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Chapter 1: Introduction and Motivation 
 
 
 
 

Aortic stenosis (AS) affects 2-5% of all people over 75 years of age, with treatment 

commonly required as early as 50, especially for patients born with a congenital aortic valve 

(AV) malformation.1–3 Approximately 15,000 deaths each year are attributed to AV disease or 

associated complications in the United States, and an additional 50,000 to 100,000 undergo life-

saving surgery, altogether forming a sizable healthcare burden.2,4,5 Calcific aortic valve disease 

(CAVD) is both the primary cause of AS, and the pathophysiology through which patients with 

valve abnormalities progress to AS. AS involves hemodynamic obstruction of blood flow to the 

body, and increased pressures in the left ventricle, leaving patients to suffer from exertional 

dyspnea and fatigue, syncope, and eventually heart failure as a result of AS. These symptoms 

not only diminish quality of life, but mandate intervention. Currently, the primary clinical course 

of action is aortic valve replacement (AVR). Without such a replacement, patient survival rates 

after symptom onset are 50% at two years and 20% at five years, highlighting the inevitability of 

surgical intervention (Figure 1.1).6,7 Notably, Figure 1.1 has been reproduced and referenced in 

the CAVD and AS literature continuously since its publication in 1968, as no medical therapies 

have affected either the natural history of this disease, or its mortality curve.7 

AVR has entailed, until the last decade, open heart surgery and manual replacement. 

This procedure has been reported to result in 30-day mortality rates ranging from 2-18%.8 The 

lack of alternatives to surgical replacement led to an interest in potential pharmaceutical 

therapies.9 Approved therapies for atherosclerosis and hypertension were studied in patients 

with AS, due to both their roles as risk factors for CAVD and mechanistic overlap. Unfortunately, 

lipid-lowering therapy has largely failed,10,11 while antihypertensive agents have improved 

cardiac function, but had little effect on valve degeneration or function.1,12,13 Thus, the field has 

focused on uncovering new biological understanding, and potentially new treatment strategies.  
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Figure 1.1. The clinical progression of aortic stenosis. 
The progression of aortic stenosis involves a latent period with asymptomatic progression followed by 
a rapid increase in mortality after symptom onset. Reprinted, with permission, from Ross and 
Braunwald.7 
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In this setting, clinical care and scientific study of AV disease have undergone a 

revolution within the last 20 years with the invention and widespread adoption of transcatheter 

aortic valve replacement (TAVR). TAVR is a catheter-based approach that does not necessitate 

“open-heart” surgery. It involves access to the arterial side of the cardiovascular system through 

the radial or femoral arteries, followed by subsequent threading of various tools up the arterial 

system to the AV. A compressed bioprosthetic valve is then placed in the AV orifice and 

expanded to compress the existing diseased leaflets in the periphery of the aortic root, thus 

allowing the bioprosthetic valve to assume valvular function. The TAVR procedure was first 

performed in 2002,14 and just 18 years later it has proven superior to surgical aortic valve 

replacement in nearly every situation.  

The clinical field of cardiology has tested the benefit of TAVR first in high-risk surgical 

patients—those who are likely to have many complications from surgery and therefore receive 

the most benefit from a transcatheter approach—followed by progressively lower risk 

patients.15,16 This recently culminated with the finding that TAVR is superior to surgical aortic 

valve replacement even in patients with a low-risk surgical profile.17 This change in clinical care 

has shifted the landscape of scientific research into AV disease. With the ease and relative low 

morbidity of TAVR, long-term pharmaceutical intervention is made less efficacious for most 

populations. Clinicians might still opt for pharmaceutical therapy in patients with 

contraindications to replacement, such as a uniquely difficult approach for TAVR or high surgical 

risk;18 however, many new outstanding questions in AV disease center around this intervention 

strategy. Among other concerns, the lifetime of these devices is not entirely understood, and 

their risk of recalcification remains unclear.  

To that end, the central focus of this body of work is an augmented understanding of AV 

calcification in the TAVR era. Leveraging the experience, skills, and tools available, this body of 

work interrogates the role of inflammation and inflammatory pathways in CAVD. Cellular 

infiltrates have been observed in AV disease for decades, first noted in the calcification of 
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porcine bioprostheses at autopsy after AVR.19 The appearance of such cells in bioprostheses 

highlights one motivation for studying inflammation in CAVD: it is a mechanism conserved 

across TAVR intervention. Despite this long history, the role of immune cells in CAVD is largely 

unknown.20 Similarly, inflammatory pathways like those involving cyclooxygenase-2 (COX-2) 

and signal transducer and activator of transcription 3 (STAT3) have long been associated with 

fibrosis and even cardiopulmonary disease but have rarely been studied in depth in CAVD.21,22 

Thus, inflammation presents a unique nexus of study wherein (a) mechanisms are conserved 

across the valve replacement threshold, (b) areas of study are shared across many 

cardiovascular diseases, providing alternate avenues for insight and study, and (c) not yet 

mentioned, there is a growing scientific community interested in immunological signaling in the 

setting of fibrotic disease. 

In addition, TAVR introduces many new clinical questions. For example, how should a 

clinician decide who should undergo TAVR? The transition to TAVR increases access in 

numerous ways: from increasing the number of potential providers to allowing for patients with 

higher risk-profiles to undergo AVR. This makes the question of who would benefit from AVR a 

more pressing one, as the capacity for delivery has increased. Some data suggests that AS 

phenotypes differ between sexes—with canonical understanding having a higher sensitivity for 

disease in male patients—perhaps driven by differences in inflammation and fibrosis.23–26 With 

the expanded access brought by TAVR, it is necessary to understand how our canonical 

disease understanding could lead to health inequities by underserving female patients who 

disproportionately suffer from underrecognized AS phenotypes. 

 This doctoral thesis summarizes a body of work conceived to both answer old and 

propose new questions in AV disease. By focusing on inflammatory and immunological 

mechanisms, this work exists to challenge our existing notions of cardiovascular disease and 

ensure that any findings are translatable to patients undergoing AVR, whether surgical or 

transcatheter-based. It begins with a brief background of CAVD, including an extended focus on 
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the role of immune cells and inflammatory pathways. The middle four chapters describe studies 

based on the areas of interest described above. First is described a study on the impact of 

COX-2 inhibitors on AV disease;27 next follows a chapter studying the unique role of STAT3 

activation response to cyclic mechanical strain; then a comprehensive look at the role of 

macrophages in a common murine model of valve disease, concluding with translational 

findings on the role of STAT3 splicing in CAVD;28 finally, a summarization of echocardiographic 

data from Vanderbilt University Medical Center outlines sex-dependent patterns of disease 

recognition in a clinical setting. A summarization of the findings from these studies, along with a 

discussion of their impact on the field and future directions, can be found in the final chapter.  

In this era of TAVR, our molecular understanding of CAVD and where scientific inquiry is 

needed must be adaptable and forward-thinking. The goal of this work has been to integrate 

broad-ranging fields of expertise to highlight novel areas of exploration that could spark further 

scientific investigation in this transformational time. Through the body of work described, the 

author hopes to have moved the field forward and contributed to continued improving care for 

patients with AS.   
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Chapter 2: Background 
 
 
 
Portions of this chapter adapted from:  
 
Raddatz MA, Madhur MS, Merryman WD. Adaptive immune cells in calcific aortic valve disease. 

Am J Physiol Circ Physiol. 2019;317(1):H141-H155.29 
 
 
 
 
Calcific Aortic Valve Disease and Aortic Stenosis  

Calcific aortic valve disease (CAVD) is overwhelmingly the most common cause of aortic 

stenosis (AS), the third most prevalent cardiovascular disease in developed countries.1,2 CAVD 

is a fibro-calcific process in which microscopic pathology like calcification and collagen 

deposition within the aortic valve (AV) lead to macroscopic stiffening, impeding blood flow out of 

the heart and causing AS. It is a disease of aging, almost never occurring before 40 years of 

age, and occurs most commonly in patients with other cardiovascular comorbidities like 

hypertension and atherosclerosis, but there is limited basic scientific understanding of how 

these risk factors may lead to CAVD.3 To that end, the primary molecular causes of CAVD are 

generally unknown. It is estimated that 25% of the population over 65 years of age exhibits 

some stage of CAVD, and due to the association of CAVD with increased age, the absolute 

number of cases will only increase as the population of the United States ages.1,30  

Ultimately, severe AS simultaneously decreases cardiac output and leads to increased 

afterload on the left ventricle during systole, causing an increase in ventricular strain and 

resulting in pathophysiology and symptomology common to heart failure. AS commonly 

presents in the clinic as dyspnea, dizziness, or decreased exercise tolerance, but can also 

progress to the point of syncope before patients seek medical advice. Without treatment, patient 

survival rates after symptom onset are 50% at two years and 20% at five years.6 
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CAVD currently has no pharmaceutical treatment: intervention is limited to surgical or 

transcatheter aortic valve replacements (SAVR and TAVR respectively).1,31 The association of 

AS with aging suggests that many of these patients are not optimal surgical candidates, 

especially for an invasive procedure like SAVR which mandates thoracotomy. Some studies 

have estimated that ~10% of patients are “high-risk” surgical candidates,32 and over 30% of 

those with severe AS eventually opted not to get the procedure.33,34 It is likely with the 

prevalence of septa- and octogenarians in the AS cohort, that (1) comorbidities are common 

and threaten surgical outcomes in ways that surgical risk scores cannot assess and (2) patient 

goals may not align with undergoing invasive surgery.35,36 However, over the last decade TAVR 

has changed practice, as it has rendered inoperable patients operable by providing access to 

AV replacement through the peripheral vasculature. The PARTNER and PARTNER 2 trials 

showed that TAVR is a drastic improvement over no intervention for patients who are not SAVR 

candidates,15 and that TAVR may be a mild improvement over SAVR in regards to death and 

disabling stroke than SAVR in patients with intermediate surgical risk.16 The PARTNER 3 trial 

showed further that TAVR is non-inferior to SAVR in patients with low surgical risk.17 

Nonetheless, TAVR presents some challenges inevitable in procedural medicine. Both 

TAVR and SAVR patients are at risk of MI or paravalvular leak due to poor prosthetic 

placement, acute kidney injury, infection, and re-thickening or thrombosis of prosthetic 

valves.37,38 Additionally, there are anatomical contraindications to TAVR including severe 

calcification, aortic root pathology such as that commonly seen in patients with bicuspid aortic 

valves, and unfavorable coronary ostia anatomy.33 These patients often have other 

cardiovascular comorbidities or risk factors that might predict their poor tolerance of TAVR and 

would present an opportunity for pharmaceutical targeting either against organic CAVD in the 

native valve or to prevent calcification of the prosthetic valve.  



8 
 

Additionally, AV replacements are currently understood to have a finite lifespan inside the 

body.39 Specifically, it is clear that younger patients receiving AV replacement are at high risk for 

deterioration of their replacement AV. These younger patients are often in the 1-2% of the 

population who have a congenitally bicuspid AV.3,40,41 Patients with bicuspid AV are less likely to 

have other cardiovascular morbidities than the older AVR cohort, yet because of the time-limited 

nature of AV prosthetics are more likely to need further intervention: for example, valve-in-valve 

replacement.40 This process, wherein a prosthetic valve is replaced by placing another 

prosthetic valve in the orifice in the initial replacement, is not without its pitfalls including poor 

hemodynamics, coronary artery obstruction, and retrograde paravalvular leak.39 The specter of 

prosthetic failure can decrease quality of life both through real medical contraindications and 

psychological stress. Targeted medical therapy could prolong the lifespan of native AVs, push 

AVR later in life, and limit calcification of the prosthetic itself and thus valve-in-valve 

transcatheter procedures or other complications.  

In both of the populations outlined above, medical therapy could provide for better quality 

of life, decreased financial burden, and increased lifespan. As it stands, no pharmaceutical trials 

have yielded promising results.13 These trials for CAVD have focused on three areas. First, 

repeated trials have been performed with novel lipid-lowering therapies since 2005, and none 

have reported a difference from placebo.10,11,42–44 Although dyslipidemia is a risk factor for AS, 

this pathway does not seem promising. Trials with antihypertensive agents have mitigated 

cardiac remodeling in AS patients, but had little effect on valve function.12 Finally, a small 

number of trials have tried to directly oppose AV calcification by targeting phosphate and 

calcium metabolism. A retrospective study of bisphosphate use, which inhibits bone remodeling 

in osteoporosis, showed no effect on AS, but some have called for a prospective trial.45,46 

Additional agents targeting bone metabolism are currently being used in the ongoing  

SALTIRE II trial, which has not reported outcomes.13 As seen here, our existing understanding 
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of CAVD has not led to successful pharmaceutical therapies. Further understanding the 

molecular and cellular pathogenesis of CAVD is a crucial step towards pharmaceutical therapies 

that would decrease disease and operation-related morbidity. 

 

Calcific Aortic Valve Disease Pathophysiology  

 CAVD is thought primarily to arise from the native cells of the AV. The AV classically 

consists of three layers: the ventricularis, the spongiosa, and the fibrosa, going from the 

ventricular to the aortic side of the AV.47,48 The ventricularis consists primarily of collagen elastin 

fibers that provide structure for the valve, which undergoes immense mechanical forces 

throughout the human lifespan.47,49 The spongiosa consists primarily of proteoglycans, while the 

fibrosa is the primary source of cellular activity, including egress of hematopoietic cells, and also 

the location of calcification in CAVD.1,50–52 Among valvular cells, there are two resident cell 

populations: aortic valve interstitial cells (AVICs) and aortic valve endothelial cells (AVECs). 

AVECs create the endothelium lining the interface of the valve with the circulating blood, and 

are embryonically derived from the secondary heart field.53,54 AVICs are fibroblast-like cells 

derived from AVECs and the cardiac neural crest that make up the bulk of the valve and are 

thought to serve as the primary source of cellular calcification.54,55 

 Cellular calcification of AVICs is generally thought to occur by two pathways: dystrophic 

and osteogenic calcification. Dystrophic calcification results from myofibroblast transition, 

identified by increased expression of alpha-smooth muscle actin (αSMA) and cadherin-11 

(CDH11).56,57 Myofibroblast transition with αSMA expression results in increased contractility 

and tension on the cellular cytoskeleton, and CDH11 allows for this increased tension to be 

transmitted across cell-cell junctions.57 This transition additionally results in increased metabolic 

activity (e.g. increased protein kinase B activity).58 These phenomena lead to apoptosis and 

aggregates of necrotic calcified cells through increased mechanical stress and buildup of 
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metabolic byproducts.57–59 While the dystrophic pathway is a result of what could be described 

as maladaptation by AVICs, osteogenic calcification results from active remodeling of the 

environment. AVICs differentiate into osteoblast-like cells with increased expression of RUNX2, 

osteocalcin, osteonectin, osteopontin, alkaline phosphatase, and other markers of the 

osteoblast phenotype and bone-remodeling process.58,60,61 Diseased AVICs in the osteogenic 

pathway have previously been shown to form bone on their own ex vivo, and respond further to 

bone morphogenetic protein 2, a common and prolific RUNX2 activator.62 In either of these two 

AVIC calcification pathways the macroscopic AV calcification process includes a mosaic of 

histological findings including lipid retention, mineralization, and neovascularization.1 Primarily, 

CAVD histology is defined by both fibrosis and calcification. Fibrosis in the valve is 

characterized by excess production of dysregulated collagen fibers while calcification includes 

excess mineralization and in a minority of cases shows advanced bone metaplasia with 

osteoblast-like cells and hematopoietic osteogenic progenitor cells.31,61,63,64 Although these are 

the dogmatic hallmarks of CAVD pathology, inflammatory infiltrate is near ubiquitous in 

diseased valves, as is discussed in a later section. Nonetheless, it has rarely been interrogated 

in hypothesis-driven science, and the mechanisms of immune cell contribution to CAVD are 

poorly described. 

 

Common Models for the Study of Calcific Aortic Valve Disease 

 CAVD presents unique challenges for in vivo disease study for a variety of reasons. 

Scientific study of tissue-level biological phenomena can generally be grouped into ex vivo, in 

vivo, and in vitro studies, each of which have hurdles in the investigation of CAVD. Similar to 

diseases across human pathology, ex vivo studies of the aortic valve fill the literature, and have 

pushed the field forward for decades. However, for proper ex vivo analysis, non-diseased 

control tissues are needed. In the case of CAVD, these healthy controls should have little to no 
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cardiovascular disease, but hearts with little to no cardiovascular disease almost universally are 

used in heart transplant, a medical procedure whose limiting reagent is supply of replacement 

organs. Instead, adjacent “healthy” tissue (i.e. uninvolved in frank calcification or fibrosis) is 

commonly used as a control.65 

 This leads to in vivo models of CAVD. Various mouse models have been used for the 

study of CAVD.66,67 The majority of these fall into one of three categories: models of 

dyslipidemia (either genetic or diet-induced) which lead to plaque-like formations in the aortic 

root and on the aortic valve, aortic valve injury induced my injurious mechanical or 

pharmaceutical stimulus, or genetic mutations meant to alter fibroblast biology.66,67 This last 

category bears the most resemblance to the clinical phenomenon of CAVD and includes the 

Notch1+/- mouse.68 Notch1+/- mice exhibit increased valvular calcification, inflammation, and 

molecular osteogenesis.69 AVICs isolated from Notch1+/- animals have increased expression of 

αSMA and CDH11, and increased calcific nodule formation in vitro, and pharmacological 

NOTCH1 suppression promotes calcification.56,70 Importantly, NOTCH1 haploinsufficiency is 

associated with bicuspid aortic valves and CAVD in humans, making the clinical relevance of 

this model a strength.71,72 This evidence has pushed NOTCH1 into the spotlight for CAVD. 

However, returning to in vivo models, mice often must be aged six to twelve months before 

seeing signs of disease.69 This has certainly dissuaded investigators from using nuanced and 

specific mouse models to investigate pathophysiology. Instead of using Cre/lox systems to 

probe clinically relevant echocardiography outcomes, mouse studies more often use surrogate 

endpoints or examine correlation of molecular staining with disease status in ex vivo analysis.  

 Finally, in vitro models of CAVD present their own unique issues. In vitro studies utilize 

AVICs from human CAVD patients, pigs, or mice.73 As noted above, cells from diseased human 

valves or mice with common CAVD mutations (e.g. Notch1+/-) are commonly used as a source 

for in vitro studies. Human cells provide a sufficient model, but can be difficult to obtain and 
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maintain. Porcine cells are easy to acquire and have higher calcification propensity, allowing for 

expedited testing of potential anti-calcification therapies, but experiments in porcine cells often 

cannot be replicated in human and murine cells, inspiring doubt about the validity of the model. 

The use of murine cells mandates immortalization of cell lines. The cellular yield from murine 

valves is expectedly small compared to larger mammals, and these cells must be expanded 

over multiple passages, potentially obfuscating cellular phenotypes. Common issues with in 

vitro models aside, the most egregious flaw in study of CAVD is that these models exclude any 

immune cell signaling and look instead at signaling of AVICs alone. While these studies have 

guided discovery and pushed therapeutic strategies, the omnipresence of immune cells in 

calcified specimens demands a consideration of their role in valvular calcification. 

 

Hematopoietic Cells in Calcific Aortic Valve Disease  

Hematopoietic Cells in the Healthy Valve 

As described above, the two cell-types most commonly investigated in CAVD are AVICs 

and AVECS, fibroblast-like and endothelial cells of the aortic valve respectively. However, in the 

last decade, the physiologic presence of leukocytes has also been described, and is slowly 

being incorporated into calcification models. Surprisingly, up to 10-15% of murine valve cells are 

CD45+, a marker of the hematopoietic lineage.74 This fraction grows throughout maturation and 

is split primarily between CD133+ cells (bone marrow-derived progenitor cells) and 

CD11c+/molecular histocompatibility complex II+ (MHCII+) dendritic-like cells.75 Importantly, 

MHCII is the primary vehicle of antigen presentation for external antigens. Antigen-presentation 

leads to T cell recognition of the antigen and is a primary step in the adaptive immune response. 

Choi, et al. first identified CD11c+ cells with dendritic processes in the aortic valve and further 

showed that their aortic wall counterparts (a) highly express MHCII and moderately express 

CD11c and CD86 (a co-stimulatory molecule which in conjunction with antigen presentation 

promotes T cell activation) at a population level and (b) could proficiently present ovalbumin to T 
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cells.50 These characteristics explicitly confirm the presence of functional antigen-presenting 

cells (APCs) in the aortic valve. The most common APCs are dendritic cells, macrophages, and 

B cells. It has been shown that the cells in the valve express the macrophage markers CD206 

and F4/80,74 suggesting, in concert with the above data, that they may be primarily 

macrophages.  

In physiologic states APCs serve as immune surveillance cells. Namely, they 

phagocytose pathogens and traffic to the lymphatic system in which they present antigens and 

initiate immune responses. To that end, Hajdu, et al. have shown that the hematopoietic cells in 

the healthy valve are constantly being replaced, as is common of immune surveillance cells in 

many tissues.75 In the healthy AV, APCs would serve to initiate immune responses to valvular 

endocarditis or the like, but otherwise likely play a more understated role through local 

juxtacrine or paracrine signaling in the absence of offending pathogens. 

 

Myeloid Cells in CAVD 

Although the presence of immune cells in the healthy valve is a relatively new finding, for 

at least 25 years leukocytic infiltrates have been observed in non-rheumatic aortic valve disease 

(Table 2.1),29 first noted in the calcification of porcine bioprostheses at autopsy after AVR.19 

Nonetheless, the role of these cells in CAVD is largely unknown.20 Notably, in the calcified valve 

there is an enrichment of the macrophage population,76–78 and an increase of CD11c+ as 

opposed to CD206+ macrophages.79 CD11c positivity is a marker of inflammatory M1-like 

macrophages which are generally responsive to interferon gamma (IFNγ) and 

lipopolysaccharide (LPS) activation, efficiently secrete IL-12, tumor necrosis factor alpha 

(TNFα), and other acute phase reactants, and direct a pro-inflammatory immune response.80,81 

In contrast, CD206 is a marker of M2 macrophages which generally promote immunoregulation 

and long-term antibody production.82 While the M1/M2 macrophage model is a simplified 
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dichotomization, the general concept of inflammatory and tolerogenic or immunosuppressive 

macrophages is useful here: an increase in M1 polarization like that found in CAVD by Li, et al. 

represents a heightened inflammatory state.79 Similarly, an increase in transcripts of human 

leukocyte antigen (HLA) subtypes and other proteins involved in antigen presentation in 

calcified valves reinforces the concept of increased inflammatory activity in the pathophysiology 

of CAVD.65 These results are at some level unsurprising: inflammatory cells are often recruited 

to sites of building pathology. However, in combination with the data on macrophages in the 

healthy valve, we know their phenotype in healthy and diseased states, and can investigate the 

trajectory between the two.  

