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Abstract

Mabry, Kelly M. (Ph.D., Chemical Engineering)
Department of Chemical and Biological Engineering, University of Colorado
The Role of Matrix Properties in Directing Valvular Interstitial Cell Phenotype
Thesis directed by Professor Kristi S. Anseth

This thesis presents the development of hydrogel platforms to study the
fibroblast-to-myofibroblast transition in valvular interstitial cells (VICs). These systems
were used to characterize the effects of extracellular matrix cues on VICs, as well as the
synergies between mechanical and biochemical signals. First, the impact of culture
platform on VIC phenotype was assessed by culturing VICs in peptide-functionalized
poly(ethylene glycol) hydrogels (2D and 3D) and comparing them to those cultured on
tissue culture polystyrene (TCPS). Expression of the myofibroblast marker α-smooth
muscle actin (αSMA), as well as by a global analysis of the transcriptional profiles1
demonstrated that TCPS caused significant perturbations in gene expression from the
native VIC phenotype. The dimensionality of the hydrogel (2D vs 3D) was particularly
influential in the regulation of genes related to cell structure and motility, developmental
processes, proliferation and differentiation, and transport; these findings motivated the
use of 3D cultures for the following experiments.
The effect of matrix modulus, particularly matrix stiffening, on encapsulated
VICs was investigated2. To vary the matrix modulus without dramatic changes in VIC
morphology, a method was developed for in situ stiffening of cell-laden hydrogels using
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sequential gelation steps.

In contrast with prior findings in 2D, increased stiffness

resulted in lower levels of myofibroblast activation, and suggested that stiffness alone
was not sufficient to cause pathological activation of VICs to the myofibroblast
phenotype in 3D. To facilitate the investigation of additional stimuli in a physiologicallyrelevant context, a high-throughput technique to encapsulate VICs within 3D hydrogels
was developed and used to study VIC response to dynamic changes in matricellular
signals3. A thiol-ene photoclick reaction provided temporal control over the presentation
of peptide ligands to study their effects on VIC morphology and myofibroblast
properties. Collectively, these studies demonstrate the ability to study and direct VIC
phenotype through the temporal presentation of mechanical and biochemical cues in 3D
polymer matrices.
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outflow side of the valve. Movat pentachrome stain (collagen - yellow;
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red), 100x magnification. C) Staining for CD31, and endothelial cell
marker, shows that VICs are found throughout the valve (nuclei only), and
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= 200 µm. Images from Schoen, 200816 and Wang et al., 201320. ................5
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endothelial dysfunction, and inflammation. Interactions between these
stimuli complicate the understanding of the mechanisms leading to the
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Chapter 1

Introduction
!
!

Aortic valve disease is an important clinical problem, with aortic sclerosis affecting as
many as 25% of adults over 65 years old1. About 2% of adults over 60 years old exhibit
progression to aortic stenosis and require surgical valve replacement2. While aortic stenosis was
originally viewed as a passive, degenerative process, it is now known that the disease is actively
regulated by cells within the valve3. Valvular interstitial cells (VICs) are found throughout the
valve and are important regulators of valve homeostasis; however, they are also responsible for
much of the fibrosis that leads to aortic stenosis.

While VICs are able to remodel their

environment, they also receive cues from the environment, leading to complex interactions that
make it difficult to elucidate the critical mechanisms of disease progression. Currently, the only
treatment for aortic stenosis is the surgical replacement of the valve, which motivates this thesis
research. Specifically, experiments are designed to study how VICs interact with and respond to
signals in their local microenvironment with the goal of better understanding the molecular
mechanisms that contribute to the pathological behavior of VICs.

Ultimately, such an

understanding may lead to the identification of better therapeutic targets to slow or reverse the
progression of valve disease.

1!

1.1. Aortic stenosis
Aortic stenosis is a fibrotic disease characterized by stiffened valve leaflets, obstructed
blood flow, and compromised cardiac function4. Diagnosis of this disease is based on multiple
measurements of valve function: increased peak ejection velocity, reduced effective valve orifice
area, and increased mean transvalvular pressure gradient5. While the mitral, pulmonary, and
tricuspid valves can also become dysfunctional, here we focus on the aortic valve because aortic
valve disorders have a much higher mortality rate than all of the other valves combined6. Once a
patient presents with symptoms of aortic stenosis, the average survival time without treatment is
only 3-5 years7. Surgical replacement of the valve is the only proven treatment option, and two
standard types of replacement valves exist. Mechanical valves are very durable but require the
use of anticoagulants for the rest of the patient’s life, while bioprosthetic valves composed of
decellularized porcine, bovine, or human valves have a limited durability due to the lack of cells
to maintain the extracellular matrix (ECM, Figure 1.1)5. Alternatively, the Ross procedure
replaces the dysfunctional aortic valve with the pulmonary valve, which is in a less
hemodynamically demanding position, and then a bioprosthetic valve is used to replace the
pulmonary valve8. Improvements in minimally invasive surgery have reduced the mortality of
valve replacement. Inoperable or high-risk patients can even receive transcatheter valve
replacement; however, this procedure results in somewhat higher risk of aortic regurgitation9.
Additional complications also arise in young patients, as accelerated calcification of
bioprosthetic valves is associated with low recipient age10.

2!

Figure 1.1. A) Healthy porcine aortic valve. B) Calcified aortic valve explanted during
surgical valve replacement. Arrow indicates a calcified nodule. C) The Medtronic Open
Pivot Valve, a mechanical valve replacement. D) The Medtronic Freestyle Valve, a
bioprosthetic valve replacement derived from decellularized porcine tissue. Adapted from
Benton, 2009103 (A), Rajamannan et al., 2003104 (B), and www.medtronic.com (C, D).

The invasive nature of valve replacement surgery and the medical costs of around $14
billion in the US annually provide a significant incentive for the development of
pharmacological treatments for aortic stenosis5. Unfortunately, once aortic stenosis has been
diagnosed, there are no non-surgical methods to stop or slow progression of the disease. Aortic
stenosis has many risk factors in common with atherosclerosis, including advanced age,
hypertension, and hypercholesterolemia11. While only about half of patients with aortic valve
disease have significant atherosclerosis, the overlap in risk factors has prompted the exploration
of adapting treatments that have proven effective for atherosclerosis to the treatment of aortic
stenosis1.
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Statins, or HMG-CoA reductase inhibitors, reduce plasma lipid levels and showed
promise for treating aortic stenosis in in vitro experiments, animal studies, and retrospective
clinical studies; however, prospective randomized trials did not show a benefit12,13. Angiotensin
converting enzyme inhibitors have also been of interest due to success in treating cardiovascular
diseases, but were not successful in slowing the progression of aortic stenosis in humans14,15.
The disappointing lack of efficacy of these pharmaceutical therapeutics demonstrate the
necessity of expanding our knowledge of valve biology and disease progression.

1.2. Valve structure and composition
The aortic valve is a semilunar valve composed of three cusps that helps maintain blood
flow from the heart to the aorta with minimal obstruction and no regurgitation16. These thin,
pliable cusps must open and close fully (Figure 1.2A) ~40 million times per year16. Each cusp
has three distinct layers that together impart unique mechanical properties to the valve, as well as
the durability and pliability required to maintain this functionality despite the mechanical stresses
in this dynamic environment (Figure 1.2B). On the aortic side of the valve, the fibrosa provides
strength with an extracellular matrix (ECM) enriched in fibrous collagen. The ventricularis is
the layer on the ventricle (inflow) side of the valve and is enriched in elastin, which is organized
into fibrils and oriented radially16,17. These layers are connected by the spongiosa, which permits
the ventricularis and fibrosa to bend and deform during the opening and closing of the valve, and
which is composed primarily of proteoglycans17. The valve also contains other ECM proteins,
such as the adhesive proteins laminin and fibronectin17.
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Figure 1.2. Aortic valve structure. A) The aortic valve is comprised of 3 pliable cusps
that open (systole) and close (diastole) to maintain unidirection blood flow from the
heart to the aorta. B) Photomicrograph of aortic valve cross-section. Each leaflet
consists of 3 distinct layers: the elastin-rich ventricularis (v) on the ventricle side of
the valve, the GAG-enriched spongiosa (s) in the center, and the collagen-enriched
fibrosa (f) on the outflow side of the valve. Movat pentachrome stain (collagen yellow; proteoglycan - blue; elastin and nuclei - black; cytoplasm and muscle – red),
100x magnification. C) Staining for CD31, and endothelial cell marker, shows that
VICs are found throughout the valve (nuclei only), and a monolayer of VECs coat the
blood-contacting surfaces (green). Scale bar = 200 µm. Images from Schoen, 200816
and Wang et al., 201320.
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Valvular interstitial cells (VICs) are found throughout all three layers of the valve, while
the blood-contacting surfaces of the valve are covered by a layer of valvular endothelial cells
(VECs)16 (Figure 1.2C). Note that the valve cusps are largely avascular, as oxygen requirements
are met by diffusion through this relatively thin (~500 µm) tissue18. The valve ECM is actively
maintained by the resident VICs19. VICs are a heterogeneous population of cells consisting
mostly of fibroblasts, but also containing small populations of cells that are positive for
myofibroblast or progenitor cell markers20. VECs align perpendicularly to the direction of flow
and contribute to regulation of inflammation and thromboresistance10,21. Additionally, VECs
influence the phenotype of the VICs through paracrine signaling regulated by several mediators,
including nitric oxide, endothelin, and natriuretic peptides21–23.

1.3. The fibroblast-to-myofibroblast transition
1.3.1. The role of myofibroblasts in the body
Myofibroblasts play a critical role in remodeling and repair of numerous tissues and
organs throughout the body, including skin, lung, liver, kidney, and heart. In general, the
fibroblast-to-myofibroblast transition results in increased cell contractility (due to the formation
of bundles containing actin and myosin), increased proliferation, and increased secretion of
extracellular matrix (ECM) proteins24. This myofibroblast phenotype promotes wound healing,
as the myofibroblasts contract the tissue and generate new ECM. Once the wound has healed, the
myofibroblast population is reduced25. If instead the myofibroblast population persists, this
pathological activation can lead to tissue fibrosis (Figure 1.3). One example of pathological
fibrosis is hypertrophic scarring after a skin wound; however, persistent activation to the
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myofibroblast phenotype is also associated with a wide range of fibrotic diseases, including
pulmonary fibrosis, scleroderma, cirrhosis, and cardiovascular disease26.

Figure 1.3. VIC activation. When VICs become activated to the myofibroblast phenotype,
they exhibit increased contractility with αSMA+ stress fibers, proliferation, cytokine
secretion, MMPs, TIMPs, and ECM deposition. This change in phenotype results in
remodeling of the ECM. These changes initiate feedback loops, with negative feedback
leading to tissue homeostasis; however, positive feedback leads to persistent VIC activation
and fibrosis.

1.3.2. The fibroblast-to-myofibroblast transition in the aortic valve
VICs are a heterogeneous cell population, consisting largely of fibroblasts that reside in
the leaflets of healthy adult valves27. Interestingly, the phenotype of the VIC population shifts
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significantly throughout development, adulthood, and disease. During fetal development, there
is a large population of activated myofibroblasts (>50%), as myofibroblasts play a critical role in
valve development and tissue deposition16,28.

By adulthood, VIC myofibroblasts exist at

relatively low levels in healthy valves (<5%), but play an important role in maintaining valve
homeostasis29. While these myofibroblasts are necessary for the generation and maintenance of
healthy valve tissue, the persistent activation of VICs to the myofibroblast phenotype can lead to
aortic valvular stenosis30. High levels of VIC activation correspond to stiffening of the valve
ECM in both development and disease29. These changes in VIC activation levels and valve
stiffness are illustrated in Figure 1.4.

!
Figure 1.4. Changes in VIC activation and ECM stiffness with increasing age. In utero,
the VIC population is highly activated and remodeling the very compliant tissue in order
to develop a functional aortic valve. The phenotype shifts slowly during childhood to
quiescence as stiffness increases. During adulthood, valve modulus and percentage of
activated myofibroblasts are largely constant. Many people over 60 exhibit signs of aortic
valve disease, with a higher percentage of VIC myofibroblasts and increasing valve
stiffness. Image from Merryman, 201029.
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1.3.3. Molecular mechanisms in myofibroblast activation and valve disease progression
There are a number of stimuli that can play a role in VIC activation and in the initiation
and progression of aortic stenosis (Figure 1.5). Mechanical signals caused by the deformation of
the valve in response to hemodynamic forces can influence both VIC and VEC phenotype. In
vitro, valves exposed to elevated cyclic stretch had higher expression levels of matrix remodeling
genes, consistent with changes observed in stenotic valves31. A co-culture model demonstrated
that VECs reduce VIC proliferation in a shear stress-dependent manner21. Patients with a
congenital bicuspid aortic valve tend to develop aortic stenosis much earlier than people with
tricuspid valves, likely as a result of the increased stresses exerted on bicuspid valves and
dysregulated molecular mechanisms32,33. VICs also receive mechanical signals by generating
force on the surrounding ECM and sensing the local matrix modulus. In vivo, VIC activation
correlates with a higher valve modulus29, and corresponding in vitro experiments have
demonstrated that higher substrate stiffness leads to the activated myofibroblast phenotype34.
Endothelial integrity is important to valve homeostasis and the suppression of the
myofibroblast phenotype. The disruption of the endothelium in hypercholesterolemic rabbits led
to increased VIC activation, as well as macrophage accumulation, demonstrating the importance
of the endothelium in regulating VIC phenotype35. Inflammation is also associated with valve
disease, with stenotic valves exhibiting infiltration by macrophages and lymphocytes36.
Inflammatory cytokines, such as TGF-β1, increase VIC activation, and can be secreted by
inflammatory cells or by the VICs themselves37,38. TGF-β1 has been recognized as a key
cytokine capable of inducing the myofibroblast differentiation in VICs and other
fibroblasts25,37,39,40.

Treatment of VICs with TGF-β1 increases αSMA expression and
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contractility37 through a SMAD-dependent mechanism41. The importance of TGF-β1 is also
demonstrated by the finding that calcified aortic valves contain much higher levels of TGF-β1, as
well as increased levels of the receptor TGF-βRI42. Interestingly, the influence of this soluble
factor is dependent on the extracellular matrix mechanics, as cells must be able to generate
enough force to convert the latent TGF-β1 complex to its active form43. The level of VIC
activation in response to TGF-β1 is further influenced by the type of extracellular matrix proteins
present44.

Eventually, persistent activation of VICs to the myofibroblast phenotype and

extensive fibrosis in the valve can lead to calcification, which occurs through either osteogenic
differentiation of resident cells or by mineralization within apoptotic nodules (Figures 1.1B,
1.6C)5.
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Figure 1.5. VIC activation to the myofibroblast phenotype. A number of stimuli have been
identified, both in vivo and in vitro, that activate quiescent VIC fibroblasts to the
myofibroblast phenotype. Some of these stimuli include matrix modulus, matricellular
signaling, external forces, TGF-β1 signaling, endothelial dysfunction, and inflammation.
Interactions between these stimuli complicate the understanding of the mechanisms leading to
the fibroblast-to-myofibroblast transition. Additionally, many of these signals involve
feedback loops, where the activated myofibroblasts amplify the original cue, further
complicating the study of the fibroblast-to-myofibroblast transition. Persistent activation of
the myofibroblast phenotype eventually leads to fibrotic stiffening and thickening of the
valve, which causes stenosis.

11!

!

1.3.4. Matrix remodeling in aortic stenosis
In patients with aortic stenosis, resident valve cells secrete increased levels of both ECM
proteins and enzymes that degrade the ECM and disrupt the trilaminar structure of the valve
(Figure 1.6)32.

Much of the fibrotic thickening of diseased valves is due to increased

proteoglycan content32 (Figure 1.6B). Increases in proteoglycans may exacerbate fibrosis, as
these proteins are involved in collagen fibrillogenesis, sequestration of growth factors, and lipid
binding45. Additionally, diseased valves contain some ECM proteins, such as collagen types II
and X, that are not found in healthy adult valves46. The myofibroblast VICs also secrete
increased levels of collagen types I and III; however, due to large increases in total protein
content, collagen makes up only 50% of the protein in non-calcified regions of diseased valves,
compared to 90% in healthy valves47. Shifts in collagen content and type influence cell
phenotype through multiple mechanisms.

Deposition of collagen changes the mechanical

properties of the valve, which is detected by the cells through mechanotransduction. Collagen
structure is dependent on the isoform, and shifts in collagen composition can change the
mechanics and therefore function of the valve. Type I collagen assembles into fibers, while type
X is a short chain collagen that assembles into hexagonal matrices48. Growth factor sequestration
depends on collagen type as well, with type IIA binding to TGF-β1 and BMP249, and potentially
causing a feed-forward loop to exacerbate valve fibrosis. Additionally, matricellular signaling is
affected by collagen type, as different receptors bind to the various isoforms50.
Beyond changes in the composition of deposited ECM, increases in matrix
metalloproteinases (MMP), specifically MMP3, MMP9, and MMP1251,52, are also observed in
valve disease, leading to the disruption and fragmentation of collagen and elastin fibers32. Tissue
inhibitors of MMPs (TIMPs) also regulate ECM remodeling. In stenotic valves, there is an
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increase in TIMP1, while TIMP2 is constitutively active51. Overall, this shift in the regulation of
ECM remodeling proteins changes the structure of the valve matrix and causes a thickening and
stiffening of the valve tissue36. This change in the ECM leads not only to mechanical changes in
the valve, but also influences biological signaling cascades through matricellular signaling
initiated by integrin binding to adhesive sites in the ECM17.

!
Figure 1.6. Matrix remodeling in aortic stenosis. Movat’s pentachrome stain (collagen yellow; proteoglycan - blue; elastin and nuclei - black; cytoplasm and muscle – red) of A) a
healthy porcine aortic valve, B) a porcine valve exhibiting early signs of valve disease, and
C) a calcified human valve. Initially disease progression includes thickening, increased
ECM deposition (most notably a proteoglycan-rich region (blue) laid on the fibrosa), and
fragmentation of elastin fibers (black). Further disease progression results in additional
ECM remodeling and frequently results in the formation of calcified nodules (purple). Scale
bar = 200 µm (A & B) or 1 mm (C). Adapted from Chen et al., 201117.

13!

1.3.5. Fibrotic and calcific contributions to aortic stenosis
While the valves of patients with severe aortic stenosis typically exhibit calcification and
contain calcific nodules, there is some debate as to whether this calcification is a critical
contributor to regurgitation or reduced valve function53. Although calcification is present in
most patients that require aortic valve surgery, children that have developed symptoms due to a
bicuspid or unicuspid valve typically have minimal or no calcification even when suffering from
severe stenosis54–56.

The importance of fibrosis rather than calcification has also been

demonstrated in animal models. Activin Receptor Type 1 (Alk2) knockout mice develop aortic
stenosis without calcification or inflammation57. Further, the elimination of calcification does
not necessarily improve valve function. The reversa mouse model (Ldlr–/–Apob100/100/Mttpfl/fl
Mx1Cre+/+) gives the experimenter the ability to reverse hypercholesterolemia, a risk factor for
aortic stenosis, using a genetic switch58. After these reversa mice develop aortic stenosis,
reversal of hypercholesterolemia reduces calcification by up to 70%, but profibrotic signaling
remains elevated and function is not recovered59. These findings emphasize the importance of
the underlying fibrosis in the development of disease and in strategies to potentially reverse
aortic stenosis.

1.4. The extracellular matrix directs VIC phenotype
VIC phenotype is influenced not only by soluble biochemical cues, like TGF-β1, but also
by mechanical cues from the ECM. Cells bind to ECM proteins using transmembrane receptors
called integrins (Figure 1.7)60. Integrins are heterodimeric proteins, and the combination of
subunits determine which peptide sequences the integrin is able to bind. Inside the cell, integrins
bind to a number of proteins, such as vinculin, talin, and α-actinin, which connect the integrins to
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the actin cytoskeleton. Signaling molecules such as focal adhesion kinase (FAK) and p130CAS
are known to interact with these integrins61. These signaling events are upstream of many
pathways, including the PI3K/AKT, MAPK, ERK, and Rho pathways, which ultimately
influence cell proliferation, contractility, transcriptional regulation, and other cell functions62.

Figure 1.7. Cells sense, respond to, and remodel the ECM. A) Schematic showing fibroblast
attachment to ECM proteins through integrins. The integrins connect to the actin
cytoskeleton via linker proteins and initiate intracellular signaling cascades, including the
RHO pathway and YAP/TAZ translocation. These integrin-ECM linkages enable cells to
generate force by pulling on the ECM proteins. Image modified from Humphrey et al.,
201462.
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Rho signaling is of particular interest, as Rho-mediated contractility is necessary for cells
to sense their mechanical environment and drives stress fiber formation63–65. The MAPK/ERK
signaling pathway has been implicated in VIC calcification and likely plays an important role in
valve disease66.

Further downstream, yes-associated protein (YAP) and transcriptional co-

activator with PDZ-binding motif (TAZ) have been identified as key transducers of mechanical
signals to nuclear transcription67. On soft substrates, YAP/TAZ remain in the cytoplasm and are
subject to proteosomal degradation, but on stiff substrates, these transcriptional co-activators
translocate to the nucleus. Nuclear localization directs cell phenotype, leading to increased
proliferation68, fibroblast activation, ECM deposition, and contractility69.
These examples illustrate that mechanical cues from the ECM can direct cell phenotype,
but the cells also alter their mechanical environment, which can result in complex feedback loops.
Tissue homeostasis requires negative feedback loops, in which cells respond to a stiffened
environment by preventing further stiffening; in contrast, positive feedback leads to pathological
cell behavior and fibrosis (Figure 1.3).

