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Abstract

Calcification of the aortic valve is a significant source of mortality in the elderly in
the US. Even as a serious disease, calcification does not have any permanent therapeutics.
Valvular interstitial cells, fibroblastic in nature and located in the middle layer of the aortic
valve, are mainly involved in the pathology of this disease.

Apoptosis, i.e., programmed cell death, is a crucial phenomenon in the body to
maintain homeostasis. Apoptosis is a biological phenomenon that is affected by the
collective behavior of the cells, as cells’ behavior defers in the proximity of others. In the
early stages of apoptosis, the phosphate head of phosphatidylserine, a phospholipid in the
cell membrane, translocates to the outside of the cell. Although a correlation between
calcification and apoptosis is shown, no definite reason behind this correlation has been

introduced so far.

Here, we show how the collective behavior develops, as multicellular bands, in
aggregates of valvular interstitial cells and how it leads to changes in mechanical states of
the cells demonstrated by the biological markers of low-stress environments such as higher
apoptosis. Then, we examine the effect of phosphatidylserine on calcification, indicating
the possible role of phosphatidylserine exposure during the early stages of apoptosis in the

initiation of calcification.

The knowledge obtained from this thesis expands our understanding of fibroblastic
collective behavior that leads to different biological phenomena, such as the development
of higher apoptosis rates. Further, the results from this research could assist in further
investigations on phosphatidylserine's role in calcification. Also, the results of this study
could be applied to other fibroblasts, such as human dermal fibroblasts, and similar

diseases, such as atherosclerosis.
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Calcific Aortic Valve Disease (CAVD) is the third most common heart disease in
the US (Pibarot et al. 2007) and is the second leading cause of heart surgery (Yutzey et
al. 2014). CAVD is a progressive disease that ranges from aortic sclerosis, mild valve
thickening without the obstruction of blood flow, fibrosis, and early calcification, to
aortic stenosis, severe calcification with impaired leaflet motion (Freeman Rosario et al.
2005, Gharacholou et al. 2011, Rajamannan et al. 2011). This process causes nodules to
form on the valve and inhibit its normal function (Yutzey et al. 2014). Aortic stenosis is
the second most frequent heart disease after coronary artery disease and systemic arterial
hypertension in individuals over 65 years old (Lindman et al. 2016). Although it is a
significant problem, the only therapy remains surgical or transcatheter aortic valve
replacement (Leopold 2012). However, calcification is the major reason for failure in
such treatments as well (Schoen et al. 2005). The importance of this issue inspires us to
investigate the mechanisms of CAVD further to develop efficient therapies.

The binding between phospholipids and calcium could play a role in calcification;
as one of the phospholipids in the cell membrane, phosphatidylserine (PtdSer), has a high
binding affinity for Ca2+ (Boyan et al. 1989). One of the first main changes during
apoptosis, programmed cell death, is a disruption in the asymmetry of the cell membrane.
During apoptosis, which is a vital procedure to maintain the cells' homeostasis, repair,
and growth, PtdSer flips to be exposed to the extracellular matrix - (Birge et al. 2016,
Fadok et al. 1998, Marifio et al. 2013). Apoptotic cells, although variable in size and
content, have phospholipid-rich membranes and concentrated calcium that may initiate
mineralization (Giachelli 2004, Leopold 2015, Proudfoot et al. 2000). If these apoptotic
cells are not adequately cleared by immune cells, they may serve as nucleation sites for
calcification (Jian et al. 2003, Kim 1995).

Many biological conditions may affect apoptosis, such as the mechanical state of
the cells (Chen et al. 1997, Kaiser et al. 1997, Mih et al. 2011, Wang et al. 2000,
Zazzeroni et al. 2018, Zhang et al. 2011). The mechanical state is determined by different

factors such as ECM stiffness, the forces applied by neighboring cells, and dynamic
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cyclic loading. It has been shown that the cells in low-stress environments, i.e., ECM
with low stiffness, hyperconfluent regions, and static loading, experience higher
apoptosis rates. As cells collectively behave differently compared to single cells, and the
changes the cellular collective behavior may induce on the mechanical state of the cells,
it is crucial to study the effects of collective behaviors on apoptosis that may lead to

calcification.

In this project, we will study the collective behavior of cells and how it affects
their mechanical state and apoptosis signal that has been shown to correlate with
calcification. We will explore the effects of exogenous PtdSer addition on calcification as
we hypothesize with this addition, even with inhibition of apoptosis, we will observe
more calcification. The motivation for this project is raised from the lack of treatment for
CAVD, a deadly disease, and the lack of knowledge of the causes of the correlation
between apoptosis and calcification. The proposed research offers an addition to our
understanding of how the valvular interstitial cells (VICs) behave collectively, how it
leads to apoptosis, and which component of apoptosis may have a role in the initiation of
calcification. The most common method for studying calcification in 2D models are
monolayers left to rip from the dish and from nodules to study the multicellular behavior.
As they become more confluent, cells induce higher tensions leading to ripping into
aggregates. Here, we utilize microcontact printed aggregates to have a well-controlled
model of aggregates, as we can print different sizes and shapes of collagen island to seed
cells (Cirka et al. 2017). Two aims have been established to explore the proposed
research. In the first aim, we investigate the collective behavior of VICs and how it
affects apoptosis. In the second aim, we determine the role of PtdSer in the initiation of

classification.

In Chapter Two, we provide a literature review on calcification, its potential
mechanisms, and the possible role of apoptosis in its initiation. In detail, we provide
recaps on calcification in different parts of the body, such as the aortic valve,
cardiovascular system, other soft tissues, and examples of similar diseases. As potential
mechanisms, we lay out mechanical environment, VICs differentiating into osteoblast-

like type, or myofibroblasts, membrane-enclosed vesicles, and apoptosis. Further, we
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discuss apoptosis, the structural changes of the cells that it causes, and its relationship
with the collective behavior of VICs. Ultimately, we provide more evidence on how

PtdSer, an important part of apoptosis, can be related to calcification.

The first aim is delineated in Chapter 3, where we investigate the local collective
behavior of VICs in printed circular aggregates and subsequent apoptosis. Previously, we
have studied the aggregates with snapshots and observed heterogeneity in different
biological markers. As we improved our model to track individual aggregates over a time
span of days, we observed local collective behaviors develop. The cells formed a band
spanning the aggregate’s diameter leading to resultant heterogeneity in different signals,
such as apoptosis. We hypothesize local cell collective behavior interacts with and often
supersedes collective behavior guided by global stimuli and constraints. We characterize
different collective behaviors that affect global collective behavior induced by global
constraints. In both hours and days' time-course experiments, we study cell-cell
interactions in microcontact printed multicellular aggregates of valvular interstitial cells.
We examine proliferation, cell mobility, YAP exclusion from nuclei, apoptosis, and
traction forces applied to the substrate to study the mechanical states of the cells under
the influence of collective behaviors. Additionally, we explore the effects of uniaxial
dynamic loading on cell behaviors as we change the mechanical state of the cells with an
implication of such loading. This aim is essential as it expands our knowledge on the
evolution of behavior of cells in our 2D aggregates, how the cells interact collectively,

and how it leads to apoptosis that correlates with calcification.

The second aim is addressed in Chapter 4, where we investigate the effects of
PtdSer in initiating calcification in VICs in multicellular aggregates. We postulate that
the exposure of PtdSer at the beginning of apoptosis correlates with the initiation of
calcification. We utilize our 2D microcontact printed aggregates to study the effect of
PtdSer addition on resultant calcification. We investigate the mechanism of how
exogenous PtdSer will be incorporated into the cell membrane. We also measure the
amount of PtdSer on the cell membrane exposed to the extracellular environment after its
artificial addition. This aim is significant as it demonstrates the role of PtdSer as a
potential mechanism of calcification in VICs. With the knowledge obtained from this



Chapter I: Introduction

aim, the particular component of apoptosis that plays a role in the initiation of

calcification will be clarified, and its mediation could lead to therapeutic solutions.

The conclusions, limitations, and future directions of this project are discussed in
Chapter 5. More investigation on cell-cell forces is critical to understand how the cells
behave collectively in a certain location inside of 2D aggregates. Further research on the
different behavior of different sexes of cells is needed. Also, an extension of the current
model by coculturing macrophages and VICs could expand our knowledge on immune
deficiencies that lead to excess apoptosis bodies on the aortic valve that may lead to

calcification.

The result of this project is significant as it is the first to examine the role of
PtdSer in the initiation of calcification in valvular interstitial cells (VICs) and also the
first to track the individual multicellular aggregates over days that help us to understand
VICs’ collective behavior. The results assist us in the identification of possible causes of

CAVD that could result in the development of new therapeutic solutions.
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2.1 Overview

In this chapter, we review the literature on calcification of VICs with a focus on the
role of apoptosis in its initiation, as apoptosis precedes calcification in multicellular
aggregates and dense mineralized particles are observed. We briefly introduce different
kinds of calcification, aortic valve, valvular interstitial cells, and current knowledge on
the correlation between apoptosis and calcification. Additionally, we review the literature
on the influence of collective behavior on apoptosis, as it has been shown apoptosis is
correlated with calcification (Giachelli 2004, Leopold 2015, Proudfoot et al. 2000). Then,
we explore the literature on the different mechanisms involved in calcification and
specially PtdSer exposure, a potential mechanism relating apoptosis to calcification. The
goal of this chapter is to summarize current knowledge of the correlation between
apoptosis and calcification, in addition to the effects of collective behaviors of cells on
apoptosis.

The gap in our knowledge about how calcification could proceed after apoptosis is
significant, especially since the mechanistic link between them has not been investigated
sufficiently and remains unclear (Leopold 2012). There are numerous open questions on
how ectopic calcification, unwanted mineralization that happens in soft tissues typically
consisting of calcium phosphate salts (Giachelli 1999), is related to apoptosis and

whether these could lead to therapeutic targets.

2.2 Calcification in body

Even though calcium is a necessary component to life, its accumulation on tissues
could lead to major health issues and diseases, such as in cardiovascular tissues (Mundy
et al. 1993), especially in calcification of the aortic valve (Freeman Rosario et al. 2005),
nephrocalcinosis in the kidney (Mizobuchi et al. 2009), genitourinary schistosomiasis in
the bladder (Lee et al. 2018), and cranial calcification in brain tissue (Oliveira et al.
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2016). The calcium accumulation, calcification, in tissues interrupts their homeostasis

and results in their malfunction (Freeman Rosario et al. 2005).

Different types of calcification occur in the body, such as ectopic, which is
generally termed dystrophic (Giachelli 1999), metastatic, idiopathic, iatrogenic,
calciphylaxis (Le et al. 2021 Jul 17), and osteogenic (Chen et al.). Among those
mentioned, ectopic calcification contributes more to the progression of CAVD compared

to osteogenic calcification (Chen et al. 2015).

Calcification of the aortic valve is the most frequent disorder in heart valves
(Alushi et al. 2020). This slowly progressive disease ranges from aortic sclerosis, mild
valve thickening, to aortic stenosis, severe calcification, where calcification obstructs
blood flow (Freeman Rosario et al. 2005). This matrix stiffness increase results in
reduced flexibility of the valve due to excessive collagen (Rajamannan et al. 2011) and
calcium deposition. CAVD is recognizable by thickening of the valve, formation of
fibrosis and the calcified matrix also new vascularization in its structure (Freeman
Rosario et al. 2005, Leopold 2012, Miller et al. 2011, Rajamannan et al. 2011). In this
process, the valve remodels over the years resulting in its malfunction or impairment
(Lindman et al. 2016).

Many factors are known to play a role in CAVD, such as genetics, chronic
inflammation, and mineralization (Alushi et al. 2020, Demer et al. 2014). Other diseases
such as hypertension (Lindroos et al. 1994) and malfunctioned mineral metabolism (Chen
et al. 2019), as well as age, body mass index (Lindroos et al. 1994), sex (Summerhill et
al. 2020), and lifestyle like smoking (Chen et al. 2019) are risk factors in developing
CAVD.

In CAVD, tissue alteration is evident and recognizable by different types of cell
death, such as apoptosis (Bonetti et al. 2019). It appears that apoptotic and necrotic VICs
and their remnants remain uncleared by macrophages (Bonetti et al. 2019, Schrijvers
Dorien et al. 2005, Yurdagul et al. 2018) and proceed to calcification (Proudfoot et al.
2000). This mainly happens when VICs in mechanical environment of AV is injured and

cannot heal.
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Calcification in the cardiovascular system is not restricted to valves, as in major
arteries; it is present in most individuals over 60 years old (Allison Matthew et al. 2004).
Calcification in such tissues changes the elastance of arteries which causes considerable
morbidity (Arad et al. 2000, Keelan Paul et al. 2001, Wayhs et al. 2002). In the
cardiovascular system, coronary artery calcification is predictive of upcoming

cardiovascular events (Shekar et al. 2018).

Investigating the similarities and differences of calcification in other parts of the
cardiovascular system is of importance. Even though there is growing evidence that
CAVD is unique from other vascular diseases, as valve structure and function are distinct
from blood vessels, there are some similarities with the etiology of the diseases that may
shed insight into CAVD, especially on how mechanics and apoptosis contribute to
calcification in blood vessels.

As an example of such similarities, coronary artery calcification that can lead to
atherosclerosis shares pathological features and histopathology (Mohler et al. 1991, Nasir
et al. 2010) and clinical risk factors (Lee et al. 2021) with calcification of the aortic valve.
The association and similarities assist the surgeons in evaluating patients presurgery by
imaging coronary atherosclerosis as a negative predictor of CAVD (Lee et al. 2021).
Also, as an example of the differences between these diseases, the CAVD progression is
only associated with the calcified plague volume in coronary atherosclerosis and not the

noncalcified plaque volume (Lee et al. 2021).

Ectopic calcification in the body is not restricted to the cardiovascular system, and
it can happen throughout the body; it is observed mainly in the skin, also in renal cells
(Mezzabotta et al. 2015), tubules of kidneys (Cliff 1970, Klotz 1905, Rockley 1965), and
articular cartilage (Hashimoto et al. 1998). The nodules are hydroxyapatite, calcium

phosphate salt, that usually does not precipitate in the body (Giachelli 1999).

The calcified tissues, including the calcified aortic valve, show alteration in tissue
and apoptosis/necrosis (Giachelli 1999), demonstrating a correlation between

apoptosis/necrosis with calcification. For example, calcification in cardiovascular tissues,
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in addition to the aortic valve and tubules of kidneys, has followed necrosis (Cliff 1970,
Klotz 1905, Rockley 1965), as the calcium and phosphate deposition in the HK-2 cells
were visible only in or near areas where apoptotic cells were present (Priante et al. 2019).
Also, apoptosis activation was reported in calcifying cartilage (Bonetti et al. 2019), and
the chondrocyte-derived apoptotic bodies have been discussed as a cause (Hashimoto et
al. 1998). This correlation is not limited to the unwanted calcification that leads to
diseases and even in required calcification in the body, such as near growth plates

calcification happens near apoptotic chondrocytes (Fujita et al. 2014).

2.3 The aortic valve and valvular interstitial cells

While calcification occurs in different parts of the body, this thesis focuses on
calcification in the aortic valve (AV) and VICs that are mainly involved in the pathology
of the disease. AV is a trileaflet structure that acts as a check valve between the left
ventricle and the aorta (Leopold 2012). It consists of three different extracellular matrices
(ECM) layers: fibrosa, spongiosa, and ventricularis (Hinton et al. 2011). The unique
ECM structure of AV provides its macroscopic mechanical properties to sustain the
condition of its mechanical environment (Wang et al. 2014). In addition to its ECM
structure, AV is populated by specialized cells participating in its vitality. Valvular
endothelial cells line both the surfaces exposed to blood flow, and valvular interstitial

cells (VICs) are found throughout the ECM layers.
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Figure 2-1. ECM composition of the aortic leaflet and the forces on it. A) Its structure consists of three
layers: fibrosa, spongiosa, and ventricularis. B) Diastolic forces on the aortic valve when it is closed. C) Systolic forces
on the valve when opened—adapted from (Gomel et al. 2019) via license: CC BY 4.0.

Although it has been thought that CAVD is a degenerative disease, due to the
time span it takes to develop, and calcium deposition present in the diseased tissue, the
evidence of osteoblast activity in addition to lipoprotein deposition and chronic
inflammation demonstrates an active process (Lerman et al. 2015). The active nature of
this disease makes the study of VICs essential to understanding the progression of
calcification, as these cells can differentiate into other phenotypes in different conditions.
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Figure 2-2. Histological section of the aortic valve structure showing its cellular distribution. Endothelial

cells on both sides of the valve tissue and interstitial cells in the middle of the tissue. From (El-Hamamsy et al. 2010)
via a Creative Commons license.

2.4 Potential mechanisms of CAVD

Calcification can occur via multiple passive and active processes, including bone
formation (Thompson et al. 2012), mechanical environment (Merryman et al. 2013),
valvular interstitial cells (VICs) differentiating into osteoblast-like phenotype, and
myofibroblast (Wang et al. 2014), membrane-enclosed vesicles (Proudfoot et al. 2001),
and apoptosis-mediated dystrophic calcification (Jian et al. 2003, Yip et al. 2009). Some

of these potential mechanisms are discussed in turn below.

2.4.1 Putative role of mechanical environment on CAVD

Cells can "sense" the mechanical properties of their extracellular matrix (Yip et al.
2009). Stiffness of the extracellular matrix is known to regulate motility, proliferation,
and differentiation in cells (Yip et al. 2009). In VICs, mechanobiology of the cell’s
environment, such as matrix stiffness, plays a crucial role in activating the differentiation
into myofibroblast cells (Wang et al. 2014), regulating the apoptosis of fibroblasts (Liu et
al. 2010, Wang et al. 2000, Zhang et al. 2011), and regulating the calcific nodule
formation (Yip et al. 2009). The elasticity modulus of the valve ranges from 0.1 kPa to 2
MPa (Gould Sarah et al. 2013, Krishnamurthy et al. 2011, Sewell-Loftin et al. 2012,
Stella et al. 2007, Zhao et al. 2011). It has been shown that with the manipulation of the
stiffness of the substrate ranging gradually from 7 to 32 kPa, the porcine aortic VICs
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differentiated significantly more near the stiffer region (Jenkins 2008, Quinlan et al.
2012).

