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Abstract
As a leading cause of cardiovascular morbidity and mortality, calcific aortic valve disease
(CAVD) is responsible for significant health and cost burden around the world. While valve
replacement surgery can improve quality of life and increase life expectancy, it is not
without risks and costs. However, this is currently the only method available to treat CAVD
since a lack of understanding surrounding the disease mechanisms has hindered the
development of pharmaceutical interventions. In order to improve our understanding of
valve stenosis and calcification, in the hopes of expanding the range of treatment
methods for CAVD, we study several aspects of the disease and have developed an
imaging method that non-destructively captures mineralization in tissues and in vitro
culture.

Stenosis and calcification of valve tissue is accompanied by significant changes to the
extracellular matrix (ECM) structure and composition. To discern how these variations in
ECM could affect valve interstitial cells (VICs) – the most abundant cell type in valve tissue
– we developed both in vitro and in vivo model systems. A 2D, polyacrylamide (PAAM)
gel-based cell culture platform showed that hyaluronic acid (HA), an ECM protein found
in large abundance in the aortic valve, increased VIC mineralization, but that effect could
be mitigated through siRNA knockdown of the HA binding protein CD44. We also
developed a Tie2-cre mediated conditional knockout (cKO) of the retinoblastoma protein
(pRb) in a mouse model which, compared to control mice, showed increased aortic valve
stenosis with age. Significant alterations to the valve leaflet ECM organization and protein
composition (as measured by proteomics analysis) were also seen in cKO pRb mice leading
to the conclusion that this mouse model may be a useful system for studying CAVD.
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To further visualize changes to aortic valve tissue, we also developed a novel imaging
technique that used endogenous two-photon excited fluorescence signal from calcific
nodules to measure mineralization content. We termed this the mineralization associated
fluorescence (MAF). MAF as a quantitative measure of calcification was confirmed using
human and mouse valve tissue, rat bone, and the 2D PAAM gel in vitro model system.
Interestingly, time lapse imaging of our in vitro cell culture platform allowed us to
measure calcific nodule growth in real time. During the course of the experiment, we
noted varying rates of development and growth rates of mineralization which further
emphasizes the variability that can occur during valve calcification. Lastly, to further the
understanding of the effect ECM proteins can have on valve mineralization, we created a
methacrylated hyaluronic acid (MeHA)-based 3D model. To investigate cell response, we
can incorporate ECM proteins, identified through the transcriptomic approach of RNA
sequencing, into the MeHA gels. Utilizing VICs, we can evaluate the effect of MeHA gel
composition on mineralization over time. Using the non-destructive imaging approach
that we developed, as well as other nonlinear microscopy techniques, we can track
calcification and cell response. Overall, the research described in this thesis highlights the
importance of taking a multipronged approach to further the understanding of CAVD with
the goal of developing more effective treatment methods.
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Chapter 1. Introduction and Background
1.1.1

Introduction and Motivation

Calcific aortic valve disease (CAVD) is an active, degenerative process1 in which fibrotic
thickening of aortic valve tissue can lead to frank bone formation. 2 CAVD is the secondleading cause of cardiovascular disease, responsible for over 14,000 deaths in 2012. 3 As
valve disease progresses in an individual, and valve stenosis worsens, the only available
treatment option available is full valve replacement surgery. 4 While there has been
significant advancement in the field of prosthetic valve development, even the best
implantable valves need to be replaced every 10 to 15 years and while the ability to use
transcatherization has cut down on the need for open heart surgery, there are still many
risks inherent to surgery.5 Given that the life expectancy of patients with severe,
symptomatic aortic stenosis is under five years, there is a need for the development of
alternative treatment methods. However, in order to develop pharmaceutical methods
to treat CAVD, there must first be a better understanding of the disease mechanisms and
progression.
The prevalence of valve replacement surgery has increased the availability of extracted,
diseased leaflet tissue, aiding in the understanding of late-stage CAVD. This, along with
genome-wide association and bioinformatics studies, has led to a robust understanding
of the risk factors and end-stage characteristics of CAVD. The increased prevalence of
CAVD in individuals with genetic defects that cause a bicuspid aortic valve anatomy, as
opposed to the normal tri-leaflet anatomy,6 led to the initial theory that mechanical
stresses were responsible for the initiation of CAVD. 7 While it is now acknowledged that
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mechanical forces could be involved in the disease progression, current efforts have
focused on the cellular activation, inflammatory responses, and the possibility of a genetic
component 1,8 as the major factors involved in CAVD.
Efforts to further understand CAVD have been hindered by the lack of an animal model
that truly recapitulates the disease and the inability to visualize early changes in human
valve tissue. In fact, the use of hypolipidemic mouse models lead to a costly set of clinical
trials that ended in disappointment when patients failed to respond to pathways
identified in the genetic mouse models.9 In human patients, early changes in valve tissue
are not detected since most aortic stenosis is only captured by echocardiography, late in
disease progression.1,7 Despite these challenges, several risk factors for CAVD have been
identified, including obesity, diabetes mellitus, smoking, chronic inflammation, and
kidney disease.10,11 Additionally, cardiovascular disease, including CAVD, is more
prevalent in men than women, with women presenting a better prognosis even after an
aortic stenosis diagnosis.12,13 While the realization of these factors is important, a deeper
understanding of the disease mechanisms is needed in order to direct pharmaceutical
innovation. To be successful, this will require several of the following: the development
of an animal model that better mimics CAVD in humans and/or the development of in
vitro model systems to recapitulate the disease, better diagnostic techniques to describe
earlier stages of the disease, the use of ‘omics’ data to describe both the cellular and
extracellular processes and signaling, and the constant communication between
physicians and researchers.
The efforts described in this thesis aim to both add to the existing body of knowledge on
CAVD and to provide novel model systems and diagnostic imaging techniques to aid in
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the understanding of disease progression. Several cell culture platforms, animal models,
and human tissue samples were used to develop methods to specifically examine the
interaction of extracellular matrix (ECM) properties and their effect on cell mineralization.
Fluorescence imaging techniques that relied on either fluorescence dye or the
endogenous fluorescence were also developed and helped to provide feedback on cell
and valve mineralization. Together, these findings contribute to CAVD improved
understanding and will enable further research into the inner workings of the disease.

1.1.2

Valve Anatomy and Normal Function

The first step in developing additional therapy methods to treat CAVD is a thorough
understanding of normal valve anatomy and function. Typical aortic valve physiology
consists of three valve leaflets each containing three layers, 14 with the leaflets arranged
in a semi-lunar geometry. The aortic side, termed the fibrosa, is composed primarily of
circumferentially aligned collagen fibers. The ventricular side of the valve, the
ventricularis, is a radially aligned, elastin rich layer that snaps the leaflet closed following
systole, and the mid layer – the spongiosa – is a slippery, lubricating layer composed of
proteoglycans.15 The three leaflets of the aortic valve open and close approximately three
billion times in an average human lifespan, 16 ensuring unidirectional flow from the left
ventricle to the ascending aorta.
In normal developmental physiology, endocardial cushions form from the cardiac jelly
between the atria and ventricles in the outflow tract of the developing heart. Rhythmic
contractions, dependent on soluble factors from the myocardium, begin unilateral blood
flow that force the endocardial cushion cells through endothelial-to-mesenchymal
transformation (EndoMT). The mesenchymal cells then further settle into the aligned,
3

three-layer valve structure and remodel the ECM to a mature physiology. 17,18 In humans
and mice, this valve remodeling continues through early juvenile stages. 19 In CAVD, there
is a reactivation of the valve cell populations,20 an increase in EndoMT,21 and renewed
remodeling of the valve leaflets,22 showing some similarities to the valve development
process.
1.1.3

Valve Cell Populations and Response to Disease

The average aortic valve leaflet is about 0.5 mm in thickness 23 and is covered by an
endothelial layer of cells – valve endothelial cells (VECs). The resident cell population of
the interior of the leaflets are called valve interstitial cells (VICs) and are now known to
be a fairly heterogeneous cell population.24 Both cell types are responsible for the lifetime
maintenance and repair of valve tissue. Thought typically quiescent, they are activated
with injury or outside perturbation to the leaflets. Additionally, surface markers for both
VECs and VICs are readily identifiable with endothelial cell markers CD31 and von
Willebrand Factor (vWF) for VECs25 and the fibroblast markers vimentin26 and desmin27
for quiescent VICs.
Endothelial cells throughout the body line blood-contacting surfaces and are subjected to
a wide range of hemodynamic and mechanical forces. They retain the ability to rapidly
respond to alterations in their environment by both changing their cell shape 28 and
protein and gene expression.29 In the valve, VECs play an important role in maintaining
hemostasis by regulating tissue permeability, paracrine signaling, and the adhesion of
inflammatory and progenitor cells. In response to injury, VECs go through EndoMT into
an activated fibroblast state for valve repair. 30 Studies have also shown that VECs can
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influence VICs, acting as an inhibitory mechanism, decreasing interstitial cell proliferation
and regulating matrix production.31
In CAVD and sclerotic valve degeneration, VECs are activated and recruit inflammatory
cells.32 The inflammatory cells secrete cytokines, such as transforming growth factor (TGFβ), which can induce EndoMT.33 Transformed mesenchymal cells will then further activate
into myofibroblasts which help with valve maintenance including remodeling and repair
of the valve tissue. However, in diseased states, over-activation can lead to valve fibrosis
and CAVD. Activated VECs also recruit macrophages and monocytes, increasing their
migration into valve tissue.34 In atherosclerosis, a disease that shares many similarities to
CAVD,35 calcification is associated with macrophage accumulation. 36 However, it is
unlikely that VECs alone are responsible for CAVD, in fact, most studies have implicated
VICs, the most common cell type in the valve, as the cell population most involved in valve
fibrosis and mineralization.37
Fibroblastic-like VICs remain in a quiescent state, responsible for the maintenance of
leaflet ECM,38 for the majority of a healthy patient’s life. The cells are dispersed
throughout the three layers of each leaflet, though studies in the responses of VICs from
different regions of the valve show that this is a heterogeneous cell population.39,40 Typical
VIC morphology is a flattened cell lacking a basement membrane with the ability to
synthesize both ECM producing and ECM degrading proteins. For valve repair, VICs
become activated to myofibroblasts, expressing smooth muscle alpha-actin (αSMA),41
and increasing ECM production42 to maintain the valve’s structural integrity. VICs are also
able to differentiate into several different cell types including the activated myofibroblast,
progenitor cells, and osteoblast-like cells.37 The maintained differentiated state of these
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VICs can lead to fibrosis and CAVD in the valve when increased ECM production creates
valve tissue that is thicker and stiffer than the normal leaflet. 43
The expression of αSMA in myofibroblast VICs is a hallmark of CAVD. 44 While
myofibroblasts are an initial part of the wound healing response - migrating to the wound
location and producing enzymes and matrix proteins necessary for wound healing 45 excessive remodeling can cause matrix disorganization and fibrosis. 46 In an unfortunate
feedback loop, as the valve leaflet and cellular environment stiffen, there is an increase
in myofibroblast activation, leading to more matrix remodeling. 47 These activated cells
can further transform into osteogenic cells that deposit calcification and further CAVD
progression.48 The mechanism for the conversion from normal myofibroblasts to disease
is still unknown, but there have been studies implicating several proteins and signaling
pathways including bone morphogenetic proteins (BMPs),49 cadherin-11,50 TGF-β,51 and
the NOTCH1 pathway.52 The complexity of these interactions is also compounded by the
changes to valve leaflet composition, especially with age, 53 suggesting that along with
VICs and VECs, the aortic valve ECM may pay a role in CAVD.

Finally, there is a currently a debate in the field of CAVD cellular response surrounding
the cells specifically involved in valve calcification. One school of thought is that VICs and
VECs differentiate into osteogenic cells that begin the mineralization process in the
valves, and the other, is that circulating osteogenic precursor (COP) cells land on the valve
leaflets and begin the mineralization. The latter argument stems from a paper by Egan et
al. where the researchers found COP cells in human CAVD valves only around mineralized
portions of the tissue and not in the unaffected portions of the leaflets. 54 The opposing
view that VICs and/or VECs take on an osteoblast bone-like phenotype is the bases for
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many in vitro experiments since VICs especially have been shown to readily calcify
especially in osteogenic media or in the presence of TG F-β.55 Although most cell types,
given the right in vitro conditions will calcify, in this thesis I am arguing that most valve
mineralization is the result myofibroblast activation and VIC osteogenic differentiation
though both cells types are likely to play a role. The bases for this argument is that VICs
have been shown to be able differentiate into a number of different cell phenotypes, each
that could play a role in valve calcification and there have been a wide variety of studies
that show that VICs can calcify under many conditions, but in vitro and in vivo, indicating
there could be many ways that VICs are involved in mineralization.

1.1.4

Extracellular Matrix in the Valve

As previously mentioned, the aortic valve leaflets have a tri-layer structure. The three
layers each have different ECM compositions, each serving a specific function. Besides
providing mechanical support, the ECM can absorb and sequester different biochemical
molecules and release them as needed, directly impacting VIC and VEC behavior. 56 ECM
is a dynamic structure that is constantly being remodeled and valve cells can interact with
ECM both directly, through integrin binding, and indirectly, through soluble factors
making valve ECM an important player in leaflet health. Gross changes in valve ECM
composition occur rapidly during valve development and then stagnate for much of a
patient’s adult life.57 However, slow changes in overall valve ECM do occur with age,
including protein migration to different regions of the valve, 58 and overall ECM
composition. For example, glycosaminoglycan (GAG) - found primarily in the spongiosa
layer - concentrations are shifted with age to include a higher percentage of the GAG
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hyaluronic acid (HA) and a lower percentage of glucuronate. 53 These ECM changes could
be an important factor in CAVD development.
From studying end-stage CAVD valves, removed from patients during valve replacement
surgery, a clear description of fully diseased leaflet ECM can be made. Mild CAVD is
characterized by a fibrotic thickening of the leaflets, 59 typically through an increase in
proteoglycan and collagen content. This thickening and change in ECM composition is also
accompanied by a loss in the normal collagen architecture60 and a pathological stiffening
of the cellular mechanical microenvironment.61 Many of these ECM changes are caused
by overactive VICs37 that fail to undergo the normal apoptosis following repair, 62 leading
to a diseased aortic valve.
With good reason, collagen I is perhaps the most studied ECM protein in CAVD. Nearly all
calcific nodules begin in the collagen-rich fibrosis, which experiences both strong
mechanical forces and turbulent hemodynamic forces.63 However, recent studies have
also implicated the adjacent, GAG-rich spongiosa as a source of other ECM components
that could play an important role in CAVD. 64,65 Notably, HA has been shown to localize
around calcific nodules in the valve65 and the use of prolonged addition of HA as a
treatment method to human corneas has been linked to increases in calcification, 66
suggesting a link between HA and mineralization. Overall, a more in-depth understanding
of the changes to the ECM during CAVD, and the impact these changes have on valve cells,
is needed in order to better characterize valve disease.
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1.1.5

Current Models of CAVD

Aortic stenosis is typically diagnosed by echocardiography 7 when the patient expresses
signs and symptoms associated with heart failure such as fatigue, shortness of breath, or
swelling in the lower extremities. Unfortunately, an echocardiogram is most effective at
diagnosing CAVD only during advanced stages of the disease. 15 This presents two
challenges for physicians and researchers: 1) the ability to only study patients who already
have advanced aortic stenosis instead of being able to learn more about the early stages
of the disease, and 2) perhaps missing the opportunity to treat the disease more
effectively by catching it early in its development. To overcome these challenges, there
has been the development of both animal models and in vitro systems to mimic the
progression of CAVD in humans and advancement in imaging techniques that can pick up
calcific nodules much earlier in their development.67
To date, many mouse models for CAVD have been created, with many of them drawing
on the idea that high levels of lipids in the blood play a key role in CAVD. While many
models require the mice be fed a high-fat or “Western” diet in order to induce
calcification, some are either genetically engineered to have hypercholesterolemia or
attempt calcification through a different mechanism. 68 While there has been some
success in recapitulating parts of the disease, such as in the Apolipoprotein E knockout
mouse which develops calcific lesions that stain positive for osteogenic markers like ALP,
Runx2, and osteocalcin,36 there are many limitations to using mouse models. Perhaps
most notable are the many failed human trials that used statins as a possible treatment
regimen based on the results of mouse model studies.9 In addition to mice, rabbit and
swine models have been used. While rabbits are not naturally susceptible to CAVD, similar
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to mouse models, valve stenosis can be induced with a Western diet. Porcine valves can
naturally develop calcifications and have the added advantage of having the same
anatomical structure as human valves. However, pig models are expensive and generally
slow to develop the disease even with a high-fat diet. In order to reduce costs and have
more control over the model design, many researchers have turned to in vitro model
systems to study CAVD.
Model systems of CAVD have been developed in both 2D69 and 3D70 and can use either
VICs or a combination of VICs and VECs to mimic the disease. In 2D culture, VIC activation
with TGF-β has been shown to be dose dependent69 and substrate stiffness can also
activate cells, similar to in human CAVD valves. 47 Three dimensional models are also used
to accurately recapitulate the natural 3D environment of VICs to study myofibroblast
differentiation into diseased, osteoblast-like cells in the valve70 and have even been used
as platforms to test drug therapies.71 While 2D models are more simplistic than 3D
models, they have been shown to create consistent calcifications and can be used as a
way to decrease variability in studying CAVD mechanisms. 72 Consistent and measurable
systems are necessary to the development of pharmaceutical treatments and in vitro
models can provide a platform for this study. Additionally, mechanical insights found in
in vitro systems can also help with the development of new animal model systems that
may better mimic CAVD.

1.1.6

The Use of Imaging Modalities to Study CAVD

Along with the challenge of creating model systems to understand the beginning stages
of CAVD is a lack of assessment tools that non-destructively identify changes in the valve
tissue. In the past, histological sectioning was the only method of assessing the finer
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details of valve biology and the changes associated with CAVD. Bone, similar to the
calcifications found in end-stage CAVD, is notoriously difficult to slice, making sectioning
a less accurate method of assessing mineralization. Staining for mineralization can also
be confounded, especially in mouse models where the presence of small black, noncalcified particles can be confused for nodules labeled with the black calcification stain
von Kossa.73 The development of non-destructive imaging methods has greatly improved
understanding of CAVD. Along with echocardiography, current non-destructive imaging
modalities used to study and diagnose CAVD include computed tomography (CT), 74
ultrasound,75

magnetic

resonance

imaging

(MRI),76

molecular

imaging

with

fluorochromes,77 and second harmonic generation (SHG) imaging.78-80
While still widely used, echocardiograms and MRI are limited by their spatial resolution
(about 0.5 mm),77,81,82 but other imaging methods, such as CT, have been developed to
improve the visualization of micron-sized nodules that have been shown to exist in human
aortic valves.83 Electron beam CT imaging uses dual-scan contrast agents84 to provide high
resolution images (0.24-0.33 mm for bone in humans82) that can be taken in both humans
and animals, such as mice. With the use of radioisotopes like 18F sodium fluoride (NaF),85
actively calcifying cells – which uptake 18F NaF – can be identified earlier in the disease
processes and then confirmed later using CT.86 Unfortunately, these modalities still carry
the risk of radiation exposure,87 but there are other methods that are still in the process
of being fully moved into the clinic that could mitigate this issue. Molecular imaging
leverages near-infrared light and exogenous chromophores 77,88 to provide increased
image resolution. It has been used to measure inflammation and bone formation in vivo
and could be applied to CAVD.89 Lastly, SHG, a two-photon scattering process that uses
the non-centrosymmetric geometry of collagen fibers to visualize the collagen
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architecture in valve leaflets has already been used ex vivo to assess changes during
CAVD60 and could be further developed to investigate molecular level changes in vivo
through the use of fiber optics. Overall, the further development of existing and novel
imaging techniques can help provide early insights to the changes that occur in CAVD and
may provide clues to a mechanism to stop the progression of valve stenosis.

1.2 Conclusion
A better understanding of CAVD will help both with creation of mitigating techniques at
the onset of the disease as well as with the development of preventative measures that
will improve quality of life and reduce cost of care. While significant progress has been
made in the comprehension of CAVD, including the paradigm shift of treating valve
disease as an active, degenerative disease as opposed to a passive, “senile” disease of the
elderly, there is still much to learn. This is evident by the lack of any non-surgical,
treatment method for CAVD that even slows the progression of the disease. While great
strides have been made in developing systems and techniques to study valve stenosis,
there are challenges facing a broader understanding of the disease. This thesis aims to
provide both a potential mechanism of calcification and an addition to the body of
knowledge surrounding ECM changes in CAVD, as well as the addition of a two-photon
excited fluorescence imaging technique that uses endogenous fluorescence to capture
micron-sized, calcific nodules.
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Chapter 2. CD44 Signaling Modulates Valve Interstitial Cell
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Abstract

The lack of pharmaceutical targets available to treat patients with calcific aortic valve
disease (CAVD) necessitates further research into the specific mechanisms of the disease.
In this study, we investigate the effect of two extracellular matrix (ECM) components,
collagen and hyaluronic acid (HA), on the mineralization of valve interstitial cells (VICs)
within the context of a 2D, polyacrylamide model system. Using a novel, non-destructive
imaging technique, we were able to track calcific nodule development in culture systems
over a three week time frame. We saw a significant increase in the size of the nodules
grown on HA PAAM gels as compared to collagen PAAM gels suggesting that HA has a
direct effect on mineralization. Directly looking at the two known receptors of HA - CD44
and receptor for HA-mediated motility (RHAMM) – and using siRNA knockdown revealed
that a decrease in CD44 expression resulted in a reduction of calcification, leading to a
potential new target for CAVD treatment.

2.1 Introduction
Calcific aortic valve disease (CAVD) currently affects over 8 million people in the US. 90
Several risk factors for CAVD have been identified including smoking, hypertension,
hyperlipidemia, and advanced age. Currently more than 48% of CAVD patients are
diagnosed with mild to severe calcification, but detecting early stage CAVD can be
difficult. Ultimately, the only successful method of treatment is full aortic valve
replacement surgery.91 A more thorough and complete understanding of the earliest
states of CAVD, including disease origin and mechanisms contributing to progression,
would help advance progress towards less invasive, and potentially more effective,
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treatment methods. Hallmarks of advanced CAVD, such as extracellular matrix (ECM)
changes, cell activation, and changes in valve mechanics 92 have been studied in an
attempt to identify drug targets, but, to date, there are no FDA approved drugs that slow,
halt, or reverse CAVD.

Changes to the aortic valve leaflet structure and composition can be observed throughout
the progression of CAVD via histology. Calcific nodules begin in the leaflet layer closest to
aorta, called the fibrosa, while advanced nodules can penetrate the trilayer valve
anatomy. Disease progression is also marked by an increase in glycosaminoglycans (GAGs)
and collagen I content that contribute to an overall fibrotic thickening of the valve leaflet
structure.22 Many of these changes are attributed to the activation of a resident cell
population called valve interstitial cells (VICs). Phenotypically normal VICs are responsible
for the maintenance of valvular ECM homeostasis, and are generally quiescent cells. 38 In
CAVD, as much as 30% of the total VIC population becomes activated to the myofibroblast
phenotype which is characterized by an increase in ECM secretion and VIC proliferation,
leading to thicker, fibrotic tissue and a stiffening cellular environment. 43A stiffer cellular
environment has been shown to lead to further increases in activation of myofibroblasts 47
resulting in a positive feedback loop that can drive disease progression. However, while
many of these changes have been primarily identified in the context of late-stage CAVD,
where stenosis is already present, it is unclear what role the properties of the extracellular
matrix play in the initiation of the activation of VICs and the development of calcification.

Changes in ECM composition can also be attributed to changes in VIC behavior. 57
Hyaluronic acid (HA) has previously been shown to be the largest single contributor of
GAG content in heart valves, comprising about 35% of total GAGs in the aortic valves. 53
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HA content has also been shown to increase with age57 which correlates with increased
prevalence of CAVD in elderly patients. VIC-HA interactions have been studied previously,
demonstrating a significant influence of HA on in vitro mineralization.64 While it is known
that HA receptors can be mechanosensitive,93 there are seemingly contradictory results
that show an increase in HA concentration surrounding calcific nodules 65 and HA playing
a role in hindering94 mineralization. Additionally, while polyacrylamide (PAAM), 2D cell
culture systems have been used to look at mineralization in VICs, 95,96 the use of these
systems has generally been constrained to using collagen only to mimic the ECM and have
not been used to study other ECM proteins. The effects of individual ECM proteins, such
as HA, on VIC activation and disease states may help define specific pathways that lead
to mineralization, and in vitro model systems allow for direct control over ECM
concentration and cell interaction.

In addition to its high abundance in the valve, HA, and its two cell receptors, CD44 and
receptor for HA-mediated motility (RHAMM),97 have been studied in in the context of
atherosclerosis98,99, which has features similar to CAVD.100 However, there has been little
research into how these receptors could affect the mineralization of valve cells or their
specific influence on the VIC phenotype. In this manuscript, we used physiologically
relevant tissue stiffnesses to mimic both healthy and diseased valve tissue while also
using HA as an ECM binding component. Using non-lethal calcium fluorescence labeling,
we were able to track nodule growth over a three week culture period and, by selectively
inhibiting CD44 or RHAMM, we were able to demonstrate the specific role and
mechanosensitivity of these receptors in the context of valve mineralization.
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2.2 Methods
2.2.1

Substrate Preparation

Before the creation of PAAM gels, 9 mm x 9 mm glass cover slips were activated to create
binding sites for the PAAM as previously described. 101 To increase hydrophilicity, cover
slips were passed through an open flame and then covered with 0.1M NaOH. After the
slips dried, 3-aminopropyltrimethoxy was smeared onto the cover slips and allowed to
dry. Slips were then placed into 24-well plates and washed three times in diH2O using an
orbital shaker before 0.5% glutaraldehyde was smeared onto the slips and allowed to set
for 30 minutes. After aspirating off the glutaraldehyde, the slips were again washed in
diH2O for three five-minute washes. Activated cover slips were stored in diH2O at 4⁰C until
use.

