better
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understand the interactions between VICs and the extracellular matrix, particularly in the

context of sex-specific differences.

The development of these engineered disease-inspired models was met with several
experimental limitations that posed significant challenges. These limitations included
difficulties in the creation and refinement of the engineered scaffolds, the proper selection
of cell phenotypes, the timing of sample collection, and obstacles related to sample
processing and assay techniques. Each of these issues had the potential to impact the
accuracy and relevance of the models, potentially limiting their ability to replicate the

complex environment of disease progression effectively.

Despite these challenges, we implemented a series of strategic approaches to address
and overcome these hurdles. The following section provides a detailed overview of the
specific issues encountered during the development of these models and the solutions
we employed to mitigate them. These efforts were crucial in ensuring that the engineered
scaffolds more accurately reflected the physiological conditions of CAVD, thereby
enhancing the reliability of our findings and contributing to a deeper understanding of the

disease.
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3.6 Experimental Challenges and Limitations, and Strategies for Resolution

3.6.1 Control of scaffold stiffness

Initially, to control scaffold stiffness, we combined various batches of GelMa with differing
levels of methacrylation substitution. However, this approach proved to be time-
consuming and often resulted in significant variability in stiffness between different
batches and even between repeats of the same batch. Additionally, factors such as
exposure to different temperatures or storage conditions, such as in self-thawing freezers,
could alter the mechanical properties of the GelMa stocks. Consequently, this variability
affected the final stiffness of the hydrogels, despite precise mixing ratios. To mitigate the
degradation of mechanical properties, we stored all GelMa batches at -80°C until they

were needed.

In 2020, a study by Young et al.'® investigated the rheological properties of GelMa
hydrogels by examining both physical gelation and chemical crosslinking processes.
Leveraging gelatin's natural ability to undergo physical gelation, we modified our
approach by incubating hydrogel models for varying periods, ranging from 0 to 20
minutes, at 4°C before initiating crosslinking with UV light. This method enabled us to
achieve a range of stiffness values from 2 kPa to 50 kPa, depending on the methacrylation
substitution levels of the GelMa batch. This revised technique not only significantly
reduced the time required for characterization but also enhanced the consistency of

stiffness measurements across different experimental repeats.
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3.6.2 Selection of proper cell type phenotype

The results presented in this chapter were derived from screening experiments using a
mixed co-culture of quiescent valve interstitial cells (QVICs) and activated valve interstitial
cells (aVICs) within our stage-specific hydrogel models. This approach was chosen to
more accurately replicate physiological conditions and better understand disease
progression. However, reproducibility of these findings proved challenging. To address
thisissue, we isolated qVICs and aVICs and conducted screening experiments separately
on our hydrogel models. To further control for variables, we utilized our collagen protein

and fiber enrichment models in the absence of chondroitin sulfate.

Experiments with qVIC cultures showed no significant changes in fibrotic markers. This
lack of response may be attributed to the culture conditions, as qVICs can remain in a
quiescent state when cultured on collagen substrates'®. In contrast, experiments with
aVIC-only cultures demonstrated a greater sensitivity to extracellular matrix (ECM)
changes and, as discussed in Chapters 4 and 5, to pathological stimuli. While aVICs
provided a more accurate representation of pathological conditions, it is crucial to further
characterize qVICs within disease-relevant tissue engineering models. Understanding
their responses to various pathological risk factors is essential for elucidating their role in

calcific aortic valve disease (CAVD) progression.

Our experiments as previously mentioned uses cells from prepubescent pigs as their
hormone levels mimic those of individuals in their old stages of life. However, we must

consider that using these young cells to mimic a disease of the elderly could introduce
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some limitations as research on cell-aging have shown that cell function, metabolism,
biochemical activity and intracellular communication become altered, thus possibly
contributing to differential cell responsest’~2!. Future experiments characterizing cell
behavior using VICs young and old individuals could provide us with new insights to better

mimic the responses clinically observed in patients that suffer from CAVD.

3.6.3 Sample collection timepoints to detect fibrotic markers at a gene and protein

level

As we progressed with more advanced models, we quickly recognized the importance of
sample collection timepoints in capturing transient expression of inflammatory and fibrotic
markers. Our findings indicated that the optimal timepoint for collecting samples to assess
inflammatory and fibrotic gene expression was two days post-seeding. For protein
expression analysis, as detailed in Chapters 4 and 5, samples were collected five days
post-seeding. However, the data on protein expression was inconclusive, suggesting that

the timing for protein sample collection should be revisited.

Additionally, there is a need to refine the sample processing techniques, as discussed in
the following section. For future experiments, a longitudinal screening of fibrotic (or
calcific) marker expression should be implemented to obtain more accurate insights into
the activation mechanisms within valve interstitial cells. This approach will help to better

understand the dynamic processes involved in disease progression.
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3.6.4 Sample processing for protein quantification

Quantifying protein expression from VICs embedded in these models has proven to be
the most challenging task in this research. In Chapters 4 and 5, we assessed nascent
protein quantification by incorporating a methionine analog that is integrated during
protein synthesis. While this method provided semi-quantitative data on overall protein
production, it did not allow for the specific quantification of individual extracellular matrix

(ECM) proteins.

Attempts to quantify collagen using known staining techniques such as picrosirius red or
imaging methods like CNA35 labeling were not appropriate. These techniques measure
the total collagen content, but they do not differentiate between collagen synthesized by
the VICs and the collagen provided in the system. Consequently, direct quantification of
collagen expression from cell lysates was not feasible. Moreover, commercially available
kits designed to detect collagen released into the media were either interfered with by
media components or lacked sufficient sensitivity. To overcome these challenges, we
guantified collagen in Chapters 4 and 5 by analyzing the sample media using Western

blotting.

We also aimed to quantify the expression of regulatory ECM molecules such as matrix
metalloproteinases (MMPs). Degrading our hydrogel models using collagenases was not
an option due to the need to preserve these molecules. Furthermore, commercially
available kits that detect MMPs from media or lysates were incompatible with common

buffers like RLT and RIPA. To address this, we mechanically homogenized our samples



46

in RIPA buffer using 0.5 mm stainless steel beads. However, this method was not entirely
successful, as the hydrogels were not fully homogenized. Using specific handheld
homogenizers might provide a more effective means of processing hydrogel lysates for

protein quantification.

Despite these challenges, we obtained results showing detectable levels of MMPs for
protein quantification. Initially, a significant constraint was the inability to use standard
protein quantification techniques to determine the protein concentration required for
loading into a Western blot gel, due to the protein-based nature of our system. We
resolved this issue by quantifying DNA in our lysates and establishing a correlation
between detectable DNA (representing 100% cell material) and total cell protein. This
approach allowed us to load protein in terms of DNA, enabling precise tuning of lysate

sample ratios to detect ECM proteins produced by VICs.

Tuning hydrogel models to accurately mimic disease snapshots is crucial for
recapitulating the dynamic and complex processes of pathogenesis as they occur in
organisms. By refining these models, researchers can gain deeper insights into disease

mechanisms, leading to more effective therapeutic strategies.
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3.7 Conclusion

The importance of dissecting variables in disease research cannot be overstated, as it
allows for the construction of increasingly complex models. A thorough understanding of
how cells interact with each component of the extracellular matrix (ECM) and how they
respond to various stimuli is crucial for unraveling the sequence of events and the intricate
interactions observed in tissue. By gaining a deeper comprehension of these processes,
we can develop models that target specific molecules or pathways, ultimately leading to
more effective treatments. Such advancements hold the potential to halt or even reverse
the progression of diseases like Calcific Aortic Valve Disease (CAVD). This approach not
only enhances our knowledge of disease mechanisms but also paves the way for

innovative therapeutic strategies tailored to the complexities of individual pathologies.
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Chapter 4: Creation of stage-specific disease models to elucidate sex
differences in aortic valve fibrosis.

4.1 Abstract

Calcific aortic valve disease (CAVD) is characterized by two primary hallmarks: valve
fibrosis and calcification®?, which result from an imbalance between extracellular matrix
(ECM) production and degradation. This study aims to elucidate how ECM composition
influences sex- and stage-specific responses in valvular interstitial cells (VICs). To this
end, 3D engineered models were developed to mimic collagen enrichment observed
during the progression from early to late stages of the disease. Notably, CAVD exhibits
sexual dimorphism3-°, with female patients more frequently presenting with highly fibrotic
valves and male patients with highly calcific valves. The mechanisms underlying these

distinct clinical outcomes remain poorly understood.

Changes in ECM composition has been highlighted as key drivers of CAVD fibrosis in the
literature. By culturing female and male VICs in these 3D scaffolds, the study assessed
sex- and stage-related fibrotic responses. Modulation of collagen enrichment resulted in
sex-specific responses: females displayed higher inflammatory profiles, while males
exhibited stronger fibrotic marker expression. Additionally, stage-specific responses were
observed between the early and late stages in males' fibrotic responses, noted by an

increase in ECM gene and protein expression.

To understand how pathological responses affect VIC fibrotic responses at different

stages of disease, VICs were treated with TGFB-1, a known pro-fibrotic factor. The
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responses to TGFB-1 were as follows: in females, exposure to TGFB-1 suppressed the
production of inflammatory cytokines, while cytokine expression in males remained
unchanged. Both females and males exhibited increased gene expression of fibrotic
factors in the late-stage model. However, females appeared more sensitive to TGFB-1
treatment, as indicated by a higher fold increase in gene expression compared to males.
TGFB-1 treatment stimulated nascent protein production in females, whereas in males, it
decreased nascent protein production towards the late stage. These findings underscore
the importance to include sex as a biological variable to study disease progression and
highlight the need for the utilization of disease-inspired tissue engineered scaffolds to
better understand the relationships between cells and ECM interactions in more

physiologically relevant environments.
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4.2 Introduction

Calcific aortic valve disease (CAVD) is one of the main causes of morbidity in individuals
over the age of 65. It is a progressive disorder characterized by the thickening (sclerosis)
and calcification (stenosis) of the aortic valve®, which leads to impaired valve function and
can result in death. Unfortunately, effective treatments have not been developed to date,

and valve replacement remains the primary course of treatment.

Several studies have shown that clinical outcomes for the same degree of valve stenosis
vary in accordance with biological sex?3°610 Specifically, females are known to present
with highly fibrotic valves, while males tend to have highly calcified valves?. To understand
the events leading to these clinical presentations, we must delve into the mechanisms of
disease etiology and progression and how these differentially affect females and males.
One of the main limitations in understanding at which point pathological presentation
diverges is the inaccessibility to obtain specimens that provide sequential snapshots of
disease progression'!12, Additionally, we must recognize that CAVD is a fibrocalcific
disorder resulting from complex interactions between valvular interstitial cells (VICs) and

their continuous attempts to repair the injured valve.