The calcific nodules and lesions start at the fibrosa layer and extend to the aortic
side of the valve (Caira et al. 2006). It has been shown in an ex vivo study that
calcification follows the pattern of the valve stress and stretch (Weiler et al. 2011) in the
base and coaptation line of the aortic valve (Thubrikar M Fau - Piepgrass et al. 1979).
Also, in in vitro models, the implication of dynamic cyclic loading calcification was
probably elevated due to increased matrix remodeling enzyme expression, pro-
inflammatory proteins (Balachandran et al. 2010), or osteogenic differentiation of VICs
(Bogdanova et al. 2018).

2.4.2 VICs differentiate into osteoblast-like type

The differentiation of the cells in the structure of the aortic valve, such as the
quiescent cells differentiating into osteoblasts, is one of the potential mechanisms
contributing to calcification. In general, there are five different phenotypes of VICs in the
aortic valve environment (Liu et al. 2007). Among these phenotypes, myofibroblast and
osteoblast-like ones are more associated with CAVD (Wang et al. 2014). In the
progression of the calcification, quiescent VICs differentiate into osteoblast-like
phenotypes, which are amenable to bone morphogenic proteins (BMPs) (Leopold 2012).
The BMPs, a member of the TGF-f superfamily, make osteoblasts that initiate bone
formation by inducing the expression of Runx2, an osteoblast transcription factor
reviewed in (Bostrom et al. 2011). After the expression of Runx2, the osteoblast-like cells
upregulate the expression of osteopontin and osteocalcin, which are proteins responsible
for the calcification process (Johnson Rebecca et al. 2006). The differentiation to
osteoblast-like cells has been shown in human VICs in vitro to be achieved with applied
cyclic stretch or other mechanical changes (Alexopoulos et al. 2010, Miller et al. 2010)

by measuring Runx2, Osterix, or APS (the osteoblast gene markers).
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2.4.3 VICs differentiating into myofibroblasts

In cases of injury, VICs are activated to the myofibroblast phenotype to remodel
the surrounding ECM, which could result in disease progression (Rajamannan et al.
2011). Myofibroblasts phenotype (Egan et al. 2011, Gossl et al. 2012, Paranya et al.
2001, Pho et al. 2008, Walker Gennyne et al. 2004), as well as osteoblast-like cells
(Bischoff et al. 2011, Chen et al. 2009, Egan et al. 2011, Gossl et al. 2012, Wang et al.
2013), are the result of differentiation of VICs and VECs in the diseased valve, as the
microenvironmental cues such as matrix stiffness and TGF-B1 level. TGF-f1 initiates the
myofibroblast activation of VICs, which affects collagen deposition (Hinz et al. 2012,
Walker Gennyne et al. 2004) and could enhance apoptosis-associated calcification (Jian
et al. 2003). The differentiation to myofibroblast phenotype has been shown to be
reversible in VICs in vitro; myofibroblasts can deactivate into a quiescent fibroblast
(Kisseleva et al. 2012, Wang et al. 2012). The VECs differentiating to myofibroblast
phenotype may be participating in the calcification of the aortic valve and go under
differentiation to osteoblast-like phenotype, under the similar mentioned mechanisms as
VICs behave in response to BMPs (Bostrom et al. 2011).

2.4.4 Inflammation

Since CAVD was categorized as a degenerative disease, inflammation, the primary
response of innate immunity in the body, has been one of the main characterizations of this
disease (Lee et al. 2018). The excised heart valves from patients undergoing aortic valve
replacement showed evidence of chronic inflammatory infiltrates, providing further
evidence of inflammatory response in the active remodeling process in this disease (Cote
et al. 2013).

During inflammation, Toll-Like Receptors (TLRs) mediate inflammation that is
caused by molecules released during tissue damage (Garcia-Rodriguez et al. 2018), like
lyse of apoptotic bodies, such as in lung inflammation, atherosclerosis, rheumatoid arthritis
(Poon et al. 2014). The immune system's inability to clear apoptotic bodies results in the

initiation of their secondary necrosis, which is a release of the intracellular components,
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and causes an inflammatory response (Poon et al. 2014) that causes TLRs to moderate

inflammation via NF-«xB routes (Garcia-Rodriguez et al. 2018).

2.4.5 Membrane-enclosed vesicles

Other than VICs, another cell type present in the aortic valve is smooth muscle cells
that go under transition to become osteoblast-like cells (Leopold 2012) and, in the
presence of calcium or phosphate, can release vesicles (Kapustin Alexander et al. 2011,
Wouthier et al. 2011). These matrix vesicles play a role in bone formation and ectopic
vascular calcification (Wuthier et al. 2011) and microcalcific nodules formation
(Kapustin Alexander et al. 2011, Vengrenyuk et al. 2006, Wallin et al. 2010, Wuthier et
al. 2011).

The mixture of proteins and enzymes present in the matrix vesicles makes them a
probable candidate for initiating the calcification. The matrix vesicles include calcium-
binding proteins, such as inorganic phosphate-generating enzyme alkaline phosphatase
(ALP) and calcium ion pump Annexin V (Anderson et al. 2005, Hessle et al. 2002,
Kirsch et al. 2003, Wuthier et al. 2011, Xiao et al. 2007), and phosphate to promote

crystallization of calcium phosphate (Proudfoot et al. 2001).

2.5 Sex-related differences in CAVD

There is emerging evidence of sex-related differences in CAVD, stating that males
are more prone to developing CAVD than females (Porras et al. 2017) and more affected

by external stimuli to show apoptosis and early osteogenic markers (Masjedi et al. 2017).

Not only is the progression of CAVD variable between individuals, but it is also
different between different sexes (Summerhill et al. 2020), to the point that even the
pathways involved in the development of the disease differs between males and females
(Summerhill et al. 2020).
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Figure 2-3. Sex-related signaling pathways in the development of CAVD. This schematic shows the known
pathways involved in CAVD in different sexes, which results in males to more calcification and in females in more
fibrosis. Blue represents the male, and red represents the female pathways. From (Summerhill et al. 2020) via CC BY
4.0 license.

2.5.1 Apoptosis-mediated

In addition to prior causes, apoptosis can also trigger calcification (Cowell et al.
2005, Leopold 2012, Loscalzo 2006). Although there have been many researchers
reporting a correlation between apoptosis and calcification (Cirka et al. 2017, Fujita et al.
2014, Gu et al. 2011, Kockx Mark et al. 1998, London et al. 2005, Nakahara et al. 2017,
Otsuka et al. 2014, Proudfoot et al. 2000, Zazzeroni et al. 2018), the role of it in the
progression of CAVD is not well understood (Leopold 2012).

Apoptosis, programmed cell death, is a necessary procedure to maintain the cells'
homeostasis, repair, and growth. The changes that happen during apoptosis are a
disruption in the asymmetry of the cell membrane - flippage of the phosphatidylserine to

be exposed to the extracellular matrix - (Birge et al. 2016, Fadok et al. 1998, Marifio et al.
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2013), shrinkage of the cell, formation of blebs on the membrane, secretion of apoptotic
bodies (Kerr et al. 1972), fragmentation of DNA (Wyllie 1980), the release of the
calcium in the intracellular environment by mitochondria (Kroemer et al. 2000),

condensation of the chromatin (Wyllie et al. 1984), etc.

Many experimental studies have aimed to investigate the link between apoptosis
and calcification. For example, there has been a significant increase in calcification for
hMSC (human bone marrow mesenchymal stem cells) with the addition of necrotic dead
cells or its membrane fraction (Fujita et al. 2014). In the same study, colocalization of the
dead cells and calcification have been shown utilizing a localized cell death by
photodynamic treatment (Fujita et al. 2014).

The dysregulation of calcium homeostasis and mitochondrial calcium overload
has been shown to be pro-apoptotic (Giorgi et al. 2012, Mattson et al. 2003, Nicotera et
al. 1998). Further, there is evidence that apoptotic cells that are not entirely removed by
phagocytosis may serve as nucleation sites (Giachelli 2004, Leopold 2015, Proudfoot et
al. 2000). For example, apoptotic cells are associated with atherosclerosis and blocking
CD47 (“don’t eat me” signal) can reduce calcification in mouse models by increasing the

clearance of apoptotic cells (Kojima et al. 2016).

TGF-B1 and its effect on the initiation of calcification of VSMCs and apoptosis of
VICs (Jian et al. 2003) may be a potential mechanism for the correlation between
apoptosis and calcification as TGF-B1 has osteogenic activity potential (Bonewald et al.
1994, Miyazono et al. 2001), as well as pro-apoptotic activity potential (Hishikawa et al.
1999, Mattey et al. 1997, Pollman Matthew et al. 1999). Another potential scenario is the
role of VSMC “blebs” or ABs to initiate the crystallization of the calcium (Proudfoot et

al. 2001) as apatite similar to calcium crystal present in bone (Proudfoot et al. 2001).

The VSMC “blebs,” ABs (Proudfoot et al. 2001), and porcine aortic valve
fibroblasts vesicles (Kim et al. 1999) are calcium-rich. The present calcium is in the form
of calcium carbonate (Proudfoot et al. 2001), a predecessor in apatite formation (Zapanta
LeGeros 1981). It should be mentioned that this property is not shared amongst all types
of matrix vesicles but only among those enriched in calcium and phosphatases (Kirsch et
al. 1997).
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Another hypothesized portion of the apoptotic cells responsible for calcium
deposition and further nodule formation are the cytoskeletal remains of those cells
(Leopold 2012). These apoptotic cells, although variable in size and content, have
phospholipid-rich membranes and concentrated calcium that may initiate mineralization
(Giachelli 2004, Leopold 2015, Loscalzo 2006, Proudfoot et al. 2000) and, if not properly
cleared by immune cells, may serve as nucleation sites for calcification (Jian et al. 2003,
Kim 1995).

The resultant dystrophic calcification of VICs going under apoptosis has been
observed in vitro (Jian et al. 2003, Yip et al. 2009). During apoptosis, Vascular smooth
muscle cells (VSMC) secrete apoptotic bodies, which share similarities with matrix
vesicles (Proudfoot et al. 2000). These structures can initiate calcification by attracting
and crystallizing calcium (Proudfoot et al. 2000). On the other hand, the inhibition of
apoptosis (Cirka et al. 2017, Proudfoot et al. 2001) as well as overexpression of Bcl-2, an

anti-apoptotic molecule (Nagase et al. 2009), results in the reduction of calcification.

2.6 The potential mechanism linking apoptosis and calcification

Investigation of collective cell behavior is vital as individual cells' behavior differs
in communication with other cells, whereas in the body, the cells are in proximity of other
cells and affected by neighboring cells. The collective behavior arises from individual cell
behaviors (Wickert et al. 2016) and is not always uniform. In addition to the many benefits
of collective behavior in many biological processes such as morphogenesis or tissue repair,

it could lead to many diseases such as cancer or calcification.

Collective behavior is not always uniform and may include heterogeneity.
Heterogeneities in local collective orientation for human fibroblasts monolayer (Turiv et
al.) cancerous cells (Deisboeck et al. 2009), in migration within a confluent monolayer, for
MDCK cells (Angelini Thomas et al. 2011), in experimental velocity field (Deforet et al.
2014), in simulations of the velocity field (Doxzen et al. 2013), in our observation in
apoptosis signals in VICs 2D aggregates (Goldblatt et al. 2020).
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Apoptosis is non-linearly correlated with the tensional state of the cell (Chan et al.
2011). The tensional state depends on multiple items that should be considered together
and not as independent reasons. In detail, healthy cells under homeostatic conditions have
low instances of apoptosis. Although when the cells experience extracellular high-stress
conditions, such as when cells are excessively stretched in vitro, cells experience an
increase in their intracellular stress levels. As all of them try to regain their homeostasis
condition, they will go under apoptosis if they cannot revert their stress level to homeostatic
conditions. This is where we believe calcification initiates in CAVD; as a result of the
inability to retrieve their homeostatic state and going under excess apoptosis, the
unremoved apoptotic cells go under secondary necrosis and result in calcium nucleation
(Paone et al. 2019). Similar to cells in the high-stress region, cells with low intracellular
stresses, such as when cells are seeded on soft substrates or restricted to small areas through
micro-contact printing, will undergo apoptosis if they cannot achieve homeostatic levels.

Hence, the correlation between apoptosis and the tensional state of cells is nonlinear.

PtdSer is a major phospholipid component of mammalian cell membranes that
contributes to many regulatory processes of biological response, such as apoptosis
(Uchida et al. 1998), memory function (Kim et al. 2014), and blood clotting (Kay et al.
2019). Prior to apoptosis, PtdSer resides in the inner leaflet of the plasma membrane
(Uchida et al. 1998) but is translocated to the outer leaflet during the early stages of
apoptosis (Birge et al. 2016, Fadok et al. 1998, Marifio et al. 2013) when there is a
decreased activity of a calcium-dependent scramblase (Fadok et al. 1998). This process

allows the phagocytes to recognize and remove the apoptotic cells (Uchida et al. 1998).

The exposure of PtdSer to the extracellular environment may play a role in
calcification due to its extremely high binding affinity for Ca2+ (Boyan et al. 1989),
which causes calcium ions to naturally bind to this negatively charged phospholipid in
the membrane (Sinn et al. 2006). Specifically, in heart valves, the binding of
phospholipids and calcium has been investigated (Demer 1997, Tintut et al. 2018, Zheng
et al. 2019), although not linked with apoptotic cells specifically. For example, in patients
with aortic stenosis, it has been observed that oxidized phospholipids promote valve
calcification and disease progression (Zheng et al. 2019).
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The presence of PtdSer in the membrane increases the calcium concentration and
enhances the binding of calcium to PtdSer (Sinn et al. 2006). Calcium ions have many
essential roles in cellular processes. Their interaction with biological membranes is
essential for endocytosis and exocytosis and assists in the transport of small molecules

across cell membranes.

2.7 Summary

In this thesis, we first investigate the collective behavior of VICs, the cells more
involved in the pathology of CAVD. And how it affects the mechanical state of the cells in
proximity of other VICs. We will measure different stress markers such as apoptosis,
shown to be strongly correlated with calcification. Then we will evaluate the changes in
the calcification as we exogenously add PtdSer into our model, as we believe this specific
part of the apoptotic bodies is correlated with the calcification. Following is the model for

the path from collective behavior to calcification studied in this thesis.

Figure 2-4: Our proposed model of the Progression of confluency band formation), apoptosis, and YAP
nucleation and how we believe each precedes from sub-confluent to hyper-confluent. Pink is a cell, green shows the
hypothetical apoptosis signaling, red circles show YAP inside nuclei, and the red halo shows the YAP outside nuclei.

We believe our study will help us to understand the importance and mechanisms
of the link between apoptosis and calcification on VICs, more in-depth. This obtained
knowledge will significantly impact future therapeutic targets for CAVD.
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3.1 Abstract

Mechanical stress patterns emerging from collective cell behavior have been
shown to play critical roles in morphogenesis, tissue repair, and cancer metastasis. In our
previous work, we constrained valvular interstitial cell (VIC) monolayers on circular
protein islands to study emergent behavior in a controlled manner and demonstrated that
the general patterns of cell alignment, size, and apoptosis correlate with predicted
mechanical stress fields if radially increasing stiffness or contractility are used in the
computational models. However, these radially symmetric models did not predict the
existence of local regions of dense aligned cells observed in seemingly random locations
of individual aggregates. The goal of this study is to determine how the heterogeneities in
cell behavior emerge over time and diverge from the predicted collective cell behavior.
Cell-cell interactions in circular multicellular aggregates of VICs were studied with time-
lapse imaging ranging from hours to days, and migration, proliferation, and traction
stresses were measured. Our results indicate that elongated cells create strong local
alignment within preconfluent cell populations on the microcontact printed protein
islands. These cells influence the alignment of additional cells to create dense, locally
aligned bands of cells which disrupt the predicted global behavior. Cells are highly
elongated at the endpoints of the bands yet have decreased spread area in the middle and
reduced mobility. Although traction stresses at the endpoints of bands are enhanced, even
to the point of detaching aggregates from the culture surface, the cells in dense bands
exhibit reduced proliferation, less nuclear YAP, and increased apoptotic rates indicating a
low stress environment. These findings suggest that strong local cell-cell interactions
between primary fibroblastic cells can disrupt the global collective cellular behavior
leading to substantial heterogeneity of cell behaviors in constrained monolayers. This
local emergent behavior within aggregated fibroblasts may play an important role in

development and disease of connective tissues.
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3.2 Introduction

Morphogenesis, tissue repair, and cancer metastasis are driven by collective cell
behaviors which differ substantially from independent cell behavior. Studies that use
voids, scratch assays (Camley et al. 2017, Ladoux et al. 2017, Nanavati et al. 2020,
Trepat et al. 2011, Vishwakarma et al. 2020), and micropatterned protein “islands” (He et
al. 2015, Streichan et al. 2014) in specific geometries (Li et al. 2009, Moussus et al. 2014,
Nelson et al. 2005, Ng et al. 2014, Trepat et al. 2009) demonstrate that emergent
mechanical stress patterns contribute in large part to the collective cell behavior. In
particular, maximum traction stresses at the surface correlate positively with proliferation
at pattern edges (Uroz et al. 2018), while the anisotropy of computed cell layer stresses
correlate with cell alignment and elongation (Wyatt et al. 2015). The majority of studies
on collective cell behavior utilize epithelial cells and cell lines which exhibit relatively
uniform cell area when in a monolayer as well as strong contact inhibition. Emergent
patterns in the behavior of these cell types are explained relatively well with
computational mechanical models that assume uniform cell mechanical properties such as
modulus and contractility (Li et al. 2009, Moussus et al. 2014, Nelson et al. 2005, Paek et
al. 2021). However, primary mesenchymal and spindle like cells, which are more
contractile and have strong cell-cell interactions, exhibit less uniform behavior when

cultured as monolayers (Duclos et al. 2017, Ladoux et al. 2017, Xie et al. 2021).