PAAM gels were created at three distinct moduli (5 kPa, 20 kPa, and 35 kPa) to create
non- activating, transitional, and activating47,102 VIC environments by varying the amount
of cross-linking between acrylamide and bis acrylamide. Gel stiffness was confirmed using
atomic force microscopy (AFM). A total of 200 µg of protein (a combination of either
Collagen I and HA) was cross linked to the varying stiffness gels using acrylated Nhydroxysuccinimide (NHS; Sigma-Aldrich, St. Louis, MO [A8060-1G]) ester to create
covalent linkages between amine groups. Table 2.1 provides information on acrylamide
and bis acrylamide amounts. 1 N HCl was added to the solution to lower the pH to 6.8-6.9
and

acrylaminde

to

bis

acrylamide

cross-linking

was

initiated

using

tetramethylethylenediamine (TEMED; Sigma-Aldrich, St. Louis, MO [411019]) and 10%
ammonium persulfate (APS; Sigma-Aldrich, St. Louis, MO [A3678]).
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Table 2.1: Acrylamide and Bis Acrylamide Concentrations

Stiffness

Acrylamide (μL/ml)

Bis Acrylamide (μL/mL)

5 kPa Gels

250

17.5

20 kPa Gels

250

22.5

35 kPa Gels

250

50

Activated cover slips were dried in a sterile cell culture hood and 80 μL of each gel solution
was placed onto the cover slips. A non-activating cover slip was then placed directly onto
the gel solution to reduce airflow and promote polymerization while creating an even gel
surface. After 30-45 minutes, the top cover slip was removed from the polymerized gels
using a razor blade. The gels were moved to sterile 6-well plates and washed three times
for 5 minutes each with sterile 1X PBS.

2.2.2

Cell Culture

VICs were isolated from rat leaflets following surgical removal of the leaflets. 103 Using
standard medium [Dublecco’s Modified Eagle’s Medium (DMEM; ThermoFisher
Scientitfic, Waltham, MA [10566016]), 1% Fungizone (ThermoFisher Scientific, Waltham,
MA, Antibiotic-Antimycotic [15240062]), and 10% fetal bovine serum (FBS, ThermoFisher
Scientific, Waltham, MA [16000-044]))], tissue samples were explanted for 1 week at 37⁰C
with 5% CO2. Following removal of the tissue, VICs from 3 separate isolations were mixed
and used at passages 4-6 for experimentation. Cells were seeded on PAAM gels at 12,000
cells/cm2. After seeding, seeded gels were dosed for 24 hours with 1.25 ng/mL
transforming growth factor beta-1 (TGF-β1; Peprotech, Rocky Hill, NJ [100-21]) diluted in
2% bovine serum albumin (Sigma Aldrich) before being replaced with normal VIC media.
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2.2.3

Nodule Characterization

To image calcium nodules in culture, the fluorescent indicator fluo-4 acetoxymethyl (AM;
ThermoFisher Scientific, Waltham, MA [F14217]) was used. Fluo-4 AM, a dye typically
used for Ca+ transient studies,104 was excited at 488 nm, using a macroscope [Olympus
MVX10 microscope using cellSens Dimension software (version 1.8.1, Olympus
Corporation)]. The PAAM gels were prepared by first removing the culture medium and
replacing it with a DMEM solution containing 10 μL/mL of Fluo-4 AM. The gels were then
placed in the incubator for 20 minutes wrapped in aluminum foil to prevent light
contamination and to allow the fluo-4 AM to bind to calcium in the culture. The fluo-4 AM
solution was then removed and replaced with normal VIC media.

After an additional 4 hours in the incubator, to allow the cells to exocytose the dye from
their cytosol,105 the entire gels were imaged in the Tyrode’s solution containing 140 NaCl,
5 KCl, 5 HEPES, 1 NaH2PO4, 1 MgCl2, 1.8 CaCl2 and 10 glucose (pH 7.4) adjusted with
NaOH. All salts and buffers were purchased from ThermoFisher Scientific. Upon imaging
completion, the gels were placed in culture medium and continued in culture. Over the 3
week culture period, the gels were imaged at 7, 14, and 21 days.

The images were analyzed using ImageJ 106 (NIH, Bethesda, MD) to determine calcium
nodule number and area. A macro program was designed so that for each image, a
threshold was set to create a mask for only nodule fluorescence. After the mask was
applied, the area of the gel in each image was used to measure the number of positive
pixels in the image and converted to an area using a calibrated conversion factor.
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Using the masked image, a custom MATLAB script was used to find the average least
squares distance between each nodule and its neighbors. The distances between each
nodule on a single PAAM gel were then averaged to obtain the average distance between
nodules for each condition. This was done for week 1, 2, and 3.

2.2.4

CD44 Blocking with Antibody

VICs were passaged from tissue culture plastic flasks and kept in a 15 mL conical
with 1μg/mL of an anti-CD44 blocking antibody [KM81] (Abcam, Cambridge, MA
[ab112178]) for 45 minutes before seeding onto the PAAM gels. The treated VICs
on the PAAM gel were cultured as previously described, including dosing for 24
hours with TGF-β1. For the duration of the experiments, media changes were
supplemented with the same concentration of the anti-CD44 blocking antibody.
Cells were collected for western blot analysis 2 and 6 days after cell seeding and
nodule growth experiments were imaged after 1, 2, and 3 weeks in culture.

2.2.5

Immunohistochemistry

To measure cell spread area, following three weeks in culture, PAAM gels were fixed using
4% paraformaldehyde (PFA; Sigma-Aldrich, St. Louis, MO [158127]) for 10 minutes. PAAM
gels were then washed with 1X PBS 3 times, for 5 minutes. A 5% donkey serum in 2% BSA
(Sigma-Aldrich, St. Louis, MO [A9418]) solution was used to block the gels for at least an
hour at room temperature. A concentration of 20μl/mL of Alexa Fluor 488 Phalloidin
(ThermoFisher Scientific, Waltham, MA [A9418]) in 2% BSA was used to image the VICs
on the PAAM gels and a custom CellProfiler107 pipeline was used to measure cell spread
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area. To measure smooth muscle alpha-actin (αSMA; Santa Cruz Biotechnology, Dallas,
TX [sc-32251]) intensity, cells were plated onto PAAM gels, dosed with TGF-β1, and fixed
48 hours post seeding. Intensity was measured using a separate CellProfiler pipeline. To
measure αSMA intensity as well as to count positively expressing RHAMM (Abcam,
Cambridge, MA [ab157107]) and CD44 (Developmental Studies Hybridoma Bank, Iowa
City, IA [H4C4]), VICs were seeded onto the PAAM gels and then transfected with siRNA.
24 hours following the transfection, the cells were dosed with TGF-β1, and then fixed for
10 minutes with 4% PFA 48 hours after dosing. The protocol for blocking described above
was used, however, after blocking, the PAAM gels were then placed in primary antibody
(either αSMA or RHAMM or CD44) at a 1:200 concentration in 2% BSA for 1 hour.
Following 3 washes in 1X PBS, a 1:400 concentration of secondary antibody
(ThermoFisher, Waltham, MA) in 2% BSA was used for 1 hour. Samples were imaged
following 3 more washes in 1X PBS. Positive cell counts were calculated using a third
CellProfiler pipeline.

2.2.6

Transfection with siRNA

VICs were seeded on PAAM gels and allowed to adhere overnight in a 37°C incubator.
VICs were then transfected with either CD44 (HCAM) siRNA, RHAMM siRNA, or a scramble
Control siRNA-A (all purchased from Santa Cruz Biotechnology, Inc., Dallas, TX; product
numbers [sc-35534], [sc-40182], [sc-37007], respectively) using the Santa Cruz
Biotechnology, Inc. protocol. Following transfection, the siRNA VICs were treated with
1.25 ng/mL TGF-β1 for 24 hours. The transfection procedure was then repeated at day 15
to ensure RNA silencing for the entirety of the 3 week experiment as outlined in Supp.
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Figure 1 A. Calcific nodule images, using Fluo-4 AM were taken, at day 7, day14, and day
21. siRNA knockdown was confirmed using Western Blot analysis.

2.2.7

Western Blotting

Based on the results of a BCA protein assay, lanes of a 15% gradient gels (Biorad, Hercules,
CA [456-1083]) were loaded with equal amounts of protein (typically between 5 and 15
μg) collected from VICs transfected with either siRNA for RHAAM or CD44 or a scrambled
control. After samples were mixed with dithiothreitol, which served as a sample buffer,
solutions were heated at 95̊C for 5 minutes. Before loading, sample tubes were mixed
vigorously with a vortex before being centrifuged. Western gels were run for 35 minutes
at a constant 100V. Then protein was transferred to a nitrocellulose membrane using a
maximum current of 400mA for 3 hours. Blots were blocked in a solution of 5% milk in
TBST (Tris buffered saline and 10% Tween 20) and stained with the following antibodies:
CD44 (Abcam, Cambridge, MA; anti-CD44 antibody [157107]), RHAMM (Santa Cruz,
Dallas, TX; RHAMM antibody [sc-16170]), runx2 (Abcam; anti-runx2 antibody [ab23981]),
osteopontin (Abcam; anti-osteopontin antibody [ab8448]), cleaved PARP (Abcam; anticleaved PARP antibody [ab32064]), caspase 3 (Abcam; anti-caspase 3 antibody
[ab13847]). Blots were incubated with primary at a 1:200 concentration overnight at 4°C
and then rinsed 3 times for 5 minute with TBST. Secondary HRP-conjugated antibodies
(ThermoFisher Scientific, Waltham, MA [656120] and [656520]) were incubated for at
least one hour at room temperature using a concentration of 1:400. Following three, 5
minute rinses in TBST, blots were developed with enhanced chemiluminescence reagents
on G:Box Chemi XR5 (Syngene, Cambridge, UK). Antibody expression was normalized
using cellular β-actin expression (primary 1:1000; Sigma-Aldrich; [A5316] and secondary
22

1:5000; Jackson ImmunoResearch, West Grove, PA; [715-035-150]). Blot band intensities
were quantified with ImageJ software (NIH, Bethesda, MD) (n=6 for each condition). The
same procedure was used for analyzing protein collected from the CD44 siRNA
knockdown VICs on the 35kPa HA and collagen PAAM gel at days 2 and 21.

2.2.8

Quantitative PCR

Quantitative polymer chain reactions (qPCR) was done on VICs grown on PAAM gels using
either HA or collagen as the binding protein and transfected with either HCAM siRNA or
a control siRNA. RNA was collected on day 2 and on day 21 of the experiment and used
to produce cDNA for qPCR. The following Taqman primers (ThermoFisher Scientific,
Waltham, MA) were used to measure RNA content in the samples: Runx2
[Rn01512298_m1],

Parp1

[Rn00565018_m1],

Casp3

[Rn00563902_m1],

CD44

[Rn00681157_m1],

Hmmr

[Rn00564204_m1],

acta2

[Rn01759928_g1],

TGFB1

[Rn00572010_m1], Gapdh [Rn01775763_g1], SPP1 [Rn00681031_m1]. Real-time PCR
reactions, with an n of three with duplicate technical replicates for each group, were done
on a Stratagene Mx3000p thermocycler.

2.2.9

Statistics

All results were analyzed by first checking for normality (Shapiro-Wilk) and equal variance
(Brown-Forsythe) tests with post hoc Tukey HSD testing when appropriate. When
comparing two independent data sets (such as protein expression via Western blot), a
two-tailed, unpaired student t-test was used. For data sets failing the normality test, an
ANOVA on the ranks was used followed by a Dunn’s post-hoc analysis. Two-way or threeway ANOVAs were used for multiple comparisons and are noted in the figure legends.
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2.3 Results
2.3.1

Nodules grown on HA gels grew significantly larger nodules than those on
Collagen

Rat VICs were seeded onto PAAM gels containing either collagen or HA as the ECM binding
protein. PAAM gels had a stiffness of either 5kPa, to simulate a healthy leaflet stiffness,
35 kPa to mimic a CAVD diseased state, or 20kPa stiffness to simulate transitional disease
tissue.47,102 VICs were stained with smooth muscle alpha-actin (αSMA) to look for VIC
activation to myofibroblasts; representative histological images are shown in Figure 2.1
A. It should be noted that all samples were activated for 24 hours by dosing with TGF-β1,
so the αSMA expression is a combined effect of chemical and environmental signals.
Myofibroblast activation, as measured by αSMA expression, demonstrated a significant
decrease for cells grown on PAAM gels with increasing stiffness, from 20kPa to 35kPa, on
the HA gels, and increase in expression on HA gels as compared to the collagen in the 35
kPa conditions. (Figure 2.1 B). Cell density was also measured with DAPI staining and
showed that there were no significant difference in cell numbers (Figure 2.1 C).

Experiments looking for changes in VIC phenotype and calcification were then conducted
over a three week period. Calcific nodules found on the PAAM gels were stained with both
Alizarin Red and fluo-4 (Figure 2.8 A) to confirm the presence of mineralization. Fluo-4
images were then used to analyze nodule growth data over a 3 week culture period
(representative images can be found in Figure 2.4 E and Figure 2.7 B). VICs on both
collagen and HA PAAM gels of all stiffnesses grew calcific nodules over the 3 week culture
period; however, while collagen PAAM gels produced larger nodules in the first week of
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culture, by the third week in culture, HA PAAM gels, especially the 35 kPa gels, had
significantly larger nodules than the collagen gels. (Figure 2.2 B).

2.3.2

ECM binding protein determines cell spreading

Since our imaging technique using Fluo-4 staining was non-destructive, we could compare
nodule growth on the same PAAM gels over the entire experiment. To determine if
nodule clustering could play a role in the increased nodule size on HA PAAM gels, the
average distance between nodules was determined for each gel. While no statistical
differences were observed over the three-week culture period, HA PAAM gels did show a
trend toward decreasing average distance between nodules at two weeks and then an
increase in the average distance between nodules at three weeks; this trend was not seen
in collagen gels (Figure 2.8 B and C). This could be a function of a rapid period of mostly
random mineralization followed by a merging of smaller particles into one, larger particle.
However, there was no difference in the average number of nodules grown in any of the
conditions (Figure 2.8 D). By measuring the growth rate of nodules on PAAM gels over
time, we also see a decrease in the growth rate after the initial growing phase, but then
an increase in growth rate, possibly due to nodules merging, after two weeks that is
significantly pronounced on the HA PAAM gels for all stiffness groups (Figure 2.2 C). Cell
spread area, after three weeks, was also assessed using phalloidin to stain VIC F-actin
(Figure 2.2 D). As shown in Figure 2.2 E, the measured cell spread area was significantly
larger for VICs grown on HA PAAM gels compared to collagen gels for all stiffnesses. This
correlates with previous findings demonstrating that a cell’s measured traction force
increases with cell spread area108 and that an increase in cell area leads to stiffer cells. 109
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2.3.3

siRNA knockdown of CD44 decreases mineralization

As a first attempt to explore the link between ECM protein composition and
mineralization, we blocked a known HA cell-binding protein, CD44,110 with a known CD44
blocking antibody (KM81). Since our previous experiments showed the greatest degree
of nodule growth occurred on the 35 kPa stiffness PAAM gels and this stiffness most
closely mimics the environment VICs sense during CAVD, we chose to do the remainder
of the experiments using only 35 kPa PAAM gels with either HA or collagen as the binding
protein. Western blot analysis showed a trend towards decreased CD44 abundance at 2
and 6 days following treatment; the blocking antibody did not significantly impact VIC
CD44 expression (Figure 2.9 A). Since KM81 only blocked existing CD44 and did not alter
CD44 expression within the cell itself, this result is not surprising. Additionally, VICs
cultured on PAAM gels for 3 weeks with continuous addition of the CD44 antibody did not
show any change in mineralization using either HA (Figure 2.9 B) or collagen (Figure 2.9
C) as the binding ECM protein.

We then used siRNA transfection to knockdown CD44 and RHAMM – another HA binding
protein97 that does not have an established blocking antibody – to test their role on
calcification. To ensure knockdown of the proteins over the entire experiment, siRNA
transfection was performed twice; once immediately following cell seeding and a second
time halfway through the experiment (see Figure 2.7 A). Western blot analysis
demonstrated that siRNA knockdown of CD44 and RHAMM was successful (Figure 2.3 A,
4A, and Figure 2.11 A). The presence of CD44 did have a significant effect on nodule size
with siRNA knockdown of CD44 leading to smaller nodules on HA PAAM gels, but having
no effect on nodules grown on collagen gels (Figure 2.4 B). By comparison, RHAMM
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knockdown had no significant impact on nodule size (Figure 2.3 B). VICs on HA gels did
have a significantly larger cell spread area in the control case as compared to collagen
(similar to Figure 2.2 D) and trended towards a larger area in the siRNA knockdown
conditions (Figure 2.3 C). There were no differences seen in cell number on the PAAMs
gels in any condition (Figure 2.3 D). There was a significant increase in cell spread area of
the CD44 knockdown VICs compared to the scramble control on the HA PAAM gels.

2.3.4

Knockdown of RHAMM leads to increase in apoptotic markers while CD44
Knockdown shows an increase in osteogenic markers

To determine if either RHAMM or CD44 had an effect on αSMA expression, IHC was used
to quantify expression intensity. Similar to the αSMA expression in Figure 2.1 B, there was
not a significant difference in measured percentage of cells that expressed αSMA
between ECM types in the control scramble siRNA; however, there were differences in
cell activation in both the CD44 and RHAMM siRNA knockdown PAAM gels (Figure 2.10 A
and B). On collagen PAAM gels, there was a significant increase in VIC activation with both
the CD44 and RHAAM siRNA knockdown cells and on the HA gels. siRNA RHAMM cells
showed a trend of less αSMA expression than the CD44 siRNA knockdown VICs. Since
these results seemed to contradict our hypothesis of increased VIC activation leading to
increased calcification, we next analyzed both protein and RNA expression in the shRNA
knockdown VICs.

To assess how VIC protein expression changed with the knockdown of either CD44 or
RHAMM, protein taken from cells grown on tissue culture plastic (TCP) from both phase
I and phase III of the experiment was analyzed using western blotting. VICs with RHAMM
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siRNA knockdown did not show any differences in protein expression compared to the
scramble control (Figure 2.5 A). Notably, both the scramble and the RHAMM siRNA
protein showed a significant increase in PARP, an apoptotic marker, from phase I to phase
III. Conversely, knockdown of CD44 demonstrated an upregulation of the osteogenic
factors runx2 and osteopontin early in the experiment, but this increase was lost at the
later time point (Figure 2.5 B). Interestingly, while the scramble siRNA showed a similar
trend in increasing PARP expression with time, the CD44 siRNA, while not significant,
showed a decreasing trend. Example blot images for all Western data can be found in
Figure 2.11 B and C.

The lack of any significant differences in either actual mineralization or protein expression
with the RHAMM siRNA knockdown allowed us to focus on the CD44 siRNA knockdown.
As the mineralization effect was greatest on 35 kPa PAAM gels, we also exclusively utilized
these substrates. To assess the difference in gene expression in the CD44 siRNA
knockdown VICs, RNA was collected at two days after treatment with TGF-β1 and at the
end of the experiment (21 days). Quantitative PCR (qPCR) was done to look for CD44 and
RHAMM expression as well as for osteogenic markers (Runx2 and OPN), apoptotic
markers (Casp3 and PARP) and VIC activation markers (αSMA and TGF-β1) in the CD44
knockdown VICs. Knockdown VICs grown on 35 kPa HA gels showed an increase in OPN,
TGF-β1, and αSMA at the day 2 time point (Figure 2.6). Also of note is the relative
expression of CD44 is unchanged from the scramble case. Since the siRNA works to cleave
the targeted mRNA, it is reasonable to expect that the mRNA expression of CD44
continues as the siRNA works to reduce it, but the targeted mRNA may not be translated,
as we see a significant decrease in CD44 protein expression via Western blot (Figure 2.4
A and Figure 2.11 A).
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2.4 Discussion
While some progress has been made in elucidating how CAVD initially develops, there
have been no conclusive determinations of mechanisms leading to ineffectual
pharmaceutical trials and a lack of non-surgical options available for patients. To
ameliorate this issue, we developed a simple in vitro model system based on PAAM gels
to elucidate the effects of the ECM environment on the development and growth of
mineralized nodules. This system allows for fine control of stiffness and ECM binding sites,
allowing us to study specific details of VIC mediated calcific nodule growth. Using TGF-β1
mediated VIC activation to initiate nodule growth, we determined that CD44- ECM
interactions play a role in calcific nodule growth.

VICs seeded on either healthy, transitional, or diseased stiffness PAAM gels grew calcific
nodules over the course of the three week experiments regardless of the binding protein.
However, while initial growth rates were consistent during the first week of the
experiment, there were interesting discrepancies at later time points. By week three,
nodules grown on HA gels, at all stiffnesses, had a faster growth rate than on their
respective collagen gels. This growth rate pattern of a slower rate after rapid, initial
growth during the first week has also been shown in other calcification models, such as
in vascular calcification grown in a monolayer.111 Since the VICs are only activated with
TGF-β1 once, for 24 hours, at the onset of the experiment, the initial mineralization may
be induced by the cytokine; however, later in the experiment, environmental factors likely
become more important in nodule development. Knockdown of the HA cell receptors
RHAMM and CD44 showed marked differences in VIC mineralization and protein
expression over three weeks. While siRNA knockdown of CD44 decreased overall
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mineralization on the PAAM gels, RHAMM knockdown did not significantly alter
mineralization or protein expression. These data suggest that ECM-to-cell signaling,
through CD44, may play a role in exacerbating valve tissue calcification and could be a
target for pharmaceutical intervention.

Quantitative PCR of RNA taken from CD44 knockdown VICs show differences in the
relative expression of markers of VIC activation (TGF-β1 and αSMA) and the osteogenic
marker OPN which may provide insight into CD44’s role in the mineralization pathway. In
the CD44 knockdown VICs, there was an initial increase (at the 2 day time point) in OPN
expression over the control case. OPN -/- mice show normal bone formation112 and OPN
has been shown to decrease mineralization in vitro,113 which may explain the decreased
mineralization measured in the CD44 knockouts. Additionally, there is some evidence that
suggests that the knockdown of CD44 actually increases OPN expression. This has been
shown, indirectly, with increases in OPN mediated HIF-2α in cells treated with a blocking
anti-CD44 antibody114 and in an increase in both OPN and CD44 even without an increase
in HA content. OPN has also been shown to activate fibroblasts in lung tissue, 115 which
could explain the increase in αSMA and TGF- β1 expression seen in the qPCR
measurements. TGF- β1 has also been shown to decrease mineralization in vitro when
collagen gels seeded with osteoblasts were treated with the cytokine 116, and TGF- β1 is
known to be mediated by HA through CD44.117 Furthermore, CD44 has also been shown
to prevent apoptosis118 which could explain the increasing trend in PARP and Casp3
expression with the knockdown of CD44. However, the relationship between OPN, CD44,
TGF-β1, and even HA, remains unclear119 and additional research is needed to fully
understand this mechanism.
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While HA, and even CD44 specific, signaling has been studied in the context of
cardiovascular disease, such as atherosclerosis,99 and diseased human aortic valves
showed an increase in HA immediately surrounding the nodules120 there has yet to be a
defined mechanism for HA’s role in mineralization. It has previously been suggested that
glycosaminoglycans, proteoglycans, and HA could contribute to CAVD by retaining water
and lipids which attract inflammatory cells and cause calcification via a pathway similar
to atherosclerosis.121 However, our system, lacking in both lipids and monocytes, suggests
that HA signaling alone may be enough to promote calcification by OPN downregulation
through CD44 signaling. While upregulation of OPN may be a difficult target for
therapeutic treatment due to its importance throughout the body 122 and with previous
evidence pointing to high levels of OPN associating with cancer,123 targeting CD44, which
has been done with histone deacetylase inhibitors, is a possible alternative. 124

While we believe that our 2D in vitro model system is sufficient to study potential CAVD
mechanisms, all model systems inherently contain limitations. 2D culture systems do not
fully explain cellular behavior in 3D, in vivo tissues and so future studies will investigate
3D culture systems that still segregate ECM components, but that allow for movement
between layers to examine VIC movement between and interaction with multiple ECM
components. Additionally, we will focus on more potential mechanisms that include CD44
induced pathway. Valve tissue also contains a second type of cell along the tissue edge,
valve endothelial cells (VECs), which may also pay a role in valve calcification through
EMT.125 These factors will also need to be explored in future studies to determine if CD44
has as strong of an effect on nodule calcification with these confounding factors;
however, it is important to also understand the behaviors of cells in a model system in
order to parse out potential mechanisms. To further study the role of CD44 on CAVD, a
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CD44 null mouse model could be used. A previous study combined a typical mouse model
for cardiovascular disease, an apolipoprotein E knockout, with CD44-/- mice and found
that CD44 is an early regulator for atherosclerosis; 126 however, to the best of our
knowledge, this model has never been used to study CAVD. This model for valve disease
may provide additional information that our 2D model system is lacking.