Mechanistic investigations have provided mixed results on the role of macrophages in 

the calcification process. The first studies have used conditioned media from macrophages. 

AVICs treated with conditioned media from M1 macrophages increase expression of osteogenic 

calcification markers—bone morphogenetic protein 2, osteopontin, and alkaline phosphatase—

at the mRNA and protein levels, and antibody blockade of inflammatory cytokines TNFα and/or 

IL-6 decreases this calcification effect in vitro.79 This would suggest a pro-calcific role for 

macrophages, wherein inflammatory macrophages promote AVIC calcification. However, 

nonspecific depletion of macrophages in hyperlipidemic mice with liposomal clodronate leads to 

increased valvular thickness due to expanding lipid and collagen deposits.83 This stresses the 

importance of macrophage polarization and selective inhibition, as clodronate treatment 

depletes both M1 and M2 macrophages, which may not affect the balance between tolerogenic 

and inflammatory responses. Additionally, liposomal clodronate is taken up specifically by 

phagocytic macrophages, most potently those in circulation. It is unclear exactly which cells are 

depleted with liposomal clodronate treatment: both in their location (circulation, valve, etc.) and 

their phenotype (pro-inflammatory, patrolling monocytes, activated monocytes, etc.). 
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 Study of macrophages in CAVD must take advantage of work done in adjacent fields. 

One burgeoning area of study that bears note here incorporates existing research into 

dystrophic calcification in CAVD. The known pro-calcification protein CDH11 described 

previously has also been described on macrophages in the setting of lung fibrosis.84 In this 

study, the authors find that CDH11 on macrophages engage with myofibroblasts through 

homotypic CDH11 bonds, leading to transforming growth factor beta (TGF-β) secretion by the 

macrophages. This type of finding incorporates existing understanding of fibroblast biology with 

immunology, highlighting the way forward for the study of macrophages and other 

hematopoietic cells in cardiopulmonary disease.  
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Table 2.1. Hematopoietic cells in calcific aortic valve disease. 

CAVD = calcific aortic valve disease, CTL = cytotoxic T lymphocyte, Th = T helper  
Adapted from Raddatz, et al.29 
 

  

Cell Type Immunological Role Notes 
Myeloid Cells     
Dendritic Cells Initiate innate immune response, 

antigen-presentation 
 

Macrophages 
Phagocytose pathogens, initiate 
innate immune response, antigen-
presentation 

  

 M1-like Macrophages Initiate inflammatory and cytotoxic 
immune responses ↑ in CAVD79 

  M2-like Macrophages  Initiate tolerogenic and pro-fibrotic 
immune responses ↓ in CAVD79 

Lymphocytes   

T cells      ↑ in CAVD19,76–78 
 Th Cells Coordinate the immune response by 

providing "help" to other cells 
 

  CTLs Kill infected cells or tumor cells   
 Regulatory T Cells Resolve immune response,  

promote tolerogenic environment 
In circulation; ↓ after 
surgical intervention85 

  Memory-effector T Cells Initiate immune responses to prior 
pathogens 

In both valve and 
circulation86 

 Natural Killer T Cells Release cytokines in response to 
various glycolipid antigens 

↑ with worsening echo 
metrics87 

B cells       
 Plasma Cells Produce antibody  

Other       

Mast Cells 
Rapidly release histamines and 
inflammatory substances during 
allergic reactions 

↑ in bicuspid aortic 
valves; increased with 
worsening echo88–90 

Osteogenic Progenitor Cells Bone formation 
↑ with worsening echo; 
in both valve and 
circulation63,91,92 
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Lymphocytes in CAVD 

Although APCs and specifically macrophages are present in the healthy valve, T 

lymphocytes are characteristic of the aged and diseased valve.19,76 This inflammatory infiltrate 

accompanies increased neovascularization and osseous metaplasia, hallmark histological signs 

of CAVD.77 In addition, at a transcript level, five of the ten most upregulated pathways in 

calcified versus non-calcified aortic valves directly involve T lymphocyte-specific signaling, while 

nine involve the immune response.93 Functionally, T cell prevalence in the valve is correlated 

with increased pressure gradient, an echocardiographic measure of AS,87 suggesting close ties 

between aortic valve calcification or stiffening and T cell infiltration. Further, transcriptomic data 

from CAVD samples show increased granzyme, perforin, CD8, and interferon gamma (IFNγ), 

affirming the presence of T lymphocytes and suggesting an increased activity level.94 IFNγ 

specifically has been shown to stymie macrophage capacity for calcium reabsorption and 

osteoclast activity through the receptor activator of nuclear factor kappa B (RANK) system.94 

This would propose an antigen-independent role for T lymphocytes in the aortic valve; however, 

T lymphocytes both in the valve and in circulation are more likely to be clonal in disease,86,95 

suggesting an antigen-specific immunological response. More specifically, the described T 

lymphocyte infiltrate involves both CD8+ T cells (cytotoxic T lymphocytes [CTLs]), and CD4+ T 

helper (Th) cells, with a tendency towards Th cell dominance.96,97 Generally, CTLs respond at a 

single-cell level to kill infected cells or tumor cells while Th cells coordinate the immune 

response by providing “help” to other cells. Each of these cell types consists of many subtypes 

which have not been investigated in CAVD. In fact, there is limited data on the T cell infiltrate 

present in CAVD, and almost no incorporation into in vitro models of disease. 
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Inflammation in Calcific Aortic Valve Disease  

AVICs in Inflammation 

In addition to the identification of hematopoietic cell types in CAVD, there have been 

numerous studies on the role of inflammatory signaling.98 One major area of study is AVIC 

expression of, and activation through, Toll-like receptors (TLRs).99 TLRs are a mechanism of 

innate immunity through which cells can recognize general pathogen- or damage- associated 

molecular patterns (PAMPs, DAMPs) such as intracellular contents (necrosis), double-stranded 

RNA (dsRNA, viruses), LPS (bacteria), or dysregulated proteoglycans (non-infectious tissue-

level pathology).100 AVICs have uniquely increased expression of TLRs compared to cells from 

other cardiac valves,101 and AVICs isolated from stenotic human valves have even further 

increased expression.102 This TLR expression may play a role in the unique calcification 

propensity of the AV, as TLR signaling has been identified as a mechanism for AVIC 

calcification in response to numerous inflammatory or injury-associated molecules, including 

dsRNA and LPS.103–106 One particularly interesting case is that of biglycan, which is 

dysregulated in pathology. AVIC treatment with biglycan leads to osteogenic signaling through 

TLRs, highlighting the capability of AVIC inflammation to further extend existing tissue pathology 

that may be initiated through dystrophic or osteogenic signaling.107–109 Another well-defined 

avenue of AVIC calcification through TLRs is by way of LPS. LPS is derived from bacterial 

membranes, and is thus a marker of infection and a potent activator of inflammation and 

immune responses. AVICs have repeatedly been shown to respond to LPS through TLRs to 

trigger both dystrophic and osteogenic phenotypes through the induction of adhesion molecules 

and osteogenic signals like BMP2 and RUNX2.101,103 This activity is further potentiated by 

treatment with interferons.110 LPS as a mechanism of CAVD induction was replicated in vivo 

using a mouse model of 12-week LPS treatment.111 These studies using LPS were among the 

first to more thoroughly investigate molecular pathways of inflammatory calcification, showing 

that the well-described LPS activation pathway through nuclear factor kappa-light-chain-
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enhancer of activated B cells (NF-κB) was active in AVICs and partially responsible for 

calcification phenotypes.101,112 NF-κB is a master regulator of inflammation and has long been 

described in this central role.113 The activation of NF-κB is triggered by many inflammatory 

stimuli, and likewise nearly every cytokine or inflammatory marker is related directly or indirectly 

to NF-κB in its role as a transcription factor. Therefore, these findings regarding NF-κB in CAVD 

highlighted the capability of AVICs to play a part in the inflammatory cascade, and the role of 

inflammation as whole in CAVD. 

The identification of NF-κB signaling in AVICs and as a part of the calcification process 

opened up a new area of research in the last decade: integration of NF-κB pathways with 

common models and molecules described in CAVD. Chief among these are NF-κB-activating 

molecules. TNF-α is a powerful activator of the NF-κB pathway and has been shown to promote 

both dystrophic and osteogenic signaling in AVICs.114,115 IL-1β, a common co-signaling 

molecule, is associated with CAVD remodeling in the valve, and also induces AVIC calcification 

through NF-κB.116,117 In vivo, loss of IL-1 receptor antagonist (IL-1Ra) promotes aortic valve 

disease.118 Lee, et al. showed that in humans, IL-1Ra was abundant in healthy valves, and 

absent in stenotic valves.119 They went on to show that IL-1Ra treatment opposed LPS-induced 

BMP2 expression.119 Another commonly described circulating molecule in CAVD is low-density 

lipoprotein (LDL): a driver of atherosclerosis. Although there is debate about the shared or 

directional causality of CAVD and atherosclerosis, it is undeniable that oxidized LDL is 

increased in diseased AVs, exaggerates the pro-calcification effect of LPS, and is associated 

with faster progression of disease in the clinic.120–123 Crucially, oxidized LDL activates NF-κB, 

and this activity is silenced with TLR-neutralizing antibodies.111 Finally, RANK ligand (RANKL) 

has been shown to promote AVIC calcification through NF-κB,124 and RANKL receptor 

antagonist osteoprotegerin has been shown to be protective against valvular calcification.125 

In addition to activators of NF-κB, other inflammatory molecules have repeatedly been 

identified in CAVD models. Many of these molecules have been identified in their role as 
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secreted factors released from valvular cells. First among these are matrix metalloproteinases 

(MMPs). MMPs, specifically MMP-2 and MMP-9, have been associated with valvular remodeling 

in response to IL-1β,116 and have long known to be promoted by NF-κB activity.126 Similarly, IL-6 

expression is downstream of NF-κB activity,113 and much work has been done to outline the role 

of IL-6 in CAVD, which is discussed in a future section. One area of particular interest in this 

body of work is the association of NF-κB with signal transducer and activator of transcription 3 

(STAT3). This is a well-described relationship which includes common functions, co-regulation, 

and cooperation in producing inflammatory responses.127 The study of STAT3 in immunology 

and oncology has elevated its status as a signaling molecule of interest in biomedical research. 

However, the same justifications for studying STAT3 in cancer and autoimmune diseases 

(immune cell infiltration and fibrotic responses) can be translated to the study of CAVD. 

 

The STAT3 Pathway 

STAT3 has been implicated in fibrosis of the kidney, vasculature, and liver,128 and in 

cardiology has been studied in hypertension and cardiac fibrosis.21,129,130 In cardiac fibrosis, it 

was found that STAT3 activity specifically in cardiac fibroblasts promotes fibrosis in response to 

angiotensin II.131,132 Notably, angiotensin II and its producer, angiotensin converting enzyme, are 

also associated with calcification and increased LDL in human AVs, and a retrospective study 

found that angiotensin receptor blockers were associated with slower progression of AS.133–135 

Like CAVD, the aforementioned fibrotic diseases are characterized by TGF-β1 expression and 

myofibroblast transition. To that end, TGF-β1 directly leads to phosphorylation of STAT3, and 

STAT3 phosphorylation is required for the fibrotic, proliferative, and autophagy effects of TGF-

β1.136–139 STAT3 activity has also been shown to activate TGF-β1, worsening fibrosis in various 

organs.140 It is clear that STAT3 can often interact with TGF-β1 and cooperatively promote 

tissue fibrosis, while also cooperating with NF-κB to promote the inflammatory activation that is 

found in CAVD. These dual roles highlight STAT3 as a potential molecule of interest. 
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STAT3 cooperates with NF-κB by acting as a transcription factor for many inflammatory 

signals. STAT3 belongs to the JAK/STAT (JAK, just another kinase) family of signaling 

pathways, and is downstream of cytokine receptors for many common cytokines found in 

CAVD: IL-6, vascular endothelial growth factor (VEGF), and IL-10 among them.141 When these 

cytokines bind their respective receptors on the cell surface, JAK proteins are activated 

intracellularly and phosphorylate STAT3. Phosphorylated STAT3 regulates expression of many 

inflammatory pathways and, along with NF-κB, controls initiation of inflammation.127,142–144 More 

specifically, STAT3 is underlies a fibrotic and proliferative inflammatory response and promotes 

the Th17 T helper cell phenotype. Importantly, STAT3 also plays crucial roles in development: 

STAT3 global knockout is embryonically lethal,145 and STAT3 activity in cardiomyocytes 

promotes a reparative program after MI.146 These complex roles highlight the lack of 

understanding of STAT3 activity, even as pharmaceutical options are being developed and 

tested in clinical trials.147 Altogether, STAT3 signaling is an area of interest for targeting a 

plethora of fibrotic diseases and may provide a new angle for targeting CAVD pathophysiology.  

 

STAT3 in CAVD 

 Many inflammatory cytokines are enriched in CAVD, some of which are mentioned 

above; all such findings are summarized in Table 2.2. STAT3 activation is a common theme 

amongst these, likely due to its almost ubiquitous role in many types of inflammation. Two 

molecules of particular interest are TGF-β1 and IL-6. As summarized above, TGF-β1 is a key 

driver of dystrophic calcification in the aortic valve and cooperatively drives fibrosis with STAT3. 

Separately, IL-6—the most well-studied initiator of STAT3 activity—plays a key role in CAVD 

development. SNPs in IL-6 are protective against CAVD, murine models of CAVD are enriched 

for IL-6, and IL-6 administration increases myofibroblast transition in vitro.68,148–151 In addition to 

studies of these related signaling molecules, phosphorylation of STAT3 itself is increased in ex 
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vivo CAVD specimens from human patients.152 However, this is the extent of the limited amount 

of STAT3 study in CAVD.  

Similar to other CAVD pathogenic molecules, STAT3 signaling is also 

mechanosensitive. It has previously been shown that STAT3 phosphorylation is increased on 

stiff substrates, and that this activation works additively with growth factor stimulation.153,154 

Additionally, topographically sensitive glioma cell migration was ablated by blockade of STAT3 

phosphorylation.155 The mechanical environment has proven a key driver of CAVD-associated 

protein signatures in the case of CDH11, αSMA, and TGF-β1, and may also play a role 

here.57,59,156 To that end, CDH11 knockdown decreases STAT3 phosphorylation in response to 

cellular confluence in vitro.157,158 It is possible that STAT3 serves as a proliferative and fibrotic 

switch in response to CDH11 activation through mechanical tension. There has been extensive 

work outlining the role of CDH11 in CAVD, and this again highlights the potential role of STAT3 

signaling in CAVD.27,57,68,151 
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Table 2.2. Cytokine enrichment in calcific aortic valve disease. 

AR = aortic regurgitation, AS = aortic stenosis, AVR = aortic valve replacement, CAVD = calcific aortic valve 
disease, CTL = cytotoxic T lymphocyte, SNP = single nucleotide polymorphism, Th = T helper  
Adapted from Raddatz, et al.29 

Cytokine Immunological Role STAT3 Activity Finding 
Transcription Activated by STAT3 

CCL11 Recruits eosinophils Activated by STAT3 ↑ in CAVD65,93 

CXCL5 Recruits angiogenic 
neutrophils 

Activates and is 
activated by STAT3 ↑ in CAVD65,93 

IL-17RA 
Receptor for IL-17; 
promotes Th17 
maturation 

IL-17 expression is 
activated by STAT3 

Increased in plasma of patients 
who progress to AVR159 

TGFβ 
Immunosuppressive; 
profibrotic; promotes 
Th17 maturation 

Activates and is 
activated by STAT3 ↑ in CAVD160 

TNFα Acute phase reactant Activates and is 
activated by STAT3 

↑ in CAVD; ↑ with increased 
inflammation in the valve114,149 

Promotes STAT3 Activity 
CCL21 Recruits CCR7+ T cells Activates STAT3 ↑ in CAVD65 
CXCL9 Recruits T cells Activates STAT3 ↑ in CAVD65 

IL-1β Acute phase reactant Activates STAT3 ↑ in CAVD; ↑ in valves with more 
severe remodeling116 

IL-1R antagonist Opposes IL-1 activity Opposes IL-1 
activity ↓ in AS119 

IL-6 
Acute phase reactant; 
promotes T cell 
maturation 

Activates STAT3 
↑ in CAVD; ↑ in valves with more 
severe remodeling; IL6R SNP 
decreases severity of AS148–150 

IL-10 
Immunosuppressive; 
promotes Treg 
maturation 

Activates STAT3 Present in CAVD; SNPs in IL10 
are associated with CAVD161,162 

IL-18 Promotes T cell 
maturation Activates STAT3 ↑ in patients with more severe 

AS163 

IL-32 Proinflammatory Activates STAT3 ↑ in CAVD152 

IL-33 Promotes Th2 
maturation Activates STAT3 

Present in AS; its receptor, sT2, is 
increased in plasma in patients 
with more severe AS, and 
increased in patients with AS 
compared to AR164,165 

M-CSF Promotes macrophage 
maturation Activates STAT3 Present in CAVD161 

Other 

CCL19 
Recruits CCR7+ 
dendritic cells and T 
cells 

- ↑ in CAVD65 

IFNα 
Acute phase reactant; 
promotes Th1 
maturation 

Regulates STAT3 in 
balance with STAT1 

↑ in Singleton-Merten Syndrome 
(juvenile AV calcification)110 

IFNγ 
Acute phase reactant; 
promotes Th1 
maturation 

Regulates STAT3 in 
balance with STAT1 ↑ in CAVD94 
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STAT3 in RUNX2-Associated Calcification 

 In addition to general observation of STAT3-related phenomena in CAVD, STAT3 has 

been shown in other models to directly modulate transcription of genes related to calcification. 

Most important among these, STAT3 has been shown to play a necessary role in 

mechanosensitive expression of RUNX2 in osteoblasts.153 RUNX2 is the major driver of 

osteoblast transition in aortic valve cells and is increased in Notch1+/- valve disease, the model 

used in this study.69,166,167 In other diseases, monocytes have been shown to induce STAT3 

activation in mesenchymal stem cells, leading to osteoblast differentiation identified by alkaline 

phosphatase and RUNX2 expression.168 This disease model appears especially relevant to 

CAVD, and may provide a roadmap for investigation into the role of STAT3 in CAVD. These 

studies highlight the capability of STAT3 signaling to promote canonical calcification pathways 

in CAVD. 

STAT3 is also capable of negatively modulating RUNX2 expression through the 

alternative splice product STAT3β (Figure 2.1).169,170 STAT3β negatively regulates canonical 

STAT3α activity by dimerizing with STAT3α and inhibiting transcription factor activity.171 

Interestingly, STAT3β also acts to negatively regulate RUNX2 activity in this way.169 Neither 

STAT3 nor STAT3β specifically have been studied in CAVD, and their impact on AVIC 

calcification is unknown. However, the known relationship of STAT3 with RUNX2 activity and 

the ability of STAT3β to directly extinguish RUNX2 expression collectively ask pressing 

questions on the role of STAT3 activation in CAVD.  
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Figure 2.1. The opposing roles of STAT3 splice products. 
An alternative splice site in exon 23 of Stat3 mRNA leads to a truncated version of STAT3, STAT3β, that 
serves as both a transcription factor and a negative regulatory variant opposing STAT3α activity both 
directly and against its transcription targets. 
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Cyclooxygenase-2 in CAVD 

 Another pathway of interest discussed in this body of work is that of cyclooxygenase-2 

(COX-2). COX-2 expression is promoted by both NF-κB and STAT3, placing it squarely in the 

inflammatory dynamic of CAVD outlined previously (Figure 2.2).172 COX-2 functions to convert 

arachidonic acid to prostaglandins, physiologic signaling molecules of inflammation and pain, 

and is best understood in a clinical context.173 COX-2 inhibitors were created and utilized as 

alternatives to pan-COX inhibitors that are commonly used in the clinic: naproxen, ibuprofen, 

and other NSAIDs. While pan-COX inhibitors cause gastric ulcers, which can lead to 

devastating clinical outcomes, COX-2 inhibitors do not carry this same risk, as they do not affect 

COX1 activity in the gut.174 COX-1 is primary involved in platelet production throughout the body 

and cellular viability in the gut—therefore serving a somewhat protective role—but COX-2 is 

induced in pro-inflammatory states, making it perhaps a better target for inflammatory disease 

processes.173,175 Thus, COX-2 inhibition has proven an attractive pharmaceutical goal for many 

disease processes. In CAVD specifically, not only might COX-2 blockade serve to inhibit 

inflammatory processes that promote or respond to NF-κB and STAT3 activation, but also to 

inhibit the role of COX-2 in bone formation, therefore connecting the osteogenic calcification 

pathway. It has been shown that COX-2 mediates the induction of lamellar bone formation in 

response to mechanical strain, and promotes the maturation of mesenchymal stem cells into 

osteoblasts.176,177 Considering the heterotopic calcification characteristic of CAVD, this facet of 

COX-2 activity is particularly interesting. Altogether, COX-2 has many avenues through which it 

might affect pathophysiology. 
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Figure 2.2. COX-2 pathway in calcific aortic valve disease. 
STAT3 and NF-κB are both phosphorylated by inflammatory molecules commonly found 
in CAVD. Once activated, STAT3 and NF-κB both promote COX-2 expression. COX-2 
converts arachidonic acid to PGE2, which is secreted and promotes inflammation and bone 
formation, both of which are key findings in CAVD. 