The healthy aortic valve has three main layers: the fibrosa, spongiosa, and ventricularis,
each with its own distinct extracellular matrix (ECM) composition and function. Located
on the aortic side, the fibrosa is mainly composed of collagen, which provides mechanical
and structural support to the valve!3. Next to the fibrosa, the spongiosa, mostly composed

of proteoglycans, provides the valve with mechanical compliance and lubricity. Lastly,
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located on the ventricular side, the ventricularis offers the valve tissue elasticity. VICs
populate the valve leaflet and are responsible for maintaining valve homeostasis by

regulating cell-to-cell signaling and the extracellular environment.#

During disease, quiescent VICs (qVICs) become activated (aVICs) and adopt a
myofibroblastic phenotype, leading to maladaptive behaviors that promote fibrosis!4.
Alterations in the ECM related to collagen composition, architecture, and distribution have
been identified as significant events in valve fibrosis. Studies by our lab have
demonstrated that CAVD progression is accompanied by changes in collagen content
and architecture!®. During disease, collagen has been found to be deposited throughout
the valve, with enrichment increasing up to twofold in the spongiosa layer. Collagen
deposition in the valve is also known to serve as calcification nucleation sites, thus
promoting disease progression®®. Additionally, several studies have highlighted the role

of collagen in modulating cellular behavior.16-18

3D tissue-engineered scaffolds provide us with opportunities that traditional culture
methods lack. By using 3D tissue-engineered culture platforms, we can develop complex
systems that allow cells to interact with their environment as they would in vivo. In this
work, we created disease-inspired 3D early- and late-stage models that mimic collagen
enrichment observed during disease progression to study sex- and stage-specific
responses to changes in ECM composition. We then used these models to understand
how exposure to a pathological stimulus altered VICs' fibrotic responses at each stage of

the disease.
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4.3 Methods

4.3.1 VIC isolation and expansion

Valvular interstitial cells (VICS) were isolated, expanded and maintained in culture as
previously described®. Briefly, aortic valve leaflets were excised from 6-month-old pig
hearts obtained from our local abattoir (Hoesly’s Meats, New Glarus, WI) and incubated
for 30 minutes in a collagenase 1l (Worthington Biochemical Corporation, Lakewood, NJ)
solution to remove valvular endothelial cells from the tissue. A second 60-minute
incubation followed, in fresh collagenase Il solution to release VICS for expansion. VICs
were then maintained in low glucose Dulbecco’s Modified Eagle’s Medium (Sigma-
Aldrich, St. Louis, MO), supplemented with 2 mM L-glut (Sigma Aldrich), 150 U/mL
penicillin/streptomycin (Sigma-Aldrich) and 10% fetal bovine serum (FBS) (Corning,
Corning, NY) at 37 °C and 5% CO:2 until they reached passages 2-3. VICs were not used

past passage 3 for any of the experiments.

4.3.2 GelMA Synthesis

Gelatin type A from porcine skin (Sigma Aldrich) was dissolved at 10% w/v in phosphate-
buffered saline (1X PBS) (Corning, Corning, NY) at 50 °C. Once the gelatin was
dissolved, methacrylic anhydride (MA) (Sigma Aldrich) was added to the gelatin solution
with a syringe in a drop-wise manner and stirred overnight protected from light. The
following day, the gelatin-methacrylate (GelMA) reaction solution was centrifuged at 3000
xg for 5 minutes at 37 °C degrees to precipitate unreacted MA. The supernatant was

collected and diluted at a 1:4 ratio in pre-warmed 1X PBS at 50 °C and then transferred
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to 12-14 kDa MWCO dialysis tubing (Spectrum Labs, Rancho Dominguez, CA). The
diluted GelMA solution was dialyzed against 1X PBS for 3 days and diH20 for 3 more
days at 50 °C to remove any unreacted MA. PBS and DiH20 solutions were changed
daily through the dialysis process. At the end of the dialysis period, the GelMa solution
was filtered, lyophilized and stored at -80 °C until needed for further characterization and

useld,

4.3.3 Creating engineered valve models of early and late stages of disease

3-D disease-inspired scaffolds were developed to mimic collagen enrichment as a
hallmark of CAVD. All models were created using a GelMA (Gelatin Methacrylate) based
hydrogel (4% w/v) with an interpenetrating network of collagen fibers'®. Scaffolds
mimicking early-stage disease contained 0.75 mg/mL collagen | (Coll) (Advanced
Biomatrix, San Diego, CA), while late-stage disease scaffolds contained 1.5 mg/mL Col1l.
To neutralize the collagen added to our GelMa-Coll pre-polymer solutions, 0.1 M NaOH
(RPI, Mt. Prospect, IL) and 10x DPBS (Sigma Aldrich) were added at their appropriate
ratios. Female and male VICs were also added independently at a concentration of 4 x
10° cells/mL to the pre-polymer solution along with photoinitiator lithium-phenyl-2,4,6-
trimethylbenzoylphosphinate (LAP) (Sigma Aldrich) at a final concentration of 0.05% w/v.
100 ul of the pre-polymer solution was added to silicone molds (9 mm diameter x 1.7 mm
depth) and incubated at 37 °C for 30 minutes to allow for collagen fibrillogenesis. The
molds were then incubated at 4 °C for the amount of time previously optimized via
dynamic mechanical analysis'® to reach a Young’s modulus of 5-8 kPa and subsequently

photocrosslinked under UV light (365 nm) for 6 minutes.
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Figure 4.1 Schematic representation of the fabrication of a) early- and b) late-stage
specific hydrogel models.

4.3.4 VIC culture in 3D early and late-stage hydrogel models

Early and late-stage models containing female or male VICs as described above (day 0)
were cultured for a total of 6 days in low glucose DMEM, supplemented with 2 mM L-glut,
150 U/mL, penicillin/streptomycin and 10% FBS. Fresh media was provided every other
day (days 1 and 3; 24 hrs and 72 hours post seeding respectively). In order to determine
whether ECM composition affects cellular responsiveness to a pathological stimulus,
early- and late-stage disease models were treated with TGFB-1(5 ng/mL) (Peprotech) on
days 1 and 3. Media samples were collected on days 3 for inflammatory cytokines (II-6
and IL-8) and days 3 and 5 for soluble collagen (Collagen-1) quantification. Hydrogel
lysates were collected at day 2 for quantification of gene expression (aSMA, COL1A1,
FN, TGFB-1 and CHYSY1) and at day 5 for protein quantification (FN1, MMP-1 and MMP-
9). In addition, a whole hydrogel set was collected on day 5 for nascent protein

guantification.
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Figure 4.2 Schematic representation of methods. a) Experimental design proposed to
understand the effects on VIC fibrotic outcomes stemming from changes in the ECM
environment during CAVD progression focused on collagen enrichment as observed
during the early and late stages of disease. b) Experimental designed proposed to
explore the combinatorial effects of ECM changes in the presence of a pathological

stimulus in female and male VICs fibrotic outcomes.

4.3.5 Visualization and quantification of nascent protein produced by VICs

In order to visualize nascent protein deposition by female and male VICs embedded in

3D early- and late- stage models, an adaptation of a previously published technique was

followed?°. Early- and late-stage models were cultured in nascent protein media (high

glucose DMEM, no methionine, no cystine) supplemented with 2 mM L-glut, 150 U/mL

penicillin/streptomycin, 10% FBS, 100 pg/mL sodium pyruvate, 0.201 mM cystine, 100
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pg/mL, 50 pg/mL ascorbate 2-phosphate, and 0.1 mM azidohomoalanine AHA. The
media was changed every other day as described above (days 1, 3). On day 5, all
hydrogel models were washed in 1% BSA followed by a 40 min incubation in 30 pM
DBCO-488%°. The DBCO-488 undergoes a bio-orthogonal strain-promoted cyclo-addition
that allows visualization of all new synthesized protein produced by the VICs. After the
incubation period, all hydrogels were washed once again prior to a 30 min incubation in
10% formalin. Once all cells were fixed within the hydrogels, the excess formalin was
washed away, and samples were stored in 1X PBS until imaging. All nascent protein
imaging was performed on a Nikon AXR Confocal Microscope and image analysis was

done on FIlJI.

4.3.6 Detection of fibrotic markers via gene expression quantification

All early and late-stage hydrogel models’ samples were collected on day 2 (48 hrs post
seeding) digested in a collagenase (4.2 mg/mL) digestion solution supplemented with
30% v/v Proteinase K (Qiagen, Hilden, Germany), 50% v/v 10X Trypsin (Gibco, Grand
Island, NY) and 20% v/v 1X PBS to facilitate RNA isolation. RNA isolation was performed
according to the manufacturer's instruction for Qiagen’s RNeasy kit (Qiagen,
Germantown, MD). Retrieved RNA was then subjected to reverse transcription using a
High-Capacity cDNA Reverse Transcription kit (Applied Biosystems, Foster City, CA).
Tagman Gene Expression Assays were used to quantify genetic expression profiles of
fibrosis-related genes (aSMA, COL1A1, FN, TGFB-1 and CHYSY1) (Thermo Fisher). All
PCR reactions were performed in a Biorad CXF Opus 96 Real Time PCR and analyzed

via the delta-delta ct method.
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4.3.7 Detection of fibrotic markers via protein quantification

For FN1, MMP-1 and MMP-9 protein quantification assays, early- and late-stage hydrogel
model samples were collected at day 5. FN1 production in female and male VICs cultured
in 3D early- and late-stage models was evaluated via R&D DuoSet ELISA following the
manufacturer’s instructions. Quantified FN1 levels were normalized to total DNA via
picogreen. Quantification of MMP-1 and MMP-9 was determined via Western blot. Lysate
samples collected on day 5 were blended in RIPA lysis and extraction buffer (Thermo
Fisher) supplemented with 1 mM phenylmethylsulfonyl fluoride (PMSF) and 2 mg/mL
protease inhibitor (Thermo Fisher, Rockford, IL) on a tissue homogenizer (Next Advance)
with .5 mm stainless steel beads (Next Advance) for 10-15 minutes at medium speed.
Due to the protein nature of these hydrogel models, DNA quantification was performed in
these lysates to determine how much protein corresponded to the VICs embedded in our
models. A DNA-to-protein ratio was calculated to immunoprecipitate our proteins of
interest. Immunoprecipitation of MMP-1 and MMP-9 was performed using a Dynabeads
Protein g Immunoprecipitation Kit (Thermo Fisher). An MMP-1 and MMP-9 antibody (ab)
dilution was used to immunoprecipitate a total of 0.5 ug of protein. Upon
immunoprecipitation, samples were incubated at 70 °C for 10 min and followed a standard
western blot procedure. Briefly, 0.045 ug of sample was loaded and run in a 15-well
Invitrogen wedgewell Tris—Glycine Mini Gels (Thermo Fisher) for 1 h at 120 V. Proteins
of interest were then transferred to an Immun-Blot PVDF membrane (Bio-Rad) at 30 V
for 1 hr. Once the proteins had been transferred, a 1 hr blot incubation in 5% w/v solution
of nonfat dried milk diluted in .1% PBST followed to avoid non-specific binding. A primary

MMP-1 or MMP-9 ab (1:1000) solution to the blot and incubated overnight at 4 °C. All
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membranes were washed the next day in .1% PBST prior to the addition of the HRP
secondary goat-anti Rabbit ab (1:10,000) (Thermo Fisher) and then incubated for 1 h.
Subsequently, the blots were washed once again in a .1% PBST solution. Cumulative
collagen-1 quantification was also assessed via western blot from pooled media from
days 3 and 5. The collagen blot was incubated for 1 hr in collagen-1 primary ab (1:1000)
followed by addition of the HRP secondary goat-anti Rabbit ab (1:10,000) and .1% PBST
washes as described above. Protein expression levels were detected via ChemiDoc MP
Imaging System (Bio-Rad) upon exposure to clarity western ECL substrate (Bio-Rad) and

guantified on FIJI.