2.5 Conclusion
In conclusion, HA, through a CD44 mediated pathway, is a potential pharmaceutical target
to slow the progression of CAVD in patients with existing calcification. CD44 was shown
to be a driver of calcification of VICs on HA coated PAAM gels, with HA gels developing
much larger nodules at a much faster growth rate as compared to nodules formed on
collagen PAAM gels. A potential mechanism for the CD44-HA role in calcification is
through OPN, which was shown to be upregulated with siRNA knockdown of CD44. While
further study is needed to fully elucidate the role of CD44 in CAVD, the results from this
study suggest that HA could play a prominent role in CAVD progression.
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2.6 Figures

Figure 2.1: Initial assessment of VICs on PAAM gels.
VICs grown on 5 kPa, 20 kPa, and 35kPa PAAM gels with either HA or collagen as the binding protein
were allowed to adhere to the gels for 24 hours before being dosed with TGF-β1 for 24 hours. VICs
were stained for αSMA (A) and the average expression was measured (B). This data set failed the
normality and equal variance test so statistical analysis was done using a rank test with a Dunn’s
post-hoc test. After activation, the VICs showed a decrease in αSMA expression on the 35 kPa
collagen gels, but an increase in αSMA expression on 35 kPa HA gels. There were no significant
differences in cell density between proteins or on different stiffnesses (C). p<0.05
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Figure 2.2: Nodule growth and VIC spread area are effected by the ECM binding protein.
Flou-4 AM was used to non-destructively measure the nodule growth over time and representative images are shown in (A).
Average nodule size was measured for calcific nodules grown on 5 kPa, 20 kPa, and 35 kPa PAAM gels with either HA or
collagen as the ECM protein (B). A three-way ANOVA showed a significant nodule growth with time (p=0.006). PAAM gel
images were also used to calculate the average distance between nodules (C) in each condition. The rate of growth of the
nodules on each of the PAAM gels types for the different protein was also measured. A three-way ANOVA shows that both
the ECM protein (p=0.011), stiffness (p=0.017), and the time point (p<0.001) have a significant effect on nodule growth rate.
(D) Phalloidin (green) was used to calculate the cell spread area for VICs seeded onto PAAM gels with 5 kPa, 20 kPa, and 35
kPa Young’s Moduli using either HA or collagen. (E) As measured by a rank test with Dunn’s post-hoc testing, there was a
significant increase in the cell spread area of those VICs seeded on HA gels at all stiffness levels. *p<0.05
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Figure 2.3: The effect of siRNA knockdown of RHAMM on nodule growth.
(A) Western blot analysis shows that RHAMM was knocked-down during the experiment using a
two-tailed student t-test for each experimental phase. Nodules grown in the PAAM gel system
with RHAMM siRNA for gels with HA and collagen (B). A three-way ANOVA found a significant
increase in overall nodule size over time (p=0.031), but no effect of siRNA on nodule size. The
average cell spread area (C) and cell density (D) for the different PAAM gel conditions were also
calculated. A two-way ANOVA of the cell spread area revealed a significant interaction between
the knockdown and the binding protein (p=0.014) whereas no statistical significance was
measured in cell density. *p<0.05

35

Figure 2.4: The effect of siRNA knockdown of CD44 on nodule growth.
Western blot shows that CD44 was successfully knocked down (A) using a two-tailed student t-test
for each experimental phase. siRNA knock down of CD44 significantly reduced (p=0.031)the
average nodule size for nodules grown on HA PAAM gels while also, overall, growing with time
(p=0.034) as shown by a two-way ANOVA (B) . The collagen nodule data did not have a normal
distribution, but a rank test shows the nodules grow with time, but are not affected by the CD44
knockdown. There is also a significant increase in cell spread area of VICs in CD44 siRNA
knockdown VICs on HA gels compared to VICs grown on the collagen gels as measured by a rank
test since the data set was not a normal distribution (C). There is no significant difference in cell
density in the model system (D). *p<0.05.
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Figure 2.5: Protein expression analysis of osteogenic and apoptotic markers.
Western blot analysis was done on VICs transfected with either RHAMM siRNA (A) or CD44 siRNA (B) and grown on tissue
culture plastic for three weeks. Two time points were assessed: at the phase I and phase III of the experiment. The relative
expression of two osteogenic markers (Runx 2 and OPN) and two apoptotic markers (PARP and Casp3) were measured.
A two-way ANOVA on the RHAMM siRNA VICs shows an increase over time for both OPN (p=0.033) and PARP (p<0.001).
A two-way ANOVA for the CD44 siRNA knockdown VICs shows a significant impact of the siRNA in both Runx2 (p=0.033)
and OPN (p=0.03). Tukey test post-hoc analysis also shows differences in both (A) and (B) where *p<0.05.
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Figure 2.6: The relative RNA expression measured for CD44 siRNA knockdown VICs grown on 35 kPa HA
PAAM gels.
The relative RNA expression is normalized to the scrambled siRNA samples at day 2. There were also no
significant changes seen in the expression of CD44, the osteogenic maker Runx2 or the apoptotic markers
Casp3 and PARP. There were significant changes in the RNA expression of RHAMM with a two-way ANOVA
showing an effect of time (p=0.039). A two-way ANOVA for the RNA expression of the osteogenic marker,
OPN, showed an effect of time (p=0.008) and siRNA (p=0.035). Additionally, a two-way ANOVA showed
that time also had an effect on the expression of the activation markers TGF-β1 (p=0.02) and αSMA
(p=0.002). Tukey post-hoc testing results are shown with lines over the bar graphs and have a p<0.05 except
for where the $ denotes that p=0.063.
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Figure 2.7: Experimental details and additional information.
(A) A schematic of the experimental timeline showing when TGF-β1 dosing, transfection, and
imaging were performed. (B) Representative images of the nodules stained with fluo-4 AM
during the first two weeks of the experiment.
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Figure 2.8: Additional nodule measurement and growth data.
(A) Representative images of a calcified nodule stained with Alizarin red (top) and the fluorescence
calcium indicator dye fluo-4 am (bottom). (B) Representative plots showing nodules (red dots) and
their proximity to other nodules that was used to calculated the average distance between nodules
in (C). There was not statistical difference shown in the average distance between the nodules or
in the average number of nodules (D).
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Figure 2.9: Knockdown of CD44 using a blocking antibody.
Knockdown down of CD44 using a KM81 antibody showed some decreasing trends in expression
via Western blot analysis (A), but not a significant decrease. The antibody also did not have an
effect on nodule size over 3 weeks for either HA (B) or collagen (C).
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Figure 2.10: αSMA expression in CD44 and RHAMM knockdown VICs.
The average intensity of αSMA expression for cells with either a CD44 or RHAMM siRNA
knockdown compared to the scramble controls after 48 hours in culture (A). The data set failed
the Shapiro-Wilk normality test so an ANOVA on the ranks shows a similar trend in the scramble
cases as seen in Figure 1 while the siRNA knockdown VICs show more αSMA on HA gels and less
on the collagen gels. Representative images are shown in (B). p<0.05
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Figure 2.11: Images of western blots used for quantitative analysis of protein expression.
(A)The siRNA induced knockdown of RHAMM (top) and CD44 (bottom). Protein expression of
several different markers as well as β-actin which was used a control for the RHAMM siRNA
knockdown experiments (B) and CD44 siRNA knockdown experiments (C).
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Figure 2.12: The relative RNA expression was measured for CD44 siRNA knockdown VICs grown
on 35 kPa collagen PAAM gels.
The relative RNA expression is normalized to the scrambled siRNA samples at day 2. A two-way
ANOVA showed there was a significant interaction (p=0.015) between time and knockdown with
the siRNA on CD44 expression and a significant interaction (p=0.021) between time and the
knockdown with RHAMM expression. The RNA expression of the osteogenic marker Runx2 did
not have a normal distribution, but the ANOVA on the ranks shows an increase in Runx2
expression at day 21 in the CD44 knockdown VICs. The other osteogenic marker, OPN did not
show a significant difference in expression. Of the activation markers, αSMA showed a significant
interaction (p=0.047) between the two factors, while there was no statistical significance in the
TGF-β1 expression. Both apoptotic markers also did not have a normal distribution of expression
and no significance was seen with the rank test. Tukey post-hoc testing results are shown with
lines over the bar graph and have a p<0.05.
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Chapter 3. Conditional deletion of RB1 in the Tie2 lineage
leads to aortic valve regurgitation
This chapter is modified from a paper published in the Journal PlosOne entitled
“Conditional deletion of RB1 in the Tie2 lineage leads to aortic valve regurgitation” in
which I was a co-first author with Marina Freytsis.127 From the published work, this
chapter updates part of the text to include a figure that was not published, but is related
to the project. To distinguish my data from Dr. Freytsis, I have noted in the figure legends
data that she collected and analyzed. In general, Dr. Freytsis was responsible for working
directly with the knockout mice, including taking echocardiogram data, isolating the mice
hearts for my measurements, and the cell experiments involving cytokine analysis and the
proliferation/apoptosis assays.
The other authors included in the publication and their contributions are described here.
Drs. Liu and Georgakoudi advised on the multiphoton imaging and Dr. Liu helped develop
the Matlab code used both to calculate the MAF and to create the representative MAF
images. Dr. Black contributed to writing and approval of the final manuscript, the
conception and design of the experiments, and data analysis and interpretation. In
addition to contributing to the writing and approval of the final manuscript, the
conception and design of the experiments, and data analysis and interpretation, Drs.
Hinds and Huggins were directly involved in the creation for the pRb knockout and
heterozygous pRb mice. Drs. Black, Hinds and Huggins also all contributed financially (NIH
– NHLBI Award # R01HL114794).
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Abstract
Calcific aortic valve disease (CAVD) a complex process involving changes to the
extracellular matrix (ECM) and valve interstitial cell (VIC) activation. The role of the
retinoblastoma protein (pRb) has not been explored in the context of CAVD, but its role
in mesenchymal cell differentiation, including in bone development and mineralization,
warrants further investigation. In this study, a mouse model of conditional pRb knockout
(cKO) in the aortic valve regulated by Tie2-Cre-mediated excision of floxed RB1 alleles was
created. Significantly more aortic valve regurgitation, measured by echocardiography,
was found in aged pRb cKO animals compared to pRb het control mice. The pRb cKO aortic
valves had increased leaflet thickness without increased cellular proliferation and
histologic studies demonstrated intense α-SMA expression in pRb cKO leaflets associated
with disorganized extracellular matrix and increased leaflet stiffness. Increased
calcification was measured in pRb cKO mice using an optical method to detect mineralized
fluorescence. These studies demonstrate that pRb loss in both animal models and using
in vitro model systems is sufficient to cause age-dependent aortic valve dysfunction and
mineralization.

3.1 Introduction
Aortic valve disease is a complex disease process characterized by progressive thickening
and fibrosis of the aortic valve leaflets leading to valve sclerosis, a precursor to valve
mineralization and often frank bone formation that can cause restriction and/or
regurgitation of blood flow from the heart. Statistics from 2017 indicate that more than
100,000 patients received an aortic valve replacement128 and the prevalence of aortic
valve disease increases markedly with age.129 There is an important need to determine
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the molecular mechanisms contributing to aortic valve disease because the only
treatment for advanced disease is surgical replacement91 as medical therapy has not been
found effective at slowing disease progression. 130,131
During embryonic heart development, cells derived from the endocardium, 132 the
secondary heart field, and the neural crest133 can be found in the fibrosa, spongiosa, and
ventricularis layers of the aortic valve. 134 Following valve development, the valve
interstitial cells (VICs) predominantly have an endothelial origin, 55 likely the result of
endothelial-to-mesenchymal transformation of endocardial cells. Further supporting an
endothelial origin of VICs, Tie2 lineage tracing studies produce strong staining of the
aortic valve leaflet

134-136

. With age, the adult aortic valve increasingly includes CD45-

positive cells derived from the hematopoietic system 137 that would also be expected to
be derived from the Tie2 lineage.138 Though normally quiescent, VICs can become
activated, and differentiate into myofibroblasts expressing alpha smooth muscle actin (αSMA).139
VICs produce an array of precisely oriented structural matrix proteins necessary for the
leaflet to bear the load during diastole, while also sufficiently flexible to impart negligible
outflow resistance during systole.140,141 In the diseased valve activated VICs deposit and
reorganize the extracellular matrix (ECM) 142-144 leading to rearrangement of collagen
fibers in the fibrosa and proteoglycan changes in the spongiosa layers. 19,145 ECM disarray
precedes development of CAVD, particularly in the aorta-facing fibrosa where calcific
nodule and bone formation first appear.61,129,146
The retinoblastoma protein (pRb) regulates two key factors relevant to aortic valve
disease: maintenance of mesenchymal cell differentiation as well as bone formation and
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soft tissue calcification.147-150 Given the mesenchymal nature of VICs and the appearance
of osteogenesis in diseased human valves, we hypothesized that VICs deficient in pRb
would lose their quiescent phenotype (they would become activated), leading to aortic
valve dysfunction possibly resulting in leaflet mineralization. To interrogate this
hypothesis we created a mouse model of targeted pRb loss using Tie2 directed cre
recombinase expression because many of the VICs in the aortic valve leaflets are derived
from endothelial cells55,134 and Tie-2-cre effectively deletes genes in endothelial-cellderived VICs resident in the aortic valve leaflets. 134,135,151 Our results demonstrate that
pRb in the Tie2 lineage is necessary to maintain aortic valve structure and function with
age.

3.2 Methods
3.2.1

Animals

The flox19-RB1 (RB1fl/fl) mice
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were maintained in a C57BL/6 background. RB1fl/fl

females were bred to Tie2-Cre males, purchased from Jackson laboratories (B6.Cg-Tg
(Tek-cre)1Ywa/J). RB1fl/fl;Tie2-Cre- and RB1fl/+;Tie2-Cre+ from the first cross were bred to
generate RB1fl/fl;Tie2-Cre+ (pRb cKO) and RB1fl/+Tie2-Cre+ (pRb het) mice for our
experiments. The use of pRb het mice as controls is justified given the lack of observed
phenotype. Genotype was determined by PCR analysis of genomic DNA from mouse tails.
Genomic DNA was isolated and amplified by PCR using the following primers: RB1: 5’-GGC
GTG TGC CAT CAA TG-3’ (forward primer) and 5’-AAC TCA AGG GAG ACC TG-3’ (reverse
primer); Cre: 5’-GTG AAA CAG CAT TGC TGT CAC TT-3’ (forward primer) and 5’-GTG AAA
CAG CAT TGC TGT CAC TT-3’ (reverse primer).
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For further verification of Tie2 activity, Tie2-Cre mice were bred to B6 mice bearing the
targeted insertion of a floxed(stop)CAG-TdTomato allele into the ROSA26 locus (strain
AI9, JAX#007909), such that a red fluorescent protein variant (tdTomato) is seen where
Cre is expressed. Tissues from 2-4 month old Ai9;Tie2Cre mice were used for histological
evaluation of recombination based on TdTomato fluorescence.

A total of 39 mice (15 experimental mice and 24 control mice) were used for these studies.
25 mice died for experimental endpoints and 9 mice died because in the opinion of the
Division of Laboratory Animal Medicine and the investigators euthanasia was required for
humane endpoints. 5 animals died without obvious cause or antecedent illness. Humane
endpoints were defined as follows: Any animals displaying signs of distress including
hunched posture, piloerection, labored breathing, tumors exceeding 5mm in any
dimension, inability to eat or drink, or loss of 10% or more of body weight will be sacrificed
within 24hrs. Aged mice with detectable valve dysfunction were watched closely and
euthanized if they showed signs of edema or tachypnea with decreased cage movement
that would be consistent with congestive heart failure. Animals were monitored 3 times
per week and 24hours post echocardiograph procedures. Researchers handling mice
went through mandatory animal handling training at Tufts University for proper
evaluation of mouse health. Mice received water and food ad libitum, housed in cohorts
of not more than 5 adults, and were otherwise maintained in accordance with a protocol
approved by the Tufts University Institutional Animal Care and Use Committee (Protocol
#: B2013-42 and B2016-11).
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3.2.2

Echocardiography

In vivo valve structure and function were evaluated at 2 and up to 12 months of age for
all animals, and a subset at 6 months, using an ultra-high frequency, high-resolution
ultrasound (Vevo2100; VisualSonics, Inc., Toronto, ON, Canada). The chests of the mice
were treated with a chemical hair remover to reduce ultrasound attenuation. Mice were
anesthetized with 1-2% isofluorane inhalation, and placed on a heated platform to
maintain temperature during the analysis. Two-dimensional imaging was recorded with a
40 MHz transducer to capture long-axis projections with guided B-Mode and color and
pulsed-wave Doppler. Doppler interrogation was performed on the aortic valve outflow
in the parasternal long-axis view to assess stenosis and regurgitation using a sample
volume toggle to optimize the angle of interrogation. A modified right parasternal longaxis view was required in some cases to ensure ascertainment of the maximum velocity.
Color flow Doppler echocardiography, in which flow movement toward the transducer is
shown in red and that away from the transducer is shown in blue, was applied at sampling
points indicated in the 2-dimensional images from a long-axis view. Measurements of
ventricular function and peak gradient were calculated using the integrated software of
the Vevo1200. Aortic regurgitation was defined by retrograde blood flow across the aortic
valve into the left ventricular outflow tract for more than half of the diastolic period
identified by Doppler echocardiography and by color-flow Doppler video. ImageJ was
used to calculate aortic root diameter in diastole from B-mode stills, with 3 cycles
averaged per animal.
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3.2.3

Blood Pressure Measurement

Blood pressure was measured in normal diet fed mice aged 10-12 months by tail cuff
plethysmography using the Kenda Coda System. Mice were acclimated and trained for 23 days by 20 tail cuff inflations. For the following 2 days, blood pressure measurements
were recorded and averaged for each mouse. At least 3 mice from each sex and genotype
were used for this analysis.

3.2.4

Histology

Hearts from 2-month-old and aged animals were harvested, rinsed well in cold PBS, and
fixed for up to 24 hours in 10% neutral buffered formalin. Fixed hearts were submitted to
the Jackson Laboratories Histology lab for processing, paraffin embedding, and
sectioning. The tissues were processed overnight on a sakura tissue-tek VIP tissue
processor. Blocks were grossly trimmed for correct orientation and embedded in
paraffin. Blocks were faced to appropriate area (3 leaflets present) using 4x objective on
microscope. 5um thick sections were taken of area 3-4 sections per slide. H&E stained
slides were stained on Leica Autostainer XL and the Pentachromes were done using
American Mastertech "Russel-Movat" Pentachrome kit. Images of the Movat stained
valves were also taken with a Nikon 800E microscope using a 10x objective. Histological
images from six Rb het and six cKO were analyzed to look at GAG composition as a
percentage of total valve area. The images were first processed with Adobe Photoshop
CC 2015 to isolate the valve, removing background blood and other debris from the
images. Next, the RGB images were broken into the corresponding red, green, and blue
images so that the Movat stain for GAGs (light blue) could be isolated. Using Cell Profiler
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, the images were inverted and the red and green channels were combined (in a 1:1.1

ratio) and the blue channel (multiplied 1.4 times) was subtracted from the result. This
resulted in an image that was used to isolate the GAG area using a manual threshold. The
total area of the valve was found using a manual threshold of the green channel and was
used to calculate the GAG percentage area for each sample image.

3.2.5

Mineralization Associated Fluorescence Intensity Imaging

Images of whole, isolated aortic valves were taken using a Leica TCS SP2 (Wetzlar,
Germany) confocal microscope equipped with a Ti:sapphire laser (Spectra Physics,
Mountain View, CA) and a dry Leica 20x/0.7 NA objective. Two z-stacks for three valves
from each of the groups (pRb het and pRb cKO mice) were taken using an 800 nm
excitation wavelength. Two emission spectral bands 460 nm ± 20 nm and 525 nm ± 25 nm
were collected during each measurement. The mineralization associated fluorescence
(MAF) was calculated for each sample using our previously developed method.154 The
MAF of each image in a stack was calculated and then averaged to give the MAF value for
the zone on the sample. Zones were then averaged to give the MAF contribution for each
valve leaflet sample.
3.2.6

Immunohistochemistry

Sections were deparaffinized and rehydrated in graded ethanol washes. After blocking in
5% normal serum or BSA, sections were incubated overnight at 4°C with the following
antibodies: anti-α-SMA (Abcam ab5694,1:1000) and anti-phospho-histone H3 (Cell
Signaling #9701, 1:100). Alexfluor-conjugated anti-rabbit secondary antibodies were used
to detect anti-pH3. Slides were mounted in Vectashield mounting media with DAPI
(Vectorlabs H-1200) and visualized with fluorescence microscopy. HRP-conjugated anti52

rabbit secondary antibodies were used to detect anti-α-SMA, with subsequent DAB-based
colorimetric detection. A no-primary antibody control was used for each antibody to
detect false-positives and autofluoresence. TUNEL staining was performed using the
ApopTag Fluorescein In Situ Apoptosis Detection Kit (EMD Millipore S7111), per
manufacturer’s instructions. Immunofluorescent stained sections were imaged on a
Nikon 800E epifluorescent microscope with a Spot RT2 digital camera. Image analysis and
quantification were performed in CellProfiler 153. The α-SMA stained images were taken
using a Nikon 800E microscope using a 40x objective. Images were taken of the full valve
(all three leaflets) and edited in Adobe Photoshop CC 2015 to remove any remnants of
the aorta, starting at the root of each leaflet. CellProfiler was used to determine the area
of the valve leaflets and the area of positive α-SMA staining in order to find the activated
percentage area of each valve.

3.2.7

Atomic Force Microscopy

Valve tissue stiffness was measured using atomic force microscopy (AFM), with a Veeco
Dimension 3100 AFM with Novascan borosilicate glass particle probes. We used probe
tips (10 μm diameter bead) with a rated spring constant value of 0.6 N/m and the Hertzian
theory was used to calculate the Young’s Modulus. The Young’s Modulus was calculated
using a MATLAB code for each indent curve over an entire 2D force volume and then
averaging these values for each sample. From these measurements, we were able to
calculate changes in valve tissue stiffness between groups.
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3.2.8

Second Harmonic Generation Imaging

Second harmonic generation signal from collagen fibers was collected using a Leica TCS
SP2 microscope equipped with a Ti:Sapphire laser which provided 800 nm excitation, dry
Leica 20x/0.7 NA objective, and 400 nm ± 10 nm (ET400/20X) filter. At least 2, 3D volumes
of valve leaflet were analyzed for each sample valve (n=3 for both pRb het and cKO
valves). Fiber orientation and variance were determined using a previously described
method that relies on a weighted vector summation approach. The two-dimensional
variance is a metric of the collagen fiber alignment that has a value of one for completely
disorganized fibers and zero for all fibers within a field exactly aligned in the same
direction 155.

The SHG images were also used as a metric of fibrosis. After masking images for SHG signal
only, image stacks were analyzed to find the average pixel intensity, as a measure of
collagen fibrosis 156, per image. The stack of images was averaged to find a single value
for each location. The data was then normalized to one.

3.2.9

LC-MS/MS Proteomics

Individual aortic valve leaflets were excised from flash frozen hearts; the three aortic
leaflets from a single animal were collected and pooled to generate one sample; three
aortic samples per genotype (for a total of six animals; three of each type) were analyzed
and weighed (all measured at 0.01mg of tissue for each sample). Valve leaflets were
lyophilized for six hours before undergoing a urea digested at 4°C using a stir bar to agitate
the sample. Sample protein was then collected with an acetone precipitation 157. Samples
were then frozen before being sent to Beth Israel Deaconess Medical Center Mass
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Spectroscopy Core Facility for liquid chromatography–tandem mass spectroscopy (LCMS/MS) analysis. Trypsin was used to digest the protein prior to analysis. Spectra with a
95% confidence were kept for analysis; there was an average spectral count of 690 for
each sample and a total of 395 identified proteins. Resulting spectral counts were used to
quantify abundance of cellular proteins and ECM proteins then individual counts were
normalized by total spectral counts of cellular and ECM proteins collected per sample.
ECM and cellular proteins with fold changes of either greater than 1.5 times or less than
0.6 times for the pRb het samples compared to the pRb cKO were included in a principle
component analysis (PCA) with functional data (stiffness measurements and variance
quantification) collected previously on the leaflets. PCA was done in SigmaPlot (Systat
Software, San Jose, CA) using a correlation matrix and average eigenvalues for the
components. The component scores and component loadings were plotted using
MATLAB. The component scores were grouped using the k-means cluster algorithm (k=2),
as previously described 158,159, in MATLAB; the loading scores were also grouped using kmeans clustering (k=4). Both algorithms were iterated 100 times to help assure
convergence of the cluster centroids. ECM proteins were classified using the MatrixDB 160.

3.2.10 Serum collection and analysis

Blood was collected after an overnight fast by cardiac puncture immediately after
euthanasia. Serum was collected after clotting and centrifugation, the stored at -80°C.
Cytokines were analyzed by a multiplexed ELISA array (Aushon BioSystems, Inc; Mouse
Cytokine 1 CiraPlex™ Array) on Cirascan™ immunoassay system (Aushon BioSystems, Inc.)
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3.2.11 Statistical analysis

Aortic regurgitation incidence was evaluated with a two-tailed Fisher’s exact test. Other
metrics were tested with an unpaired, two tailed Student’s T-test. Differences were
considered significant at P-value <0.05.