The complex collective cell behavior of primary valvular interstitial cells (VICs)
is is implicated in calcific aortic valve disease (Bogdanova et al. 2019, Yip Cindy Ying et
al. 2009). VICs cultured as monolayers, sheets of cells without any confinement, detach
under high tension and form multicellular aggregates which become hyperconfluent. The
cells in these high-density regions undergo apoptosis and calcification (Bogdanova et al.
2019, Jian et al. 2003, Yip Cindy Ying et al. 2009). Previously, we used uniform circular
protein islands to form consistent multicellular aggregates, with confined sizes, to study
the effects of collective cell behavior on calcification of these cells (Cirka et al. 2017).
We found that the general patterns of cell alignment, size, and apoptosis correlate with

predicted mechanical stress fields if nonuniform cell properties are used in computational
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models (Goldblatt et al. 2020). However, these radially symmetric models did not predict
the substantial heterogeneity in cell behavior observed in individual circular aggregates.
In particular, we observed asymmetric apoptotic patterns associated with local
hyperconfluent regions. We also observed groups of aligned elongated cells spanning the
200 um-diameter collagen islands. Similar collective alignment of spindle-shaped cells
forming well-aligned nematic domains have been reported in boundary-free monolayers
and on circular patterned protein islands by Silberzan and colleagues (Duclos et al. 2017).
In particular, they show the alignment pattern of NIH 3T3 cells and C2C12 myoblasts
(both spindle-shaped cells similar to VICs) stabilizes when the cells reach confluence,
and on circular protein islands the aligned regions span between two facing “+1/2
defects” located at 2/3 of the radius from the center (Duclos et al. 2017). In contrast, the
groups of aligned VICs in our system terminate closer to the edge and can be observed in
many different locations. Further, the VICs do not stabilize in density or size over time in
culture, rather they proceed to local hyperconfluency and subsequently detach from the
substrate at later timepoints (multiple days) indicating that high traction forces emerge
from the collective cell behavior. The observed hyperconfluency of VICs in our model
may have importance in the pathology of diseases involving calcification where

densification and elevated cell-cell forces are postulated to play critical roles.

The goal of this work is to uncover the mechanisms underlying the observed
heterogeneous collective cell behaviors within micropatterned VIC aggregates. Circular
stamps are employed to provide a uniform radially symmetric global constraint, and
relatively large 400 um-diameter collagen islands were chosen to minimize the spanning
of single cells across the patterns. We use long-term time-lapse imaging to follow the
evolution of individual aggregates over four days as substantial heterogeneity between
aggregates has been observed even in a single dish of uniformly printed cell islands.
Short-term time-lapse is used to observe cell-cell interactions in real time and to quantify
cell velocity and traction stresses in distinct sub-regions over the span of hours. To
determine if cells act independently or collectively in response to an imposed global
stimulus, we cyclically stretch aggregates and quantify changes in orientation and

elongation. As Yes-associated protein (YAP) is implicated in mechanosensing in many
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cell types (Aragona et al. 2013, Calvo et al. 2013, Codelia et al. 2014, Das et al. 2016),
we investigate the relationship between Y AP activation and apoptosis stemming from the
collective cell behavior. The knowledge obtained from this study provides further insight
into how collective cell behaviors drive biological phenomena that are implicated in

many developmental and pathological conditions.

3.3 Methods

3.3.1 Substrate preparation

Microcontact printed 400 um diameter circular protein islands were formed by
coating plasma-treated and 70% EtOH pre-rinsed polydimethylsiloxane (PDMS) stamps
with collagen and placing them onto untreated 22x22 mm square coverslips for 1 hr; a 50
g weight was lightly applied to create uniform pressure on the stamp (Fig. S.3-1). The
collagen solution consisted of 25 puL of 4 mg/mL collagen, 75 pL of 0.1 M acetic acid,
900 pL sodium acetate buffer, and sodium periodate. Prior to transfer, excess collagen
was removed from the stamp using a combination of air drying and nitrogen stream. In a
subset of experiments, the uniformity of the circular collagen prints was verified with the
addition of 1 pL Alexa Fluor-488 carboxylic acid, succinimidyl ester (A20000,
Invitrogen) to the collagen solution for 1 hr at room temperature. To determine the effects

of island size, we used 200 um and 600 um circular patterns in a subset of experiments.

Circular collagen patterns were printed onto polyacrylamide (PA) gels by indirect
microcontact printing (Cirka et al. 2017). Briefly, for each substrate, 50 uL of PA
solution (acrylamide:bisacrylamide (Biorad) of percentages of 7.5/0.24 for ~20 kPa )
were pipetted onto an activated coverslip. The coverslips were activated by soaking in
1.5% (aminopropyl) trimethoxysilane solution for 30 min then in 0.5% glutaraldehyde
solution overnight at 4 °C and dried completely before use. After placement of PA
solution on activated coverslips an inactivated collagen microcontact printed coverslip
was gently placed on top. Following 12 min of polymerization of the PA-gel, the

coverslips were separated by a razor blade. A modulus of ~20 kPa was chosen because it
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is in the range of reported stiffness values for healthy and diseased valves (Kloxin et al.
2010, Wang et al. 2012).

3.3.2 Traction force microscopy

To quantify the shear stresses that the cells apply to the surface of the substrate
via traction force microscopy (TFM), 0.2 um red fluorescent micro-beads were coated on
plasma treated glass coverslips, allowed to dry, and then applied to the top surface of the
PA gel solution during polymerization. Collagen patterns were then stamped onto the PA
gel using direct microcontact printing methods as previously described (Cirka et al.
2016). At various timepoints, phase and fluorescent images were acquired to determine
the aggregate borders and bead locations, respectively. Cells were then trypsinized, and a
reference image of the bead locations was acquired. Displacements of the beads were
calculated with a custom MATLAB code and input into a finite element model (modulus:
19 kPa; Poisson ratio: 0.4; material property: linear elastic) to calculate the stresses on the
surface of the gel (ANSYS Inc.) (Cirka et al. 2016). To calculate the total traction force
of an aligned band, the stresses exceeding a certain threshold in the “hotspots” at the ends
of the band were extracted using a custom written MATLAB code. Then the sum of the
stresses multiplied times the areas over which they act were calculated and the total force
magnitudes for the two opposing hotspots in each aggregate were averaged, please see

Appendix 1.

3.3.3 Dynamic stretching

To determine the effect of cyclic stretching on collective behavior in aggregates,
PA gels were affixed in each well of a 16-well compliant Elastosil culture plate
(CellScale), patterned using indirect microcontact printing, and seeded with cells. After
24 hr post-seeding, the substrates were stretched 10% uniaxially at 1 Hz for 8 hr using a
MechanoCulture FX (CellScale). PA gels were attached to the compliant substrate by
treating wells with 1.5% (aminopropyl) trimethoxysilane solution for 5 min, drying, and
then treating with 0.5% glutaraldehyde solution for 5 min. After removing the liquid, the
wells were dried with nitrogen stream, 4 uL of PA were placed at the bottom of the well



Chapter I11: Multicellular Aligned Bands Disrupt Global Collective Cell Behavior

and covered with a collagen patterned circular 5 mm coverslip. The wells were then
transferred to a vacuum chamber filled with nitrogen for 45 min to facilitate
polymerization, then diH2.0O was added to the wells for 30 min to promote detachment of
the coverslips from the PA gel surface.

3.3.4 Cell culture and media

Aortic VICs were isolated from porcine hearts obtained from a local abattoir
(Blood Farm, Groton, MA) using previous protocols (Gould et al. 2010). Porcine VICs
are primary fibroblastic cells and were chosen as VIC aggregation is implicated in the
pathology of CAVD, in addition to their similarity to human VICs. VICs at passages 3-6
were seeded at 12,500 cells/cm? (Cirka et al. 2017). In one set of experiments, neonatal
human dermal fibroblasts (courtesy G. Pins, Worcester Polytechnic Institute) were used
with the same passage range, cell density, and culture conditions as VICs. The cells were
cultured in DMEM supplemented with 10% FBS and 1% Antibiotic/Antifungal at 37 °C
with 10% CO>. Media were exchanged every 48 hr. In cell-cell interaction inhibition
experiments, calcium was depleted from DMEM with 1 mM ethylenediaminetetraacetic
acid (EDTA), a concentrated reported to not affect cell viability (Voccoli et al. 2014).

3.3.5 Stable YAP-VIC cell line

To determine if apoptosis is YAP-dependent, YAP-6A, a constitutively active
version of YAP that cannot be inhibited by LATS, was obtained from Addgene (#42562),
packaged into lentivirus particles, and transduced into VIC cells. Lentiviral particles were
generated by transfecting 293T cells with pLX304-YAP-S6A-V5, pSPAX.2, and
PMD2.G. After 48 hr, the supernatant was collected and filtered through a 45 um sterile
filter. Viral supernatant was then mixed 1:1 with culture media, added with 1 pg/mL of
polybrene (Millipore), and incubated with VICs overnight. The next day, cells were fed
with culture media, and after 24 hr, cells were selected with 1 pg/mL of Puromycin until
all control (uninfected) cells died after approximately 48 hr. Expression of the YAP S6A-
V5 construct was visualized in pooled puromycin-resistant cells through

immunofluorescence using anti-V5 (Invitrogen).
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3.3.6 Imaging and immunohistochemistry

Individual aggregates were tracked for four days utilizing a motorized stage and
automated position tracking software (Zeiss Axiovision 4.8.2 SP1) on an inverted
microscope (Axiovert 200M, Zeiss) and imaged with phase contrast every 24 hr at 10x
(AxioCam MRm camera; 1.4 MP, 1388 X 1040 pixels). To track individual aggregates at
specific locations, coordinates of each aggregate were saved with respect to a reference
point at the top left corner of the coverslip on each day. Samples were incubated for 30
min in standard media with CellEvent Caspase 3/7 (1:400, C10423, Invitrogen) prior to
imaging to observe apoptosis. To quantify cell death in longer time lapses of 24 hrs,
propidium iodide (1:100, P1304MP, Invitrogen) was added to the samples 30 min before

imaging.

Y AP staining was completed following published methods (Dutta et al. 2018, Ma
et al. 2017). VIC aggregates were fixed in 4% paraformaldehyde for 45 min at room
temperature, rinsed twice in PBS, and permeabilized using 0.1% TritonX-100 in PBS for
1 hr. Samples were then blocked with 5% bovine serum albumin (BSA) overnight at 4°C
to minimize nonspecific protein binding. Samples were stained with Anti-YAP in 5%
BSA (1:250, mouse, sc-398182, Santa Cruz) primary antibody and incubated for 1 hr at
room temperature. Samples were rinsed in PBST (0.5 wt% Tween-20 in PBS) two times
for 10 min following incubation with primary antibody. Samples were then incubated in
secondary antibody with goat anti-mouse AlexaFluor 647 (1:200, A21241, Invitrogen)
while counterstained with Alexa Fluor 488 Phalloidin (1:100, A12379, Life
Technologies) to visualize F-actin and Hoechst 33342 (1:200, H3570, Life Technologies)
to visualize nuclei in 1% BSA for 1 hr at room temperature. Samples were rinsed three
times for 10 min with PBST, mounted, and imaged using a BioTek Cytation Gen5
inverted microscope. To quantify the YAP deactivation, the colocalization of YAP and
Hoechst signals was quantified as nuclear, nuclear/cytoplasmic, or cytoplasmic in the
hyperconfluent bands identified in phase images. Two different fluorescent channels
were compared by merging the channels in ImageJ. If the YAP signal was present around
the cell nuclei, it was categorized as nuclear/cytosolic; and if there were no signal of YAP

around the nuclei, it was categorized as nuclear. An example of nuclear/cytosolic YAP is
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in Fig. 1-D of (Aragona et al. 2013). In acquired images, no cells with completely
cytosolic YAP were observed. More details on the YAP colocalization with nuclei are

provided in Appendix 2.

To visualize migration of individual cells within the aggregates, 20% of cells
were treated with CellTracker™ Green CMFDA Dye (5:1000, C2925, Invitrogen) and
imaged via fluorescence microscopy (Axiovert 200M, Zeiss). Only staining a portion of
the cells is required so that individual cells can be tracked when cells become dense. To
trace the cells in time lapses of velocity, the center of a rectangle containing the cell’s
area in each frame was marked. In the final frame, these centers are connected; the red
dot corresponds to the location of that center of the area in the last frame. To calculate the
mean squared distances (MSD), we manually tracked the coordinates each cell’s centroid
on each frame using ImageJ and calculated the square of the distance moved. To
visualize the coordinated movement of cells in hyperconfluent aggregates, we performed

particle image velocimetry (PIV) analysis using the PIV tool in ImageJ.

To quantify proliferation, Click-iT™ Plus EdU Cell Proliferation Kit for Imaging,
Alexa Fluor™ 488 dye was used per manufacturer’s instructions (C10637, Invitrogen).
We performed both a 24 hr-long exposure to visualize proliferation over an entire
population doubling and a 1-hr pulse experiment for short-term visualization with

minimal migration away from the site of proliferation.

To visualize if the collagen island remained after aggregates detached, a subset of
samples was stained with Ponceau S and imaged with transmitted light and color camera
(Cytation 5, BioTek), as well as another subset that were fixed and stained with
picrosirius red/fast green (120M1516V, Sigma-Aldrich) and imaged with transmitted
light and color camera (Cytation 5, BioTek).

3.3.7 Quantification of confluency level, cell density, and cell

alignment

To quantify the observed confluency levels in each aggregate, the area of the cells

in phase images was measured using ImageJ and divided by the total area of the collagen
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island in the same image. To quantify the average density of cells in different confluency

levels, the number of the cells in each aggregate was divided by its area.

To qualify the orientation of aligned cell regions from phase images, the
aggregates were analyzed with the OrientationJ plugin in ImageJ to produce color
orientation maps. To calculate the percentage of aligned area, we divided the size of the
local aligned area (i.e., area with the same color) by the total area of the aggregate.

To quantify the alignment of cells in live cultures before and after stretch, F-actin
was stained using CellMask™ Actin Tracking at 1:1000 dilution (A57249, Invitrogen).
As this staining of live cells is not as efficient as phalloidin staining of fixed and
permeabilized cells, only a portion of the cells are stained brightly. Further, imaging
through the 400 um-thick silicone well and the ~200 um-thick PA gel degrades the
quality of the images. Together, these limitations make quantification of the stress fiber
angular distribution problematic; however, as individual cells could be identified clearly,
we were able to track these individual cells before and after stretch and quantify their
direction and elongation by tracing each stained cell and calculating the angle and

elongation of the stained fibers with the Directionality tool in ImageJ.

3.3.8 Statistical Analysis

Data are presented as mean and standard deviation. One-way ANOVA was
performed to evaluate the significance of cell density values between the five different
confluency levels. Two-way ANOVAS were used to assess the significance of cell
location (inside/outside of bands), and inter-aggregate variability on YAP nuclear
localization and separately on proliferation. Holm-Sidak (HSD) post-hoc test was used
with all pairwise comparison. Student's t-test was used to evaluate the significance in
differences of cell speed between confluent and hyperconfluent regions. Paired t-tests
were used to evaluate of the significance of changes in the cell orientation and aspect
ratio before and after stretch and to compare apoptosis levels of YAP activated and
control cells. Analyses were completed in SPSS, and a p-value of less than 0.05 was

considered statistically significant.
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3.4 Results

3.4.1 Aggregates have variable rates of progression towards

confluency

Across the span of 4 days, 53 aggregates were tracked following initial seeding.
On the 400 pum-diameter collagen islands containing 50-300 cells, cells migrate,
proliferate, and fill the islands at varying rates. As the density of cells was variable within
each aggregate, we manually categorized aggregates in terms of confluency level and
measured the percentage of the island area that is covered with cells (Fig. 3-1A). In the
“sparse” stage, relatively large regions of islands are visible between cells and coverage
is 80.0+9.0%. Due to these visible relatively large areas of underneath substrate, the cells
are not in contact. In the “pre-confluent” stage, cells fill most of the circular area
(89.6+5.1% coverage) and only small areas of the surface are visible. At the “confluent”
stage, cells cover almost the entire area (95.6+1.7% coverage), slight areas of the
underneath substrate is visible, and cell density is approximately uniform. The
“hyperconfluent” stage is characterized by regions in which cells are highly dense and
rounded, although there are still small gaps in some aggregates (97.3+0.8% coverage).
There were aggregates with a hyperconfluent region while another region in the same
aggregate might be at pre-confluency; in the cases of any hyperconfluency existence in
the aggregate, it was categorized as hyperconfluent. In the “self-detached” stage, highly
dense areas are formed when portions of the aggregate pull away from the culture
surface. In case of any self-detachment, regardless of the confluency level of other
regions inside of the aggregate, it was categorized as self-detached. The average cell
density correlates with the confluency level (Supplemental Fig. S.3-2A), although there is
not a one-to-one correspondence due to the heterogeneity within each aggregate e.g.,
some aggregates with highly dense regions are categorized as hyperconfluent yet have an
average cell density in the confluent range.

To account for potential inconsistencies in initial seeding, we set the pre-confluent

level to be “time zero.” Despite this data shift, we still observe substantial variability in
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how long it takes aggregates to progress through confluency levels (Fig 3-1C). The
majority of aggregates progress from pre-confluent to confluent within 12 hr (as indicated
by the thickness of the line). Note that the aggregate shown in Fig. 3-1A corresponds to a
line in Fig. 3-1C where every 24 hours the level of confluency moves one higher. Rather
than seeding density, it appears that banding plays a predominate role in variability in
timing. Aggregates with a high area of alignment (>30% on average) of the cells in sparse
level on Day 1 detach by Day 4, whereas those with a lower percentage area aligned
(>20% on average) do not. The percentage of area aligned is significantly higher in the
prior group on each day of culture (ANOVA, p<0.05; Supplemental Fig. S.3-2). These
multicellular bands can be observed more clearly in phase imaging following fixation
when individual cells separate due to the dehydration process, and fluorescent staining
shows continuous F-actin structures spanning regions with high numbers of nuclei (Fig.
3-1D).
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Figure. 3-1. The progression between levels of confluency varies in time from

aggregate to aggregate. A) Time-lapse of the same aggregate over 4 days showing the

evolution of its confluency starting sparce 24 hr after seeding, proceeding to confluent at

day 2, hyperconfluent on day 3 (* indicates high density region), and finally self-

detachment on day 4 (arrow indicate regions detached from substrate). B) Orientation

analyses by OrientationJ in ImageJ show the development of aligned cells across

aggregate. C) Plot of levels of confluency versus time adjusted to time when each

particular aggregate reached the pre-confluent level to remove variability in initial

seeding in a single dish (n = 53 aggregates; thickness of lines indicates number of

aggregates following a given path). The majority of aggregates take 12 hr to reach

confluency, yet there remains high variability in confluency rates from pre-confluent to

higher levels of confluency after removal of heterogeneity in initial seeding (see other
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examples in Fig. 3-2 and Supplemental Fig. S. 3-2). C) Local clustering of aligned cells
forms banding and hyperconfluent regions. F-actin staining (green) shows the direction
of the band, and high density of nuclei (blue) demonstrates hyperconfluency. The shown
banding was observed in 86.7% of 53 tracked aggregates, which is the major observed
banding behavior. The phase image in panel C (gray) was captured after fixation and
permeabilization which creates spaces between cells not seen in live imaging in panel A.