4.3.8 Detection of inflammatory cytokines

Production of inflammatory cytokines, IL6 and IL8 from media samples was evaluated via
R&D DuoSet ELISA following the manufacturer’s instructions. Total cytokine levels were

guantified via four parameter logistic regression.

4.3.9 Statistical Analysis

Each experiment was performed using a n=3 sample. Specifically, VICs isolated from 3
different pigs were pooled for each sex. Data points as seen in each graph represent a
sample repeat of this pooled set. Additional experiments performed to validate our results
used a new set of pigs. Statistical analysis was performed via 2-way Anova with Tukey

Post-Hoc test. Statistical Significance was considered for all comparisons with P <0.05.
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4.4 Results

4.4.1 Inflammation of VICs is sex- and stage- dependent
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Figure 4.3 Impactof collagen enrichmenton inflammatory cytokine production in female
and male VICs cultured in early and late-stage disease-inspired models. Cytokine
expressionofa) IL6 and b) IL8 was measured 2 days post seeding via ELISA. Results
are presented as mean + standard deviation; *indicates P <0.05 by Tukey Post-hoc test.
The production of inflammatory cytokines IL6 and IL8 in female and male VICs, cultured
in early- and late-stage models, was assessed using ELISA. Stage-specific responses
were observed in IL8 production for males, with those in the late-stage model showing
increased IL8 production compared to those in the early-stage model (Figure 4.3, b).
Although not statistically significant, a similar trend was noted in IL6 production (Figure
4.3, a). No stage-specific differences in IL6 or IL8 production were found in females.
However, sex-dependent responses were observed in IL6 production at both disease
stages (Figure 4.3, a) and in IL8 production at the early disease stage (Figure 4.3, b).

Notably, females exhibited a higher inflammatory profile, with more than a two-fold

increase in IL6 and IL8 production compared to males.
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Figure 4.4 Fibrotic gene expression of female and male VICs cultured in early- and late-
stage models shows a sex-dependent response. Gene expression of fibrotic markers

(a)ACTAZ2, b) COL1A1,c) FN1,d) TGFB-1, e) CHSY1)was assessed by RT-gPCR and
normalized to female early. Results are presented as mean t* standard deviation;

*indicates P <0.05 by Tukey Post-hoc test.

4.4.2 Biological sex affects gene expression profiles of CAVD fibrotic markers

Gene expression of known fibrotic markers involved in CAVD development was assessed
via RT-gPCR and normalized to our female early-stage condition. The expression of
ACTAZ2 and FN1 (Figure 4.4, a and c) was significantly higher in males compared to
females at both stages of the disease. Stage-specific differences were observed only in
males at the late stage of the disease, with increased expression of ACTA2 and FN1
(Figure 4.4, a and c). Males also exhibited increased fibrotic expression of COL1Al

(Figure 4.4, b) compared to females, but only in the early-stage models. Although not
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statistically significant, a similar trend was observed at the late stage for COL1Al, TGFB-
1,and CHSY1 (Figure 4.4, b, d, and e). The expression of these genes remained relatively

unchanged between disease stage models for both sexes.

4.4.3 Production of ECM and ECM regulatory proteins

Nascent protein production was measured using fluorescent imaging of DBCO-488
labeled proteins. Briefly, a methionine analog was added to the culture media, allowing
nascent proteins to incorporate it during their synthesis. DBCO-488 then undergoes a
bio-orthogonal cyclo-addition, enabling imaging of newly synthesized proteins. Stage-
specific differences were observed in male VICs, with increased signal intensity at the
late-stage model indicating higher protein production at this stage of the disease
compared to the early stage (Figure 4.5, a and b). Sex-specific differences were also
noted between males and females at the late stage of the disease (Figure 4.5, a and b).
FN1 quantification was performed via ELISA, while the expression of Collagen 1 and ECM
regulatory proteins such as MMP-1 and MMP-9 was assessed by Western blot (Figure
4.5, c, d, e, and f). No significant trends or differences were observed within or between
sexes or disease stages, which may be due to limitations in sample source and the
availability of compatible techniques for quantifying these proteins using the current

hydrogel model setup.
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Figure 4.5 ECM- and ECM regulatory proteins expression of female and male VICs
cultured in early- and late-stage models. a) Quantification and b) visualization of newly
synthesized extracellular proteins. Newly synthesized proteins incorporated AHA, a
methionine homolog that allows visualization via DBCO-488 bio-orthogonal cyclo-addition;
Quantification of c) Collagen 1 and d) FN1 extracellular matrix production and ECM
regulatory proteins e) MMP-1 and f) MMP-9 via Western Blot. Results are presented as
mean + standard deviation; *indicates P <0.05 by Tukey Post-hoc test.
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4.4.4 Changes to the ECM composition and pathological stimulus exposure further

advances the fibrotic process

To understand how pathological responses affect VIC fibrotic responses at different
stages of disease, VICs were treated with TGFB-1, a known pro-fibrotic factor. In the
presence of TGFB-1, male VICs showed stage-specific differences at the early stage of
disease, particularly in IL8 production (Figure 4.6, d). Interestingly, female VICs cultured
in both early- and late-stage models exhibited a significant decrease in IL6 cytokine
production (Figure 4.6, a), and although not statistically significant, a similar trend was
observed for IL8 (Figure 4.6, b). Cytokine levels in females treated with TGFB-1 were

comparable to those in males exposed to the same treatment.
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Figure 4.6 Impact of ECM composition and presence of TGFB-1 as a pathologicd
stimulus on inflammatory cytokine production in female and male VICs cultured in eary
and late-stage disease-inspired models. Cytokine expression of a) IL6 and b) IL8 was
measured 2 days post seeding via ELISA. Results are presented as mean + standard
deviation; *indicates P < 0.05 by Tukey Post-hoc test.
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Gene expression of fibrosis-related markers was also assessed to understand the effects
of ECM changes combined with pathological stimulus exposure. TGFB-1 exposure
exacerbated fibrotic responses in females at both disease stages, with increased
expression of ACTA2, COL1Al1, FN1, TGFB-1, and CHSY1 (Figure 4.7, a-c; g-h).
Similarly, males showed an exacerbated fibrotic response for COL1A1 and FN1 (Figure
4.7 e and f), but only at the early stage. Expression of TGFB-1 and CHSY1 (Figure 4.7, i
and j) was upregulated only at the late stage. Interestingly, ACTA2 (Figure 4.7, d)
expression generally decreased, with statistical significance observed only at the late
stage of disease. Additionally, females demonstrated greater sensitivity to TGFB-1

treatment compared to males, with a more pronounced increase in fold expression.

As previously described, ECM and ECM regulatory protein production were assessed
using DBCO-488 staining, ELISA, and Western blot. Nascent protein expression
increased in females upon exposure to TGFB-1 (Figure 4.8, a, a and b); however, this
increase was not statistically significant. ECM proteins (FN1 and Collagen 1) (Figure 4.8,
a ¢ and d) and ECM regulatory proteins (MMP1 and MMP9) (Figure 4.8, a e and f)
remained unchanged in female VICs at either stage of disease, in both control and treated

groups.

In males, nascent protein expression increased in the control group at the late stage.
Upon exposure to TGFB-1, nascent protein production also increased in VICs seeded in
the early-stage model, but significant protein downregulation was observed at the late

stage following treatment (Figure 4.8, b, a and b). ECM proteins (FN1 and Collagen 1)
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(Figure 4.8, b, c and d) and ECM regulatory proteins (MMP1 and MMP9) (Figure 4.8, b,
e and f) were not altered in male VICs at either stage of disease, in both control and

treated groups.

Undetectable differences in female and male VICs cultured in early- and late-stage
models exposed to TGFB-1 as a pathological stimulus may be due to limitations in sample
source and the availability of compatible techniques for quantifying these proteins using

the current hydrogel model setup.
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Figure 4.8.a ECM- and ECM regulatory proteins expression of female VICs
cultured in early- and late-stage models and upon exposure to TGFB-1. a)
Quantification and b) visualization of newly synthesized extracellular proteins via
DBCO-488 staining. Quantification of ¢) Collagen 1 and d) FN1 extracellular
matrix production and ECM regulatory proteins e) MMP-1 and f) MMP-9 via
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Figure 4.8.b ECM- and ECM regulatory proteins expression of male VICs
cultured in early- and late-stage models and upon exposure to TGFB-1. a)
Quantification and b) visualization of newly synthesizedextracellular proteins via
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4.5 Discussion

In this chapter, we investigated the effects of collagen enrichment in driving sex- and
stage-dependent fibrotic responses in VICs. Sexual dimorphism in CAVD has been
identified, with females and males presenting different clinical outcomes for the same
degree of valve stenosis®. As mentioned frequently throughout this text, CAVD is a
complex pathology involving many mechanisms that collectively contribute to valvular
degeneration. Chronic inflammation is present during all stages of the disease. Cytokines,
chemokines, growth factors, and cathepsins released by inflammatory cells contribute to
VIC activation?'.Activated VICs adopt a myofibroblast phenotype, continuously
attempting to correct perceived valve injury by producing and remodeling the valve ECM,
a process known as fibrosis. This maladaptive remodeling results in disorganized
deposition of ECM molecules, which destroys the valve’s trilaminar structure and affects
valvular function. In this chapter, we examined inflammatory markers linked to valve

fibrosis and calcification?223.