Further elucidation of the molecular mechanisms

controlling these feedback loops would be valuable towards the identification of targets that
could be leveraged to prevent valve disease.
Biomaterial matrices allow controlled in vitro experiments to study specific interactions
between VICs and the ECM. For example, fibronectin-coated TCPS reduced αSMA expression
and calcification markers, while fibrin-coated TCPS increased both αSMA and calcification70.
Effects of matricellular signaling are observed even when a short peptide sequence from a
protein is used rather than the full protein. Gould et al. found that a collagen-derived peptide,
P15, increases VIC αSMA expression on hydrogels compared to substrates that contain RGDS, a
fibronectin-derived peptide, with or without VGVAPG, an elastin-derived peptide71. Further,
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these effects are context-dependent, as in 3D hydrogel cultures, VGVAPG resulted in higher
VIC activation than either RGDS or P1572.
ECM remodeling during fibrosis results in a shift in both the biochemical composition of
the matrix, as well as the valve modulus29. While correlations have been developed to relate
ECM stiffness or composition to VIC phenotype for valves in vivo, the precise cause-and-effect
relationships within this cascade of changes in the valve are difficult to elucidate in humans
because metrics such as cell phenotype, infiltration of inflammatory cells, and characterization of
ECM components can only be characterized after the valve has been explanted. Typically, these
valves can only be acquired during surgical replacement, which generally occurs at late stages of
the disease. Thus, animal models provide a way to examine these changes at earlier time points
in the progression of valve disease. Mice with genetic or dietary modifications are the most
common model for aortic stenosis1, but rabbit73 and porcine74 models have also been developed.
Unfortunately, each of these animal models has its drawbacks: mice lack the trilaminar valve
structure found in humans, while rabbit and porcine models have only been able to recapitulate
the early stages of valve disease1. The ability of the VICs to remodel their local environment and
influence the behavior of other cell types further complicates the elucidation of the impact of
specific cues on VIC activation, necessitating the development of methods to investigate specific
variables.

This thesis work aims to improve our understanding of the VIC fibroblast-to-

myofibroblast transition through the development of culture platforms to recapitulate specific
cues and isolate the effects of these cues on VIC phenotype.
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1.5. Hydrogels as matrices to study and quantify VIC phenotype in vitro
To isolate the effects of specific stimuli on VICs, the number of variables influencing cell
phenotype can be reduced through the use of in vitro experiments. Many culture platforms have
also been implemented to study VIC phenotype. Valve explants can be cultured ex vivo75,76;
bioreactors have been used to control mechanical stretching31,77; and natural and synthetic
hydrogels have been used to recapitulate the valve matrix in vitro. The most common approach,
however, is to isolate the cells and culture them on tissue culture polystyrene (TCPS) plates. The
use of traditional cell culture methods, in which cells are isolated from their complex, 3D
environment and expanded on TCPS, leads to pathological activation of VICs37. Because of this
high level of background activation, progress towards elucidating some of the biochemical
signaling cascades that are important in valve disease has been limited. As shown in Figure 1.8,
when VICs that have been removed from the valve (P0) are plated on TCPS, dramatic changes in
gene expression levels occur78. Specifically, 2173 gene probes are up-regulated and 1926 are
down-regulated by simply plating the VICs, but even more interestingly, these changes are
orders of magnitude greater than the differences induced by treatment with TGF-β1, a potent
activator of the myofibroblast phenotype.

It is also important to note that this persistent

activation makes it difficult, if not impossible, to study the fibroblast-to-myofibroblast transition,
especially its reversal. Collectively, this is just one example that supports the hypothesis that the
VIC microenvironment has a dramatic influence on its phenotype, and motivates the application
of biomaterials matrices when studying VICs in vitro.
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Figure 1.8. Culture on TCPS dramatically alters VIC phenotype. A) Microarray data show
that culturing VICs on TCPS results in many changes in gene expression compared to freshly
isolated (P0) VICs, with each row representing a different gene probe and the color
representing the expression level. B) 2173 gene probes were upregulated and 1926 gene
probes were downregulated on TCPS. In comparison, treatment with TGF-β1, a potent
inducer of the myofibroblast phenotype, resulted in much fewer differences in the
transcriptional profile. Additionally, many of the genes upregulated by TGF-β1 treatment did
not overlap with genes upregulated by TCPS culture. Adapted from Wang et al., 201378 to
include unpublished data.
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To better understand how matrix mechanical signaling influences VIC expression, VICs
have been seeded on soft hydrogels of physiologically relevant moduli instead of TCPS, which is
more than 5 orders of magnitude stiffer than the aortic valve. Wang et al. noted that when VICs
were cultured on softer (~7 kPa) hydrogel substrates, the quiescent fibroblast phenotype could be
maintained, indicating the importance of substrate modulus in the determination of VIC
phenotype (Figure 1.9)78.
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Figure 1.9. Soft gels recapitulate activation levels in aortic valve. Immunostaining for αSMA
shows that healthy valves contain <5% activated myofibroblasts. Culture on TCPS leads to
the activation of nearly all of the VICs to the myofibroblast phenotype. When VICs are
instead cultured on a soft hydrogel, activation levels are very low, similar to those found in
vivo. Green: αSMA, Blue: nuclei. Scale bar: 100 µm. Adapted from Wang et al., 201378.

A wide range of biomaterials with more physiologically-relevant moduli have been
implemented for the culture of cells in both two and three dimensions, as reviewed by Peppas et
al.79 and Tibbitt et al.80. Of these, hydrogels are a particularly attractive culture platform for
VICs not only because of their soft moduli, but also because of their favorable mass transport
properties and high water content, which mimics the water content in many soft tissues, such as
the valve. Natural protein matrices, such as collagen or fibrin, form soft hydrogels relevant for
the culture of VICs81,82. These protein-based hydrogels inherently contain numerous biological
signals that promote VIC survival and spreading, permit local degradation of the matrix, and
initiate signaling cascades that can influence VIC function; however, they are typically too soft
to study the effects of mechanical signaling, and VICs can rapidly contract these matrices13.
This motivated our interest in synthetic matrices with more tunable moduli, but which allow
incorporation of some of the key biological functionalities. For example, the glycosaminoglycan
hyaluronic acid has been covalently crosslinked to form hydrogels with improved mechanical
properties while retaining the ability to promote VIC survival and ECM deposition83.
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Alternatively, peptide-fuctionalized PEG hydrogels can promote cellular interactions with the
matrix while maintaining precise control over the mechanical and biochemical properties. These
PEG-peptide hydrogels will be the focus of this thesis work.
Poly(ethylene glycol) (PEG) is a common choice for synthetic hydrogels due to its
hydrophilicity and low levels of protein adsorption84. PEG polymers can be functionalized with
a variety of reactive endgroups, such acrylates, vinyl sulfones, or norbornenes, that can be
utilized for the formation of a covalently crosslinked network. Of particular interest for the
formation of cytocompatible cell culture platforms are thiol-ene chemistries due to their high
yields, lack of oxygen inhibition, aqueous reaction conditions, and biological orthogonality85.
The step-growth networks formed by thiol-ene reactions have more homogeneous network
structures than chain-growth networks86. Additionally, thiol-ene chemistries also allow for the
simple incorporation of any cysteine-containing biomacromolecule (e.g., peptides, proteins)
without any additional modifications. These cues can be presented in a controlled manner to
promote cell attachment87 or to incorporate enzymatically-cleavable sites88. Thiol-ene hydrogels
can be formed through a photo-initiated polymerization, which results in cytocompatible reaction
conditions that can be spatially and temporally controlled89.
2D in vitro experiments comparing VIC phenotype when cultured on a range of substrate
elasticities using PEG hydrogels generally show that lower moduli (E < ~5 kPa) lead to a mostly
quiescent VIC phenotype, while higher substrate moduli (E > ~25 kPa) activate most VICs to
myofibroblasts. A range of activation levels are observed at intermediate elasticities34,90. These
trends recapitulate aspects of valve disease, with the stiffer, disease-like substrates leading to the
myofibroblast phenotype that is more prevalent in diseased valves. Interestingly, this activation has
been observed to be reversible, at least over short times scales (<1 week), in response to changes in
the local environmental mechanics, when in situ softening hydrogels were used to study VIC
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deactivation91.

Substrate elasticity has also been shown to influence VIC morphology and

calcification, with stiffer substrates leading to a more spread, elongated morphology and higher
levels of calcium deposition90,92. While there has been much progress in understanding how VICs
respond to mechanical and biochemical cues in two dimensions, less is known about how these
factors may influence phenotype in a three-dimensional environment.

Peptide-functionalized PEG hydrogels formed via the tiol-ene photoclick reaction can be
used to further recapitulate the native cellular microenvironment through the encapsulation of
cells within a 3D matrix (Figure 1.10A)80.

The dimensionality in which matrix cues are

presented is important because the dimensionality of a cell’s microenvironment can influence
many cellular characteristics, including polarity, morphology, motility, focal adhesion
distribution, contractility, cell-cell interactions, diffusion of cell-secreted factors, and matrix
remodeling93–99.

Benton et al. demonstrated high viability of

VICs encapsulated within

enzymatically-degradable PEG-based hydrogels formed by the photopolymerization of a 4-arm
PEG-norbornene with dithiol peptide crosslinks.

Results showed that the addition of the

adhesive peptide sequence RGDS led to VIC elongation within the gel (Figure 1.10B)100.
Immediately after encapsulation, VICs exhibited high levels of αSMA mRNA, likely due to the
recent removal from TCPS. After two days, αSMA levels were dramatically lower; however,
increasing αSMA was observed over time as the VICs continued to interact with and remodel the
matrix. These findings demonstrate that the microenvironmental mechanical properties are
critical to the VIC function, but also suggest that dynamic alterations in the environment lead to
differences in phenotype over time.
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Figure 1.10. PEG hydrogels to study VICs in vitro. A) Multi-arm PEG molecules are
functionalized with norbornene to undergo a thiol-ene “click” reaction with thiols on cysteinecontaining peptides to form a step-growth network. An MMP-degradable peptide sequence
flanked by cysteines is incorporated within the network to permit cell-mediated local
degradation. The adhesive peptide facilitates cell-matrix interactions and is incorporated
pendantly. B) Live/dead staining of VICs encapsulated within PEG hydrogels shows local
degradation and cell spreading in a manner that is dependent on the crosslinking density (wt%
monomer). Scale bar = 200 µm. Adapted from Benton, et al., 2009100.
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The valve microenvironment is in a state of constant turnover, with the VICs replacing
ECM that has been damaged by the mechanical stresses exerted on the valve. In a diseased state,
this environment becomes even more dynamic, with dramatic changes in the tissue mechanical
properties and biochemical composition. To understand how VIC phenotype is influenced by
these changes, culture platforms have been developed to recapitulate some of these dynamic
changes. Figure 1.11A shows the change in modulus of a photoresponsive material that contains
nitrobenzyl ether-derived groups that were cleaved by light101. The final modulus of the material
is controlled by the dose of light applied to the hydrogel. This platform was implemented to
study how activated VICs cultured on a stiff (32 kPa) substrate respond to a reduction in
modulus and demonstrated that a reduction in substrate modulus was sufficient to reduce VIC
activation (Figure 1.11B)34. Further investigation revealed that the reduction in the percentage of
myofibroblasts was in fact due to deactivation of myofibroblasts and not a result of apoptosis of
the activated VICs91. The PI3K/AKT pathway has been implicated in this response to substrate
stiffness. VICs seeded on TCPS and treated with a PI3K inhibitor do not exhibit αSMA stress
fibers, and softening of a 32 kPa activating substrate to 7 kPa caused a reduction in pAKT in
VICs78.
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Figure 1.11. Dynamic hydrogel substrates to study VIC phenotype. A) PEG hydrogel
modulus was reduced by photodegradation by 365 nm light. Adapted from Kloxin et al.,
2009101. B) VICs were seeded on 32 kPa (a) or 7 kPa (b) substrates, which resulted in high or
low activation, respectively, after 3 days. When the 32 kPa substrate was reduced to 7 kPa on
day 3, nearly all of the VICs deactivated to the level seen on 7 kPa by day 5. Adapted from
Kloxin et al., 201034.

This photodegradable platform permits the study of a reduction in matrix modulus;
however, the ability to cyclically stiffen and soften may be more relevant to the continuous
injury and repair that occurs in valve homeostasis. To recapitulate these dynamic changes in
matrix mechanics, VICs were encapsulated in a photoresponsive hydrogel in which exposure to
either 365 nm or 405 nm light would reversibly change the conformation of an azobenzene group
incorporated within the network, thereby decreasing or increasing the matrix modulus102.
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1.5. Thesis approach
The objective of this thesis is to understand how cell-matrix interactions direct VIC
phenotype using tunable PEG hydrogels as synthetic ECM mimics. An improved understanding
of how VICs become persistently activated to a myofibroblast phenotype is critical to the
elucidation of the biomolecular mechanisms that contribute to fibrosis and progression of aortic
stenosis. Insight into the regulation of VIC phenotype would help identify strategies that could
be leveraged to prevent or reverse valve disease.
We hypothesize that VIC interactions with the ECM direct critical cell functions, such as
ECM remodeling, contractility, and cytokine secretion, and that VIC phenotype can be actively
regulated by the presentation of specific matrix cues. The principal objectives and rationale of
this thesis are outlined in Chapter 2. The first aim in this thesis research is to characterize the
influence of dimensionality on VIC phenotype, as the 2D geometry of traditional in vitro studies
is diametrically opposed to the natural 3D environment of these cells. In addition to the standard
method of characterizing VIC phenotype by counting the percentage of VICs with αSMA stress
fibers, a hallmark of the myofibroblast phenotype, a global transcriptional analysis was
performed to more fully describe the VIC myofibroblast phenotype and changes that occur in
this phenotype during culture in different matrix microenvironments. Chapter 3 reports on the
results of this analysis.
Chapter 4 describes a method for in situ stiffening of cell-laden hydrogels using
sequential gelation steps to study the influence of increasing modulus on VIC phenotype in 3D.
This approach makes possible the deconvolution of two variables that are typically
interdependent in 3D studies: morphology and matrix modulus.
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The ability to separately

investigate these variables is important, as both morphology and substrate modulus have been
shown to direct cell phenotype in 2D experiments.
The vast collection of changes that occur in the dynamic VIC microenvironment during
valve disease progression present a number of potentially important cues in the determination of
VIC phenotype. To better understand which of these many cues are critical to directing VIC
phenotype, high-throughput approaches that recapitulate the dynamic nature of the cellular
microenvironment during disease progression are needed. Building on the PEG-peptide matrices
that are useful for VIC culture, Chapter 5 focuses on the development of a dynamic, highthroughput cell encapsulation platform in which both soluble and matrix cues can be added in
situ to represent the changing VIC microenvironment in disease progression. Finally, Chapter 6
presents the conclusions of this thesis work and discusses recommendations for future studies.
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Chapter 2

Thesis Objectives
!
!
!
Valvular interstitial cells (VICs) are active regulators of valve homeostasis, responsible
for secretion and remodeling of the valve extracellular matrix; however, misregulation of VIC
activity has also been implicated in valve disease1. As a result of VIC activity, the modulus of
the valve leaflets can substantially change during development, injury and repair, and disease
progression, eventually influencing the ability of the valve to functional properly. For example,
in disease, persistent activation of VICs to the myofibroblast phenotype results in deposition of
large quantities of collagen and proteoglycans, causing a thickening and stiffening of the valve2.
In contrast, during development and typical tissue repair, VICs activation is transient and
reduced before excessive remodeling leads to a reduction in valve function3.
Beyond changes in matrix deposition and stiffening, many characteristics of the local
microenvironment influence VIC activity, including matrix density, adhesion ligands, growth
factor sequestration and matrix modulus. These factors not only affect cell phenotype directly but
also influence variables such as cell shape. Generally speaking, cells sense the extracellular
matrix (ECM) through focal adhesions that can involve different integrins and proteins, further
complicating the understanding of this outside-in signaling4–6. Understanding the molecular
level details as to how extracellular signals are translated to the nucleus to influence cell fate
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remains a challenge for the field. This paucity of information has led to many pioneering studies
of cell-matrix interactions in culture. For example, many of these matrix interactions can be
isolated and studied on 2D surfaces, and these experiments have helped define our current
understanding of the role of extracellular adhesive ligands, stiffness, and composition in
directing and maintaining VIC function. However, large gaps remain and our understanding of
VIC responses in vivo would benefit from more advanced culture systems and measurements in
3D systems. For example, 2D biomaterial substrates have been used to study mechanosensing
and its influence on VIC phenotype7–9, but much less is known about how VICs respond to
matrix elasticity in a 3D environment, where many aspects of matrix signaling are highly
coupled (e.g., MMP activity, cell shape, and local material properties). Thus, this thesis research
aims to understand how mechanical signaling from the extracellular matrix influences VIC
function in 3D, using synthetic extracellular matrix mimic that provide a more physiologically
relevant context.
To understand how matrix mechanics and dimensionality coordinate together to direct
VIC phenotype, we hypothesize that VIC phenotype can be assessed by the temporal
presentation of mechanical and biochemical matrix cues to elucidate mechanisms regulating the
fibroblast-to-myofibroblast transition. To test this hypothesis, we propose to develop hydrogel
platforms for VIC culture that allows control of the presentation of microenvironmental cues in
3D and over time, and to further study the impact of these cues on the VIC phenotype, especially
the transition between the fibroblast and myofibroblast phenotype. Ultimately, this insight into
the modulation of VIC phenotype may guide efforts to prevent or treat valve disease by better
understanding how matrix signaling influences VICs and then using this knowledge in tissue
engineering applications or to identify small molecule inhibitors that might direct VICs towards
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a desired phenotype in vivo. To achieve these goals, the specific aims of this research are to:
Aim 1. Investigate the role of dimensionality in directing VIC phenotype using peptidefunctionalized poly(ethylene glycol) (PEG) hydrogels.

VICs will be seeded on or

encapsulated in hydrogel materials that are engineered to serve as simplified, synthetic mimics of
the extracellular valve environment.

Cells will be characterized by immunostaining for

traditional myofibroblast markers, such as α-smooth muscle actin (αSMA) stress fibers, and
quantifying mRNA levels of αSMA, S100A4, and other genes. As a control, we will compare
molecular markers of VICs cultured on or in these 2D and 3D hydrogels to those directly isolated
from aortic valves or cultured on traditional tissue culture polystyrene (TCPS). Transcriptional
analysis will be performed to obtain a global comparison of the VIC phenotypes and to identify
specific cellular functions that are most influenced by the culture platform. Additionally, this
analysis will be used to identify representative markers of the VIC myofibroblast phenotype. We
hypothesize that encapsulation of VICs in 3D hydrogels will most closely recapitulate the native
phenotype.

Aim 2. Probe changes in VIC activation in response to matrix elasticity in 3D
environments. VICs will first be encapsulated in hydrogels of varying moduli and characterized
by measuring cell elongation, immunostaining for αSMA, and performing qPCR to measure
αSMA mRNA levels. We will then develop a platform to dynamically increase the modulus of
these VIC-laden hydrogels in situ and at any selected time point during the culture (e.g., after the
cells have elongated). The effects of this step change in modulus on VIC phenotype will be
quantified by immunostaining for αSMA and measuring mRNA levels of myofibroblast- and
fibroblast-related genes.
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Aim 3. Develop a high-throughput cell encapsulation platform to screen the effects of
temporal presentation of multiple microenvironmental cues on the VIC fibroblast-tomyofibroblast transition. Both matricellular and biochemical signaling can influence VIC
activation, with synergistic or antagonistic effects. To screen through the many conditions that
may be important in the regulation of VIC phenotype, we will develop a high-throughput system
to encapsulate VICs within 3D hydrogels and measure the percentage of activated VICs, cell
morphology, and αSMA expression as a function of matrix properties.

To recapitulate the

changing environment present in fibrotic diseases, dynamic alterations in the hydrogel matrix
will be induced by photoinitiated thiol-ene reactions. A fibronectin-derived adhesive ligand will
be introduced to elucidate the effects of shifts in matrix composition on VIC phenotype, while in
situ stiffening will recreate the increases in valve modulus that occur throughout the progression
of valve development and/or disease.

Ultimately, these matrix cues will be studied in

combination with pro-inflammatory cytokines that are implicated in aortic stenosis and VIC
activation.
Upon completion of these aims, we will have an improved understanding of phenotypic
differences between VIC fibroblasts and myofibroblasts.

Further, we will identify culture

platforms that enable the study of the fibroblast-to-myofibroblast transition in vitro. Using these
culture platforms, we will determine which mechanical cues lead to VIC activation. Since valve
disease progression involves a complex interplay between many mechanical and biochemical
cues, the high-throughput screening platform will enable us to investigate a wide range of
potentially activating or deactivating signals, both individually and in combination.
Additionally, the dynamic nature of this platform will recapitulate the dramatic changes in the
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diseased valve, and will facilitate the characterization of VIC phenotype in response to sequential
stimuli. This understanding of how VIC response to biochemical treatments varies in response
to the changing ECM could contribute to the identification of ranges of disease severity at which
treatments may be effective.
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Chapter 3

Microarray analyses to quantify advantages of 2D and 3D hydrogel culture systems in
maintaining the native valvular interstitial cell phenotype
!