Scale bar = 200 pm.

3.4.2 Local hyperconfluency occurs following band formation

Despite the simple circular shape of the collagen islands, few aggregates had the
expected radially symmetric patterns with circumferential alignment at edges and
isotropic cells in the center (see Fig 2A right column for example). Even these relatively
symmetric aggregates (e.g., Fig. 2A, 4™ column) exhibit short regions of aligned cells at
intermediate timepoints (Fig. 2A, 2" and 3™ columns) which become hyperconfluent in
the central region but do not span the entire aggregate and thus do not self-detach. In
most aggregates, multicellular banding was observed disrupting the radial symmetry,
even at early timepoints (Fig. 3-2B left panels). After 4 days, pronounced hyperconfluent
bands were observed in all aggregates (Fig. 3-2B right panels). If banding is pronounced
at the pre-confluent stage (Fig. 3-2C left panels), the band becomes highly dense within
24 hr and leads to self-detachment of cells from the substrate at the two endpoints of the
banded region (Fig. 3-2C right panels, Fig. S.3-2F).
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Figure. 3-2. Three examples of different time courses of confluency progression in
aggregates. A) Aggregate with relatively uniform cell distribution exhibiting
circumferentially aligned cells around the edge and high density in the center by day 4
but no banding or self-detachment. This cell distribution was observed in 1 out of 53
tracked aggregates. B) Aggregate with formation of band starting day 2 and leading
hyperconfluency by day 4 and slight self-detachment by day 4. C) Aggregate with
banding occurring early which proceeds quickly to hyperconfluency and self-detachment
by day 3. This kind of banding as a straight line was observed in 86.7% of 53 tracked
aggregates. Meanwhile, in 2 out of 53, the alignment was a curvature, and in 5 out of 53,
it was a triangle. (see examples of these alignments in Supplemental Fig. S. 3-3) Banding
of aligned cells is highlighted in orange color, * indicates high density region, and

arrows indicate regions detached from substrate. Scale bar = 200 pm.

In the majority of aggregates, bands form a straight line from one edge of the

aggregate to the other. Less often the bands are curved, only span a small internal region,
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or connect into triangular patterns (Supplemental Fig. S.3-3). Most bands eventually lead

to some degree of self-detachment within the 4-day culture period.

3.4.3 Banding occurs regardless of aggregate size

In previous studies, we microcontact-printed 200 pm-diameter protein islands and
observed VICs forming confluent aggregates with cells generally oriented circumferential
at the edges but highly heterogeneous orientation and cell area in the central region
(Goldblatt et al. 2020). In this study, we used 400 pm-diameter to minimize the “edge
effect,” yet we still observed highly heterogenous structures within most aggregates. To
further lessen the proximity to the edges, 600 um-diameter islands were created, and
similar hyperconfluent bands formed in these large aggregates as well (Fig. 3-3). This
finding, in conjunction with our time-lapse studies where cells aligned with individual
elongated cells in aggregate centers, indicates that bands are not forming by cells
interacting with the edges. To determine if this behavior is unique for VICs, we cultured
primary human dermal fibroblasts on 400 um islands, and we observed similar banding

and hyperconfluency (Supplemental Fig. S.3-4).
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Figure 3-3. Banding and hyperconfluency occur independent of aggregate size as

observed in A) 200 um, B) 400 um, and C) 600 um day 4 aggregates. A dashed orange
rectangle highlights banding, and * indicates a high density region. The lower panel

shows the orientation analysis by OrientationJ in ImageJ. Scale bar = 200 um.

3.4.4 Cells migrate to connect with bands and then move in

coordination

To better understand how cell migration plays a role in band formation, we
performed 4.5 hr time-lapse imaging of aggregates with approximately 20% of cells
fluorescently labeled so that individual cells could be tracked. Following 162 cells, we

observed that cells in relatively sparse regions moved independently, whereas cells within
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bands moved coherently (Fig. S.3-5). The vast majority of cells (~96%) remain within
their respective regions (sparse, band, or edge) over the 4.5 hours (Supplemental Movie
M.1). Five cells in sparse regions merged with bands and one cell joined a band from the
edge. Four cells from relatively sparse regions joined the ring of aligned cells along the
edge in the absence of any band. Although the behavior of cells in different regions were
qualitatively different with cells in sparse regions migrating relatively independently and
the cells in hyperconfluent regions oscillating in sync. Quantitatively, the mean squared
displacement is lower in the hyperconfluent regions than the less confluent regions
(Supplemental Fig. S.3-6), yet the average speed in less dense regions (8.2 + 0.8 um/hr)
is not significantly different than in hyperconfluent regions (7.1 £ 1.5 um/hr, t-test, p =
0.07).

To understand the events leading to band formation, we imaged aggregates every
30 minutes over 24 hours. Cells under lower confluency levels display a fluid-like
behavior with edge cells rotating around the circumference and internal cells beginning to
align to one another and forming bands, shown by orientation analysis by OrientationJ
(Supplemental Movie M.2A). As confluency progresses, motility within aggregates
decreases and cell migration is relatively uncoordinated (Supplemental Movie M.2B).
Finally, during hyperconfluent stages, cells move back and forth together with limited
migration similar to an oscillation (shown by PIV analysis in Supplemental Movie M.2C,
and Fig. S.3-7). Cell proliferation is observed in the phase images at all confluency levels
with less proliferation in hyperconfluent regions. Propidium iodide staining at the
beginning of time-lapse experiments suggests that a small amount of apoptosis occurs
throughout sub-confluent and confluent aggregates, whereas the rate of cell death is much
higher in the middle of hyperconfluent bands. The propidium iodide signal dissipates

with time due to photobleaching so is only seen at the early timepoints.

3.4.5 Local hyperconfluency is inhibited by depleting calcium

To test whether band formation is driven by intercellular force transmission, we
decreased cell-cell adhesion by precipitating calcium from the cell culture medium. After

four days in culture, the last two of which were in calcium-free media, hyperconfluent
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regions did not form, and we did not observe any self-detachment (Fig. 3-4). The
concentration of cells is approximately 1080 cellss/mm?, which falls in the category of
preconfluent to confluent as shown in Fig. S.3-2A. However, local regions of cell
alignment were still observed. This local alignment may have been established in the first
two days of culture in standard medium which is necessary for forming aggregates as
proliferation is calcium dependent (Kahl et al. 2003). When the EDTA was added 24 hr
post seeding, some of the cells in the middle remain aligned; however, the confluency did
not progress within the 4 days of the experiment (Fig. 3-4C), thus this earlier depletion of

calcium was not used for the final experiments.

Figure 3-4. Inhibiting cell-cell adhesion via calcium depletion prevents

hyperconfluency, although banding is still observed. A) A day 2 aggregate before the
addition of EDTA (1 mM) shows pre-alignment of the cells. B) The same aggregate on
day 4 after 2 days in a calcium-free medium shows aligned cells in a band; however, the

cells are not tightly contacting, and hyperconfluent regions are absent. Banding is
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highlighted by a dashed orange rectangle. The concentration of cells is equal to 1080,
which falls in the category of pre-confluent to confluent, following quantifications on Fig.
S2A. C) Representative image of an aggregate with the addition of EDTA 24 hrs post-
seeding, no confluent aggregates were observed after 4 days of culture; however,

alignment of the cells in the middle remains. Scale bar = 200 um.

3.4.6 Hyperconfluent bands increase local traction stresses

Unlike traction stress maps for homogeneous aggregates in which the traction is
high and relatively uniform at the edges (Li et al. 2009), we observe that the bands
accentuate the traction stresses at their endpoints (Fig. 3-5). When aggregates are
confluent, traction “hot spots” are relatively low. then become much higher when large
hyperconfluent bands form. For example, for the representative pre-confluent aggregate
shown in Fig. 6A & B, the total traction force at the end of the band is 21.3 uN (averaged
between the two hotspots) compared to 118.0 uN for the band in the representative
hyperconfluent aggregate shown in Fig. 6C & D. Analysis of the principal stress vector
directions indicates that stresses are highly anisotropic and predominantly in the direction
of bands (Fig. 3-5 insets 1-4). Full vector fields are provided in the Supplemental
Information (Supplemental Fig. S.3-8). Time-lapse traction stress maps show that stresses
dynamically change in magnitude (F=299+138 uN, a significantly large standard
deviation compared to mean, showing the large fluctuation in magnitude of the forces
applied by cells to the substrate) and location over 4.5 hr with cell movement, but peak
traction stresses remain at the band ends (Supplemental Movie 3). Eventually, high
traction stresses at band ends lead to self-detachment by exceeding the strength of the

collagen-PA substrate bond/entanglement (Supplemental Fig. S.3-9).
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Figure 3-5. Heterogeneous traction stress fields are produced by alignment and
banding of cells and peak stresses increase with cell density. A) Phase image of a pre-
confluent aggregate shows initial alignment of cells. B) TFM analysis of the pre-
confluent aggregate shows low magnitude stress hotspots at ends of aligned cells with
inward direction of applied stress (insets 1 & 2). C) Phase image of a hyperconfluent
aggregate shows strong banding. D) TFM analysis of hyperconfluent aggregate shows
high magnitude stress hotspots with inward direction of applied stress (insets 3 & 4). 5
aggregates with different confluency levels were tracked, which all showed hot spot in

their traction stress field. Scale bar = 200 pum.

3.4.7 Cytosolic YAP indicates low tension in hyperconfluent bands

Despite measurement of high traction stress at the ends of the bands, biological

markers consistent with a low stress environment such as high cell density, low spread
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area, and apoptosis indicate low tension within the hyperconfluent bands. As an indirect
measure of cell stress, we stained for YAP, a mechanosensitive protein which is shuttled
preferentially to the nucleus under high tension and remains cytosolic in low tension
environments (Aragona et al. 2013). In our aggregates, cells inside of bands have more
cytosolic YAP (Fig. 3-6B, inset 1) compared to cells outside of bands, which have more
nuclear YAP (Fig. 3-6B, inset 2). At band endpoints, where cells are more elongated,
YAP is predominantly nuclear (Fig. 3-6B, inset 3). We did not observe any purely
cytosolic YAP.

Quantification of nuclear (N) and nuclear/cytosolic (N/C) YAP in the center, end
of bands, and non-banded regions was performed for four confluent aggregates (Fig 7.C).
There was no purely cytosolic YAP observed. The remaining 37 stained aggregates had
pronounced hyperconfluent bands in which this analysis was not possible due to
difficulty in distinguishing individual nuclei. A two-way ANOVA was performed to
analyze the effect of the region with respect to bands and heterogeneity between
aggregates (treating aggregates as separate realizations) on YAP deactivation. The YAP
nuclear localization is significantly lower in the central region (p = 0.001, df = 2, F value
= 24.4). There are no significant differences between different aggregates (p = 0.24). A
post-hoc Tukey HSD test showed that Y AP deactivation significantly differs between
cells in the band and endpoints (p = 0.001), also between cells in the band and outside of
bands (p = 0.004).
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Figure. 3-6. A greater proportion of cytosolic YAP is observed in the center of

hyperconfluent bands than at the ends. A) Phase image of fixed and permeabilized and
fluorescent images of F-actin, nuclei, and YAP in a hyperconfluent aggregate exhibiting

banding (dashed orange box). B) YAP/Hoechst merged image shows mixed
cytosolic/nuclear YAP in the hyperconfluent center (inset 1), outside of the band (inset 2),
and nuclear YAP at the endpoint of the band (inset 3). Arrows point to examples of

cytosolic/nuclear YAP, and arrowheads point to examples of nuclear YAP. Scale bar =
200 um. C) Quantification of nuclear (N) and nuclear/cytosolic (N/C) YAP in the center,
end of bands, and non-banded regions (n = 615 cells, 4 aggregates); there was no purely

cytosolic YAP observed.
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3.4.8 Cells in bands reorient towards stretch but not completely

To examine the response of cells to external loading, we applied 10% cyclic
uniaxial stretch for eight hours at 1 Hz frequency. Due to the heterogeneity of band
locations, we tracked 38 individual aggregates before and after stretch rather than
averaging overall cell behavior between aggregates. Actin fibers were observable with a
live stain taken up by cells and imaged in compliant stretch wells without fixation; thus,
since not all cells were stained, we manually tracked and quantified the morphology of 56

individual cells within those aggregates before and after stretch.

In general, the cells reorient towards the direction of stretch but are not able to
completely reorient to the stretch axis, and the extent of cell reorientation depends upon
initial angle of the bands. For cells inside bands originally aligned within £15° of the
direction of stretch (Fig. 3-7A, circled cells), the alignment of the cytoskeleton becomes
more pronounced, and the cells do not reorient in a detectable manner (from 5.2°+7.9° to
2.7°+£3.2°, p=0.45, n=9). The aspect ratio of these cells in the direction of stretch
increases significantly from 3.7£1.4 to 6.3+3.2 (p=0.04). When bands are at a moderate
angle (15° to 45°) relative to the stretch direction, cells reorient significantly towards the
direction of stretch but not fully, from 28.0°+£13.2° to 18.4°+13.8° (p=0.001, n=23), and
aspect ratio trends higher from 2.5+0.7 to 3.0+1.3, but the change is not significant (p =
0.53) (Fig. 3-7B, Supplemental Fig. S.3-10A). When bands are at a large angle relative to
the stretch direction, initially at 45° to 90°, a subset of cells reorient towards the stretch
direction significantly from 59.1°+ 8.8° to 30.0°£18.3° (p=0.003, n=9), whereas in others
the cytoskeleton is 63ehave63ted, and the cells appear more rounded and the orientation

was not quantified (Fig. 3-7C, Supplemental Fig. S.3-10B).

Cells on island edges that align with the global circular constraint and are in the
direction of stretch (top and bottom of the images) are relatively stable and do not
reorient in a detectable manner (from —2.5°£16.0° to 1.8°+12.0°, p=0.30, n=16).
Conversely, for cells that align to the edges that are perpendicular to the stretch (left and
right sides of the images), the cytoskeletons are disrupted, observed by presence of bright

F-actin signal before the stretch and no F-actin signal after the stretch, thus the
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reorientation of the perpendicular cells could not be quantified (Fig. 3-7B, 3-7C); this
cytoskeletal disruption was observed in 20 of the 24 tracked aggregates where

perpendicular cells were observed at the edges at pre-stretch.

24 hr After 8 hr
post seeding of stretch

Figure 3-7. Dynamic stretch reinforces F-actin alignment for cells in the direction
of stretch and disrupts the cytoskeleton of cells aligned away from the stretch axis. A)
Representative example of cells within a band roughly in the direction of stretch where
the F-actin is intensified, and the cells are elongated after stretch. On the right is the
schematic of reorientation, blue corresponds to pre-stretch, and orange is post-stretch. It
appears there is no change of alignment after 8 hrs of stretch. B) Representative example
of cells within bands that are oriented within 45° of the stretch axis showing
reorientation towards the direction of stretch. The schematic shows the reorientation of
cells towards the direction of stretch. C) Representative example of a highly elongated
cell within a band oriented greater than 45° from the stretch axis becoming more
rounded and reorienting towards the stretch direction. The schematic shows the

reorientation of cells towards the direction of stretch. Panels B and C also show that
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cells aligned along the edge perpendicular to the stretch direction retract (orange
arrows). For all panels, F-actin of live VICs was stained with CellMask™ Actin before

and after application of 10% uniaxial stretch for 8 hr at 1 Hz; brightly stained cells
inside of bands are outlined by ellipses to show change in orientation and elongation.

Scale bar = 200 pm.

3.4.9 Proliferation occurs throughout aggregates but decreases in

hyperconfluent regions

In contrast to studies showing proliferation of cells predominantly at the edges of
constrained epithelial cell monolayers (Aragona et al. 2013, Li et al. 2006, Li et al. 2009,
Silver et al. 2020), we observe proliferation throughout our confluent aggregates,
observed with EdU signal in its fluorescent channel and compared to the number of cells
observed in Hoechst fluorescent channel, representative of proliferation and nuclei,
respectively. Images from 1 hr EdU pulse experiments show no distinct pattern of
proliferation (Fig. 3-8A) even when images of positive cells from multiple aggregates are
binarized and stacked (Fig. 3-8B). The 24 hr EJU exposure experiments indicate less
proliferation in hyperconfluent bands (Fig. 3-8C, 3-8D).

A two-way ANOVA was performed to analyze the effect of the region
(hyperconfluent or other regions) and heterogeneity between aggregates (treating
aggregates as separate realizations) on proliferation. The proliferation rate is significantly
lower in the hyperconfluent region than other regions (p = 0.02, df = 1, F value = 50.6).

There were no significant differences between aggregates (p = 0.91).
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Figure 3-8. Proliferation occurs throughout confluent aggregates except in high
density regions. A) Representative aggregate after 1 hr pulse staining for proliferation
with EdU. B) Overlay of binarized images of proliferation for 4 different aggregates after
1 hr EdU pulse shows proliferation throughout confluent aggregates. C) Frequency of
proliferation presence at specific radii shows proliferation is not limited to the edge. D)
Representative phase image of a fixed and permeabilized aggregate with a
hyperconfluent region (orange outline). E) After 24 hr EAU exposure, proliferation
occurs throughout the aggregate and significantly less in the hyperconfluent region, two-
way ANOVA p = 0.06 for p-value < 0.1 to be significant. N= 3 aggregates for 599 cells.

Fluorescent images are merged Hoechst (blue) and EdU (green) images. Scale bar = 200

um.

3.4.10 Apoptosis increases in high density regions in a YAP-
dependent manner
As reported above, in time-lapse videos with P1 staining (Supplemental Movies

M.2A, B, C), we observe a low incidence of cell death throughout aggregates except

within hyperconfluent regions. We confirmed that this cell death is likely due to
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apoptosis by staining for cleaved caspase 3/7. Within the first 24 hr after pre-confluency,
approximately 20% of aggregates show a caspase positive signal indicating apoptosis.
Most caspase-positive aggregates are confluent aggregates as few hyperconfluent
aggregates are present at this time (Fig. 3-9). At 24-48 hr after pre-confluency, almost
half of the aggregates show caspase activity, and most of these aggregates are
hyperconfluent. At 48-72 hr after pre-confluency, nearly all aggregates show a positive

caspase signal with the majority having detached from the surface.

100%

[ Confluent
[ Hyperconfluent
80% I Self-detached

60%
40% ]

20%

0%

Apoptosis (% of aggregates positive)

0-24 24-48 48-72
Time after pre-confluency (hr)

Figure 3-9. Apoptosis increases with culture time. A small proportion of confluent
aggregates have apoptotic cells at the early timepoint, whereas as the majority of
aggregates become hyperconfluent and self-detached an increasing proportion exhibit

apoptosis (n = 53 aggregates).