28 
 

 In cardiovascular disease specifically, COX-2 inhibition has had mixed results. Two sets 

of initial trials yielded concern. First, the APPROVe trial of the COX-2 inhibitor rofecoxib for 

prevention of colorectal adenoma resulted in increased incidence of MI and ischemic stroke in 

the rofecoxib group in 2005.178 Simultaneously, patients were given COX-2 inhibitors after 

coronary artery bypass surgery for analgesia, thinking that the lack of platelet inhibition driven 

by COX-1 blockade might mean less risk of gastric ulceration and bleeding among other side 

effects. Unfortunately, these trials also showed increased incidence of MI and ischemic stroke, 

in addition to increased wound infection.179,180 Follow-up basic science studies suggested that 

COX-2 played a significant role in protection from cardiac ischemia-reperfusion injury,181 COX-2 

inhibition decreased cardiac output and increased arrhythmogenesis,182 and mutations in the 

COX-2 promoter increased incidence of ischemic stroke.183 Nonetheless, the subsequent 

PRECISION trial comparing celecoxib to naproxen and ibuprofen showed no increased 

cardiovascular risk.184  

Conversely, basic and translational science studies have provided evidence for a 

beneficial role of COX-2 blockade in cardiovascular disease. For example, it has been shown 

that celecoxib reduced atherosclerosis in mice.185 In CAVD, one study found that COX-2 was 

increased in CAVD, celecoxib treatment decreased calcification in vitro, and COX-2 ablation 

decreased calcification in vivo.186 Finally, it was found computationally that celecoxib may be 

capable of inhibiting CDH11 activity, providing a mechanism for inhibition of dystrophic 

calcification in addition to the other pathways targeted by celecoxib.187 Considering altogether 

this muddled amalgamation of clinical findings regarding celecoxib; its potential capabilities as 

an inhibitor of osteogenesis, inflammation, and dystrophic calcification; and promising findings in 

CAVD, celecoxib and its analogs represent a crucial area of study for potential repurposing of 

current drugs for the treatment of CAVD. 
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Sex Differences in Aortic Stenosis 

The discussion of inflammation as a significant contributor to CAVD calls into question 

long-standing dogma regarding prevalence of CAVD and AS in male over female patients. 

Heightened inflammatory states have repeatedly been identified in female patients.188 Female 

patients have higher levels of inflammation throughout life as measured by acute phase 

reactants C-reactive protein, plasma fibrinogen, and urinary albumin,189,190 and at least one 

study has identified increased anti-inflammatory capacity in male rodents.191 Of note, these 

effects are complex, and do not imply monolithic comparisons across all immune and 

inflammatory reactions. For example, in female but not male patients, fat mass correlated with 

low-grade systemic inflammation, but in repeated murine studies, male mice fed a high-fat diet 

have an increased inflammatory response compared to female mice.192–195 Interestingly, it has 

been suggested that differential expansion of macrophage phenotypes underlies this difference 

in mice.196 Regardless of these complex findings in animal models, most human studies have 

identified increased baseline inflammation in female patients. Given a potential causation 

between inflammation and development of CAVD, this calls into question the association of 

CAVD and AS with male sex. 

This association may rely on antiquated diagnostic procedures with poor sensitivity. 

Many papers have reported an increased risk of developing AS in male patients; however, the 

identification of AS in these papers is reliant primary on aortic valve peak jet velocity (Vmax), a 

measure of hemodynamic obstruction.1,197 Diagnosis of AS today begins with Vmax, but extends 

to include at least aortic valve area (AVA) and left ventricle ejection fraction (EF), and can go 

further to functional testing augmented by dobutamine or nitroprusside, or calcification 

quantification by computed tomography.198–202 These additional studies have shown that CAVD 

in male and female patients tends to differ in the extent of fibrosis and calcification, with 

calcification dominating in male patients and fibrosis in female patients.23–25 Importantly, 

calcification burden, and not fibrosis, was shown to be correlated with Vmax, the historically 
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prioritized measure of AS severity,24 and only patients with “severe” AS are recommended for 

AVR.202 

Prior studies have demonstrated that “discordant AS”—in short, an AS phenotype 

without increase in Vmax—is common and suggested that patients with discordant AS would see 

a survival benefit from AVR. Different studies have found that 30-70% of those with an indexed 

AVA consistent with severe AS do not have a “severe” Vmax.26,203 This sizable volume of patients 

would likely benefit from AVR as Dayan, et al. and Berthelot-Richer, et al. both showed 

specifically that patients with discordant AS, regardless of cardiac compensation, see a benefit 

from AVR.204,205 Nonetheless, this discordance can yield uncertainty regarding the severity of 

AS, which influences clinical management: multiple studies have found decreased referral for 

AVR in those with discordant AS.203,204 Altogether, these differences in AS pathophysiology 

suggest that female patients have lower Vmax and mean gradient with similar disease severity, 

yet clinical guidelines do not differentiate between the sexes, and as discussed above 

discordant AS is often deprioritized, suggesting a potential disparity in clinical care.202  

There is limited sex-specific data on these echocardiography metrics in early disease. 

Because the relationship between AS severity and velocity or gradient may be different in male 

and female patients, female patients with low hemodynamic metrics may currently be 

underdiagnosed. Additionally, estimates of the prevalence of discordant AS are wide-ranging. It 

is possible, especially considering the role of inflammation in CAVD, that there is under-

diagnosed AS in female patients that would result in a similar prevalence between sexes. As 

intervention becomes more accessible for patients with the expansion of transcatheter delivery 

of AVR, it is important to understand the magnitude of the discordant AS population, and 

whether care could be improved for these patients. 
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Chapter 3: The Cyclooxygenase-2 Inhibitor Celecoxib is Associated with Aortic Valve 
Stenosis 
 
 
 
Adapted from:  
 
Bowler MA*, Raddatz MA*, Johnson CL, Lindman BR, Merryman WD. Celecoxib Is Associated 

With Dystrophic Calcification and Aortic Valve Stenosis. JACC Basic Transl Sci. 
2019;4(2):135-143.27 (*co-first authors) 

 
 

 

Graphical Abstract 
 
  

Figure 3.1. Graphical abstract for Chapter 3.  
Reprinted, with permission, from Bowler, et al.27 
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Introduction 

More than 25% of the US population over 65 years of age is affected by calcific aortic 

valve disease (CAVD).31 This degenerative disease is the most common cause of aortic 

stenosis (AS), which eventually requires surgical replacement of the AV as there are no 

effective pharmaceutical treatments. This lack of medical therapy is a result of our inadequate 

understanding of the disease mechanism.9 CAVD is believed to be mediated by AV interstitial 

cells (AVICs), which become activated by transforming growth factor beta 1 (TGF-β1) into 

myofibroblasts,206 characterized by increased contractility, collagen deposition, and expression 

of smooth muscle alpha-actin (αSMA) and cadherin-11 (CDH11). When these myofibroblasts 

are subjected to strain, as is normal in the cardiac valve environment, this causes membrane 

tearing, leading to apoptosis-mediated cell death. This process has been termed the dystrophic 

pathway of calcification and was evident in 83% of excised human AVs (while only 13% of those 

showed osteogenic markers),64 making dystrophic calcification the most prevalent mechanism 

of CAVD.  

We recently identified and validated CDH11 as a possible therapeutic target for 

CAVD.56,57,68,151 CDH11 is a mechanosensitive transmembrane cell adhesion protein known to 

have increased expression in calcified human AVs,57 to be increased in the AVICs of the 

Notch1+/- murine model of CAVD,56 and to be necessary for in vitro formation of the calcific 

nodules (CNs) characteristic of CAVD.57 Additionally, recent work has shown that blocking 

CDH11 with a monoclonal antibody in the Notch1+/- model prevents CAVD progression.68 These 

findings motivated us to evaluate current FDA-approved drugs that may block CDH11 activity 

for CAVD, as the CDH11 antibody research program was recently halted by Roche after 

disappointing Phase II trials for rheumatoid arthritis. Literature review revealed that celecoxib, 

brand name Celebrex, and its inactive analog, dimethyl celecoxib, bind CDH11 with high 

affinity.187 We therefore hypothesized that either of these drugs may prevent CAVD by blocking 

the homotypic CDH11 bonds between neighboring cells.  
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In addition to CDH11 blockade, celecoxib’s activity as a COX-2 inhibitor may play a 

beneficial role in CAVD. COX-2 converts arachidonic acid to prostaglandins like PGE2, which 

promote inflammation and bone formation.173,175–177  It is possible that COX-2 blockade would 

decrease these downstream effects and mitigate AV calcification. 

To evaluate this hypothesis, we treated porcine AVICs and AV endothelial cells (AVECs) 

with celecoxib or dimethyl celecoxib. Cells were also treated with TGF-β1 to biochemically 

induce myofibroblast differentiation. Cells were then subjected to well-established functional 

assays of CAVD such as CN formation and collagen gel contraction as well as evaluated for 

expression of myofibroblast markers αSMA and CDH11.56,57,59,60,207 To assess clinical relevance, 

we performed a retrospective analysis of celecoxib use and AS incidence in the electronic 

medical record (EMR) from Vanderbilt University Medical Center (VUMC).  

 
Methods  

Clinical Data and Statistical Analysis 

AS patients aged 60-89 on January 27, 2018 were identified using the Synthetic 

Derivative, a de-identified version of VUMC’s EMR containing >2.5 million unique records. 

Ibuprofen and naproxen were chosen for comparison due to their similar indications and pattern 

of use,208,209 and their previous use as comparators for celecoxib in the PRECISION trial.184 The 

study was designed to start the drug surveillance period on 01/01/1999, the date of FDA 

approval of celecoxib, and end concurrently with start of the AS surveillance period on 

01/01/2005, the year the APC trial identified dose-dependent cardiovascular risk,210 and the 

FDA issued a black box warning on celecoxib which states that “patients with cardiovascular 

disease or risk factors…may be at greater risk.”211 Negative references for drug use were 

defined as presence of patient data prior to 01/01/2005 with complete absence of the given drug 

in a patient’s record. Initial appearance of any of the three drugs in a patient record during the 

AS surveillance period (i.e. after 01/01/2005) resulted in that record being excluded from 
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analysis for that drug only. For example, if a record showed initiation of celecoxib use in 2001 

and naproxen in 2006, that record would be included in the celecoxib analysis but excluded 

from the naproxen analysis, regardless of AS status. The AS surveillance period of the study 

extended from 01/01/2005 to 01/27/2018. All patient sets included only records with at least 

three logged patient care visits at VUMC during the AS surveillance period to ensure a well-

annotated EMR, echocardiogram evaluation during the surveillance period to ensure 

appropriate assessment of the AV, and a valid body mass index (BMI) within one year of 

01/01/2005. AS cases were identified by keywords and international classification of diseases 

(ICD) codes in the surveillance period with absence of these findings prior to or within the drug 

surveillance period (Table A.1). Patients with a diagnosis of AS prior to 01/01/2005 were 

excluded from all analyses. Patients with evidence of rheumatic valve disease in the EMR were 

excluded from the AS case set. Controls included all patients meeting the patient care and echo 

criteria, as well as at least two years of follow-up during the AS surveillance period as 

determined by cleaned BMI data. Myocardial infarction (MI) and ischemic stroke cases were 

determined using ICD codes (Table A.1).  

Hypertension and diabetes case criteria were adapted from the literature and utilized a 

combination of ICD codes, medications, and vital measurements (Table A.2, A.3).212–216 

Records were queried for these criteria and establishment of diagnosis during the drug 

surveillance period and prior to the beginning of the AS surveillance period. Full EMR algorithms 

are included in Appendix A. 

Mean available follow-up was 10.16 ± 3.14 years. Unadjusted odds ratios (ORs) and 

differences between cases and controls were calculated using the Fisher’s exact and Mann-

Whitney U tests, respectively. Given the significant association of several clinical variables with 

incident AS in our preliminary models, a multivariable logistic regression based on age, gender, 

body mass index (BMI), hypertension, diabetes, and drug use was used to calculate adjusted 

ORs and p-values.217 All analyses were performed using the statistical programming language 
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R, version 3.4.4.218 Use of the Synthetic Derivative is classified as non-human research by 

Vanderbilt University's Institutional Review Board and approval was given for this study. 

 

In Vitro Experiments and Statistical Analysis 

Porcine AV cells were isolated as previously described57,219 and used between passages 

3 and 11. Cells were evaluated with a combination of molecular and functional assays in order 

to understand the role of treatment with celecoxib, dimethyl celecoxib, and TGF-β1 in their 

propensity to calcify. The nodule assay allows for rapid screening of potential drug strategies 

that may prevent dystrophic calcification in vitro.56,57,207 Briefly, cells were plated onto pronectin 

(AVICs) or collagen IV (AVECs) Flexcell plates, then treated with TGF-β1, and subsequently 

strained at 15% using the Flexcell Tension system, as previously described.59,60 In a separate 

cohort, AVICs were treated with conditioned media harvested from AVEC cultures after strain. 

AVICs were also evaluated for contractility using a free-floating collagen gel system in which 

cells were plated onto gels and imaged over time to quantify the gel area. Western blots and 

immunofluorescence were employed to evaluate expression of myofibroblast markers CDH11 

and αSMA after various treatments. All negative control images are included in Appendix B. In 

all cases, cells were plated simultaneously with celecoxib (Tocris 3786), dimethyl celecoxib 

(Sigma-Aldrich D7196), or no drug to allow for interactions with CDH11 before homotypic bonds 

were formed. 10 μM celecoxib and dimethyl celecoxib was chosen to match the plasma 

concentration found after typical doses of celecoxib in humans.187 N was defined as 

independently plated samples and  ≥ 3 for all experiments; more detailed methodology can be 

found in the supplement. All groups were compared with ANOVA in SigmaPlot version 11.0 and 

a p-value < 0.05 was considered significant. Normality (Shapiro-Wilk) and equal variance were 

tested. Normal datasets with equal variance were analyzed via One-Way ANOVA with pair-wise 

multiple comparisons made using the Holm-Sidak post hoc testing method. Non-normal 
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datasets were analyzed via Kruskal-Wallis One-Way ANOVA on Ranks with pair-wise multiple 

comparisons made using Dunn’s post hoc testing method. Data are presented as mean ± SEM.  

 

Results  

In Vitro Dystrophic Calcification Analysis 

Alizarin Red staining of calcium shows the characteristic rounded morphology of CNs 

formed by AVICs (Figure 3.1A). As expected, treatment with TGF-β1 increases the number of 

CNs under all pre-treatment conditions (Figure 3.1A-B). Unexpectedly, celecoxib pre-treatment 

causes a greater increase in CN number, whereas dimethyl celecoxib pre-treatment, as 

hypothesized, prevents TGF-β1-induced CN formation (Figure 3.1A-B). A gel contraction assay 

revealed that celecoxib treated AVICs appear more contractile than their untreated or dimethyl 

celecoxib treated counterparts, though not significantly (Figure 3.1C). TGF-β1 treatment 

increased contractility as well and compounded with celecoxib treatment to cause significantly 

more contraction than the no drug pre-treated with TGF-β1 (Figure 3.1C). Expression of 

myofibroblast markers αSMA and CDH11 were evaluated by western blot (Figure 3.1D-E) and 

immunofluorescence (Figure 3.1F). Densitometry demonstrated a significant increase in both 

markers only in the celecoxib pre-treated AVICs (Figure 3.1D-F). We observed no calcification 

of AVECs alone, as was expected, and very little calcification in AVICs treated with AVEC 

conditioned media (Figure 3.2).  
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Figure 3.2. Dimethyl celecoxib prevents calcific nodule formation in aortic valve interstitial cells but 
celecoxib promotes calcific nodule formation through myofibroblast induction. 
(A) Cyclic biaxial strain and TGF-β1 induce CN formation, identified by Alizarin Red staining. (B) Treatment 
with celecoxib increases the number of CNs formed in the untreated and TGF-β1 treated cases. Dimethyl 
celecoxib treatment reduces the number of TGF-β1 induced CNs. (C) TGF-β1 treatment increases 
contractility. Celecoxib pre-treatment also increases contractility to the level of ND + TGF-β1. Treatment 
with celecoxib increases expression of αSMA (D, F) and CDH11 (E-F). ND = no drug, CCB = celecoxib, 
DMC = dimethyl celecoxib, N ≥ 3, * indicates p < 0.05 different from ND, # indicates p < 0.05 different from 
ND + TGF-β1, ** indicates p < 0.001 different from same pre-treatment, ## indicates p < 0.001 different 
from ND + TGF-β1, Scale bars are 1 mm (A) and 100 µm (F). Data and figure produced by MA Bowler. 
Reprinted, with permission, from  Bowler, et al.27 
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Figure 3.3. Aortic valve endothelial cells treated with celecoxib or dimethyl celecoxib and aortic 
valve interstitial cells cultured in their conditioned media did not calcify nor have evidence of 
myofibroblast activation. 
(A) Representative images of AVECs stained with Alizarin Red demonstrate no calcification. (B) CDH11 is 
expressed in AVECs but is not affected by celecoxib or dimethyl celecoxib treatment. (C) αSMA is barely 
expressed, if at all, in AVECs and is unaffected by drug treatment or TGF-β1. (D) Representative images 
and (E) quantification of AVICs treated with conditioned media show less calcification than any directly drug 
treated AVICs. N ≥ 3, ** indicates p < 0.001 different from ND untreated, Scale bars are 1mm (A, D). Some 
data and figure produced by CL Johnson and MA Bowler. Reprinted, with permission, from Bowler, et al.27 
 

  



39 
 

Retrospective Clinical Analysis 

The results obtained from these in vitro experiments led us to investigate possible 

clinical significance of celecoxib use. Approximately 8,300 de-identified patient records from 

VUMC met inclusion criteria and were queried for possible association of AS with celecoxib, 

naproxen, or ibuprofen use (Figure 3.3). In unadjusted analyses, celecoxib use was associated 

with increased odds of developing AS (OR 1.36, 95% CI 1.11-1.67, p=0.003) (Table 3.1). After 

adjustment, this association persisted (adjusted OR 1.24, 95% CI 1.00-1.53, p=0.046). Identical 

analyses were performed with ibuprofen and naproxen and no associations were found. To 

assess the consistency of this cohort with those in other celecoxib studies, we cursorily 

examined unadjusted ORs of celecoxib with MI and ischemic stroke and found no association, 

as has been reported previously (Table 3.2).184 
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Figure 3.4. Retrospective cohort study design. 
The retrospective clinical analysis described here was designed based on the approval and clinical trial 
history of celecoxib. Celecoxib was approved on December 31, 1998, and clinical trial results revealed a 
potential cardiovascular risk in early 2005, defining our drug surveillance period. BMI data were collected 
within one year of January 1, 2005. The aortic stenosis surveillance period extended from January 1, 2005 
to January 27, 2018. Reprinted, with permission, from Bowler, et al.27 
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Values are % (n) or mean ± SD. ORs for age and BMI are reported per unit increase. AS = aortic stenosis, 
BMI = body mass index, CI = confidence interval, OR = odds ratio. Reprinted, with permission, from  
Bowler, et al.27 

 

Celecoxib 
  Cases 

(n=574) 
Controls 
(n=6397) 

Unadjusted 
OR [95% CI] 

Unadjusted 
p-value 

Adjusted 
OR [95% CI] 

Adjusted  
p-value 

Gender 
%Male (n) 

57.49 
(330) 

43.71 
(2796) 

1.73 
[1.46, 2.06] <0.001 1.70 

[1.43, 2.03] <0.001 

Age (year) 
Mean ± SD 

76.70 
± 4.80 

72.89 
± 7.91 

1.06 
[1.05, 1.07] <0.001 1.06 

[1.05, 1.07] <0.001 

BMI (kg/m2) 
Mean ± SD 

30.67 
± 6.94 

28.04 
± 6.05 

1.02 
[1.01, 1.03] 0.002 1.02  

[1.01, 1.03] 0.003 

Hypertension  
% (n) 

54.88 
(315) 

40.24 
(2574) 

1.81 
[1.52, 2.14] <0.001 1.42 

[1.19, 1.70] <0.001 

Type 2 Diabetes  
% (n) 

24.74 
(142) 

15.85 
(1014) 

1.75 
[1.43, 2.13] <0.001 1.35 

[1.09, 1.67] 0.006 

Celecoxib use  
% (n) 

23.34 
(134) 

18.21 
(1165) 

1.36 
[1.11, 1.67] 0.003 1.24 

[1.00, 1.53] 0.046 

Ibuprofen 
  Cases 

(n=427) 
Controls 
(n=4724) 

Unadjusted 
OR [95% CI] 

Unadjusted 
p-value 

Adjusted 
OR [95% CI] 

Adjusted  
p-value 

Gender 
%Male (n) 

57.14 
(244) 

44.86 
(2119) 

1.64 
[1.34, 2.00] <0.001 1.59 

[1.30, 1.95] <0.001 

Age (year) 
Mean ± SD 

76.86 
± 7.82 

73.15 
± 7.87 

1.06 
[1.05, 1.07] <0.001 1.06 

[1.05, 1.07] <0.001 

BMI (kg/m2) 
Mean ± SD 

30.83 
± 6.89 

29.93 
± 6.94 

1.02 
[1.00, 1.03] 0.011 1.02 

[1.01, 1.04] 0.006 

Hypertension  
% (n) 

54.33 
(232) 

40.60 
(1918) 

1.74 
[1.43, 2.12] <0.001 1.40 

[1.13, 1.72] 0.002 

Type 2 Diabetes  
% (n) 

25.76 
(110) 

16.49 
(779) 

1.76 
[1.40, 2.21] <0.001 1.38 

[1.08, 1.77] 0.010 

Ibuprofen use  
% (n) 

26.46 
(113) 

30.25 
(1429) 

0.83 
[0.66, 1.04] 0.102 0.98 

[0.78, 1.23] 0.852 

Naproxen       
  Cases 

(n=509) 
Controls 
(n=5342) 

Unadjusted 
OR [95% CI] 

Unadjusted 
p-value 

Adjusted 
OR [95% CI] 

Adjusted  
p-value 

Gender 
%Male (n) 

57.37 
(292) 

45.17 
(2413) 

1.63 
[1.36, 1.96] <0.001 1.55 

[1.29, 1.87] <0.001 

Age (year) 
Mean ± SD 

76.50 
± 7.86 

73.07 
± 7.88 

1.06 
[1.04, 1.07] <0.001 1.05 

[1.04, 1.07] <0.001 

BMI (kg/m2) 
Mean ± SD 

30.58 
± 6.81 

29.83 
± 6.96 

1.01 
[1.00, 1.03] 0.021 1.02 

[1.00, 1.03] 0.025 

Hypertension  
% (n) 

55.80 
(284) 

40.21 
(2148) 

1.88 
[1.56, 2.25] <0.001 1.55 

[1.28, 1.88] <0.001 

Type 2 Diabetes  
% (n) 

24.75 
(126) 

16.17 
(864) 

1.71 
[1.38, 2.11] <0.001 1.35 

[1.07, 1.88] 0.010 

Naproxen use  
% (n) 

16.50 
(84) 

18.12 
(968) 

0.89 
[0.70, 1.14] 0.364 0.92 

[0.71, 1.18] 0.498 

Table 3.1. Celecoxib use is associated with aortic stenosis. 
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Table 3.2. Celecoxib use is associated with aortic stenosis, specifically, among cardiovascular 
diseases. 