3.3 Results
3.3.1

Deletion of pRb in murine aortic valve leaflets produces aortic valve
regurgitation

Because whole-body RB1 knockout mice die in utero

161

, we utilized a conditional

knockout model strategy whereby mice with loxP-flanked exon 19 of RB1 (RB1fl/fl) were
crossed with Tie2-Cre mice to delete pRb from the aortic VICs, as well as other
endothelial-derived tissues 136. Tie2 activity in the majority of VICs throughout the aortic
leaflets was confirmed by TdTomato expression in Tie2-Cre; Ai9 mice (Figure 3.1 A). Mice
homozygous for RB1fl/fl and heterozygous for the Tie2-Cre transgene are designated
conditional pRb knockout (pRb cKO) mice while littermate RB1 +/fl;Tie2-Cre+ mice were
used as heterozygous (pRb het) controls. pRb cKO mice were viable and demonstrated a
Mendelian ratio at weaning (χ2 P value = 0.86). Our experimental protocol designated
echocardiographic and histologic analysis at one year of age, though more pRb cKO than
het mice died or were sacrificed for humane reasons before that time (2 pRb het vs. 7 pRb
cKO mice; Figure 3.8). The reason for premature death in pRb cKO mice is not precisely
known; however, Tie2-Cre also drives recombination in hematopoietic stem cells 138, and
pRb-deficiency in hematopoietic cells can cause myeloproliferative disease 162,163.

56

We aged 24 pRb het animals and 15 pRb cKO animals; at two and six months the aortic
valve function was normal in pRb cKO and het animals by echocardiography. At 10-12
months of age (referred to as “aged” mice throughout the manuscript), 5 of 11 living pRb
cKO mice were found to have severe aortic valve regurgitation (AR) identifiable by color
flow Doppler (Figure 3.1 B and D), while AR was not observed in 20 aged pRb het mice
(Figure 3.1 C; Table 3.1). Three additional pRb cKO mice had mild or trace AR. The mean
± SD peak velocity of the regurgitant jet was -2113 ±1967 mm/s in pRb cKO mice. The
aortic root diameters measured by B-mode echocardiography during systole in pRb cKO
and het animals were similar (Table 3.1), consistent with AR not being secondary to
dilation of the aortic root. Functional aortic valve stenosis was not found in any animal
during our study. pRb cKO heart weights normalized to tibia length were significantly
heavier than pRb het hearts, suggesting mild left ventricular hypertrophy with preserved
contractile function (Table 3.2). We considered whether increased afterload might
explain the AR; however, tail cuff blood pressures in pRb cKO and het mice were similar
(Table 3.2).
Table 3.1: Hemodynamic evaluation and aortic root diameter of aged mice
pRb Het
Female (n)

Male (n)

pRb cKO
Female (n)

Male (n)

Peak
velocity 1205 ±86 (6)
(mm/s)

1426 ±158 (6) 1206 ±38
(4)

1482 ±94
(8)

Peak
gradient 5.96 ±0.83 (6)
(mmHg)

8.64 ±1.63 (6) 5.83 ±0.36
(4)

8.99 ±1.17
(8)

Aortic Valve Root 1.17 ±0.03 (11)
Diameter (mm)

1.22 ±0.03
(10)

1.28 ±0.05 (7)

1.22 ±0.05
(5)
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Table 3.2: Evaluation of heart function, weight, and systemic blood pressure in aged mice
pRb Het

pRb cKO

Female (n)
Heart Rate 702 ± 52 (3)
(beats/min)
EF (%)
66.38 ±5.39 (3)
FS (%)
36.25 ±3.89 (3)
Systolic BP

112.73
(3)

Diastolic BP

78.05 ±4.43 (3)

Male (n)

Female (n)

Male (n)

595 ± 20 (5)

615 ± 55 (4)

609 ±72 (4)

60.28 ±3.88 (5)
32.14 ±2.73 (5)

68.16 ±7.74 (4)
38.62 ±5.61 (4)

59.38 ±3.66 (4)
31.46 ±2.43 (4)

±7.06 134.83
(5)

Normalized
87.11 ±3.5 (8)
Heart Weight
(mg/mm)

±6.74 115.23
(4)

±4.81 122.21
(4)

±2.85

95.60 ±3.19 (5)

80.96 ±2.95 (4)

84.20 ±3.54 (4)

119.2 ±5.2 (7)

112.8 ±10.8 *
(4)

147.3 ±5.8 **
(7)

EF, ejection fraction; FS, fractional shortening; BP, blood pressure. Heart weight
normalized to tibia length. Values shown are mean ± SD. T-test: *P-value = 0.016, **Pvalue = 0.0036; sex-matched cKO compared to Het.
3.3.2

Loss of pRb causes ECM remodeling and VIC activation

We next analyzed fixed heart sections using histological stains to determine if
morphological changes are present in the pRb cKO aortic valves. Masson’s Trichrome
staining showed a more diffuse or weak collagen staining pattern in pRb cKO valves with
AR (Figure 3.2 A). Additionally, Movat pentachrome stain showed changes within the
collagenous fibrosa layer of pRb cKO valve leaflets; cKO valves had a significantly higher
GAG content (Figure 3.2 B and D). In every pRb cKO valve, from mice with or without
aortic valve regurgitation, intense α-SMA staining was observed throughout the leaflets
compared with pRb het leaflets (n= 7 het, 3 cKO with AR, 4 cKO without AR; Figure 3.2 C).
By comparison, aortic valve leaflets from 2-month-old pRb cKO mice showed a pattern of
histological and α-SMA staining similar to het mice, consistent with the changes in valve
architecture at 10-12 months being associated with aging (Figure 3.10). Aortic root and
valve leaflet calcification were not observed by Alizarin Red and Von Kossa staining (Figure
3.9). However, using a more sensitive method developed in our lab using two-photon
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excited fluorescence to calculate the mineralization associated fluorescence (MAF)
showed a significant increase in calcification in the pRb cKO mice (Figure 3.3).
3.3.3

pRb cKO aortic valve leaflets show similar proliferation and apoptosis

Given the well-established role for pRb in cell cycle regulation

164

and because VIC

proliferation and apoptosis have been observed in diseased human aortic valves
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, we

asked whether differences in proliferation and cell death were found in the pRb cKO aortic
valves. Cellular proliferation, measured by phospho-histone H3 expression (p-H3; Figure
3.4 A and B), and apoptosis, measured by TdT-mediated dUTP-biotin nick end labeling
(TUNEL; Figure 3.4 A and C) were infrequently and similarly observed in both groups.
Thus, differences in cell cycle regulation do not explain valve dysfunction in the pRb cKO
mice. Furthermore, there was no significant difference in the number of DAPI-positive
nuclei within the valve leaflets (Figure 3.4 D). Interestingly, the nuclear density, assessed
by the number of DAPI-positive nuclei normalized to cross-sectional leaflet area, was
significantly lower in pRb cKO aortic valve leaflets than controls (Figure 3.4 E). These
results are consistent with expansion and remodeling of the extracellular matrix rather
than cellular proliferation being responsible for pRb cKO aortic valve thickening.
3.3.4

pRb cKO valve leaflets have disordered matrix and increased stiffness

We next asked whether the increased leaflet thickening observed in pRb cKO mice was
associated with structural changes in the ECM using two non-destructive microscopy
techniques. Second harmonic generation (SHG) analysis of collagen fiber orientation
demonstrated more variable collagen structural organization in leaflets from pRb cKO
mice compared with control animals (Figure 3.5 A). Collagen disorganization in
experimental animals was further demonstrated by quantitative analysis of pixel-wise
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fiber orientation (Figure 3.5 B), which revealed a bimodal distribution in the pRb cKO
aortic valve leaflets compared with a unimodal distribution of the pRb het leaflets. The
2D variance, a metric of the overall collagen fiber alignment, was significantly increased
in pRb cKO valves, corresponding to increased fiber disorganization (Figure 3.5 C). Next,
using atomic force microscopy (AFM) we found that pRb cKO valves have a higher Young’s
Modulus than controls consistent with increased leaflet stiffness (pRb het valves 17.44 ±
3.8kPa versus cKO valves 23.18 ± 3.1kPa (Figure 3.5 D)). Greater SHG intensity further
indicated that the Rb cKO valves are more fibrotic than Rb het valves (Figure 3.5 E). Taken
together, these results demonstrate that the aortic valve thickening observed in pRb cKO
aortic valves is associated with a loss of the normally ordered array of valve collagen and
ECM resulting in a stiffer valve leaflet.
3.3.5

Loss of pRb in VICs results in structural changes in the ECM of aortic valve
leaflets

To better characterize ECM changes in cKO valves we performed proteomic analysis on
pRb het and cKO aortic valve leaflets. Proteomic analysis of the leaflets revealed a diverse
group of proteins present in both the het controls and pRb cKO valves. Using principle
component analysis (PCA) we created component scores for each valve sample based on
proteins that were found in pRb cKO and het control valves. The PCA scores show distinct
clustering of the pRb het valves and more varied distribution of the pRb cKO valves (Figure
3.6 A), consistent with heterogeneous changes in the proteome caused by the loss of pRb.
Additionally, sorting by ECM class shows minor variation in protein composition (Figure
3.6 B). Individual normalized protein spectral counts from collected LC MS/MS data and
statistical comparisons of the data can be found in Figure 3.11. Lastly, to correlate the
direct effect of structural ECM components with the measured leaflet functional data, we
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performed a second PCA and plotted loading scores of the structural ECM components
with the stiffness and variance functional data derived from the SHG and AFM analysis,
respectively (Figure 3.6 C). These findings demonstrate that the functional measurements
of stiffness and ECM variance clustered with ECM components important for tissue
mechanics or matrix remodeling, respectively.
3.3.6

Increased cytokine levels in aged pRb cKO mice

Because inflammation is a key driver of the early stages of aortic valve

146

disease we

asked whether systemic inflammation was increased in pRb cKO mice. Tie2-cre drives
recombination in hematopoietic stem cells

138

, and conditional knockout of pRb in

hematopoietic cells causes myeloproliferative disease

163

. pRb cKO mice were found to

have splenomegaly, bone marrow cellular expansion, and a relative increase in the bone
marrow monocyte population (Figure 3.12). Since monocytes have been described in
early CAVD lesions and secrete pro-inflammatory cytokines

146

, we asked if markers of

systemic inflammation were increased in pRb cKO mice using a cytokine ELISA array.
TNFα, IL-10, and IL-17 were elevated in aged pRb cKO mice, compared to controls (Figure
3.7). Interestingly, IL-17 was only elevated in cKO mice with aortic regurgitation (black
symbols). The presence of elevated circulating cytokines suggests that inflammation
present in the cKO mice may be contributing to aortic valve pathology and valve
dysfunction.

3.4 Discussion
In this report, we demonstrate that conditional pRb loss in the Tie2 lineage is sufficient to
cause age-dependent aortic valve thickening, ECM disorganization and regurgitation
reminiscent of human fibrotic valvular disease or aortic valve sclerosis, a stage that
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precedes frank CAVD.91 Our model differs from several other mouse models of aortic
valve disease, where dysfunction is caused by defective embryonic valve development or
aortic valve regurgitation secondary to aortic root dilation and leaflet prolapse; however,
it is similar to existing models in that the primary outcome is aortic insufficiency and
limited calcification, likely due to the hemodynamic differences between mouse and
man.166,167 pRb cKO pups were weaned at an expected Mendelian ratio and were found
to have normal valve histology at 2 months of age and normal valve function at 6 months,
arguing against a developmental effect. Instead, pRb cKO mice develop aortic valve
pathology and dysregulation after 10-12 months of age without dilation of the aorta.
Thus, our model recapitulates features of age-dependent aortic valve dysfunction
including regurgitation commonly observed in humans. Intriguingly, two members of a
human family carrying a retinoblastoma gene mutation have been found to have a
bicuspid aortic valve potentially strengthening the importance of RB1 in aortic valve
disease.168
When healthy aortic valves transition to diseased valves, the resident VICs transition from
a quiescent fibroblast phenotype to a state of activation resembling myofibroblast-like
cells, which express mediators that can promote tissue remodeling. Similarly, the most
striking molecular difference between pRb deficient and control valves was increased αSMA expression throughout the leaflets of all aged pRb cKO valves, consistent with
activation of pRb-deficient VICs into myofibroblasts. Because α-SMA expression was
increased in all cKO valves, even when aortic valve regurgitation was not present, this
finding is consistent with pRb being necessary to prevent the state of VIC activation that
precedes ECM remodeling and valve dysfunction in our model.
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A prevailing hypothesis in the field is that pathogenesis of aortic valve disease results from
dysregulation of the regulatory pathways that control late embryonic valve
development.169,170 Consistent with this theory, the reduced cellular density without
changes in proliferation index within the aortic valve leaflets of pRb cKO mice is
reminiscent of aortic valve remodeling during development. 19 Given the role pRb plays in
regulation of terminal differentiation of several mesenchymal lineages, our finding in
aortic valve leaflets supports a role for pRb in promoting VIC differentiation and
quiescence. This model suggests a cell autonomous role for pRb in regulation of VIC
differentiation that is required to prevent age-dependent aortic valve dysfunction.
We speculate on two factors that we consider to be candidates for modulating the
transition of VICs to myofibroblasts in a pRb-dependent manner: Runx family
transcription factors and TGF-β. Both of these factors have been directly linked to
development of the myofibroblast in diseases states,171 as happens in aortic valve disease
and in our model. Importantly, pRb and its regulators, the D-type cyclins and cyclindependent kinases (cdk), are well established to (a) directly influence Runx transcription
factor function172 and (b) mediate the effects of TGF-β.173 In the latter case, it is intriguing
to speculate that TGF-β effects in cells in which pRb function is lost genetically as in our
model or through physiological inactivation by cdk activity as may occur in diseased tissue
may switch from proliferation-suppressive (mediated by functional pRb) to favor the
transition to the myofibroblast.
In addition to a VIC cell-autonomous role for pRb in aortic valve disease our results cannot
exclude a non-cell autonomous mechanism. We asked whether the loss of pRb in
hematopoietic cells derived from the Tie2 lineage affected the immune system in pRb cKO
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mice and whether there was increased inflammation, a known contributor to CAVD. 174
Several cytokines relevant to aortic valve disease were found to be increased in pRb cKO
mice, including TNFα and IL-17. TNFα in particular is a pro-inflammatory cytokine that
promotes CAVD progression.175 The pro-inflammatory cytokine IL-17, which was
specifically elevated in cKO mice with AR, is released from helper T-cells and functions to
recruit monocytes into tissues.176 While IL-17 has not been reported in association with
CAVD, T-cell infiltration has been described in early lesions, 177 and a population of
gamma/delta T-cells resident in the aortic valve and aortic root that secrete IL-17 has
been reported.178,179 Although T-cell and monocyte infiltration in our model was not
obvious by H&E staining of pRb cKO valves, additional studies are required to fully
delineate the role of the immune system in pRb cKO mice with aortic valve disease.
Nevertheless, increased circulating cytokine levels support the concept that inflammation
may be a valve-extrinsic factor contributing to the aortic valve abnormalities in our model.
Histological sections showed ECM remodeling in aortic valve leaflets of pRb cKO animals
with regurgitation, and more detailed, micron scale and protein level observations
revealed substantial differences. Using SHG imaging, a sensitive technique for measuring
differences in collagen architecture that does not require tissue destruction, 180 we
observed increased collagen fiber variance and intensity in pRb cKO valve leaflets
indicating a greater degree of ECM disorganization, which is characteristic of aortic valve
disease.22 Additionally, pRb cKO valves had a higher measured Young’s Modulus than
controls, indicating further mechanical changes occurring in the diseased valve leaflets. A
large body of literature has shown that increased substrate stiffness influences
myofibroblast181 and osteoblast differentiation.182 Interestingly, pRb phosphorylation is
inhibited at physiologic tissue stiffness and induced in pathological stiffness in vitro,
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suggesting that pathologic matrix remodeling itself can regulate cell cycling and
differentiation via the pRb pathway.183
The loss of tight, parallel collagen fibers has been shown to contribute to aortic valve
dysfunction and provide nucleation sites for calcification. 146,184 We observed differences
in protein composition between pRb cKO and control mice that clustered with leaflet
stiffness and collagen variance. Collagen I, a major component of the overall matrix
structure,185 correlated with leaflet stiffness 186 and collagen fiber alignment was
associated with fibrillins 187 and collagen XV,188 a known regulator of ECM organization.189
The compilation of individual spectral counts showed a statistical difference in collagen
VI expression between the pRb cKO and control mice. Collagen VI plays an important role
in valve morphogenesis and valve development so may contribute to valve pathology.190
Evidence from the cancer field demonstrates that pRb negatively regulates MMP
activity,191 suggesting a mechanistic link between pRb loss/inactivation and increases in
ECM remodeling in the aortic valve. Taken together, these data suggest that the
pathological remodeling observed in pRb cKO valves is consistent with early stages of
human fibrocalcific aortic valve disease. We can only speculate whether frank valve
calcification might have been present in even older pRb cKO mice.
3.4.1

Limitations to present study

In this report, we present a novel mouse model of aortic valve dysfunction; however, we
acknowledge some limitations to this model. Because the Tie2-Cre driver is expected to
cause recombination in cells other than VICs, we cannot exclude the possibility that our
findings may be caused by the loss of pRb outside of the aortic valve. For example, using
the Tie2-Cre driver does not allow us to rule out the unique contributions of circulating
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endothelial and CD45+ cells, which are also in the Tie2 lineage54,138 and accumulate in the
aortic valve in an age-dependent manner.137,192 Alternative Cre drivers, such as
Periostin193 or Nfatc1194, that target VICs at different developmental time points, including
cells not derived from the Tie2 lineage, may further clarify the contributions of RB1 to
aortic valve disease.

3.5 Conclusion
Here we present a model of CAVD, using Tie2 lineage pRb KO mice, which accurately
mimics many of the disease characteristics in humans. While additional studies need to
be done with pRb cKO mice to fully understand the contributions of the Tie2-cre system
and the development of stenosis in the valves, these mice are potentially useful in the
study of leaflet ECM changes and inflammation. The slow development of stenosis with
minimal calcification, measure by MAF, suggests that pRb ckO mice may more accurately
recapitulate CAVD in humans. Taken together, the pRb cKO mouse represents a model of
age-dependent aortic valve regurgitation characterized by leaflet pathology, namely
sclerosis, and circulating biomarkers of inflammation.
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3.6 Figures

Figure 3.1: Tie2-driven loss of pRb causes aortic regurgitation (AR) with age.
(A) Confirmation of Tie2Cre-activity within leaflet of Ai9 mouse, where recombination throughout
the leaflets (indicated by *) indicated by TdTomato fluorescence. Autofluorescence is seen in the
aortic wall (indicated by arrow) (B) Incidence of AR, as evaluated with Doppler by a blinded analyst,
with age (**, Fischer’s exact test p=0.0027). “Aged” indicates 10-12 month old animal. Sex did not
have an effect on regurgitation incidence within the pRb cKO group (p=0.55). (C-D) Representative
images are presented of color Doppler during diastole (left panel, left ventricular and aortic root
structures indicated by dashed white line and direction of blood flow indicated by red arrow) and
Doppler flow velocity tracing recorded from the left ventricular outflow tract (right panel). (C) 2month old animal. (D) Aged pRb cKO with regurgitation: regurgitant flow at the aortic valve was
recorded as a blue flow in the left ventricle during diastole in addition to retrograde diastolic
Doppler flow recorded from the ventricular outflow tract. This data was collected by Marina
Freytsis.
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Figure 3.2: Representative histology of aortic valve leaflets from aged mice demonstrates
changes in pRb cKO aortic valve.
(A) Masson’s trichrome showing reduced collagen staining (blue) in leaflet from pRb cKO mouse
with aortic regurgitation (AR). (B) Movat pentachrome showing more diffuse collage staining
(yellow) in fibrosa, but normal proteoglycan staining (blue) in the spongiosa layer of the leaflet
from pRb cKO with AR. (C) Immunohistochemistry for α-SMA, demonstrating presence of activated
myofibroblasts throughout leaflets of pRb cKO mouse with and without AR. Scale bar is 50μm. (D)
Quantification of the percent area of the valve expressing GAGs using a Movat stain. Mean ± SEM;
Student T-test P-value = 0.04. (E) Quantification of α-SMA, represented as percent of valve area
with positive staining. Mean ± SEM; Student T-test P-value = 0.02.Figures A, B, and C were collected
by Marina Freytsis.
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Figure 3.3: The calculated MAF of Rb het verse Rb cKO mice and representative images of each
type of valve leaflet.
Representative image of the Rb het (A) and Rb cKO (B) showing the 525nm/460nm ratio with an
excitation of 800nm. (C) From the 525nm/460nm ratio, the MAF contribution was calculated for
each case and shows an increase in the amount of mineralized fluorescence present in the Rb cKO
mice valve. Mean ± SEM; Student T-test P-value = 0.0531; scale bar is 100 μm
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Figure 3.4: Aged pRb cKO aortic valves do not have increased proliferation or apoptosis.
(A) Representative staining for phospho histone H3 (p-H3; top panels, green) and TUNEL (bottom
panels, green). Nuclei are stained blue with DAPI. (B) Proliferation, shown as p-H3 expression, was
not significantly different between genotypes. (C) Apoptosis, as measure by TUNEL staining, was
not significantly different between genotypes. (D) Absolute number of nuclei per valve were not
significantly different, but cellular density (E), expressed as DAPI+ nuclei per pixel of aortic valve
leaflet, was significantly lower in pRb cKO valves (Student’s T-Test P=0.03). n=7 per genotype,
mean+/-SEM. This data was collected by Marina Freytsis.
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Figure 3.5: Structural analysis of aortic valve leaflets reveals differences in stiffness and collagen
organization between pRb het and cKO mice.
(A) Representative second harmonic generation (SHG) images of mouse aortic valve leaflets. These
images were used to calculate the variance of collagen fiber angle with representative fiber
orientation data shown in (B) and total variance data shown in (C) (n=3; Student’s T-test P=0.003).
(D) Atomic force microscopy (AFM) was used to determine the Young’s modulus of the aortic valve
leaflets (n=4) pRb het and 6 pRb cKO; Student’s T-test P=0.02). (E) Quantification of valve tissue
fibrosis using SHG pixel intensity. Mean ± SEM; Student T-test P-value = 0.03. Scale bar is 50μm.
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Figure 3.6: Analysis of the aortic valve proteome.
Data represented as protein spectral counts normalized to total ECM and cellular protein spectral
counts in samples from LC/MS/MS analysis of trypsin-digested valve leaflet tissue. pRb het were
compared to pRb cKO mice with AR and grouped using k-means clustering. (A) Principal
Component Analysis (PCA) of all ECM and cellular protein counts that show substantial up
(greater than 1.5 times) or down (less than 0.6) regulation of pRb cKO leaflets as compared to
het controls, demonstrating clustering of both sample types. (B) ECM composition breakdown of
aortic valve leaflets describes the relative percentages of the matrix proteins in pRb cKO leaflets
compared to the pRb het mice. (C) Loading scores plotted for a PCA combining measured
functional data (in red) with structural ECM proteins. Assuming 4 groups, k-means clustering was
use to assess the relationships between the functional data and the proteomics output to look
for ECM components that varied with the functional data outcomes. N=3 per genotype.
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Figure 3.7: pRb loss in Tie2 lineage increases circulating cytokines in aged mice.
ELISA array was used to measure circulating cytokines in serum of pRb het and cKO mice. Serum
was isolated following overnight fast by cardiac puncture immediately after sacrifice. Mean ±
SEM. P-value from Student’s T-Test, corrected for multiple measures by Holm-Sidak method (**
< 0.005; ***<0.0005. N= 12 (het), 6 (cKO). This data was collected by Marina Freytsis.
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Figure 3.8: Survival of pRb het and cKO mice.
n= 21 (het) and 15 (cKO). ** Mantel-Cox P-value= 0.004. This data was collected by Marina Freytsis.
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Figure 3.9: Histological analysis of aortic valve leaflet calcification in aged mice.
Representative images of (A) Alizarin Red and (B) Von Kossa stains demonstrate the lack of
calcification in pRb het or cKO animals. This data was collected by Marina Freytsis.
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Figure 3.10: Histological analysis of aortic valve leaflets from 2-month-old mice.
(A) Masson’s Trichrome, (B) Movat pentachrome, and (C) α-SMA Immunohistochemistry
demonstrating the lack of distinct alteration in leaflets of 2 month old mice without pRb. Scale bar
is 50μm. This data was collected by Marina Freytsis.
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Figure 3.11: Differences in ECM protein components between pRb het and pRb cKO mice from
proteomics analysis.
Normalized spectral counts of structural ECM proteins collected through LC-MS/MS analysis of pRb
het (blue) and pRb cKO (red) aortic valve leaflets (n=3 for both conditions). Mean ± Std Dev; Pvalue (*p<0.05) from student’s t-test, corrected for multiple measures by Holm-Sidak method.
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Figure 3.12: Splenomegaly and bone marrow alterations in pRb cKO mice.
(A) Representative photo of spleens harvested from aged pRb het and cKO mice. (B) Spleen
weight normalized to tibia length, showing significantly splenomegaly in cKO mice (n=15 het, 11
cKO; Student’s t-test p<0.0001). (C) H&E staining of spleens from aged mice, showing increased
white pulp in cKO samples as well as loss of typical nodular tissue structure, as in het spleens. (D)
H&E staining of the distal end of the tibia of aged mice, showing increased BM cells and reduced
adipocytes in cKO animals. (E) Representative FACS analysis of bone marrow, demonstrating
increase of monocytes in cKO mice, as determined by cell surface expression Ly6C. This data was
collected by Marina Freytsis.
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Chapter 4. Non-destructive
two-photon
excited
fluorescence imaging identifies early nodules in calcific
aortic-valve disease
This chapter is taken directly from the article published in Nature Biomedical Engineering
entitled “Non-destructive two-photon excited fluorescence imaging identifies early
nodules in calcific aortic-valve disease”.154 While I was directly involved in all experiments
and data analysis, there were other authors involved in this published work. Their
contributions are listed here.