As cytosolic YAP is not observed in sparse regions with low prevalence of
apoptosis, we sought to determine if YAP activation (i.e., translocation to the nucleus) is
sufficient to inhibit apoptosis. We stably expressed activated YAP in VICs and cultured
them on circular collagen islands until hyperconfluent (but prior to self-detachment).
Compared to control VICs (Fig. 3-10A), we observe a dramatic decrease in apoptotic
activity in VICs with constitutively active YAP (Fig. 3-10B). The observed decrease is
statistically significant (paired t-test, p <0.001).
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Figure. 3-10. Apoptosis is decreased substantially by YAP activation. A) The
portion of aggregates positive for caspase in control VICs decreases from the center to
edge. Image of a single aggregate stained for cleaved caspase-3/7 (top inset; green,
dotted line indicates aggregate edge) and heat map for average caspase-3/7 intensity
(bottom inset, n = 24 aggregates from 3 replicates). B) The portion of aggregates
positive for caspase in VICs with constitutively active YAP decreases from center to edge.
Image of a single aggregate stained for cleaved caspase-3/7 (top inset; green, dotted line
indicates aggregate edge) and heat map for average caspase-3/7 intensity (bottom inset,

n = 23 aggregates from 3 replicates). Scale bar = 50 um.

3.5 Discussion

Collective cell interactions drive distinct spatial patterning of cell behavior in
monolayers of cells within confined geometries. These emergent patterns correlate
strongly with predicted mechanical stress fields indicating a regulatory role of mechanics.
Here, we extended studies conducted primarily on epithelial monolayers to more
contractile and less contact inhibited primary fibroblastic cells. We analyzed the
evolution of VIC confluency on circular micropatterned protein islands over a period of
days, a long duration which is relevant for disease modeling. We aimed to determine how
observed heterogeneities in spatial patterning are influenced by interactions between
neighboring cells and under the influence of the circular global constraint to determine
the relative effects of local and global collective behaviors. In contrast to previous reports
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of radially symmetric cell alignment, proliferation, and differentiation of epithelial cells
and cell lines in circular and annular patterns (He et al. 2015, Nelson et al. 2005, Silver et
al. 2020, Streichan et al. 2014), we observe that primary porcine VICs and human dermal
fibroblasts align locally and form hyperconfluent bands spanning the circular patterns due
to local cell-cell interactions, and this local alignment occurs regardless of pattern
diameter (200-600 pm).

The banding behavior bears similarity to local collective 69ehaveors reported in
unconstrained fibroblast monolayers from a variety of sources (Carlson et al. 2009,
Chansard et al. 2021, Lynch et al. 2018). VICs, like other spindle-shaped cells, evolve
from a roughly isotropic state to an aligned nematic state as they proceed from sparce to
confluent in 2D culture. Well-ordered nematic domains are disrupted by topological
defects at high cell density and, when cultured on circular islands, create bands that span
the majority of the diameter (Duclos et al. 2017); however, in contrast to cell lines such
as NIH 3T3 and C2C12 cells (Duclos et al. 2017), VICs form bands that can terminate
closer to the edges of the patterns than predicted for these characteristic defects, possibly
due to the large size of the VICs relative to the pattern size and myofibroblast-like
contractile behavior. More importantly, VIC and HDFs proceed to local hyperconfluency
that is not predicted by the physics and nematic domains or observed for the cell lines,
likely due to lower sensitivity to contact inhibition for these primary cells. The formation
of hyperconfluent regions has biological ramifications in diseases involving increased

rates of proliferation and apoptosis.

The asymmetric locations of bands largely explain the variability in patterns of
proliferation, migration, and density observed in these aggregates. The formation of these
highly aligned multicellular bands soon after seeding is correlated with self-detachment
within 4 days of culture resulting in aggregate-to-aggregate heterogeneity within a single
dish of identical collagen islands. Self-detachment and further nodule formation have
been induced and studied in the context of dewetting behavior of the epithelial cells
(Pérez-Gonzalez et al. 2019). Dewetting is affected by E-cadherin adhesion, which
influences the tissue mechanical properties and forces that later could alter the shape of
the confined sizes aggregates, e.g., sel—detachment (Pérez-Gonzalez et al. 2019). In the
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current study, self-detachment was the endpoint of our analysis, and we did not
investigate further into nodule formation. These observations, along with traction force
and time-lapse migration measurements, indicate that VICs exhibit strong local collective
behavior that disrupts the emergent behavior emanating from the circular constraint of the
islands. Such regional changes in cell shape, number, and confluency should be
considered in the mechanical analysis of multicellular systems, especially for primary

fibroblastic cells.

Non-uniform stress fields that emerge from transmission of forces between cells
have been postulated as the driver of cell alignment and collective behavior in
constrained cell islands (Li et al. 2009, Nelson et al. 2005, Silver et al. 2020). In contrast,
our short-term (4.5 hr) time-lapse imaging shows that the cell alignment that drives the
formation of bands is initiated by a few local cells migrating to and aligning with highly
elongated spindle-shaped cells. Rather than acting individually until confluent as seen in
epithelial cells (Doxzen et al. 2013), VICs often align with each other within the patterns
at the pre-confluent stage. This local collective behavior may occur due to cells sensing
the anisotropic displacement of the underlying PA gel generated by the cell (Reinhart-
King et al. 2005) and/or by contact guidance provided by the elongated cell. This
behavior occurs regardless of aggregate size up to 600 um diameter indicating that the
banding is not formed due edge effects, i.e., cells do not attach to two points on the
circular edge and elongate to span the island. We show that the banding also occurs with
primary dermal fibroblasts. Sun and colleagues report that primary rat embryonic
fibroblasts align radially at the edge of similar protein islands, and the central cells are
smaller and more dense than edge cells, although without banding (Xie et al. 2021). This
heterogeneous morphology is stark contrast to the patterns observed for NIH3T3 and
osteoblast-like MC3T3-E1 cell lines which exhibit uniform spread area throughout the
constrained monolayers and circumferentially aligned cells at the edges and less
elongated cells in the center (He et al. 2015, Xie et al. 2021). Together, these results
indicate that for the relatively large and contractile primary fibroblastic cells studied
herein, the strong local collective behavior disrupts the global circular constraint that
drives the radially symmetric emergent collective behavior of other cell types cultured on

circular patterns.
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The long-term (24 hr) time-lapse videos clearly show that even when
hyperconfluent, confined VIC cell layers are not static or “jammed” as observed for high-
density epithelial monolayers (Atia et al. 2018, Garcia et al. 2015, Vig et al. 2017). We
observe synchronized circumferential collective migration at the edges of pre-confluent
and confluent VIC aggregates as well as substantial collective movement in the center
along the multicellular bands. Similar collective cell migration is observed in epithelial
monolayers on small (100-200 pm) circular islands, and vortices of local collective
migration are observed in the central regions of larger islands (500-1000 pm) (Doxzen et
al. 2013). The average cell speed was not significantly lower in hyperconfluent regions
than in less confluent regions. Although this result is not consistent with the common
finding that collective cell migration speed has an inverse correlation with cell density
(Doxzen et al. 2013, Li et al. 2014, Lin et al. 2021), the motion of the cells in the bands
appears qualitatively different in that it is less persistent in direction and more
fluctuating; indeed, the MSD is significantly lower in hyperconfluent regions than less

confluent regions.

The progression of bands to hyperconfluency appears to be driven by cells
migration to and joining aggregates rather than proliferation within the bands. EdU
staining and cell morphological features in time-lapse videos show that proliferation
occurs throughout the aggregates and less within the hyperconfluent regions. Previous
experiments with long EdU pulses (8 hr) show EdU staining throughout similar
constrained monolayers (mouse MSC cell line) with a decrease in proliferation with cell
density (Berent et al. 2022). In contrast, many studies of constrained epithelial
monolayers report proliferation occurring predominantly at the edges corresponding to
strong cell alignment and high traction forces (Li et al. 2006, Silver et al. 2020, Streichan
et al. 2014). Utilization of low Ca?* media, shown to disrupt cell-cell interactions and
subsequently the traction and cell alignment at the edges of cell aggregates
(Maruthamuthu et al. 2011, Xie et al. 2021), did not inhibit the alignment of cells into
bands across our aggregates but did stop the bands from progressing to hyperconfluency
and self-detachment. These results indicate that development of the hyperconfluent bands
is dependent upon cell-cell force transmission; however, the results should be interpreted

carefully as the initial cell alignment occurred in the 48 hours prior to depleting calcium



Chapter I11: Multicellular Aligned Bands Disrupt Global Collective Cell Behavior

from media (Fig. 3-4A), and decreased proliferation rates in low-calcium media may
contribute to the lower cell density (Kahl et al. 2003). Regardless, the results demonstrate
that removing calcium from the media does not reverse the local collective behavior or

fully block VIC proliferation.

The hyperconfluent bands produce high, localized traction stresses at their
endpoints. In contrast, in previous studies with confluent islands of epithelial cells and
cell lines that are not highly motile (Schaumann et al. 2018), traction stresses are highest
and roughly uniform at the edges, and the predicted cell-layer stresses increase from the
edge to the center (Aragona et al. 2013, Deglincerti et al. 2016, Li et al. 2009, Nelson et
al. 2005, Tran et al. 2020). Time-lapse TFM heatmaps demonstrate that the magnitudes
of traction stress vary with time but are consistently located at band endpoints and are
directed inward indicating high uniaxial tension in bands. Traction stresses increase as
bands progress from confluent to hyperconfluent and eventually lead to the detachment of
portions of the aggregates from the substrate when the collagen/substrate bond strength is
exceeded.

Despite the high total force at the ends of the bands, the biological markers
examined suggest a low stress environment inside of the bands (as discussed below).
Unfortunately, it is not feasible to calculate the stress or force per cell in the bands as they
are not uniaxial cables attached only at the ends. The interactions with the adjacent cells
are not known and there are additional (albeit low magnitude) traction stresses below the
bands. In theory, monolayer stress microscopy (MSM) could be used to calculates the in-
plane stresses of the cells throughout the aggregate from the traction stress maps;
however, MSM assumes homogenous contractile and mechanical properties throughout
the cell layer. We have previously shown that these calculations are not accurate for
heterogeneous cell aggregates without incorporating the local cell properties which are
not known for the banded aggregates (Goldblatt et al. 2020).

Cells in hyperconfluent regions have smaller areas and cytosolic YAP; markers
that are characteristic of cells in low-stress environments such as when cultured on soft
substrates or on small protein islands that constrain spreading (Aragona et al. 2013, Calvo
et al. 2013, Mascharak et al. 2017, Wada et al. 2011). In contrast, cells at band endpoints
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have more nucleated Y AP similar to that observed for single cells on unpatterned stiff
substrates (Dupont et al. 2011) and for confluent primary fibroblasts on protein islands
(Xie et al. 2021). Apoptosis, which is also associated with low cell stress (Egerbacher et
al. 2008, Humphrey et al. 2014), increases as aggregates progress to hyperconfluency.
Consistent with this result, almost every aggregate that can no longer generate substantial
traction due to being partially detached from the substrate is caspase positive. As YAP
enhances the transcription of pro-survival genes (Codelia et al. 2014, Lin et al. 2015,
Zhang et al. 2011), we wondered if YAP plays a defining role in apoptosis in VICs. We
found that constitutively activating YAP substantially decreases apoptosis consistent with
findings from studies of epithelial cell lines (Liu et al. 2017). While high traction stresses
measured at the ends of the bands seem contradictory with low stress within the bands, it
is possible that the high force in the band is generated/transmitted by many cells in
parallel, i.e., high total force but low force per cell. This interpretation is consistent with
our computational model of circular cell aggregates with radially increasing contractility
from the center to the edge which predicts low stress in the central region despite high
traction stresses transmitted to the substrate at the edges (Goldblatt et al. 2020).

To further investigate the state of stress in the bands, we applied cyclic uniaxial
stretch to confluent aggregates. Under the assumption that cells attempt to reach a
homeostatic stress level (Brown et al. 1998), we postulated that if cells within the bands
were under high tension, they would reorient away from stretch to regain their preferred
stress level, whereas if cells were confined due to high cell density and not able to
generate their preferred level of homeostatic tension, they would spread out and reorient
towards stretch. Isolated VICs (Cirka et al. 2016) and other fibroblasts cultured on stiff
substrates exhibit strain avoidance (Greiner et al. 2013, Ristori et al. 2018, Shao et al.
2013, Wang et al. 2001) as do epithelial/endothelial sheets (Gérémie et al. 2022, Kaunas
et al. 2005). In contrast, when cells are cultured on collagen gels (Tondon et al. 2014),
within low density soft collagen gels (Foolen et al. 2014, Sears et al. 2016) or when
contractility is inhibited (Kaunas et al. 2005), cells reorient towards stretch. Consistent
with the low stress interpretation, we observed that VICs within bands that are already
oriented towards the direction of stretch elongate and have more pronounced and aligned

cytoskeletal arrangement, whereas cells within bands roughly perpendicular to stretch
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retracted or reoriented towards the direction of stretch. We did not observe increased
aggregate detachment with stretch which also suggests low stress in the aggregates.
Cyclic (equibiaxial) stretch of VIC monolayers, in combination with TGF-beta treatment,
has been shown to potentiate cell detachment and formation of aggregates (Fisher et al.
2012). As we presumed that edge cells were under relatively high circumferential stress
due to their elongated morphology and based on computational model predictions of high
circumferential stresses at the edges of constrained monolayers (He et al. 2015), we
expected these cells to reorient away from the stretch direction. Instead, we observed that
the cells which were parallel to the direction of stretch maintained their elongation, and
cells that were perpendicular to the direction of stretch retracted and/or reoriented away
from the stretch direction. Cyclically stretched epithelial (MDCK) cells have been shown
to increase their polarization (aspect ratio) when aligned around a “wound” edge in a
monolayer model with a hole (essentially the inverse of our “island” system) consistent
with the behavior we observe for cells aligned with the stretch axis, but the retraction of
edge cells perpendicular to stretch has not been reported (Xu et al. 2022). It is possible
that the aligned bands in our system disrupt the emergent radial-symmetric stress field
resulting in relatively low stress in edge cells, thus these cells reorient in the stretch
direction to increase their stress towards a homeostatic level or to minimize shear stress
(Liu et al. 2016).

3.6 Conclusion

Our results indicate that cell alignment and subsequent local collective behavior
leads to substantial heterogeneity between and within constrained monolayers of primary
fibroblastic cells. Multicellular bands are formed by cell-cell interactions locally. As cells
become more dense within the bands, the stress exerted by interior cells decrease, YAP
becomes excluded from the nucleus and, consequently, apoptotic rates increase. These
findings suggest that strong local cell-cell interactions between primary fibroblastic cells
can disrupt the global collective cellular behavior; this local collective cell behavior may

play an important role in development and disease of connective tissues.
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The findings of this research are specifically crucial in the biology of VICs, as
there is less information on their behavior compared to other cell types such as epithelial
cells and fibroblast/myoblast cell lines. The mechanical environment of VICs is
hypothesized to contribute to diseases such as calcification. In this research, we showed
that emergent behavior arising from cell-cell interactions may be as important as the

external mechanical environment of VVICs on their behavior.
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3.8 Appendix 1

We picked the hotspots, red in the Figures below, at the end of the bands and
extracted the stresses from those locations as we would also have the direction

information. We perform these actions using a custom-written MATLAB code.

In this code, first, we extracted the data (Udata and VVdata of the plot related to the
stress vectors). Each pixel has information on the coordination and the magnitudes of u
and v components of the stress vector. Then, we entered the coordinate for a rectangle
containing the hotspot, then visited each pixel in that area, and if it were higher than a

minimum, which was determined by the graph’s values, outlined by a red line.

These images are for presentation of the hot spots only. We used the stress

information of these locations to execute our calculations.
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We used the following plots, as they also have the information on the direction of

the stress. Here we extracted u and v components of stresses.

Then, by multiplication of the stress vector to the area related to each vector and

scaling from pixel to um, we calculated the forces corresponding to each stress vector.

Then we summed the forces in each hotspot to have a total traction force for each

hotspot, as follows:
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same costume code was used for analyzing the frames of the TFM time lapse. The

table below shows the average of the forces applied by cells in two hotspots at the end of

the bands on each frame, as well as the average area of hotspots (the area that cells are

applying traction forces higher than a threshold). The large standard deviations in both

measurements, show the dynamic environment of the band.
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Frame
number Average Force (uN) Average area (Um?)
! 356.22 6.29E+05
2 328.51 6.02E+05
3 181.72 4.80E+05
4 349.85 6.02E+05
5 560.09 7 45E+05
6 368.45 6.13E+05
7 374.33 5.79E+05
8 288.77 5.46E+05
9 141.17 3.20E+05
10 40.60 2 26E+05
Mean 298.97 5.34E+05
Standard
Deviation 138.18 1.46E+05

3.9 Appendix 2

We merged the separate fluorescent channels corresponding to stained YAP and
nuclei to quantify YAP colocalization with nuclei. To provide a better explanation of how

the nucleated and nuclear/cytosolic YAP is recognized, please refer to the figure below:
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The images above, from left to right, correspond to insets 1 and 3 of Fig. 3-6,

respectively. In inset 1 of Fig. 3-6, the nuclear/cytosolic YAP is shown by arrows drawn
here. The blue line outlines the nuclei, and the red outlines the area where the YAP signal
is present. Please notice the red signal on the blue nuclei as well. On the right, which
corresponds to inset 3 of Fig 3-6, the nucleated Y AP is shown by an arrow. Here, the
nuclei are outlined by a blue line. Please notice that there is no red signal present around
the nuclei.

3.10 Supplemental Figures
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Figure S.3-1. Indirect microcontact printing method schematic, modified
from [26]. Inset (A) Collagen prints verified by Alexa Fluor-488 carboxylic
acid succinimidyl ester. The uniform distribution of the collagen is shown in the indirect
microcontact printing method used in this research. Inset (B) Pre-confluent 2D aggregate
on 400 pum in diameter collagen island showing cell coverage and circular shape of the
print. The scale bar is 200 pm.
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Figure S.3-2. The cell density increases with confluency level (A); non-adjacent
confluency levels are statistically different (ANOVA, * indicates p<0.05). If substantial
regions are aligned by Day 1 in the preconfluent stage, the aggregate detaches from the
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substrate by Day 4 as shown for the representative aggregate in B (phase contrast) and C
(orientation analyzed by OrientationJ in ImageJ). If only small regions are aligned at
Day 1, the aggregate remains intact at Day 4 as shown for the representative aggregate
in D (phase contrast) and E (orientation analyzed by OrientationJ in ImageJ). Scale bar
= 200 um. F) Percentage of area of alignment in aggregates that end in self-detachment
is significantly higher on each day of the experiment (two-way ANOVA , p <0.001 for
different days, df = 3, F = 68; p <0.001 for different groups, df =1, F = 31.9).