Patients that matched neither case nor control criteria for a diagnosis were removed from the respective 
analysis. Reprinted, with permission, from Bowler, et al.27 
  

 Celecoxib Controls Unadjusted OR 
[95% CI] 

Unadjusted  
p-value 

Myocardial Infarction, % (n) 16.86 (215) 17.10 (962) 0.98 [0.84, 1.16] 0.839 
Ischemic Stroke, % (n) 9.89 (134) 10.21 (600) 0.97 [0.79, 1.18] 0.727 
Aortic Stenosis, % (n) 9.35 (134) 6.97 (440) 1.36 [1.11, 1.67] 0.003 
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Discussion 

Our investigation was motivated by the need for pharmaceutical alternatives to AV 

replacement and the unique ability of celecoxib and dimethyl celecoxib to bind CDH11, a 

recently identified target for CAVD and AS. We have previously demonstrated that targeting 

CDH11 in vivo prevents pathologic increase in aortic jet maximum velocity,68 a clinical metric 

used to define the severity of AS. Others have found that celecoxib and its inactive analog, 

dimethyl celecoxib, were able to bind CDH11,187 presenting an opportunity to exploit the off-

target effects of celecoxib to treat CAVD with an already FDA-approved drug. Additionally, the 

anti-inflammatory capabilities of COX-2 inhibition could provide additive anti-calcification effects 

through inhibition of the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) 

pathway, which has proven to promote disease in CAVD.116,173 The main finding of this work 

was unexpected. Primarily, celecoxib, the FDA-approved drug we anticipated being a potential 

therapeutic for CAVD, causes calcification in vitro and is associated with AS in patients. 

Conversely, the inactive analog dimethyl celecoxib showed the expected benefit of CDH11 

blockade. While further studies of dimethyl celecoxib are warranted, the new risk of celecoxib, a 

commonly prescribed drug, is the focus of our studies and discussion. 

 

Celecoxib Promotes Myofibroblast Differentiation and Calcification In Vitro 

 While AVICs are widely believed to be the cells driving CAVD, we evaluated the effects 

of celecoxib and dimethyl celecoxib on both AVICs and AVECs, as well as effects on AVICs 

from drug-treated AVEC conditioned media. As AVECs showed no response to celecoxib or 

dimethyl celecoxib, we focused on direct effects of the drugs on AVICs. We show here that 

celecoxib causes an increase in both αSMA and CDH11 expression, pointing to an induction of 

the myofibroblast phenotype, which then leads to CN formation. Conversely, while dimethyl 

celecoxib treatment does not appear to change the AVIC phenotype – contractility, αSMA 

expression, and CDH11 expression remain unchanged – it does significantly reduce CN 
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formation. This supports our hypothesis that this beneficial effect is likely the result of dimethyl 

celecoxib preventing homotypic interactions of CDH11 between neighboring cells. With 

CDH11’s cell-cell adhesions blocked, the tension between AVICs is reduced, which prevents 

the membrane tearing and subsequent apoptosis-mediated cell death that leads to CN 

formation.  Given that activity in the COX-2 axis is the key difference between celecoxib and 

dimethyl celecoxib, we attribute celecoxib’s pro-myofibroblast effect to COX-2 inhibition, which 

supports the notion of a protective role for COX-2 in dystrophic CN formation.  

 

Celecoxib is Associated with Aortic Stenosis 

This is not the first investigation into the impact of COX-2 inhibitors on heart disease. 

Most COX-2 inhibitors were pulled from the market because of adverse cardiovascular effects 

by 2005.178 Celecoxib had not displayed the same adverse effects and retained FDA approval; 

however, the FDA mandated a cardiovascular safety trial. This study showed no increased risk 

of cardiovascular death, nonfatal MI, or nonfatal stroke with celecoxib use when compared to 

ibuprofen or naproxen.184 However, these outcomes focus on acute, relatively short-term, and 

thrombotic events, and do not include valvular pathologies. Based on our in vitro data, rather 

than an acute thrombotic event, we suspected an increase in long-term risk of AS in these 

patients. Therefore, we tested our hypothesis using longitudinal clinical data. In retrospective 

analysis, we observed a unique association of celecoxib use with the presence of AS. The 

association of celecoxib and AS remained significant when adjusted for age, gender, BMI, and 

known AS risk factors.1,217 The same is not observed in patients taking ibuprofen or naproxen, 

which have comparable major indications and clinical uses as celecoxib (acute pain, 

inflammatory or rheumatoid disorders, osteoarthritis, and primary dysmenorrhea), but inhibit 

COX1 in addition to COX-2. This suggests there is something unique about celecoxib or 

selective COX-2 inhibition that is associated with AS.  

The Unknown Role of COX-2 in Aortic Stenosis 
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COX-2 expression is increased in calcified human AVs,186 yet there is conflicting data as 

to whether it is a disease initiator or part of a protective response. COX-2 inhibition has been 

shown in the Klotho deficient mouse to lead to decreased AV calcification via an osteogenic 

mechanism assessed by cell and tissue level pathology.210 While calcification is the most 

common pathology finding in AS, clinical decision making is driven by functional measures 

(such as aortic jet maximum velocity). However, clinical studies of celecoxib have not yet 

focused on valvular function or pathology, or long-term effects (> 4 years) of the drug.178,184,210 

We have shown that COX-2 inhibition can promote CN formation in porcine AVICs through the 

more prevalent dystrophic pathway of calcification, and a significant association between 

celecoxib use and AS in humans.  

Collectively, these findings support further investigation of celecoxib or COX-2’s role in 

other models of CAVD and AS, such as Notch1+/- or Apoe-/- mice, to clarify whether COX-2 is 

protective or disease-driving. COX-2 also plays a key role in modulating various immune 

processes, and investigating the impact of celecoxib in immunocompetent CAVD models may 

provide new insights into the in vivo mechanisms implicated. Clinically, a multifaceted 

retrospective study of functional and imaging-defined AS progression with celecoxib use may 

further clarify this risk. It is still unclear if celecoxib introduces novel risk or is a modifying risk 

factor in those already at risk. Additionally, while the efficacy of targeting CDH11 in vivo has 

been shown,68 further studies of dimethyl celecoxib in relevant murine models and eventually 

humans could reveal a novel therapeutic for CAVD.  

 

Limitations 

Our in vitro experiments rely on porcine cells, which are a standard model for CAVD 

research and are potentially better examples of healthy valve cells than samples from humans, 

as most heart valve donors are not free of other cardiovascular pathology. Future work in 

human AVICs or a variety of in vivo mouse models could confirm our proposed mechanism. 
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Although we have imposed strict time gates and cohort selection criteria, retrospective 

EMR study does not allow for controlled assessment or follow-up of study participants. The 

retrospective nature of the clinical analysis does not allow us to quantify dosage of patients 

included, but contemporary literature concludes that >80% of users at the time had standard 

200 mg prescriptions.208,209 It is difficult to confidently rule in or rule out AS for patients in this 

large de-identified cohort of clinical records, but we tried to use definitions that would increase 

the accuracy of these designations. We cannot rule out that CAVD may have been present in 

some individuals during the drug exposure period. In addition, the retrospective nature of the 

study precludes conclusions about causality of CAVD. The various differences between the 

celecoxib and control cohorts are adjusted for when possible, but may imply additional 

underlying differences that are better controlled in a randomized controlled trial. For example, in 

our preliminary models, we assessed the impact of hyperlipidemia on AS incidence, but it was 

not significantly associated with AS and had no effect on the model. This may be due to 

incomplete retrospective data or the lack in the era queried of consistent laboratory values such 

as lipoprotein(a) which has since proven a reliable biomarker for the association of dyslipidemia 

with AS.1 Additionally, valve morphology is a highly prevalent risk factor for CAVD, but it could 

not be accurately assessed in this retrospective study without consistent imaging for all 

subjects. An echo-driven study may provide more clarity on the impact of celecoxib in patients 

with a bicuspid AV. Re-analysis of the PRECISION trial data may be an effective option for 

assessing the potential risk outlined in this analysis. 

 

Conclusions 

Overall, these data suggest that celecoxib use is associated with the development of 

CAVD. Although further studies are necessary, it is likely that dimethyl celecoxib or a 

monoclonal antibody against CDH11 would be safer therapeutic options than celecoxib to 

pursue for patients with CAVD or other CDH11-mediated diseases. Considering the indications 
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for celecoxib, these results suggest that physicians must carefully balance the risks of COX1 

inhibition in the gut with those of COX-2-specific inhibition in the AV when choosing a pain 

control regimen, and use celecoxib with caution in elderly patients with risk factors for AS. 
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Chapter 4: Cyclic Mechanical Strain Induces an Inflammatory Phenotype in Antigen-
Presenting Cells 
 
 
 
Adapted in part from:  
 
Raddatz MA, Clark CR, Merryman WD. Cyclic Mechanical Strain Induces an Inflammatory 

Phenotype in Antigen-Presenting Cells. Oral Presentation. Biomedical 
Engineering Society Annual Meeting. Atlanta, GA. October 20, 2018. 

 
 

 

Introduction 

As discussed previously, hematopoietic cells reside in the healthy AV and are recruited 

in greater number in disease states.50,78,94,220 While some studies have considered the role of 

inflammation as it affects the AV, none have examined the inverse: how the unique mechanical 

environment in the AV can affect inflammatory signaling. Inflammation may play a targetable 

role in CAVD pathophysiology, and understanding how mechanical stimuli in the valve affect 

immune cell phenotypes could lead to novel therapies.29,98  

Immune cells reside within many mechanically active tissues, yet the mechanobiology of 

these cells has been poorly characterized.221,222 It is known that mechanical strain induces 

antigen-presenting cell (APC) activation and cell death.223 Macrophages subjected to cyclic 

mechanical strain have been shown to downregulate phagocytosis and preferentially mature 

into an M2-like phenotype.224,225 However, additional studies into immunological functions are 

often narrow or disease-specific. We became interested in the way that cyclic mechanical strain 

like that in the valve might promote an inflammatory microenvironment leading to AVIC 

calcification (Figure 4.1). Here, we investigated the impact of cyclic mechanical strain using a 

heterogeneous population of bone marrow-derived dendritic cells (BMDCs) to mimic the APCs 

in the valve. This study measured markers of both APC maturity and inflammatory polarization 

in response to mechanical strain similar to that experienced in the AV. 
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Figure 4.1. Proposed mechanism of strain-induced aortic valve calcification. 
APCs in the aortic valve (A) undergo increased strain, leading to altered cytokine production and increased 
AVIC calcification and lymphocyte responses (B). (A) Murine aortic valve sections are stained for MHCII 
(green) and nuclei (DAPI, blue). Scale bar = 50 µm. APC = antigen-presenting cell. 
 
 

  



50 
 

Methods 

AVICs were isolated and expanded from wild-type C57BL/6J mice as previously 

described.151 Briefly, AVs were digested in 2 mg/mL collagenase in HBSS for 30 minutes at 

room temperature and placed in DMEM supplemented with 10% FBS, 1% 

penicillin/streptomycin (pen/strep), and 10 μg/mL recombinant murine interferon-γ to induce 

activation of the simian virus 40 T antigen. Cells were allowed to adhere to 0.1% gelatin-coated 

six-well tissue culture-treated plates and expanded. To allow for sustained immortal growth, 

cells were cultured at 33°C and 5% CO2 when not plated for experiments. At least 12 hours 

prior to experiments (overnight), AVICs were incubated at 37°C and 5% CO2 in DMEM 

supplemented with 10% FBS and 1% pen/strep (complete media), wherein the immortalization 

element degrades due to temperature changes. AVICs were seeded at 20,000 cells/cm2 in all 

experiments unless otherwise noted. BMDCs were generated from wild-type C57BL/6 mice 

using GM-CSF and IL-4 as previously described.226 Both cell types were seeded onto six-well 

BioFlex Pronectin-coated plates and exposed to 24 hours of 10% mechanical strain at 0.7 Hz. 

Cells were lifted using Accutase and EDTA, and analyzed via flow cytometry (FC) or 

quantitative real-time polymerase chain reaction (RT-qPCR). For FC, cells were blocked in Fc 

Block for 10 minutes at room temperature before staining with conjugated antibody for 30 

minutes at 4°C.  

For RT-qPCR, mRNA was isolated using Trizol (Life Technologies, Carlsbad, CA) and 

cDNA libraries were produced using the Superscript IV Reverse Transcriptase kit with oligo(dT) 

primer (ThermoFisher Scientific, Waltham, MA) as per manufacturer protocols. RT-qPCR for all 

targets was performed on the CFX-96 Real Time System using iQ SYBR Green Supermix (Bio-

Rad, Hercules, CA). Products were confirmed by gel electrophoresis. Gapdh was used as a 

housekeeping gene. All statistics were performed on untransformed ΔCt values (“gene of 

interest” Ct – Gapdh Ct), but for clarity, gene expression was normalized and displayed as 2ΔΔCt. 
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For all experimental methodologies, statistical significance between strained and unstrained 

samples was determined with a two-tailed t test; α = 0.05. 

 

Results 

 We first assayed BMDCs phenotype by visual inspection. Previous reports have 

highlighted the importance of actin dynamics and cellular reorganization in APC maturation.227 

After undergoing strain, BMDCs showed increased cellular spreading and projection formation 

as visualized by both phase-contrast microscopy and immunofluorescent staining of F-actin with 

phalloidin (Figure 4.2).  

By flow cytometry, strained dendritic cell-like cells did not show increased markers of 

maturity (Figure 4.3A), but were more likely than unstrained controls to be of the inflammatory 

phenotype, defined here as CD11bhi, Ly6C+ cells (38.8% vs 31.8%; p = 0.04) (Figure 4.3B, 

C).228 We continued on and performed RT-qPCR for markers for T helper (Th) 1, Th2, and Th17 

inflammatory responses in order to identify any specificity of the inflammation defined by 

increased proportions of CD11bhi/Ly6Chi cells (Figure 4.4). RT-qPCR showed a significant 

increase only in expression of Th17 promoting transcripts Il21 and Il23 in strained cells. AVICs 

subjected to strain had a corresponding increase in the IL-23 receptor (Il23r). 

 

 

 

 

 

 

 

 

 



52 
 

 

Figure 4.2. Bone marrow-derived dendritic cell imaging after equibiaxial strain. 
BMDCs exposed to 10% equibiaxial strain were visualized by phase-contrast microscopy (left) 
and immunofluorescence (middle, magnified region right). For immunofluorescence, cells were 
stained with phalloidin (red) and DAPI (blue). Scale bars = 100 µm. 
 
 
 

 

 

Figure 4.3. Flow cytometry analysis of bone marrow-derived dendritic cells subjected to cyclic 
mechanical strain. 
BMDCs exposed to strain (red) did not have increased antigen presentation (A), but did have increased 
inflammatory maturation (B, C) compared to unstrained control (black). N = 4; * = p < 0.05. 
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Figure 4.4. Th-specific cytokine expression in bone marrow-derived dendritic cells exposed to 
mechanical strain. 
BMDCs exposed to cyclic mechanical strain were assayed by RT-qPCR for increased transcription of 
markers associated with Th1 (A), Th2 (B), and Th17 responses (C; N = 6). AVICs were assayed for 
the ability to respond to increased Il23 expression (D; N = 4). * = p < 0.05; # = p < 0.10. 
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Discussion 

 We used in vitro systems to test the effects of cyclic mechanical strain on the 

inflammatory microenvironment of the AV. Cyclic mechanical strain mimicking that found in the 

valve does not affect BMDC expression of MHCII, a vehicle of antigen presentation, or CD86, a 

costimulatory molecule instrumental in driving T cell response. However, this type of strain did 

induce an inflammatory phenotype in the mature cells, characterized by increased cellular 

spreading and increased expression of CD11b and Ly6C. We used RT-qPCR to determine if 

these activated cells might promote a specific type of T cell response through altered cytokine 

production. They did not increase transcription of various cytokines promoting Th1 or Th2 

inflammatory responses, but instead showed increased expression of IL-23, which promotes 

differentiation of CD4+ T cells into Th17 cells. Separately, we confirmed the ability of AVICs to 

respond to IL-23 released by APCs by analyzing expression of the IL-23 receptor in strain. We 

found that AVICs increase transcription of IL-23R when subjected to cyclic mechanical strain. 

Thus, not only are APCs transcribing more IL-23 in environments of high strain, AVICs are 

increasing their capability to respond to this cytokine.  

This data presents a dual mechanism for APC involvement in AV fibrosis and 

calcification. APCs are recruited to the AV wherein they are exposed to a unique mechanical 

environment characterized by cyclic mechanical strain.75 This environment leads to increased 

cellular inflammation, characterized specifically by production of Th17-promoting cytokines. 

Th17 responses have previously been shown to be associated with tissue fibrosis.229,230 Not only 

could activated APCs promote differentiation and recruitment of Th17 cells through the lymph 

system, but they could also enact cellular calcification in the AV through juxtacrine or paracrine 

signaling to AVICs: AVICs in the AV have the receptor for IL-23, and its expression is increased 

in such a mechanical environment. AVICs also have been shown to promote calcification in 

response to numerous other cytokines or inflammatory stimuli that may be increased in the 

presence of inflammatory APCs.103,116,117,151,231  
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This study highlights the potential role of a Th17 response in diseases of mechanical 

strain, corroborating data in the study of hypertension: Loperena, et al. found that mechanical 

stretch of monocytes induces an inflammatory phenotype through signal transducer and 

activator of transcription 3 (STAT3) activation.232 Importantly, STAT3 is a major activator of the 

Th17 phenotype and induces IL-23 expression.233,234 A crucial component of the proposed 

mechanism which we do not investigate here is T cell infiltration. T cells have long been 

identified in CAVD and associated with other disease markers.19,76,77 No specific phenotyping of 

these T cells has been performed, but future studies should investigate any specific Th-subtype 

enriched in the immune responses in the valve. Our data suggest that perhaps these T cells 

would disproportionately show a Th17 phenotype. Overall, this study provides a potential 

mechanical etiology for fibrotic immune cell involvement in CAVD.  
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Chapter 5: Macrophages Promote Aortic Valve Cell Calcification and Alter STAT3 
Splicing 
 
 
 
Adapted from:  
 
Raddatz MA, Huffstater T, Bersi MR, Reinfeld BI, Madden MZ, Booton SE, Rathmell WK, Rathmell 

JC, Lindman BR, Madhur MS, Merryman WD. Macrophages Promote Aortic Valve 
Cell Calcification and Alter STAT3 Splicing. Arterioscler Thromb Vasc Biol. April 
2020:2020.01.24.919001.28 

 
 

 

Graphical Abstract 

 

 
Figure 5.1. Graphical abstract for Chapter 5. 
Reprinted, with permission, from Raddatz, et al.28 
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Introduction 

Calcific aortic valve disease (CAVD) affects one in four people over 65 years of age and 

is the primary cause of aortic stenosis.1 This prevalent and insidious disease inevitably leads to 

surgical or transcatheter replacement of the valve, as there are currently no pharmaceutical 

treatments. Understanding the cellular and molecular pathophysiology of CAVD may lead to 

pharmaceutical approaches for patients who are not optimal surgical candidates or prevent 

prosthetic valve recalcification. 

CAVD studies have traditionally focused on aortic valve interstitial cells (AVICs),73 yet no 

successful pharmacological strategies have emerged from this approach.1 Recent studies have 

shown that inflammation and immunomodulation may play a key role in determining the 

calcification potential of these cells,79,118,235 suggesting that immune signaling may be a viable 

target for therapeutic intervention. Immune cells are linked to CAVD,220 and up to 10-15% of 

cells in the healthy murine valve express CD45, a hematopoietic lineage marker.29,74 These cells 

are primarily major histocompatibility complex II positive macrophages.50,74 Macrophages with 

molecular histocompatibility complex II positivity (MHCII+) are more metabolically active, direct a 

proinflammatory immune response, and are increased in CAVD.76,78,79 As part of this 

proinflammatory response, MHCII+ macrophages secrete interleukin-6 (IL-6) and tumor necrosis 

factor α (TNFα), both of which promote calcification of AVICs.79 However, macrophage 

depletion with liposomal clodronate increases disease as measured by aortic valve (AV) 

thickening in mice.83 Thus, it is unclear if macrophages drive CAVD, inhibit CAVD, or respond to 

calcification.  

Moving from cellular to molecular inflammation, STAT3 (signal transducer and activator 

of transcription 3) signaling is linked to both the activity of the osteogenic transcription factor 

RUNX2 (runt related transcription factor 2) and fibrotic inflammation in the heart.21,129,136,168 

These activities reflect the two primary pathways of AV calcification: osteogenic and dystrophic 

calcification, respectively.64,236 Additionally, single nucleotide polymorphisms in the IL-6 receptor 
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(a major contributor to STAT3 activation) are associated with decreased severity of CAVD,150 

whereas transforming growth factor beta 1 (TGF-β1; another direct activator of STAT3) 

signaling is increased in CAVD and leads to calcification of AV cells in vitro.156,237 Adding to the 

evidence, Tsai, et al. reported increased STAT3 phosphorylation in human CAVD.152 This 

confluence of findings suggests that STAT3-mediated inflammation, potentially driven by 

macrophage-secreted factors, may promote CAVD and serve as a pharmacological target.  

In order to determine the role of immune cells in CAVD, we utilized the Notch1+/- murine 

CAVD model; human families with NOTCH1 mutations have increased incidence of both CAVD 

and congenital bicuspid AV disease.71 Mice with Notch1 haploinsufficiency have increased AV 

calcification,68,69 while AVICs with a Notch1 mutation have increased calcification potential in 

vitro.56 Interestingly, NOTCH1 has long been known to play a significant role in the 

differentiation and maturation of hematopoietic lineages—including specific inhibition of myeloid 

development—thus highlighting the potential for haploinsufficiency to affect valve calcification 

through infiltrating macrophages.238–240 After assaying macrophage phenotypes in the Notch1+/- 

model, we utilized bone marrow transplants and in vitro coculture models to assess the 

contribution of Notch1+/- immune cells to AV calcification. Finally, we assessed and manipulated 

STAT3 activity using overexpression plasmids and phosphorylation blockade to investigate the 

contribution of macrophage-mediated changes in STAT3 to AVIC calcification. We found that 

Notch1+/- AVICs increase recruitment and inflammatory maturation of macrophages, and that 

macrophages promote AVIC calcification and alter STAT3 splicing.  
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Methods 

Animal Studies 

All animal experiments used C57BL/6J mus musculus animals. Bone marrow transplant 

experiments included both sexes, while experiments with ≤ 8 mice per group included only male 

mice due to the increased prevalence of CAVD in male patients. In total, 135 mice were used 

for this study. In the bone marrow transplant study, two mice died 8-15 weeks into the aging 

period. One wild-type mouse receiving Notch1+/- bone marrow died of unknown causes, and one 

Notch1+/- mouse receiving Notch1+/- bone marrow died after sustaining wounds from a 

littermate’s aggression. No other deaths occurred during the aging period. All experimental 

protocols were approved by the Institutional Animal Care and Use Committee at Vanderbilt 

University.  