A 2D study by our lab investigated cellular-scale differences in porcine VICs gene
expression profiles of pathological markers associated with specific events in CAVD.
Gene expression of IL6 was found to be upregulated in males compared to females,
suggesting that males are more likely to undergo an interleukin-mediated inflammatory
process impacting other cellular functions affected during the disease?*. However,
research directed towards understanding the differential inflammation profiles in females
and males, and how these differences affect other processes of disease progression at a

protein level, has not been addressed.
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Our study looked at IL6 and IL8 expression in female and male VICs cultured in 3D
systems that mimicked changes in ECM composition observed during disease
progression. We found that IL6 and IL8 cytokine levels were significantly increased in
females compared to males at both stages (early and late for IL6; early for IL8)(Figure
4.3, a and b). In this work, cytokine upregulation in females compared to males could
result from VIC-ECM interactions in a model that more accurately replicates in vivo
architecture and/or the fact that females experience changes inflammatory profiles at
different timepoints of their lives. It is well known that females undergoing menopause
have a raise in the expression of inflammatory cytokines?®. In this study we used pre-
pubescent pigs which levels of estrogen mimic those of females undergoing menopause
as they have not reached puberty. This could explain our observed increase in IL6 and
IL8 in females compared to males. Additionally, this response could be a result of an
interplay between the lack of cardio protective hormones and the cell-ECM interactions
in these disease models. 3D biomimetic systems provide opportunities to better

understand cell behavior and responses.

As previously mentioned, fibrosis occurs as a consequence of chronic inflammation and
VIC activation. Given the difference in clinical outcomes observed, it is crucial to examine
fibrotic markers to understand at which point in disease progression females and males
diverge. Sex- and stage-specific VIC responses regarding fibrosis were examined via RT-
gPCR (ACTA2, COL1A1, FN1, TGFB-1, CHSY1), ELISA (FN1), nascent protein
production, and Western Blot (MMP1 and MMP9). RT-qPCR results showed that male
VICs produce a stronger fibrotic response than females at both stages of disease. The

observed increased expression of ACTA2, TGFB-1, and FN1 (Figure 4.4, a, c and d) in
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males compared with females coincides with previous findings by our group?®, where
expression of fibrotic markers was assessed in 2D cultures of female and male VICs.
However, this study contrasts our results regarding COL1A1 and CHSY1 (Figure 4.4, b
and d) expression, where we observed increased expression of COL1A1 and CHSY1 in
males compared to females. Nonetheless, our results coincide with those of Ferdous, Z.
et al.?” in which VICs from rat or porcine origin were cultured in 2D and primed with
osteogenic media. A possible reason for the discrepancies regarding COL1A1 and
CHSY1 expression could be the effects of culture conditions, such as the presence of
fibrillar collagen in our system and the presence of ascorbic acid in osteogenic media,

which is essential for collagen biosynthesis.

ECM and ECM regulatory molecules were also assessed in the previously mentioned
study by our group?®. Protein expression of soluble collagen 1 and MMP9 was also
elevated in female. No differences were found between females and males for MMP1
expression. Although, we measured ECM and ECM regulatory molecules (Figure 4.5) in
our study, differential protein expression of ECM and ECM regulatory proteins were non
observed for either sex/stage. The results from these experiments could be affected by
several sample processing and availability of technique limitations encountered during
this investigation leading to disparate sample distribution. Therefore, at this moment, no

conclusions could be drawn from current data.

Production of newly synthesized proteins was increased in males compared to females.
Additionally, increased protein production levels are also observed to increase from early

to late stages of disease for male VICs. Non-observable changes nascent protein
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production was observed in females at either stage of disease. A possible reason for this
could be that female VICs may need additional stimulus to promote sufficient VIC

activation to reach a fibrotic state and ECM remodeling state.

We discussed the fibrotic responses from VICs to changes observed in diseased valve.
However, since CAVD is a complex process in which several events occur
simultaneously, we wanted to use this opportunity to explore VICs responsiveness to a
pathological stimulus when experiencing disease related changes in ECM composition.
In order to achieve this, female and male VICs cultured in early and late-stage models
were treated with 5 ng/mL of TGFB-1. Although, TGFB-1 is a known profibrotic factor, it
is also known to serve as a regulatory molecule in the expression of inflammatory
molecules?®?%, TGFB-1 has pro- and anti-inflammatory properties. TGFB-1 interaction
with other cells, ECM and signaling molecules can trigger either of these roles. Some
studies have linked TGFB-1 suppression of inflammatory molecules to be SMAD2/3
dependent®®3! however, the mechanisms on how this occurs is not fully understood=°.
We assessed the inflammatory of female and male VICs in at the early and late stages
upon exposure to TGFB-1. A marked reduction of IL6 and IL8 expression was observed
in female at both stages of disease (Figure 4.6, a and b). TGFB-1 did not appear to alter
IL6 expression at either stage for males (Figure 4.6, c) however, it increased IL8
expression but only at the early stage (Figure 4.6, d). TGFB-1 is often associated with its
ability to promote inflammatory responses, and because of this we must consider that it
is also known to regulate many pathways related to inflammation such as NF-kB,

SMAD2/3, JAK-STAT, among others®?. A plausible explanation for decrease cytokine
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production of IL6 in females treated with TGFB-1 could be related to regulatory effects
with any of these pathways. A study by Davidson, B. et al.*® found that TGFB-1 can in
fact decrease expression of IL6 receptors thus dampening IL6 signaling in chondrocytes
through regulation of JAK-STAT, signaling. A study by Manning, A,M. and Chen, C.C.
have found that there is a complex interplay between cytokines and other signaling
molecules which impact their expression. TGFB-1 was found to downregulate IL8

expression by regulating IL4 expression3*.

Gene fibrotic expression of TGFB-1 treated VICs cultured in early and late-stage models
was assessed to understand the combinatorial effects of VIC responses to changes in
the ECM in presence of a pathological stimulus. As previously discussed, both female
and male fibrotic markers expression was upregulated at both stages upon TGFB-1
treatment (Figure 4.7, a-j). This was an expected response, due to the known pro-fibrotic
effects of TGFB-1, except, for ACTA2 (Figure 4.7, d) decreased expression in male VICs
at both stages. No studies, showing down regulation of ACTA2 by TGFB-1 treatment is
not known. The reasons for this behavior are unknown; but it could be an effect of cell-
ECM-pathological stimuli interactions in our collagen enriched hydrogel models.
Nonetheless, the observed increased expression of fibrotic markers to TGFB-1 (Figure
4.7, a-j) exposure coincides with many studies in CAVD research®-%, Interestingly,
females appear to be more susceptible to TGFB-1 treatment as fold of gene expression
was more prominent than that of males (Figure 4.7, a, b, ¢, g, and h). This coincided with
the results from James, M. in which sex-specific differences were found in regard to

TGFB-1 expression in which TGFB-1 ligand was highly expressed in hearts from healthy
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males compared to healthy female hearts, but this trend changed, upon measuring TGFB-

1 ligand expression in diseased hearts®,

Lastly, we looked at the expression of ECM and ECM regulatory molecules (Figure 4.8.a
and 4.8.b) in VICS cultured in early and late-stage disease models primed with TGFB-1
as a pathological stimulus. No stage specific differences were observed in females or
males. Some However, results from this data must be revised as limitation in sample
processing and available techniques to measure expression of these molecules were
present. Because of this, no definitive conclusions or comparisons can be established.
Differences in nascent protein production in males were observed at both stages with an
expected increase in TGFB-1 treated VICs at the early condition. Unexpectedly, nascent
protein production decreased at the late-stage model. Further, studies must be done to

corroborate if this effect is due to increased MMP production/activity.



7

4.6 Conclusion

In conclusion, our findings demonstrate that inflammation of VICs is both sex- and stage-
dependent, with females exhibiting higher baseline levels of inflammatory cytokines than
males in both early and late-stage models of CAVD. In contrast, inflammatory expression
in males increases significantly at the later stage model of disease. TGFB-1 plays a critical
role in regulating cytokine expression in females during both early and late-stage disease-
inspired models. Additionally, collagen enrichment influences markers of myofibroblastic
activation and ECM molecules, particularly FN1 in males during late-stage models.
Notably, males display higher fibrotic expression than females in both early and late
conditions. TGFB-1 exacerbates fibrotic responses in both female and male VICs across
early and late stages of disease. The expression of nascent protein production is also
sex- and stage-dependent, with TGFB-1 increasing the production of newly synthesized
proteins at early stages in females and males but decreasing this effect in males at late
stages, potentially due to regulation via ECM-regulating proteins. These results
underscore the importance of considering sex as a biological variable in CAVD research
to understand the mechanisms underlying disease progression better. Furthermore,
implementing 3D disease-inspired systems that model stages of disease progression
enhance our understanding of the complex interplay between cells and their

microenvironment.
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Chapter 5: Collagen Enrichment and Fiber Architecture: Unraveling the
biological and architectural roles of Collagen in CAVD Fibrosis

5.1 Abstract

Calcific aortic valve disease (CAVD) is characterized by changes in collagen content and
architecture within the valve. In healthy aortic valves, collagen type | predominantly
constitutes the fibrosa and is oriented circumferentially, providing mechanical stability
against the constant blood flow through the heart. In CAVD, increased production of
collagen type | and altered microarchitecture contribute to disease progression by

promoting fibrosis and calcification, which further stiffen the valve?.

Collagen type | is versatile, offering both biological and biochemical cues through its
specific adhesion sequences that interact with cells, while its fibrillar architecture impacts
tissue mechanics and cellular behavior. This study aims to understand how collagen’s
biological and architectural properties influence fibrosis in CAVD. We developed a novel
3D disease-inspired scaffold that maintains the total collagenous protein content as in our
previously designed late-stage model, while varying fibrillar content (1X vs. 2X). These
scaffold models were used to examine the expression of fibrotic markers to better
understand sex-dependent responses to collagen’s structural and biological properties.
Our results reveal no differences in VICs’ fibrotic expression in response to increased

fiber content, however sex-dependent responses were maintained.
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Valvular interstitial cells (VICs) were then primed with TGF-1 to determine whether total
collagenous protein or collagen fiber architecture affects cellular responsiveness to a
pathological stimulus. We found that exposure to a pathological stimulus maybe ne
necessary to perceive VICs differential responses to changes to its extracellular
environment. These findings underscore the importance of collagen in CAVD and provide
insights into the complex interplay between collagen architecture, pathological stimuli,

and fibrotic responses.
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5.2 Introduction

Collagen 1, the most common type of fibrillar collagen, comprises about 50% of the AV
dry weight?. In healthy valves, collagen can be found as densely packed bundles in the
fibrosa layer®#, providing the valve with the ability to withstand the continuous mechanical
forces exerted by blood flow throughout the heart. In addition to providing mechanical
support in tissues, collagen 1 has been found to modulate cell behavior by promoting cell

activation, cell migration, and serving as a nucleation site for calcium deposition®.

Various studies have demonstrated the importance of collagen in maintaining valve
homeostasis. Dysregulation of the valve ECM has been linked to critical changes in
collagen content and architecture. During disease, collagen production is upregulated,
and its deposition is spread out across the valve. Increased amounts, up to twofold, of
fibrillar collagen are found in the spongiosa layer, where collagen fibers have increased

width and density. Conversely, collagen fibers from the fibrosa layer become shortened*®.