Abstract
Valvular interstitial cells (VICs) actively maintain and repair heart valve tissue; however,
persistent activation of VICs to a myofibroblast phenotype can lead to aortic stenosis. To better
understand and quantify how microenvironmental cues influence VIC phenotype and
myofibroblast activation, we compared expression profiles of VICs cultured on poly(ethylene
glycol) (PEG) gels to those cultured on tissue culture polystyrene (TCPS), as well as fresh
isolates. In general, VICs cultured in or on hydrogel matrices had lower levels of activation
(<10%), similar to levels seen in healthy valve tissue, while VICs cultured on TCPS were ~75%
activated myofibroblasts. VICs cultured on TCPS also exhibited a higher magnitude of
perturbations in gene expression than soft hydrogel cultures when compared to the native
phenotype. Using peptide-modified PEG gels, VICs were seeded on (2D), as well as
encapsulated in (3D), matrices of the same composition and modulus. Despite similar levels of
activation, VICs cultured in 2D had distinct variations in transcriptional profiles compared to
those in 3D hydrogels. Genes related to cell structure and motility were particularly affected by
the dimensionality of the culture platform, with higher expression levels in 2D than in 3D. These
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results indicate that dimensionality may play a significant role in dictating cell phenotype (e.g.,
through differences in polarity, diffusion of soluble signals), and emphasize the importance of
using multiple metrics when characterizing cell phenotype.

3.1. Introduction
VICs are the primary cell type found within heart valves. In patients with aortic stenosis,
VICs remodel their surrounding extracellular matrix (ECM) in a manner that causes
pathological stiffening of the valve1,2; this fibrotic stiffening can then lead to regurgitation or
obstruction of blood flow3. Currently, there are no pharmaceutical therapeutics that have proven
to be effective for the reversal of aortic stenosis, and the main treatment option is surgical
replacement of the valve4.

While advances have occurred in minimally invasive valve

replacement therapies, a better understanding of VIC biology may provide alternative solutions
to valve replacement by focusing on reversal or slowing of disease progression. To address this
need, in vivo models are highly relevant, but their complex nature makes it difficult to elucidate
specific mechanisms of VIC activation and disease progression. In contrast, in vitro systems
provide a high level of control, but these systems are limited by physiological relevance and
must be evaluated for their ability to recapitulate mechanism of interest. For these reasons, in
vivo and in vitro experiments are complementary and both approaches are needed.
In healthy cardiac valves, the majority of VICs exhibit a quiescent fibroblast phenotype5;
however, in patients with valve disease, many VICs become activated to a myofibroblast
phenotype. The VIC myofibroblast phenotype is characterized by the presence of prominent αsmooth muscle actin (αSMA) stress fibers and associated with increased proliferation, ECM
remodeling, and cytokine secretion2,6. In vitro culture systems afford an opportunity to study this
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transition, especially as a function of VIC-matrix interactions and in the absence of the complex
signaling milieu that occurs in vivo. However, dramatic changes occur in the VIC phenotype
when they are isolated from valve tissue and cultured using traditional methods, and this
aphysiological response can complicate the identification of new approaches to regulate the
pathological VIC myofibroblast phenotype.
Culturing VICs on supra-physiologically stiff, 2D tissue culture polystyrene (TCPS) (i.e.,
> 5 orders of magnitude stiffer than compliant valves7) alters many of the signals that the cells
receive8. Unfortunately, with VICs, some of the functions most highly correlated to valve disease
progression are also the ones that are most dramatically affected by culture on TCPS, making it
difficult to study this transition and/or its reversal. Specifically, plating VICs on TCPS leads to
high levels of myofibroblast activation and renders it nearly impossible to study the quiescent
fibroblast phenotype8.
Wang et al. provided one of the first reports quantifying the effect of TCPS culture on
porcine VICs by performing a microarray experiment to measure mRNA levels in freshly
isolated VICs compared to VICs cultured on TCPS. Results showed that over 4000 genes were
differentially regulated, which was two orders of magnitude higher than that observed with
transforming growth factor-β (TGF-β) treatment8. This is significant, as TGF-β is a potent
cytokine that is known to cause activation of myofibroblasts in many tissues, and mis-regulation
of TGF-β signaling has been implicated in heart valve problems related to the use of the antiobesity drug, FEN-PHEN9. Thus, microenvironment is hypothesized to play an important role in
regulating the VIC phenotype, and Wang et al. further demonstrated that culturing VICs on soft
hydrogel substrates restored expression levels of many critical genes to levels measured in
freshly isolated cells.
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While seeding VICs on softer, more biomechanically relevant substrates instead of TCPS
helps recapitulate some aspects of the native VIC phenotype, there are many differences between
TCPS and hydrogel matrices, as well as many differences between the cellular
microenvironment in vivo and hydrogel substrates in vitro. To begin to deconvolute some of
these differences, this work aims to elucidate the effects of dimensionality of the matrix on VIC
interactions and phenotype.

Clearly, removing cells from their three-dimensional native

environment and seeding them on two-dimensional surfaces can significantly affect their
phenotype. As one specific example, previous reports have shown that increasing substrate
modulus in 2D leads to higher levels of VIC myofibroblast activation10, while the opposite effect
was observed in 3D11.
To evaluate the impact of microenvironment on VIC phenotype, additional metrics are
necessary. αSMA stress fibers are a hallmark of the myofibroblast phenotype, but a more
complete description is warranted, especially at the molecular level to better define the
differences between VIC fibroblasts and myofibroblast. Such a global characterization would
provide metrics to distinguish between populations that have similar levels of VIC activation, but
potentially different functional characteristics. For example, nearly 100% of VICs cultured on
TCPS either with or without TGF-β exhibit αSMA stress fibers; however, the addition of TGF-β
does result in an increase in contractility and inhibition of proliferation and apoptosis12. These
functional differences in VIC populations with equivalent activation levels demonstrate the
importance of performing a more in-depth, systematic characterization of VIC phenotype rather
than relying on a single metric. We hypothesize that populations of VICs cultured in different
environments that have the same percentage of activated myofibroblasts can exhibit very distinct
transcriptional profiles.
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Here, we examine the phenotypes of VICs cultured on hydrogel surfaces (2D) and then
compare this to VICs encapsulated within the same hydrogel formulation (3D) using traditional
metrics alongside microarray experiments to measure global gene expression. As a control, VIC
expression in hydrogel matrices is directly contrasted to freshly isolated VICs, as well as VICs
cultured on TCPS. This quantitative approach provides insight into many cell functions through
the measurement of gene expression levels to demonstrate how in vitro culture platforms
influence VIC phenotype. Aortic VICs were used for this study as aortic stenosis is the most
common valve disease in developed countries13. Ultimately, these results should improve the
field’s understanding of the impact of the design of in vitro culture platforms on primary cell
phenotype, especially fibroblast and myofibroblast characteristics. Changes in dimensionality
can impact a wide range of cell functions, and this knowledge should prove useful in the
development of matrices for expanding and culturing cells ex vivo, as well as the engineering of
cell delivery vehicles for in vivo tissue regeneration.

3.2. Materials and Methods
3.2.1. VIC isolation and culture
VICs were isolated from aortic valve leaflets of fresh porcine hearts (Hormel) using a
previously described protocol14. Leaflets were excised and rinsed in Earle’s Balanced Salt
Solution (Life Technologies) supplemented with 1% penicillin-streptomycin (Life Technologies)
and 0.5 ug/mL fungizone (Life Technologies). Leaflets were then incubated in 250 units/mL
collagenase type II (Worthington) for 30 min at 37°C and vortexed for 30 s to remove
endothelial cells. Next, a second incubation in collagenase was performed for 1 hour at 37°C.
Digested leaflets were then vortexed for 2 min and cells were separated from valve debris by
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filtration through a 100 µm cell strainer. The cell solution was centrifuged and the cell pellet was
re-suspended in growth media composed of Media 199 (Life Technologies) supplemented with
15% fetal bovine serum (FBS, Life Technologies), 1% penicillin-streptomycin and 0.5 ug/mL
fungizone. Freshly isolated VICs were then used for RNA isolation or plated on tissue culture
polystyrene (TCPS, Fisher Scientific) and grown to ~80% confluency before use in experiments.
VICs were then seeded on 2D hydrogels at 25,000 cells/cm2, on TCPS at 12,500 cells/cm2, or
encapsulated in 3D hydrogels at 10 million cells/mL. Hydrogel formulations are described in the
next section. Experiments were performed in low-serum (1% FBS) media supplemented with
1% penicillin-streptomycin (Life Technologies) and 0.5 ug/mL fungizone (Life Technologies) in
a 37°C incubator with 5% CO2.

3.2.2. Synthesis of poly(ethylene glycol)-norbornene (PEG-nb)
8-arm PEG-nb was synthesized as described previously15,16. Briefly, stoichiometric
amounts of 8-arm PEG (40 kDa, JenKem) and 4-dimethylaminopyridine (Sigma-Aldrich) were
dissolved in anhydrous dichloromethane (Sigma-Aldrich). A two-fold excess of each 5norbornene-2-carboxylic acid (Sigma-Aldrich) and N-N’-diisopropylcarbodiimide (SigmaAldrich) were added and reaction vessel was purged with argon. After reacting overnight on ice
while stirring, product was precipitated in 4°C ethyl ether (Fisher Scientific). The product was
then filtered and dried by vacuum. Next, the PEG-nb was dissolved in water and purified by
dialysis. The final product was lyophilized, and the overall end group functionality was
characterized by proton nuclear magnetic resonance imaging to confirm >90% functionalization.
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3.2.3. Hydrogel formation and characterization
5 wt% 8-arm PEG-nb was crosslinked with a dithiol-containing, matrix metalloprotease
(MMP)-degradable peptide KCGPQG!IWGQCK (American Peptide Company, Inc.) and with 2
mM CRGDS adhesive peptide (American Peptide Company, Inc.) at a ratio of 0.55 thiols per
norbornene. The photoinitiator lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) was
added at a concentration of 1.7 mM. All components were dissolved in phosphate buffered
saline (PBS, Life Technologies). Non-stoichiometric ratios of the thiol and –ene functionalities
were used to control the final crosslinking density, and ultimately, the gel connectivity and shear
modulus to permit cell spreading in cell-laden hydrogels within 48 hours.
2D hydrogels were fabricated on glass coverslips that had been thiolated by vapor
deposition of 3-(mercaptopropyl) trimethoxysilane in an 80°C oven to facilitate covalent
anchoring of the gels to the coverslips. First, the monomer solution was pipetted onto a
SigmaCote (Sigma-Aldrich) treated glass slide and covered with a thiolated coverslip such that
the final gel thickness was ~100 µm. For 3D hydrogels, 10 million cells/mL were suspended in
the monomer solution, and 29 µL of the cell-monomer solution were added to a mold (5 mm
diameter) placed on a SigmaCote treated glass slide. Hydrogels for rheological characterization
were formed in the same manner as the 3D hydrogels but without embedded cells. All hydrogels
were polymerized by exposure to UV light (~2 mW/cm2 at 365 nm) for 3 min, as determined by
monitoring the evolution of the elastic modulus and its plateau. Gels were then placed in wells
containing low-serum media (1% FBS). 2D gels were allowed to swell overnight before seeding
with cells. To characterize the materials properties of the hydrogels, the shear elastic moduli
(G’) of the swollen hydrogels were measured using a DHR3 rheometer (TA Instruments) and a
parallel plate geometry. Frequency and strain sweeps were performed to ensure that
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measurements were taken within the linear regime. Young’s modulus was calculated from G’
assuming a Poisson’s ratio of 0.517.

3.2.4. Immunostaining for αSMA and f-actin
VICs were fixed overnight in 10% formalin (Sigma-Aldrich) 48 h after seeding or
encapsulation. Next, samples were washed with PBS, permeabilized with 0.05% TritonX100
(Fisher Scientific) in PBS, and then treated with 1% bovine serum albumin (BSA, SigmaAldrich) in PBS with Tween20 (Sigma-Aldrich) to prevent non-specific staining. Samples were
treated overnight at 4°C with the primary antibody, mouse anti-αSMA (Abcam) diluted 1:200 in
the 1% BSA solution. Next, the samples were washed with PBS before incubation with the
secondary antibody, goat-anti-mouse AlexaFluor 488 (1:300, Life Technologies) and TRITCphalloidin (1:300, Sigma-Aldrich) overnight. Finally, cell nuclei were stained with 4’-6diamidino-2-phenylindole (DAPI, Life Technologies). Samples were imaged on a 710 LSM
NLO confocal microscope (Zeiss) at 20x magnification with at least 3 fields of view per sample.
For 3D samples, slices were taken at 10 µm intervals and images show a maximum intensity
projection of 11 slices. The percentage of myofibroblasts in each sample was determined by
manually counting the number of cells with and without organized αSMA stress fibers. Three
biological replicates were performed per condition.

3.2.5. RNA isolation and quantitative real-time polymerase chain reaction (qRT-PCR)
RNA was isolated from VICs 48 h after seeding or encapsulating using TriReagent
(Sigma-Aldrich)

with

two

1-bromo-3-chloropropane

(Sigma-Aldrich)

extractions

and

precipitation by 2-propanol (Sigma-Aldrich) according to the manufacturer’s instructions. RNA
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pellets were washed twice with 75% ethanol (Sigma-Aldrich) and re-suspended in water. RNA
concentration and quality were assessed with a ND-1000 Nanodrop Spectrophotometer.
For qRT-PCR, cDNA was synthesized using the iScript cDNA Synthesis kit (Bio-Rad)
and an Eppendorf Mastercycler. 0.05 ng/µL cDNA, 300 nM custom primers (Illumina), and 10
µL SYBR Green Supermix (Bio-Rad) were combined with water using an EpMotion 5370
(Eppendorf) for a final volume of 20 µL in each well. Expression of αSMA (F: 5’GCAAACAGGAATACGATGAAGCC-3’, R: 5’-AACACATAGGTAACGAGTCAGAGC-3’)
was

normalized

to

a

reference

gene,

ribosomal

protein

L30

(RPL30,

F:

5’-

GCTGGGGTACAAGCAGACTC-3’, R: 5’-AGATTTCCTCAAGGCTGGGC-3’). mRNA levels
were determined by running samples on an iCycler (Bio-Rad) and comparing the CT values for
each sample to a standard curve. Three technical replicates were performed for each biological
replicate.

3.2.6. Porcine genome microarrays and analysis
RNA was isolated as described above. Only samples with a concentration greater than
100 ng/µL, 260/280 ≥ 1.8, and 260/230 ≥ 1.8 were used in the microarray experiments. Each
condition included 3 biological replicates. RNA quality assessment and microarrays were
performed by the Genomics and Microarray Core and University of Colorado at Denver.
Samples were hybridized to Affymetrix Porcine Gene 1.0 ST arrays. Data were analyzed using
Expression Console (Affymetrix), Transcriptome Analysis Console (Affymetrix), Spotfire
(TIBCO), the Database for Annotation, Visualization and Integrated Discovery (DAVID,
National Institute of Allergy and Infectious Diseases & National Institute of Health)18,19, the
Panther Classification System (Gene Ontology Consortium)20,21, and PathwayLinker22.
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Differences were considered significant if there was a fold change greater than 2 or less than -2
and a p-value less than 0.05 unless otherwise specified.

3.2.7. Statistics
At least 3 biological replicates using cells from separate pools of porcine hearts were
performed for each experiment. For analysis of VIC activation by immunostaining, over 100
cells were analyzed per sample. Conditions were compared using one-way ANOVAs in Prism
(GraphPad) or the Transcriptome Analysis Console. In figures, error bars represent the standard
error of the mean.

3.3. Results
3.3.1. VIC αSMA expression changes with culture platform
VICs were cultured on surfaces of hydrogels (2D) or encapsulated within hydrogels (3D)
with the same composition and a Young’s modulus of 390 Pa. Cells cultured in the gel
formulations were then compared to cells cultured on traditional plates (TCPS) (Figure 3.1). The
fibronectin-derived adhesive peptide CRGDS was incorporated to facilitate cell attachment to the
matrix. Additionally, an enzymatically-degradable peptide was incorporated within the network
to allow cells to locally degrade the matrix to permit cell spreading. The hydrogels were formed
with an excess of –ene functionalities to reduce the crosslinking density, and therefore reduce the
modulus. This formulation was chosen because the low crosslinking density permits cell
spreading in 3D matrices within the timeframe of the experiments (48 hr). This modulus is also
similar to the modulus of the aortic valve (Evalve ~ 1.1 -1.6 kPa; Egel = 0.39 kPa; ETCPS ~ 106 kPa).
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Figure 3.1. VIC culture platforms. VICs were isolated from porcine aortic valves and either
saved for RNA isolation or plated and expanded to ~80% confluency. Then, cells were seeded
on TCPS or 2D hydrogels or encapsulated within 3D hydrogels of the same formulation.
Hydrogel matrices were formed by a photointiated thio-ene polymerization of 8-arm PEGnb
(40 kDa) and an MMP-degradable peptide. The cleavage site is indicated by an arrow. A
fibronectin-derived peptide, CRGDS, was incorporated to facilitate cell adhesion to the
hydrogels. The cysteines indicated in red react with the norbornene groups on the PEG
through a. thiol-ene, photoclick reaction.
!

VICs were stained for αSMA and f-actin after 48 hr of culture to give the cells time to
attach to the matrix and spread out. VICs cultured on both TCPS and 2D hydrogel surfaces had
elongated morphologies and prominent f-actin stress fibers (Figure 3.2A-C). In contrast, cells
encapsulated within 3D hydrogels were smaller and had a more rounded morphology with
protrusions extending into the matrix. VICs are likely less elongated in 3D because they must
first degrade the local matrix before they can elongate. On TCPS, most VICs exhibited organized
αSMA stress fibers, a hallmark of the myofibroblast phenotype. In contrast, VICs cultured on 2D
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hydrogels or within 3D hydrogels expressed very little αSMA. Quantification of these images
shows that hydrogel culture resulted in less than 5% activation, consistent with levels found in
healthy aortic valves5, in contrast to over 75% activation on TCPS (Figure 3.2D).

Figure 3.2. Characterization of VIC activation and αSMA expression. VICs A) on TCPS,
B) on 2D hydrogels, and C) within 3D hydrogels were immunstained for αSMA (green), f-actin
(red), and nuclei (blue). Scale bar = 100 µm. D) Images were quantified by counting the
fraction of cells exhibiting αSMA stress fibers, a hallmark of the activated myofibroblast
phenotype. On TCPS, most VICs were activated. With either the 2D or 3D hydrogel culture
platforms, very low levels of activation were observed. * indicates p<0.05. E) qRT-PCR
demonstrated that αSMA mRNA was greatly increased when VICs were cultured on TCPS
compared to cells within the valve or to freshly isolated cells. When VICs were instead cultured
on 2D hydrogels, there was an order of magnitude reduction in αSMA mRNA. In 3D hydrogels,
the αSMA mRNA level was further reduced and was not significantly higher the freshly
isolated VICs. * indicates p<0.05 compared to freshly isolated VICs.
!
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αSMA expression was also examined at the mRNA level using qRT-PCR (Figure 3.2E).
Freshly isolated VICs contained a similar level of αSMA mRNA as VICs still residing within the
valve, indicating that the isolation procedure did not significantly perturb the VIC fibroblast
phenotype towards a myofibroblast.

In contrast, culturing VICs on TCPS resulted in an

approximately 300-fold increase in αSMA expression. By simply culturing VICs on a softer 2D
hydrogel, the αSMA mRNA was reduced by an order of magnitude compared to TCPS, and this
was further reduced when the VICs were cultured within a 3D hydrogel where the αSMA level
was only ~2-fold higher than the freshly isolated cells. While 2D and 3D hydrogel culture
resulted in similar levels of VIC activation as measured by immunostaining for αSMA stress
fibers, there was a large difference in αSMA mRNA expression.

As one might expect

differences at the gene and protein level, this result motivated our interest in better characterizing
and quantifying the VIC phenotype through multiple measures.

3.3.2. VIC expression levels are highly dependent on the culture microenvironment
mRNA expression levels in VICs cultured on TCPS, 2D hydrogels, or within 3D
hydrogels were compared to freshly isolated VICs using a porcine DNA microarray. VICs
cultured on TCPS had differential expression compared to freshly isolated cells for 3304
probesets (out of 25470), where a difference was defined as a fold change greater than 2 or less
than -2 and a p-value less than 0.05 to achieve statistical and biological significance (Figure
3.3A). The mRNA levels of many genes perturbed by TCPS culture returned to levels consistent
with freshly isolated cells when VICs were instead cultured on top of or within soft hydrogels
(E~390 Pa). However, one should note that each in vitro culture platform resulted in differential
expression for many genes compared to freshly isolated VICs. For example, 2076 probe sets had
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different levels of expression in all 3 in vitro conditions, which implies that stimuli present in
vivo that were not incorporated into these in vitro cultures, such as signaling from other cell
types and the mechanical deformation of the valve, also have an influence on the transcriptional
profile. Here, we focus on the differences that arise from different culture substrates and the
dimensionality of the microenvironment.
To assess the overall impact of the culture platform on the transcriptome, the data were
translated into a complementary cumulative distribution to account for both the number of
differentially regulated genes, as well as the magnitude of the changes (Figure 3.3B). In this
representation, the number of genes that had a minimum fold change was plotted against the fold
change. While TCPS culture did not result in more differentially expressed genes than hydrogel
culture conditions, fold changes of greater magnitude were observed. In fact, the distribution is
very similar for all of the culture conditions for low fold changes, but there is a divergence at a
fold change of ~32. In the region of large fold changes, there are many more genes that are
highly perturbed in VICs cultured on TCPS compared to either hydrogel condition. Additionally,
3D hydrogel cultures resulted in a somewhat lower incidence of the highly-differential genes
than 2D hydrogels.