Figure S.3-3. Local collective behavior results in hyperconfluent bands of many
shapes. Banding is shown in orange, only for presentation purposes. A) Aggregate with
banding initiating non-centrally. B) Aggregate with central banding that never spans the
entire island to meet the edge, and hole appears in low density region. C) Aggregate with
banding in three directions forming a triangular pattern and detachment in three
locations. Yellow/orange highlight indicates aligned region; blue highlight indicates
detachment of the cells from the substrate. Scale bar = 200 pum.
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Figure S.3-4. Banding (A, B) and hyperconfluency (B) are observed in human
dermal fibroblast (HDF) aggregates (* indicates hyperconfluent region). Scale bar =
200 pm.
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Figure S.3-5. Trace of the cells in Movie S1 is shown. Each dot is the center of the
rectangle containing the cell’s area. The red dot on each trace corresponds to the last

frame

1600

= Hyperconfluent ——Sparse

1200

800

400

Mean Squared Displacement (um?)

0 30 60 90 120 150 180 210 240 270
Time (min)

Figure S.3-6. Cells in hyperconfluency move coherently, significantly less farther
from their starting point (p<0.01). Mean Squared Displacement for cells in
hyperconfluent regions vs other regions shows the cells in hyperconfluency compared to
the cells in other regions do not move far from their initial location (n =56 cells
including 10 cells in hyperconfluent regions in 6 different aggregates and 46 cells in 9
different aggregates in sparse regions).
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Figure S.3-7. Cells move together in hyperconfluency. Corresponding to frames,

30 mins apart, of the hyperconfluent region in the Supplemental Movie 2C. In 60% of the
frames there is little to now movement, black arrows, where in others there is no random
and independent movement of the cells, and the arrows are mostly in cool colors showing

low magnitude of the movement.
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Figure S.3-8. TFM vector plots show direction of traction force is along the long
axis of the band. A) Phase image of a sparse aggregate and corresponding traction force
vectors. B) Phase image of a confluent aggregate and corresponding traction force
vectors. Scale bar = 200 pm.
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Figure S.3-9. Collagen stained with Ponceau S after self-detached stage shows
the removal of the collagen from the PA gel surface. A) shows the same aggregate with
cells on areas where later the cells are detached. B) Control substrate with printed
collagen stained with Ponceau S, showing pink halos on the surface. C) An aggregate
stained with Picrosirius red. Scale bar = 200 um. The brightness of images has been
manipulated for the purpose of presentation.
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24 hr After 8 hr
post seeding of stretch

Figure S.3-10. Dynamic stretch reinforces F-actin alignment for cells in the
direction of stretch and disrupts the cytoskeleton of cells aligned away from the stretch
axis. A) Representative example of cells within a band aligned at an intermediate angle

(~30°) in which the F-actin is intensified but the cell reorientation is minimal. B)
Representative example of elongated cells within a band oriented greater than 45° from
the stretch axis in which the F-actin cytoskeleton is disrupted and the cells become
rounded. For all panels, F-actin of live VICs was stained with CellMask™ Actin before
and after application of 10% uniaxial stretch for 8 hr at 1 Hz; brightly stained cells
inside of bands are outlined by ellipses to show change in orientation and elongation.
Scale bar = 200 pum.
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3.11Appendix 3

3.11.1 Movie 1:
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Movie 1. Trace of the cells is shown. Each dot is the center of the rectangle containing

the cell’s area. The red dot on each trace corresponds to the last frame.
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3.11.2 Movie 3
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Chapter 1V: Phosphatidylserine Correlates with in vitro

Calcification of VValvular Interstitial Cells

4.1 Introduction

Calcific aortic valve disease (CAVD) is the second leading cause of heart surgery,
impacting our aging population (Yutzey et al. 2014). In CAVD, the leaflets of the heart
slowly become thick, stiff, and calcified. This process causes nodules to form on the
valve and inhibits its normal function (Yutzey et al. 2014). The current treatments include
surgical aortic valve replacement with a mechanical or bioprosthetic valve that can still

calcify again and cause valve failure.

Apoptosis, programmed cell death, is the body's natural process of removing
dead, abnormal, or diseased cells during development or aging and has been linked to
dystrophic calcification, especially in the cardiovascular system (Gu et al. 2011, London
et al. 2005, Nakahara et al. 2017, Otsuka et al. 2014, Proudfoot et al. 2000, Zazzeroni et
al. 2018). Apoptotic bodies of dead cells and debris of vascular smooth muscle cells
(VSMCs) react with other molecules in the body. They may provide a suitable
environment for calcification, as calcium and phosphate accumulate at this nucleation site
and form calcium crystals (Loscalzo 2006). Even though apoptosis is shown to be a
precursor to calcification (Loscalzo 2006), yet, there is a gap in our knowledge about the

possible mechanisms that correlate calcification to apoptosis.

During apoptosis, Phosphatidylserine (PtdSer) flips to the outside of the cell. This
process allows the phagocytes to recognize and remove the apoptotic cells (Uchida et al.
1998). Phosphatidylserine (PtdSer) is a major phospholipid component of mammalian
cell membranes that contributes to many regulatory processes of biological response,
such as apoptosis (Uchida et al. 1998). Prior to apoptosis, PtdSer resides in the inner
leaflet of the plasma membrane (Uchida et al. 1998) but is translocated to the outer leaflet
during the early stages of apoptosis (Nagata et al. 2016). The translocation of PtdSer from

the inside to the outside of the cell may have implications for calcification when not
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cleared, as they naturally bind to negatively charged phospholipids in the membrane,
such as PtdSer (Sinn et al. 2006). The interaction of PtdSer with calcium ions is essential
for endocytosis and exocytosis and assist in the transport of small molecules across cell
membranes (Boettcher et al. 2011, Li et al. 2018, Tarafdar et al. 2012, Varga et al. 2020).

Investigating the correlation of PtdSer with calcification in the already well-
known correlation between apoptosis and calcification will help us better understand the
initiation of calcification and the CAVD. We hypothesize that PtdSer exposure to the
extracellular environment is one of the possible mechanisms linking apoptosis and
calcification. To evaluate our hypothesis, we will utilize a 2D VICs model (Cirka et al.
2017) to inhibit apoptosis while adding PtdSer and measuring calcification changes. We
expect to see an increase in calcification in cells with PtdSer addition. Further, as male
cells are more prone to calcification (Porras et al. 2017), we will use both male and

female cells to measure the impact of the sex.

4.2 Methods

4.2.1 Substrate preparation

Microcontact printed 400 um diameter circular protein islands were formed by
coating plasma-treated and 70% EtOH pre-rinsed polydimethylsiloxane (PDMS) stamps
with collagen and placing them onto untreated 22x22 mm square coverslips for 1 hr; a 50
g weight was lightly applied to create uniform pressure on the stamp. The collagen
solution consisted of 25 pL of 4 mg/mL collagen, 75 puL of 0.1 M acetic acid, 900 pL
sodium acetate buffer, and sodium periodate. Before transfer, excess collagen was

removed from the stamp using a combination of air drying and nitrogen stream.

Collagen was chosen following the VICs environment in aortic valve. Aortic
valve has collagenous leaflets having three layers; fibrosa, spongiosa, and ventricularis
(Rutkovskiy et al. 2017). Spongiosa is rich in proteoglycans while ventricularis is rich in
elastin. But the formation of calcification is mainly observed in fibrosa layer, aortic side

of the aortic valve, which is rich in collagen (Hsu et al. 2022, Rutkovskiy et al. 2017).
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Circular collagen patterns were printed onto polyacrylamide (PA) gels by indirect
microcontact printing (Cirka et al. 2017). Briefly, for each substrate, 50 uL of PA
solution (acrylamide:bisacrylamide (Biorad) of percentages of 7.5/0.24 for ~20 kPa) were
pipetted onto an activated coverslip. The coverslips were activated by soaking in 1.5%
(aminopropyl) trimethoxysilane solution for 30 min, then in 0.5% glutaraldehyde
overnight at 4 °C and thoroughly dried before use. After placement of PA solution on
activated coverslips, an inactivated collagen microcontact printed coverslip was gently
placed on top. Following 12 min of polymerization of the PA-gel, the coverslips were
separated by a razor blade. The gels were treated with 2mL of antibiotic/antifungal
cocktail in 1xPBS in the fridge overnight to prepare for cell seeding. A modulus of ~20
kPa was chosen because it is in the range of reported stiffness values for healthy and
diseased valves (Kloxin et al. 2010, Wang et al. 2012).

4.2.2 Cells and media

Aortic VICs were isolated from porcine hearts, from pigs 2-4 months old of
different sexes, obtained from a local abattoir (Adam’s Farm, Groton, MA) using
previous protocols (Gould et al. 2010). Porcine VICs are primary fibroblastic cells and
were chosen for their similarity to human VICs. VICs at passages 3-6 were seeded at
12,500 cells/cm? (Cirka et al. 2017). The cells were cultured in DMEM supplemented
with 10% FBS and 1% Antibiotic/Antifungal at 37 °C with 10% CO». Media were
exchanged every 48 hr.

To investigate the effects of exogenous PtdSer, apoptosis was inhibited five days
before seeding the cells by adding ZVAD-FMK with the final concentration of 20uM
(Cirka et al. 2017). We kept the concentration of the ZVAD-FMK constant for the rest of
the experiments. To study the effects of Phosphatidylserine (PtdSer) on calcification, the
PtdSer solution was added at 5, 10, 15, 20 uM (Sigma, St. Louis, MO, catalog number:
P6641) on seeding and kept the concentration constant during the experiments. Varga et
al. mention the 10 uM concentration as safe for the cells as the higher concentrations of
PtdSer might be toxic to the cells (Varga et al. 2020).
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4.2.3 Immunohistochemistry and imaging

Individual aggregates were tracked for four days. Our previous work showed that
collective behavior of the cells takes days to happen, utilizing a motorized stage and
automated position tracking software (Zeiss Axiovision 4.8.2 SP1) on a BioTek Cytation
Genb5 inverted microscope. They were imaged with phase contrast 10x. To track
individual aggregates at specific locations, coordinates of each aggregate were saved in
complementary software running the microscope to follow the same aggregates chosen
on the first day of the experiment to eliminate heterogeneities that local collective
behaviors cause (Jebeli et al. 2022). To observe apoptosis, samples were incubated for 30
min in standard media with CellEvent Caspase 3/7 (1:400, C10423, Invitrogen) before

imaging.

To stain for calcification using Alizarin red S dye, on day 4, the samples were
fixed by adding 4% paraformaldehyde (PFA) (USB Products) for 12 minutes at room
temperature, 20pL Alizarin red S dye for 2 minutes at room temperature, and rinsing 5
times with diH20 to remove the excess stain (Cirka et al. 2017). A color camera
immediately imaged the samples on a Cytation Generation5 microscope as no PBS was

added to the sample before imaging.

To visualize the presence of the PtdSer in the cell membrane after adding the
PtdSer exogenously, we utilize Annexin V (V13241, Invitrogen) per manufacturer
instructions with modifications to fit the fluorescent microscopy. After a wash with PBS,
we used 100 pL of 1X annexin-binding buffer with Alexa Fluor 488 Annexin V (5:100)
and Propidium lodide (1:100) in the kit incubated for 15 min at room temperature. Then
400 pL of 1X annexin buffer was added, and the samples were imaged in less than 30
minutes as the annexin bonding is unstable and the fluorescent signal vanishes fast, per
manufacturer’s instructions. To visualize PtdSer incorporation into the cell membrane,
we utilized fluorescently tagged PtdSer (810198, Avanti Polar Lipids) at 10 uM

concentration.
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4.2.4 Uniform confluency was targeted for the aggregates to study

To count for the variability reported previously by our lab (Jebeli et al. 2022), we
chose a uniform cellular distribution to have confluent aggregates, n = 969 in 153
different dishes across cells from 7 different sources with 6 of them with known sexes, on
day 4. We did not proceed further into hyperconfluency or self-detached levels to keep a
controlled environment for the cells. We reported as the confluency progresses, the
cellular interactions and the collective behavior is affected (Jebeli et al. 2022). An

example of a confluent aggregate, apoptosis, and calcification is shown in Fig. 4-1.

Apoptosis

Figure 4-1. Confluent aggregates were chosen to account for the variability
previously observed in our model (Jebeli et al. 2022). An aggregate on day 4. From left to
right, phase image, apoptosis (green), the green circle is the periphery of aggregate

extracted from the phase image, and calcification after fixation (red).

4.2.5 Image Analysis in MATLAB

The images were analyzed for the percentage of area positive for calcification and
apoptosis by a custom-written MATLAB code. In short, the outline of the aggregates was
traced. Then, the phase and caspase images were aligned on top of each other, and the
tracing using the phase images was used to exclude the noise signal outside the
aggregates. The same tracking was performed for calcification images in the red channel

of the BRG images. A threshold was defined to count the area percentage positive for
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caspase or calcification, and each pixel higher than the threshold was counted as positive.

Area percentage positive is the positive counted pixels per total pixels of each aggregate.

4.2.6 Quantification of Annexin V tagged PtdSer

To evaluate the changes in PtdSer exposure on the cell membrane after the
addition of exogenous PtdSer, 10 uM of this solution was added to cells at the time of
seeding. In a control group, no exogeneous PtdSer was added. 24 hrs post seeding, the
cells were tagged with Annexin V and Propidium lodide. The images were analyzed by
Imagel. First, the background noise was subtracted. Then using the analyze particle tool
in the software, information on the size and location of particles of sizes 10 to 300 pixels
(1.2 to 36.5 um?) were extracted. Smaller sizes would include the noise in the green
channel and the larger sizes would overlap with the particles colocalizing with the

propidium iodide signal which shows dead cells.

4.2.7 Statistical analysis

The experiments were repeated at least two times; each data point corresponding
to an experiment is a mean of aggregates in the same dish in that experiment. Data are
presented as mean and standard deviation. Two-way ANOVA was performed to evaluate
the effects of PtdSer addition and ZVAD. Three-way ANOVA was performed to evaluate
the effects of PtdSer addition, ZVAD, and different sexes. Holm-Sidak (HSD) post-hoc
test was used with two-way ANOVA performed on the effects of PtdSer addition and
ZVAD. Analyses were completed using R, and a p-value of less than 0.05 was considered

statistically significant, unless otherwise stated for p less than 0.1 to be significant.

P value is a determinant of how much probability exist for the main hypothesis,
for example if the P value is 0.05, it means that there is 5% chance that the observed
difference between means is arbitrary, or 95% chance that the difference is not due to
errors. When using p<0.1 to be significant, it means that even with having a p value of
0.1, still there is 90% chance that the difference between means is not arbitrary and it is

not due to errors.
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4.3 Results

4.3.1 Calcification increases with the addition of PtdSer in

inhibited apoptosis treatments as well as the not-treated cells

To evaluate the effect of PtdSer addition on calcification, we analyzed the images
of aggregates in different treatment groups. We observed more calcification as the
amount of PtdSer concentration was increased both with and without ZVAD treatments,
Fig. 4-2. However, the increase is not statistically significant (p value of two-way
ANOVA for different PtdSer concentrations 0.22, and for apoptosis inhibited cells vs. not
treated ones 0.70). We observed an increase in apoptosis with an increase in PtdSer

concentration while not inhibiting it.
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Figure 4-2. Increase in calcification with the addition of PtdSer, independent of
apoptosis level (n = 969 aggregates in 153 different replicates across 7 different cell
source, 3 females, 3 males, one unknown sex). A) Increase in calcification with higher
concentrations of exogenous PtdSer. B) Level of apoptosis in corresponding treatment
groups. Apoptosis increases with a higher concentration of PtdSer when it is not
inhibited. With inhibition of apoptosis, even in higher concentrations of PtdSer, there is

no significant change in apoptosis.
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4.3.2 Heterogeneity observed in reported data

To find a possible explanation for the variability observed in the presented results
in Section 4.3.1, we inspected our results more closely. Following our obtained
knowledge from research presented in Chapter 3 of this thesis, on the possible role of
confluency on different biological markers, the results were refined to include aggregates

closer to the confluent-hyperconfluent level, Fig. 4-3A, compared to aggregates closer to

the pre-confluent-confluent level, Fig. 4-3B.

Figure 4-3. Confluency, a possible player in the heterogeneity of the results. The
cell source of the two aggregates is the same. A) An aggregate closer to the confluent-
hyperconfluency level. The cells inside of the band are crowded and pushed together. B)
An aggregate closer to preconfluent-confluency level, even though the cells cover most of

the aggregate area, there are slight surface areas from the substrate underneath visible.

4.3.3 Limiting the confluency of the analyzed aggregates further
removes heterogeneity in response to exogenous PtdSer
To remove more heterogeneity from our initial results, only the results of the

aggregates that are closer to confluent-hyperconfluent were kept in the analysis, as the
effects of confluency on different biological markers were discussed in our previous
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research (Jebeli et al. 2022) also presented in chapter 3 of this thesis. In Fig 4-4, an
increase in calcification is shown by the addition of PtdSer, even in treatments where

apoptosis is inhibited.

A two-way ANOVA was performed to analyze the effect of the addition of PtdSer
and apoptosis inhibition on calcification. This test revealed addition of PtdSer has a
statistically significant effect on calcification (p = 0.07 for p<0.1 to be significant, df = 2,
F value = 2.97), while there were no significant differences while inhibiting apoptosis
compared to not inhibiting it (p = 0.31). This test was performed on n = 372 aggregates in
35 replicates from 7 different cell sources. A post-hoc Tukey HSD test showed that
calcification in the treatments with 20 uM PtdSer differs significantly from treatments
with no PtdSer (p = 0.05). The simulated power on effects of PtdSer is 56.6%.
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Figure 4-4. Limiting the data to only confluent-hyperconfluent aggregates as in
our initial analysis, confluency seemed to play a role in how the cells react to exogenous
PtdSer. The filtered data (n = 372 aggregates in 35 replicates from 7 different cell
sources) in this graph shows less heterogeneity and an increase in calcification with the
addition of PtdSer, even while apoptosis is inhibited.
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4.3.4 Exogenous PtdSer enters as lipid vesicles into the media and

incorporates into the cell membrane

To validate the presence of higher PtdSer in the cell membranes with the addition
of exogenous PtdSer, we quantified the presence of PtdSer in the cell membrane. We
observed a significant increase in PtdSer presence in cell membrane while there were
exogenous PtdSer added (p = 0.08 for p < 0.1 significant), Fig. 4-5. We observed the
incorporation of the exogenous PtdSer into the cell membrane, Supplemental Movie 4-1.
As a control, we analyzed the area in the dishes with no cells and observed no signal of

Annexin V.