Although collagen is often associated as a fibrocalcific contributor, it can also help cells
maintain a quiescent state. When naive VICs are cultured on collagen-coated substrates,
markers of myofibroblast expression and fibrosis decrease’. Because of collagen's key
role in fibrocalcific processes, many studies have incorporated this ECM in their culture
platforms. For instance, Mahler et al. used a collagen-based platform to understand the
effect of GAGs in EndMT, while Butcher et al. used collagen hydrogels to explore VEC

EndMT. Both were able to replicate EndMT by VECs; Mahler without incorporating
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osteogenic media, and Butcher without the presence of GAGs. Mahler has also exploited
the properties of collagen 1 hydrogels to generate disease-on-a-chip models to study the

effects of shear stress on VECs.

Other groups focus on the architectural aspects of collagen fibers and have created
synthetic fibers that mimic specific features of healthy ECM. Various studies by Baker et
al. have shown that cells cultured on soft but fibrous networks show increased spreading,
proliferation, and biomechanical cell signaling®®. Myofibroblasts cultured in similar

conditions become activated in low stiffness matrices?.

Given the pivotal role of collagen in fibrosis, understanding how this molecule contributes
to fibrosis in CAVD is crucial. Based on the findings from Chapter 4, which identified
increased expression of fibrotic markers associated with collagen enrichment, we aimed
to investigate the impact of collagen's biological and architectural properties on fibrosis.
To this end, we developed a novel 3D disease-inspired scaffold, maintaining the total
collagenous protein content of our late-stage model but with varying fiber concentrations.
These scaffolds were used to assess the expression of fibrotic markers and evaluate sex-
dependent responses to collagen's biological and architectural features. Additionally, we
explored the combinatorial effects of enriched fibrillar collagen and pathological stimuli,

specifically TGFB, on fibrotic marker expression.
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5.3 Methods

5.3.1 VIC isolation and expansion

Valvular interstitial cells (VICS) were isolated, expanded and maintained in culture as
previously described!!. Briefly, aortic valve leaflets were excised from 6-month-old pig
hearts obtained from our local abattoir (Hoesly’s Meats, New Glarus, WI) and incubated
for 30 minutes in a collagenase 1l (Worthington Biochemical Corporation, Lakewood, NJ)
solution to remove valvular endothelial cells from the tissue. A second 60-minute
incubation followed, in fresh collagenase Il solution to release VICS for expansion. VICs
were then maintained in low glucose Dulbecco’s Modified Eagle’s Medium (Sigma-
Aldrich, St. Louis, MO), supplemented with 2 mM L-glut (Sigma Aldrich), 150 U/mL
penicillin/streptomycin (Sigma-Aldrich) and 10% fetal bovine serum (FBS) (Corning,
Corning, NY) at 37 °C and 5% CO: until they reached passages 2-3. VICs were not used

past passage 3 for any of the experiments.

5.3.2 GelMA Synthesis

Gelatin type A from porcine skin (Sigma Aldrich) was dissolved at 10% w/v in phosphate-
buffered saline (1X PBS) (Corning, Corning, NY) at 50 °C. Once the gelatin was
dissolved, methacrylic anhydride (MA) (Sigma Aldrich) was added to the gelatin solution
with a syringe in a drop-wise manner and stirred overnight protected from light. The
following day, the gelatin-methacrylate (GelMA) reaction solution was centrifuged at 3000
xg for 5 minutes at 37 °C degrees to precipitate unreacted MA. The supernatant was

collected and diluted at a 1:4 ratio in pre-warmed 1X PBS at 50 °C and then transferred
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to 12-14 kDa MWCO dialysis tubing (Spectrum Labs, Rancho Dominguez, CA). The
diluted GelMA solution was dialyzed against 1X PBS for 3 days and diH20 for 3 more
days at 50 °C to remove any unreacted MA. PBS and DiH20 solutions were changed
daily through the dialysis process. At the end of the dialysis period, the GelMa solution
was filtered, lyophilized and stored at -80 °C until needed for further characterization and

usel?,

5.3.3 Creation of disease inspired late-stage models with varied collagen fiber

content

In order to understand whether expression of fibrosis markers as observed in chapter 4
was driven by collagen’s biological or architectural properties a new 3-D disease-inspired
scaffold was developed to maintain total collagenous protein as our late-stage model but
containing half the amount of collagen fibers. All models were created using a GelMA
(Gelatin Methacrylate) based hydrogel (4% wi/v) with an interpenetrating network of
collagen fibers'?. Our traditional late-stage condition contained 1.5 mg/mL collagen 1
(Advanced Biomatrix, San Diego, CA) while a modified late condition contained 0.75
mg/mL collagen | and 0.75 mg/ml collagen ligand in the form of GelMa to maintain equal
amounts of total collagenous protein while differing in the amount of total collagen fibers
(Figure 5.1). To avoid confusion, we will refer to our modified late condition as late-1X (or
1X) and late-2X (or 2X) to our traditional late scaffold. To neutralize the collagen added
to our GelMa-Coll pre-polymer solutions, 0.1 M NaOH (RPI, Mt. Prospect, IL) and 10x
DPBS (Sigma Aldrich) were added at their appropriate ratios. Female and male VICs

were also added independently at a concentration of 4 x 108 cells/mL to the pre-polymer
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solution along with photoinitiator lithium-phenyl-2,4,6-trimethylbenzoylphosphinate (LAP)
(Sigma Aldrich) at a final concentration of 0.05% wi/v. 100 ul of the pre-polymer solution
was added to silicone molds (9 mm diameter x 1.7mm depth) and incubated at 37 °C for
30 minutes to allow for collagen fibrillogenesis. The molds were then incubated at 4 °C
for the amount of time previously optimized via dynamic mechanical analysis'? to reach
a Young’s modulus of 5-8 kPa and subsequently photocrosslinked under UV light (365

nm) for 6 minutes.

GelMA 4% W/V +0.75 mg/ml
{ A) Late-1: 1X Fibrill 11 +1X GelM | Collagen 1
({41 + ate-1: ibrillar coll1 + elMa, . i LD
k4=, B) Late-2: 2X Fibrillar coll1 OARASR Gel-MA
S f / ﬂ)&, > D55y > O +0.75 mg/ml
{ I,L“{”’ /  Collagen polymerization @ 37°C, 30 min V) Gel-MA
N\ A Physical Gelation @ 4°C, x mins
“1 { |} Photocrosslinking 0.05% LAP, 365 nm UV, 5 min B) 2X Late Model
+1.5 mg/ml
Collagen 1
Gel-MA Feaeed )
LLHLE

Figure 5.1 Schematic representation of the fabrication of late-stage hydrogel models
containing equal amounts of total collagenous protein but varying amounts of fibers.
Late-1X (a) contains 0.75 mg/mL fibrillar collagen 1, whereas as late-2X (b) contains
1.5 mg/mL.

5.3.4 VICs culture in 3D late-stage models with varied fibrillar collagen content

Late-1X and 2X models containing female or male VICs as described above (day 0) were
cultured for a total of 6 days in low glucose DMEM, supplemented with 2 mM L-glut, 150
U/mL, penicillin/streptomycin and 10% FBS. Fresh media was provided every other day
(days 1 and 3; 24 hrs and 72 hours post seeding respectively) (Figure 5.2 a). In order to

determine whether total collagenous protein, or collagen fiber architecture affects cellular
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responsiveness to a pathological stimulus, late-1X and 2X disease models were treated
with TGF-B1 (5 ng/mL) (Peprotech) on days 1 and 3 (Figure 5.2 b). Media samples were
collected on days 3 for inflammatory cytokines (IL-6 and IL-8) and days 3 and 5 for
cumulative soluble collagen (Collagen 1) quantification. Hydrogel lysates were collected
at day 2 for quantification of gene expression (aSMA, COL1Al, FN, TGFB-1 and
CHYSY1) and at day 5 for protein quantification (FN1, MMP-1 and MMP-9). In addition,

a whole hydrogel set was collected on day 5 for nascent protein quantification.

+0.75mg/ml ]
Collagen 1
Gel-MA oy Q (o}
+0.75 mg/ml
Gel-MA Valvular Interstitial Cells Fibrotic Outcomes
(VICs) ECM remodeling
+ — and
i dysregulation
+1.5 mg/ml
Collagen 1
Gel-MA Freiee)
Lue -
X Late Q d
) &),.fi‘\ L. +0.75 mg/ml _
P/ Collagen 1 -
N X'X- ) Valvular Interstitial Cells
:f‘f‘, OV | GelMA aun ¢t (VICs)
e 9
SOGEN +0.75 mg/ml
W) Gel-MA g Pathological Stimulus
] +/ (TGFR-1) Fibrotic Outcomes
- ~ ECM remodeling
2X Late °, and
{ (2l ¢ dysregulation
q - L]
}ﬁ:&\ +1.5 mg/ml Q d P
17 ‘?ﬁ;if};' Collagen 1 4 Valvular Interstitial Cells
ORI Gel-MA Luue (VICs)
-~ M FeLeeey -
e

Figure 5.2 Schematic representation of methods. a) Experimental design proposed to
understand the effects on VIC fibrotic outcomes stemming from changes in fiber
enrichment. b) Experimental designed proposed to explore the combinatorial effects of
changes in fibers concentration in the presence of a pathological stimulus in female and
male VICs fibrotic outcomes.
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5.3.5 Visualization and quantification of nascent protein produced by VICs

In order to visualize nascent protein deposition by female and male VICs embedded in
3D late-1X and 2X models, an adaptation of a previously published technique was
followed?!3. Late-1X and 2X models were cultured in nascent protein media (high glucose
DMEM, no methionine, no cystine) supplemented with 2 mM L-glut, 150 U/mL
penicillin/streptomycin, 10% FBS, 100 ug/mL sodium pyruvate, 0.201 mM cystine, 100
Mg/mL, 50 upg/mL ascorbate 2-phosphate, and 0.1 mM azidohomoalanine AHA. The
media was changed every other day as described above (days 1, 3). On day 5, all
hydrogel models were washed in 1% BSA followed by a 40 min incubation in 30 uM
DBCO-488 (). The DBCO-488 undergoes a bio-orthogonal strain-promoted cyclo-addition
that allows visualization of all new synthesized protein produced by the VICs. After the
incubation period, all hydrogels were washed once again prior to a 30 min incubation in
10% formalin. Once all cells were fixed within the hydrogels, the excess formalin was
washed away, and samples were stored in 1X PBS until imaging. All nascent protein
imaging was performed on a Nikon AXR Confocal Microscope and image analysis was

done on FIJI.