54

!

Figure 3.3. Culture platform directs VIC transcriptional profile. A) Venn diagram
showing the number of genes in each culture condition with expression levels different than
those seen in freshly isolated VICs. The center region of 2076 genes were differentially
regulated in all in vitro conditions. B) Complementary cumulative distribution showing the
number of genes with up to the given difference in RMA-normalized bi-weight averages. The
tail on the TCPS distribution indicates that for a number of genes, expression levels are
extremely affected by culture on TCPS. C) Heat map showing the expression levels of all
genes with a log2(fold change) greater than 5 or less than -5 in any culture condition
compared to freshly isolated cells and ordered by hierarchical clustering. Red represents high
expression, blue represents low expression, and white represents an average level of
expression. Genes with expression levels that were drastically altered by TCPS culture but
recovered with culture on/in 2D or 3D hydrogels are marked on the side by the black lines.
!
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The tails of this distribution were further examined by extracting out those genes with a
fold change greater than 32 or less than -32 and representing the expression levels of these genes
in a heat map (Figure 3.3C).

Here, red represents high expression, blue represents low

expression, and white represents average expression. This group includes genes related to
cytoskeletal organization [α-cardiac muscle actin 1 (ACTC1)], cell-matrix interactions [integrin
α8 (ITGA8)], matrix remodeling [MMP9, cartilage oligomeric matrix protein (COMP),
keratocan-like protein (LOC100157843)], and chemokine activity (CXCL2, CXCL12). The
subset of genes that are highlighted with black lines to the right of the figure were greatly
perturbed by TCPS culture, but their expression levels were largely recovered in one or both of
the hydrogel platforms.

3.3.3. Functions and pathways influenced by the culture platform
There are a number of functions and pathways that have been closely tied to VIC-matrix
interactions that are important in regulation of VIC phenotype8,23–28. Here, we focused on some
key functional categories to better understand the major differences between VICs cultured on
TCPS, 2D or 3D hydrogels, and fresh isolates. Specifically, heat maps were generated to
compare differentially expressed genes involved in cell-matrix interactions, cytoskeletal
organization and contractility, TGF-β signaling, and matrix remodeling (Figure 3.4). The fold
change compared to freshly isolated VICs is represented by the color, where warmer colors (red)
indicate higher expression, and cooler colors (blue) indicate lower expression. Lighter colors
represent expression levels similar to freshly isolated cells, and white indicates an expression
level identical to the freshly isolated cells. In this analysis, many genes related to the cell
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cytoskeleton and contractility are upregulated by plating VICs on TCPS; in contrast, expression
levels of many of these upregulated genes are reduced to levels more similar to freshly isolated
cells by culture on 2D hydrogels. Interestingly, a number of genes, including ACTA2 (αSMA),
ACTC1, tropomyosin 1 (TPM1), and TPM2 remain at elevated levels regardless of the culture
environment.
When comparing 2D versus 3D hydrogel cultures, the 3D environment results in
expression patterns that are much more similar to freshly isolated VICs. This result suggests that
dimensionality may play an important role in VIC cytoskeletal organization. The unnatural
polarity and spread morphology observed in 2D cultures may drive changes in protein
organization into cytoskeletal structures, as well as changes in the expression of these proteins at
the mRNA level. While most of these genes were elevated in 2D, a few [ACTC1, calponin 1
(CNN1), and myosin (MYO, LOC100049650)] had lower expression in 3D hydrogels than in
freshly isolated VICs. Perhaps over time, as encapsulated VICs remodel their microenvironment
and are able to spread and develop more mature matrix interactions, these levels would become
closer to those seen in the fresh isolate.
Focal adhesions are key transducers of the outside-in signaling that enables cells to sense
cues from the extracellular matrix and generate forces. In our analysis, focal adhesion genes
followed a similar pattern, with TCPS cultures exhibiting large differences in genes related to
focal adhesions while the hydrogel platforms led to expression levels that were similar to freshly
isolated VICs. For all of these genes, except ITGB1 and talin 1 (TLN1), 3D hydrogel culture
more closely recapitulated the expression levels of freshly isolated VICs than the 2D hydrogel
surfaces. Filamin B (FLNB), ITGA8, and vinculin (VCL) were the most upregulated by culture
on TCPS. ITGA8 is an integrin that can bind ECM proteins, and FLNB and VCL are both
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involved in anchoring focal adhesions to the actin cytoskeleton. ITGA2, another integrin, was
dramatically downregulated on TCPS. Intuitively, overall upregulation of focal adhesion genes
on TCPS might contribute to the ability of VICs to generate additional force and form αSMA
stress fibers on this stiff substrate, leading to pathological activation.
Beyond cell-matrix interactions, TGF-β signaling is one of the key signaling pathways
that has been implicated in VIC activation and in progression of valve disease. While it may not
be intuitive that cytokine signaling would be influenced by the extracellular environment,
expression levels of genes in this pathway were dependent on the culture platform. Genes related
to TGF-β signaling were both up- and downregulated by culture on TCPS, while both hydrogel
culture systems resulted in mostly reduced expression of these genes. The magnitudes of the
differences in TGF-β signaling genes were smaller than those reported for the other categories.
More of these genes were upregulated on TCPS than in 3D hydrogels, consistent with the higher
activation levels and αSMA expression on TCPS; however, TGFB1 does not fit this trend.
Interestingly, ITGA8 encodes a subunit of an integrin pair that binds the latent TGF- β1 protein,
a step required for the protein to become active29. This indicates a mechanism by which a
somewhat lower TGFB1 expression level could still lead to greater activation of the TGF-β
signaling cascade. Bone morphogenetic proteins are also involved in the TGF-β signaling
pathway and are important in the formation of calcific nodules frequently seen in patients with
valve disease30,31. BMP3 was highly upregulated only by culture on TCPS, indicating a possible
shift to a more osteoblast-like phenotype.
Matrix remodeling is a complex series of events that involve cell secretory properties
(e.g., deposition of collagen), as well as secretion of proteases and inhibitors of those proteases
(e.g., MMPs and TIMPs). When examining several genes related to matrix remodeling, a
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number of genes, including various collagens, fibrillin 1 (FBN1), heparanase (HPSE), and
ADAM metallopeptidase 19 (ADAM19) were elevated in VICs on TCPS, and the expression
levels were more consistent with freshly isolated VICs in hydrogel matrices. Interestingly, on
TCPS, some of the proteases (HPSE and ADAM19) were even more upregulated than the ECM
proteins.
Matrix metalloproteases (MMPs) did not follow a consistent trend, with relatively
constant expression of MMP2, upregulation of MMP14 only in hydrogel culture, and
upregulation of MMP9 in all in vitro conditions. Genes encoding laminin α subunits, LAMA2
and LAMA4, had opposite trends, with lower LAMA2 expression and higher LAMA4
expression in vitro. This is interesting because it shows that VICs may alter the type of laminin
expressed based on their microenvironment, with in vitro culture resulting in more of the laminin
with a truncated α subunit. Among the in vitro conditions, VICs produce more LAMA4 in the
2D conditions (TCPS and 2D hydrogel) than in 3D hydrogels, perhaps indicating a response to
the unnatural 2D environment.
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Figure 3.4. Culture platform influences functions critical to valve disease. Heat maps
showing gene expression of differentially expressed genes for selected cell functions:
cytoskeletal organization and contractility, TGF-β signaling, focal adhesions, and matrix
remodeling. Fold change is represented by color on a log scale. Boxes closer to white
represent expression levels similar to the freshly isolated VICs. White = same expression
levels as freshly isolated VICs, blue = downregulated, red = upregulated.
!
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3.3.4. The influence of dimensionality on VIC phenotype
In addition to better defining the VIC phenotype and studying the effect of culture
microenvironment on alteration of this phenotype, we also sought to differentiate the effects of a
2D versus 3D culture environment in maintaining VIC phenotype. In particular, since 3D culture
environments render many biological assays more difficult, we sought to quantify critical
differences that might arise in VICs that are cultured in an identical matrix, but with a difference
in dimensionality.
Using the Affymetrix Transcriptome Analysis Console, we directly compared mRNA
levels in VICs seeded on soft hydrogel surfaces (2D) versus those encapsulated within the same
hydrogel formulation (3D); 159 differentially expressed probe sets were identified using a cutoff
of p-value less than 0.05 and fold change greater than 2 or less than -2. The functional
importance of these genes was assessed using DAVID and the Panther gene ontology terms. At a
macroscopic level, genes related to cell structure and motility, developmental processes, and
proliferation and differentiation were enriched in the population of genes with higher expression
in 2D, while transport-related genes were overrepresented in the genes with higher expression in
3D (Figure 3.5). Changes in cell structure and motility-related gene expression in response to the
dimensionality show that observed differences in morphology and migration are not simply a
result of physically confining the cells, but are also influenced by the underlying transcriptional
profile. Developmental processes were also enriched on 2D hydrogels, indicating that the
response to dimensionality may result in activation of similar cell functions as the changing
extracellular environment in development. Cell proliferation and differentiation genes were also
influenced by hydrogel dimensionality; however, this group includes both genes that promote
[ephrin type A receptor 4 (EPHA4), KIT] and inhibit [inhibin beta A (INHBA)] proliferation.
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Collectively, this assessment shows that while there are differences in the regulation of
proliferation, it is difficult to elucidate the overall influence of dimensionality on proliferation
based on these results alone. Genes with higher expression in encapsulated VICs were associated
with transport of various molecules, including ions and lipids, in and out of the cell. The
differences in these membrane channels are likely a result of the unnatural polarity induced in
the VICs when they are seeded on a 2D surface.

Figure 3.5. Biological processes influenced by dimensionality. Analysis with DAVID of
biological processes (Panther database) that are enriched with genes that are differentially
expressed in 2D vs. 3D hydrogels. Genes involved in cell structure and motility,
developmental processes, and cell proliferation and differentiation had increased expression
on 2D hydrogels, while genes associated with transport had higher expression in 3D
hydrogels.
!

As not all phenotypic changes can be observed at the mRNA level, PathwayLinker was
used to map differentially expressed genes (2D vs. 3D hydrogels), as well as the proteins that
directly interact with the translated transcripts (Figure 3.6, Supplementary Information). While
pathways of interest can be analyzed individually, this approach can obscure many complex
ways in which signaling pathways interact. For example, tissue plasminogen activator (PLAT) is
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a protein that regulates tissue remodeling32, but Figure 3.6 shows that PLAT interacts with
proteins involved in cell adhesion signaling, actin cytoskeleton organization, and TGF-β
signaling. These interactions demonstrate the difficulty of independently studying any one of
these pathways in isolation. Another gene of particular interest is KIT, a kinase involved in
activation of several signaling pathways, including AKT, RAS, and MAPK33. The high level of
connectivity to other genes of interest suggests that this kinase could be a key regulator of the
VIC response to dimensionality.

3.4. Discussion
VICs are important regulators of valve ECM, but pathological VIC activation leads to
excessive collagen deposition, a disorganized matrix, and valve fibrosis6. Mechanisms
contributing to this disease state are still being elucidated, and there are no clinical treatments to
slow or reverse valve fibrosis4. While there are no large animal models of valve disease that
extend beyond the stage of early valve sclerosis, several research groups have developed mouse
models of valve disease that often involve a combination of genetic and diet modifications34,35.
While much is learned from these animal models, in vitro models of valve cells would provide
complementary information and allow for more detailed hypothesis testing to support or help
refine ideas related to targets for reversing fibrosis. However, traditional culture of VICs
primarily leads to a myofibroblast phenotype8, and it is difficult, at best, to characterize the
quiescent VIC fibroblasts or study conditions that would lead to reversal of the pathogenic VIC
myofibroblast population. Part of the complexity is that VICs receive cues from the extracellular
matrix that cannot be recapitulated by culture on TCPS, which has a stiffness that is greater than
six orders of magnitude higher than valve tissue.
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In this study, soft (E = 390 Pa) hydrogels were used as a culture platform to study VICs
under conditions in which they are not always activated to the myofibroblast phenotype, as seen
when using traditional cell culture methods8. Specifically, we used PEG-based hydrogels with an
MMP-degradable crosslinking peptide and the fibronectin-derived CRGDS peptide to mimic
aspects of the extracellular matrix by allowing local cell remodeling, spreading, and adhesion.
The gels were formed via a cytocompatible photoinitiated thiol-ene polymerization16. This
platform allows for the use of the exact same material in both 2D and 3D hydrogel culture
conditions, and this synthetic polymer system also enables precise control over the mechanical
and biochemical matrix cues presented to VICs. While the local modulus around the VICs may
vary over time due to cellular remodeling of the matrix, these PEG-based hydrogels maintain
consistent bulk mechanical properties throughout the 48 hr culture time, while VICs
encapsulated within collagen or Matrigel can contract the matrix and dramatically alter the
material properties

36

. In this study, only one adhesive ligand (CRGDS) was tested, but others

have shown that adhesive peptides derived from different ECM proteins can influence VIC
secretory properties and ECM deposition25. Investigating the influence of various adhesive
ligand sequences on VIC gene expression would likely lead to identification of different integrin
signaling cascades and aid in the design of matrices for valve regeneration. Here, we chose to
focus on the influence of dimensionality of VIC function, as previous work has demonstrated
that dimensionality has a greater impact on embryonic stem cell gene expression than specific
ECM proteins (e.g., collagen vs. gelatin)37.
Many efforts to elucidate the effects of dimensionality compare cells in native tissue or
aggregates to those cultured on TCPS38–41.

These experiments are certainly pioneering and

relevant, but many variables change from native ECM to TCPS, in addition to the dimensionality
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(e.g., modulus, chemical composition). Because of this, one must use caution when drawing
conclusions about the importance of dimensionality, and this motivated our experimental design
to use a highly controlled hydrogel matrix in this study. Consistent with previous studies8, we
have shown that VICs cultured on TCPS have a dramatically altered phenotype compared to
freshly isolated cells. In addition to an increased proportion of cells expressing the myofibroblast
phenotype (Figure 3.2), culturing VICs on TCPS results in significant changes in expression
levels for 3304 probe sets.
In this study, we found that each of the in vitro culture conditions resulted in some
differences in gene expression levels compared to the freshly isolated cells (Figure 3A). It is not
surprising that a number of genes would always be different in an in vitro culture system, as
there are a number of complex stimuli that influence VICs in vivo. For example, none of the
culture platforms include any cell types other than the VICs. Specifically, valvular endothelial
cells have been shown to play a role in regulating VIC phenotype42–45. Cells involved in the
inflammatory response, such as macrophages and T lymphocytes, have also been excluded from
this study. This is not necessarily a disadvantage though, because excluding other cell types
allows one to focus on the effects of matrix mechanics and eliminate confounding interactions
that could occur in a model with added complexity. Another simplification in these in vitro
studies is the mechanically static nature of all of the culture platforms. In vivo, the valve is
exposed to bending, stretching, and blood flow. These stresses on the cells can also influence
their phenotype and these dynamics warrant future study, but we expect that using static culture
platforms introduces some of the differences in gene expression that are common to each culture
method.
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While both 2D and 3D hydrogel conditions had a greater number of differentially
expressed genes than TCPS culture, using the standard criteria of fold change greater than 2 and
p-value less than 0.05, the distribution of the fold changes shows that TCPS leads to a population
of genes that have very high fold changes not seen in hydrogel culture (Figure 3B). Additionally,
this distribution reveals that culture in 3D hydrogels results in slightly fewer genes with extreme
fold changes than 2D hydrogel substrates. Many of the highly perturbed genes, including
ACTC1, NR4A2, ITGA8, and FOS, returned to levels more consistent with freshly isolated VICs
in one or both of the hydrogel culture platforms.
Culture

on

TCPS

dramatically

changes

VIC

phenotype.

Conventional

VIC

characterization methods may suggest that TCPS represents a fibrotic microenvironment, but our
results show that it represents something more extreme than typical disease. When the cells are
characterized simply by the most common methods of αSMA quantification or staining for
αSMA stress fibers, these cells appear to be acting similarly to diseased VICs, with higher levels
of αSMA and a large fraction of cells exhibiting the myofibroblast phenotype. However, upon a
more global examination of gene expression levels, we have seen that culturing VICs on TCPS
results in more changes in gene expression than exist when comparing healthy and stenotic aortic
valves in a similar experiment. Bosse et al. found that 1002 of 54675 probe sets showed
significant differences between expression in healthy and stenotic valves30. When the same
criteria are applied to this study, 6316 out of 25470 probe sets showed differences between
freshly isolated VICs and VICs cultured on TCPS. While results obtained from different array
chips are not directly comparable, this significant difference supports the idea that even though
VICs cultured on TCPS resemble diseased VICs more than healthy VICs, TCPS may still be a
poor model for valve disease because so many additional genes are also perturbed. For example,
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if one were to screen for inhibitors of pathogenic VIC myofibroblasts on TCPS, certain
candidates may be missed as the VIC context is important and can influence receptor signaling,
concentration profiles, and mechanotransduction.
This study demonstrates that the choice of culture platform (TCPS, 2D hydrogel, or 3D
hydrogel) can influence many genes and cellular functions associated with VIC activation and
valve disease, such as cytoskeletal organization and contractility, focal adhesions, TGF-β
signaling, and matrix remodeling. Overall, these findings demonstrate the importance of
choosing a culture platform relevant to the pathway or function of interest to ensure that critical
genes are not vastly up- or downregulated. Genes related to cytoskeletal organization were
expressed at different levels in each of the culture conditions. 3D hydrogels resulted in an
expression profile most similar to freshly isolated VICs, and 2D hydrogels did not perturb
expression levels as much as TCPS. This indicates that both the dimensionality and the substrate
modulus are influencing cytoskeletal organization. This same finding held true for focal adhesion
genes, where 3D hydrogel culture best recapitulated the expression levels in freshly isolated
VICs. As focal adhesions are the key structures that mediate the interaction between cells and the
ECM, it is interesting to note that VICs in different culture conditions are not only interacting
with different environments, but are also changing the way in which they mediate their
interactions with their environment. In contrast, TGF-β signaling genes had similar levels of
expression in both 2D and 3D hydrogels, indicating that dimensionality has less of an influence
on this pathway. The modulus of the matrix has been implicated in the ability of fibroblasts to
activate TGF-β1 from its latent form46, so the matrix modulus may play a larger role in TGF-β
signaling.
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The up- or downregulation of many matrix remodeling genes was unpredictable, with
TCPS increasing the level of some ECM genes (LAMA4, many collagens) and decreasing the
expression of others (LAMA2, SHAS2). Similarly, proteases were both upregulated (MMP9,
HPSE) and downregulated (MMP2). It is perhaps counterintuitive that the proteases HPSE and
ADAM19 were more highly expressed in cells on a 2D surface than they are in cells entrapped
within a 3D matrix. The matrix stiffness may play a role, but does not entirely account for this
difference. It is possible that this result is a function of the relatively short (48 hr) time point at
which these samples were collected, and further investigation as a function of time, when more
extensive matrix remodeling has occurred, should provide added insight. From this data, it is
difficult to conclude whether this would result in overall increases in ECM deposition, yet it
seems clear that this transcriptional profile of matrix remodeling genes would result in different
tissue architecture. For the most part, expression levels in hydrogel cultures were more similar to
those seen in freshly isolated VICs; however, LAMA2 and MMP9 remained highly perturbed in
all conditions.
While 3D hydrogel culture resulted in expression levels that were slightly more similar to
freshly isolated VICs than the 2D hydrogel culture, there were not dramatic differences in
expression patterns of these matrix remodeling genes. The physical remodeling of the matrix
must be highly dependent on dimensionality as 3D environments necessitate cell degradation of
the matrix to spread or migrate, and the dimensionality of the environment would almost
certainly influence the ability of the cells to incorporate secreted ECM proteins into the
surrounding matrix. These changes may be more apparent at a later time point than the 48 hour
culture studied here, as most studies of tissue engineering of a valve look at time points weeks or
months after seeding47,48. With respect to this, microarray data presenting expression levels of
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ECM-related genes could be complemented by studies focused on histological staining of gels or
thorough quantitative assays to measure ECM proteins.
The global view comparing RNA levels in different culture platforms to freshly isolated
cells also provides valuable insight into the choice of reference or “housekeeping” genes.
Traditionally, internal standards have been chosen because they did not appear to vary after
treatment with various drugs or other molecules. A number of genes have become commonly
accepted internal standards, including GAPDH, ACTB (β-actin), and genes encoding ribosomal
proteins. While the expression levels of these genes may not vary significantly among
experiments on TCPS, these microarray results show that some of these genes may be a poor
choice when comparing in vitro to in vivo experiments (Figure 3.7, Supplementary Information).
Specifically, both GAPDH and ACTB are expressed at significantly different levels on TCPS
compared to freshly isolated VICs. Many ribosomal genes were much more consistently
expressed, with RPS18, RPL30, and RPL32 not exhibiting any significant differences between
any conditions. These findings are generally consistent with a previous study comparing
thousands of human and mouse arrays, which found high variability in ACTB, GAPDH, HPRT1,
and B2M and instead recommended mostly genes encoding ribosomal proteins49.
Collectively, this study provides quantitative measures of the importance of the culture
platform on VIC behavior in vitro. Building on these findings, future studies to identify pathways
that might be leveraged to prevent or reverse valve disease could be enabled by exploiting soft,
3D hydrogel environments that better recapitulate native gene expression levels. Such studies are
difficult to perform on TCPS, as it significantly perturbs baseline expression levels of key
myofibroblast markers and might lead to false negatives when screening for useful therapeutics.
Additionally, signaling cascades initiated by therapeutics may have important interactions with
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mechanotransduction pathways50. While 3D hydrogel culture led to transcriptional profiles more
similar to freshly isolated VICs, there are still many differences. In order to study a pathway of
interest that involves many of these differentially regulated genes, it may be worthwhile to
develop new culture platforms that better recapitulate the desired pathway by modifying matrix
characteristics, such as the modulus or the functionalization with peptides, or by focusing on
other elements present in vivo, such as valvular endothelial cells or cyclic strain. Many of these
questions could be addressed by modifying the materials presented here to incorporate additional
complexity, as PEG hydrogels are amenable to co-culture with valvular endothelial cells45,
integration into microfluidic devices51, and culture with bioreactors52.