Our calculations did not include the dead cell debris recognized by propidium
iodide stain. The colocalization of the large particles of Annexin V positive areas and the

propidium iodide verifies that those areas are apoptotic bodies, Fig. S. 4-1.
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Figure 4-5. The amount of PtdSer exposure in the cell membrane is significantly
increased with exogenous PtdSer (p = 0.076, p < 0.1 to be significant). The left panels
are phase images; the middle is PtdSer as green stained with Annexin V; the right panels
are cell death red-stained by propidium iodide. The large particles in the Annexin V
channel are not included in evaluations as they are colocalized with propidium iodide

positive areas, showing apoptotic bodies. Scale bar corresponds to 200 um.
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4.3.5 Exogeneous PtdSer affects female cells more than male cells

To study the role of sex in calcification resulting from exogenous PtdSer, we
repeated our experimental design for 3 different female and male cells. A three-way
ANOVA was performed to analyze the effect of the addition of PtdSer, apoptosis
inhibition, and sex on calcification. This test revealed sex has a statistically significant
effect on calcification (p = 0.07 for p<0.1 to be significant, df = 1, F value = 3.27). Also,
the concentration of PtdSer significantly affects the calcification (p = 0.05, df =2, F
value = 3.13), Fig. 4-6. Also, ZVAD seems to have different effects on different sexes, as
the effect of the interaction between ZVVAD and sex on calcification is significant (p =
0.09 for p < 0.1 to be significant, df = 1, F value = 2.87). A post-hoc Tukey HSD test
showed that calcification in the treatments with 20 uM PtdSer differs significantly (p =
0.05) from treatments with no PtdSer. Also, calcification for the same concentrations in
female cells (p = 0.07, for p < 0.1 to be significant), and no PtdSer in male cells with 20
uM PtdSer in female cells (p = 0.06) are significantly different.

20

18 Female
§_ [ male
5T
- £5w .
R 3 °
8~ ¢ . . L
2 X
> e = S

ZVAD

20
18
16
14

12 T

(% area)
=
0 o

+
Calcification

X
=== =% <

oONB O

0 10 20
PtdSer (um)

Figure 4-6. Male vs. Female. In ZVAD treated treatments, higher calcification is

noticed with the addition of PtdSer in female cells.
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4.4 Discussion

This research investigated the effect of the addition of PtdSer on the calcification
of VICs. As PtdSer is exposed in the initial steps of apoptosis, to remove the effect of
apoptosis, it was inhibited while different concentrations of PtdSer were experimentally
added to 2D cellular aggregates. As we hypothesized, with addition of PtdSer, an increase
in calcification was observed even while apoptosis was inhibited. While we expected no
different effect of addition of PtdSer on different sexes, we noticed that female cells
exhibited more calcification when apoptosis was inhibited, and PtdSer was added

simultaneously.

The response of 2D VIC aggregates to experimentally adding PtdSer included
variability. Initially, to obtain a controlled environment, we excluded the self-detached
aggregates. With closer examination of the possible sources of such variability, confluency
differences between aggregates were noticed. Following the knowledge acquired in
Chapter 3 of this thesis, to further remove the observed variability reported in the initial
results, they were limited to aggregates closer to the confluent-hyperconfluency level,
which resulted in less variable results. However, confluency could be one of several
reasons for the observed heterogeneity. The sex and age of the pigs could be other players.
Two of the female pigs were two months old, while the other female and male pig were
four months old. Also, the heart size of the younger pigs was smaller than the others.
However, with limiting the aggregate confluency status alone, the results’ variability was

decreased substantially.

Numerous studies showed the correlation between apoptosis and calcification but
did not investigate the link between these two biological phenomena. In this research, we
showed that PtdSer enters the medium as vesicles, a hydrophobic lipid, and is incorporated
into the cell membrane. The experimentally adding of PtdSer increased the amount of
PtdSer exposure, shown by fluorescent Annexin V, to the extracellular matrix. The addition
of PtdSer resulted in an increase in calcification even while apoptosis was inhibited. These
results show that PtdSer could be one of the components linking apoptosis to calcification

in in vitro VICs.
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The correlation between PtdSer and calcification is studied mainly in research
related to bone formation (Merolli et al. 2009) to show the presence of PtdSer as a
necessary component of the initiation of mineralization. Also, in other forms of
mineralization, such as in matrix vesicles, PtdSer is shown to be a vital component (Canet-
Soulas et al. 2021).

PtdSer has a high binding affinity for Ca2+ (Boyan et al. 1989, Sinn et al. 2006).
Ca2+ cations most probably bind to phosphate and carboxyl groups in the structure of
PtdSer (Martin-Molina et al. 2012). This causational link has been investigated by the
development of a PtdSer-enriched monolayer, showing PtdSer nucleated amorphous
calcium phosphate that later proceeds to hydroxyapatite happened only in the presence of
PtdSer (Cruz et al. 2020).

In the body, intracellular and extracellular calcifications are usually inhibited by
physical separation and mineralization inhibitors, respectively (Canet-Soulas et al. 2021).
However, during apoptosis, Ca2+ cations released from the endoplasmic reticulum
(Boraldi et al. 2021) or extracellular Ca2+ can bind to negatively charged PtdSer exposed
to the extracellular matrix (Canet-Soulas et al. 2021). While our results show that with
inhibition of apoptosis and the addition of PtdSer, the calcification increases. We speculate
the PtdSer exposed to the extracellular matrix is binding to extracellular Ca2+ cations, as
we did not notice a significant increase in apoptosis, hence assuming no outflow of Ca2+

from the endoplasmic reticulum.

PtdSer may have effects on endocytosis (Hirama et al. 2017) and osteogenic
differentiation of VICs (Xu et al. 2013). The increase in endocytosis might affect apoptosis,
e.g., the observed increase in apoptosis with the addition of PtdSer while apoptosis was not
inhibited. Following our observations, we anticipate the effects of a maximum of 20 uM
of PtdSer for four days in the media would not lead to osteogenic differentiation of VICs,
as this differentiation was reported for higher concentration, e.g., 2.5 to 5 folds higher, and

longer culture duration, i.e., 21 days compared to 4 days in this thesis (Xu et al. 2013).

Studies showed that male cells are more prone to calcification (Porras et al. 2017),
but they do not discuss the effects of exogenous materials on different sexes. We

expected no different effects of PtdSer on different sexes; however, we noticed more
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calcification in female cells than male cells with the same amount of PtdSer while
apoptosis was inhibited. As we observed the PtdSer incorporation into the cell membrane
when the cell was in motion, we speculate the female cells might have higher motility
hence higher incorporation of PtdSer in their membrane. However, the postulated higher

motility might have resulted from the younger age of the cell source.

Lifestyle choices might affect the calcification rates between males and females
differently, such as obesity in men and smoking in women (Kim et al. 2021). Other than
these risk factors, environmental players such as hormones could lead to the difference in
calcification; for example, estrogen, the female sex hormone (Shames et al. 2013,
Woodward et al. 2021).

Cues that might be involved in in vitro models, such as ours, are differences in
gene expressions that could lead to differences in calcification. For example, gene
expressions such as MAPK/ERK, a pathway involved in different calcification rates in
male/female cells, could play a role in such observed differences (McCoy et al. 2012).
Another example, elevated osteopontin gene expression that reduces osteogenic activity
more in females compared to males (Schroeder et al. 2022).

We observed colocalization of apoptosis signal and calcification in several
aggregates. We previously reported a dynamic environment inside the 2D aggregates
(Jebeli et al. 2022) that made studying colocalization between apoptosis in earlier days with
calcification on day 4 not feasible, as it takes 48 hours for calcification to develop (Cirka
etal. 2017). The observed colocalization might be due to prolonged apoptosis, as apoptosis
was initiated in the early stages of the experiment; while the cell was moving, calcium
accumulated on top of it and showed both apoptosis and calcification markers at the end.
Also, it has been reported that calcium nodules could show autofluorescence (Baugh et al.
2017), which could be an explanation for why such colocalization is observed in the

aggregates in current research.

This study's results show that PtdSer correlates with observed calcification in in
vitro VICs. This correlation indicates that PtdSer exposure could be the component relating

apoptosis to calcification. As PtdSer exposure is one of the first steps of apoptosis,
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unraveling its possible role in calcification in in vitro VIC model and in the correlation
between apoptosis and calcification can lead to the development of therapeutic medicine
to solely target PtdSer; however, its side effects should be considered as entirely inhibiting
PtdSer may cause cancer.

4.5 Appendix 1: Additional Experiments to Examine Further the

Mechanisms of PtdSer-Induced Calcification

4.5.1 Future work 1:

Our rationale is that the addition of PtdSer in low concentrations and short durations

does not affect the phenotype of the VICs. In our current experiments in Chapter 4, the
mechanisms of how the PtdSer affects the calcification is not investigated. One of the
possible mechanisms is osteogenic differentiation of VICs after the experimentally
addition of PtdSer; in this mechanism PtdSer does not directly initiates calcification and is
involved in calcification through induction of osteogenesis. In this future work section, we
propose experimental designs to evaluate such possible mechanism. We hypothesize that
we will not observe osteoblast differentiation in VICs in our model, evaluated by 3 different

markers.

As in the body, the VICs transition to other types when involved in the
progression of CAVD, the changes of phenotypes with/without the addition of PtdSer
should be evaluated to investigate the osteogenic activities. VICs’ phenotypes are from
the same cell population but different in ultrastructural and immunohistochemical
properties (Gevaert et al. 2014) and with different cellular and molecular functions (Liu
et al. 2007). During the process of phenotype transition, many proteins and enzymes are
involved, such as Osteonectin, Osteocalcin, and Alkaline Phosphatase; Osteonectin and
Osteocalcin are proteins secreted by osteoblasts, during differentiation and later
mineralization (Ozdemir et al. 2016). Osteonectin influences the osteoblast differentiation
as well as osteoclast activity, by influencing bone matrix assembly (Rosset et al. 2016),
while osteocalcin which is produced exclusively by osteoblasts is an inhibitor of bone

mineralization (Zoch et al. 2016). Alkaline Phosphatase is an enzyme, a byproduct of
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osteoblast differentiation (Lee et al. 2017) that acts as a catalyst and provides inorganic

phosphate to facilitate mineralization (Szulc et al. 2021, Vimalraj 2020).

With staining for Osteonectin and Osteocalcin, if any considerable amount found,
the timeline of the differentiation will be assessed. Osteonectin is mainly an early marker
of mineralization whereas Osteocalcin is the marker of late phases of mineralization
(Thorwarth et al. 2005). Alkaline Phosphatase is also an early marker of osteoblast
differentiation (Lee et al. 2017).

These evaluations provide information on the possible mechanisms that connect
PtdSer and calcification. If a significant increase in Osteonectin, when PtdSer is added
compared to the treatment without the addition of PtdSer, is observed, it could be due to
initiation of osteoblast differentiation. If a significant increase in Osteoclast, when PtdSer
is added compared to the treatment without the addition of PtdSer, is observed, it shows
the presence of osteoblasts as this protein is secreted exclusively by osteoblasts, and it
shows late stages of osteoblast differentiation. Also, in our 2D model, as liver is not
present to secrete Alkaline Phosphatase, a significant increase in this marker, shows the
early osteoblast differentiation. If there are late stages markers present, it could be
articulated that most of the observed calcification in Chapter 4 of this thesis are due to
osteogenic activities. However, if the early markers of osteoblast differentiation are

observed, not majority of calcification can be contributed to the osteoblast differentiation.

However, with the concentration used in this research (maximum of 20 uM and
maximum of 4 days) compared to another study that reports a significant amount of
osteogenic marker due to the addition of PtdSer on higher concentrations and longer
duration of culture (Xu et al. 2013), we anticipate no significant changes in the

osteogenic markers.

As described inaim 1, 2-D 400 pm in diameter aggregates of VICs will be prepared
on 20 kPa stiffness substrate. This experiment will be performed under static conditions,
and with PtdSer concentration at 0 uM, 10 uM, and 20 pM.

Experimental design:
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Indirect microcontact printing: We will use our 2D model for developing

aggregates, as in Chapter 3. We will have our treatment groups of aggregates in with

PtdSer concentration at 0 uM, 10 pM, and 20 pM.

Cell isolation and culture: VICs from at least two different sources (passages 3-7)

will be seeded on substrates. The same cell sources should be used for all different

treatment groups.

Immunostaining: The media for samples will be changed every 48 h post-seeding

and the concentration of PtdSer will be kept constant during 4 days of experiment. To
measure osteoblast-related biomarkers, to point out if the calcification is dystrophic or
osteogenic, Osteonectin (1:100, PA5-78178, Invitrogen) and Osteocalcin (1:100, PA5-
96529, Invitrogen) will be quantified by fluorescent microscopy. Also, the live stain for
alkaline phosphatase (1:500. A14353, Invitrogen) will be utilized to indicate osteoblastic
differentiation (Lee et al. 2017).

Data analysis: The custom MALTLAB code developed in Billiar’s lab will be
used to analyze the aggregates and different markers. In detail, the aggregates of the same
treatment group will be in the same folder and numbered. The code will open the images
one by one. The user must trace the aggregate’s edges to their best ability. In this step, the
centroid of the aggregate is calculated to later transfer all the aggregates to the center of

the image and on top of each other to average the value of different signals.

On each image, the background noise is subtracted from the image, so there is no
need to prepare the images for this code. Different channels, such as Phase and different

fluorescent channels will be stored in different matrices to be analyzed separately.

The periphery of each aggregate will be divided into a number of rings (will be
defined in the code). On each ring a percentage of positive area for each signal, by
visiting the image pixel by pixel, will be calculated. These numbers will be averaged on
each ring, over the number of aggregates in the same treatment group. On the last step,
the distribution of the desired signal will be plotted by distance from the center. Refer to

the proliferation signal’s radial distribution in chapter 3 of this thesis.
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Statistics: Significant differences between different treatment groups will be
analyzed using one-way ANOVA and post-hoc testing (Tukey’s HSD). This experiment
will have 3 groups with three different concentrations of PtdSer. As the percentage of the
positive area for each signal will analyzed, the same as the analysis on Chapter 4 for
calcification, we used the same mean and variances for different treatment groups to
make an estimation on sample size. To obtain power analysis of 80%, repeat each
treatment for each cell source for four times with 3-10 confluent-hyperconfluent
aggregates, a total of 8 replicates for each treatment group (o = 0.05, mean of the same
treatment groups from Chapter 4 experiments, with equal variance (the mean of variances

of experiments on Chapter 4)).

Expected outcomes: We expect to observe no significant changes in osteoblastic

protein expression, as we hypothesize that low concentrations of maximum 20 pM and
for duration of 4 days used in this thesis will not induce VICs to express osteogenic
proteins compared to the concentration and duration used in other studies; e.g., for
concentrations of 2.5 to 5 folds higher, and longer culture duration, 21 days, osteogenic
activity was found where in lower concentration and shorter durations, 3 days, no
significant difference in osteogenic markers such as Alkaline Phosphate was observed
(Xu et al. 2013). We predict the majority of calcification in VIC aggregates will be
dystrophic calcification and with minimal expression of osteogenic markers. With these
results, it could be articulated that PtdSer does not affect calcification through osteogenic
differentiation of VICs.

Potential pitfalls and alternative approaches: If the fluorescent staining of the

Alkaline Phosphatase activity is not successful, chemical staining of this enzyme will be
considered (Yip Cindy Ying et al. 2009). For the chemical stain, imaging will be
performed under light microscopy compared to the original proposed fluorescent
microscopy. The chemical staining of Alkaline Phosphatase activity is not in the initial
experimental design of the current proposed experimental design following the
challenges and limitation of chemical staining of Alizarin Red S mentioned in limitation

section of this thesis and its associated variabilities.
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4.5.2 Future work 2:

Our rationale is that as in previous studies the changes in calcification in cellular
models has been contributed to PtdSer presence and the binding of calcium to the
phosphate head of PtdSer. Because of the observed variability in our model in Chapter 4,
we limited the data only to confluent and hyperconfluent aggregates, and noticed an
increase in calcification with the addition of PtdSer. However, the effects of the addition
of other phospholipids existing in the cell membrane on calcification should be measured
to test if the calcification is due to PtdSer specifically rather than other phospholipids in
the cell membrane. We hypothesize that with addition of Phosphatidylcholine we will

observe no significant changes in calcification of VICs in our model.

Phosphatidylcholine, the principal phospholipids in animals, is critical in
regulating the physical aspects of cell membrane (Kanno et al. 2007), and in maintenance
of cell cycle (Tercé et al. 1994). The structure of Phosphatidylcholine is very similar to
the PtdSer, except the Serine head in PtdSer is replaced with Choline head group (Che et
al. 2018).

(a) 0 (b) 0
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Figure 7. Different structures of phosphatidylcholine and phosphatidylserine. a) Phosphatidylcholine with
choline head-group attached to phosphate head vs b) Phosphatidylserine with a serine head-group attached to
phosphate head. From (Che et al. 2018), permission to reuse in this thesis is obtained from Springer Nature, under
license number 5410310873016.

Phosphatidylcholine addition is mainly investigated for its effects on cell cycle
(Tseu et al. 2002, Werlein et al. 2015). In calcification studies, it is shown that its
oxidized hydrolysis form in high concentrations (up to 100 uM) and long durations (up to
21 days) could result in osteogenic gene expression (Vickers et al. 2010) that could result

in calcification.
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Experimental design:

Indirect microcontact printing: We will use our 2D model for developing

aggregates, as in Chapter 3. We will have our treatment groups of aggregates with three
concentrations of Phosphatidylcholine at 0 uM, 10 uM, and 20 uM (Nishiyama-Naruke et
al. 2000, Vickers et al. 2010).

Cell isolation and culture: VICs from at least two different sources (passages 3-7)

will be seeded on substrates. The same cell sources should be used for all different

treatment groups.