 

Flow cytometry 

AVs were isolated from littermate wild-type (WT) and Notch1+/- mice. Cells were isolated 

from the AV by nine, seven-minute collagenase digestions at 37°C.241 After each digestion, the 

supernatant was removed and diluted into FC buffer (PBS, 3% FBS). The cell pellet was then 

subjected to red blood cell lysis buffer for five minutes before quenching with FC buffer. For in 

vitro assays, bone marrow-derived macrophages (BMMs) and/or AVICs were lifted with 

Accutase. Cells were then blocked in Fc Block for 10 minutes at room temperature before 

staining with conjugated antibody for 30 minutes at 4°C. All antibodies are listed in Table 5.1. 
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Table 5.1. Antibodies for all associated methods. 
Target antigen Vendor or Source Catalog # Working 

concentration 
Lot #  

αSMA-Cy5.5 MilliporeSigma C6198 IF(1:300)  058M4761V 
α-Tubulin Vanderbilt Molecular 

Biology Core 
n/a WB(1:1000) n/a 

CCR2-PE BioLegend 150609 FC(1:50) B278733 
CD11b-e450 Thermo Fisher 48-0112-82 FC(1:400) 4329941 
CD45-BV510 BD Biosciences 563891 FC(1:800) 9066967 
CD68-AF594 BioLegend 137020 IF(1:200) B239125 
CX3CR1-PerCP/Cy5.5 BioLegend 149009 FC(1:250) B271940 
F4/80-PE/Cy7 BioLegend 123114 FC(1:400) B265636 
IL-6 Abcam ab6672 IF(1:200) GR3195128-21 
Ly6C-FITC BioLegend 128006 FC(1:700) B270133 
MHCII-APC BioLegend 107614 FC(1:1600) B255462 
MHCII-FITC Thermo Fisher 11-5321-82 IF(1:100) 4322171 
Rabbit IgG-AF 647 Invitrogen A21245 IF(1:300) 1837984 
Rabbit IgG-FITC Abcam ab6717 IF(1:300) 731506 
RUNX2 Novus Biologicals NBP1-77461 IF(1:100) B-1 
RUNX2 Cell Signaling 12556S WB(1:1000) 2 
STAT3 Cell Signaling 9139S WB(1:1000) 12 
pSTAT3 (Y705) Cell Signaling 9145S WB(1:2000) 34 
IF = immunofluorescence; WB = Western blot; FC = flow cytometry 
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Bone marrow transplants 

8- to 12-week-old WT or Notch1+/- C57BL/6J mice were given a split 12 Gy dose of 

radiation from a Cs137 source followed by retro-orbital administration of 3×106 bone marrow cells 

isolated from a sex-matched WT or Notch1+/- donor. Mice were allowed six weeks for bone 

marrow reconstitution before aging on high-fat diet. After six months, mice were euthanized and 

bone marrow and AVs were isolated. Incidence of unanticipated death was similar between 

transplant groups. Two mice died 8-15 weeks into the aging period. One wild-type mouse 

receiving Notch1+/- bone marrow died of unknown causes, and one Notch1+/- mouse receiving 

Notch1+/- bone marrow died after sustaining wounds from a littermate’s aggression. No other 

deaths occurred during the aging period. Bone marrow was digested in rat tail lysis buffer 

overnight and genotyped for Notch1 and the Notch1del cassette using polymerase chain reaction 

(PCR) to confirm successful transplants.  

 

Histology and Immunofluorescence 

Murine AVs were frozen in OCT and sectioned at 10 µm thickness. Von Kossa staining 

was performed by incubating with 3% Ag2NO3 for 40 minutes under a UV lamp, followed by 

incubation with 5% sodium thiosulfate for five minutes. Slides were counterstained with Nuclear 

Fast Red. Leaflet thickness was measured using a semi-automated MATLAB script to calculate 

leaflet area divided by leaflet length, resulting in average leaflet width. For immunofluorescence, 

slides were fixed and permeabilized with 10% formalin and 0.1% Triton-X for 15 minutes, 

followed by epitope blockade for one hour with 1% BSA in PBS. Primary antibody staining was 

performed in blocking solution overnight at 4°C. When applicable, secondary antibody staining 

was performed for one hour at room temperature. Slides were mounted in ProLong Gold with 

DAPI and imaged at 4-60X magnification. CD68+ and MHCII+ macrophages were counted 

manually and normalized to the area of the leaflet DAPI mask, giving macrophages/mm2. 

Control images are included in Appendix B. 



62 
 

 

Aortic valve interstitial cells 

AVICs were isolated from WT or Notch1+/- C57BL/6J mice as previously described.151 

Briefly, AVs were digested in 2 mg/mL collagenase in HBSS for 30 minutes at room temperature 

and placed in DMEM supplemented with 10% FBS, 1% penicillin/streptomycin (pen/strep), and 

10 μg/mL recombinant murine interferon-γ to induce activation of the simian virus 40 T antigen. 

Cells were allowed to adhere to 0.1% gelatin-coated six-well tissue culture-treated plates and 

expanded. To allow for sustained immortal growth, cells were cultured at 33°C and 5% CO2 

when not plated for experiments. At least 12 hours prior to experiments (overnight), AVICs were 

incubated at 37°C and 5% CO2 in DMEM supplemented with 10% FBS and 1% pen/strep 

(complete media), wherein the immortalization element degrades due to temperature changes. 

AVICs were seeded at 20,000 cells/cm2 in all experiments unless otherwise noted. 

 

Bone marrow-derived macrophages 

Macrophages (BMMs) were generated from the bone marrow of WT or Notch1+/- 

C57BL/6J mice using M-CSF.242 BMM generation was verified by flow cytometry for CD11b and 

F4/80 (Figure 5.2). Following differentiation, all experiments were carried out without M-CSF 

supplementation. 
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Figure 5.2. Confirmation of bone marrow-derived macrophage phenotype in coculture. 
The F4/80hi macrophage population is seen in AVIC-macrophage coculture (A, representative plot). 
Among CD45+ cells, >96% were CD11b+ and F4/80hi in each of four biological replicates (B, 
representative plot). Reprinted, with permission, from Raddatz, et al.28 

 



64 
 

Coculture design 

BMMs and AVICs were seeded at a 1:7 physiologic ratio74 in RPMI supplemented with 

10% FBS and 1% pen/strep and cultured for 48 hours before harvesting for various 

experiments. Transwell cocultures were seeded at the same ratio with AVICs seeded on the 

tissue culture-treated plate and BMMs seeded on a 0.4 μm-pore Transwell insert (Corning, 

Corning, NY). AVIC monoculture controls for all coculture experiments were also performed in 

supplemented RPMI. 

 

Cultured media  

Media was harvested from cultures after 24 hours and filtered using 0.45 μm sterile 

filters before use. In all cultured media experiments, RPMI supplemented with 10% FBS and 1% 

pen/strep was used. 

 

Migration assay 

Using a modified Transwell migration protocol,243 10,000 BMMs were seeded in 100 μL 

of uncultured media on an 8 μm-pore Transwell insert and incubated for 10 minutes at 37°C. 

600 μL of cultured media was then added to the well below each insert and cells were allowed 

to migrate for 3 hours. Transwell inserts were then removed and fixed in 70% ethanol for 10 

minutes prior to mounting in ProLong Gold with DAPI. All cells that migrated through the 

membrane were counted based on visualization of DAPI staining. Migration index was defined 

as the number of migrated cells divided by the number of migrated cells into a control condition 

of uncultured media. 

 

Microarray 

The Proteome Profiler Mouse Cytokine Array Kit, Panel A (R&D Systems, Minneapolis, 

MN) was used per the manufacturer’s instructions. Briefly, protein from either cell lysates or 
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conditioned media was incubated with an antibody mixture and allowed to bind to the patterned 

membrane overnight. Antibodies were then conjugated and the membrane was imaged using 

an Odyssey Classic imager (Li-Cor, Lincoln, NE).  

 

Calcific nodule assay 

Cultures were treated with 5 ng/mL TGF-β1 for 24 hours followed by 24 hours of cyclic 

biaxial 10% mechanical strain at 1 Hz on BioFlex plates coated with Pronectin, using a FlexCell 

3000 machine (FlexCell, Burlington, NC).56 Cultures were stained for calcification using Alizarin 

Red S and calcific nodules were manually counted in each well by visual inspection. 

 

Magnetic-activated cell sorting 

Cells were lifted with Accutase, incubated for 15 minutes with anti-CD45 MicroBeads 

(Miltenyi Biotec, Bergisch Gladbach, Germany) to allow for magnetic labeling, and resuspended 

in MACS buffer (PBS, 0.5% BSA, 2 mM EDTA), followed by positive selection of CD45+ BMMs. 

Further downstream analysis was conducted on the unperturbed CD45– AVICs.  

 

Quantitative real time-polymerase chain reaction (RT-qPCR) 

AVIC mRNA was isolated using Trizol (Life Technologies, Carlsbad, CA) and cDNA 

libraries were produced using the Superscript IV Reverse Transcriptase kit with oligo(dT) 

primer, as per manufacturer protocols (ThermoFisher Scientific, Waltham, MA). Quantitative real 

time polymerase chain reaction for all targets was performed on the CFX-96 Real Time System 

using iQ SYBR Green Supermix (Bio-Rad, Hercules, CA) (please see Table 5.2 for primer 

sequences). Products were confirmed by gel electrophoresis. Gapdh was used as a 

housekeeping gene. All statistics were performed on untransformed ΔCt values (“gene of 

interest” Ct – Gapdh Ct), but for clarity, gene expression was normalized and displayed as 2ΔΔCt.  
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Table 5.2. Primer sets for RT-qPCR. 
Target Transcript Forward Primer (5’ to 3’) Reverse Primer (5’ to 3’) 
Acta2 TCTGGACGTACAACTGGTATTG GGCAGTAGTCACGAAGGAATAG 
Adar1 CGGCACTATGTCTCAAGGGT TGCGGGTATCTCCACTTGCT 
Cdh11 ACACCATGAGAAGGGCAAG ACCGGAGTCAATGTCAGAATG 
Gapdh ATGACAATGAATACGGCTACAG TCTCTTGCTCAGTGTCCTTG 
Icam1 GCAGAGGACCTTAACAGTCTAC TGGGCTTCACACTTCACAG 
Il6 CAAAGCCAGAGTCCTTCAGAG GAGCATTGGAAATTGGGGTAG 
Runx2 CCCAGCCACCTTTACCTACA TATGGAGTGCTGCTGGTCTG 
Sparc CTGTCCCGGGTGATGGTATG TGGAGTGTTTGCTTCTGTGC 
Spp1 GTGATTTGCTTTTGCCTGTTTG GAGATTCTGCTTCTGAGATGGG 
Vegfa AGTCTGTGCTCTGGGATTTG GTTGGCACGATTTAAGAGGGG 
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Cell Proximity Analysis 

Cocultures were performed on glass coverslips and stained by immunofluorescence for 

CD68 and either RUNX2 or alpha-smooth muscle actin (αSMA). Immunofluorescence staining 

was performed as described above (see Histology and Immunofluorescence). 

Immunofluorescence images were analyzed using a custom algorithm designed to determine 

whether the proximity of activated AVICs—as identified by RUNX2 or αSMA staining—to CD68+ 

macrophages was closer or further than expected based on Monte Carlo simulations of random 

macrophage placement (Figure 5.3).  

In order to determine if activated AVICs were distributed unevenly throughout the 

coculture landscape within any given x-y field of view, an image processing algorithm was 

developed to test the hypothesis that activated cells were more likely to be near macrophages. 

After staining, images in each channel were blurred using a Gaussian filter with a standard 

deviation of 4 and thresholded by Otsu’s thresholding method. This mask generated positive 

regions, which were gated by size to identify individual cells. This process was performed in 

each channel to identify CD68+ macrophages, and either RUNX2+ or αSMA+ activated AVICs. 

In every image, the centroid of each activated AVIC was determined and a distance 

index was defined. In particular, for each identified AVIC, the location was compared to the 

location of each of the n identified macrophages and the distance to the nearest macrophage 

was recorded. All distances ≤ 10 µm were removed from the analysis to account for mistaken 

identification of one cell as both an AVIC and macrophage. Sensitivity analyses confirmed that 

this did not affect the conclusion. In order to determine the “expected distance” from the 

activated AVIC to the nearest macrophage, N random macrophages were placed across the x 

and y axes of the image and the distance from the current AVIC to the nearest random 

macrophage location was recorded. This randomized process was repeated 500 times in a 

Monte Carlo simulation, and the median distance to the nearest macrophage was recorded as 

the “expected distance” to the nearest macrophage. At that point, the real distance to the 
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nearest macrophage was divided by the expected distance and recorded as the distance index 

of the activated AVIC. A density plot of the distance index of all activated AVICs is shown in 

Figure 5.12. All of the above was performed using the statistical programming language, R. 

Example code is included in Appendix C. The R package ‘EBImage’ was used for all image 

processing, and ‘ggplot2’ was used for data visualization. 
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Figure 5.3. Image proximity analysis workflow. 
Images were masked for activated AVICs by RUNX2 or αSMA staining and real and expected distance 
to the nearest macrophage calculated. Additional details are included above and in Appendix C. 
Reprinted, with permission, from Raddatz, et al.28 
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Western Blot 

AVICs and human AVs were lysed in RIPA buffer or PBS respectively, supplemented 

with benzonase, sodium orthovanadate, and protease inhibitor. Lysates were denatured using 

SB at 100°C for 5 minutes, then 10-15 μg of protein was loaded into 15 cm 10% acrylamide gels 

and run at 150V for 1 hour and 45 minutes. Membrane transfer was performed at 80V for 1 hour 

and 45 minutes. Membranes were blocked with 5% BSA in TBST and stained in primary 

antibody overnight at 4°C. Membranes were then stained with fluorescent secondary antibody 

and imaged on an Odyssey Classic imager (Li-Cor). Quantification was performed in Image 

Studio Lite (Li-Cor). 

 

Human Aortic Valve Samples 

AV samples were collected at the time of replacement and separated into involved and 

uninvolved tissue based on the sample location relative to apparent calcification before being 

flash frozen in liquid nitrogen and stored at -80°C. Samples were mechanically digested with a 

bead homogenizer (BioSpec Products, Bartlesville, OK) in PBS supplemented with benzonase, 

sodium orthovanadate, and protease inhibitor. Written informed consent was obtained from 

patients and tissue sample collection was approved by the institutional review board at 

Washington University in St. Louis. 

 

Plasmid Transfection 

Prior to transfection, AVICs were serum-starved in 1 mL of DMEM with 1% FBS 

overnight in 12-well plates. Lipofectamine 2000 (ThermoFisher) and concentrated STAT3α, 

STAT3β, or vector control plasmids (Genscript, Piscataway, NJ) were diluted in Opti-MEM 

media (ThermoFisher) and allowed to create DNA-lipid complexes for 20 minutes. Next, 200 μL 

of Opti-MEM containing 4 μL of Lipofectamine and 1 μg of plasmid DNA was added to each 
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well. After 4 hours, media was replaced with complete media. In coculture models, 

macrophages were added 24 hours after transfection initiation, and in all experiments AVICs 

were harvested at 48 hours. Western blots confirming transfection are included in Appendix D. 

 

Micropipette Aspiration 

Micropipette aspiration was used to determine the elastic modulus of AVICs as reported 

previously.156,244–246 Capillary tubes (World Precision Instruments, Sarasota, FL) were coated 

with Sigmacote (MilliporeSigma, St. Louis, MO), sterilized with 70% ethanol, and allowed to dry. 

Coated tubes were then pulled with a P-97 micropipette puller (Sutter Instrument, Novato, CA), 

fractured with an MF-1 microforge (Technical Products International, St. Louis, MO) to an 

internal diameter of approximately 6 μm, and bent to an angle allowing for the micropipette to lie 

parallel to the plate upon use. Pressures were applied using a custom-built pressure regulator 

system with an MCFS-EZ microfluidics controller (Fluigent, Le Kremlin-Bicêtre, France).  

Following treatment, AVICs were lifted with Accutase, resuspended in 500 μL MACS 

buffer, and kept on ice until use. Aspiration was performed on at least 10 cells from each 

condition and biological replicate each day. Tests were performed by linearly increasing the 

applied suction pressure by 8 Pa/s over 60 seconds to a final aspiration pressure of 0.48 kPa. 

The aspirated length of each cell was measured manually from video recorded at a rate of 2 

frames/s using a microscope-mounted camera (Figure 5.4). 

After all data was recorded, aspirated length of each cell was measured manually and 

the effective stiffness (E) was determined using a half-space elastic model given below: 

𝐸 = 𝜑𝑛	 &
3𝑟
2𝜋
+&
∆𝑃
𝐿
+ 

where φ(η) is the wall function and is equal to 2.1 (dimensionless parameter calculated from the 

ratio of the pipette inner radius to the wall thickness), r is the micropipette inner radius, and ΔP/L 

is the slope of the linear applied pressure vs. aspirated cell length curve. 
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Figure 5.4. Raw micropipette analysis data.  
Stabilized images of cell aspiration were recorded (A) followed by measurement of the slope of suction 
pressure over normalized aspiration length to determine cellular elastic modulus (B). Reprinted, with 
permission, from Raddatz, et al.28 
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STAT3 Blockade 

Stattic (MilliporeSigma), a STAT3 tyrosine phosphorylation inhibitor (Y705) was used to 

block STAT3 activity. Stattic was solubilized in DMSO and added to cells in complete media. 

Western blots confirming STAT3 phosphorylation blockade are included in Appendix D. 

 

Statistics 

All data points are shown throughout the manuscript in addition to mean ± standard error 

of the mean (s.e.m.) or boxplots signifying median and first and third quartiles for non-normal 

data. Comparisons between normal data were performed by ANOVA followed by Student’s t-

test with Holm-Sidak adjustment for multiple comparisons; non-normal data were analyzed 

using Kruskal-Wallis or Mann-Whitney U test. Murine data were analyzed by aligned rank 

transformed ANOVA247 to allow for two- and three-way non-parametric comparisons. All 

statistical analyses were performed using the statistical programming language R, version 

3.5.2.218  

 

Results 

Notch1+/- Aortic Valves Have an Altered Myeloid Profile 

We first assessed macrophage phenotypes in the AVs of both WT and Notch1+/- mice in 

young adulthood (10-12 weeks), prior to disease onset. Hematopoietic cells make up similar 

proportions of the AV in WT (7.1%) and Notch1+/- (7.0%) mice (Figure 5.5A). Among 

hematopoietic cells, there is a majority myeloid fraction (CD11b+) that is greater in the Notch1+/- 

valve (Figure 5.5B) and comprised primarily of F4/80+ macrophages in both genotypes (Figure 

5.5C). Valvular macrophages are majority CX3CR1high/Ly6C-/CCR2- in both genotypes (Figure 

5.5D-F), but in the Notch1+/- valve, macrophages show increased CX3CR1 and MHCII 

expression, suggesting an enhanced migratory and proinflammatory phenotype (Figure 5.5F, 

G).248 When analyzing all hematopoietic cells, non-myeloid cell types include CD11b-/MHCII+ 
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antigen-presenting cells, similar to previous reports (Figure 5.5H, I).74 Simultaneously, BMMs 

were generated from the same WT and Notch1+/- mice and no differences were observed 

(Figure 5.6). In summary, macrophages make up the majority of hematopoietic cells in the AV 

and are different in the valves of Notch1+/- vs WT mice. 
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Figure 5.5. Notch1+/- murine aortic valves have increased macrophage polarization. 
Flow cytometry was performed on both WT and Notch1+/- aortic valves for CD45 (A), followed by CD11b 
(B), then F4/80 (C). Macrophages were characterized by Ly6C expression (D), CX3CR1 and CCR2 
expression (E, F), and MHCII expression (G, outline = WT; gray fill = Notch1+/-). Non-myeloid hematopoietic 
cells were grouped by MHCII expression (H), and all cell types were plotted as average percentage of the 
total CD45+ population (I). Bar plots represent mean ± s.e.m (A-C, F, G). Representative flow plots are of 
WT animals (A-E, H). N = 8 biological replicates. *P < 0.05 by two-tailed t test. Reprinted, with permission, 
from Raddatz, et al.28 
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Figure 5.6. Wild-type and Notch1+/- bone marrow-derived macrophages. 
BMMs from wild-type (black) and Notch1+/- (red) mice have no differences in various markers of 
maturity. Bars represent mean ± s.e.m. All data analyzed by two-tailed t test. Reprinted, with 
permission, from Raddatz, et al.28 
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Notch1 Haploinsufficiency in Aortic Valve Cells Drives Disease and Macrophage Recruitment 

Considering the increased macrophage infiltration in Notch1+/- mice previously 

reported,69 and the altered macrophage phenotypes observed, we performed bone marrow 

transplants to identify if underlying differences in hematopoietic cells were driving the 

macrophage changes found in the Notch1+/- CAVD model. WT and Notch1+/- mice were 

transplanted with WT or Notch1+/- bone marrow and aged for 6 months on high-fat diet to allow 

for disease progression. After aging, leaflet calcification was visualized by von Kossa and 

Alizarin Red staining (Figure 5.7A, B, Figure 5.8). Leaflet thickness was measured and body 

genotype, but not bone marrow genotype, was significantly associated with leaflet thickness 

(Figure 5.7C). The same pattern was seen with immunofluorescence staining for CD68+ 

macrophage infiltration (Figure 5.7D, E). There was no change in valve phenotype by 

echocardiography. Valves were additionally stained for MHCII to detect differences observed by 

flow cytometry (Figure 5.7F, G). Valves of Notch1+/- mice have an increased prevalence of 