3.5. Conclusions
Microarray analysis of VIC transcriptional profiles reveals and quantifies how cell
phenotype in vitro is highly dependent on the culture platform. This global transcriptome
analysis shows that TCPS culture results in higher-magnitude changes to gene expression levels
than either 2D or 3D culture. Culture on TCPS greatly perturbed many genes related to
cytoskeletal organization and contractility, focal adhesions, TGF-β signaling, and matrix
remodeling, demonstrating the importance of considering which culture platforms are
appropriate for studying specific cell functions or pathways. While characterizing the percentage
of VICs expressing the myofibroblast or fibroblast phenotype is a useful metric, we have
demonstrated that populations of VICs with the same activation levels can have dramatically
different phenotypes, which emphasizes the importance of using multiple measures to
characterize cell response to microenvironmental cues.
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3.8. Supplementary Information

Figure 3.6. Map of genes that are differentially expressed in 2D or 3D hydrogel cultures. Genes
upregulated on 2D hydrogels (red) or in 3D hydrogels (green) are connected to proteins with
which they have first-order interactions. Genes involved in pathways related to adhesion
signaling (pink), actin cytoskeleton (blue), and TGF-β signaling (yellow) are highlighted.
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Figure 3.7. Expression levels of some traditional housekeeping genes from porcine microarray
study. GAPDH, which has a greater than 2-fold change in expression in all of the culture
platforms, is not a good choice for comparing in vitro and in vivo data. RPL30 has fairly
consistent expression levels across all of the culture platforms.
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Chapter 4

Dynamic stiffening of poly(ethylene glycol)-based hydrogels to direct valvular interstitial
cell phenotype in a three-dimensional environment
!

Abstract
Valvular interstitial cells (VICs) are active regulators of valve homeostasis and disease,
responsible for secreting and remodeling the valve tissue matrix. As a result of VIC activity, the
valve modulus can substantially change during development, injury and repair, and disease
progression.

While two-dimensional biomaterial substrates have been used to study

mechanosensing and its influence on VIC phenotype, less is known about how these cells
respond to matrix modulus in a three-dimensional environment. Here, we synthesized MMPdegradable poly(ethylene glycol) (PEG) hydrogels with elastic moduli ranging from 0.24 kPa to
12 kPa and observed that cell morphology was constrained in stiffer gels. To vary gel stiffness
without substantially changing cell morphology, cell-laden hydrogels were cultured in the 0.24
kPa gels for 3 days to allow VIC spreading, and then stiffened in situ via a second, photoinitiated
thiol-ene polymerization such that the gel modulus increased from 0.24 kPa to 1.2 kPa or 13 kPa.
VICs encapsulated within soft gels exhibited αSMA stress fibers (~40%), a hallmark of the
myofibroblast phenotype.

Interestingly, in stiffened gels, VICs became deactivated to a

quiescent fibroblast phenotype, suggesting that matrix stiffness directs VIC phenotype
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independent of morphology, but in a manner that depends on the dimensionality of the culture
platform.

Collectively, these studies present a versatile method for dynamic stiffening of

hydrogels and demonstrate the significant effects of matrix modulus on VIC myofibroblast
properties in three-dimensional environments.

4.1. Introduction
Valvular interstitial cells (VICs) are the most prevalent cell type in heart valves and
actively regulate the progression of valve disease1. In a healthy valve, the majority of VICs are
quiescent fibroblasts2. These cells can be activated to myofibroblasts, which exhibit increased
proliferation, cytokine secretion, and matrix remodeling, and are associated with disease
progression1,3–5. The fraction of the population of VICs exhibiting the myofibroblast phenotype
changes throughout a person’s development and lifetime. Early in development, the majority of
VICs are positive for αSMA. In healthy adults, almost all of the VICs are quiescent, but
activation levels are increased once again in diseased valves6.
VIC phenotype has been characterized using various metrics. Alpha smooth muscle actin
(αSMA) is a commonly used marker for myofibroblast-like cells7,8. The presence of organized
αSMA stress fibers as determined by immunostaining is often used to classify VICs as quiescent
fibroblasts (no stress fibers) or activated myofibroblasts (stress fibers present)3,9,10. In contrast,
the mesenchymal marker S100A4 (also known as fibroblast-specific protein 1) has been shown
to increase when VICs are quiescent11. These measures provide useful readouts for a general
screen to determine how VIC phenotype responds to various treatments or culture conditions.
With respect to the VIC microenvironment, the matrix mechanics can be an important
regulator of VIC phenotype, where elastic modulus has been shown to influence VIC
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myofibroblast activation. While variations exist in the values reported for the threshold for
activation, 2D experiments generally show that lower substrate elasticities (< ~5 kPa) lead to
mostly quiescent VICs and higher substrate elasticities (> ~25 kPa) activate most VICs to
myofibroblasts, with a range of activation levels observed at intermediate elasticities9,10. These
trends recapitulate aspects of valve disease, with the stiffer, disease-like substrates leading to the
myofibroblast phenotype that is more prevalent in diseased valves. Additionally, this activation
is reversible and responsive to changes in the local environmental mechanics, where in situ
softening of hydrogels has been used to study VIC deactivation12. Substrate modulus has also
been shown to influence VIC morphology and calcification, with stiffer substrates leading to a
more spread, elongated morphology and higher levels of calcium deposition10,13. While there has
been much progress in understanding how VICs respond to mechanical and biochemical cues in
two dimensions, less is known about how these factors may influence phenotype in a threedimensional environment.
The dimensionality of a cell’s microenvironment can profoundly impact function (e.g.,
proliferation, morphology, polarity, motility), and changes in dimensionality can limit cell-cell
interactions, availability of soluble factors14, and even influence gene expression15. Butcher et
al. encapsulated VICs in collagen gels and found that encapsulated VICs (3D) expressed less
αSMA compared to VICs seeded on top of collagen gels (2D)16. As a complement to collagen
and other naturally-derived protein matrices, Benton et al. encapsulated VICs within proteinasedegradable, PEG-based hydrogels and found that when the adhesive peptide, RGDS, was
incorporated, the cells attached to the matrix via αvβ3 integrins and were able to spread and
elongate within the hydrogel17. Furthermore, αSMA expression was found to increase with
culture time over 14 days and was dependent on TGF-β1 treatment. These studies have improved
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our understanding of how VICs behave in response to 3D culture, and have motivated the study
of the influence of matrix mechanics on VIC phenotype in 3D.
To elucidate cellular response to mechanical cues in 3D, VICs have been co-encapsulated
with PEG microrods of varying moduli within Matrigel; VICs exposed to stiff microrods
exhibited reduced αSMA production and decreased proliferation18.

This study showed a

relationship between the presence of stiff microrods and myofibroblast deactivation, but
provided mechanical differences by the use of discrete regions of higher modulus rather than
changing the modulus in the entire volume to which the cells were exposed. To more directly
measure forces exerted by encapsulated cells, VICs have been encapsulated in fibrin gels
attached to posts providing a range of boundary stiffnesses, where it was observed that the
combination of stiff boundary posts and addition of TGF-β1 resulted in increased cell force
generation19. Duan et al. encapsulated VICs within hyaluronic acid-based hydrogels to study
their response to modulus in a 3D environment. Hydrogel modulus was varied by changing the
hyaluronic acid molecular weight and degree of methacrylation and by incorporating
methacrylated gelatin into the hydrogels. By immunostaining, they demonstrated an increased
number of αSMA-positive VICs in softer hydrogels8.

Although VICs were found to be more

myofibroblast-like in the lower-modulus environment, interpretation of these results is somewhat
confounded by the coupling of cell morphology with the density of the surrounding matrix.
In general, a significant obstacle to studying cellular responses to matrix mechanical
properties in 3D is separating highly coupled variables.

For example, when cells are

encapsulated in a matrix metalloproteinase (MMP)-degradable synthetic hydrogel or natural gel
(e.g., collagen, Matrigel, hyaluronan), the cells are able to spread and elongate because they
locally remodel their environment. This remodeling often means softening of the local gel, and
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a complex coupling of cell shape and local material properties.

In other words, it can be

difficult, at best, to independently control local gel chemistry, mechanics, and cellular
interactions/morphologies,

and

while

advances

in

light

microscopy

allow

detailed

characterization of real time changes in cell functions, it can be more difficult to similarly
characterize real time changes in gel properties.
To address some of this complexity, materials with dynamic control of the cell
microenvironment can help de-convolute some of these variables.

For example, Burdick and

co-workers used a hydrogel platform with staged crosslinking to create interpenetrating networks
of hydrogels with varying degradability and the ability to increase modulus (i.e., stiffen) after
initial gel formation20.

They demonstrated the temporal effects of a modulus increase on

mesenchymal stem cells in 2D where cells on stiffened substrates had larger cell area and exerted
greater traction forces21. This system was also adapted for 3D experiments to show that the
formation of a secondary, non-degradable network around encapsulated mesenchymal stem cells
directed the cells towards adipogenesis, while cells encapsulated in gels that did not undergo
secondary crosslinking favored osteogenesis22.
Building on this concept, we use PEG-based hydrogels formed via a photochemical thiolene polymerization to study the influence of matrix modulus on VIC activation in 3D
environments.
varying moduli.

VICs were encapsulated within MMP-degradable, PEG-based hydrogels of
VIC phenotype was assessed by quantitative real-time polymerase chain

reaction (qRT-PCR) and by immunostaining for αSMA. To control for differences in cell
morphology that typically arise when encapsulating cells in hydrogels with varying crosslinking
density, we developed a cytocompatible in situ stiffening system. VICs encapsulated in lowmodulus gels were allowed to spread and elongate, and then stoichiometric amounts of an 8-arm
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PEG-norbornene and an 8-arm PEG-thiol along with a photoinitiator were diffused into the gel.
Photopolymerization of the cell-laden gel containing the stiffening solution increased the
modulus of the gel without compromising cell viability. These dynamically stiffening gels give
the experimenter control of the local environment surrounding the cells in three dimensions
without altering cell morphology.

4.2. Materials and Methods
4.2.1. Synthesis of poly(ethylene glycol)-norbornene (PEGnb)
PEG-norbornene was synthesized using a previously described protocol23.

Briefly,

equimolar amounts of 8-arm PEG (JenKem) with a molecular weight of either 10 kDa or 40 kDa
and 4-dimethylaminopyridine (Sigma-Aldrich) were dissolved in a minimal amount of
anhydrous dichloromethane (Sigma-Aldrich), under argon in a round bottom flask.
equivalents

each

of

5-norbornene-2-carboxylic

acid

(Sigma-Aldrich)

and

16
N-N’-

diisopropylcarbodiimide (Sigma-Aldrich) were added and reacted overnight on ice. Product was
precipitated in 4°C ethyl ether (Fisher Scientific), filtered, and then dried by vacuum.

PEG-

norbornene was purified by dialysis and lyophilized. Greater than 90% functionalization was
achieved as determined by proton nuclear magnetic resonance imaging and rheological
characterization of the crosslinked product.

4.2.2. VIC isolation and culture
VICs were isolated from fresh porcine hearts (Hormel) as previously described24. Aortic
valve leaflets were removed and rinsed in a wash solution containing Earle’s Balanced Salt
Solution (Life Technologies) with 1% penicillin-streptomycin (Life Technologies) and 0.5
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µg/mL fungizone (Life Technologies).

Then, the leaflets were incubated in 250 units/mL

collagenase (Worthington) solution for 30 min. at 37°C and vortexed to remove endothelial cells.
Cells were then incubated with collagenase solution for 60 min. at 37°C and vortexed. This
solution was filtered with a 100 µm cell strainer and centrifuged.

The cell pellet was

resuspended in growth media consisting of Media 199 with 15% fetal bovine serum (FBS, Life
Technologies), 2% penicillin-streptomycin (Life Technologies), and 0.5 µg/mL fungizone (Life
Technologies). Cells were cultured at 37°C and 5% CO2 on tissue culture polystyrene (TCPS)
for expansion before experiments.

Cells were passaged using trypsin (Life Technologies)

digestion. For experiments, media serum level was reduced to 10% FBS to reduce proliferation.

4.2.3. Hydrogel formation and characterization
VICs were encapsulated within MMP-degradable, PEG-based hydrogels using a
photoinitiated thiol-ene reaction25. Eight-arm PEG-norbornene was reacted with the peptide
crosslinker KCGPQG!IWGQCK (American Peptide Company, Inc.) and 2 mM CRGDS
adhesive peptide (American Peptide Company, Inc.) in serum-free, phenol red-free media (Life
Technologies) using the photoinitiator lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP,
1.7 mM) (Figure 4.1). Cells in suspension were added to the gel precursor solution for a final
concentration of 10 million cells/mL. 29 µL of gel solution was added to a 6 mm rubber mold on
top of a glass slide treated with SigmaCote (Sigma-Aldrich) to prevent attachment of the gel to
the slide. The solution was polymerized under UV light centered around 365 nm at 2 mW/cm2
for 3 minutes. The shear modulus of the swollen hydrogels was measured using an Ares 4400
rheometer (TA Instruments) with a parallel plate geometry. Both frequency sweeps and strain
sweeps were performed to ensure that measurements were representative of the linear
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viscoelastic regime. The shear modulus (G’) was measured and converted to Young’s modulus
(elastic modulus, E) using the formula E = 2G(1+ν) with ν = 0.526. The loss modulus is much
lower than the storage modulus (G” << G’) for all gel conditions, indicating that these gels
primarily exhibit elastic behavior (data not shown).

Figure 4.1. Schematic of VIC encapsulation within PEG-based hydrogels. PEGnb average
molecular weight and concentration of PEGnb and MMP-degradable crosslinking peptide
were varied as shown in the table to achieve a range of moduli. VICs were encapsulated at a
density of 10 million cells per mL of gel. Insets (50 µm) show Live/Dead staining at day 0
and day 2.

!

4.2.4. Hydrogel stiffening and characterization
Stiffening solutions were comprised of 8-arm 10 kDa PEG-norbornene (2 or 10 mM), 8arm 10 kDa PEG-thiol (2 or 10 mM), and LAP (2.5 mM). For control gels, the PEG-thiol was
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replaced with cysteine (Sigma-Aldrich) to create a reacting formulation that did not form a gel.
Gels were soaked in the stiffening solution for 12 minutes. Gels were then removed from
solution and the excess swelling solution was blotted from the surface before polymerization
with UV light (2 mW/cm2 at 365 nm) for 3 minutes. The shear modulus after stiffening was
measured as described for the initial gel formation.

4.2.5 Cell viability and morphology analysis
Cell viability was measured using a Live/Dead cytotoxicity kit (Life Technologies),
which is a membrane integrity assay. Cell-laden hydrogels were incubated in PBS containing 1
µM calcein and 4 µM ethidium homodimer for 30 minutes. Cells were imaged on a 710 LSM
NLO confocal microscope (Zeiss) and maximum intensity projections were created from 11
images each 10 µm apart for a total height of 100 µm. Fraction of live cells was quantified by
manual counting. Morphology measurements were made using ImageJ to measure the length
and width of cells based on calcein (live) staining.

4.2.6. RNA isolation and quantitative real-time polymerase chain reaction (qRT-PCR)
Messenger RNA (mRNA) was isolated from VICs using TriReagent (Sigma-Aldrich)
with isopropanol (Sigma-Aldrich) extraction and ethanol (Sigma-Aldrich) washes according to
the manufacturer’s instructions. Reverse transcription was performed using the iScript cDNA
Synthesis kit (Bio-Rad) and the Eppendorf Mastercycler. qRT-PCR was performed using an
iCycler machine and iQ SYBR Green Supermix (Bio-Rad) with custom primers (Table 4.1,
Illumina) at 300 nM. Each well also contained 0.05 ng/µL of the cDNA. Values were calculated
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by comparing each sample to a standard curve, and data was normalized to an internal standard,
L30. αSMA, S100A4, CTGF, COL1A1, MMP1, and L30 expression levels were measured.

Table 4.1. Primer sequences for qRT-PCR.
!
Gene

Forward Primer (5’ – 3’)

Reverse Primer (5’ – 3’)

L30

GCTGGGGTACAAGCAGACTC

AGATTTCCTCAAGGCTGGGC

αSMA

GCAAACAGGAATACGATGAAGCC

AACACATAGGTAACGAGTCAGAGC

S100A4

GAGCTAAAGGAGTTGCTGACC

CTGTCCAGGTTGCTCATCAG

CTGF

CTGGTCCAGACCACAGAGTGG

GCAGAAAGCGTTGTCATTGG

MMP1

GGCATCCAGGCCATCTATG

CACTTGTGGGGTTTGTGGG

COL1A1

GGGCAAGACAGTGATTGAATACA

GGATGGAGGGAGTTTACAGGAA

!

4.2.7. Immunostaining for αSMA and f-actin
Cells were fixed with 10% formalin (Sigma-Aldrich). Samples were then washed with
PBS and permeablized with 0.05% TritonX100 (Fisher Scientific) in PBS. Non-specific staining
was blocked with 1% bovine serum albumin (BSA, Sigma-Aldrich) in PBS with Tween20
(Sigma-Aldrich) and then incubated with mouse anti-αSMA (Abcam) overnight at 4°C. Samples
were then washed and incubated with the secondary antibody, goat-anti-mouse AlexaFluor 488
(Life Technologies) and TRITC-phalloidin (Sigma-Aldrich). Next, cells were treated with 4',6diamidino-2-phenylindole (DAPI, Life Technologies) to stain the cell nuclei. Cells were imaged
on a 710 LSM NLO confocal microscope (Zeiss). Myofibroblast percentages were quantified by
manually counting cells expressing organized αSMA stress fibers.
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4.2.8. Statistical Analysis
For each experiment, at least 3 biological replicates were included. Each biological
replicate consisted of cells pooled from separate groups of porcine hearts. For qRT-PCR, each
biological replicate is an average of at least 3 technical replicates. For morphology analysis, at
least 25 cells were analyzed per condition per replicate. At least 100 cells per condition per
replicate were analyzed for cell viability and immunostaining experiments. Data were compared
using one-way ANOVAs and Tukey post-tests in Prism 5 (GraphPad Software, Inc). Data is
presented as mean ± standard error unless otherwise noted.
4.3. Results
4.3.1. VIC response to matrix mechanics in 3D
To study VIC response to stiffness in 3D, cells were first encapsulated in peptidefunctionalized PEG hydrogels of varying moduli (Figure 4.1). A range of moduli from 0.24 kPa
to 12 kPa was achieved by varying the molecular weight and concentration of 8-arm PEGnb
while controlling the ratio of –ene groups on the PEGnb to thiol groups on the peptides. The
softest modulus, 0.24 kPa, is somewhat softer than the 0.39 kPa gels in Chapter 3. This modulus
was chosen to promote VIC spreading in less than 3 days of culture. These gels were crosslinked
using a peptide (KCGPQG!IWGQCK) that can be cleaved by MMPs secreted by VICs 17. The
fibronectin-derived adhesive peptide CRGDS was incorporated at 2 mM to facilitate cell
adhesion to the gel. There was a dependence on overall cell viability on hydrogel modulus, from
~90% viability in 0.24 kPa gels to ~60% viability in 12 kPa gels after 2 days (Figure 4.2B). This
decrease in viability with matrix stiffness may be due to factors related to cell-matrix interactions
and overall morphology and their influence on apoptosis. Here, only VICs in the 0.24 kPa gel
were able to spread and elongate after 2 days, while VICs encapsulated in the 4 kPa or 12 kPa
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gels remained smaller and rounded (Figure 4.2A).

mRNA levels were measured using qRT-

PCR to characterize phenotypic differences over the range of gel moduli. There was an inverse
relationship between gel modulus and αSMA mRNA expression in this system, with the cells in
the 12 kPa gel containing only ~20% as much αSMA mRNA as the 0.24 kPa gels (Figure 4.2C).
Immunostaining showed activated myofibroblasts with αSMA stress fibers only in the 0.24 kPa
gels, while the 4 kPa and 12 kPa did not exhibit organized αSMA or f-actin fibers (Figure 4.7,
Supplementary Information). Based on these data alone, it was unclear whether this observation
was due to a direct response to gel modulus or a result of differences in cell viability or
morphology.

!
Figure 4.2. A. Live/Dead staining of VICs 48 hours after encapsulation within hydrogels.
VICs within 0.24 kPa hydrogels exhibit an elongated morphology and high cell viability,
while VICs within 4 kPa and 12 kPa retained a rounded morphology and experienced greater
cell death. Scale bar = 100 µm. B. Quantification of Live/Dead staining shows decreased
cell viability with increasing modulus. C. Increasing modulus correlates with decreasing
αSMA mRNA relative to the L30 internal standard as determined by qRT-PCR. * = p<0.05.
!
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4.3.2. Dynamic stiffening of cell-laden hydrogels
To decouple the effects of morphology versus matrix mechanics on VIC activation, an
approach to stiffen the hydrogel modulus in situ was pursued. VICs were first encapsulated
within the low-modulus (0.24 kPa) hydrogel, where the low crosslinking density facilitated
timely cell spreading. Encapsulated cells were allowed 3 days to locally remodel the gels and
spread and elongate within the gels post-encapsulation.