Dr. Quinn performed data analysis and data interpretation, contributed to manuscript
writing and final approval, and provided financial support (NIH-NIBIB Award #
K99EB017723 and R00EB017723). Dr. Liu developed the computational model to extract
quantitatively the component contributions from the images acquired at two emission
bands and performed the corresponding calculations for both the human CAVD valves
and the mouse model valves. Drs. Huggins and Hinds contributed to the data
interpretation and final approval of the manuscript and, along with Dr. Black, contributed
financially (NIH – NHLBI Award # R01HL114794). Dr. Evans and Mr. Osseiran performed
CARS and TPEF imaging as well as data interpretation of human CAVD and rat bone
samples. Dr. Huggins also provided the human CAVD valve samples. Dr. Georgakoudi
directed the image acquisition and image analysis aspects of the study. Dr. Black and Dr.
Georgakoudi contributed to the project conception and design, manuscript writing, data
interpretation, and final approval of manuscript. Dr. Georgakoudi also contributed
financially via a NIH-NIBIB award (Award # R01EB007542) and the American Cancer
Society Research Scholar Grant RSG-09- 174-01-CCE.
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Abstract

Calcifications occur during the development of healthy bone, and at the onset of calcific
aortic-valve disease (CAVD) and many other pathologies. Although the mechanisms
regulating early calcium deposition are not fully understood, they may provide targets for
new treatments and for early interventions. Here, we show that two-photon excited
fluorescence (TPEF) can provide quantitative and sensitive readouts of calcific nodule
formation, in particular in the context of CAVD. Specifically, by means of the
decomposition of TPEF spectral images from excised human CAVD valves and from rat
bone prior to and following demineralization, as well as from calcific nodules formed
within engineered gels, we identified an endogenous fluorophore that correlates with the
level of mineralization in the samples. We then developed a ratiometric imaging approach
that provides a quantitative readout of the presence of mineral deposits in early
calcifications. TPEF should enable non-destructive, high-resolution imaging of threedimensional tissue specimens for the assessment of the presence of calcification.

4.1 Introduction
Calcific aortic valve disease (CAVD) is characterized by a progressive thickening of the
aortic valve leaflets and subsequent calcific nodule growth. 2 Currently, over 450,000
people in the United States, ages 65-74, have CAVD with aortic stenosis (AS);195 many
will require valve replacement surgery to prevent heart failure. Unfortunately, the
primary method of diagnosis by echocardiography is only effective when AS is present in
the valve,91 which is frequently at advanced stages of the disease.15 Given the significant
mortality and morbidity associated with cardiovascular procedures in the elderly, the
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development of new non-surgical treatment methods (e.g. pharmaceuticals) for CAVD is
of critical importance; however a more thorough understanding of the mechanisms
associated with CAVD development is required. Current studies on CAVD mechanisms are
limited to observations of either end-stage diseased valves, genetic mouse models that
may not accurately describe human disease pathology, or in vitro model systems that
induce calcification in conditions that attempt to mimic the in vivo disease.15,196 Even in
the latter two cases, where nodule formation and growth can be observed
experimentally, quantification of calcification relies on destructive assays with finite
spatial resolution that do not permit serial imaging of the same sample. The ability to
study early calcifications with a non-destructive, high (micron-level) resolution method
may help elucidate key mechanisms in the beginning stages of the disease, and factors
influencing the propensity for disease progression. Such knowledge could have a
significant impact on the development and assessment of critically needed interventions.

Current imaging methods used to study and diagnose CAVD include computed
tomography (CT),74 ultrasound,75 magnetic resonance imaging (MRI),76 molecular imaging
with fluorochromes,77 and second harmonic generation (SHG) imaging.78-80 The use of
positron-emission tomography can provide information on relevant biological processes
in vivo, such as measuring both inflammation and active calcification in CAVD patients as
a predictor of disease progression,197 through the use of radioisotopes. Recent studies
have highlighted the use of

18

F sodium fluoride (NaF)85 as a means to quantify

calcifications in the valves and predict areas of calcification that could later be identified
with CT.86 Despite such promising results, the resolution of this imaging approach is
approximately 4-5 mm,198 which limits its ability to detect the presence of micron scale
nodules. Further, the uptake of the 18F NaF is reliant on actively calcifying cells, decreasing
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its ability to assess less dynamic calcifications in the valve. 85 Additionally, while electron
beam CT imaging can provide high resolution images (0.24-0.33 mm for bone in humans82)
with dual-scan contrast agents,84 this modality still carries the risk of radiation exposure. 87
Molecular imaging in the near-infrared region (700 nm to 1000 nm) has also been utilized
in in vivo models to measure inflammation and bone mineralization, 89 but always with the
use of exogenous chromophores,77,88 adding complication and expense to the procedure.
Non-destructive echocardiograms and MRI are limited by their spatial resolution (about
0.5 mm).77,81,82 SHG imaging, which collects signals emitted from non-centrosymmetric
structures, such as collagen fibers, has been a powerful tool for characterizing collagen
fiber alignment and structure in tissue engineered viable heart valves, 78 and ex vivo
animal or human heart valve tissue.79,80 A recent study reported that CAVD was associated
with layer-specific alterations in collagen architecture.60 They used SHG imaging to
quantify organizational changes of collagen fibers in human CAVD valves versus healthy
ones, and found that the majority of changes in CAVD, including the fiber number, width,
density and alignment, occurred in the layer of spongiosa, in contrast to relatively few
changes in the layer of fibrosa.60 However, using SHG imaging solely was not sufficient to
provide a thorough understanding of mineralization, an important hallmark of CAVD.
While many advances in imaging have been developed, all of these fail to fully describe
microscopic morphological and functional changes within the valve tissue during CAVD
development or to detect the early presence of calcification in a non-destructive manner.
Interestingly, a recent study of human valve tissue found that many individuals classified
as “healthy” can have microcalcifications (about 100nm to 5μm in size) present on their
aortic valve leaflets; it was hypothesized that these tiny calcifications could develop into
full aortic stenosis from CAVD and that understanding growth of these nodules may lead
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to clearer understanding of CAVD progression. 83 The study, which relied on ex vivo
scanning electron microscopy (SEM) and transmission electron microscopy (TEM) to gain
the resolution necessary for imaging the microcalcifications, highlights the need for an
imaging modality that does not damage the sample so that these nodules can be observed
within the context of living tissues and intact extracellular matrix to elucidate potential
mechanistic pathways of CAVD progression.

In contrast to the above-mentioned imaging modalities, nonlinear, multiphoton optical
microscopy is a non-destructive, micron-scale resolution imaging approach with intrinsic
depth sectioning that has been used extensively to image a variety of tissues. 199,200
Specifically, two-photon excited fluorescence (TPEF) utilizes near-infrared light (NIR) to
excite endogenous tissue fluorophores with emission in the visible range. 200-202 For
example, TPEF has been used to quantify elastin and collagen in mouse valve tissue 203 and
used to assess the state of tissue engineered heart valves. 204 Other studies have indicated
the presence of single-photon excited autofluorescence from calcified tissue in the 515
nm emission regime, although this signal was never fully quantified. 205 This suggests that
TPEF could be used to image calcifications in a non-destructive manner within the context
of fresh tissue samples. While this endogenous signal could also be exploited using
standard fluorescence confocal imaging to acquire high 3D resolution assessments of
calcifications, nonlinear microscopy enables such measurements over more extended
depths and is less susceptible to photo-bleaching.206,207 However, further characterization
of this signal is necessary since other molecules, such as collagen, also autofluoresce in
this wavelength range.208 The distinction of mineralization associated fluorescence (MAF)
from that of collagen is potentially easier using non-linear instead of linear interactions in
two respects: a) for reasons that are not clearly understood the TPEF cross-section of
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collagen is relatively low compared to its single-photon excited fluorescence crosssection,209 and b) SHG signal of collagen fibers can be easily collected at the same time as
TPEF to identify their location with high specificity. 210 In fact, the acquisition of coregistered TPEF and SHG images for the study of calcifications in the context of
extracellular matrix remodeling is one of the leading advantages of non-linear
microscopic imaging compared to more established modalities such as CT and PET. In this
study, we acquired TPEF spectral images from a range of calcified samples, including
excised valves from human CAVD patients, rat bone fragments, and calcific nodules
generated in vitro using polyacrylamide (PAAM) gels to identify endogenous TPEF
readouts of calcification. Examination of spectral differences enabled us to identify two
components, one attributed to collagen, the second to mineralization associated
fluorescence (MAF). Further analysis, led to a simple, yet quantitative imaging scheme
optimized to highlight regions rich in calcified deposits. Thus, our results indicate that
TPEF imaging may provide a new tool to non-destructively quantify mineralization with
high sensitivity and spatial resolution during CAVD progression.

4.2 Methods
All animal experiments were approved by the Institutional Animal Care and Use
Committee at Tufts University and performed in agreement with Tufts University
guidelines and the US Animal Welfare Act. Human samples of valves taken from patients
undergoing replacement surgery for advanced CAVD were acquired under a protocol
approved by the Tufts University School of Medicine Institutional Review Board (IRB
number 10273). The tissues were considered discarded tissues (not removed for research
purposes) and obtained only with patient consent.
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4.2.1

Human CAVD Valve Samples

All male patients were used; ages ranged from 56-72 years. Within 24 hours of extraction,
samples were frozen to -80°C until imaging. Four samples were acquired for this study.

4.2.2

Rat Valve Interstitial Cell (VIC) and Bone Isolation and Culture

Aortic valve leaflets were surgically removed from Sprague Dawley rats within 30 minutes
of euthanasia and used to isolate VICs for the formation of calcified nodules in vitro. The
valve leaflets were placed in a 12 well plate with standard culture media [Dublecco’s
Modified Eagle’s Medium (DMEM; ThermoFisher Scientitfic, Waltham, MA [10566016]),
1% Fungizone (ThermoFisher Scientific, Waltham,

MA,

Antibiotic-Antimycotic

[15240062]), and 10% fetal bovine serum (FBS, ThermoFisher Scientific, Waltham, MA
[16000-044])]. Tissue samples were placed in an incubator at 37°C with 5% CO 2 for 10
days, with media changed every 2-3 days. Cells were allowed to migrate out of the tissue
and adhere to the plate. VICs isolated in this manner were passaged and expanded in
traditional culture flasks in standard culture medium. VICs that had been passaged 2-6
times were used for experimentation.

Male Sprague Dawley rat tibia bones were also isolated from sacrificed animals. Skin and
muscle tissue were removed from the hind leg of three rats with a scalpel and 5 x 5 mm
bone sections were removed from the tibia. Samples were washed and stored in 1X PBS
for less than a week before imaging or fixation.
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4.2.3

Polyacrylamide (PAAM) Gel Preparation

Before the creation of PAMM gels, 22 mm x 22 mm glass cover slips were activated to
create binding sites as previously described.101 To increase hydrophilicity, cover slips were
passed through an open flame and then covered with 0.1M NaOH (Millipore, Billerica, MA
[SX0607H-3]). After the slips dried, 3-aminopropyltrimethoxy was smeared onto the cover
slips and allowed to dry. Slips were then placed into 6-well plates and washed three times
in diH2O using an orbital shaker before being smeared with 0.5% glutaraldehyde (SigmaAldrich, St. Louis, MO [E6758]) and allowed to set for 30 minutes. After aspirating off the
glutaraldehyde, the slips were again washed in diH2O three times for five minutes.
Activated cover slips were stored in diH20 at 4⁰C until use.

To create the PAAM gels, acrylamide and bis- acrylamide were combined with 400 µg of
rat tail collagen (ThermoFisher Scientific, Waltham, MA [A1048301]) and acrylic-acid-Nhydroxysuccinimide (NHS; Sigma-Aldrich, St. Louis, MO [A8060-1G]) ester (used to create
covalent linkages between amine groups on the collagen and the PAAM gel). 1 N HCl was
added to the solution to lower the pH to 6.8-6.9 before acrylamide to bis-acrylamide
cross-linking was initiated using tetramethylethylenediamine (TEMED; Sigma-Aldrich, St.
Louis, MO [411019]) and 10% ammonium persulfate (APS; Sigma-Aldrich, St. Louis, MO
[A3678]). 211 By altering the ratio of acrylamide to bis acrylamide, the PAAM gels were
created to have a stiffness of 35 kPa to mimic CAVD mechanical physiology. 47 To create a
stiffness of 35 kPa a solution containing 10% w/w acrylamide and 0.1% w/w bis
acrylamide was used.
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Activated cover slips were dried in a sterile cell culture hood and 80 μL of each gel solution
was placed onto the cover slips. A non-activated cover slip was then placed directly onto
the gel solution to reduce airflow and promote polymerization while creating an even gel
surface. After 30-45 minutes, the top cover slip was removed from the polymerized gels
using a razor blade. The gels were moved to sterile 6-well plates and washed three times
for 5 minutes each with sterile 1X PBS (ThermoFisher Scientific, Waltham, MA [BP3994]).

Following creation of the PAAM gels, isolated VICs, were seeded at a density of 50,000
cells/gel and allowed to adhere to the gels for 24 hours before being moved to separate
culture plates to avoid potential paracrine signaling from cells adhering to the tissue
culture plastic during seeding. PAAM gels were dosed with 1.25 ng/mL TGF-β1 (Peprotech,
Rocky Hill, NJ [100-21]) for 24 hours in an incubator at 37°C with 5% CO2. After 24 hours,
media was replaced with the standard culture media described above and the PAAM gels
were allowed to develop nodules for 14 days; media was changed every 2-3 days.

4.2.4

Demineralization with EDTA

Following TPEF imaging, samples fixed with 4% paraformaldehyde (in order to maintain
collagen structure) and placed in 0.02% w/v ethylene-diamine-tetra-acetic acid (EDTA;
Sigma-Aldrich, St. Louis, MO [E6758]) on an orbital shaker at room temperature for three
weeks for demineralization, as previously described.212 The samples (4 human CAVD and
3 rat bone) were then washed with 1X PBS and imaged using both the Leica TCS SP2 and
our custom laser scanning microscopes. Every attempt was made to acquire images from
similar locations within the same samples before and after EDTA treatment.

87

4.2.5

Alizarin Red Staining

A 0.02% wt/v Alizarin Red (Sigma-Aldrich, St. Louis, MO [A5533]) solution (pH 4.2 with
NaOH) was used to stain the PAAM gel nodules and human CAVD valve after TPEF
imaging. After fixation with 4% w/v paraformaldehyde (Sigma-Aldrich, St. Louis, MO
[158127]) for 10 minutes and washing with 1X PBS, the PAAM gels were placed in to the
Alizarin Red solutions for 45 minutes. The same procedure was followed for the human
sample, but with longer fixation (20 minutes) and staining (1.5 hours) times. All samples
were then washed with diH2O several times (until the wash water was clear at the end of
the rinse; about 8-10x) before imaging using an Olympus FSX100 (Tokyo, Japan).

For comparison imaging of the same fields, small portions of each sample were fixed to a
glass slide with a clear adhesive. The samples were first imaged using the Leica TCS SP2
microscope and the image locations were carefully noted. The slides were then stained
with Alizarin Red as described above, and imaged a second time with the Olympus FSX100
with the same fields of view that were taken with the Leica microscope described below.

4.2.6

Intensity correlation analysis between TPEF and Alizarin Red staining images

In order to quantitatively compare the TPEF and Alizarin Red stained images, we assessed
the correlation in the intensity of corresponding fields imaged by the two approaches.
First, five-level Otsu intensity thresholding213 was applied to both TPEF and Alizarin Red
stained images corresponding to similar fields. The lowest level was designated as low
intensity background noise, while regions assigned to the upper four quantized levels in
TPEF or Alizarin stained images were used to define the tissue areas from which the mean
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intensities were calculated. Four CAVD samples, four bone samples and five PAAM
samples were used for this intensity correlation analysis, which was carried out in Excel.

4.2.7

Scanning Electron Microscope Imaging

Samples were prepared by gold sputter coating and imaged using a Carl Zeiss (Jena,
Germany) EVO MA10 scanning electron microscope.

4.2.8

Micro-Structure Correlation Analysis between TPEF and SEM images

In order to assess if TPEF images enable characterization of similar micro-structure
features as SEM images, we used a Fourier-based analysis approach we developed
previously.

214-217

Briefly, the image intensity patterns within the tissue regions, as

determined by the Otsu intensity thresholding method described in the previous section,
were cloned and randomly positioned in the image background to create a new image
without distinct borders and only tissue patterns covering the entire field. Then, we
acquired the power spectral density (PSD) of the two-dimensional Fourier transform of
this image, which represents the level of autocorrelation of the intensity fluctuations
within the image over a range of relevant spatial frequencies. This curve exhibited an
inverse power law behavior, which was fit using an equation of the form R(k)~k - , where
k is spatial frequency. The value of β depends on the texture features of the images and
was determined for both TPEF and SEM images corresponding to the similar field of the
same specimen from 4 CAVD samples and 4 bone samples. To image in the same region
of each sample with both imaging modalities, small pieces of samples were glued to a
glass slide so that each image location could be mapped during the TPEF imaging process
and then found during SEM imaging. It was not possible to analyze PAAM gel samples in
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the same way because the dehydration prior to SEM imaging significantly alters the PAAM
gel nodule structures. The correlation analysis was done in Excel.

4.2.9

Fourier Transform Infrared (FT-IR) Spectroscopy

Three rat tibia bones and four CAVD valves were split into two pieces of roughly the same
size. The two groups of samples were placed on an orbital shaker, at 4°C, either in the
0.02% EDTA solution used to reduce mineralization or in standard 1X PBS. After 3 weeks
on the shaker, the samples were dried for 4 hours in a VirTis Genesis 25L Super XL FreezeDryer (SP Scientific, Stone Ridge, NY) and measured using FT-IR [JASCO FTIR 6200
spectrometer (JASCO, Tokyo, Japan) equipped with a MIRacle™ attenuated total
reflection (ATR) Ge crystal cell in reflection mode]. Spectra were taken between 600 cm-1
and 3400 cm-1 with 1cm-1 increments. A linear baseline was fit to the regions of the FTIR
spectra devoid of significant absorbance peaks (1800 cm -1 to 2500 cm-1) and subtracted
from the spectra. The spectra were then normalized using the total area under the curve.
The CAVD and EDTA CAVD spectra were then shifted up the y axis to more clearly show
the two sample types. The standard error of the mean was also calculated and plotted for
each group.

4.2.10 Two-Photon Excited Fluorescence Imaging

TPEF spectral images were taken on a Leica TCS SP2 (Wetzlar, Germany) confocal
microscope equipped with a Ti:sapphire laser (Spectra Physics, Mountain View, CA) and a
dry Leica 20x/0.7 NA objective. To obtain spectral emission data, the laser was tuned to
either 800 nm or 860 nm and images were collected between 400 nm and 700 nm in 40
equal increments (7.2 nm steps), each with a bandwidth of 20 nm. Using the Rayleigh
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criterion, the computed lateral resolution for this objective is 0.697 µm and the axial
resolution is 3.265 µm.3D image renderings were created using ImageJ (NIH, Bethesda,
MA).

Fluorescence spectra from all tissues were decomposed in two components using a blind
spectral unmixing algorithm. This data set included 6 spectra from human CAVD valves, 8
spectra from EDTA treated human CAVD valves, 7 spectra from rat bone, 5 spectra from
EDTA treated rat bone, and 3 spectra from nodules grown on 35 kPa PAAM gels.
Specifically, non-negative matrix factorization was performed through an alternating
least squares algorithm using a modification of the nnmf.m function in MATLAB. A two
component model was used with random initial guesses for component concentrations.
To avoid convergence to a local minimum, factorization of the component spectra and
their relative concentrations in each tissue was performed 1000 times and the solution
providing the smallest norm of the residual was selected. A two component model was
selected based on its ability to describe 99.46% of the variance in emission spectra data.
The relative contribution of component 2 was calculated for each spectrum and the
calculated average for each sample specimen was used for statistical analysis (4 CAVD
valves, 3 rat bones, and 3 PAAM gel nodules).

The rat bone and the human CAVD valve samples were further imaged using a custombuilt laser scanning multiphoton microscope, which enabled simultaneous image
acquisition by three non-descanned detectors equipped with filters at 400 nm ± 10 nm
(ET400/20X), 460 ± 20 nm (HQ460/40m-2p), and 525 ± 25 nm (ET525/50M-2P). TPEF and
SHG images were acquired at 800nm excitation. A Leica 20x/0.7 NA objective was used
for image acquisition of four human CAVD samples and three rat bone samples. For each
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sample, both before and after treatment with EDTA, 3 images were taken from three
distinct regions on the sample. The calculated MAF values were averaged to give a single
measurement for each biological replicate (4 for the human CAVD valve and 3 for the rat
bone samples) for statistical analysis.

4.2.11 Image-Based

Quantitative

Assessment

of

Mineralization

Associated

Fluorescence (MAF)

Based on the spectra of the collagen and the MAF components extracted from the
spectral decomposition described above, we developed a simple method to enable us to
quantitatively extract the relative MAF contribution based on image acquisition at two
distinct spectral bands: 460 nm ± 20 nm and 525 nm ± 25 nm. The TPEF image intensity
at these two bandwidths can be expressed as:

I 460  460 ( 460C1  460C2 )

(1)

I525  525 (525C1  525C2 )

(2)

where  460 and 525 are the quantum efficiencies of the detectors at 460 nm and 525
nm, and C1 and C2 are the concentration of component 1 and 2, respectively.  460 and
 525 are the fluorescence yields of component 1 at 460 nm and 525 nm respectively, and
 460 and  525 are those corresponding to component 2.

 is a factor accounting for

the difference of fluorescence efficiency of the two components. According to equations
(1) and (2), the formalism for the concentration ratio of these two components is as
follows:
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C

 460  I 525
 ( I 525   460 )

(3)

where C  C2 / C1 ,   460 / 525 , and I  I 460 / I525 . We obtain the  460 ,  525 ,  460 and

525 from the spectra of component 1 and 2, which are 0.3394, 0.3590, 0.0812 and 0.3614
respectively. The  value of 0.8573 is acquired based on TPEF images acquired from
extracted pure rat tail collagen fibers using the same excitation/emission data acquisition
settings, and the  value of 0.1520 is acquired by the raw intensity images of the
experimental samples. Since the I values corresponding to each sample are readily
accessible, we obtain the C values specific to each sample, and, finally, the relative
contribution of the MAF component, C2 as C2 / (C1  C2 ) , which in this form is a value
that always varies between 0 and 1.

4.2.12 MAF TPEF Intensity Analysis

To assess the TPEF MAF intensity (800 nm excitation) relative to that of collagen, we
extracted the TPEF intensity ratio within the mineralization-rich and collagen-rich regions
from each field of all the CAVD and bone samples we examined. To identify the collagenrich regions, we manually selected regions with strong SHG signal, such as the blue areas
within the RGB images shown in Figure 4.5 A, C). We then calculated the mean TPEF
intensity within this region, which we attributed to collagen. To identify the
mineralization-rich regions, we first acquired the MAF ratio map for each field, identified
pixels with the top 10% MAF ratio values, and calculated the mean MAF TPEF intensity
within each such region. Given the spectral characteristics of collagen and MAF TPEF
relative to the bandpass or our 525 nm emission filter, we estimated the expected
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collagen and MAF TPEF intensity based on the full spectral emission of each component.
In this manner, we acquired for each field an intensity ratio representing the MAF TPEF
intensity relative to that of collagen. As we can’t really measure the concentration of the
molecule that leads to MAF, we cannot really acquire a more quantitative metric of MAF
TPEF efficiency. Four fields from each of the four CAVD and three bone samples were
imaged before and after EDTA treatment.

4.2.13 Imaging of Genetic Mouse Model

Three male apolipoprotein E knockout mouse hearts (ApoE-/-, age 10 months, on a
C57BL/6 background, Jackson Laboratory, Bar Harbor, ME) and three, 2 month old female
wild type (WT) mouse hearts (C57BL/6 mice, Jackson Laboratory, Bar Harbor, ME) were
donated by the Jaffe Lab at Tufts Medical Center. The hearts were stored in 1X PBS during
transport, valve isolation and imaging, which occurred within 24 hours from mouse
sacrifice. The ApoE-/- mice were fed a high fat diet for 9 weeks before being sacrificed.
This model has been previously shown to induce heart valve calcification as measured by
von Kossa218 and alkaline phosphatase-positive staining.219 TPEF image stacks were
acquired at 460 ± 20 nm and 525 ± 25 nm from two distinct regions of the aortic valve of
each mouse using the Leica TCS SP2 microscope at an excitation of 800 nm. Each image

MAF contribution for each section was calculated and then averaged from all sections of
a given image stack. MAF values for each of the six valves (three ApoE-/- and three WT
valves) were calculated by averaging measurements from both Z stacks.