MHCII+ macrophages and a lesser increase in MHCII- macrophages, leading to a higher MHCII+ 

macrophage fraction (Figure 5.7H, I, Figure 5.9). Thus, Notch1 haploinsufficient valve 

phenotypes, including differences in hematopoietic cell recruitment, are mediated by valvular 

cells. 
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Figure 5.7. Notch1+/- valve cells drive aortic valve disease and macrophage infiltration and 
maturation in vivo.  
Following bone marrow transplant, aortic valves from Notch1+/- (N1+/-) and wild-type (WT) mice were 
assessed for calcification (A, B), thickness (A, C), macrophage infiltration (D, E), and macrophage 
maturation, as measured by MHCII positivity (F-I). (A) Aortic valves are stained for histology and 
calcification by von Kossa and (B) Alizarin Red; scale bar = 1 mm. (C) Leaflet thickness is plotted as mean 
width across the entire section. (D, F, G) Aortic valves are stained by immunofluorescence for DAPI (blue), 
CD68 (pink), and MHCII (green); scale bar = 100 µm. (E, H) Macrophage data is plotted as cells per mm2 
of tissue. Boxplots represent 25th, 50th, and 75th percentiles. All data were analyzed by two-way aligned 
rank transformed ANOVA.247 **P < 0.01, ***P < 0.001. N = biological replicates, and is the same across 
panels. BM = bone marrow. Reprinted, with permission, from Raddatz, et al.28 
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Figure 5.9. MHCII- macrophages in wild-type and Notch1+/- valves. 
There is an increase in MHCII- macrophages in Notch1+/- mice regardless of bone marrow genotype. 
Boxplots display the 25th, 50th, and 75th percentiles. Data were analyzed by two-way aligned rank 
transformed ANOVA. ***P < 0.001. N = biological replicates. Reprinted, with permission, from  
Raddatz, et al.28 

 
 

Figure 5.8. Calcification quantification in wild-type and Notch1+/- mice. 
Wild-type (WT) and Notch1+/- (N1+/-) mice with WT and N1+/- bone marrow were stained for calcification with 
von Kossa, and positive staining was quantified. Data were analyzed by two-way aligned rank transformed 
ANOVA. N = 14, 11, 10, and 9 biological replicates. Reprinted, with permission, from Raddatz, et al.28 
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Notch1+/- AVICs Drive Calcification and Macrophage Phenotypes In Vitro 

With Notch1 haploinsufficiency acting through AVICs but accompanied by a clear 

difference in macrophage infiltration and phenotype, we used in vitro coculture models to 

explore this relationship. First, we replicated the previous bone marrow transplant experiment in 

vitro. WT and Notch1+/- AVICs and BMMs were cocultured and assayed for common 

transcriptional calcification markers. Notch1 haploinsufficiency altered coculture calcification 

genes only when carried in the AVICs (Figure 5.10A-D).  Assessing macrophage phenotypes, 

BMMs cultured with Notch1+/- AVICs had increased CCR2 and Ly6C expression, while 

macrophage genotype had no effect (Figure 5.10E, F). Additionally, both WT and Notch1+/- 

macrophages increased migration towards media cultured by Notch1+/- AVICs compared to WT 

AVICs (Figure 5.10G, Figure 5.11). Microarray analysis of secreted factors and lysate from 

Notch1+/- and WT AVICs revealed an increase in cytokines that induce proinflammatory 

macrophage differentiation and migration (Figure 5.10H).249,250 Raw microarray images are 

included in Appendix D. The highest observed fold-change was that of IL-6, and 

immunofluorescence staining of 8- to 12-week-old WT and Notch1+/- mice recapitulated this 

pattern of increased IL-6 expression in Notch1+/- mice (Figure 5.10I). 
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Figure 5.10. Notch1+/- aortic valve interstitial cells promote calcification and macrophage maturation 
in vitro through altered cytokine secretion.  
Wild-type (WT) and Notch1+/- (N1+/-) aortic valve interstitial cells (AVICs) were cultured with WT and N1+/- 
bone marrow-derived macrophages (BMMs) and assayed for transcription of common markers of 
dystrophic (A, B) and osteogenic (C, D) calcification (N = 4). Flow cytometry for CCR2 (E) and Ly6C (F) 
expression was performed on BMMs (black = WT AVICs; red = N1+/- AVICs; circle = WT BMMs, triangle = 
N1+/- BMMs, N = 3). (G, N = 6) Migration assays of WT macrophages in the presence of either WT or N1+/- 
AVIC-cultured media and uncultured media controls. (H) Cytokine microarray analysis of secreted media 
from WT and N1+/- AVICs. Data is plotted as fold change in N1+/- AVIC-cultured media compared to WT 
control. Full color points are cultured media; faded points are cell lysates. Points represent an average of 
two experiments with 3 pooled samples each. (I, N = 5) IL-6 (red) expression in WT and N1+/- aortic valves; 
scale bar = 200 µm. All summary data represent mean ± s.e.m. Data were analyzed by two-way ANOVA 
on untransformed ΔCt values (A-D) or flow populations (E, F), or one-way ANOVA followed by paired, two-
tailed t tests with Holm-Sidak corrections (G), or two-tailed t test (I). *P < 0.05 from wild-type AVICs, **P < 
0.01 from wild-type AVICs, #P < 0.05 from control media, ##P < 0.01 from control media. N = biological 
replicates. Reprinted, with permission, from Raddatz, et al.28 
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Figure 5.11. Notch1+/- macrophage migration towards AVIC-secreted media. 
Notch1+/- AVIC-cultured media promotes macrophage migration compared to wild-type AVIC-cultured 
media or uncultured media control. Data were analyzed by one-way ANOVA followed by paired,  
two-tailed t tests with Holm-Sidak corrections. *P < 0.05 from wild-type AVICs, N = biological replicates. 
Reprinted, with permission, from Raddatz, et al.28 
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Macrophages Promote Osteogenic, and not Dystrophic, Calcification of AVICs 

Given the observation of increased macrophage recruitment and proinflammatory 

maturation in the Notch1+/- model, we sought to determine how macrophages affect AVIC 

calcification. When cultured with macrophages, AVICs formed more calcific nodules in vitro 

(Figure 5.12A). We then cultured AVICs either in monoculture (Mono), Transwell culture with 

macrophages (TW), or direct coculture with macrophages (CC) (Figure 5.12B). RT-qPCR 

revealed increases in osteogenic calcification transcripts in both Transwell and, more 

profoundly, direct coculture as compared to monoculture (Figure 5.12C-E). There was no 

change in dystrophic calcification markers (Figure 5.12F-H). AVIC-specific expression was 

confirmed by immunofluorescent staining for CD68 (macrophages) and RUNX2 (Figure 5.12I). 

To further assess this relationship, macrophage proximity to RUNX2+ and αSMA+ AVICs was 

calculated (Figure 5.13). RUNX2+ AVICs (osteoblasts, osteogenic calcification) were closer to 

macrophages than expected, while αSMA-positive AVICs (myofibroblasts, dystrophic) were 

normally distributed as expected (Figure 5.12J). Additionally, Notch1+/- animals with increased 

macrophage recruitment (Figure 5.7) were stained for RUNX2 and αSMA expression in the AV. 

RUNX2 expression alone was increased (Figure 5.12K, Figure 5.14). These data conclude that 

increased macrophage recruitment promotes osteogenic, but not dystrophic, AVIC calcification. 

 



84 
 

 
Figure 5.12. Macrophages promote osteogenic but not dystrophic calcification of aortic valve 
interstitial cells. 
Cocultures of aortic valve interstitial cells (AVICs) with bone marrow-derived macrophages (BMMs) were 
assayed for calcific nodule formation (A, N = 5). AVICs cultured in monoculture (Mono), Transwell culture 
with BMMs (TW), or direct coculture with BMMs (CC) (B) were assayed for transcription of markers of 
osteogenic (C-E) and dystrophic (F-H) calcification (N = 3). Images of cocultures stained for RUNX2, CD68, 
and DAPI (I) were analyzed by a Monte Carlo-assisted simulation to calculate expected distance and 
distance index between activated AVICs and BMMs (J). Bone marrow transplanted wild-type (WT) and 
Notch1+/- (N1+/-) mice were stained for RUNX2 and αSMA expression (K). Scale bars = 200 µm (K) and  
50 µm (I). All summary data represent mean ± s.e.m.  Data were analyzed by Mann Whitney U test (A), 
one-way ANOVA followed by two-tailed t tests with Holm-Sidak corrections on untransformed ΔCt values 
(C-H), one sample Wilcoxon Signed-Rank test on log-transformed data (J), or two-way aligned rank 
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transformed ANOVA (K). *P < 0.05, **P < 0.01, ***P < 0.001 from monoculture AVICs (A-H) or between 
genotypes (K); ##P < 0.01 from Transwell AVICs. N = biological replicates (A, C-H, K) or activated AVICs 
across 4 biological replicates (J). Reprinted, with permission, from Raddatz, et al.28 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 

 
 
 
 
 
 
 
 
 

 
 

  

Figure 5.13. Immunofluorescence images used for image proximity analysis. 
Immunofluorescent staining of aortic valve interstitial cell and macrophage co-culture for nuclei with 
DAPI (blue) (A) and for identification of osteogenic calcification of aortic valve interstitial cells (RUNX2, 
yellow) and macrophage (CD68, pink) (B). Reprinted, with permission, from Raddatz, et al.28 
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Figure 5.14. RUNX2 and αSMA expression in wild-type and Notch1+/- murine valves. 
Immunofluorescence staining of RUNX2 (A, yellow, white when overlapped with DAPI) and αSMA (B, red) 
in valves from wild-type (WT) and Notch1+/- (N1+/-) mice transplanted with WT or N1+/- bone marrow (BM). 
Reprinted, with permission, from Raddatz, et al.28 
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Altered STAT3 Splicing is Present in Both In Vitro Calcification and Human Calcified Valves 

In addition to canonical osteogenic signaling, we further hypothesized that STAT3-

mediated inflammation played a role in RUNX2 activation based on previous studies in CAVD152 

and the role of STAT3 in other fibrotic inflammatory diseases.21,129,136 AVICs cultured with 

macrophages had no increase in STAT3 phosphorylation or total STAT3 but did show a marked 

decrease in STAT3β expression (Figure 5.15A-E). Raw Western blot images are included in 

Appendix D. STAT3β is an alternative splice product of the STAT3 gene that inhibits canonical 

STAT3 signaling mediated through STAT3α.171,251 RT-qPCR of STAT3 transcriptional targets 

Icam1 and Vegfa confirmed an increase in STAT3 activity (Figure 5.15F). Adar1 transcription 

increased with decreasing expression of STAT3β, opposing a previously proposed mechanism 

for altered STAT3 splicing (Figure 5.16).252 Notably, STAT3 splicing was not impacted by 

interferons-α or -γ (Figure 5.17), which can induce Adar1 activity.253 To assess the role of 

STAT3β as an anti-calcification signaling molecule in human disease, excised AVs from patients 

undergoing AVR were analyzed. Leaflet tissue involved in disease (calcified) had decreased 

STAT3β expression and increased RUNX2 expression compared to adjacent uninvolved tissue 

(non-calcified) from the same patients (Figure 5.15G, H). Across all samples, RUNX2 

expression negatively correlated with the STAT3β fraction (Figure 5.15I). Raw Western blot 

images are included in Appendix D. 

Two STAT3 blockade strategies were assessed for efficacy in mitigating calcification. 

First, AVICs were treated with Stattic, a STAT3 phosphorylation inhibitor, and assayed for 

cellular stiffness and Runx2 transcription. Stattic treatment decreased cellular stiffness but 

increased Runx2 transcription in monoculture (Figure 5.18). Separately, STAT3α and -β 

plasmids were used to artificially manipulate STAT3 splicing (Figure 5.15J, K). Such 

transfections had no effect on calcification-associated transcripts in monoculture AVICs, but 

STAT3α overexpression increased cellular stiffness (Figure 5.15L). In the coculture model, 

STAT3β overexpression rescued Runx2 transcription (Figure 5.15M). 
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Figure 5.15. Macrophages promote osteogenic calcification of aortic valve interstitial cells and alter 
STAT3 splicing. 
Overall STAT3 expression (A, B), STAT3α expression (C), STAT3β expression (D, E), and expression of 
STAT3-associated transcripts (F) across 3 biological coculture replicates (black = monoculture [Mono], gray 
= Transwell [TW], light gray = coculture [CC]). STAT3β and RUNX2 expression was assayed by Western 
blot in human aortic valves divided into calcified and non-calcified tissue (G-I, N = 9). Plasmid 
overexpression of STAT3α and β was performed (J, K, N = 4), and cellular stiffness measured by 
micropipette (L). Overexpression of STAT3β was performed prior to coculture and cocultures were assayed 
for Runx2 transcription (M, N = 4). Bars and dot plots represent mean ± s.e.m. Boxplots represent 25th, 
50th, and 75th percentiles. Data were analyzed by one-way ANOVA followed by two-tailed t tests with Holm-
Sidak corrections on densitometry data (B-E, J, K) or untransformed ΔCt values (F, M); paired Mann 
Whitney U tests (G, H); linear regression (I); or Kruskal-Wallis followed by Mann Whitney U tests with Holm-
Sidak corrections (L). *P < 0.05, **P < 0.01, ***P < 0.001 from monoculture AVICs (D-F, M), non-calcified 
aortic valve tissue (G, H) or vector control (J, K); #P < 0.05, ##P < 0.01 from Transwell AVICs (D-E) or 
STAT3α transfection (J, K). N = biological replicates (B-K, M) or tests of individual cells across 3 biological 
replicates in 2 independent experiments (L). Reprinted, with permission, from Raddatz, et al.28 
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Figure 5.16. Adar1 transcription in cocultured AVICs. 
Coculture of AVICs with macrophages increases transcription of Adar1. Summary data represent the 
mean ± s.e.m. **P < 0.01 by two-tailed t test. Reprinted, with permission, from Raddatz, et al.28 

 
 

Figure 5.17. STAT3 splicing in AVICs exposed to interferons. 
Culture of AVICs with either interferon (IFN) -alpha (A) or -gamma (B) does not affect STAT3 splicing. 
STAT3α is stained at ~88 kDa with STAT3β just below. Loading control is α-Tubulin stained at ~50 kDa. 
Reprinted, with permission, from Raddatz, et al.28 
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Figure 5.18. Stattic treatment of AVICs. 
Treatment with 10 µM Stattic for two hours decreases cellular stiffness (A) but increases Runx2 
transcription measured after 10 additional hours in complete DMEM media (B). Boxplots display the 25th, 
50th, and 75th percentiles. Summary data represent the mean ± s.e.m. (B). **P < 0.01 by Mann Whitney U 
test (A) or two-tailed t test on untransformed ΔCt values (B). Reprinted, with permission, from  
Raddatz, et al.28 
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Discussion 

While the cardiovascular immunology field has developed at a rapid pace, the role of 

immune cells in CAVD has remained unclear.29 Here, we have focused on macrophages, which 

make up the majority of hematopoietic cells in both diseased human and healthy murine 

valves.74,77 We have shown that Notch1+/- AVICs promote macrophage maturation and 

infiltration, and that macrophages promote AVIC calcification and alter STAT3 splicing. This 

outlines a novel inflammatory mechanism for CAVD (Figure 5.19).  
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Figure 5.19. Proposed mechanism for macrophage-associated calcification in Notch1+/- calcific 
aortic valve disease. 
Notch1+/- aortic valve interstitial cells (AVICs) secrete pro-inflammatory factors (A) leading to increased 
macrophage infiltration and maturation to an M1-like phenotype (B). These infiltrating macrophages alter 
STAT3 splice products to decrease STAT3β (C). Decrease of STAT3β removes inhibition of STAT3α and 
RUNX2 (D), promoting cellular stiffening and expression of osteogenic transcripts, respectively, and leading 
to valvular calcification (E). Reprinted, with permission, from Raddatz, et al.28 

 



93 
 

First, we used flow cytometry to show that the Notch1+/- model has an increased myeloid 

compartment in the AV with increased CX3CR1 and MHCII positivity prior to disease 

progression. This aligns with previous data that murine aging and human disease correlate with 

proinflammatory maturation,74,79,254 and that proinflammatory phenotypes themselves promote 

cellular calcification.79,255 This suggested that perhaps differences in macrophage phenotype at 

baseline in Notch1+/- mice are driving AV phenotypes. In addition, NOTCH1 is known to inhibit 

myeloid cell maturation, reflected in our data by an increased myeloid compartment in the 

Notch1+/- valve.239,240 Together, these data strengthened our hypothesis that altered 

hematopoietic cells drive disease in the Notch1+/- model. However, bone marrow transplant 

experiments show that Notch1+/- AV cells promote macrophage infiltration regardless of 

macrophage genotype. Contrary to our hypothesis, it seems that hematopoietic cells play their 

role in response to altered valve cell phenotypes. Independent of bone marrow genotype, 

Notch1+/- mice had increased infiltration of MHCII+ macrophages. Thus, Notch1+/- valve cells are 

likely the instigating force behind valve pathology by both driving traditional disease markers 

and recruiting hematopoietic cells that then promote disease.  

We built off of these findings with in vitro studies to explore how Notch1+/- AVICs alter 

macrophage phenotypes and infiltration. Conditioned media from Notch1+/- AVICs promotes 

increased migration and proinflammatory maturation of WT macrophages, relative to media 

from WT AVICs. Reinforcing the importance of Notch1 haploinsufficiency in AVICs specifically, 

Notch1+/- macrophages responded similarly. Notably, the proinflammatory phenotype induced in 

vitro is characterized by Ly6C and CCR2 positivity and no change in MHCII, whereas the in vivo 

data instead showed an increase in MHCII+ macrophages but no change in Ly6C or CCR2. It is 

possible that this difference is due to the timelines involved. High Ly6C expression defines 

inflammatory monocytes and macrophages,256,257 and CCR2 is necessary for recruitment of 

such Ly6Chi monocytes.258,259 Thus, the roles of Ly6C and CCR2 are in the recruitment and 

egress of monocytes and macrophages, but expression is variable and can decrease after 
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extravasation and tissue residency.260,261 Alternatively, development of MHCII expression occurs 

after macrophage extravasation and allows for antigen presentation and generation of an 

adaptive immune response.260,262 This would explain the observation of increased MHCII 

expression in macrophages within murine valves. 

Cytokine microarrays on AVIC secreted media and immunofluorescence of murine AVs 

confirmed an increase in factors that induce migration and proinflammatory maturation.  Indeed, 

NOTCH1 signaling has previously been shown to inhibit NF-κB activity and inflammatory 

cytokine production.263,264 Together, these in vivo and in vitro phenomena provide a mechanism 

for macrophage involvement in NOTCH1-associated CAVD. They also highlight an additional 

lens for the interpretation of transcriptomic and proteomic datasets like that reported by 

Schlotter, et al.65 Our results contribute to the body of literature suggesting that the effects of 

these secreted factors on immune cell recruitment and activation may also play a significant role 

in CAVD pathophysiology. 

Our remaining studies focused on how macrophages alter AVIC phenotypes. We utilized 

a Transwell model to show that not only does the macrophage secretome promote calcification, 

but that physical interaction increases this effect. This is perhaps due to a macrophage-to-AVIC 

signal, but considering the findings that AVICs promote macrophage activation, it is also 

possible that physical interactions with AVICs can induce a further activated macrophage state 

and secretion of pro-calcification cytokines. It has also been suggested that extracellular 

vesicles may mediate cardiovascular calcification, and macrophage-derived vesicles may play a 

similar role here.265,266 Unintuitively, macrophages promoted osteogenic calcification and not 

dystrophic calcification, which is characterized by cytokine production and myofibroblast 

transition. To test the hypothesis that myofibroblast transition was not increased in toto, but that 

myofibroblast activation was occurring closer to macrophages, we developed an image analysis 

algorithm. The results instead confirmed the above findings: αSMA+ myofibroblasts were 

normally distributed around their expected distance, while RUNX2+ osteoblast-like cells were 
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significantly closer to macrophages than expected. Finally, we stained AVs from bone marrow 

transplanted WT and Notch1+/- mice for these same markers, and saw an increase in RUNX2 

alone in the mice with increased macrophage recruitment. Thus, we show–both in vitro and in 

vivo–that increased exposure to macrophages is associated with osteogenic and not dystrophic 

calcification. 

We then tested the hypothesis that STAT3 was mediating the connection between 

macrophage-secreted factors and RUNX2 expression. We observed a drastic shift in STAT3 

splicing, resulting in a decrease in the inhibitory STAT3β splice product and an increase in the 

canonical STAT3α splice product. We confirmed an associated increase in canonical STAT3 

signaling as measured through increased Vegfa and Icam1 transcription–two signaling markers 

previously described in CAVD.267,268 These phenomena translated to human AVs. STAT3β 

decreases in calcified regions of diseased AVs and negatively correlates with RUNX2 

expression. We then used overexpression models to manipulate STAT3 splicing directly. In 

AVIC monoculture, manipulation of STAT3 splicing ratios altered cellular stiffness, a disease 

marker,156 and in coculture this manipulation mitigated increased RUNX2 transcription.  

We attempted to understand the mechanism of STAT3β rescue by blocking STAT3 

activity with Stattic, a STAT3 phosphorylation inhibitor. Stattic treatment decreased cellular 

stiffness but increased RUNX2 expression. This leads to the conclusion that STAT3β is 

functioning to inhibit calcification through its own unique characteristics, perhaps requiring 

phosphorylation, rather than solely through an auto-inhibitory function against canonical 

STAT3α signaling. The ability of STAT3β to bind RUNX2 and inhibit its function as a 

transcription factor may be a key step in its calcification-mitigating capabilities shown here.169  

 

Limitations 

We have used primarily murine data throughout this manuscript. This has allowed us 

both to study the Notch1+/- CAVD model, and to use coculture models with syngeneic 
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macrophages. Our in vitro models also focused on AVICs and not aortic valve endothelial cells. 

It is possible that Notch1 haploinsufficiency may similarly contribute to macrophage recruitment 

through endothelial cell phenotypes. Second, it is possible in this murine model that there are 

resident hematopoietic progenitor cells in the AV that have persisted through irradiation and 

proliferated. However, literature in this mouse model has shown that all hematopoietic cells in 

the valve are perpetually recruited, rather than existing as resident cells,75 and we have used a 

high radiation dose to minimize this risk. The murine model of CAVD used here is subject to 

relatively large variance, making some studies underpowered for phenotype detection by 

echocardiography. Thus, we have focused on quantitative histological and immunofluorescence 

methods that we believe capture with integrity the extent of disease in mice. 