Then, the gels were stiffened by

swelling in solutions containing equal amounts of 8-arm PEGnb and 8-arm PEG-thiol, as well as
the photoinitiator, LAP, that were subsequently photopolymerized in situ.

For the soft “to

medium” condition, PEGnb (2 mM) and PEG-thiol (2 mM) were added. For the soft “to stiff”
condition, the concentrations of PEGnb and PEG-thiol were both increased to 10 mM.

Using

this approach, a greater than 50-fold increase in modulus was achieved (Figure 4.3). The final
gel modulus was dependent on the concentration of PEG in the stiffening solution, with the “to
medium” solution increasing the modulus from 0.24 kPa to 1.2 kPa and the “to stiff” solution
increasing the modulus to 13 kPa. By stiffening, the cell-defined matrix is transformed to a more
user-defined, non-degradable environment in which the cells are unable to elicit significant
changes in the local modulus.
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!
Figure 4.3. Schematic of stiffening the cell-laden hydrogels. 8-arm PEG-thiol, 8-arm PEGnb,
and LAP were swollen into the cell-laden gels for 12 minutes. Gels were then re-polymerized
using UV light to increase the gel modulus. Final stiffened modulus was varied by changing
the concentration of PEG-thiol and PEGnb while maintaining a stoichiometric reaction.
!

Cell viability was measured 2 days post-stiffening by live/dead staining (Figure 4.4B).
Here, we note high levels of survival, indicating a stronger effect of VIC spreading and
morphology on viability compared to matrix modulus. Furthermore, VIC morphology was
characterized 2 days after stiffening by quantifying the average cell aspect ratio (cell length/cell
width) in each of the conditions (Figure 4.4C). Note that VICs maintained a similar morphology
across the entire range of moduli studied, with the average cell aspect ratio in stiffened gels only
~30% lower than in soft gels. For comparison, the differences in the aspect ratio of cell directly
encapsulated in the 0.24 kPa, 4 kPa, and 12 kPa hydrogels (Figure 4.3) varied by as much as
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70%. Thus, the similar morphology in the stiffening system across the range of moduli studied
aided in decoupling gel modulus and cell morphology, two frequently paired variables.

!
Figure 4.4. A. Live/Dead staining of VICs encapsulated within soft and stiffened hydrogels
48 hours after stiffening. VICs in all conditions exhibited an elongated morphology and high
cell viability. Scale bar = 100 µm. B. Quantification of Live/Dead staining shows high cell
viability across the range of moduli. C. Quantification of cell aspect ratio. High modulus
standard encapsulations result in greatly reduced cell aspect ratio, while aspect ratio in
stiffened gels remains approximately the same as in the softest condition. * = p<0.05.
!

4.3.3. Hydrogel modulus directs VIC phenotype in 3D
Using this in situ stiffening approach, we found that αSMA mRNA levels decreased with
stiffening. VICs in gels stiffened to 13 kPa exhibited only 23 ± 2% as much αSMA mRNA as
!
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VICs in the 0.24 kPa gels (Figure 4.5). This trend was confirmed by immunostaining for αSMA
stress fibers (Figure 4.5A). In the soft gels, 42 ± 6% of VICs exhibited organized stress fibers
containing αSMA, a hallmark of the myofibroblast phenotype. Only 13 ± 3% of VICs in gels
stiffened to 1.2 kPa exhibited αSMA stress fibers; however, some diffuse αSMA staining was
also visible. VICs in gels stiffened to 13 kPa displayed very little αSMA in either form (2.5 ±
0.1% activation) (Figure 4.5B). To ensure that these phenotypic changes were not due to
exposure to the swelling solution, radical intermediates, or UV light, the stiffening process was
performed on VICs encapsulated in soft gels, but the 8-arm PEG-thiol was replaced with
cysteine to make a reacting stiffening solution that would not form a gel. We found that the
stiffening process did not lead to any statistically significant differences in activation levels
(Figure 4.5C).
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!
Figure 4.5. A. Immunostaining for αSMA (green), f-actin (red) and nuclei (blue) with two
representative images per condition. In soft gels, many cells exhibit αSMA stress fibers. In
“to medium” gels, there are fewer cells positive for stress fibers, but diffuse αSMA is
common. In “to stiff” gels, very little αSMA is present in either form. Scale bars = 100 µm.
B. Fraction of activated VICs as defined by the presence of αSMA stress fibers was
quantified. Activation decreased with increasing final modulus. C. A non-gelling
formulation of the stiffening solution was used as a control to show that the UV light, radical
intermediates, and other possible strains of the stiffening process were not responsible for the
reduction in activation. * = p<0.05.
!!
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Further evidence for the deactivation of VICs upon matrix stiffening was collected by
analyzing gene expression. Here, αSMA mRNA levels decreased with increasing stiffness. The
myofibroblast marker CTGF also showed a downward trend with stiffening (Figure 4.6). In
contrast, increasing stiffness led to an increase in mRNA levels of S100A4, which has been
correlated to decreases in activation and αSMA expression in VICs and in other cells types
11,27,28

. Genes associated with matrix remodeling were also investigated. While a greater than 3-

fold increase in MMP1 mRNA expression was seen in each of the stiffened conditions compared
to the VICs in the soft gels, expression of the collagen type I precursor Col1A1 remained
relatively unchanged by stiffening at the time point examined in this experiment (Figure 4.6).
Together, these data indicate that VICs cultured in 0.24 kPa hydrogels tend towards a
myofibroblast-like phenotype, with a spread morphology and strong matrix interactions. In
contrast, if the surrounding gel environment is stiffened in situ, VICs appeared to revert to a
more quiescent fibroblast phenotype. We hypothesize that this phenotypic change is due to
changes in the modulus of the extracellular environment and is not caused by differences in
morphology.

While an elongated morphology is likely required for activation to the

myofibroblast phenotype, this morphology alone does not appear to direct cells to the activated
state.
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!
Figure 4.6. qRT-PCR comparing genes of interest in soft (white), to medium (striped),
and to stiff (solid) conditions. All genes were normalized to the L30 housekeeping gene.
Myofibroblast markers αSMA and CTGF decreased with increasing modulus. The
fibroblast marker S100A4 increased with increasing modulus. MMP was higher in the
stiffened gels than in the soft gel. Col1A1 was unchanged in the examined conditions. *
= p < 0.05. Flat line indicates p < 0.05 for ANOVA but no significant differences in posttests.

4.4. Discussion
Many factors influence how cells respond to cues from their local microenvironment.
Matrix density, adhesivity, and elastic modulus can all affect cell phenotype directly, but also
influence variables such as cell shape. Generally speaking, cells sense the ECM through focal
adhesions that can involve different integrins and proteins, further complicating the
understanding of this outside-in signaling. Many of these matrix interactions can be isolated and
studied on 2D surfaces, and these experiments have helped define our understanding of the role
of the extracellular space in directing and maintaining cell function. However, in other cases,
understanding of cellular responses in vivo may benefit from more advanced culture systems and
measurements in 3D systems. In this work, we were interested in better understanding how
mechanical signaling from the extracellular matrix can contribute to VIC function.
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VICs are key regulators in valve repair and disease, which involve dynamic changes in
the extracellular environment with time. Here, we sought to exploit some unique material
chemistry to show how VICs and their myofibroblast properties might respond to dynamic
changes in stiffness in a 3D environment. Specifically, these experiments employed a peptidefunctionalized hydrogel synthesized with thiol-ene chemistry to create proteolytically degradable
hydrogels (Figure 4.1).

These gels were then subsequently stiffened on demand using a

secondary, non-degradable network (Figure 4.3). One significant advantage of this system is the
ability to study the impact of matrix stiffness on cells while keeping a similar morphology across
a large range of elastic moduli that are relevant to valve tissue properties. Additionally, the use of
a non-degradable stiffening network provides more control over the local modulus experienced
by the cells throughout the course of the experiment compared to a proteolytically degradable
network.
In most hydrogel culture systems, stiffer gels arise from networks with a higher density
of crosslinks or polymer content, so this necessitates that cells cleave more crosslinks to achieve
a spread morphology similar to those observed in softer gels with lower crosslinking density.
This coupling of morphology to network density makes it difficult to deconvolute the effects of
cell morphology from matrix stiffness, where cell shape can correlate to underlying matrix
adhesion and density.

The ability to independently study morphology and stiffness is of

significant interest because of the many ways in which cell morphology can direct cell
phenotype29,30. Here, we follow an approach by Khetan et al. to attribute phenotypic changes in
VICs directly to changes in modulus by eliminating morphology as a variable through in situ
stiffening of soft gels20.
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Specific to the VICs, an advantage of the stiffening platform was the high cell viability
achieved across the entire range of moduli studied, compared to decreasing viability observed
when VICs are directly encapsulated in stiff gels and restricted to a rounded morphology for
extended culture times (Figures 2, 4). Differences in cell viability are important not only because
of changes in cell density, but also because there is a possibility that one might inadvertently
select for a specific population of VICs. The latter can be especially problematic for primary
VICs, which represent a heterogeneous population of cells isolated from valve tissue31.
The specific hydrogel moduli evaluated as part of this study correspond to moduli of
relevance to aortic valves. The 0.24 kPa gels are softer than adult valves and might be viewed
as corresponding more closely to a developing valve.

The 1.2 kPa gels approach the moduli

measured in healthy adult valves, which has been reported to range from 1.1 kPa to 1.6 kPa for
the ventricularis and fibrosa valve layers, respectively32. Finally, the 12 kPa gels were chosen to
provide a higher modulus condition, as matrix stiffening occurs in diseased valves. While 12
kPa is not an upper limit or dividing threshold for myofibroblast activation or the onset of valve
fibrosis, it is stiffer than what might be expected in a healthy valve.
Early efforts to study VIC-matrix interactions and mechanotransduction have observed
that seeding VICs on softer (~7 kPa) hydrogel substrates better preserves their native phenotype
compared to culture on tissue culture polystyrene (TCPS)33. This study identified thousands of
genes that were differentially regulated on TCPS compared to freshly isolated cells and found
that three of the genes upregulated on TCPS (αSMA, CTGF, and Col1A1) were expressed at
levels closer to freshly isolated cells when the VICs were instead cultured on the soft hydrogel.
Additionally, the percentage of VICs seeded on soft gels exhibiting αSMA stress fibers was
similar to the percentage found in the valve, while much higher levels of activation were
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observed on TCPS. To better understand the role of substrate mechanics in regulating these
profound differences that were observed with culture conditions, VIC response to dynamic
changes in substrate modulus was also studied; specifically, VICs were seeded on a hydrogel
with photodegradable moieties to allow in situ softening. These experiments revealed that VIC
activation on stiff substrates is reversible, and the myofibroblast phenotype can be deactivated by
a reduction in the substrate modulus12. While softening systems have been exploited to study the
response of VICs to a dynamic softening of the matrix environment, there are few examples of
studying how increases in the matrix modulus influence cell phenotype in situ. Studying cellular
responses to increases in modulus is important because many in vivo processes involve increases
in tissue stiffness. For example, increases in tissue stiffness are frequently associated with fetal
development, the progression of fibrotic diseases, and cancerous tumors34–36. As a result, there is
a growing interest in biomaterials scaffolds for 3D cell culture that enable one to stiffen the
matrix mechanics on demand. In this regard, one system that allows in situ modulation of gel
mechanics was developed by the Burdick group to study mesenchymal stem cell fate37. The
initial hydrogels were formed using via a Michael addition of acrylated hyaluronic acid with
cysteine-containing MMP-degradable peptides where the acrylate functionality was in excess.
Later, gels were stiffened using a photoinitiated radical polymerization of the remaining acrylate
groups. By using a photoinitiated reaction for the secondary crosslinking, they were able to
avoid stimuli that are known to elicit cellular responses, such as pH or temperature. Here, we
develop a complementary approach using a peptide functionalized PEG-based system that allows
the formation of highly defined step-growth networks with tailored presentation of peptide
signaling moieties, along with highly defined control of biomechanics and biodegradation.
These material characteristics are important to control for VIC cultures, and PEG can provide an
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alternative to hyaluronic acid, which can influence VIC phenotype upon degradation into lower
molecular weight fragments38. Finally, the thiol-ene reaction mechanism has been shown to be
more cytocompatible for some highly sensitive primary cell types, and also allows tethering of
many growth factors without a loss in activity39–41.
Perhaps most unexpectedly, trends in VIC phenotype (e.g., myofibroblast activation) with
stiffness in 3D environment were quite different from those observed in 2D cultures.
Specifically, VIC activation typically correlates with stiffness of the culture substrate in 2D
experiments9,12, and this observation is consistent with clinical reports of higher levels of
persistent myofibroblasts during fibrotic valve disease progression.

However, less is known

about how myofibroblast properties correlate with VIC cultures in 3D, and this can be important
for tissue engineers seeking to regenerate functional valve leaflets or for biochemists seeking to
identify small molecule inhibitors that might reverse valve disease.

When encapsulated in

hydrogel environments, VICs respond to the stiffness of their environment in a manner that one
might expected for a well-functioning valve: in an initially soft matrix in early stages of
development or in valve tissue that has been damaged after injury, VICs become activated
myofibroblasts and deposit additional extracellular matrix proteins.

When the matrix

surrounding the cells has reached an appropriate density and stiffness, VICs return to a quiescent
phenotype, preventing the pathological state of continued activation and tissue deposition. In the
dynamic gel conditions examined here, where VICs were encapsulated in soft gels, allowed to
spread, and then in situ stiffened, VICs residing in the stiffest gels were nearly all quiescent
fibroblasts (Figure 4.5).

These experiments supported the hypothesis that stiffness alone does

not activate VICs to their myofibroblast phenotype and that additional stimuli may be necessary
to promote their persistent activation, whether for healthy tissue remodeling or misregulation that
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is related to disease progression. The observations of the dependence of VIC activation on
matrix modulus are also consistent with aspects of fetal development, where the soft valve
matrix leads to high percentages of activated myofibroblasts, but as the valve develops and
stiffens, the percentage of myofibroblasts decreases6,42. Similar levels of deactivation are seen
after stiffening VIC-laden hydrogels with either degradable or non-degradable networks,
providing additional evidence to support the role of modulus in deactivation (Figure 4.8,
Supplementary Information).

It would be interesting to expand the range of bioscaffold

elasticities and the timing of the stiffening to see if certain culture conditions are more
reminiscent of valve development versus disease progression.
Beyond examining αSMA protein expression and organization, the VIC phenotype was
further characterized in these 3D gel environments using qRT-PCR to examine mRNA levels of
myofibroblast markers, fibroblast markers, and matrix remodeling genes (Figure 4.6).
Consistent with the immunostaining results, αSMA mRNA levels were highest for VICs
encapsulated in the softest gels, and increasing gel stiffness correlated with decreasing αSMA
expression. CTGF, another myofibroblast marker, was also examined. While there was greater
variation seen in the CTGF mRNA levels, a general trend of decreasing CTGF was observed.
The lower expression of both of these myofibroblast markers in the stiffened gels is consistent
with the lower activation levels seen by immunostaining. S100A4, an indicator of the quiescent
fibroblast phenotype, was also examined.

S100A4 increased with increasing stiffness,

suggesting that VICs were deactivated to the fibroblast phenotype upon stiffening. Collectively,
the changes in expression of these three markers are consistent with the immunostaining data
(Figure 4.5), which showed more myofibroblasts in the soft gels than in the stiffened gels.
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One of the major differences between 2D and 3D hydrogel cultures is that encapsulated
cells must degrade and remodel their surrounding environment to spread. As a result, one might
expect variations in MMP activity as a function of dimensionality, and increased matrix
deposition and MMP activity are typically associated with VIC myofibroblasts.

For example,

MMP1 was found to be about 17 times as prevalent in stenotic human aortic valves compared to
healthy valves, while a 23 fold increase was reported in COL1A1 mRNA, a precursor of type I
collagen43. Interestingly, we observed that MMP1 mRNA expression was higher in the stiffer
gels, where almost all VICs are quiescent (Figure 4.6). This increased expression with stiffening
may be a result of the degradability of the gels. With the stiffening approach, the cells become
constrained by the non-degradable network and may express more MMPs in an attempt to
modify their local environment. In contrast, the VICs remaining in degradable, soft gels may be
able to cleave crosslinks even with lower MMP expression. This explanation is consistent with
the nearly equal levels of MMP1 mRNA in both of the stiffened conditions (“to medium” and “to
stiff”), but it would be interesting to adjust the stiffening formulation to also study a
proteolytically degradable system.

However, interpretation of such experiments would be

confounded by local changes that would occur in matrix mechanics with different degradation
rates of the loosely and densely crosslinked formulations.

Finally, no statistically significant

differences in COL1A1 were observed in this study across the conditions (Figure 4.6), but it is
possible that changes in COL1A1 would be observed on a longer timescale than the other
markers that were examined here.

Even if no differences are measurable at the mRNA level,

long-term studies of the deposition of collagen within the gels should provide more insight as to
how modulus and MMP activity may direct matrix remodeling in 3D.

Here, we intentionally

selected earlier time points to test hypotheses related to VIC response to changes in the synthetic
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ECM matrix, before they significantly alter their microenvironment through significant ECM
deposition.
In

summary,

peptide-functionalized

hydrogels

formed

through

thiol-ene

photopolymerizations provide a versatile platform for 3D culture of VICs. Through sequential
reaction steps, this platform enabled us to transition from simple, cellularly-remodeled materials
to a user-defined system with in situ tunable mechanical properties. While we only showed the
effect of a single stiffening event on VIC phenotype, it would be possible to repeat the stiffening
procedure multiple times to simulate the more gradual stiffening that would occur in vivo.

It

might be particularly interesting to repeatedly stiffen with degradable gel formulations and
couple these experiments with real time measurements of VIC functions and matrix remodeling
(e.g., traction force microscopy).

4.5. Conclusions
In summary, we developed an approach for in situ stiffening of cell-laden hydrogels
using thiol-ene chemistry, and the synthetic methods were implemented to study VIC phenotype
in 3D environments. VICs encapsulated within soft (E = 0.24 kPa) gels had an elongated
morphology and high levels of expression of the αSMA myofibroblast marker, while VICs
encapsulated within higher modulus (E = 4-12 kPa) gels were mostly rounded and had low levels
of αSMA expression. To delineate morphological effects from modulus effects, an in situ gel
stiffening approach was pursued.

In 0.24 kPa gels, ~40% of VICs were activated to the

myofibroblast phenotype, but when stiffened to 13 kPa, only ~2% of VICs remained activated 2
days after the stiffening. This response was also evaluated at the mRNA level, where more than
a 70% reduction in αSMA levels was observed. This trend of reduced activation with increasing
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microenvironmental stiffness is counter to observations when VICs are cultured on 2D hydrogel
surfaces, and implies that factors associated with dimensionality may play an important role in
better understanding VIC phenotypic changes, especially the myofibroblast-to-fibroblast
transition.
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4.8. Supplementary Information

Figure 4.7. Immunostaining of standard encapsulation with varying modulus for αSMA (green),
f-actin (red) and nuclei (blue). Scale bars = 100 µm.
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Supplementary Figure 4.8. VIC-laden hydrogels were stiffened with degradable
(10wt%PEGnb + MMP-degradable peptide) or non-degradable (5wt%PEGnb +
5wt%PEGSH) networks with approximately equivalent moduli. Error bars indicate
SEM. In both conditions, the increase in modulus resulted in a decrease in VIC
activation. Error bars indicate SD, n=2.
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!
Chapter 5

Three-dimensional high-throughput cell encapsulation platform to study dynamic changes
to the extracellular matrix
!

Abstract
In their extracellular microenvironment, cells respond to a complex array of biochemical
and mechanical cues that can vary in both time and space. Towards a better understanding as to
how cell phenotype is influenced by these signals and their possible interactions, highthroughput methods that allow characterization of cell-laden matrices are valuable tools to screen
through many combinations of variables, ultimately helping to evolve and test hypotheses related
to cell-ECM signaling.

Here, we developed a platform that allows high-throughput

encapsulation of cells in peptide-functionalized poly(ethylene glycol) hydrogels, combined with
imaging of these 3D microenvironments over time. This approach also allows the material
environment to be dynamically modified by either 1. the introduction of soluble or tethered
cytokines or 2. changes in the matrix properties (e.g., mechanics, adhesive ligands). To test and
demonstrate the methods, aortic valvular interstitial cells (VICs), a population of cells
responsible for the pathological fibrosis and matrix remodeling that leads to aortic stenosis, were
encapsulated in PEG hydrogels. Arrays of gels were formed with a range of volumes (5-40 µL)
and cell densities (0-10 million cells/mL gel). Cell viability remained high after encapsulation.
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The fibronectin-derived adhesive peptide RGDS was tethered to the gels in situ. VIC response to
the dynamic addition of RGDS was characterized by quantifying cell morphology and by
measuring the expression of α-smooth muscle actin, a hallmark of the myofibroblast phenotype.
VICs elongated in response to RGDS addition, and cell spreading occurred at a faster rate than in
gels formed with RGDS in the initial polymerization. No spreading was observed without
RGDS addition. Further, expression of αSMA was also dependent on matrix adhesion, with
VICs exhibiting higher levels of αSMA in gels with RGDS.