94

4.2.14 Coherent Anti-Stokes Raman Scattering (CARS) Microscopy with TPEF Imaging

CARS microscopy was performed using a dual output femtosecond pulsed laser system
(Spectra-Physics Insight DeepSee, Santa Clara, CA, USA) and a customized confocal
microscope (Olympus FV1000, Center Valley, PA, USA) using a 1.20 NA 60X water
immersion objective (Olympus UPLSAPO 60XW, Center Valley, PA, USA). The fixed 1040
nm laser output was used as the Stokes beam while the widely tuneable output was set
to 758 nm and used as the pump beam in order to probe the 3570 cm -1 vibrational band
of OH- in hydroxyapatite. A coherent anti-Stokes signal was thus generated at 596 nm,
detected in the epi-direction using a photomultiplier tube (Hamamatsu H7422P-50,
Hamamatsu City, Japan). A 750 nm shortpass filter was used to remove any residual
excitation light (Chroma ET750SP-2P8, Bellows Falls, VT, USA), followed by a bandpass
filter from 590 to 650 nm (Chroma HQ620/60M, Bellows Falls, VT, USA) To control laser
power, a half-wave plate and a Glan-Laser polarizer were placed in front of each laser
output port, and total incident power at the sample was maintained below 50 mW for all
experimental conditions.
TPEF microscopy was performed using the same system as described above for CARS
imaging. In this scenario however, the TPEF signal was generated by setting the tuneable
output to 800 nm, where the fluorescence signals were collected in the epi-direction using
a pair of thermoelectrically cooled photomultiplier tubes (Hamamatsu H7422P-40 and
H7422P-50, Hamamatsu City, Japan). The fluorescence signal was first filtered using a 750
nm shortpass filter to remove any residual excitation light (Chroma ET750sp-2p8, Bellows
Falls, VT, USA). The signal was then incident on a 480 nm dichroic mirror, where reflected
shorter wavelengths were filtered once more through a bandpass filter (Chroma
HQ475/60M, Bellows Falls, VT, USA) such that the effective fluorescence detection
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ranged from 445 to 480 nm; transmitted longer wavelengths were filtered through a
separate bandpass filter (Chroma HQ525/50M, Bellows Falls, VT, USA) for detection
ranging from 500 to 550 nm.

4.2.15 Time Lapse Imaging and MAF Quantification

PAAM gels were created, as described above on the activated glass of a 35 mm MatTek
glass bottom dish (Ashland, MA). VICs were seeded at 100,000 cells/mm 2 and dosed with
1.25 ng/mL TGF-β1 for 24 hours in an incubator at 37°C with 5% CO2 before being cultured
for 4 additional days in normal culture medium. The dish was then moved to the Leica
TCS SP2 microscope and incubated using similar culture conditions for the duration of the
experiment. TPEF images were acquired at 460 ± 20 nm and 525 ± 25 nm emission
channels using 800 nm excitation and a 20x/0.7 NA air objective. A Z stack of 19 images,
using the same imaging parameters for the duration of the experiment, was taken for a
single field of view every 8 hours for 120 hours.

Following acquisition, images from each channel were processed to extract the related
MAF contribution images. For each time point, the MAF image stacks were integrated
along the Z direction to create a 2D projection. The Template Matching and Slice
Alignment ImageJ plugin was then used to align the 2D projections so that individual
nodules could be tracked over time. For each time point, the 2D projection was then
analyzed to examine individual nodules. Regions of interest (ROIs) were selected around
mineralized nodules and a second integration along the x direction was performed for
each time point. This led to a 1D intensity plot for each nodule that was used to calculate
the full width at half maximum (FWHM), which related to the size of the nodules, and the
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integral, which represented the volumetric MAF nodule intensity. Four nodules, or ROIs,
were analyzed for this study.

4.2.16 Statistical Analysis

One-way ANOVA with post hoc Tukey HSD tests were used to evaluate the differences
between the human CAVD valves and rat bone before and after EDTA treatment using
either the ratio of component 1 to component 2 (Figure 4.4) or the calculated MAF (Figure
4.5). Normality of the sample set was confirmed using the Shapiro-Wilk test, and equal
variance was confirmed using the Brown-Forsythe test. A two-tailed, paired student Ttest, confirmed with the same normality and variance testing, was used to determine
significant differences between the ApoE-/- and wild type mice. No animal randomization
was used for this study and the study was not blinded. As this type of optical
characterization has not been done before, we could not perform rigorous a-priori
calculations to estimate the sample size needed to detect significant differences. A twotailed, paired student T-test was used to compare the mean MAF to collagen TPEF
intensity ratio for CAVD and bone samples before and after EDTA treatment. Normality
(Shapiro-Wilk) and equal variance (Brown-Forsythe) were also confirmed prior to
implementing the statistical analysis. EDTA treatment experiments were done one time
with replicates of four and three for the human CAVD valves and rat bones, respectively.
The time lapse experiment was performed on one PAAM gel.
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4.2.17 Data Availability

The authors declare that all data supporting the findings of this study are available within
the paper and its supplementary information, source data for the figures in this study are
available from the authors upon request.

4.2.18 Code Availability

Custom Matlab code used to calculate the relative MAF contributions is available for
download through the following link: github.com/liuzhiyi16/MAF-code.

4.3 Results
4.3.1

Comparison of Imaging Techniques for Calcification

To assess the potential of detecting mineralized deposits using TPEF, we compared
multiphoton images with histological images of the commonly utilized calcification stain
Alizarin Red. Representative endogenous TPEF images acquired with 800nm excitation
and at 525 ± 25 nm emission from human CAVD patient valves, from rat tibia bone
samples, and from calcified nodules grown in vitro using PAAM-collagen gels were
compared with corresponding images acquired from the same samples after Alizarin Red
staining (Figure 4.1). The endogenous TPEF signal patterns are generally consistent with
those of the stain, suggesting that mineralized deposits exhibit enhanced TPEF in this
spectral region. The similarities observed are remarkable given that the Alizarin Red
stained images are transmission images, relying on absorption contrast from the entire
tissue sample, while the TPEF images represent either single optical sections or 3D
project
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TPEF and Alizarin Red images of CAVD, bone, and PAAM gel nodules are significantly
correlated, further supporting that the enhanced TPEF signal in these images is associated
with the levels of mineralization (Figure 4.9 A , R2=0.7334, p=0.0002).

To illustrate the capability of TPEF imaging capability to highlight fine structural
mineralization features, such as ridge edges and surface roughness, CAVD valves, rat bone
tibia, and PAAM gel nodules were imaged using SEM and TPEF. Structural similarities are
observed between representative SEM images and TPEF optical sections and 3D
projections. The human CAVD nodule, rat bone, and PAAM gel nodule 3D reconstructions
are composed of images from a 160 μm thick, a 115 μm thick, and a 147 μm thick TPEF
stack, respectively (Figure 4.2). The sections demonstrate that the TPEF signal is not
limited to superficial features. Thus, unlike SEM imaging, TPEF images provide structural
details of the mineralized deposits throughout their imaged volume. Further, texture
analysis of the SEM and TPEF images taken from CAVD valves and bone reveals that the
organization features of the two types of images are strongly correlated (Figure 4.9 B;
R2=0.8157, p=0.002). Thus, these comparisons indicate that endogenous TPEF images
provide useful information regarding mineralization content and organization that are
typically acquired using invasive microscopic imaging procedures.

4.3.2

Spectral Analysis of Mineralized Tissue

Collagen is abundant in valve tissue and is the primary component of the fibrosa layer of
the aortic valve, the region of the leaflet where the majority of calcifications begin. 2
Collagen fibers are strong sources of a nonlinear (two-photon) scattering process,
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referred to as second harmonic generation (SHG), because of their non-centrosymmetric
structure220. SHG has been used extensively to assess collagen fiber organization and
structure.221-224 Additionally, TPEF and SHG imaging can be performed simultaneously,
and their combined use could enable assessment of calcific nodule formation in the
context of collagen organization and remodeling. However, collagen fibers are also
natural TPEF emitters, with the signal emanating primarily from collagen crosslinks. 225,226
Thus, in order to exploit TPEF as a sensitive biomarker of calcification, it is important to
identify differences in its TPEF emission from that of collagen.

To gather further evidence that the TPEF signal detected in the 500-550 nm region
originates primarily from calcified deposits within the samples, we acquired and
compared images from CAVD and rat tibia bone tissue samples prior to and following
treatment with EDTA, a known Ca2+ chelator.212 Overlaid with the TPEF images (red) are
corresponding SHG images (blue) acquired from the same field of view to demonstrate
that the TPEF signal is not simply collagen autofluorescence (Figure 4.3). Specifically, we
observe that the pattern of the bright TPEF signal is quite distinct from the SHG producing
collagen fibers, and the prevalence of the TPEF signal decreases upon EDTA treatment for
both the CAVD and bone samples. We do not detect any SHG signal in the PAAM gels,
since they consist of disorganized, solubilized collagen.

FT-IR spectra of bone and CAVD samples confirm the reduction of mineralization with
EDTA treatment (Figure 4.3 F). Specifically, a decrease in the phosphate peak (1000 cm -1
– 1200 cm-1), which is an important hydroxyapatite component,227 is seen with EDTA
treatment in both sample types.
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Previously, endogenous autofluorescence in the 450-700 nm range has been described as
deriving from lipids,205,228 elastin,205,228 collagen,228 and ceroid deposits229 found in
atherosclerotic plaques. In fact, single photon autofluorescence of calcifications has been
reported in plaques collected using 515 nm and 610 nm barrier filters, 205 which is
consistent with our mineralization associated TPEF signal. However, endogenous TPEF
emission excited at 800 nm and detected at 520 ± 40 nm from calcified plaques has been
attributed, at least partly, to lipids whose presence was confirmed by Coherent AntiStokes Raman Scattering (CARS) imaging.230 Careful inspection of the images of that study
indicates that there was additional autofluorescence signal surrounding the CARSidentified lipid, which could have been originating from within the mineralized deposit,
but this possibility was not explored.

To better understand and characterize the origins of the observed TPEF signal in our
samples, we collected full spectral images; i.e. we gathered forty TPEF images, each
representing the signal over a 20 nm bandwidth in the 400 to 700 nm range and centered
approximately 7 nm apart from each other (Figure 4.10). Thus, each pixel contained a full
TPEF emission spectrum. The mean spectra collected from each sample type are shown
in Figure 4.4 A-C, along with the corresponding fits to these spectra resulting from nonnegative linear factorization analysis, which revealed major contributions from two
components (Figure 4.4 D). The two-component model provided a good fit to the spectra
of each sample group (human CAVD valves: R2=0.997 ± 0.006, rat bone specimens:
R2=0.973 ± 0.034, and PAAM gel specimens: R2=0.990 ± 0.005). The first component has
an emission peak at approximately 480 nm, which is consistent with collagen TPEF excited
at 800 nm.225 The second component is associated with the mineralized deposits, as
indicated by: a) the significant decrease in the relative contribution of this component
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upon EDTA treatment with the CAVD and tibia bone specimens (p=0.088 for CAVD and
p<0.001 for tibia bone samples; Figure 4.4 E), and b) its almost exclusive (93 ± 6%)
contribution to the TPEF emission collected from the nodules grown on PAAM gels, which
aren’t expected to have any collagen-associated TPEF.101 Similar spectral components
were produced at 860 nm excitation (Figure 4.11). Notably, the spectra for the MAF
component are nearly identical for both excitation wavelengths, with a peak at
approximately 530 nm. On the other hand, the peak for the collagen-associated TPEF
component had a slight red shift, which has been reported previously for collagen
emission.225 Additionally, the detected 525 nm signal attributed to mineral deposits is
highly unlikely to emanate from lipids. End-stage human CAVD and tibia bone samples
are heavily calcified and are expected to have minimal lipid content.231 While the identity
of the MAF component is not clearly recognized, the fact that its emission spectrum does
not shift as a function of excitation wavelength, suggests that it is a single biochemical
moiety. Since, we do not have a means of establishing the concentration of the MAF
component, it is not possible to quantify its TPEF cross-section. However, we have made
quantitative comparisons between the collagen and mineralization rich regions and have
found the mean MAF TPEF intensity per pixel to be 2.5  0.6 times higher the mean
collagen TPEF intensity at 800 nm excitation. While the relative MAF TPEF intensity
tended to be lower for the EDTA treated samples, there were no statistically significant
differences in the mean MAF to collagen TPEF intensity ratio for any of the sample groups
examined.
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4.3.3

Using a Ratiometric Approach to Enable Rapid MAF Imaging

While preforming a full spectral analysis on a range of samples that are expected to have
varying contributions from a set of fluorophores is an important first step in determining
the spectral emission properties of these components, it is extremely time-consuming;
this would be especially challenging in an in vivo setting and would require specialized
instrumentation that could hinder the usability of this technique. However, quantifying
the emission spectra of the two components and exploiting their differences, enabled us
to develop a simple yet quantitative approach for extracting the relative contribution of
the MAF component, relying on only two images (see Methods). These TPEF images are
acquired at two distinct emission bands centered at 460 and 525 nm (shown as a
highlighted regions on top of the two component spectra of Figure 4.4 D). Representative
overlays from TPEF images in these two ranges along with the SHG image from the same
field of view are shown in Figure 4.5 A and C from CAVD samples prior to and following
EDTA treatment. Images from the individual channels can be found in Figure 4.12.
Corresponding processed images highlighting the extracted relative contribution of the
MAF component (Figure 4.5 B and D) demonstrate the ability of this approach to enhance
visualization of mineral deposits. In addition to such qualitative visual assessments, we
can extract quantitative, significant differences in the levels of the MAF upon EDTA
treatment for both CAVD (p=0.002) and bone tissue samples (p=0.045; Figure 4.5 E).

4.3.4

CARS Imaging Confirms Hydroxyapatite Origins of MAF Signal

As a further confirmation that the observed fluorescence is associated with
mineralization, CARS imaging was performed on both CAVD valves and rat bone to look
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for evidence of hydroxyapatite formation. CARS is a parametric nonlinear optical imaging
technique where the contrast arises from the intrinsic vibrational modes of a given
chemical group.232 The 3570 cm-1 vibrational band of OH- in hydroxyapatite was imaged
using CARS microscopy and overlaid with the calculated MAF images for both the valve
and bone samples (Figure 4.6), showing a strong correlation between MAF and CARS
samples. The strong overlap between the CARS and MAF signals indicates the MAF signal
is likely emanating from hydroxyapatite in the valve.

4.3.5

Applying the Ratiometric Method to ApoE-/- Mouse Model

To demonstrate that the optical imaging approach we developed to detect and monitor
valve mineralization in a quantitative and sensitive manner is applicable to a wide range
of samples that are relevant to tissue calcification, we used the same image acquisition
and analysis protocol to assess the relative MAF contributions within freshly excised
valves acquired either from WT or ApoE-/- mice, which were fed a high fat diet to increase
valve mineralization. This mouse model is the most frequently used animal model of
CAVD disease and has played an important role in identifying mechanisms relevant to
CAVD development and treatment.68,218 While there are limitations to using a genetic
mouse model to study CAVD, several studies have shown that they are an adequate
platform for studying the underlying osteogenic pathways associated with CAVD, even if
they have fallen short in the transition to clinical trials. 9 In particular, ApoE-/- mice exhibit
upregulation of many osteogenic markers and form lesions that express bone makers
such as ALP, Runx2, and osteocalcin.36 In our study, we simply exploit the previously
documented formation of mineral deposits in the valves of these mice as an example of
preclinical studies in which our approach can be used to detect the level of mineralization.
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Spectral image analysis confirmed that the collagen and MAF components described the
TPEF emission recorded from these samples well (R2=0.976 ± 0.005 for the ApoE-/- mouse
valves and R2=0.981 ± 0.010 for WT mouse valves). Another fluorescent component may
be present in these tissues in the 650-700 nm region, but that is clearly distinct from the
signals we detect in the 460 and 525 nm regions of the spectrum which are fit with high
accuracy by the two-component model (Figure 4.11). Thus, TPEF images were taken using
the same protocol as the one used for our previous samples. Overlays of the collected
images are shown with the corresponding processed images that highlight the relative
prevalence of the MAF component in the different tissue samples in Figure 4.7. Images
used for the overlays are included in Figure 4.13. An increase in the MAF component is
immediately evident within the ApoE-/- mouse valves upon visual inspection of the
images (Figure 7 B, D). Quantitative evaluation of these images reveals indeed a
significant increase in the relative MAF contribution from the WT to the ApoE-/- mice
(p=0.0525; Figure 4.7 E).

4.3.6

Time Lapse Imaging Tracks Nodule Growth

To demonstrate the sensitivity and potential of the described MAF-based method to track
mineral deposition from its onset, we monitored the growth of calcific nodules in a PAAM
gel system seeded with valve interstitial cells (VICs) over 5 days. The PAAM gel was imaged
every 8 hours for 120 hours and the growth of individual nodules was assessed. For each
time point, the 460 and 525 nm TPEF images were processed to generate a stack of images
of the relative MAF contribution. This stack was then integrated in the Z direction to yield
a 2D projection at each time point (Figure 4.8A shows the projection at the start of the
experiment). Images from each time point are stacked and regions of interest (ROIs) are
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cropped from the entire image stack. Four ROIs from this projected image were analyzed
for nodule growth as shown in Figure 4.8 A and B and representative images of a single
ROI in Figure 4.14 A (see Figure 4.14 B for additional detail of the method). A
representative image of the summed slices of one ROI is shown in Figure 4.8 C, while
Figure 4.8 D shows the respective line plots of the intensities of Figure 4.8 C. The line plots
were generated by integrating each ROI along the x direction; we generated one
dimensional plots characterizing the nodule MAF intensity at each time point. The FWHM
of these plots are associated with the cross-sectional width of the nodules (Figure 4.8 E)
and their integral represents the nodule MAF volumetric intensity (Figure 4.8 F), which is
a measure of its overall mineral content. The calculated FWHM and the nodule volumetric
intensity show nodule growth for all ROIs, except for ROI 3 which displays a decrease in
volumetric intensity, though still an increase in nodule width.

Interestingly, nodule growth was not uniform with ROI 3 decreasing in size overall (based
on the nodule volumetric intensity plot) even as it grew outwards along the PAAM gel (as
shown by an increase in the FWHM). This exemplifies how nodule development may not
be uniform within mineralized tissue and that active changes in calcification could add
another layer of consideration to CAVD diagnosis. While the overall mineral content
increased over the experimental time course, the MAF-based imaging method was able
to detect small changes in the manner in which individual nodules grew. Understanding
the dynamic changes that occur at calcification foci could be a key step in understanding
the development of mineralization or their response to treatment. 233
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4.4

Discussion

The lack of clinical success in non-surgical treatment of CAVD highlights the need for
improved understanding of the underlying disease mechanisms. Recent literature
suggests that optical methods in particular could have a large impact on preclinical
research.77 Such methods offer the potential for imaging at high, micron-level resolution
that may enable identification of CAVD lesions at the early stages of the disease, when
therapy may be more effective. In this study, we show that calcified nodules exhibit
endogenous fluorescence signatures that can be exploited by TPEF imaging to enable nondestructive visualization of calcifications with micron-level resolution. Specifically, we find
that endogenous TPEF with a peak emission at 530 nm is detected from mineral-rich
specimen regions when excited at 800 or 860 nm. This emission is distinct from that of
collagen crosslink TPEF, which, as expected, has a peak that becomes red-shifted as the
excitation wavelength increases.234

The characterization of the detailed spectral emission profile of the MAF and its
comparison to the emission from collagen fibers, which are typically present in
mineralized samples, enabled us to develop a simple, and fast, yet robust approach to
quantify the relative MAF contributions within a specimen. This method relies on the
collection of two images centered at 460 and 525 nm upon excitation at 800 nm, which
can be combined to provide a quantitative readout of the relative prevalence of the MAF.
We validate the sensitivity of this approach by demonstrating that we detect a decrease
in the relative MAF levels upon EDTA treatment of both human CAVD and rat tibia bone
samples. We further confirm the biochemical origins of MAF using FT-IR and co-registered
CARS and TPEF measurements. To demonstrate that this simple imaging protocol is
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relevant to the analysis of a broad range of specimens, we apply it to the characterization
of valve samples from wild type and ApoE-/- mice, a widely used animal model for CAVD
studies.235 Analysis of these samples further validates the sensitivity of this optical
imaging scheme to the enhanced levels of mineral deposits that are formed in the
knockout mice valves.235 While there are clearly limitations in terms of the clinical
relevance of the ApoE-/- mouse model of CAVD, our approach should be applicable and
potentially very useful in assessing CAVD progression in emerging pre-clinical disease
models. These include in vitro models of calcification236 and new genetic mouse models
of CAVD.237 In addition to potential in vivo imaging strategies in animal models, we
showed that MAF quantification can be used to track nodule growth, non-invasively, over
time in in vitro conditions. Nodules smaller than 10 microns in their cross-sectional width
were imaged and showed growth overtime which we tracked in all three spatial
dimensions over time.

Given the micron-level resolution of TPEF imaging, the approach we describe bears great
promise as a tool that may be used to detect and monitor dynamically the development
of mineralized deposits from a very early stage using pre-clinical CAVD models. Such
advances are expected to have a significant impact on our understanding of the disease
and the development of more effective treatments. While advances in micro-CT/PET
imaging methods have led to better predictive capabilities of CAVD progression in
patients, more could be learned with a better understanding of ECM changes and
mineralization at a cellular level within the valve. NIR imaging techniques that use dyes to
visualize the development of mineralization are able to detect small ossification before
even high resolution micro-CT, which provides an even better understanding of
calcification development.238 Direct clinical translation of TPEF imaging to monitor CAVD
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may be initially complicated by the need to perform such measurements through
millimeter sized endoscopes. Such multiphoton endoscopes are not immediately
available for intravascular use, but we expect that continuous advances in probe
development and human in vivo TPEF measurements will ultimately make such
measurements a real possibility.239,240 Currently, the 2014 American Heart
Association/American College of Cardiology guidelines recommend the use of cardiac
catheterization to measure blood hemodynamics for patients that cannot be diagnosed
through echocardiographic imaging241; the use of an imaging probe either in place of or
in conjunction with a catheter is therefore a reasonable goal. Additionally, because of the
increased resolution capabilities of capturing MAF over current imaging modalities, high
risk patients such as those with a bicuspid aortic valve, 242 could be imaged to look for
potential CAVD mechanisms early in the disease process. MAF could also be used with
CT/PET imaging methods on patients testing positive for CAVD to look for smaller nodules
within the context of ECM changes. The development of single-photon excitation-based
measurements of MAF are also possible, because in most cases the single and two-photon
excited fluorescence emission spectra of molecules are highly overlapping. A number of
optical probes have been used for intravascular imaging using different modalities, such
as optical coherence tomography (OCT), photoacoustics, and fluorescence, alone or in
combination.243-245 In addition, confocal microendoscopy probes as small as 0.6 mm in
diameter have already been developed.246 Thus, an endogenous fluorescence-based highresolution imaging system developed and optimized for mineral deposition detection in
human valves is technologically highly feasible. Of course, thorough studies that establish
the sensitivity and specificity of this approach will be needed. Finally, we should note that
such a probe may also be more broadly applicable for the detection, characterization or
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monitoring of other conditions affected by the presence of calcifications, including
atherosclerotic plaques247 and breast cancer.248 While direct translation of this approach
to the clinic will require addressing significant challenges associated with miniature probe
development and minimizing the optical impact of blood, its relevance to more
fundamental studies with in vitro and ex vivo tissues to improve our understanding of the
disease is immediate.