5.3.6 Detection of fibrotic markers via gene expression quantification

All late-1X and 2X hydrogel models’ samples were collected on day 2 (48 hrs post
seeding) digested in a collagenase (4.2 mg/mL) digestion solution supplemented with
30% v/v Proteinase K (Qiagen, Hilden, Germany), 50% v/v 10X Trypsin (Gibco, Grand
Island, NY) and 20% v/v 1X PBS to facilitate RNA isolation. RNA isolation was performed

according to the manufacturer's instruction for Qiagen’s RNeasy kit (Qiagen,
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Germantown, MD). Retrieved RNA was then subjected to reverse transcription using a
High-Capacity cDNA Reverse Transcription kit (Applied Biosystems, Foster City, CA).
Tagman Gene Expression Assays were used to quantify genetic expression profiles of
fibrosis-related genes (aSMA, COL1A1, FN, TGFB-1 and CHYSY1) (Thermo Fisher). All
PCR reactions were performed in a Biorad CXF Opus 96 Real Time PCR and analyzed

via the delta-delta ct method.

5.3.7 Detection of fibrotic markers via protein quantification

For FN1, MMP-1 and MMP-9 protein quantification assays, late-1X and 2X hydrogel
models samples were collected at day 5. FN1 production in female and male VICs
cultured in 3D late-1X and 2X models was evaluated via R&D DuoSet ELISA following
the manufacturer’s instructions. Quantified FN1 levels were normalized to total DNA via
picogreen. Quantification of MMP-1 and MMP-9 was determined via Western blot. Lysate
samples collected on day 5 were blended in RIPA lysis and extraction buffer (Thermo
Fisher) supplemented with 1 mM phenylmethylsulfonyl fluoride (PMSF) and 2 mg/mL
protease inhibitor (Thermo Fisher, Rockford, IL) on a tissue homogenizer (Next Advance)
with .5mm stainless steel beads (Next Advance) for 10-15 minutes at medium speed. Due
to the protein nature of these hydrogel models, DNA quantification was performed in
these lysates to determine how much protein corresponded to the VICs embedded in our
models. A DNA-to-protein ratio was calculated to immunoprecipitate our proteins of
interest. Immunoprecipitation of MMP-1 and MMP-9 was performed using a Dynabeads
Protein g Immunoprecipitation Kit (Thermo Fisher). An MMP-1 and MMP-9 antibody (ab)

dilution was used to immunoprecipitate a total of 0.5 ug of protein. Upon
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immunoprecipitation, samples were incubated at 70 °C for 10 min and followed a standard
western blot procedure. Briefly, 0.045 ug of sample was loaded and run in a 15-well
Invitrogen wedgewell Tris—Glycine Mini Gels (Thermo Fisher) for 1 h at 120 V. Proteins
of interest were then transferred to an Immun-Blot PVDF membrane (Bio-Rad) at 30 V
for 1 hr. Once the proteins had been transferred, a 1 hr blot incubation in 5% wi/v solution
of nonfat dried milk diluted in .1% PBST followed to avoid non-specific binding. A primary
MMP-1 or MMP-9 ab (1:1000) solution to the blot and incubated overnight at 4 °C. All
membranes were washed the next day in .1% PBST prior to the addition of the HRP
secondary goat-anti Rabbit ab (1:10,000) (Thermo Fisher) and then incubated for 1 h.
Subsequently, the blots were washed once again in a .1% PBST solution. Cumulative
collagen-1 quantification was also assessed via western blot from pooled media from
days 3 and 5. The collagen blot was incubated for 1 hr in collagen-1 primary ab (1:1000)
followed by the addition of the HRP secondary goat-anti Rabbit ab (1:10,000) and .1%
PBST washes as described above. Protein expression levels were detected via
ChemiDoc MP Imaging System (Bio-Rad) upon exposure to clarity western ECL substrate

(Bio-Rad) and quantified on FIJI.

5.3.8 Detection of inflammatory cytokines

Production of inflammatory cytokines, IL6 and IL8 from media samples was evaluated via
R&D DuoSet ELISA following the manufacturer’s instructions. Total cytokine levels were

guantified via four-parameter logistic regression.
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5.3.9 Statistical Analysis

Each experiment was performed using a n=3 sample. Specifically, VICs isolated from 3
different pigs were pooled for each sex. Data points as seen in each graph represent a
sample repeat of this pooled set. Additional experiments performed to validate our results
used a new set of pigs. Statistical analysis was performed via 2-way Anova with Tukey

Post-Hoc test. Statistical Significance was considered for all comparisons with P < 0.05.
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5.4 Results

5.4.1 Sex-Dependent Inflammatory Responses are Independent of Total Fiber

Amount
Kok
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Figure 5.3 Impact of increased fiber content from 1X to 2X fibrillar collagen
concentration with equal amounts of total collagenous protein on inflammatory
cytokine production in female and male VICs. Cytokine expression of a) IL6 and b)
IL8 was measured 2 days post seeding via ELISA. Results are presented as mean +

standard deviation; *indicates P <0.05 by Tukey Post-hoc test.

Inflammatory cytokine production of IL6 and IL8 in female and male VICs cultured in late-
stage models with equal collagenous protein content but varying amounts of collagen
fibers (late-1X = 0.75 mg/mL Collagen 1 + 0.75 mg/mL Gelatin vs late-2X = 1.5 mg/mL
Collagen 1) was assessed via ELISA. Sex-dependent responses were observed in both
late-1X and late-2X conditions, with females exhibiting higher IL6 production compared
to males (Figure 5.3, a). Differences between/within sexes were not observed for IL8

production in either group (Figure 5.3, b).
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5.4.2 Collagen Architecture Alone Does Not Drive Fibrosis in Female and Male VICs

Gene expression of CAVD fibrotic markers was assessed in female and male VICs
cultured in models with 1X or 2X total collagen fiber content via RT-gPCR. Male VICs
showed significantly increased gene expression of ACTA2 and FN1 (Figure 5.4, a and c)
in both 1X and 2X conditions compared to female VICs. Although not significant, a similar
trend was observed for TGFB-1 expression (Figure 5.4, d). Males also exhibited
increased expression of COL1A1 and CHSY1 (Figure 5.4, b and e) compared to females,

but only in the late-1X condition. Increased fiber content did not affect the expression of

fibrotic markers within each sex.
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Figure 5.4 Fibrotic gene expression of female and male VICs cultured in 1X and 2X
late-models shows a sex-dependentresponse. Gene expressionof fibrotic markers (a)
ACTAZ, b) COL1A1, c) FN1, d) TGFB-1, e) CHSY1) was assessed by RT-gPCR and
normalized to 1X female. Results are presented as mean * standard deviation;
*indicates P < 0.05 by Tukey Post-hoc test.
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Figure 5.5 ECM- and ECM regulatory proteins expression of female and male VICs cultured
in 1X and 2X late-stage models. a) Quantification and b) visualization of newly synthesized
extracellular proteins. Newly synthesized proteins incorporated AHA, a methionine homolog
that allows visualization via DBCO-488 bio-orthogonal cyclo-addition; Quantification of c)
Collagen 1 and d) FN1 extracellular matrix production and ECM regulatory proteins ) MMP-1
and f) MMP-9via Western Blot. Results arepresented as mean + standard deviation; *indicates
P < 0.05 by Tukey Post-hoc test.
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5.4.3 Impact of Increased Fiber Content on ECM and ECM Regulatory Protein

Production

To understand the impact of collagen’s biological or architectural role in fibrotic
progression, nascent protein expression was visualized using DBCO-488 labeling of a
methionine analog incorporated during protein synthesis. Quantification of specific ECM
and ECM regulatory proteins was performed via ELISA (FN1) and Western blot (Collagen
1, MMP1, and MMP9). Increased protein production was observed in males only in the
late-2X condition compared to late-1X. Sex differences in nascent protein production was
also evident in late-2X (Figure 5.3, a and b). However, increased expression of ECM and
ECM regulatory proteins was not observed in females or males in either late-1X or late-

2X conditions (Figure 5.3, c-f).
a *

—

800000 I 50000 - | ok

600000 40000 - \ I Control
30000 &1 TGFB-1

400000 —
20000

IL6 pg/ml

IL8 pg/ml

200000 - 10000 —

0

Female 1X  Females 2X

c
. 300000 T E 30000+ T e 4 f,g%
%
§ 200000 ~ ) 5 20000 - I %
100000 - o0 10000 - .
T ({0 I 8

Figure 5.6 Impact of increased fiber content and presence of TGFB-1 as a pathological
stimulus on inflammatory cytokine production in female and male VICs. Cytokine
expression of a) IL6 and b) IL8 was measured 2 days post seeding via ELISA. Results
are presented as mean + standard deviation; *indicates P < 0.05 by Tukey Post-hoc test.
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5.4.4 Effects of Collagen Fiber Enrichment and Pathological Stimulus in VIC

Fibrotic Responses

To explore cellular responsiveness to a pathological stimulus, female and male VICs
cultured in late-1X and late-2X systems were treated with TGFB-1 at 5 ng/mL. Female
VICs showed a significant decrease in IL6 production for both late-1X and late-2X
conditions. Reduced IL8 production was observed only in the late-2X condition. IL6 or IL8
cytokine production was not affected in males between late-1X and late-2X conditions or

between control and treated groups.

Gene expression of fibrosis-related markers was assessed via RT-gPCR. TGFB-1
exposure exacerbated fibrotic responses in females for ACTA2, FN1, TGFB-1, and
CHSY1 in both 1X and 2X conditions between control and treated groups. Additionally,
TGFB-1 primed females VICs cultured in the late-2X condition were more susceptible to
TGFB-1 treatment noted by increased expression of these genes compared to treated
females in the late-1X condition. COL1A1 expression in females increased only in the
late-2X condition; primed VICs in the 2X groups were also more susceptible to TGFB-1
treatment in comparison to treated VIC in the 1X group (Figure 5.7, a-c; g-h). Males also
exhibited an exacerbated fibrotic response for ACTA2, FN1, and COL1A1 (Figure 5.7, d-
f), but only in the late-1X condition. TGFB-1 expression increased in both 1X and 2X
conditions, while CHSY1 expression increased only in the late-2X condition (Figure 5.7, i
and j). In contrast to females, males treated with TGFB-1 experienced a decrease in
ACTA2 and COL1Al expression — and an increase in CHSY1 expression — between

males treated in the 1X versus 2X condition. Interestingly, fold change between the
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control and treated groups was higher in females compared to males; suggesting that

female VICs are more susceptible to TGFB-1.

As previously described, ECM and ECM regulatory protein production was assessed via
DBCO0-488 staining, ELISA, and Western blot. Nascent protein expression increased in
females upon TGFB-1 exposure (Figure 5.8, a, a and b) in both late-1X and late-2X
conditions. FN1 expression was also upregulated in females in both late-1X and late-2X
conditions. ECM (Collagen 1) and ECM regulatory proteins (MMP1 and MMP9) (Figure
5.8, a e and f) were not altered in female VICs in either late-1X or late-2X conditions, nor

in control or treated groups.