5.1. Introduction
High-throughput screening platforms are a critical technology for the elucidation of
complex biological mechanisms. The use of automated liquid handling systems has simplified
screening in plates with 96 or more wells; however, the standard implementation of this
technique involves culturing cells on tissue culture polystyrene (TCPS) or coated glass1. This
method has proved useful in dramatically increasing the rate at which drug candidates can be
tested, but cells on these supraphysiologically stiff 2D surfaces are likely to respond to stimuli
much differently than cells in vivo. For example, prostate and breast cancer cells are both more
susceptible to chemotherapeutics on TCPS than when encapsulated within extracellular matrix
proteins2,3. Hepatocytes also showed elevated levels of drug metabolism on alginate substrates
that facilitated cell-cell interactions compared to traditional TCPS culture4.
The extracellular matrix can dramatically impact cell phenotype. To better understand
these cues, microarrays have been developed to study cell-protein5 and cell-polymer6
interactions. Additionally, systems to test cellular response to 2D substrates of varying moduli
have been developed7,8. To understand how ECM cues direct cell phenotype, it is not only the
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matrix composition (e.g., protein content) that is important, but also the orientation in which the
cells interact with the proteins. The dimensionality of the system in which cells are studied can
influence a number of cell functions, including polarity, morphology, motility, and cell-cell
interactions, as reviewed by Baker and Chen9. To explore cell response to drugs in a 3D
environment, high-throughput platforms have been developed that encapsulate cells within
alginate10, Matrigel11, agarose12, poly(ethylene glycol) (PEG)13, and arrays of other polymers14.
With this wide range of materials, many options exist to give experimenters control over many
matrix properties, such as chemical composition and matrix mechanics.
While great strides forward have been made in recapitulating specific cellular niches for
high throughput experiments, the extracellular matrix properties can also change over time. For
example, dramatic changes in ECM composition and mechanical properties are observed in fetal
development15, tumor growth16, wound repair17, and fibrotic disease progression15,18. In addition,
the ECM is a reservoir of numerous growth factors that are often released during times of major
matrix remodeling. Here, we focus on the aspects of dynamic matrix changes in the context of
the aortic valve tissue, which undergoes fibrosis during the development of stenosis.
Changes in the ECM in aortic stenosis are actively mediated by the valvular interstitial
cells (VICs), which are found throughout the aortic valve and exhibit mostly a fibroblast-like
phenotype in healthy adult valves19. In disease, VICs can become activated to a myofibroblast
phenotype, which is associated with increased ECM remodeling, contractility, and
proliferation20. However, it is difficult to study this fibroblast-to-myofibroblast transition using
traditional in vitro approaches, because culture of VICs on tissue culture polystyrene plates
results in high levels of activated myofibroblasts and dramatically alters the phenotype of these
cells21. Additionally, VICs both remodel their local matrix and receive cues from the ECM, and
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these feedback loops make it difficult to ascertain the net effects of potential therapeutics in
vitro. A wide range of changes in the ECM have been observed in aortic stenosis, including a
shift in the type of collagen deposited22, breakdown of the elastin fiber organization23, increased
secretion of proteoglycans24, and increased expression of fibronectin25. Previous studies have
shown that VIC αSMA expression and ECM deposition are dependent on the adhesive ligand
sequence to which the cells are bound26,27, indicating an important role of the biochemical
composition of the ECM in determining VIC phenotype.
Here, we have developed a platform for the 3D encapsulation of cells in synthetic ECM
mimics that can be modified at user-defined time points to recapitulate the dynamic nature of the
cell niche in vivo. Cells were encapsulated in a PEG-based hydrogel using a photoinitiated thiolene reaction. This experimenter-initated polymerization permits the formation of cell-laden prepolymer droplets in each well without premature gelation of the stock solutions. 8-arm PEGnorbornene is crosslinked by reaction with an MMP-degradable peptide flanked with thiolcontaining cysteines on both ends, resulting in a matrix that cells can locally remodel to spread
and move within the gel. PEG is relatively bioinert due to its hydrophilicity, so ECM-derived
peptide sequences containing a single cysteine can be incorporated pendantly to facilitate cellmatrix interactions. Using this approach, adhesive site concentration can be tuned independently
of other variables such as the matrix modulus. The fibronectin-derived peptide CRGDS was
incorporated into the matrix either at initial gel formation or after 3 days of culture without an
adhesive ligand, and the resulting VIC morphology and αSMA expression were quantified.
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5.2. Materials and Methods
5.2.1. Cell culture
VICs were isolated from the aortic valves of fresh porcine hearts using a sequential
collagenase (Worthington Biochemical) digestion, as described previously28. !For!expansion!of!
cells!before!experiments,!VICs were cultured at 37°C and 5% CO2 on tissue culture polystyrene
(TCPS, Corning) in growth media, which consisted of Media 199 (Life Technologies)
supplemented with 15% fetal bovine serum (FBS, Life Technologies), 2% penicillinstreptomycin (Life Technologies), and 0.5 mg/mL fungizone (Life Technologies). Cells were
passaged using trypsin (Life Technologies) digestion and used in experiments after 2-4 passages.
For experiments, FBS in media was reduced to 1% to limit proliferation.!

5.2.2. PEG-norbornene synthesis
8-arm PEG (40 kDa, JenKem) was functionalized with norbornene as described
previously28,29. Briefly, stoichiometric amounts of PEG and 4-dimethylaminopyridine (SigmaAldrich) were dissolved in anhydrous dichloromethane (Sigma-Aldrich), and a two-fold excess
of each 5- norbornene-2-carboxylic acid (Sigma-Aldrich) and N-N’-diisopropylcarbodiimide
(Sigma-Aldrich) were added. The flask was purged with argon and then the reaction proceeded
overnight on ice. The PEG-norbornene was then precipitated in 4°C ethyl ether (Fisher
Scientific), filtered, and dried. The product was purified by dialysis and then lyophilized, and
overall end group functionality was determined to be ~90% by proton nuclear magnetic
resonance imaging.
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5.2.3. High-throughput encapsulation
Encapsulations were performed on an automated liquid handler (EpMotion M5073,
Eppendorf) to facilitate the high-throughput production of cell-laden hydrogels. To permit the
covalent attachment of the hydrogels to the bottom of the 96 well glass bottom plate
(PerkinElmer), the plate was treated with 95% ethanol (pH ~ 5.5) with 0.55vol% (3mercaptopropyl) trimethoxysilane for 5 min, and was then rinsed with 95% ethanol.
A precursor solution of PEG-norbornene, MMP-degradable crosslinking peptide, and
cells in phosphate-buffered saline (PBS, Life Technologies) was robotically mixed with either a
solution containing the adhesive peptide CRGDS (American Peptide Company, Inc.) or PBS.
After mixing, the polymer solutions contained 0.75 mM PEG-norbornene, 1.875 mM MMPdegradable peptide (KCGPQG!IWGQCK, American Peptide Company, Inc.), and 1.7 mM
lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) and 10 million cell/mL.

This

composition contains 2.25 mM excess –ene functionalities, which are available for tethering
peptides or proteins at a later time point. Pipetting parameters were optimized for the precursor
solution for accurate dispensation of reproducibly sized gels (15.5 mm/s aspiration, 33.0 mm/s
dispense, delayed blow), with a volume of 10 µL per gel unless otherwise stated. These solutions
were then pipetted into the wells of the thiolated plate. The polymerization of these gels was
photoinitiated by a 2 min light exposure (2.5 mW/cm2 @ 365 nm). After polymerization, 200 µL
media was added to each well. For experiments to visualize the gel volume, an AlexaFluor
maleimide 488 fluorescent label was covalently attached to the gel network.
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5.2.4. Dynamic tethering of RGDS
Media was removed from the gels by inverting the plate. Then, gels were dosed with 30
µL of a solution containing either 1.25 or 5 mM CRGDS and 1.7 mM LAP in PBS.
Alternatively, for gels with no RGDS tethering, 30 µL PBS was added to prevent drying. Plates
were placed on a shaker for 30 min to facilitate the diffusion of RGDS and LAP throughout the
gels. Next, RGDS was tethered by 2 min exposure to UV light. RGDS solutions were then
removed from the gels, and 2x5 min washes were performed. To quantify the concentration of
tethered

RGDS,

5%

of

a

TAMRA

(Click

Chemistry

Tools)

labeled

peptide

(TAMRA_Ahx_RGDSC) was added to the peptide swelling solution. The NH2-Ahx_RGDSC H peptide was synthesized on resin before conjugating the fluorophore. Briefly, the TAMRA
NHS ester was dissolved in DMF and added to the resin with a catalytic amount of DIEA and
allowed to stir at room temperature for 3 hours. The labeled peptide was cleaved from the resin
with a solution of TFA/triisopropyl silane/water/ phenol (90:2.5:2.5:5%), precipitated and
washed in cold ether, before purification via reverse phase HPLC (Waters). Fluorescence was
quantified on a BioTek H1 Synergy plate reader after an additional overnight wash, and tethered
concentrations of RGDS were interpolated from the standard curve gels.

5.2.5. Cell viability and metabolic activity assays
VICs were treated with PBS containing 1 µM calcein (Life Technologies) and 4 µM
ethidium homodimer (Life Technologies) for 25 min. 50 µm stacks of images were collected at 5
µm intervals using an Operetta high-content confocal microscope (PerkinElmer). Cell viability
was quantified using Harmony software (PerkinElmer) to count the number of live and dead cells
in each maximum intensity projection. To quantify metabolic activity, cells were treated with
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PrestoBlue (Invitrogen) according to the manufacturer’s instructions and fluorescence was
measured on a BioTek H1 Synergy plate reader.

5.2.6. Measurement and quantification of cell morphology
VICs were treated with calcein for 30 min every 48 hrs and images were collected every
24 hrs on an Operetta high-content confocal microscope. For each field of view, 11 slices were
imaged at 5 µm intervals, and a maximum intensity projection was used to produce 2D images of
these 50 µm thick sections. Cell morphology was analyzed using Harmony software
(PerkinElmer) to identify cells and calculate the aspect ratio. At least 150 cells were analyzed per
replicate.

5.2.7. Immunostaining for αSMA
After 7 days of culture (4 days after RGDS addition), cells were fixed for 30 min in 10%
formalin. Gels were washed with PBS and then VICs were permeabilized by treatment with PBS
containing 0.05wt% Tween 20 (Sigma-Aldrich). Next, non-specific staining was blocked with
1% bovine serum albumin (BSA, Sigma-Aldrich). Then, mouse anti-αSMA (Abcam) diluted
1:200 in the BSA solution was added overnight at 4°C. Samples were washed 3 x 1 hr before
addition of goat-anti-mouse AlexaFluor 488 (1:300, Life Technologies), rhodamine-phalloidin
(1:300, Life Technologies), and DAPI (5 µg/mL, Life Technologies) overnight at 4°C. Samples
were washed in PBS and then imaged on the PerkinElmer Operetta. 4 fields of view were
imaged for each replicate, with 11 slices at 5 µm intervals. A maximum intensity projection was
used to produce 2D images of these 50 µm sections. Harmony software was used to quantify the
ratio of αSMA to DAPI (nuclei). Each cell was identified using the DAPI channel, and cell area
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was identified using the f-actin channel. Then, the ratio of αSMA to DAPI was calculated for the
cells. Each condition represents 4 replicates. Error bars represent the standard error, and a oneway ANOVA with a Newman-Keuls post-test was performed to analyze the statistical
significance of the results.

5.3. Results
5.3.1. Development of high-throughput cell encapsulation platform
Arrays of hydrogels containing VICs were formed in 96-well plates using an automated
liquid handler to form droplets of pre-gel solution containing suspended cells, which were then
polymerized using a photoinitiated reaction (Figure 5.1). The gels were approximately 4 mm in
diameter and with a height of 1 mm. Here, we have varied the presentation of the adhesive
peptide, RGDS; however, this platform could also be used to vary other gel properties, such as
gel modulus or susceptibility to cell cleavage, by changing the components in the precursor
solution.

24 hours after encapsulation, approximately 75% of cells remained viable as

determined by staining with calcein (live cells) and ethidium homodimer (dead cells).
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Figure 5.1. High-throughput, dynamic cell encapsulation platform. Cells suspended in a prepolymer solution are added to a 96 well plate by an automated liquid handler. Initial gel
properties, such as RGDS concentration, are varied by changing the concentration in the prepolymer solution. Droplets are then polymerized by exposure to 365 nm light for 2 min via a
thiol-ene reaction in which the norbornene groups on the PEG molecules react with the thiols
on cysteine-containing peptides. High VIC viability was observed 24 hours after
encapsulation (Scale bar = 100 µm, green = live, red = dead). Unreacted –enes can later by
functionalized with peptide or protein cues using a second photoinitated reaction, allowing the
measurement of cellular responses to dynamic changes in the ECM.
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Arrays with hydrogels ranging from 5 – 40 µL were formed and relative size was
determined through the incorporation of a fluorescent label (Figure 5.2A), demonstrating the
ability to choose the scale of the encapsulation based on needs for downstream assays. 5 µL and
10 µL gels retained a rounded shape in the center of the wells, 20 µL frequently take on a more
assymetric shape (Figure 5.2B). 40 µL gels coat the bottom of the well (not shown). The VICs
are dispersed throughout the gel volume (Figure 5.2C), creating a 3D culture environment. Cell
loading into the gels was also controlled over a range of 1 - 10 million cells per mL of gel as
measured by a metabolic activity assay (Figure 5.2D).

!
Figure 5.2. Characterization of hydrogel arrays. A) An array of gels of different sizes labeled
with AlexaFluor 488 was formed. Quantification of fluorescent intensity showed that the
fluorescent signal was directly proportional go gel size. B) Gels were visualized by stitching
together images collected on the Operetta high-content confocal. Scale bar = 6 mm. C) VICs
encapsulated within a gel and stained for calcein. Image represents a single slice 100 µm
from the bottom of the gel. Scale bar = 1mm. D) Precise cell loading was achieved for cell
densities between 1-10 million cells/mL of gel as quantified by a metabolic activity assay.
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RGDS was tethered to the hydrogel matrices using a photoinitiated thiol-ene reaction.
Concentration of incorporated RGDS was determined using a fluorescently labeled RGDS
peptide and comparing fluorescent intensity in gels with dynamic tethering to gels initially
formed to contain a range of RGDS concentrations (Figure 5.3A). Conditions leading to both
high (1.5 mM) and low (0.4 mM) concentrations of RGDS were identified. Tethering RGDS did
not influence cell viability (Figure 5.3B). Additionally, samples treated with the RGDS solution
but not exposed to UV light were used as a control to determine that the 30 minute dosing with
soluble RGDS did not harm cell viability by blocking integrins. No statistically significant
differences in viability were observed in response to RGDS tethering or to the dosing with
soluble RGDS.

!
Figure 5.3. Characterization of RGDS addition. A) Fluorescently labeled RGDS was reacted
into hydrogels during initial gel formation and fluorescent intensity was measured to form a
standard curve (black squares). Then, gels with no RGDS were dosed with an RGDS/LAP
solution and a photoinitated reaction was used to tether the peptide to the unreacted –ene
functionalities within the gel. Fluorescence was measured to determine the concentration of
tethered RGDS (green circles). B) Cell viability assay showed no loss in viability due to
RGDS addition or to the 30 min treatment with soluble RGDS shown in the no UV control (p
> 0.05 in one-way ANOVA). Error bars show +/- SEM.
!
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5.3.2. RGDS addition promotes VIC spreading within gels
VICs were encapsulated within hydrogels containing either 0 or 1 mM RGDS and
morphology was quantified by measuring the length/width ratios of the cells. After 3 days, VICs
began to spread within gels containing RGDS, but remained rounded in gels with no adhesive
ligand (Figure 5.4). At this point, either 1.5 mM or 0.4 mM RGDS was dynamically tethered
into the gel. By day 4, only 24 hours after tethering, VICs had responded to the RGDS addition
by spreading, and had already managed to reach nearly the same aspect ratio as the VICs that had
been encapsulated within RGDS-containing gels for all 4 days. In 0 mM RGDS gels with no
addition of adhesive ligand, the cells remained rounded throughout the experiment. Changes in
cell morphology in response to dynamic tethering of RGDS were independent of the
concentration of RGDS over the range tested (0.4 – 1.5 mM). Similar trends were observed in a
stiffer gel (0.875 mM PEG), but longer times were required for spreading (Figure 5.6,
Supplementary Information).
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Figure 5.4. Dynamic tethering of adhesive peptides promotes VIC elongation. VICs were
encapsulated in PEG hydrogels with or without the RGDS adhesive ligand. In gels with
RGDS, VICs were able to spread and elongate within the gel, but VICs encapsulated without
RGDS maintained a rounded morphology. Scale bar = 100 µm. The addition of RGDS on day
3 by photoinitiated covalent tethering resulted in VIC elongation after only 24 hours. The
graph displays the quantification of the aspect ratio (cell length/width) over 5 days. The
dashed line represents the addition of RGDS. Error bars represent +/- SEM, n ≥ 6.

5.3.3. RGDS-dependent αSMA expression
Expression of αSMA, a hallmark of the myofibroblast phenotype, was also examined by
immunostaining samples 7 days after encapsulation (Figure 5.5). When VICs were initially
encapsulated in gels with no RGDS, αSMA expression was significantly lower than in VICs
encapsulated with 1 mM RGDS. However, the dynamic addition of 1.5 mM RGDS after 3 days
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of culture to gels that initially had no RGDS led the VICs to produce as much αSMA as in the
gels where RGDS was present throughout the experiment. These results indicate that VIC
phenotype is highly dependent on the adhesive ligands present in the extracellular matrix.

Figure 5.5. VIC αSMA expression is dependent on the presence of adhesive ligands in the
extracellular matrix. When VICs were encapsulated in gels containing no RGDS, αSMA
expression was significantly lower than in the RGDS-containing gels. When gels that initially
contained 0 mM RGDS were then modified with 1.5 mM RGDS, αSMA expression increased
to the level seen in gels that containing RGDS throughout the 7 days of the experiment.
Nuclei = blue, f-actin = red, αSMA=green. Scale bar = 100 µm. Error bars represent SEM. *
p < 0.05.
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5.4. Discussion
During the progression of fibrotic diseases, including aortic stenosis, cells are exposed to
a complex cascade of mechanical and biochemical signals. High-throughput methods are needed
to better understand how these signals, both independently and synergistically, direct cell
phenotype. While there have been a number of examples of high-throughput cell encapsulation
platforms, our approach provides the unique ability to dynamically alter the matrix in which the
cells reside.
As expected, VICs required RGDS in order to achieve an elongated morphology (Figure
5.4). Interestingly, VIC spreading and elongation occurred much more rapidly when RGDS was
dynamically tethered into the matrix on day 3 than when VICs were initially encapsulated in
RGDS-containing gels. This is likely due to VIC remodeling of the local matrix throughout the
experiment by secretion of various MMPs to degrade the matrix. In a 3D environment, fibroblast
spreading requires both adhesive ligands for the cell to attach to, as well as local degradation of
the ECM to provide space for the cell to spread into. Even though VICs encapsulated in gels
without RGDS were not able to spread due to the lack of cell-matrix interactions, they were
likely still secreting MMPs that were able to cleave some of the crosslinks in the pericellular
area. Then, once RGDS was incorporated into the network, the VICs were able to spread at a
faster rate.
No differences were observed as a result of the concentration of dynamically tethered
RGDS (Figure 5.4). Likely, both of the RGDS concentrations studied (0.4 mM and 1.5 mM)
were high enough to present an excess of RGDS ligands compared to the number of available
integrin pairs. This is consistent with studies showing an increase in cell migration speed with
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increasing RGDS concentration until a threshold is reached, at which point migration speeds
plateau30.
Morphology was not the only aspect of the VIC phenotype that changed in response to
the addition of RGDS. Expression of αSMA, a hallmark of the myofibroblast phenotype, was
also dependent on RGDS (Figure 5.5). It is unlikely that the rounded VICs in the 0 mM RGDS
gels could fully take on the myofibroblast phenotype, as they are not able to spread, attach to the
matrix, and generate contractile forces. However, it was not known whether the myofibroblast
phenotype was simply functionally inhibited in rounded, constrained VICs due to the restricted
morphology or if there were differences in the gene expression levels as well. Quantification of
αSMA by immunostaining demonstrated that not only was the αSMA not organized into stress
fibers in the 0 mM RGDS condition, but that the total amount of αSMA was lower. After RGDS
was tethered into the 0 mM gels, αSMA expression increased. This activation of VICs in
response to RGDS, a fibronectin-derived peptide, indicates a possible mechanism that may
contribute to valve disease, where increased levels of fibronectin expression have been observed.
Dynamic tethering of the RGDS on day 3 resulted in somewhat higher levels of αSMA
than gels that contained RGDS at formation. This may suggest a possible role of temporal
modulation of matrix properties in directing VIC phenotype, with a step change in matrix
adhesion leading to a more myofibroblast-like phenotype; however, additional experiments
would be required to determine whether this is a real effect.
Cellular responses to soluble cues are frequently matrix-dependent. For example, VIC
activation in response to soluble delivery of TGF-β1 is dependent of the substrate modulus31.
The encapsulation platform described here could easily be implemented to study the influence of
soluble cues, such as those found in drug candidate libraries, in a more physiologically-relevant
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environment. Further, the ability to recapitulate some of the dynamic changes that occur in the
ECM throughout disease progression could help identify ranges of disease progression over
which a specific drug candidate may be effective. As an example, if a drug could inhibit an
integrin-dependent signaling pathway that leads to pathological ECM deposition, combinatorial
gel formations representing the range of adhesive ligands present throughout disease progression
could be tested to determine an appropriate treatment window.
The high-throughput platform presented here could be particularly useful for the
identification of molecules that may regulate cell-matrix interactions or matrix remodeling, as
traditional cell-based screens on TCPS would not be able to capture these functions. Since this
system has been developed to be compatible with standard protocols for screening drug libraries
using robotic liquid handlers, it would be possible to test a large number of molecules. This
could help identify potential therapeutics for fibrotic diseases, such as aortic stenosis, in which
dysregulation of matrix remodeling plays a critical role in disease progression.
This study has investigated VIC response to a single adhesive ligand, which is derived
from fibronectin. While increases in fibronectin expression are observed in patients with aortic
stenosis25, many other ECM proteins may also play an important role in disease progression. To
compare the influence of different ECM proteins, adhesive peptides from other diseaseassociated proteins, such as collagen X22 or proteoglycans23, could be sequentially tethered to
gels already containing peptides derived from proteins found in healthy valves, such as elastin or
collagen I32.
One benefit of using a thiol-ene reaction for encapsulation of cells within hydrogels is the
flexibility that this chemistry provides with respect to the incorporation of additional
functionalities. In addition to peptides, whole proteins containing a free thiol could be reacted
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into the network. This chemistry is also compatible with a previously developed method for in
situ stiffening of cell-laden hydrogels28, which would allow for user-directed modulation of both
the biochemical and mechanical matrix properties. Ongoing experiments will investigate the
combinatorial effects of stiffness and adhesivity through temporally-controlled tethering of
adhesive ligands and matrix stiffening.