4.5 Conclusion
The use of NIR light and non-linear microscopy has already proven to be useful as a nondestructive tool for biological imaging. Using the endogenous fluorescence of
mineralization, we developed our MAF method for quantifying calcification ex vivo in both
soft and hard tissues, as well as presenting it as a method for monitoring in vitro
experiments over long time scales. On its own or combined with other optical methods,
such as SHG, this new tool has the potential to shed light on understanding the changes
that happen to cells and the ECM in soft tissue diseases like CAVD. Additionally, this
imaging method is not limited to studying the aortic valve, and could readily be applied
to any system, healthy or disease, that involves mineralization.
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4.6 Figures

Figure 4.1: Visual analysis of TPEF images compared to Alizarin Red staining of a human CAVD
nodule, a rat bone, and a PAAM gel grown nodule.
Two-photon excited autofluorescence and Alizarin Red staining for mineralization within CAVD
human valves (A, D, G), rat bone (B, E, H) and nodules grown on PAAM gels seeded with rat VICs
(C, F, I). Projections of TPEF image volumes (A, B, C) were created by averaging individual depthresolved optical sections (D, E, F). The endogenous TPEF patterns are consistent with the spatial
distribution of subsequent Alizarin Red staining of the same region (G, H, I). Yellow arrows show
features similar between the TPEF and Alizarin Red images. Scale bars are 50 μm.
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Figure 4.2: Representative images of human CAVD nodules, rat bone samples, and PAAM gel
nodules taken using SEM and TPEF.
SEM images of nodules from a human CAVD valve (A), rat bone (B) and PAAM gels (C) show the
topography of the different types of calcific nodules. Representative TPEF slices (D, E, F) and
intensity projections of the image volumes (G, H, I) also demonstrate the ability to identify textural
patterns between calcified samples. Scale bars are 100 μm.
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Figure 4.3: Effect of EDTA treatment on endogenous TPEF.
Representative optical sections of a human CAVD valve before (A) and after (B) EDTA treatment,
as well as rat tibia bone before (C) and after (D) EDTA treatment suggest that 525nm TPEF emission
(red) is associated with mineralization. Collagen SHG (blue) is not attenuated by EDTA treatment.
No collagen SHG is observed in PAAM gels (E). FT-IR spectra taken before and after EDTA treatment
for the CAVD (F) and bone (G) samples show changes in absorbance with loss of mineralization.
Scale bars are 100 µm. Error bars show standard error of mean.
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Figure 4.4: Analysis of TPEF emission spectra reveals emission spectrum of mineralization
associated fluorescence.
Representative TPEF emission spectra of (A) human CAVD valves before and after EDTA
treatment, (B) rat bone before and after EDTA treatment, and (C) nodules grown on PAAM gels
indicate a blue shift with EDTA treatment. For A-C, representaive data sets are delineated using
either triangles, squares, or dots; representiave fits are shown using a solid line. Spectral
unmixing through non-negative matrix factorization indicated two spectral components (D),
which provided a good fit to the data in A-C. Shaded regions in (D) represent the emission filter
bands employed in TPEF imaging. (E) The relative contribution of component 2 derived from
spectral unmixing and associated with mineralization is reduced upon EDTA treatment
(*P=0.088, **P<0.001 based on ANOVA and post-hoc Tukey test). Averaged spectra are shown
from 4 CAVD valves, 4 CAVD EDTA valves, 3 bone samples, 3 EDTA bone samples, and 3 PAAM gel
nodules.
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Figure 4.5: MAF images enable enhanced visualization of mineralized sample regions.
Human CAVD valve (A) intensity overlay of 525nm TPEF (red), 460nm TPEF (green), and SHG (blue),
as well as (B) calculated MAF images. EDTA treatment causes an overall reduction in TPEF intensity
(C) and a reduction in the relative 525nm emission resulting in a lower MAF contribution (D). The
relative MAF contribution (E) is significantly decreased with EDTA treatment to remove
calcification (*P=0.002; **P=0.045 based on ANOVA and post-hoc Tukey Test). Data is shown from
4 CAVD and CAVD EDTA samples and 3 bone and EDTA bone samples. Scale bar is 100 μm.
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Figure 4.6: MAF signal overlaps with CARS images.
TPEF images taken on a an Olympus FX1000 with CARS imaging with CARS imaging capabilities
were used to calculate the MAF for CAVD valves (A) and bone (B) samples. Corresponding CARS
images of the same fields were taken (C,D) and merged (E,F). Scale bars are 100 μm.
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Figure 4.7: An ApoE-/- mouse model confirms the use of the MAF as a quantifiable metric for
calcification.
TPEF imaging of aortic valves from aged ApoE-/- mice with an (A) intensity overlay of 525nm TPEF
(red), 460nm TPEF (green), and SHG (blue), as well as (B) the calculated MAF concentration
highlights distinct calcified nodules relative to wild type mice (C, D). The relative contribution of
the MAF (E) is significantly increased in ApoE-/- mouse valves (P=0.0525). Data is shown for 3 ApoE-
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Figure 4.8: Time lapse experiment of calcification on PAAM gels shows measured change in
nodule size.
(A) The 525nm/460nm image ratio at time zero of a 120 hour time lapse experiment showing 4
regions of interest (ROIs) used for analysis. (B) Representative time points of each ROI showing the
regions that were analyzed. After taking the summed 3D projections and the 525nm/460nm ratio
and calculating the MAF contribution, the sum along the image plane can be used to find the
nodule volumetric intensity shown for the image stacks (B) and the individual line plots for the
nodule volume over time (C). These images were then used to calculate the full with at half
maximum (FWHM; E) and the area under the curve of the intensity profile of the 3D summed
projections, or the volumetric intensity (F).
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Figure 4.9: Correlating Alizarin Red images versus TPEF image and the PSD
TPEF images versus the PSD of SEM images.
The intensity correlation of Alizarin Red images compared to the TPEF
summed projection images of the same region give an R2 value of 0.7334 (A).
The power spectral densities of the SEM image and the TPEF images of the
CAVD and bone samples showed a strong (R2=0.8157) correlation (B).
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Figure 4.10: Representative series of images at different emission spectral bands using an 800
nm excitation.
Images are shown for (A) human CAVD valves, (B) nodules grown on PAAM gels, and (C) rat bone
(800 nm excitation). Scale bars are 200 μm.
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Figure 4.11: Emission spectra acquired using 860 nm excitation and component analysis.
Spectra are presented for human CAVD valves (A), rat bone (B), and (C) nodules grown on PAAM
gels. Data sets are delineated using either triangles, squares, or dots; fits are shown using a solid
line. Spectral decomposition demonstrated a two component model provided a good fit for human
CAVD valves (R2=0.994+/-0.011), rat bone (R2=0.954+/-0.071), and nodules grown on PAAM gels
(R2=0.982+/-0.015) specimens (A-C). The decomposed collagen (blue) and calcification (red)
components at 860 nm excitation (D) were similar to those at 800 nm, with only a red shift in the
collagen component evident at 860nm.
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Figure 4.12: Representative TPEF and SHG images.
Images are depicted for human CAVD valves (A), EDTA treated, human CAVD valves (B), rat bone
(C), and EDTA treated rat bone (D). Scale bars are 100 μm.
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Figure 4.13: Additional, representative TPEF and SHG images.
Images are shown for ApoE-/- mouse leaflets (A) and WT mouse leaflets (B). Scale bars are 100
μm.
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Figure 4.14: Summary of the PAAM gel time lapse experiment with representative images.
(A) Representative 525nm/460nm images of ROI 1 over the entire length of the 120 hour time lapse
experiment. (B) Schematic of image processing to create MAF images and 3D image stacks used for
calculations. Briefly, the 525nm and 460nm image stacks are used to calculate the MAF for each time
point. The summed projection of each time point is then stacked and ROIs are selected for analysis.
Scale bar is 10 μm.
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Chapter 5. Using Large Scale Data Analytics to Direct in vitro
3D Model Experiments in CAVD
This work is based off of work currently being done in the Black Lab, but has not been
published at the writing of this thesis. It leverages materials science, in making
methacrylated hyaluronic acid, provided by Dr. Spencer Fenn as well as the imaging
equipment available for use in the microscopy core at Tufts University under the
supervision of Prof. Irene Georgakoudi. It also uses raw RNA-sequencing data that was
previously published,249 but with our own analysis. I have done all of the analysis and data
collection shown in the chapter, under the advisement of Prof. Lauren Black, along with
the writing of the chapter.
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Abstract
Calcific aortic valve disease (CAVD) is a degenerative disease of the aortic valve that has
recently been the subject of large scale data investigations. Since full valve replacement
surgery is the only treatment option available for patients with CAVD, there is a need to
understand the disease mechanisms in order to find pharmaceutical targets. Here, we
combine existing RNA-sequencing data from human aortic valve tissues with and without
CAVD with our 3D, methacrylated hyaluronic (MeHA) system to probe the extracellular
matrix (ECM) proteins that change with disease. The MeHA gels incorporated five
identified ECM proteins - decorin, collagen IV, periostin, aggrecan, and fibrinogen – and
assessed porcine valve interstitial cell (pVIC) response using non-destructive optical
techniques. We then evaluated the development ofcalcification of pVICs in the MeHA
system using our previously developed non-invasive, multiphoton-based imaging
technique.

5.1 Introduction
Calcific aortic valve disease (CAVD) is an age-related disease characterized by fibrotic
thickening of the aortic valve leaflets that can lead to calcification and bone formation.
As much as 30% of the population over the age of 65 may be affected by CAVD;250
however, the only treatment option available is surgical replacement of the valve. To
lower the medical burden of CAVD and lessen the need for these surgical procedures, the
development of pharmaceutical treatment methods is imperative. To do this, a more
thorough understanding of valve disease is required in order to find chemical therapies
to target disease pathways involved in CAVD. Traditionally, the use of disease model
systems has led to discoveries surrounding human maladies and could again help in
finding treatments for CAVD.
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Unfortunately, there is a lack of animal models for CAVD that accurately recapitulate the
disease. Currently, the best model of CAVD uses swine that are fed a high fat diet. 196 While
the porcine aortic valve is anatomically very similar to humans and the disease happens
naturally on a high fat diet (no genetic modification needed), the model is slow and
expensive, limiting its ability to provide high throughput data analysis and drug screening.
Other animal models of CAVD, such as those using genetically modified mouse and rabbit,
do not accurately describe the disease. Mouse valves, for example, do not have the same
tri-layer structure found in humans251 and both rabbit and mouse models must be either
genetically modified or fed a high fat diet to induce calcification. 235 Additionally, even in
these smaller animal models, time to calcification and expense can be significant factors
in limiting the usefulness of these models. Because of this, in recent years, in vitro models
of CAVD have become more popular.252
High throughput screening has the obvious benefit of being able to test many variables in
a system at once or in rapid succession. In combination with the rise of large scale data,
such as transcriptomics, researchers now have the ability to look for and test
exponentially more possible factors for different diseases. In CAVD, there are many
changes that happen to both valve cells and the extracellular matrix (ECM). In fact, a
hallmark of CAVD progression is characterized by marked changes to the ECM.20 With
advanced disease, there is a loss of the aligned collagen architecture seen in the aortic
facing side of the valve leaflets, called the fibrosa. The leaflets also go through an overall
thickening of the tissue caused by an increased in ECM in both the fibrosa and the middle
layer of the valve, the spongiosa. While gross changes in the leaflet can be measured
when human valves are removed during aortic valve replacement surgery, less is known
about the subtle changes to the composition that happen during the disease progression.
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Furthermore, specific ECM proteins have been shown to influence mineralization in
CAVD22 and could be a target for non-surgical intervention strategies to CAVD treatment.
RNA sequencing (RNA-seq) can provide a snapshot of cells in diseased and healthy tissue.
By leveraging existing RNA-seq data and a catalogue of mRNAs, non-coding RNAs and
small RNAs, key differences in diseased cells, as compared to healthy cells, can be
discovered. Quantitative measurements for every molecule in a cell population can be
collected and used to see differences at various stages of the disease progression.253 In
addition to being more accurate than microarrays at quantifying gene expression, 254 RNAseq can help identify novel transcript clusters that can help with the understanding of
cardiac disease.255 Large volumes of transcriptomic data, such as with RNA-seq, can help
parse out potential key players that have previous taken researchers years to fully
understand through bench top methods; however, these potential factors still need to be
assessed. High-throughput analysis methods and cell culture systems can help sort
through the large volume of information to identify important pathways in disease
progression.
In addition to analyzing large scale data sets that describe individual pieces of a system
by taking them apart, non-linear imaging techniques can use near-infrared light to nondestructively image whole cells in a complete 3D environment. Second harmonic
generation has been used to image collagen fibers 202 and non-linear imaging can also
capture signal from elastin79 in vivo, two of the major ECM components of the aortic
valve,256 and can be used to assess ECM in in vitro models. Recently, we developed a
method that can quantify mineralization found in valve tissue,154 expanding the range of
non-linear microscopy methods that can be used to study CAVD. All of these techniques
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can be used to collect three dimensional scans of either a tissue or a model system and,
because they are non-destructive, the samples can be imaged for multiple time points
and/or analyzed using other techniques concurrently. Improvements in imaging
technology has also decreased image acquisition time reducing the risk of adverse effects
from imaging outside of a cell culture environment. Overall, leveraging these techniques
and data, we are able to test the effects of multiple ECM proteins identified as possible
exacerbators of valve tissue mineralization.
In this study, we combined our own analysis of existing RNA-seq data with our highthroughput, 3D system to study CAVD. The results from the RNA-seq analysis identified
five initial proteins to test in our system - decorin, collagen IV, periostin, aggrecan, and
fibrinogen - which can be bulk incorporated into our 3D, methacrylated hyaluronic acid
(MeHA) based system.257 We used non-linear imaging approaches designed in our lab154
to assess the system, non-destructively, over several time points to see how changes in
ECM proteins can influence mineralization in porcine valve interstitial cells (pVICs).

5.2 Methods
5.2.1

RNA-Sequencing and Network Analysis of CAVD versus Normal Human Valves

RNA-sequence data was previously collected249 and used for analysis in this study. The
GEO and GEO2R tool, run by the National Center for Biotechnology Information (NCBI),
were used to assess the differences between human valve tissue from healthy individuals
and patients suffering from CAVD. The identified genes were sorted based on their gene
ontology description to only include those related to the extracellular matrix. These 410
unique, identified ECM related proteins were then run through the STRING database 258
for network analysis. From this analysis, the ECM proteins that had the most connections
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based on their interactions with other genes (assuming a 0.4 confidence interval) were
cross-referenced to the statistically calculated p values from the GEO2R tool. This was
done to find proteins that were both drastically altered in the disease state and have a
large influence on all of the ECM proteins found in the RNA-seq analysis. From this
ranking, and their availability to purchase, five proteins were chosen for initial testing.
5.2.2

Making Methacrylate Hyaluronic Acid

Research grade 700 kDa sodium hyaluronate (Lifecore Biomedical, Chaska, MN [HA700K])
was combined with methacrylic anhydride (Sigma-Aldrich, St. Louis, MO, [276685]) as
previously described.259 Briefly, 1 g of 700mw sodium hyaluronate was added to 100 mL
of sterile 1X PBS. This was dissolved in a beaker with a stir bar. Methacrylic anhydride was
added in a 20 times excess concentration which was calculated to be 7.4 mL of
methacrylic anhydride. The resulting solution was monitored overnight and periodically
adjusted to a pH of 8 with 5N sodium hydroxide. The reacted solution was then
hydrolyzed through extensive dialysis for 5 days with diH2O changes at least once every
12 hours.
5.2.3

Porcine Cell Isolation and Culture

Porcine hearts were obtained from Tufts Medical Center on ice, within an hour of animal
sacrifice. The aortic valve leaflets were isolated from the hearts and porcine valve
interstitial cells (pVICs) were collected as previously described.260 Prior to receiving the
hearts, 100 mL of collagenase solution was made by dissolving 1.33g of powdered DMEM
(ThermoFisher Scientific, Waltham, MA, [90-013-PB]), 0.37g of sodium bicarbonate
(Sigma-Aldrich, St. Louis, MO, [S5761]), and 600 U/mL collagenase type II (Worthington
Biochemical Corp., Lakewood, NJ, [L5004177]) in 84 mL diH 2O with 1% (v/v) Fungizone
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(ThermoFisher Scientific, Waltham, MA, Antibiotic-Antimycotic [15240062]). The pH was
adjusted to 7.2 and the total volume was brought to 90 mL. 10mL of fetal bovine serum
(FBS, ThermoFisher Scientific, Waltham, MA [16000-044]) was added to bring the total
volume to 100 mL and then the entire solution was sterile filtered. Next, porcine VIC
medium consisting of Dublecco’s Modified Eagle’s Medium (DMEM; ThermoFisher
Scientitfic, Waltham, MA [10566016]), 1% Fungizone, 1.85g/500mL sodium bicarbonate,
and 10% FBS was made.
When the porcine hearts arrived at the biosafety cabinets, the whole aortic leaflets were
isolated. A serial sterile wash was done, rinsing the leaflets for 3 minutes in first 2.5%,
then 2%, 1.5% and 1 % Fungizone solutions, each for 3 minutes. The leaflets were then
digested for 10 minutes in the collagenase solution. Periodically during the digestion
sterile cotton swabs were used to gently scrap off the endothelial cell layer. The leaflets
were then moved to a new conical of collagenase solution and incubated for 12-18 hours
with slow mixing. After digestion, the leaflets were centrifuged for 5 minutes at 1000 RPM
and the supernatant was aspirated. The VICs were then re-suspended in porcine VIC
media, centrifuged with the supernatant being removed again, and then re-suspended in
VIC media and plated in a T75 flask and allowed to adhere. VICs were kept at normal cell
culture conditions (37°C at 5% CO2) and fed porcine VIC media. Cells from passages 2-6
were used for experiments.
5.2.4

3D MeHA Gel Formation

Prior to MeHA formation, glass slides were activated to allow for chemical adhesion of
gels. As previously described,261 glass slides were sonicated for 5 minutes in ethanol
(ThermoFisher Scientific, Waltham, MA, [04-355-305]), the ethanol was replaced, and the
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slides were sonicated for an additional 5 minutes. The slides were then sonicated for 5
minutes in deionized water. A solution of 5% (v/v) of 3-(Trimethoxysilyl)propyl
methacrylate (TMSPMA; Sigma-Aldrich, St. Louis, MO, [440159]) in toluene (SigmaAldrich, St. Louis, MO, [24529]) was prepared. Slides were placed in an oven at 60°C
overnight in the prepared TMSPMA/toluene solution. The slides were then rinsed twice
with ethanol and twice with deionized water before being stored at room temperature.
Slides were sterilized with ethanol before use in cell culture.
The prepared MeHA powder was weighed out to create either a 2%, 3%, or 4% (w/v)
solution. A 1M solution of ammonium persulfate (APS; Sigma-Aldrich, St. Louis, MO,
[A3678]) in diH2O was prepared. The MeHA powder was put into a sterile 2mL syringe
with 1mL of either only porcine VIC media or porcine VIC media with VICs at a
concentration of 10,00 cells/mL. The syringe was connected to a second syringe using a
female-to-female Luer lock connector for mixing. The solution was mixed by moving the
liquid back and forth until the MeHA was dissolved. Then, 1.5

uL of

tetramethylethylenediamine (TEMED; Sigma-Aldrich, St. Louis, MO, [T7024]) and 18uL of
the APS solution was added to the syringes and quickly mixed. Before gelation, all of the
solution was moved to one syringe a pipette was used to move small amounts of the
solution to the glass slides. On the activated glass slides, 8uL dots were created and
covered with a non-activated glass slide, with 2 coverslips acting as spacers on each side
of the slide. Gels were allowed to fully form for 45 minutes in an incubator after being
placed in a sterile 10 cm petri dishes. After gelation, 10 mL of VIC media was added to the
petri dishes for culture.
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5.2.5

Atomic Force Microscopy of MeHA Gels

MeHA gels of varying concentration were measured using atomic force microscopy
(AFM). A Veeco Dimension 3100 AFM was used with Novascan borosilicate glass particle
(20 μm diameter bead) probes. The probes had a rated spring constant value of 0.6 N/m
and the Hertzian theory was used to calculate the Young’s Modulus, assuming the
samples were incompressible (the Poisson’s ratio was assumed to be 0.5). The Young’s
Modulus was calculated using a MATLAB code for each indent curve over an entire 2D
force volume and then averaging those calculated valves for each sample. Standard error
bars were calculated by measuring the modulus values for multiple gels of the same
MeHA concentrations.
5.2.6

Immunostaining and Single Fluorescence Imaging

The MeHA gel dots containing VICs were fixed in 10% buffered formalin (ThermoFisher
Scientific, Waltham, MA, [SF100]) for 20 minutes. After rinsing three times for five
minutes with diH2O, the gels were permeabilized with 0.1% TritonX-100 in PBS for 20
minutes and then blocked with 5% donkey serum in 1% bovine serum albumin (BSA;
Sigma-Aldrich, St. Louis, MO, [A9418]) in PBS. Cell nuclei and actin fibers were stained
with 4',6-Diamidino-2-Phenylindole, Dihydrochloride (DAPI; ThermoFisher Scientific,
Waltham, MA, [D1306]) and Phalloidin (ThermoFisher Scientific, Waltham, MA [A12379]),
respectively. Samples were then washed three times for five minutes and imaged using
an Olympus IX81 microscope equipped with spinning disk confocal and Metamorph Basic
software (version 7.7.4.0, Molecular Devices). Image analysis and compilation was done
using ImageJ.106
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5.2.7

Multiphoton Imaging of MeHa Gels

The prepared MeHA gel dots were cultured with VICs under various cell culture conditions
described above. Slides with the MeHA dots were imaged using a Leica TCS SP8 (Wetzlar,
Germany) microscope. Z-stacks were collected with the following filters 400 nm ± 10 nm
(Chroma, Bellows Falls, VT, [ET400/20X]), 460 ± 20 nm (Chroma, Bellows Falls, VT
[HQ460/40m-2p]), and 525 ± 25 nm (Chroma, Bellows Falls, VT, [ET525/50M-2P]) for each
dot with the following specifications: 800nm excitation, emission 400nm, 460nm, and
525nm. All images were collected using a 25x water immersion objective.
For analysis, the mineralization associated fluorescence (MAF) was calculated as
previously described,154 by using emission signal from the 460nm and 525nm channels
taken with a 800nm excitation. The SHG collagen signal was found by using the 800nm
excitation with the 400nm filter. All calculations were done using custom MATLAB code.

5.3 Results
5.3.1

Network Analysis of the Genes Identified Using RNA-Seq

Using genes identified in the GEO2R software as significantly different in human CAVD
valves as compared to normal human valve tissue, network analysis was done with the
STRING database. By ranking the proteins associated with the ECM, via gene ontology
process and function descriptions, using both the p value (as a level of difference between
diseased and healthy) and the number of connections found with a 40% confidence or
higher in the network analysis, several ECM proteins were found. Figure 5.1 shows the
network map that was created with the STRING database. From this list, several ECM
proteins were identified as potential key players in CAVD. Table 5.1 lists the ECM proteins
and their descriptions used for the remainder of the experiments.
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5.3.2

Creation and Testing of MeHA Gels

Small, 3D constructs of MeHA gels were made with and without cells. Figure 5.2 A shows
the chemical process of methacralyating HA, while Figure 5.2 B and C gives a schematic
and photograph of the gels created on activated glass slides. These gels were
mechanically tested with AFM to determine how elastic modulus changed with MeHA
concentration (Figure 5.3 A). Cell viability was also tested by incorporating pVICs into the
MeHA solution, before gelation, and allowing them to set with the gels. After 3 days of
culture, the MeHa gels with the pVICs showed that the cells had minimal stretching,
maintaining a rounded morphology, but stayed encapsulated within the 3D constructs
(Figure 5.3 B).
Images of the MeHA gels with pVICs were also taken to determine the MAF contribution
inside the constructs after one week. A trend is seen in the MAF contribution showing an
increase in signal, indicative of increased mineralization, in the 1% MeHA gels compared
to the 3% MeHA gels (Figure 5.4 A). While this is opposite the results seen in the 2D
studies, where stiffer environments tend to show more mineralization, further study is
need to fully understand the difference in pVIC response in a 3D environment.

5.4 Discussion
The development of pharmaceutical methods to treat CAVD could significantly improve
both the quality of life and life expectancy of thousands of Americans. However, research
into valve calcification has been hindered by the lack of model systems that accurately
recapitulate the disease and an incomplete understanding of the beginning stages of the
disease. The use of large data sets, such as genome-wide association studies, have been
previously used to find262 and investigate the subsequent results, leading to associations
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of low-density lipoproteins,263 NOTCH1,52 as well as others264 with CAVD. Large scale
studies like these have helped move research forward and the development of recent
tools, such as transcriptomics, have the potential to accelerate this progress even more.
Here, we wanted to leverage existing RNA-seq data to look for changes in RNA expression
of ECM proteins.
By combining results from the GEO2R database showing changes in RNA expression levels
between human stenotic and normal valves and a network analysis using the STRING
database, we were able to find a set of ECM proteins that were both significantly altered
with disease and connected to the expression of several other genes. These proteins decorin, collagen type IV, periostin, aggrecan, and fibrinogen – can then be incorporated
into the 3D, MeHA model that we have created. MeHA, which is created by introducing
methacrylate groups to HA,265 is more mechanically robust than native HA266 and, we
showed, can be tuned to physiologically relevant stiffnesses. This MeHA system can also
be assessed, non-destructively using the endogenous fluorescence of many fluorophores.
Rapid analysis of mineralization and fibular collagen production can all be achieved using
non-linear microscopy that has been shown to work in our system. The five ECM proteins
identified in the above study will be the first to be incorporated into our system.
Each of these chosen ECM proteins have properties that could already be associated with
CAVD specifically or have attributes that could exacerbate valve stenosis, but have yet to
be described. Decorin is a proteoglycan that is closely associated with collagen
fibrillogenesis and degradation, including being upregulated in fibrosis. 267 Increases in
decorin have also been shown to occur in degenerative lesions found in aortic aneurysms
and were shown to possibly facilitate the progression of the aneurysm by activating
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macrophages.268 Collagen type IV (col IV) is a less ridged collagen that is known to form
collagen networks.269 Interestingly, while col IV was upregulated in stenotic valve
patients, previous studies have conflicting reports describing both a decrease in
mineralization in cells grown on col IV270 and col IV has also been found in osteoarthritic
cartilage.271 Hopefully, our 3D MeHA system will be able to more clearly state the role of
col IV in calcification. Periostin is already known to be very important in valve
development272 and can interact with both TGF-β and bone morphogenetic protein (BMP)
during valve disease.273 Additionally, periostin has been directly linked to valve tissue
remodeling and calcification274 through Notch1 signaling275 and so is an ideal candidate
for additional in vitro testing. Aggrecan, another important valve development protein, 276
can bind directly to HA.277 However, its role in valve disease is not well understood;
though a study of chondrogensis suggested aggrecan could play an inhibitory role to
mineralization.278 Lastly, fibrinogen is primarily known for its role in clot formation,
forming fibrin after cleavage with thrombin. In valves, however, the focus of fibrinogen
has predominately been surrounding plasma fibrinogen as a possible valve disease
biomarker.279,280 Therefore, understanding the direct role fibrinogen has on pVIC
calcification may improve our broader comprehension of CAVD.
Initial next steps for this project is the full integration and testing of these five ECM
proteins in the MeHA system. Our preliminary testing suggests the MeHA gels seeded
with pVICs are a nontoxic and optical clear system in which we can track nodule growth
and cell response. Subsequent studies can include different ECM proteins or could
combined two or more ECM proteins within the same MeHA gel. Based on the results of
these experiments, further testing can be repeatability conducted to look for mechanistic
pathways with the potential for pharmaceutical intervention. Another potentially useful
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imaging approach that could be used in tandem with the other non-linear microscopy
techniques would be to collect signal from nicotinamide adenine dinucleotide (NAHD) and
flavin adenine dinucleotide (FAD) to describe the metabolic activity of the pVICs in the
MeHA system. However, use of this technique with the MAF method will require
additional experiments to fully separate the fluorescence signals necessary for each
imaging modality.