Nascent protein expression increased in males in the control group but only in the elate-
2X condition. Nascent protein production also increased upon TGFB-1 exposure but only
in VICs seeded in the late-1X model; significant protein downregulation was observed in
the late-2X condition upon treatment (Figure 5.8, a and b), and between 1X and 2X primed
VICs. ECM proteins (FN1 and Collagen 1) (Figure 5.8, b, ¢ and d) and ECM regulatory
proteins (MMP1 and MMP9) (Figure 5.8, b, e and f) were not altered in male VICs in

control or treated groups for 1X and 2X conditions.

Undetectable protein differences in female and male VICs cultured in 1X and 2X models
exposed to TGFB-1 as a pathological stimulus may be due to limitations in sample
source/processing and the availability of compatible techniques for quantifying these

proteins using the current hydrogel model setup.
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Figure 5.8.a ECM- and ECM regulatory proteins expression of female VICs cultured in 1X and
2X |late-stage models and upon exposure to TGFB-1. a) Quanification and b) visualizafion of
newly synthesized extracellular proteins via DBCO-488 staining Quantification of ¢) Collagen
1 and d) FN1 extracellular matrix producfionand ECM regulatory proteins e) MMP-1 andf)
MMP-2 via Westemn Blot. Results are presenied as mean + standard deviation *indicales
P <0.05 by Tukey Post-hoc test.
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Figure 5.8.b ECM- and ECM reguatary proteins expression of mae VICs culturedin 1X ad
2X late-stage madels and upon exposure to TGFB-1. a) Quantification and b) visuaizalion of

newly synthesized extracelluar proteins via DBOO-488 staining. Quartification of c) Collagen
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5.5 Discussion

In this chapter, we aimed to understand the biological and architectural roles of collagen
in CAVD fibrosis. Two hydrogel models were developed containing the same amount of
total collagenous protein but varying amounts of collagen fibers, 1X and 2X. VIC fibrotic
responses were evaluated by examining the change in the production of cytokines
associated with CAVD progression and the gene and protein expression of fibrotic

markers.

We first looked at IL6 and IL8 expression in female and male VICs cultured in our 1X and
2X fiber models. Sex differences were observed between females and males for both 1X
and 2X conditions (Figure 5.3, a and b) but only for IL6 expression. IL8 expression
remained unchanged for females and males in both models. These results coincide with
our previous findings in Chapter 4, where females were observed to have a higher
inflammatory profile than males. Studies often portray males as having higher
inflammation profiles than females!#>. However, it is widely recognized that menopausal
women exhibit increased levels of inflammatory cytokines?®. In this work, we used pre-
pubescent pigs' hearts, which have estrogen levels comparable to those found in females
undergoing menopause. The observed increase in inflammatory cytokine expression in
females versus males could thus be attributed to the similarities in hormone levels.
Collagen fiber enrichment did not affect IL6 and IL8 expression in female or male VICs.
Research linking direct correlation between collagen and increased inflammation has not
been extensively pursued. However, some studies claim that collagen could be used as

a potential therapy to decrease inflammation'”!8, but the mechanism for the anti-
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inflammatory effects of collagen remains elusive. We could speculate that providing VICs
with a collagenous fiber environment may be beneficial in maintaining baseline levels of

inflammation in both females and males.

We evaluated the expression of fibrosis-related markers in female and male VICs
experiencing increased fiber availability in their environment on an equally enriched
collagen matrix. Genetic expression of fibrotic markers showed that, generally, males
have stronger fibrotic responses compared to females (Figure 5.4, a-e). These results
coincide with current CAVD literature, which indicates that males have higher expression
levels of fibrotic markers than females'®1%29, Increased amounts of fibrillar collagen do
not promote or enhance fibrotic responses in female and male VICs. This contrasts with
many studies in which the presence of fibers has been noted as key in driving fibrotic
differentiation?1. However, we must consider that in healthy tissues, collagen forms part
of the matrix composition and contributes to tissue homeostasis. Previous research by
our lab has demonstrated that collagen is needed to maintain VIC quiescence and
prevent expression of calcification markers’. Fiber increase alone in our models may not

be sufficient to drive a more robust fibrotic response in female and male VICs.

Fibrosis is characterized by the continuous remodeling of the ECM, where protein
production surpasses the rate of protein degradation. To better understand the biological
and architectural roles of collagen in contributing to CAVD, we examined the production
of nascent proteins and ECM and ECM regulatory proteins (Figure 5.5). For this purpose,
we looked at the production of newly synthesized proteins and ECM and ECM regulatory

proteins such as FN1, COL1A1, MMP-1, and MMP-9. Increased amounts of protein



105

production were observed in males in the 2X condition compared to males in 1X and
females in 2X (Figure 5.5, a and b). Increased fibrillar collagen appears to impact the
biosynthesis of new proteins. However, protein expression of ECM and ECM regulatory
proteins appeared to be unaffected. This could be due in part to disparate sample
distribution, which could be impacted by sample processing and the availability of
techniques to quantify these proteins. At this moment, further experimentation is
necessary to accurately describe the effects of fiber enrichment and sex-dependent

behaviors.

As previously mentioned, hallmarks of CAVD such as inflammation, fibrosis, and collagen
overlap lead to a variety of complex interactions that drive disease progression. Thus, we
wanted to explore how VIC responsiveness to a pathological stimulus was affected by
changes in total collagen fiber enrichment on an equally collagen-enriched background.
To achieve this, female and male VICs cultured in 1X and 2X models were treated with 5
ng/mL of TGFB-1. Although TGFB-1 is a known profibrotic factor, it also functions as a
regulatory molecule in the expression of inflammatory molecules??23. As mentioned in
Chapter 4, TGFB-1 has pro- and anti-inflammatory properties. TGFB-1 interaction with
other cells, the ECM, and signaling molecules can result in either of these roles. Some
studies have linked TGFB-1 inhibition of inflammatory markers to SMAD2/3 signaling?*+2°

Nonetheless, the mechanisms of how this occurs remain elusive.

We assessed the inflammatory response of female and male VICs in 1X and 2X models

upon exposure to TGFB-1. Significant reduction of IL6 was observed in females in both
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1X and 2X (Figure 5.6, a) models and IL8 at 2X (Figure 5.6, b). TGFB-1 did not affect IL8
expression in either 1X or 2X conditions (Figure 5.6 ¢ and d). TGF-B1 is frequently linked
to its capacity to enhance inflammatory responses by regulating several inflammatory
mechanisms. NF-kB, SMAD2/3, JAK-STAT, among others, are some of the inflammatory
pathways regulated by TGFB-12°. Similar to our observations in Chapter 4, cytokine
production of IL6 and IL8 in females treated with TGFB-1 could be related to regulatory
effects within any of these pathways. Previous studies have found that TGFB-1 dampens
IL6 expression through the regulation of IL6 receptors via JAK-STAT signaling?’. Other
studies have found that TGFB-1 can modulate the expression of other cytokines which,

in turn, alter IL6 expression?,

Gene expression of fibrotic markers in TGFB-1 treated VIC cultures in 1X and 2X fiber
models was assessed to better understand the impact of the biological and architectural
roles of collagen combined with exposure to a pathological stimulus in driving CAVD
fibrosis. TGFB-1 increased the expression of fibrotic markers in females cultured in 1X
and 2X for ACTA2, FN1, TGFB-1, CHSY1, and COL1A1l (Figure 5.7, a,b,c,g, and h).
Increased expression of TGFB-1 and CHSY1 (Figure 5.7, | and j) in TGFB-1 treated male
VICs was observed in both 1X and 2X models. Increased expression for ACTAZ2,
COL1A1, and FN1 was observed only in the 1X model (Figure 5.7, d-f). Overall, these
results coincide with other studies in which fibrotic responses have been shown to be
elevated upon treatment with TGFB-12%-3L, Interestingly, increased fiber enrichment, as
modeled in our 2X condition, appeared to further enhance fibrotic expression in VICs

upon exposure to TGFB-1 treatment. This suggests that increasing fiber concentration
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may prime VICs to be more sensitive to pathological stimuli, leading to poorer fibrotic
outcomes. This novel approach to understanding the biological and architectural roles of
collagen in VICs exposed to pathological stimuli provides us with new insights into how
the necessity of fibers to modulate VIC pathological responses. New study directions
could be further explored to understand other ECM-cell, bio-signaling interactions in

CAVD.

Regarding the quantification of ECM and ECM regulatory proteins, increased nascent
protein production and FN1 expression were observed in TGFB-1 treated females in both
1X and 2X conditions, which validates our previous observation regarding the

upregulation of gene fibrotic expression for FN1 (Figure 5.8.a, a and b).

Nascent ECM production in males was observed to be highly elevated in the VICs treated
with TGFB-1 in 1X and between the 1X and 2X control groups (Figure 5.8.b, a). A
significant decrease in nascent protein production was observed between TGFB-1 treated
1X and 2X conditions and between the 2X control and treated groups. The reason for
such a decrease in the 2X treated condition could be explained by a possible upregulation
of MMP proteins. However, current data for ECM and ECM regulatory proteins in females
and males is being revised as sample distribution could have affected the identification of

differences between all tested groups.

It is important to note that while our system offers cells an increase in fiber enrichment, it

lacks other properties such as fiber orientation and alignment. In healthy valves, collagen
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is typically oriented in the circumferential direction'3? and aligned parallel with the valvular
endothelium®3. However, the aortic valve leaflets are known to be more mechanically
compliant in the radial direction than in the circumferential direction®*. Several studies
have been conducted to assess how fiber alignment and orientation are affected during
disease. A study by Chung-Hao, L. (2022) showed that collagen fibers reorient towards
the direction of the greatest applied load and incrementally realign with increasing applied
stress®?. This property allows the valve to better withstand the mechanical load exerted
by constant blood flow3235:36, While many studies have examined the effects and roles of
fibers in impacting the valve's mechanics, no studies have focused on understanding how

fiber alignment and orientation affect VIC behavior during CAVD,

Fiber alignment and orientation have been proven to affect many cellular properties,
including cell morphology, migration, and metabolism. A study by Shi, Y. et al. (2022)
found that ST2 cells (bone marrow mesenchymal cells) cultured on a random fiber pattern
exhibited an increase in markers that upregulate glycolysis, while cells cultured on aligned
fibers exhibited a decrease in these markers®’. Other studies show that cells tend to
migrate faster on aligned fibers®8, which is a behavior commonly observed during the

metastasis of cancerous cells3940,

Given this, we should point out that the lack of fiber alignment and orientation within our
disease-inspired models limits our understanding of potential critical behaviors that could
impact VIC responses to ECM pathological changes during disease progression. Further

studies may need to consider these properties.
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5.6 Conclusions

In conclusion, females VICs exhibit inherently higher inflammatory expression compared
to males in collagen-enriched matrices, regardless of fiber concentration. TGF-31
expression plays a crucial role in regulating this inflammatory response in female VICs.
Males, on the other hand, demonstrate a more pronounced fibrotic profile than females
within these collagen matrices. It is evident that collagen fiber architecture alone is
insufficient to induce a fibrotic response; rather, it is the combination with pathological
stimuli that drives fibrotic expression in both female and male VICs. Notably, female VICs
are more sensitive to these pathological stimuli than their male counterparts, highlighting
the importance of considering sex-specific responses and the implementation of novel
disease-inspired tissue engineered models to better understand the processes involved

in CAVD progression.
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Chapter 6: Conclusions and Recommendations

6.1 Conclusions

The efforts in this work emphasize the importance of using 3D culture systems to create
platforms that more accurately reflect the complexities of naive and diseased tissues.
This approach elevates our research by providing a more realistic model of biological
processes. Equally important is raising awareness about the significant gap in knowledge
resulting from the failure to consider sex as a biological variable. Differences between
sexes have always been evident in clinical settings, yet they have often been overlooked.
Recognizing that biological sex impacts how diseases manifest in our bodies offers new

opportunities to understand and combat these diseases more effectively.