Immunostaining: Samples will be examined 24 h post-seeding to pick the

aggregates with uniform distribution of cells to prevent variability in the signals on day 4.

On day 4, Calcium deposits will be detected by Alizarin Red S solution (Yip et al. 2009).

Data analysis: The same custom MATLAB code (of the future work 1 and
Chapter 4) will be used for analyzing the images and different signals. The aggregates
that are in confluent and hyperconfluent levels will be included in these analyses to
remove the observed variability in calcification. More details regarding the removal of

the observed variability are provided in Chapter 4.

Statistics: Significant differences between different treatment groups will be
analyzed with one-way ANOVA and post-hoc testing (Tukey’s HSD). This experiment
will have 3 groups, with three different concentrations of Phosphatidylcholine. To obtain
power analysis of 80%, repeat each treatment for each cell source for four times with 3-10
confluent-hyperconfluent aggregates (o = 0.05, mean of the same treatment groups from
Chapter 4 experiments, with equal variance (the mean of variances of experiments on
Chapter 4)).

Expected outcomes: We expect no significant increase in calcification, we

anticipate the increase in calcification is limited to PtdSer. Previously, it has been shown

the mineralization happening only in presence of PtdSer in monolayers (Cruz et al. 2020).

Potential pitfalls and alternative approaches: Any limitation related to

experiments of PtdSer, could be applied here. Such as storing the lipid in glass
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containers, handling it with glass syringe, and storing it in well-closed containers to

prevent the vaporization of the solvent.

4.6 Supplemental material
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Figure S.4-1. Colocalization of large particles in Annexin V and Propidium
iodide (n = 3 of each treatment) shows that the large particles appearing in the Annexin
V channel are mainly dead cells in the Propidium lodide channel (89% of large particles
in Annexin V are colocalized with the propidium iodide with addition of PtdSer, and 75%
without addition of PtdSer). This analysis provides evidence of not including large
particles in our analysis of the amount of Annexin V present in different samples.
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Chapter V: Conclusions, Limitations, and Future Work

5.1 Conclusions

This dissertation examines the evolution of collective behavior of the cells inside
multicellular printed aggregates and its effect on apoptosis, and the correlation of PtdSer,
which is naturally exposed to the extracellular environment during apoptosis, with
calcification. Two aims helped us to explore these research areas. The first aim focused
on investigating the effects of collective behavior of the cells on observed variability in
different signals such as apoptosis in multicellular printed aggregates, Figure below.

Aligned cells in bands generate YAP exclusion from nuclei in YAP-dependent cell death in
higher traction stresses center of band but not ends hyperconfluent bands

The second aim is to experimentally change the concentration of PtdSer in our 2D

aggregates to identify its effects on the calcification in in vitro VIC model. Studying the
collective behavior of VICs provided us with insight into the development of apoptosis
that is correlated with calcification in the aortic valve, as determination of the effects of

PtdSer on calcification in in vitro VIC models would assist us in better understanding the



Chapter V: Conclusions, Limitations, and Future Work

nature of calcification as well as similar diseases such as atherosclerosis. The results from

this research could be transferred to other cell types, especially fibroblasts.

5.1.1 Conclusions: Aim 1

In Aim 1, we investigated the evolution of collective behavior in multicellular
aggregates. We tracked individual aggregates as the development of local collective
behaviors are multiday multicell occurrences. We observed novel collective behavior of
banding in VICs, which has not been reported previously; it appears the banding could be
the reason behind the heterogeneity we recorded in our previous studies. Additionally, we
studied velocity, proliferation, and traction forces cells apply collectively to the substrate,
which showed us the motion of cells under the influence of collective behaviors,
proliferation throughout the surface of the aggregate, and not limited to the edge. Non-
uniform traction stresses on edge with high stresses at the endpoints of the bands. We
also observed different markers such as apoptosis, YAP exclusion from nuclei, and non-
spread shape of the cells, related to low-stress environments in the middle of bands.
These findings may seem contradictory, but it looks like even though there are higher
traction forces at the endpoints of the bands, due to the higher number of cells in the
middle of the bands, the cells in those regions are experiencing low stresses, i.e., high

traction stresses overall but low stress per cell.

Additionally, we investigated the relative importance of stretch compared to
collective behaviors. Surprisingly, in contrast to previous studies, we found the cells
reorienting towards the stretch direction, which could be to maintain their homeostatic
stress level (Hayakawa et al. 2000, Hsu et al. 2010, Wang et al. 2001) following our

observations of low-stress markers in the middle of the bands.

Our results show that the fibroblasts have strong local collective behaviors that
influence the cells' global collective behavior that computational models anticipate. VICs
at a sparse level form local collective banding behavior, then more cells join and realign
with the bands making them highly contractile. Even though the cells collectively apply

high traction forces, the individual cells in the middle of the bands are experiencing low
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stresses. In this aim, we uncovered a novel collective behavior of the VICs, thus leading

to heterogeneities in different markers such as apoptosis.

This heterogeneity and the novel behavior recognized in VICs could assist us in
better understanding the events leading to calcification of the aortic valve, as the
significant cells involved are VICs, and nodule formation has been reported in CAVD.
Not only does the band formation and self-detachment affect the apoptosis of VICs, but
they might also play a role in the nodule formation later developing into calcific nodules.
Knowing the behavior of the cells in proximity to other cells would assist us in better
investigating, modeling, and simulating the behavior of the cells in the body and how it
leads to diseases like CAVD.

5.1.2 Conclusions: Aim 2

In Aim 2, we presented experimental evidence indicating the correlation of PtdSer
with calcification in VICs. Utilizing our 400 um multicellular aggregates, we measured
the changes in calcification with the experimentally addition of PtdSer. Numerous studies
provide evidence of the correlation between apoptosis and calcification (Cirka et al. 2017,
Fujita et al. 2014, Gu et al. 2011, Kockx Mark et al. 1998, London et al. 2005, Nakahara
et al. 2017, Otsuka et al. 2014, Proudfoot et al. 2000, Zazzeroni et al. 2018), so we also
inhibited apoptosis while manually adding different concentrations of PtdSer. To observe
the mechanisms of the PtdSer incorporation into the cell membrane, we utilized
fluorescent PtdSer and imaged the samples for 24 hours. Additionally, we evaluated the
changes of PtdSer exposed to an extracellular matrix environment with Annexin V. We
observed a significant increase in calcification with the increase in added PtdSer, even in
samples with inhibited apoptosis. As we observed the incorporation of PtdSer into the
cell membrane, which may cause the increase in nucleation sites for calcium to bind,
PtdSer, resulted in an increase in observed calcification. Previous studies have shown a
strong correlation between apoptosis and calcification (Proudfoot et al. 2000); however,
they did not investigate which part of the apoptosis cascade plays a role. In this aim, we
provided evidence on the possible role of PtdSer, which is exposed at the beginning of

apoptosis, in calcification of VICs.
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It is known that Statin, a medicine used for lowering cholesterol levels in the
blood, helps with CAVD as well (Mohler et al. 2007), but the mechanism is unknown.
Statin, in addition to reducing the production of LDL cholesterol, made of
Phosphatidylcholine (a phospholipid) by the liver, lowers the level of LDL already
existing in the blood (Pinal-Fernandez et al. 2018). We think the effect of Statin on
phosphatidylcholine might be projectable on PtdSer as well, and this effect might be how
it helps with CAVD. The knowledge obtained from this research could help further
investigate the role of PtdSer that could lead to the development of therapeutics that can

solely target the PtdSer.

However, the side effects of solely targeting PtdSer should be considered as it is
involved in the production of cancerous cells (with no PtdSer showing), in the
phagocytosis of the apoptotic bodies (when there is PtdSer exposed to the extracellular
matrix macrophages start phagocytosing), or in the brain and memory activity. One way
to prevent the side effects on the whole body could be by delivering the medicine through
a catheter to the aortic valve.

5.2 Experimental limitations and next steps

There were several limitations in completing aims 1 and 2 that could assist in
eliminating the deficiencies of the experiments. These limitations did not take away from
the overall findings that we discovered concerning the collective behaviors that affect the
response of the cells and the effect of PtdSer in calcification. The next step should shed

light on some of those limitations and employ improvements in experimental procedures.

5.2.1 Study limitations: Aim 1

For dynamic loading, we attached PA gels on silicone stretchable wells. While
detaching the coverslip from the surface of the PA gel, as the underneath was a soft
surface (silicone), the outcoming surface of the gel was affected. In some substrates, the
surface was non-uniform, which caused issues with focusing on aggregates during
imaging with microscopes. In detail, some parts of the aggregate were in focus as the

other parts were blurry due to uneven gel underneath.
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In the same dynamic experiment, we aimed to stain F-actin before and after the
applied loading to investigate the reorientation of the cells. As we wanted to study the
same aggregates before and after dynamic cyclic loading, we could not have used a stain
compatible with fixing the cells. Even though we could perform such an investigation in
the live F-actin stain, the F-actin signal in the live culture was weak, and not all the cells

in the same aggregate were stained.

To study the YAP-deactivation, we stained the cells for YAP and quantified the
deactivation with image analysis. For this purpose, the YAP and nuclei signals are
processed to measure their colocalization. However, we could not use automatic image
analysis tools as there were cells in the banded and hyperconfluent areas that lay on top
of each other, and one cell's extracellular Y AP might have been on top of the different
cell's nuclei, causing an error in automatic image analysis. Additionally, not all the YAP

were excluded from the nuclei; we observed nucleated cytosolic YAP in several cells.

To gather more data on the mechanical state of the cells inside the bands, we
needed to know the forces they apply to the substrate and each other. Even though we
used different markers such as apoptosis, YAP, etc., or measured the forces cells apply to
the substrate to show the mechanical state of the cells, it would have been stronger if we

were able to measure the forces cells apply to each other.

Even though measurements of the cell-cell forces were not feasible, studying the
forces cells apply to the substrate collectively before and after the implication of dynamic
cyclic loading would help us understand the changes in the mechanical state of the cells
inside of bands after the reorientation. However, this experiment was not feasible with
our current instruments, as the slightest change in the location of the aggregate would
cause errors in the resulting computed traction forces. Also, for the dynamic loading, we
used the small wells of 8x8 mm of CellScale device, that direct printing method is not
achieved yet. For using coverslip with microbeads on them, we had to use the direct
microcontact printing, and we have not developed a reproducible method to use the
indirect printing method with the coverslip covered in microbeads that are used in

transferring fluorescent beads to the surface of the gel.
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5.2.2 Study limitations: Aim 2

It would have been stronger to study the correlation between apoptosis and
calcification if we could measure the exact colocalization of apoptotic bodies with
calcific nodules. Unfortunately, this analysis was not achievable due to the movement of
the VICs inside the aggregates; even in hyperconfluency they move together and do not

stay in the same location inside the aggregate.

We observed a lot of heterogeneity in the resulting calcification. We suspect this
heterogeneity is a result of heterogeneity in confluency of the aggregates, the variability

in ARS staining, aggregate size variability, or PtdSer pipetting.

As discussed in aim 1, the cells’ collective behavior and the aggregate’s
confluency state cause heterogeneity in different signals. We think the confluency state of

the aggregate affects the amount of calcification in different treatment groups.

We measure the calcification with ARS and image, analyzing the area that shows
signals higher than a threshold. However, the method is variable as it could differ even
when a single operator stains the samples. We believe this variability is affecting the

results as well.

When calculating the area of calcification, we divide the area higher than the
threshold by the area of aggregates. As we calculate the average area of aggregates in
different treatments individually, the percentage of positivity even in cases where the
amount of positive area is the same but with varying sizes of aggregate would result in a

higher percentage of the area is positive for the calcification in smaller aggregate.

PtdSer is lipid and hydrophobic, with a higher viscosity than regular media used
in cell culture. Also, the amount needed to be added to the media for 5 uM concentration
was very small. Keeping it accurate with our current pipettes was problematic and may
cause variabilities. The hydrophobic nature of this lipid prevented us from making a
higher concentration and then diluting it to a lower concentration to solve the issue with
pipetting as it does not dissolve in the media completely. Also, the higher viscosity could

have affected the amount of PtdSer transferred into the pipette.
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Additionally, the PtdSer is dissolved in chloroform:methanol. This volatile
solution evaporates quickly, which may have caused some variability in the concentration
of PtdSer. However, we tried to prevent such an event by keeping the solution in the glass
container it was originally shipped in and concealing the syringe’s entrance with

parafilm. We extracted the amount we needed for each experiment using a needle.

5.3 Long-term future work for the field

The data presented in this dissertation have provided evidence on collective
behaviors of VICs that affect different markers such as apoptosis, which correlate with
calcification. When the cells start aligning and making multicellular bands, more cells are
recruited to the bands leading to hyperconfluency. The hyperconfluency affects the cells’
mechanical state, leading to heterogeneities in different markers and apoptosis. Later
apoptosis, more specifically PtdSer exposure at the beginning of apoptosis, appears to
have a role in the initiation of calcification. In addition to the conditions introduced in
this thesis, there are additional markers, experiments, and conditions that have yet to be
tested. Future work will strengthen our current understanding of the role of PtdSer and
the collective behavior of VICs that lead to calcification.

5.3.1 Future work: Aim 1

Due to limited resources for the experimental experiments, it would be beneficial
to use computational modeling to predict and simulate cellular behavior in 2D
aggregates. To model the collective behavior investigated in this project, uniform cellular
area and distribution would not capture the complete picture. We anticipate considering
cellular numbers inside the bands, and perhaps a muscle-like shape formed by cells for
the bands would result in a better simulation of the heterogeneity involved.

To further evaluate the changes in the mechanical state of the cells inside the
bands, evaluating the stress markers such as apoptosis in the bands after employing
dynamic cyclic loading would shed light on the changes occurring in the mechanical state

of the cells with cellular reorientation. Additionally, TFM could be measured utilizing
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PA-gel with solved microbeads inside the gel. It should be noticed that the beads in the

lower parts of the gel other than its surface may cause errors in the computations.

To better understand the causes of the banding behavior, ECM secreted by the
cells could be evaluated after the band is formed. It might be the ECM secreted by
multiple cells elongated in the middle of the aggregate that recruits other cells to align
and join the band. However, we believe this might not be the sole reason, as we observed
no hyperconfluency in calcium-free media. The alignment of these proteins to outline the
banded region could be imaged using polarized microscopy (Koike-Tani et al. 2015).
Another way to evaluate the effects of the proteins left behind by the cells in making the
bands is by trypsinizing current banded cells and seeding new cells. Then if the new cells
are aligned in the same direction as the previous band, it could be evidence of the effect
of proteins secreted by cells in making the alignment. However, it should be considered
that this new aligned band might result from a defect of higher collagen concentration on

the endpoints of the presumable band.

To verify the collagen remnant after aggregates self-detach from the endpoints of
the bands, the collagen could be stained using antibodies. Also, new cells could be seeded
into the dish to observe if any cells would attach to the ripped part of the aggregate,
demonstrating the collagen existence. However, in this method, the nodulated cells might
die and cause more heterogeneity in the aggregate images. The current self-detached
aggregates could be trypsinized, and a new set of cells could be seeded. Using this
method, the operator should be sure of tracking the same aggregate as failure in it may
cause errors in conclusions from observed newly formed aggregates. To prevent self-
detachment of the cells, matrix binding could be increased using fibronectins or

covalently binding proteins to the surface of the gel.

To better demonstrate the effect of cell-cell interaction on the band formation,
cadherin could be blocked or knocked out instead of using EDTA to deplete calcium.
Using this method, there would be no effect on the proliferation of the cells, and we
might observe hyperconfluency even without any cell-cell interaction.
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5.3.2 Future work: Aim 2

In addition to future works mentioned in the appendix for Chapter 4, the
following future works could assist us to better understand the calcification of VICs.
Also, for clinical practices, the effects of Statin on phosphatidylserine could be measured,
as it affects the phosphatidylcholine.

To better remove the variabilities due to heterogeneity in confluency of the cells
and variability in using ARS, a bilayer of PtdSer with QCM-D sensors could be used.
The QCM-D sensors provide information on the mass and thickness of the bilayer. With
this method, there is a uniform bilayer of PtdSer, and once there is any material attached

to the bilayer, other sensors could record it.

With observed variability in effects of exogenous PtdSer on female and male cells
in current research, the possible causes should be assessed using the current knowledge of
different pathways involved in calcification in male vs. male cells, such as MAPK/ERK
(McCoy et al. 2012).

3D models of cells compared to 2D models mimic the cells' natural environment
more closely. In the future, 3D modeling of VICs to study calcification would provide
knowledge on how the VICs behave collectively in a 3D environment and how it results
in calcification. Another step would be the implication of dynamic loading in 3D or 2D

models and study its effect on calcification.

To model the events in the body, it would be advantageous to employ macrophages
to remove the apoptotic bodies and measure their effects on calcification. Macrophages
mostly remove apoptotic cells in their entirety. The process of apoptotic cell removal by
macrophages is termed efferocytosis (Cory 2018). Macrophages, “big eater” in Greek, are
large cells, approximately 21 um in diameter (Krombach et al. 1997), and have the ability
to phagocytose large targets (>0.5 um in diameter) (Maderna et al. 2003). Macrophages
mostly remove apoptotic cells in their entirety (Parnaik et al. 2000, Wood et al. 2000) and
can engulf intact cells (To6th et al. 2009).
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Clearance of apoptotic cells reduces inflammatory responses in other diseases.
Apoptosis is a vital part of healthy tissues' growth, homeostasis, and maintenance (Poon et
al. 2014). Clearing of cell remnants happens rapidly, so apoptotic cells are not found, even
in tissues with high apoptosis rates. Inefficiency in clearing apoptotic cells by macrophages

can lead to inflammatory and autoimmune diseases (Poon et al. 2014).

Secondary necrosis happens when apoptotic cells that are left uncleared lose their
membrane integrity and lyse (Poon et al. 2014). Exposure of the intracellular molecules
signal inflammation responses in tissues (Poon et al. 2014). Targeting the clearance of
apoptotic cells has become a popular approach to dealing with a wide range of diseases,

from autoimmunity to cancer.

Examples of employing macrophages to achieve different goals could be the
removal of excess apoptotic cells to prevent them from undergoing secondary necrosis and
initiate an inflammatory response, such as in lung inflammation, or adding macrophages
for an anti-inflammatory response of clearance of the apoptotic cells in their early stages
apoptosis, such as in rheumatoid arthritis (Poon et al. 2014). Similar to these diseases, the
clearance of apoptotic cells before their secondary necrosis stage may have an impact on

calcification.
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