5.5 Conclusion
The development of a MeHA based 3D model system could help further our
understanding of the role of ECM proteins in CAVD. Using existing RNA-seq data, we
found a list of five ECM proteins that are significantly altered in human aortic valves with
CAVD and are prominent players in gene networks. These ECM proteins will be
incorporated into the MeHA system and optical techniques will be used to nondestructively measure calcification and fibular collagen formation.
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5.6 Tables and Figures
Table 5.1: Genes identified through network analysis for testing the MeHA gels

Gene
Symbol

Gene Name

Top 3 GO Functions

Top 3 GO Processes

DCN

Decorin

Collagen binding; extracellular
matrix binding;
glycosaminoglycan binding

Aging;
chondroitin
sulfate
biosynthetic
process;
chondroitin
sulfate catabolic process

COL4

Collagen
type IV

Extracellular matrix structural
constituent

Cell adhesion; collagen
catabolic
process;
extracellular
matrix
organization

POSTN

Periostin

cell adhesion molecule binding; bone regeneration; cell
heparin binding; metal ion adhesion;
cellular
binding
response to fibroblast
growth factor stimulus

ACAN

Aggrecan

Carbohydrate
binding;
extracellular matrix structural
constituent; hyaluronic acid
binding

FG

Fibrinogen

Contributes to cell adhesion Acute-phase
molecule binding; metal ion adaptive
binding; protein binding
response;
coagulation

Cell adhesion; central
nervous
system
development;
extracellular
matrix
disassembly
response;
immune
blood
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Figure 5.1: Network analysis of ECM proteins identified by RNA-seq.
Genes found to be significantly different in human CAVD patients compared to normal valves were
found using RNA-req. ECM proteins were further isolated using the gene ontology (GO) process
and function descriptions and analyzed using the STRING database. The STRING network analysis
is shown.
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Figure 5.2: Development of a 3D MeHA gel system.
(A) Hyaluronate is reacted with methacrylic anhydride to create methacrylated HA (MeHA). The
MeHA is polymerized with APS and TEMED with or without porcine VICs onto activated glass slides
(B) and allowed to gel (C).
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Figure 5.3: MeHA gel characteristics.
(A) Initial studies of different concentrations of MeHA gel modulus show physiologically relevant
stiffness that can be used to culture porcine VICs. (B) Staining with DAPI (blue) and phalloidin
(green) show that the cells have a rounded morphology, but are viable in the MeHA gels.
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Figure 5.4: Optical measurements of MeHA gels.
(A) There is a trend of less MAF contribution signal seen in 3% MeHA gel than 1% MeHA gels after
a week in culture. (B) Representative images of the 525nm channel (ex. 800nm) showing a rough
estimate of the MAF contribution. Scale bars are 100 μm.
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Chapter 6. Conclusions and Future Directions
The goal of this dissertation was to add to the body of knowledge surrounding CAVD. In
this work, we showed that the ECM could play a critical role in the advancement of CAVD
and we also identified a potential disease pathway as a target for pharmaceutical
treatment. Additionally, we designed and tested a novel animal model of CAVD using a
Tie2 driven knockout of pRb and came up with a new high throughput 3D in vitro approach
to continue the study of ECM proteins on the calcification of VICs. In order to better assess
mineralization not only in our in vitro systems, but also immediately ex vivo (with the
reasonable expectation of being able to design for an in vivo system), we developed a
non-destructive imaging technique that can quantify calcification. Both of these systems
leveraged large data sets, including a genome-wide association study and existing
transcriptomics data, to make advancements in the field. While there is still work to be
done and to be continued in all aspects of this work, there have been noteworthy steps
forward on many fronts in the battle against CAVD.

6.1 Conclusions
6.1.1

ECM Driven Treatment Possibilities of CAVD

The development of a 2D, polyacrylamide-based system combined the variables of
physiologically relevant substrate stiffnesses with two separate ECM components –
collagen and hyaluronic acid (HA). VICs were allowed to calcify after a 24-hour dose of
TGF-β1 over a three-week period. This showed that there had been remarkable variation
in the amount of calcification with different ECM proteins. HA caused more mineralization
after three weeks than the collagen, but this was the opposite effect seen after only a
week in culture (Figure 2.2). Differences in cell spread area and changes in the substrate
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surrounding nodules were also seen between VICs grown on HA versus collagen, with HA
causing more pathological effects at later time points. This led to the study of two binding
proteins of HA, RHAMM and CD44, using siRNA knockdown.
While knockdown of RHAMM did not produce any appreciable differences in
mineralization levels, siRNA knockdown of CD44 significantly decreased calcification in
vitro. In the CD44 knockdown samples, gene and protein expression, measured by qPCR
and western blotting, showed an initial increase in the expression of osteopontin (OPN) –
a gene associated with osteogenic processes. (Figure 2.5 and Figure 2.6). Since OPN has
been shown to decrease mineralization in vitro,113 it has the potential to influence the
outcome of CAVD. Unfortunately, OPN is a complex molecule involved in many processes
in the body118,281 so using OPN as a pharmaceutical target for CAVD may be challenging.
CD44 on the other hand, is a less pervasive molecule in the body and could, therefore, be
a potential target. Additionally, there have already been advances in developing drugs for
CD44,124 which could expedite the process of developing CAVD treatment.
While these experiments have potentially exciting and significant results for CAVD
patients, there is still substantial work needed to verify these results, first in a 3D or
animal model system. Better understanding of the mineralization progression could be
obtained by using more frequent imaging time points, or even time-lapse imaging of
calcific nodules forming. In addition to visualization methods, transcriptomic data
methods could provide an even clearer picture of all the molecular players involved with
this pathway, potentially pointing out other drug targets. Further application of the
systems and tools developed during the course of this study is discussed in the next

145

chapters of this thesis. Immediate future studies surrounding the role of the ECM in CAVD
could take advantage of this work to advance our understanding of CAVD.
6.1.2

Knockdown of pRb Leads to Valve Regurgitation – A Potential Model for CAVD

In a collaborative effort with Tufts Medical Center, the creation and testing of a mouse
model of conditional retinoblastoma protein (pRb) knockout (cKO) in the aortic valve
regulated by Tie2-Cre-mediated excision of floxed RB1 alleles is explored. For these
studies, mice that were homozygous for RB1 fl/fl and heterozygous for the Tie2-Cre
transgene are designated as the conditional knockout mice (pRb cKO) while RB1+/fl;Tie2Cre+ were used for the control (pRb het). Using echocardiography, it was determined that
pRb cKO mice had more aortic regurgitation than the pRb het mice and that cKO leaflets
showed other signs of advancing CAVD such as increased leaflet thickness and stiffness
and ECM disorganization. The pRb cKO valve tissue also stained higher, at several time
points, for αSMA, indicating increased VIC activation with decreasing pRb.
In addition to differences in cell response, significant changes in the ECM were measured
between pRb cKO and control mice. SHG imaging of collagen revealed and that pRb cKO
mice had less fiber organization than control mice and measured a higher Young’s
Modulus by AFM – both characteristics of diseased aortic valves. Principle component
analysis of proteomics data showed distinct differences in the ECM composition between
the two mice groups, again highlighting the importance that ECM likely has in CAVD. An
increase in cytokine expression was also measured in pRb cKO over het mice, including
the pro-inflammatory cytokine IL-17. MAF imaging showed an increased mineralization
signal in pRb cKO mice compared to pRb het mice and, finally, further studies using

146

porcine VICs transfected to knockout pRb showed increased mineralization in vitro over
control cells (Figure 3.3 and Figure 6.1).
While this animal model shows promise as a means of studying CAVD, there is still further
analysis that is needed. As noted, the conditional knockout of pRb was achieved through
the use of a Tie2-Cre system. However, it was not confirmed that the changes seen in the
pRb cKO mice valves were from knockdown of pRb in the valves only, as opposed to a
general lack of pRb in other parts of the body. Future studies with these mice would first
need to fill in such gaps before the mice could then be used a model of CAVD. Studies
looking at hyaluronic acid and CD44 as well as specific ECM proteins could also be
accomplished. As seen in Figure 3.6, specific ECM components are altered in this model.
In the loading scores plot (Figure 3.6 C), there are several ECM proteins that vary with
specific functional measurements, suggesting that these proteins could also be studied as
a way to better understand valve leaflet stiffening and the loss of collagen fiber
organization with CAVD progression.
6.1.3

The Development of a Non-Destructive Imaging Approach to Better Visualize
Mineralization

This work describes the development of a novel imaging approach that non-destructively
quantifies mineralization by taking advantage of the endogenous fluorescence found in
calcific nodules. Spectral analysis was done on various samples to assess signals from
mineralization, including human CAVD valves, rat bone, and calcific nodules grown in
vitro. Spectra were collected on all of the samples before the tissue samples were demineralized with EDTA and imaged again. This analysis described the signal by a twocomponent model, with one component that could be further isolated through the use
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of filters to define calcification in the samples (Figure 4.4). A fully refined approach to
collecting and processing the mineralization associated fluorescence (MAF) was
developed and used to look at mineralization levels in two model systems.
A common animal model of CAVD is knockout apolipoprotein E (ApoE) mice fed a high fat
diet. For this chapter, ApoE-/- mouse hearts were received and the aortic valve leaflets
were isolated for imaging. Compared to aortic valve leaflets of healthy mice, ApoE-/mouse leaflets had increased MAF signal indicating increased mineralization. MAF was
also used to study the formation and growth of calcific nodules in an in vitro model. In
this study, VICs were allowed to calcify on a physiologically stiff 2D substrate after being
stimulated with TGF-β1. Time lapse imaging that collected the MAF signal showed
significant heterogeneity in nodule growth. Growth rate was varied across all of the
nodules and one nodule even had an overall decrease in volume over the five-day
experiment (Figure 4.8). These experiments highlight both how much there is still to learn
surrounding CAVD and calcification and how MAF could be a valuable tool in helping to
better understand mineralization.
While this non-linear microscopy imaging approach has clear advantages when looking at
samples ex vivo, there are still many limitations and opportunities for improvement. For
example, the development of optical probes capable of handling non-linear signal would
be necessary to use this technique in vivo, though it would be considered invasive with
the use of a catheter. However, with the development of this type of probe, other nonlinear techniques, such as SHG, could be employed to provide additional information
about the ECM of valve tissue (and other organs of the body). Additionally, while this in
vivo probe technology is being improved, this system could also be used to track
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mineralization during in vitro growth. A significant strength of this imaging approach is its
intrinsic non-destructive capabilities. Watching calcification develop and being able to
track ECM and cellular changes surrounding nodule formation could provide valuable
insight into the mechanisms surrounding mineralization in systems like tooth tissue
engineering and understanding soft tissue calcification.
6.1.4

High Throughput Screening and Testing of ECM Proteins that Change in CAVD

Recent advancements in RNA and DNA sequencing technology has led to a plethora of
new data and ways to study development and disease. To build on the results from the
2D PAAM gel model and the pRb cKO knockout model, a 3D model system was developed
using methacrylated HA. By leveraging non-destructive imaging techniques like MAF and
SHG, this new system has the advantage of being able to monitor various conditions and
changes to ECM components simultaneously. Using existing RNA-sequencing (RNA-seq)
data and network analysis software, ECM proteins that were either up or down regulated
in CAVD and highly connected (determined with network analysis) with multiple other
ECM proteins were identified. While the work on this system and set of experiments is
still on-going, initial data suggests that MeHA gels of physiologically relevant stiffnesses
can be created and that non-linear microscopy imaging the MeHA gels can provide data
on mineralization and the metabolic states of the VICs.
ECM proteins identified by RNA-seq for further testing can be bulk incorporated into
MeHa gels. This sets up an easy, repeatable system to collect MAF, SHG, and redox ratio
signal that can be monitored over time through the use of the non-destructive imaging
techniques. The ECM proteins found through the RNA-seq analysis, including but not
limited to decorin, collagen IV, periostin, aggrecan, and fibrinogen can be incorporated
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into the gels with VICs during MeHA cross-linking. By studying both the bulk reaction and
mineralization of each 3D gel along with the individual reactions of VICs, a clearer picture
of the effect of each of these ECM components on CAVD can be ascertained.
The results of this study could simply further our understanding of CAVD and the changes
that occur in aortic leaflet ECM or they may result in a potentially more significant finding
of a mechanistic approach that could pave the way for pharmaceutical intervention in
CAVD. RNA-seq could also be beneficial in understanding more about the pRb cKO mouse
model and about how cells differ with valve stenosis. The use of large transcriptomic data
sets to direct benchtop research is a relatively new endeavor that has not fully been
explored. These experiments and the ones that follow may help to rapidly increase the
rate of new discoveries and the understanding of disease mechanisms to hopefully help
patients afflicted with CAVD and other diseases.

6.2 Future Directions
6.2.1

Using Previous Findings and Imaging Techniques to Investigate the Role of pRb

Another area to further explore is pRb’s role in mineralization through OPN and CD44 –
two molecules that were identified as important in in vitro mineralization in Chapter 2. In
addition to the roles of pRb discussed here and its known role in cell cycle repression, pRb
has also been implicated in cell adhesion and cell-to-cell contacts.282 RB-/- mice have been
shown to express early markers of osteogenesis, such as an increase in OPN, but do not
show an increase in late stage markers.283 In normal bone development, late maturation
markers, such as Bglap, are expressed specifically whenrunx2 becomes downregulated,
so a loss of mature bone in RB-/- mice is not surprising. Typically, the retinoblastoma
binding protein-1 transcription factor, a known coactivator of runx2,284 links to the p204
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protein to activate runx2.285 In our cKO pRb mice, the Tie2-cre mediated the loss of pRb
to primarily endothelial cells, so that we could study the role of pRb in mineralization in
soft tissues, outside of normal bone development.
Although there are known links of the retinoblastoma protein’s role in mineralization, the
majority of studies involving pRb are done in the context of the loss of pRb leading to
cancer. In tumors caused by the loss of pRb, there has been a measured increase in CD44
expression which is attributed to the cells becoming more cancer-like.286 Another
interesting aspect of cancer cells is that OPN has been shown to promote cancer cell
characteristics, acting through CD44.287 Furthermore, there is a known relationship
between OPN and CD44, where OPN promotes the production of CD44 288. Finally, the
bone morphogenetic protein 2 (BMP-2) may act as a potential link between Rb and CD44,
acting through the PI3K/AKT pathway to downregulate Rb and increasing CD44
expression through a SMAD-mediating link.289 All of these pathways are summarized in
Figure 6.2.
Taking these data into consideration, it is possible that the Tie2+ endothelial cells in the
pRb cKO mice caused changes in the aortic valve microenvironment. Since the loss of Rb
can lead to less cell adhesion, this could cause VECs to migrate into the valve leaflets. IN
valve development, EndoMT is responsible for the original formation of VICs, so the loss
of Rb could convert VECs to VICs. Since these new VICs would already be activated and
primed to alter the leaflet ECM, these transformed VECs may be responsible for change
in organization and ECM composition seen in the cKO pRb mice. The altered valve
microenvironment could then kick off a positive feedback loop leading to increase
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calcification and matrix remodeling, leading to a potential HA-CD44 based calcification
pathway.
To further examine the role of these factors in CAVD, we may be able to use an imaging
probe developed to use our MAF technique in vivo. The probe would be able to quantify
mineralization and changes to some ECM proteins such as collagen and elastin, providing
a real time analysis to the changes in the aortic valve. In addition to monitoring disease
induced changes in the valve, the probe could also track the effectiveness of potential
pharmaceutical intervention methods. To test the hypothesis of loss-of-pRb- transformed
VECs beginning CAVD through ECM manipulation, we could first test a drug designed to
block CD44. Using the probe, we could monitor the changes to the ECM, but also evaluate
if blocking CD44 effectively stops mineralization of the valve even with matrix
reorganization.
6.2.2

How Collagen Crosslinking Can Influence CAVD

In patients with normal aortic valve anatomy, CAVD is a disease that occurs during
advanced age (>60 years old).290 While there are many factors, known and unknown, that
can influence CAVD, it is generally agreed that CAVD starts (or is first diagnosed) when
fibrotic thickening in the fibrosa and spongiosa layers of leaflets leads to stenosis of the
valve.7 If the disease progresses to calcification of the tissue, nearly all mineralization
starts in the collagen I dominated fibrosa layer of the leaflet. Fibrosis and excess collagen
deposition is not a malady solely of the valve tissue and can occur, for various reasons, in
soft tissue throughout the body. Fibrosis is defined by an overgrowth of collagen and a
hardening of the tissue that is partially caused by an increase in collagen crosslinking. 291
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In recent years, collagen crosslinking has become important to the study of many diseases
throughout the body,292 and may play a role in CAVD.
Heathy collagen crosslinking is mediated by the enzyme lysyl oxidase (LOX). LOX acts on
either lysine or hydroxylysine regions of collagen fibrils, creating divalent, immature
collagen crosslinks that eventually spontaneously form mature, trivalent links. 293 These
connections help collagen provide structural support and function to each tissue and
prevent collagen slippage and damage.292 However, tissues rich in collagen, such as
connective tissue, and even porcine non-CAVD valve tissue, have been shown to increase
in stiffness with age.294,295 These changes could be attributed to non-enzymatic reactions
caused by an oxidative reaction between collagen and glucose, creating advanced
glycation end-products (AGEs).296 AGEs can accumulate in long lasting proteins with low
turnover, such as collagen in the aortic valve, and have been shown to change the affinity
of some proteoglycans to collagen I.297 It is possible that this may contribute to some of
the age related shifts in GAG content seen in heart valves. 53 Additionally, diabetes mellitus
is both a known risk factor for CAVD and, because of altered sugar metabolism, a
recognized cause of AGE accumulation.298 Finally, the receptor for AGEs has also been
identified as a marker for individuals with a bicuspid aortic valve, 299 a significant risk factor
for CAVD.
Mechanically, AGEs have been associated with both an increase in tissue stiffness and
brittleness300 which presents an interesting suggestion as to how AGEs could contribute
to CAVD: increased tissue modulus is known to activate VICs into myofibroblasts, but a
more brittle tissue increases the propensity of small injuries to the valve tissue, further
activating and maintaining myofibroblasts. In bone mineralization, there are conflicting
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reports as to if an increase in AGEs promotes or inhibits mineralization, although higher
AGEs tissue density is correlated with a decrease in bone quality, if not bone density.301
AGEs have been shown to increase apoptosis of osteoblasts,302 but also to inhibit
osteoclast bone reabsorption,303 suggesting lower bone turnover which adversely affects
bone quality.304 From a CAVD perspective, both an increase in cell apoptosis and a
decrease in bone reabsorption could exacerbate disease progression.
It has also been shown that AGEs can increase calcification in the vascular system, 305
suggesting that AGEs may also have a direct effect on valve mineralization; however, the
mechanism for this is not yet understood. One hypothesis for how vascular and valve
calcification could be occurring comes from looking at how AGEs can impact the
development of Alzheimer’s disease. In Alzheimer’s disease, neuronal plaques form when
proteins aggregate around nucleation sites, a process that can be significantly accelerated
with AGEs.306 Similarly, a suggested hypothesis of how mineralization begins in vascular
disease involves the aggregation of calcific microvesicles into larger, calcific nodules. 307
Taken together, these data suggest that AGEs may play a role in both the initiation and
progression of CAVD.
Imaging methods developed both at Tufts and by others show that signals from collagen
crosslinks can be collected and quantified. 308,309 These techniques, combined with the
MAF imaging method developed in this thesis, may be able to capture the mineralization
process and conclusively determine if AGEs play a role. Combined with the growing body
of knowledge surrounding the impact of the ECM on the progression of CAVD, the study
of AGEs and collagen crosslinking may improve understanding of the disease.
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6.2.3

The Role of the Immune System in CAVD

While this thesis made strides in understanding some of the factors associated with CAVD,
one area that warrants considerably more attention is the role of the immune system.
Although there was some work with cytokine expression in the pRb cKO and het mice, the
results from the RNA-sequencing network analysis indicated that the immune system in
CAVD valves was significantly altered compared to normal valves. Studying the immune
system in the context of CAVD is by no means a new idea;310 however, the development
of the model systems in this thesis may help in the understanding of how cytokines and
other immunogenic factors influence the progression of CAVD.
VIC activation through the cytokine TGF-β1 was used successfully in many experiments
described in this work. The use of TGF-β1 as an exacerbating factor was based on a
working theory of CAVD that states that the activation of the immune system through an
injury or some other perturbation to the valve leaflet creates a cascading positive
feedback loop that drives continued remodeling and fibrosis of the valve tissue. Several
factors of the innate immune system, including tumor necrosis factor alpha (TNFα) 311 and
interleukin 6 (IL-6),312 have been implicated in valve calcification. Interestingly, the pRb
cKO mice, while showing several signs of valve disease, did not show differences in IL-6
levels, but did show a significant increase in IL-17, a cytokine typically associated with the
adaptive immune system.313 In the RNA-seq analysis described in Chapter 5, there were
several genes with a gene ontology (GO) process description involving both IL-6 and IL-17
that were upregulated with CAVD. IL-6 has been shown to act with TGF-β1 to promote the
transcription of IL-17 in helper Th17 cells.314 In the pRb cKO, the expected upregulation of
TNFα occurred. However, even though the pRb knockdown cells responded to TGF-β1 in
vitro, there was paradoxically, no increase in IL-6, even with a significant increase in IL-17.
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This leads to an interesting question that could be explored in both the pRb mouse model
and the 3D MeHA model. An interesting future study, building on the hypothesis that the
loss of Rb leads to VEC transformation, would be to see if IL-17 is part of the immune
response to VEC EndMT. If there is some correlation, IL-17 may become an important
biomarker to diagnosis CAVD. Furthermore, IL-17 has been associated with changes to
the

ECM

protein

composition,

especially

in

the

context

of

the

tumor

microenvironment,315 and could be contributing to the pathological ECM remodeling
occurring in cKO pRb mouse valve. Future experiments that focus on the role of IL-17,
ECM remodeling, and the interaction with Rb-/- cells may provide useful insight into CAVD
progression as well as further avenues of pharmaceutical intervention.
Since one of the major findings of the pRb mouse study was the significant change in ECM
protein composition and structure based on proteomic and imaging analysis, it makes
sense to study immune response in the context of ECM proteins. The 3D model system is
already set up to easily incorporate soluble factors to test the impact of aspects of the
immune system on VIC mineralization with ECM. In particular, HA has already been shown
to be an immune regulator316 and to be involved in inflammation and wound response.317
While the immediate next steps for the pRb cKO mouse model are to gain a better
understand of the impacts on CAVD in particular, this model may prove to be insightful in
understanding the role of parts of the immune system in valve stenosis. It could also
include RNA-seq analysis of pRb cKO VICs to see how the knockout gene effects RNA
translation.
The work in this thesis sets the stage, both in terms of avenues of study and the models
and tools necessary for investigation, to further explore the multiple variables associated
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with CAVD. The continued development of tools, such as transcriptomics mapping and
analysis, will help paint a more holistic picture of all the players involved in disease.
Additionally, the integration of the immune system as a variable in the already complex
understanding of valve stenosis and CAVD is likely to be necessary to develop more
effective treatment methods for CAVD. In conclusion, the progress and findings of this
thesis may help move the understanding of CAVD forward, both in terms of the direct
results and in terms of the potential for use of the developed tools in subsequent studies
of valve disease.
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Figure 6.1: The average nodule size of nodules grown by transfected pVICs in culture.
After 15 days in culture, porcine VICs with Rb3 knockdown transfection showed more
calcification than the control VICs (shNT) when grown on 5 kPa polyacrylamide gels with
hyaluronic acid as the binding protein and simulated with TGF-β1. Mineralization was measured
using the area of Alizarin Red staining fluorescence and a custom Matlab code. ***p<0.001
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Figure 6.2: Schematic of known pathway links between molecules involved in mineralization.
pRb is a known coactivator, with p204, of Runx2. Runx2 upregulates OPN in normal bone
development and OPN upregulates CD44, which has a feedback loop to block OPN. There is also
a link between BMP-2 and pRb and CD44, where BMP-2 has been shown to decrease and
increase the molecules, respectively.
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