 

Conclusions 

Herein, we report heightened macrophage infiltration and maturation in NOTCH1-

associated CAVD driven by altered cytokine secretion of AVICs. This increased interaction 

between macrophages and AVICs promotes AVIC calcification and altered STAT3 splicing. 

Altered STAT3 splicing is found in calcified human AVs, and splicing manipulation opposes 

macrophage-induced calcification. These findings suggest that cellular inflammation and the 

STAT3 axis may play a targetable role in CAVD.  
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Chapter 6: Severe Aortic Stenosis in Male and Female Patients 
 
 
 
Adapted in part from:  
 
Raddatz MA, Gonzales HM, Farber-Eger E, Wells QS, Lindman BR, Merryman WD. Severe Aortic 

Stenosis in Male and Female Patients: An Analysis of Clinical Echocardiography 
Reports. In preparation. 

 
 

 

Introduction 

Aortic stenosis (AS) accounts for approximately 15,000 deaths in North America each 

year, and the only effective treatment is surgical or transcatheter aortic valve replacement 

(AVR).1 Currently, AVR is recommended in patients with severe, symptomatic AS and in some 

cases in those with severe, asymptomatic AS.202 Determination of AS severity relies primarily on 

the hemodynamic indices of peak jet velocity (Vmax) or mean transvalvular gradient across the 

aortic valve, and secondarily on decreased aortic valve area (AVA).269 Commonly, patients are 

considered to have severe AS when they meet both the AVA criteria (≤ 1 cm2) and 

hemodynamic criteria (Vmax ≥ 4 m/s or mean gradient ≥ 40 mmHg).202 However, the guidelines 

also indicate that patients with a Vmax 3.0 – 3.9 m/s and AVA ≤ 1 cm2 (“discordant AS”) may 

have severe AS if certain criteria apply.202 A number of prior studies have demonstrated that 

such a discordance between these indices is common and suggested that patients with 

discordant AS would see a survival benefit from AVR.203–205,270–272 Nonetheless, this discordance 

can yield uncertainty regarding the severity of AS, which influences clinical management.203,270 

Herein, using echocardiographic data obtained in clinical practice, we evaluated how 

these indices of severe AS (Vmax ³ 4 m/s and AVA £ 1.0 cm2, both individually and together) 

influence the proportion of patients who may be categorized as having severe AS. For each of 

these groups potentially categorized as having severe AS, we evaluated how often the AS was 
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qualitatively described as “severe” in the clinical echocardiographic report. We were particularly 

interested in the relationship between sex and categorization of AS severity.  

 

Methods 

 Clinical transthoracic echocardiogram reports from December 1, 2014 to October 30, 

2017 were extracted from the Synthetic Derivative, a de-identified mirror of the electronic health 

record at Vanderbilt University Medical Center,273 using previously described approaches that 

include regular expressions and natural language processing.274,275 For each patient, all 

instances of echocardiographic evaluation were compiled. The report with the smallest AVA 

calculated by the velocity time integral (VTI) continuity equation was identified, and all data were 

extracted from this report. Patients with AVA ≤ 1.2 cm2 and Vmax ≥ 3 m/s were analyzed to 

include the spectrum of severe AS disease phenotypes. Patients with a severe Vmax may have 

AVA > 1 cm2 in cases of aortic regurgitation, leading to our 1.2 cm2 criterion, and the AHA/ACC 

guidelines specifically state that patients with AVA ≤ 1 cm2 but > 0.8 cm2 should have a Vmax ≥ 3 

m/s to be considered severe, thus forming the inclusion criteria for our study.202  

Patient records with either a procedural code for AVR prior to the echocardiography date 

or an ICD9/10 code for obstructive cardiomyopathy at any time were excluded. All charts with 

no AS characterization identified after natural language processing were reviewed manually. At 

the time of echocardiography, LVOT diameter and Doppler tracings were made by a 

sonographer and confirmed or re-measured by the echocardiographer interpreting the study. 

The echocardiogram was the only basis for severity characterization. Severity is stratified 

between “mild”, “moderate”, and “severe,” with combinations commonly used. No patient was 

analyzed twice, and reports were not combined. Records missing data were excluded.  

Echocardiographic metrics were compared between males and female patients using 

Mann-Whitney U tests. Binned data were compared using c2 tests. All statistical analysis was 

done using the statistical programming language R, version 3.5.2. Use of the Synthetic 
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Derivative is classified as nonhuman research by Vanderbilt University’s institutional review 

board, and approval was given for this study (IRB #180320). The data used in this study is 

available to others for replication of our findings or further analyses and can be obtained by 

contacting the corresponding author. 

 

Patient and Public Involvement 

 We did not directly include PPI in this study, but community representatives are involved 

in oversight of the database used in the study (the Synthetic Derivative) through the Vanderbilt 

Institute for Clinical and Translational Research. 

 

Results 

Among 807 patients (44% female) who had a recorded AVA ≤ 1.2 cm2 and Vmax ≥ 3 m/s, 

the median AVA was 0.86 cm2 (interquartile range: 0.70 – 1.00) and median Vmax was 3.87 m/s 

(interquartile range: 3.41 – 4.38) (Table 6.1). Based on the Vmax ≥ 4 m/s criterion, 45.6% of the 

cohort was classified as having severe AS (Table 6.2). In contrast, based on the AVA £ 1.0 cm2 

criterion, 75.8% was classified as having severe AS. This represents a relative 66.3% increase 

in the proportion of patients that would be classified as having severe AS when using the AVA 

criteria instead of the Vmax criteria, and would particularly increase the proportion of female 

patients considered to have severe AS (44.9% vs. 96.7% relative increase in the proportion of 

males vs. female patients) (Table 6.2). Using an indexed AVA (AVAi) cut-off of £ 0.6 cm2/m2, 

94.1% of the cohort would be classified as having severe AS, including 99.0% of those with an 

AVA £ 1.0 cm2.  
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Table 6.1. Cohort characteristics. 

  All 
(807) 

Female 
(355) 

Male 
(452) P value 

Age, y 73.7 
[65.7, 80.9] 

75.1 
[67.0, 82.5] 

72.9 
[64.9, 79.9] 0.03 

BMI, kg/m2 28.8 
[25.3, 33.8] 

29.3 
[24.8, 35.8] 

28.4 
[25.6, 32.6] 0.04 

AVA, cm2 0.86 
[0.70, 1.00] 

0.80 
[0.65, 0.94] 

0.90 
[0.75, 1.03] <.001 

AVAi, cm2/m2 0.43 
[0.36, 0.51] 

0.44 
[0.36, 0.52] 

0.43 
[0.36, 0.50] 0.09 

Vmax, m/s 3.87 
[3.41, 4.38] 

3.80 
[3.37, 4.30] 

3.92 
[3.45, 4.41] 0.02 

Mean Gradient, 
mmHg 

35.0 
[26.7, 45.3] 

33.0 
[26.0, 43.1] 

36.0 
[27.5, 46.0] 0.01 

Peak Gradient, 
mmHg 

59.9 
[46.7, 76.9] 

57.8 
[45.3, 74.0] 

61.2 
[47.7, 78.3] 0.03 

DI 0.24 
[0.20, 0.29] 

0.26 
[0.21, 0.30] 

0.23 
[0.20, 0.28] <0.001 

Ejection 
Fraction, % 

55 
[55, 63] 

58 
[55, 63] 

55 
[55, 60] <0.001 

SV, mL 78.1 
[64.6, 90.4] 

73.1 
[58.9, 84.6] 

81.8 
[70.2, 94.1] <0.001 

Indexed SV, 
mL/m2 

39.7 
[32.9, 46.3] 

39.9 
[33.2, 47.3] 

39.4 
[32.8, 45.6] 0.22 

LVOT 
Diameter, cm 

2.10 
[2.00, 2.29] 

2.00 
[1.90, 2.00] 

2.20 
[2.10, 2.30] <0.001 

BSA, m2 1.97 
[1.77, 2.15] 

1.78 
[1.64, 1.96] 

2.08 
[1.93, 2.23] <0.001 

Data presented as median [25th percentile, 75th percentile]. 11 female and 16 male patients did not 
have reliable BMIs recorded, giving N = 344 and 436 for this metric, respectively. 
Abbreviations: AVA, aortic valve area; AVAi, indexed aortic valve area; BMI, body mass index; BSA, 
body surface area; DI, dimensionless index; LVOT, left ventricle outflow tract; SV, stroke volume, Vmax, 
peak jet velocity 
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Table 6.2. Aortic valve area and peak jet velocity as indices of severe aortic 
stenosis. 

      AVA ≤ 1 
  Total Vmax ≥ 4 All Vmax ≥ 4 Vmax < 4 

Total 
(% of cohort) 807 368 

(45.6%) 
612 

(75.8%) 
323 

(40.0%) 
289 

(35.8%) 
Male 

(% of male pts) 452 216 
(47.8%) 

313 
(69.2%) 

180 
(39.8%) 

133 
(29.4%) 

Female 
(% of female pts) 355 152 

(42.8%) 
299 

(84.2%) 
143 

(40.3%) 
156 

(43.9%) 
% Female 44.0% 41.3% 48.9% 44.3% 54.0% 
Severity      

none noted 4 
(0.5%) 

0 
(0.0%) 

2 
(0.3%) 

0 
(0.0%) 

2 
(0.7%) 

mild 10 
(1.2%) 

0 
(0.0%) 

5 
(0.8%) 

0 
(0.0%) 

5 
(1.7%) 

mild-moderate 17 
(2.1%) 

0 
(0.0%) 

8 
(1.3%) 

0 
(0.0%) 

8 
(2.8%) 

moderate 181 
(22.4%) 

10 
(2.7%) 

71 
(11.6%) 

4 
(1.2%) 

67 
(23.2%) 

moderate-severe 140 
(17.3%) 

28 
(7.6%) 

100 
(16.3%) 

16 
(5.0%) 

84 
(29.1%) 

severe 455 
(56.4%) 

326 
(88.6%) 

426 
(69.6%) 

303 
(93.8%) 

123 
(42.6%) 

Severity data presented as number (percent). Abbreviations: AVA = aortic valve area, 
Vmax = peak jet velocity 
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Patients with discordant indices of severe AS (Vmax < 4 m/s and AVA ≤ 1 cm2) made up 

35.8% of the study cohort and those with concordant indices of severe AS (Vmax ≥ 4 m/s and 

AVA ≤ 1 cm2) comprised 40.0%. Compared to those with concordant indices, those with 

discordant indices were more likely to be female (54.0% vs 44.3%, p = .02) and less likely to 

have their AS characterized as “severe” on the clinical echocardiography report (42.6% vs 

93.8%, p < .001) (Table 6.2). This difference persisted when expanding the “severe” group to 

include those characterized as “moderate-severe” (71.6% vs 98.8%, p < .001). When indexed 

AVA £ 0.6 cm2/m2 replaced AVA ≤ 1 cm2, patients with discordant indices were again less often 

characterized as “severe” on the echocardiography report than those with concordant indices 

(32.2% vs 90.3%, p < .001). Figure 6.1A shows data plotted by Vmax and AVA, color coded by 

the AS characterization on the echocardiography report. The percentages reported as severe 

for each quadrant defined by an AVA of 1.0 cm2 and Vmax of 4 m/s are also shown. In Figure 

6.1B, data is plotted and color coded by sex; each quadrant shows the proportion of the 

population represented and the percentage female. 
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Figure 6.1. The relationships of recorded severity and sex with aortic valve area and peak jet velocity. 
(A) All patients in the cohort are plotted in both one and two dimensions by aortic valve area and peak jet 
velocity, and color-coded by clinician characterization as severe (red) or non-severe (gray). The percentage 
of patients characterized as severe is annotated for each quadrant. (B) This same cohort is plotted colored 
by female (red) and male (blue) sex. The percentage of the cohort in each quadrant is noted, as well as the 
percentage of each quadrant that is comprised of female patients. 
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We further investigated these trends by dividing patients with discordant AS into stages 

as defined by AHA/ACC recommendations (Table 6.3).202 Among those with AVA £ 1.0 cm2, 

indexed AVA £ 0.6 cm2, and Vmax < 4 m/s, patients with EF < 50% (potentially stage D2 

patients depending on the results of a dobutamine echocardiogram) comprised 7.3% of the total 

study cohort (20.8% of those with discordant indices) and were infrequently female (27.1%); 

patients with EF ³ 50% comprised 27.8% of the study cohort (79.2% of those with discordant 

indices). Among this latter group, those with paradoxical low flow, low gradient AS (stroke 

volume index <35 ml/m2, stage D3 by echocardiography) represented 11.3% of the study cohort 

(32.2% of those with discordant indices), were disproportionately female (61.5% vs 41.8%, p < 

.001), and were characterized as having “severe” AS only 49.5% of the time.  
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Table 6.3. Left ventricle metrics and characterization of echocardiography in patients with 
discordant aortic stenosis. 

    AVA ≤ 1, AVAi ≤ 0.6, Vmax < 4 
 All EF < 50 EF ≥ 50% 

All SVi < 35 SVi ≥ 35 
Total 

(% of cohort) 
283 

(35.1%) 
59 

(7.3%) 
224 

(27.8%) 
91 

(11.3%) 
133 

(16.5%) 
Male 

(% of male pts) 
133 

(29.4%) 
43 

(9.5%) 
90 

(19.9%) 
35 

(7.7%) 
55 

(12.2%) 
Female 

(% of female pts) 
150 

(42.2%) 
16 

(4.5%) 
134 

(37.7%) 
56 

(15.8%) 
78 

(22.0%) 
% Female 53.0% 27.1% 59.8% 61.5% 58.6% 

Severity grading      

none 1 
(0.4%) 

0 
(0.0%) 

1 
(0.4%) 

1 
(1.1%) 

0 
(0.0%) 

mild 5 
(1.8%) 

0 
(0.0%) 

5 
(2.2%) 

3 
(3.2%) 

2 
(1.5%) 

mild-moderate 8 
(2.8%) 

0 
(0.0%) 

8 
(3.6%) 

4 
(4.4%) 

4 
(3.0%) 

moderate 65 
(23.0%) 

10 
(16.9%) 

55 
(24.6%) 

21 
(23.1%) 

34 
(25.6%) 

moderate-severe 81 
(28.6%) 

11 
(18.6%) 

70 
(31.3%) 

17 
(18.7%) 

53 
(39.8%) 

severe 123 
(43.5%) 

38 
(64.4%) 

85 
(37.9%) 

45 
(49.5%) 

40 
(30.1%) 

Severity data reported as number (percent). 
Abbreviations: AVA = aortic valve area, AVAi = indexed aortic valve area, EF = ejection fraction, SVi = 
indexed stroke volume, Vmax = aortic valve peak jet velocity 
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Figure 6.2. Severity characterizations for subtypes of severe aortic stenosis. 
All patients in the study were categorized by echocardiographic assessment criteria, and clinician 
characterization was plotted. Percent categorized as severe is annotated in the chart. HG = high gradient, 
LF = low flow, LG = low gradient, p = paradoxical, Vmax = peak jet velocity, AVA = aortic valve area, AVAi = 
indexed aortic valve area, EF = ejection fraction, SVi = indexed stroke volume, F = female 
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Discussion 

Using data from clinical echocardiography reports of patients with AVA ≤ 1.2 cm2 and 

Vmax ≥ 3 m/s, we found that shifting from a specific definition of severe AS (Vmax ≥ 4 m/s) to a 

sensitive definition (AVA ≤ 1 cm2) resulted in a 66% relative increase in the number of patients 

with potentially severe AS, with a 97% relative increase for female patients. This observed 

increase is similar to previously reported data,271,272 but also provides quantitative insight into 

how this move would affect female patients in particular. Further, while patients with concordant 

indices of AS severity by echocardiography are usually characterized as having severe AS 

(94% of the time in our study), discordant indices are common (observed almost as commonly 

as concordant indices among those with AVA ≤ 1 cm2), disproportionately observed in female 

patients, and yield a characterization of “severe” AS a minority of the time (43%). 

To our knowledge, this is the first study to demonstrate how echocardiographic data are 

integrated by an echocardiographer when reporting the overall AS severity in a clinical report.  

This has important implications, as those who receive and read an echocardiography report 

(particularly if they do not have expertise in valve disease or reading raw echocardiography 

images) may not be inclined to refer a patient with anything less than “severe AS” for AVR 

consideration. In this sense, the summary statement of AS severity on the clinical 

echocardiography report often drives subsequent clinician behavior.  

With this in mind, the fact that less than half of the patients with discordant AS—

including less than half of those who meet the definition of paradoxical low flow, low gradient 

severe AS—are reported as having “severe AS” on the clinical echocardiography report is 

consequential. Multiple recent studies, albeit retrospective and non-randomized, report a 

survival advantage from AVR for those with AVA ≤ 1 cm2 regardless of Vmax.204,205,270 Berthelot-

Richer, et al. reported improved survival with AVR over medical therapy for those with Vmax 3-4 

m/s, transvalvular mean gradient 25-40 mmHg, and AVA ≤ 1 cm2,205 and Dayan, et al. reported 

improved survival with AVR for the same group, even when assessing specifically the subgroup 
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with preserved stroke volume index (normal flow, low gradient AS).204 Notably, these studies did 

not include, for example, valve calcium scoring to clarify the severity of AS when indices were 

discordant; they included the resting echocardiographic indices alone (as in our study). Thus, 

regardless of additional testing or measures of ventricular performance, patients with these 

discordant indices of AS severity seem to benefit from AVR. Because the guidelines only 

recommend AVR for patients with “severe AS” and patients with discordant indices of AS 

severity commonly are characterized as having less than severe AS on echocardiography 

reports, this undoubtedly influences clinical management decisions and leads to less and later 

referrals for AVR as prior studies have shown.203,205,270,276  

This particularly affects female patients who were disproportionately represented among 

those with discordant AS in our analysis. Indeed, female patients seem to suffer from 

disproportionate delay of referral for AVR.276 The prevalence of discordant AS in female patients 

could be due to several factors including differences in valve calcification and flow. Previous 

studies have shown that while AS is driven primarily by calcification in male patients, there is a 

more dominant fibrotic component in female patients.24 Between these, calcification was seen to 

be associated with higher gradients.24 Female patients also tend to have a lower stroke volume 

than male patients, which is associated with lower transvalvular gradients.277 

The frequent characterization of patients with discordant AS indices as having less than 

severe AS is likely due to two primary reasons.  First, it is likely influenced by the explicit 

prioritization in the guidelines of Vmax and transvalvular mean gradient over AVA in the 

assessment of AS severity.202,278,279 While updates in the guidelines have increasingly allowed 

for sub-groups of patients to be classified as having severe AS despite a Vmax < 4 m/s, the long-

standing paradigm of prioritizing Vmax over AVA leads to clinicians reluctant to classify a patient 

as having severe AS with Vmax < 4 m/s. However, the rationale for prioritizing Vmax over AVA in 

the diagnosis of severe AS is based on small studies that did not examine hard clinical events 

nor compare prompt AVR versus clinical surveillance at various Vmax or AVA thresholds.280,281 
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Second, in cases of discordant measurements, additional testing with nitroprusside,201 

dobutamine,198 or aortic valve calcium scoring are increasingly performed to clarify whether AS 

is severe.199,200 Previous work has highlighted the need for such additional testing in discordant 

AS.282 Knowing this, echocardiographers may be reluctant to over-call “severe AS” when they 

know these additional tests may help clarify the diagnosis. However, to readers of 

echocardiography reports who do not commonly care for patients with AS, the diagnosis of 

anything other than “severe AS” on the echocardiography report may simply be interpreted as a 

signal to “continue watching” that patient rather than to perform an adjunctive test to clarify the 

true severity of stenosis.  

Systems level changes may be warranted to address these challenges, which likely 

have adverse clinical consequences. So as to not potentially delay referral for valve 

replacement in patients with discordant indices of AS severity, if the echocardiographer is not 

going to characterize discordant AS indices (AVA < 1 cm2 and Vmax < 4 m/s) as severe on the 

clinical report, then it may be appropriate to include the following on the report: “possibly severe 

AS, but additional evaluation or testing are needed.” This would enable the echocardiographer 

to not “over-call” severe AS when they believe further testing is needed, but also help ensure 

that these patients with discordant indices are not passively watched but instead further 

evaluated and, as appropriate, referred for aortic valve replacement in a timely manner.  In 

addition, quality improvement efforts in echocardiography laboratories could reinforce that a 

Vmax ³ 4 m/s is not required for the diagnosis of severe AS. 

 

Limitations 

 In this cross-sectional study based solely on echocardiography data, we do not have 

information on clinical presentation, symptoms, referral to AVR, or long-term outcomes.  

Further, we do not have data from dobutamine echocardiograms or valve calcium scores from 

computed tomography studies. Our focus was on relating the hemodynamic indices of AS 
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obtained on an echocardiogram to how echocardiographers assimilate that information and 

report a summative characterization of AS severity. Using the resting echocardiographic indices 

alone is consistent with the fact that most of the studies on the relationship between AS severity 

and outcomes simply rely on these resting echocardiographic hemodynamic indices (AVA, Vmax) 

and not adjunctive information from stress testing or valve calcium scores. Finally, these data 

were collected from a single academic medical center, which may not be representative of other 

echocardiography laboratories. 

 

Conclusions 

The proportion of patients and relative percentage of female patients potentially 

categorized as having severe AS is markedly influenced by the echocardiographic indices of 

severe AS used. Clinical echocardiography reports usually characterize discordant indices of 

AS severity, which are common and disproportionately observed in female patients, as less than 

severe, which could have adverse clinical consequences. When discordant indices of AS 

severity are encountered and characterization of AS severity is uncertain, notation in the clinical 

echocardiography report of the need for additional evaluation or testing may minimize the 

number of patients who experience a delay in referral for aortic valve replacement.   
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Chapter 7: Impact and Future Directions 
 
 
 

 Treatment of calcific aortic valve disease (CAVD) has changed rapidly in the last 20 

years. The introduction of the transcatheter aortic valve replacement (TAVR) has increased 

accessibility to aortic valve replacement and altered the landscape of the CAVD scientific 

community dramatically. It is in this environment that this work was devised to answer and 

propose questions in the field. One such question made more significant by TAVR is the role of 

immune cells in CAVD, as they are present in both pre- and post-replacement stenosis of the 

aortic valve (AV). Medical therapy that may pair with TAVR would create a formidable two-

pronged therapy for aortic stenosis (AS) patients. Considering the failure of other therapies for 

patients with AS, inflammation and immune signaling may be the best hope. The work in 

Chapters 3-5 of this thesis aims to amplify this hope and sits at the nexus of cardiovascular and 

immunological science. It is among a growing number of studies investigating inflammation in 

CAVD, and it is the first to utilize in vivo manipulations of hematopoietic cells in a murine model 

of CAVD.   