The work in the preceding chapters describes the development of disease-inspired
engineered models that mimic pathological ECM changes in early and late stages of
CAVD to understand how these events affect female and male VIC fibrosis, and the
pathological expression of fibrillar collagen enrichment to understand the roles of

collagen’s biological and architectural features.

We found that 3D biomimetics of diseased ECM influence fibrosis in various ways. Early
and late-stage models, as well as our fiber enrichment models, provided insights into the
inflammatory profiles of VICs, with females showing an increased production of

inflammatory cytokines compared to males. We also observed that TGFB-1 plays a key
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role in regulating cytokine expressions but only in female VICs. In both chapters, fibrosis
expression in males is significantly higher than in females. However, Chapter 4 described
these findings as stage-dependent, while in Chapter 5, collagen fiber enrichment was not
key to driving this fibrotic response. The introduction of TGFB-1 exacerbated fibrotic
responses in both females and males across both engineered setups. Female VICs in
early and late stages, as well as in 1X and 2X models, appeared to be more susceptible
to TGFB-1 treatment than males. Interestingly, TGFB-1 treatment modulated a higher
fibrotic response for both female and male VICs in our fibrillar collagen-enriched model.
Mixed results and conclusions were observed regarding nascent protein production and
expression of ECM and ECM regulatory proteins for both engineered platforms. These
discrepancies are due to limitations in sample processing and the limited availability of
current techniques to quantify the expression of these molecules. The data pertaining to

these experiments is currently under revision and in progress.

Sex differences are consistently observed across all the experiments conducted in this
thesis. However, the underlying mechanisms driving these differences remain largely
unexplored and require further investigation. Given that the experiments utilize cells from
prepubescent pigs, it is plausible to argue that hormones are not the primary contributors
to the observed sex differences in this experimental context. This is because the hormone
levels in prepubescent pigs are relatively similar between sexes, thereby reducing the

likelihood that hormonal fluctuations are the key drivers of these variations.

Consequently, alternative explanations for the observed sex differences must be

considered. One possibility could involve the influence of chromosomal sex, where the
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inherent differences between XX and XY chromosomes contribute to cellular behavior in
a sex-specific manner. Another potential factor could be X-chromosome inactivation,
which might differ between male and female cells, leading to distinct cellular responses.
Additionally, epigenetic modifications could play a crucial role, as they are known to
regulate gene expression in a sex-dependent manner, potentially driving the differences

observed in the experimental outcomes.

Wiese, C. and Reue, K. discuss that because sexual chromosomes dictate the
development of sex-hormones producing organs, investigating the isolated effects of
genetic sex in cardiovascular diseases has proven to be a challenging task. However, a
different approach can be taken by study the association between the likelihood or
severity of cardiovascular disease in patients that possess a different genetic sex
composition. One study found that men who suffer from Klinefelter syndrome which
genetic composition consist of an additional X chromosome (XXY) exhibited an increase
in cardiovascular mortality compared to males with a standard genetic makeup (XY)2.
Similarly, cardiovascular disease susceptibility is also present in patients who suffer from
Turner syndrome (XO)? yet the exact reasons on how sex chromosomes affect these

outcomes remain unknown.

These leads us to our next point of consideration which is the escaping of X inactivation.
Naturally, individuals with two copies of the X (XX) chromosome have one of these copies
transcriptionally silenced*3. Because of this, no significant sex differences in the level of

expression between XX and XY cells are observed. However, there are certain instances
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in which one of the extra X chromosomes escape its inactivation. In these cases, it has
been found that failure in x-linked inactivation have detrimental effects for cell function
and signaling, therefore offering a plausible explanation for observed differences in
cardiovascular diseases. Recently, a study by Anseth, K. et al, (2022) found that genes
that escape X chromosome inactivation such as BMX and STS modulate sex-dependent

myofibroblast activation via the Rho-associated kinase signaling®.

Lastly, these factors could significantly influence the epigenetic regulation of gene
expression, contributing to sex differences in cardiovascular diseases. Epigenetics
involves changes in gene activity through mechanisms like DNA methylation and histone
modification, without altering the DNA sequence®. For instance, gonadal hormones may
affect DNA methylation and histone modifications, while genes escaping X-linked
inactivation, such as those encoding histone demethylases, can alter histone
modifications leading to differential susceptibility for cardiovascular disease in females
and males. Epigenetic regulation is dynamic and is influenced by many factors

complicating the study of sex differences.

Understanding how all these processes lead to divergent sex-dependent outcomes in
cardiovascular disease progression is vital for developing targeted therapies to reduce

cardiovascular disease risks in both sexes.

Throughout this thesis, were able to point out sex-dependent responses in regard to
TFGB treatment. We tried to explain these differences based on known roles of TGFB in
regulating ECM production and regulation of inflammatory factors (BMP and SMAD

signaling). It is noteworthy to point that the pathways involved in the observed differences



118

also affect other cellular processes such as cell development and growth (via SMADS)

and cell lineage commitment, differentiation, proliferation and apoptosis (via BMPs)®.

Although not often mentioned, TGFB is also known for its role in regulating sex related
hormones and sexual genes. However, the ways in which TGFB signaling and sex-
differences are linked need yet to be uncovered. Previous studies have shown that in 72
out of 114 species is sex-determination genes are regulated by TGFB”:8. For instance, in
fish sex-determination occurs by BMP signaling regulation by TGFB2. Other studies have
linked TGFB pathway inactivation via SMADs in response to estrogen (SOURCE) and
testosterone®. Responses to TGFB can be sex and cell dependent. Mammary gland
epithelia cells, for example, are known to be very sensitive to TGF-B Induced cell cycle
arrest and apoptosis®.A study by Laiho, M. and Band, A. (2011) found that estrogen
receptor alpha in these cells, blocks TGFB signaling via SMADSs. In contrast, other studies
have shown, inhibition of sex hormones by TGFB in Leydig cells by downregulation of

CYP19,

Despite the amount of research conducted exploring the link between sex differences and
TGFB, a clear understanding is halted by the ways in which diverse cells, tissue and
species are differentially affects TGFB and its interaction with many other signaling
pathways. Furthermore, the link between TGFB in regard to sex differences in
cardiovascular diseases is largely unexplored. Research exploring the effects of TGFB
regulation of sex hormones and sex related genes in regard to cardiovascular diseases

could thus be a promising venue to the development better treatments options for CAVD.
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Taken together, the findings of this thesis hope to underscore the necessity of integrating
3D-engineered platforms to gain deeper insights into the progression of CAVD.
Furthermore, it highlights the importance of employing sex-specific cultures to develop

more precise and effective therapeutic strategies.

6.2 Future Recommendations

6.2.1 Application of 3D Disease-Inspired Scaffolds to Study Cell-ECM Interactions

in CAVD Progression

3D disease-inspired systems offer valuable platforms for investigating the independent
effects of VICs and specific ECM components, as well as the complex interactions
between VICs, ECM, and tissue mechanics. Our previous work involved creating a
sophisticated system by incorporating GAGs into a collagen-based matrix to study the
effects of CS + Collagen 1 enrichment. Using this system, we can explore various factors
that influence CAVD progression, such as the impact of GAG molecules on inflammatory
and fibrocalcific responses in VICs cultured in a collagen matrix. Previous studies have

highlighted the role of different GAG molecules in contributing to CAVD pathology??13.

6.2.2 Application of 3D Disease-Inspired Scaffolds to Study ECM Mechanics

Interactions

Tissue stiffness significantly influences cell behavior. Various tissues exhibit different

stiffness levels that drive specific cellular functions. Increased stiffness in VICs promotes
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myofibroblastic differentiation, fibrosis, and calcification, effects that can be reversed by
modulating scaffold stiffness'4-16. The combinatorial effects of ECM enrichment can be
coupled with changes in matrix stiffness, adding complexity to these systems. Our highly
tunable hydrogel models offer the opportunity to incorporate essential ECM ligands while
controlling hydrogel bulk stiffness. This approach is particularly useful for exploring how
ECM composition combined with varying stiffness can modulate cell behavior. Continued
research can decode the role of each ECM component, allowing for various combinations

to be studied for potential interactions tied to specific disease progression events.

6.2.3 Disease-Engineered Scaffolds to Explore Targeted Therapeutic Targets

Understanding the differential sex-dependent responses of VICs during disease
progression is particularly important for developing targeted treatments that can efficiently
improve patient prognosis. This is further supported by research highlighting how females
and males can respond differently to pharmacological treatments. Hajjar, I. et al. (2022)*’
found that hypertension drugs such as Candesartan and Enalapril affect women and men
differently, with Enalapril lowering arterial stiffness more effectively in females than in
males. Another study by Fortes, Z. et al. (2006)*® demonstrated that Losartan was more
effective at correcting endothelial dysfunction in female rats compared to males. A
thorough review by Nicolaou, P. et al. (2021)*° describes in more detail the sex
differences found in heart failure medications targeting the renin-angiotensin-aldosterone

system. In this review, Losartan was found to have similar effects in women and men.
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The great tunability of the scaffolds used in this work, can be leveraged to create diverse
ECM-risk factor/pathological stimuli platforms to better understand how potential
therapeutic targets can affect females and male. Opposed to 2D culture platforms, 3D
platforms can be used to better mimic the cells physiological environment thus, serving
as better tools to identify therapeutic targets, advancing the potential for discovering

improved treatments?°.

6.2.4 Longitudinal Studies

Studies like ours typically consider specific time points that are traditionally tested
repeatedly. However, CAVD develops over a long period, which cannot be equally
replicated in vitro. Tissue-engineered disease models can mimic various aspects or
stages of disease progression, allowing for longitudinal studies to understand transient

gene and protein expression in VICs in response to a myriad of conditions.
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