Ultimately, these dynamic alterations in matrix

properties will be in combination with pro-inflammatory cytokines that have been implicated in
aortic stenosis, such as TGF-β1 and IL-1β33,34.

5.5. Conclusions
This work presented a method for high-throughput encapsulation of cells within 3D
hydrogel matrices that permit the dynamic addition of ECM cues through the photoinitiated
tethering of adhesive peptides.

This platform was implemented to study the influence of

adhesive ligands on VIC morphology and αSMA expression. VICs were able to spread and
elongate in response to RGDS, and the rate of spreading was faster when RGDS was introduced
on day 3 rather than during the initial gel formation. αSMA expression was also dependent on
adhesive ligands, with a greater intensity of αSMA staining seen in response to addition of
RGDS. This study shows the potential for study the influence of matrix cues on cell phenotype,
and could be adapted for studies investigating the interplay between soluble cues and matrix
properties.
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5.8. Supplementary Information

!
Figure 5.6. In stiffer hydrogels containing 0.875 mM PEG, cell spreading was slower, but
VICs elongated in response to addition of RGDS while remaining rounded in gels with no
tethered RGDS.
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Chapter 6

Conclusions and Recommendations

The activation of valvular interstitial cells (VICs) to the myofibroblast phenotype is a key
transition in the development of aortic stenosis.

Understanding the VIC fibroblast-to-

myofibroblast transition and its reversal is important for several reasons, which include: 1. the
potential to identify new pharmacological treatments to prevent or reverse valve disease, 2.
improving strategies for tissue engineering heart valves, and 3. providing insights into other
fibrotic diseases (e.g., lung, liver, kidney).

Valve explants and in vivo experiments have

provided extensive insight into the changes that occur in the valve during disease progression
and genetic contributions to valve disease, but more controlled in vitro experiments would help
us to understand the primary factors leading to pathological myofibroblast activation and discern
the mechanisms by which this transition occurs.
Due to the large number of stimuli that may play a role in VIC activation, highly defined
in vitro experiments are necessary to elucidate the impact of individual cues. Unfortunately,
traditional culture of VICs on stiff plastic plates results in dramatic changes in gene expression
levels, as well as activation to the myofibroblast phenotype1. A high baseline level of activation
makes it difficult, if not impossible, to study the quiescent fibroblast phenotype and the signals
that cause these quiescent fibroblasts to become activated.
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This thesis focused on the

implementation of hydrogel cell culture platforms to recapitulate aspects of the native VIC
environment to better understand the fibroblast-to-myofibroblast transition. Collectively, the
work presented in this thesis demonstrates the importance of the microenvironment in
determining VIC phenotype, and shown that matrix cues alone can be used to direct VIC
phenotype.
Poly(ethylene glycol) (PEG)-based matrices can be formed over a wide range of
physiologically relevant moduli (e.g., E ~ 0.2 – 100 kPa), and VICs cultured on soft (7 kPa)
hydrogels were found to maintain a quiescent fibroblast phenotype in vitro1. Additionally,
peptide-functionalized PEG hydrogels are readily synthesized using a cytocompatible,
photoinitated thiol-ene reaction, permitting the encapsulation of cells within materials that allow
control of integrin binding, introduction of proteolytically cleavable linkers, and local
sequestration of growth factors2–5. While PEG macromolecules are associated with high levels of
water of hydration that render it relatively bioinert, PEG hydrogels can be easily functionalized
with moieties (e.g., peptides, proteins, small molecule drugs) to render them bioactive and illicit
specific cellular responses. These characteristics make PEG-based hydrogels an attractive
platform to study VIC activation and motivate the use of these hydrogels in this thesis.
In Chapter 3, the influence of the culture microenvironment on VIC phenotype was
investigated by quantifying molecular markers of the VICs, such as the percentage of VICs with
αSMA stress fibers and the mRNA levels of myofibroblast-associated genes.

These

measurements were then complemented by a more global characterization of the transcriptional
profile. Freshly isolated VICs were compared to three different culture platforms: VICs seeded
on TCPS, VICs seeded on (2D) hydrogels, and VICs encapsulated within (3D) hydrogels. On
TCPS, most VICs activated to the myofibroblast phenotype as seen by the expression of
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organized αSMA stress fibers; however, when cultured on hydrogel surfaces (2D) or embedded
within them (3D), less than 10% activation was observed after 48 hours of culture. VICs on
TCPS also had the highest level of αSMA mRNA. Interestingly, VICs on 2D hydrogel substrates
had higher αSMA expression than VICs encapsulated within the hydrogels, despite similar levels
of activation to the myofibroblast phenotype. This finding motivated the transcriptional analysis
to better define and provide more detailed insight into differences between the VIC phenotypes
that result from variations in microenvironmental conditions.
Microarray data quantifying the mRNA levels of over 20,000 genes revealed that the
magnitudes of perturbations in gene expression levels compared to freshly isolated VICs were
much greater on TCPS than with hydrogel culture. Many genes influenced by the culture
platform were related to functions important in valve disease, such as matrix remodeling, focal
adhesions, and cytoskeletal organization and contractility. While both 2D and 3D hydrogel
matrices resulted in expression profiles that were more similar to freshly isolated VICs than
TCPS, dimensionality was also found to influence the mRNA levels of a number of genes. The
VIC functions most influenced by dimensionality (i.e., 2D versus 3D culture) were associated
with cell structure and motility, developmental processes, proliferation and differentiation, and
transport. It is likely that these biological processes play an important role in the fibroblast-tomyofibroblast transition and in the progression of valve disease, motivating the encapsulation of
VICs within 3D hydrogels for the rest of the experiments presented in this thesis. Additionally,
these results demonstrate that differences between transcriptional profiles of VIC cultured in 2D
versus 3D translates to significantly different responses to matrix stiffness and highlight the
important implications of the microarray data in Chapter 3 for the regulation of the fibroblast-tomyofibroblast transition.
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In both in vivo and in vitro studies, there is a strong correlation between aortic valve
stiffening and the appearance of elevated numbers of VIC myofibroblasts, highlighting the
notion that VICs both respond to and act upon their local environment. This in turn has
generated a great deal of interest in deconvoluting the cell-matrix interaction feedback loops that
lead to valve disease6. In 2D cultures, researchers have shown that systematically increasing the
substrate modulus results in increased VIC myofibroblast activation; however, little was known
about how VICs responded to stiffness variations in 3D. However, results in Chapter 3 showed
clear differences in the transcriptional profile of VICs in 2D and 3D. Further, one would
hypothesize that VICs embedded in a 3D environment would interact with the matrix differently
(e.g., elevated protease levels, higher levels of cell-matrix interactions). Experiments designed
in Chapter 4 sought to quantify the impact of changes in matrix stiffness on VICs embedded in
MMP-degradable PEG hydrogels. First, VICs were encapsulated in matrices of varying moduli
(E = 0.24 – 12 kPa), and interestingly, αSMA expression decreased with increasing modulus,
contrary to findings in 2D systems. However, the coupling of variables in 3D systems can
complicate the interpretation of these results. Specifically, since VICs must locally degrade the
matrix in order to spread and elongate in 3D, cell morphology is dependent on the crosslinking
density, and therefore modulus, of the gel.
To resolve the effects of these two variables, a system for in situ stiffening of cell-laden
hydrogels was developed. This strategy was implemented to increase matrix modulus after the
VICs had achieved an elongated morphology by first encapsulating the VICs and culturing them
for several days to allow for local matrix remodeling. After controlling for morphology, a
second gel was in situ formed that leading to a step change in the bulk hydrogel modulus. Then,
after 2 additional days, VIC myofibroblast activation was measured, and still found to be
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inversely proportional to matrix modulus. Essentially, in soft 3D microenvironments, VIC
phenotype appeared to be regulated like that observed for valve homeostasis: when the local
environment was softer than healthy valve tissue, the VICs became activated to the
myofibroblast phenotype, which is associated with matrix remodeling and deposition. At a
healthy valve modulus (E ~ 1-2 kPa), the VICs became quiescent. At a stiffer, more “disease-like”
modulus, the VICs remained quiescent rather than expressing the pathological myofibroblast
phenotype, which could continue to stiffen the matrix. These results suggest that in 3D
microenvironments, an additional stimulus is likely necessary to act in combination with matrix
stiffness to observe the appearance of the pathogenic VIC behavior.

Control experiments

revealed that VICs deactivated after stiffening regardless of the enzymatic degradability of the
secondary network; however, future experiments should explore later timepoints to determine
whether VIC remodeling of the ECM eventually leads to a different phenotype. This could be
accomplished by using the same MMP-degradable crosslinker from the initial gel in the
secondary network.
Given the extensive range of biochemical and mechanical cues acting upon VICs during
disease progression and evolution of the pathogenic myofibroblast phenotype motivates the
development of tools to study this plethora of extracellular signals in a systematic manner. In
Chapter 5, a high-throughput cell encapsulation method was designed to be compatible with
traditional drug screening procedures while also providing the ability to recapitulate the dynamic
changes in the ECM that occur during disease progression. This method allowed the creation of
arrays of hydrogels with control over matrix modulus, adhesive ligands, gel size, and cell density.
These cell-material arrays are compatible with 3D imaging in real time using a high-content
confocal microscope to rapidly and quantitatively collect data about cell morphology. Upon
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completion of the experiment, these cells can be fixed and stained for proteins of interest. These
arrays are also compatible with absorbance and luminescence plate-based assays, including
assays to measure luciferase and metabolic activity. As a proof of concept, a fibronectin-derived
adhesive ligand, RGDS, was added in situ and was found to stimulate VIC spreading at a faster
rate than when cells were initially encapsulated with the same ligand, demonstrating the complex
interplay between VICs and their ECM. This addition of RGDS also led to an increase in αSMA,
indicating a shift towards the myofibroblast phenotype.
In addition to changing the adhesive ligands, future work will include varying the bulk
modulus of the hydrogel using the stiffening approach described in Chapter 3 to represent both
the mechanical and biochemical changes in the valve matrix that occur in development and
disease. The temporal introduction of adhesive ligands and stiffening secondary networks will
be varied to investigate how these dynamic changes can lead to reversible or irreversible changes
in VIC phenotype. In addition to the quantification of cell morphology and αSMA expression,
the percentage of proliferative VICs will be characterized, as proliferation is associated with the
pathological activation to the myofibroblast phenotype7.
While activation can be induced by a myriad of triggers (e.g., inflammation, crosstalk
with valve endothelial cells), we hypothesize that persistence of the myofibroblast phenotype
likely depends on synergistic effects of both mechanical and chemical stimuli. To test this
hypothesis, this high-throughput screening platform should be implemented to create
combinatorial arrays varying matrix modulus and soluble factor delivery to study the
mechanotransduction and pro-inflammatory cytokine signaling that regulate pathogenic
activation of VIC myofibroblast. Cytokines that may be relevant to valve disease progression
include TGF-β1, IL-1β, TNF-α, and IL-6. Of these cytokines, TGF-β1 has been the most widely
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studied in VICs and is known to promote myofibroblast-like properties8. IL-1β is found
extensively in human stenotic aortic valves9 and its signaling leads to expression of MMP-1 and
MMP-2, which results in increased cell proliferation and matrix remodeling in vitro.
Additionally, mice deficient in IL-1 receptor antagonist (IL-1Ra) that negatively regulates IL-1β
signal transduction develop aortic stenosis10. TNF-α is also present in calcified aortic valves and
its expression is induced in response to matrix remodeling11. TNF-α leads to calcification of
human VICs in vitro, but its role in heart-valve fibrosis has not been explored. Finally, IL-6 is
expressed in patients with fibrotic aortic valves, and its expression promotes mineralization12,13.
The study of these cytokines in combination with a range of matrix moduli could uncover the
additional stimuli necessary to promote disease-like behavior in 3D cultures.
This high-throughput platform could also be extended to drug screening experiments.
This would be a significant improvement over screening VICs seeded on TCPS, because TCPS
is so much stiffer than the valve that it may override the effects of the many molecules in the
screen. An additional cue, such as the previously discussed cytokines, may be necessary to
direct the VICs to a more disease-like phenotype prior to screening. These drug screens could
provide useful information about the efficacy of many molecules prior to animal studies. Hits
from the drug screen could then be tested in relevant mouse models of aortic stenosis14.
While soluble biochemical cues can be added to VIC culture, co-cultures with cell types
producing these soluble cues may present these molecules in a more physiologically relevant
manner.

In particular, the valve endothelium is known to play a significant role in the

development of aortic stenosis15, and valvular endothelial cells (VECs) can actively regulate VIC
phenotype16,17. Endothelial dysfunction is associated with the onset of aortic sclerosis18. VECs
likely influence VIC phenotype through the secretion of nitric oxide, FGF, endothelin, and
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natriuretic peptides15,16. VECs could easily be incorporated into the hydrogel culture platforms
presented in Chapters 3 and 5 simply by seeding a monolayer of VECs on top of the hydrogels
containing VICs. This geometry would be similar to that of the aortic valve, where VICs are
found dispersed throughout the tissue while VECs form a monolayer on the surface. This
strategy of controlling the spatial proximity during co-culture would also enable signaling
between VICs and VECs through nitric oxide or other short-lived molecules.
Our current understanding of the signaling mechanisms involved in VIC response to
matrix mechanics is largely based on microarray data measuring the abundance of mRNA
transcripts.

However, relevant signaling pathways can be difficult to identify through the

measurement of mRNA levels alone.

Many signal transduction events involve the

phosphorylation of a protein or the translocation of a transcription factor to another location
within the cell, typically without a change in the total abundance of this protein. One pathway
that has been found to regulate stiffness-mediated VIC activation is the PI3K/AKT pathway1.
When substrate stiffness is reduced, VICs exhibit lower levels of AKT phosphorylation and
become deactivated. Further, inhibition of PI3K reduces αSMA expression and prevents VIC
activation, even on TCPS. Preliminary data indicates that pAKT localization may also play an
important role in AKT-mediated VIC activation, as pAKT is localized to the αSMA stress fibers
in VICs seeded on a stiff hydrogel substrate (Figure 6.1). When pAKT was measured in VICs
encapsulated within 3D hydrogels, stiffening (as described in Chapter 4) resulted in increased
pAKT (Figure 6.2). This experiment did not show a change in pAKT levels in 2D in response to
substrate stiffness, possibly due to the small range of moduli tested (0.4 – 13 kPa, compared to
the originally investigated range of 7 – 32 kPa). Nonetheless, the trend observed in pAKT in
response to 3D hydrogel modulus is consistent with previous 2D results; however, since
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encapsulated VICs have higher activation in soft gels, pAKT does not seem to correlate with
VIC activation levels.

Figure 6.1. VICs on soft and stiff hydrogel substrates were stained for αSMA (green), pAKT
(white), and DAPI after 8 and 48 hours of culture. These images show well-defined stress
fibers on stiff gels, but not on soft. pAKT appeared to localize to these stress fibers, and
remained localized throughout the 48-hour period of study, indicating a possible role for
pAKT in VIC activation. In collaboration with Caitlin Jones.
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The FAK pathway was also investigated as a possible modulator of the environmental
effect of stiffness on VIC αSMA expression, since it localizes to focal adhesions and its
expression can vary with environmental stiffness19,20. Trends in the levels of pFAK (Figure 6.2)
were consistent with previously observed trends of αSMA mRNA levels and VIC activation
(Chapters 3 and 4), making this pathway a promising candidate for future study. In addition to
the FAK pathway, more pathways of interest could be identified through the use of a protein
phosphorylation array to identify which phorphorylated proteins are most influenced by matrix
mechanics. A better understanding of the relevant signaling could lead to more promising
targets for pharmacological treatments of valve disease.

!
Figure 6.2. Western blots show increase in pAKT after stiffening in 3D and a decrease in
pFAK after stiffening. αSMA expression was lower in 3D than in 2D regardless of stiffness.
No significant changes in protein levels were observed between stiff and soft 2D conditions,
however, this may be due to the small range of moduli tested (0.4 – 13 kPa). In collaboration
with Caitlin Jones.

While the materials discussed in this thesis enable the study of synergistic mechanical
and biochemical influences, further materials development could lead to the ability to present
more complex mechanical cues to the VICs. Materials with the ability to either soften21 or
stiffen (Chapter 4) in response to a user-directed cue (e.g., light) have been developed to study
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VIC responses to changes in matrix modulus. While these systems provide useful examples of
how VICs may respond to mechanical changes in the valve tissue in vivo, progression to valvular
stenosis is likely caused by cumulative effects of repeated minor, local injuries. The exploration
of this hypothesis in vitro necessitates the development of materials that are able to reversibly
stiffen and soften in response to a cytocompatible cue, such as light. These materials with
reversible changes and moduli could lead to insight regarding the reversibility of VIC
deactivation in response to stiffening seen in Chapter 4. There are a number of approaches that
could be implemented to study reversible changes in the environment. Instead of forming a nondegradable secondary network, cell-laden hydrogels could be stiffened with a network containing
an MMP-degradable peptide sequence, which would allow the cells to soften the matrix over
time.

For a more experimenter-defined approach, a photodegradable moiety could be

incorporated into the stiffening network. Then, the hydrogels could be soften to their original
modulus by exposure to light.
Another strategy in materials development is the synthesis of supramolecular hydrogels
that exhibit changes in modulus depending on the number of interactions between “guest” and
“host” functionalities (Figure 6.3). Specifically, hyaluronic acid is functionalized with either
azobenzene, the “guest” molecule, or cyclodextrin, the “host”. The azobenzene can reversibly
associate with the cyclodextrin, forming crosslinks between the hyaluronic acid chains.
Irradiation with 365 nm light leads to azobenzene isomerization to the cis conformation, which
corresponds to a decrease in the crosslinking density and therefore an overall softening of the
hydrogel. The gel can then be stiffened again by reverse isomerization initiated with visible light
(400-500 nm). The implementation of this material to study VIC activation could help answer
important questions about why VICs become persistently activated to the myofibroblast
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phenotype, as seen in disease, rather than reverting to a quiescent phenotype after an injury has
been resolved.

!
Figure 6.3. Materials with reversible mechanical properties. Guest-host gels can be reversibly
softened or stiffened by exposure to 365 nm or 420 nm light, respectively. This system would
enable the study of cyclic exposure to changes in modulus. Image courtesy of Dr. Adrianne
Rosales.

Another approach to studying the effects of injury and repair on VIC phenotype would be
to perform a traditional wound healing assay on a hydrogel substrate. Typically, this would
involve physically scraping away a “wound” area in a confluent layer of cells seeded on TCPS
and studying how the cells migrate to heal the wound22. However, since TCPS is an inherently
activating substrate for VICs, this method is unlikely to yield any insight into how the fibroblast!
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to-myofibroblast transition is influenced by wound healing. By instead performing this assay on
hydrogels, changes in VIC activation levels relative to the proximity to the wound could be
measured. Additionally, sequential wounds could be formed to recapitulate the repeated injuries
of the valve over time.
In addition to mechanical and biochemical stimuli, genetics also play a significant role in
the development of valve disease. Mutations in the NOTCH1 gene have been associated with
bicuspid aortic valves and incidence of aortic stenosis23,24. To study the interplay of genetic and
mechanical influences on the fibroblast-to-myofibroblast transition, cells from genetically
modified and control murine valves could be cultured in hydrogels with varying moduli. While
the small size of murine aortic valves presents technical challenges for in vitro experiments,
recent literature has demonstrated the isolation and expansion of Notch-mutated VICs25. Studies
with these genetically modified murine VICs would help elucidate specific mechanisms by
which genetic mutations lead to stenotic valves. Additionally, this strategy could provide a
method for testing treatments for a group of patients with a particular genetic mutation.
In this work we have shown the effect of both mechanical and biochemical cues on VIC
phenotype, utilizing PEG hydrogels. Gel stiffness was most intensively studied and shown to
influence the VIC transcriptional profile and the fibroblast-to-myofibroblast transition. These
cell culture platforms will enable better in vitro screening of therapeutic agents for treatment of
valve disease and more physiologically relevant study of cell biology.
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