This shift in basic science investigation is accompanied by new areas of investigation in 

the clinical space. Chief among these, driven by previous work in both the basic science and 

clinical realms, is understanding the various phenotypes of severe AS. This understanding 

would allow optimized delivery of TAVR therapy to populations who would most benefit. The 

work in Chapter 6 begins to describe how previous guidelines may impact cardiologists’ 

approach to different AS phenotypes in male and female patients. It is the author’s hope that 

continued work like this may add to the evidence for improved diagnostic algorithms in CAVD 

and AS, leading to improved care for female patients and all with “atypical” AS. 
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Impact  

 The greatest impacts from this work come at the intersections of disparate disciplines. 

First among these is the intersection of cardiology and immunology. Chapter 3 outlines the 

association of celecoxib with AV calcification, both in vitro and in vivo. These results and the 

opposite impact of dimethyl celecoxib, a celecoxib analog with no effect on cyclooxygenase-2 

(COX-2), suggested that COX-2 may affect calcification. COX-2 is well described as a producer 

of prostaglandins, a class of proinflammatory molecules. This suggested that perhaps 

inflammation was mediating such an effect. Further studies by another group have shown that 

the impact of celecoxib on calcification is mediated by the presence of glucocorticoids.283 

Glucocorticoids are commonly known as anti-inflammatory molecules, but have a wide array of 

functions, and could possibly be functioning here to upregulated Toll-like receptor signaling.284 

Thus, these studies have already motivated additional work on the effect of inflammation on 

CAVD. In addition to the mechanistic studies, our finding that celecoxib is associated with AS in 

humans is an impactful clinical finding that warns against the use of celecoxib in patients with 

mild to moderate AS, or those who are otherwise at risk of progressing to severe AS. 

 Continuing further at the intersection of cardiology and immunology, the work herein on 

macrophages and STAT3 (signal transducer and activator of transcription 3) offers new ideas 

regarding the involvement of myeloid cells in CAVD and proposes a potential target molecule for 

this mechanism of calcification. First, the work in Chapter 4 highlights the potential for increased 

mechanical strain to drive STAT3-associated inflammation, similar to previous work in 

hypertension models.129 These findings, in combination with previous work defining the role of 

STAT3 in fibrotic inflammation, helped to motivate some of the following studies in Chapter 5.  

The published work in Chapter 5 adds to the growing body of literature mechanistically 

investigating hematopoietic cells and inflammation in CAVD. Informed by the role of NOTCH1 in 

immunological activation, we have used bone marrow transplants to identify the role of Notch1 

haploinsufficiency in CAVD. We found that haploinsufficiency in valve cells promotes 
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macrophage egress to the valve, and we further outlined the ensuing role of macrophages in 

promoting osteogenic calcification. While at baseline this adds to the field’s understanding of the 

Notch1+/- model of CAVD, it additionally offers more widely applicable insights into 

pathophysiology.  

One such area of insight is in interpreting the commonly performed studies on circulating 

factors, such as that performed by Aguado, et al.235 In this study, the authors assessed the role 

of serum factors in promoting AV calcification. Patient serum collected pre-TAVR promotes 

calcification of AV interstitial cells (AVICs), while serum collected post-TAVR promotes 

resolution of such calcification.235 The findings in our study highlight the role of secreted factors 

in their impact on hematopoietic cells. It is possible that the serum collected by Aguado, et al. 

also could impact recruitment of monocytes to the calcifying AV. Some studies provide 

preliminary results that point in this direction: An, et al. found that IL-10 genetic polymorphisms 

were associated with valvular calcification.162 IL-10 is commonly understood to oppose 

inflammatory recruitment and activation of macrophages.285,286 Given the “congenital” nature of 

genetic polymorphisms, it is quite possible that decreased macrophage recruitment and 

inflammatory maturation over a lifetime resulted in less macrophage egress to the valve and 

less macrophage-induced osteogenic calcification—so much so that this mechanism underlies 

the protective effect of IL-10. Especially considering the lack of studies showing an effect of  

IL-10 on AV cells, this macrophage theory appears promising. This is just one example of 

applying the macrophage recruitment paradigm to existing literature. In Chapter 6 we have 

shown that this mechanism promotes Notch1+/- AV disease, a common and translatable murine 

model of CAVD, and thus provided a model set of experiments for future work investigating this 

phenomenon. 

 In addition, we have performed some of the first work showing a role for STAT3 splicing 

in cardiovascular disease. STAT3β is known to be a self-regulatory splice variant of STAT3: 

both modulating canonical STAT3 activity and functioning uniquely and independently from 



114 
 

STAT3α.169,171,287 Previous studies have identified that STAT3β is a tumor suppressor and 

pointed to a promising pathophysiological mechanism in cardiovascular disease.170,288–292 This 

work for the first time outlines a role for macrophages in impacting STAT3 splicing, and reports 

an association of altered STAT3 splicing with AV calcification. This allows for conversion and 

reapplication of studies in cancer immunology to cardiovascular research. The nature of 

STAT3β as an alternative splice product makes it difficult to study, but its activity opposing 

STAT3 activation can inform improved interpretation of perplexing STAT3 data,291,293 especially 

considering the complex and almost ubiquitous roles it can play in a wide array of cellular 

functions.130 

  Transitioning to clinical studies, the findings reported in Chapter 6 are the first to report 

the way echocardiographic reports of AS are read in practice. These data represent a crucial set 

of information that can guide future reform in the care of AS. We have shown that 

echocardiogram readers are hesitant to adjudicate AS with discordant metrics as “severe,” even 

when the patients in question qualify explicitly for such a status by way of decreasing left 

ventricle function. Additionally, we highlight that this disproportionately impacts female patients, 

who are overrepresented in these “under-diagnosed” groups.  

It is important to consider these sex-related findings in the context of sex differences in 

modern cardiovascular care. The most obvious example is myocardial infarction (MI). First, 

there was an identification that mortality after MI is higher in female patients.294 This was then 

associated with a lack of delivery of optimal care to female patients; in 2019 a study estimated 

that in England and Wales, female patients with MI suffered over 8,000 deaths that would have 

been prevented if they had been given the same level of care as their male counterparts.295,296 

In the case of AS, the most important and impactful care that a patient can be prescribed is a 

referral for AVR; therefore, patient status at time of AVR reflects how far the disease was 

allowed to progress before clinicians thought it appropriate to refer for care. Fuchs, et al. report 

that female patients referred for AVR have a smaller AV area (AVA, both raw and indexed) and 
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a higher mean transvalvular gradient.276 Female patients also more often reported symptoms 

associated with AS.276  

Altogether, this suggests that AS in female patients often has progressed further prior to 

referral for appropriate care: similar to the findings in MI. In the case of MI, we have begun to 

understand that female patients are likely under-treated because they more often present with 

unique symptoms that aren’t well-described in the literature than male patients.297 Similarly, in 

AS we have shown that female patients are more likely to have discordance in the two major 

metrics of AS: AVA and peak jet velocity (Vmax), and that patients in this group are less likely to 

be characterized as “severe” by echocardiogram readers. This hesitation undoubtedly leads to 

deferred referral for AVR like that described above. In the case of MI, there is an extensive push 

in the field to increase awareness of the “atypical” presentations seen more often in female 

patients. Crucially, this awareness will improve care for patients of all sexes and genders who 

present with “atypical” symptoms. In AS, we now know that patients with discordant metrics see 

benefit from AVR. 204,205,270 The data in this thesis clearly outlines a need for increased 

awareness of the severity of discordant AS, as improved care will better the lives of both female 

and male patients.  

 

Future Directions  

Although there is a vast array of studies that can be informed by the findings described 

here, there are a handful of approaches that are of priority following this data. The first area of 

focus is on the utility of STAT3 blockade as a therapeutic strategy in cardiovascular disease. 

Although STAT3 activation seems to have a pathological role in hypertension,129 many studies 

have described the beneficial effect of STAT3 in the setting of MI and heart failure.146,298,299 

Reinforcing these bidirectional findings in CAVD, we found that STAT3 phosphorylation 

blockade with Stattic worsens some measures of AV cell calcification while improving others. 

Thus, it is unlikely that broad-spectrum STAT3 blockade will be a viable candidate for valvular or 



116 
 

cardiovascular therapies, as it is near impossible to separate these dual mechanisms. 

Alternatively, STAT3β provides a potential avenue for such a therapy. Although it is capable of 

negative regulation of STAT3α, it also shares some functions of STAT3α and carries out unique 

functions unrelated to STAT3α.251,300–303 For example, STAT3β rescues the prenatal lethality 

associated with total STAT3 knockout.251 However, STAT3β also shows cell-type specific 

activation,301 unique roles in some inflammatory states,302 and in some cases greater response 

to IL-6 than STAT3α.303 All of these data point to STAT3β as a unique molecule that may allow 

for targeting of the pathological aspects of the STAT3 signaling pathway, while preserving some 

necessary STAT3 functions. Experiments manipulating STAT3 splicing in various mouse 

models of cardiovascular disease would shed light on the potential utility of this strategy. This 

strategy has proven promising in the study of atherosclerosis, where STAT3β-specific knockout 

significantly worsens disease in mice.304 Unfortunately, long-term administration of agents that 

alter STAT3 splicing such as morpholinos—stable oligonucleotides that, in this application, 

interact with the STAT3 splice site—is likely cost-prohibitive in the aging model of CAVD, which 

takes 6 to 12 months to develop disease. Use of the STAT3β knockout animal described 

previously would be optimal if it can be obtained.302,304 Otherwise, using morpholinos, 

exploration of STAT3 splicing in animal models of myocardial infarction or heart failure may be 

more useful as the disease models are much shorter, and necessary for eventual translation in 

any case as CAVD is commonly coincident with coronary artery disease or ventricular 

dysfunction in human patients. In order to pursue further investigation of STAT3 splicing in AS 

or any other disease, it will be important to understand its effects on cardiac function at large. In 

short, the first necessary steps would be assessing STAT3 splicing in murine models of 

cardiovascular currently used in the Merryman laboratory. 

Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) signaling 

provides an additional area of follow-up for the studies in this thesis. Among other things, simply 

assaying for NF-κB phosphorylation and activity in the coculture model would be of interest. We 
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would expect phosphorylation and activity to increase in coculture with macrophages. Similarly, 

assaying for NF-κB changes in response to transient transfection with STAT3β would provide 

new information for how STAT3β might directly or indirectly, through inhibition of STAT3α, 

oppose inflammation driven by NF-κB, which is implicated in AV calcification. Known 

interactions between STAT3α and NF-κB provide a foundation for these future studies. For 

example, STAT3α is capable of binding to NF-κB and displacing IκB, a negative regulator of  

NF-κB, therefore promoting NF-κB translocation to the nucleus and subsequent activity.305 This 

represents a mechanism of NF-κB promotion by IL-6 that could have particular relevance in 

CAVD. Multiple studies have found that STAT3α binds to NF-κB in vivo, serving to both promote 

and inhibit NF-κB activity,305–307 and still others have shown that STAT3α can make 

posttranslational modifications to NF-κB, decreasing nuclear export and increasing its activity as 

a transcription factor.308 It is possible that STAT3β is incapable of binding NF-κB in these 

promotional capacities, or otherwise opposes typical NF-κB activation by STAT3α. This would 

be an area of great interest as it could make the STAT3β finding even more widely relevant. 

Because NF-κB is broadly expressed and functional, targeting it would be near impossible in a 

chronic inflammatory disease like CAVD; however, if fine-tuning some amount of control with 

STAT3 splicing is an option, it could have vast therapeutic potential. Future studies in our 

laboratory should first assay p65 phosphorylation (a component of NF-κB activation) in AVICs 

exposed to macrophages and in AVICs transfected with STAT3 splice-product overexpression 

plasmids. 

 Separately, our results concerning macrophage recruitment to the AV highlight novel 

avenues for exploration through various mechanisms. For example, as summarized above, 

Aguado, et al. showed that post-TAVR serum opposes calcification of AVICs.235 It would be 

interesting to assess the impact of this serum on macrophages: simple migration assays or flow 

cytometry of macrophages cultured in this serum may reveal insights into how TAVR affects the 

inflammatory state of the circulatory system. Additionally, you might repeat experiments like this 
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one on cocultures of macrophages and AVICs. Perhaps post-TAVR serum would differentially 

activate macrophages and mitigate macrophage-induced calcification. This model of exploration 

could be replicated with many of the current experimental models for studying CAVD. For 

example, cultured media from novel knockout cell lines could be used to culture macrophages, 

which might then be assayed for activation. Studies like these may eventually be of use in the 

design of TAVR bioprostheses. Stents and other transcatheter-based therapies are commonly 

loaded with bioactive molecules to improve healing or long-term engraftment.309,310 It is possible 

that loading of a TAVR bioprosthesis with IL-10, given the data reported by An, et al. wherein IL-

10 mutations beget AV calcification,162 might decrease incidence of restenosis. This concept 

could also be replicated with other anti-inflammatory molecules, either organic or engineered. In 

vitro studies like those described above could help guide the types of bioactive molecules that 

would be loaded onto such bioprostheses. 

 In direct follow-up to the macrophage studies in this work, a few particular experiments 

would be useful. First would be in vivo depletion of macrophages for assessment of their effect 

on CAVD. Previous studies have shown that liposomal clodronate treatment increases AV 

thickening;83 however, these experiments were performed in hamsters and clodronate only 

affects cells that phagocytose while in circulation, selecting for a specific subset of circulating 

monocytes. In addition to repeating these experiments in mice, either a macrophage-depleting 

antibody or Cre-inducible diphtheria toxin receptor, perhaps directed against CSF1R-expressing 

cells,311 could provide a more targeted system for testing the effects of macrophages in CAVD. 

Separately, treating mice with an anti-IL6 receptor antibody like tocilizumab (or the murine 

analog MR16-1) would allow for mechanistic investigation into the role of increased IL-6 

expression in the valves of Notch1+/- mice.312 We show that cytokine secretion from the valve 

cells of Notch1+/- mice increases macrophage extravasation and maturation in vitro, and that 

macrophages in turn promote calcification of valve cells. Based on these data, one would 

expect IL-6 receptor blockade to mitigate macrophage egress from circulation into the valve and 
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ensuing calcification. This could be replicated with other therapies targeting macrophage egress 

from circulation. Because the translational potential of macrophage depletion is limited, IL-6 

receptor blockade should take priority in future work. 

It is also worth considering whether a more acute model of CAVD, such as the wire 

injury model performed by Honda, et al.,313 may allow for more direct mechanistic investigations. 

Many immunomodulating reagents, like the antibodies mentioned here, are not feasible to 

administer for the length of time required in the aging model, but a model that takes less than 

four weeks would enable more finely tuned experimental design. Such experimental design will 

be necessary to move the study of CAVD forward in this time of immunobiology. 

 Additional studies of adaptive immunity in CAVD are also indicated both by this work and 

others. Although not included here, we have found that in the Notch1+/- model of disease T cells 

do not have differential activation or maturation. However, multiple prior studies have shown the 

clonality of T cells in CAVD and the potential effect they could have on calcification.86,94,95 

Similarly, B cells in the valve correlate with increased severity.314 It is quite possible that the 

recruitment of these cells, like macrophages as shown in Chapter 6, comes in response to 

disease-initiating cells in the valve. And like macrophages, these cells could also promote 

calcification upon egress into the valve. Further in vitro studies mimicking immunocompetent 

valves are necessary to identify molecular and cellular mechanisms. Similarly, studies like the in 

vitro studies in Chapters 4 and 5 should be followed up with T cell stimulation studies with the 

resulting activated APCs or macrophages. For example, these APCs (or cocultures as a whole) 

could be cocultured with T cells and T cell proliferation and cytokine production then measured 

by flow cytometry. Model experiments to guide experimental design can be found in  

Kirabo, et al.315 and Haniffa, et al.316 Haniffa, et al. specifically showed the immunomodulatory 

capabilities of fibroblasts, highlighting the potential for this direction of future investigations.316 

This type of work could give substantial direction to further immunological studies in CAVD.  
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The identification of clonal T cells highlights the role of adaptive immunity in CAVD.86,94,95 

Novel methods of T cell antigen discovery using the T cell receptors on these clonal T cells 

have the potential to identify antigens in CAVD.317–319 This would be an enormous development 

in the field. Recent work in hypertension has identified the role of isolevuglandin-protein adducts 

as a pathogenic antigen.315,320 The creation of these antigenic structures occurs in parallel with 

production of oxidized low-density lipoprotein,321 which has been shown to be enriched in 

calcified AVs and promote osteogenesis in AVICs,120,322 and is associated with faster AS 

progression to AVR or death in patients.121 Considering the association of hypertension with 

faster progression of AV calcification and hemodynamic obstruction, this mechanism may be 

promising.134,323 As the field moves to incorporate cardiovascular immunology into the existing 

body of knowledge, simply staining diseased AVs for isoketals as in Kirabo, et al. would be an 

incredible first step to pair with the innate immunity findings in this thesis.315

 In summary, there is a succinct set of outstanding questions following this work: (1) How 

does modifying STAT3 splicing affect NF-κB activity? (2) Does targeting STAT3 splicing have 

translational potential in cardiovascular disease? (3) Does targeting macrophage recruitment 

mitigate CAVD in the Notch1+/- model? and (4) Do the pro-calcification effects of macrophage 

recruitment in vivo involve lymphocytes and the adaptive immune system? These questions 

could each be multiple manuscripts worth of ideas, but each also involves a fairly simple first set 

of experiments. First, regarding STAT3 splicing and NF-κB, AVICs should be isolated after 

culture with macrophages and increased p65 nuclear translocation and phosphorylation 

confirmed. Manipulation of STAT3 splicing with plasmid overexpression should also be 

performed and p65 activity similarly assessed. Second, regarding translational potential, cardiac 

tissue from (a) the ligation model of myocardial infarction, (b) the transaortic constriction model 

of heart failure, and (c) the angiotensin II model of hypertension heart failure should be assayed 

for altered STAT3 splicing.324 Similar to the CAVD tissues assayed in Chapter 5, we would 

expect these tissues to have decreased STAT3β. Pilot cohorts of anti-STAT3α morpholino 
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treatment could be used in any of these models following promising observational results 

(Figure 7.1). The third question at hand is the recruitment of macrophages. Here, the first 

strategy worth assessing is IL-6 receptor blockade due to its translational potential. This should 

be performed in Notch1+/- mice from 6 to 9 months of age at least. This may prove challenging 

due to the lengthy period of therapeutic administration, but MR16-1 has previously been used 

with biweekly injection, making it a relatively low-burden treatment (Figure 7.2).312 Finally, 

regarding the adaptive immune system question, there are two preliminary experiments. First, 

the aforementioned staining for isoketals is a low-investment step that could identify common 

pathogenesis with hypertension. Second, assessing the ability of macrophages in coculture with 

AVICs to promote T cell proliferation and cytokine production could create a generalizable 

model for T cell involvement. This would involve coculture of the three cell types and ensuing 

assessment of T cell phenotypes by flow cytometry. It has been shown previously that 

fibroblast-like cells can modulate T cell activation in coculture with dendritic cells, and this 

experimental model could be used for AVIC investigations.316 This second experimental set-up 

would serve both to further define the effects of AVICs, both wild-type and Notch1+/-, on 

macrophage maturation as measured by their signaling to T cells, and to assess direct effects 

on T cells in this model of CAVD. Altogether, these four sets of experiments would serve as 

foundations for further courses of study in this area. 
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Figure 7.1. Future directions for investigation of STAT3 splicing in cardiovascular disease. 
The first two areas of investigation discussed are related to STAT3 splicing in cardiovascular disease as 
shown here. The first area of investigation involves assessment of NF-κB activity, seen incorporated into 
the relevant models in the left three columns of the table. The second area involves assessment of STAT3 
splicing in other models of cardiovascular disease as seen in the right two columns. Checkmarks indicate 
phenomena previously identified. Green checkmarks indicate results in this dissertation. Question marks 
indicate areas of further investigation. AVIC = aortic valve interstitial cell. 
 
 
 

 

Figure 7.2. Study design for investigation of macrophage recruitment in CAVD via IL-6. 
The third area of investigation discussed is treatment of mouse models of CAVD with IL-6-receptor blocking 
antibodies. This could be performed using the study design shown here. 
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Appendix  
 
 
 

A: Electronic Medical Record Algorithms and Tables 

 
 
Electronic Medical Record Diagnostic Algorithms 
 
 
OVERALL PATIENT POOL 
 
Subject has ≥ 3 visits to VUMC after January 1, 2005 (see Table A.1 for specific criteria). 
 
AND 
 
Subject has ≥ 1 echocardiogram at VUMC after January 1, 2005. 
 
AND 
 
Subject has BMI recorded within one year of January 1, 2005. 
 
AORTIC STENOSIS CASE DEFINITION 
 
Subject has ≥ 2 ICD9 or ICD10 codes for aortic valve disease after January 1, 2005 (see Table 
A.1 for specific criteria). 
 
AND 
 
Subject has keyword “aortic stenosis” in problem lists, inpatient notes, outpatient notes, 
radiology reports, or pathology reports after January 1, 2005. 
 
AND NOT ( 
 
Subject has keyword “rheumatic” in problem lists, inpatient notes, outpatient notes, radiology 
reports, or pathology reports at any time. 
 
OR 
 
Subject has ICD9 or ICD10 codes for aortic valve disease prior to January 1, 2005. 
 
OR 
 
Subject has keyword “aortic stenosis” in problem lists, inpatient notes, outpatient notes, 
radiology reports, or pathology reports prior to January 1, 2005. 
 
) 
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AORTIC STENOSIS CONTROL DEFINITION 
 
Subject has BMI recorded ≥ 2 years after January 1, 2005. 
 
AND NOT ( 
 
Subject has keyword “rheumatic” in problem lists, inpatient notes, outpatient notes, radiology 
reports, or pathology reports at any time. 
 
OR 
 
Subject has ICD9 or ICD10 codes for aortic valve disease at any time. 
 
OR 
 
Subject has keyword “aortic stenosis” in problem lists, inpatient notes, outpatient notes, 
radiology reports, or pathology reports at any time. 
 
) 
 
MYOCARDIAL INFARCTION/ISCHEMIC STROKE CASE DEFINITIONS 
 
Subject has ≥ 2 ICD9 or ICD10 codes for the respective condition after January 1, 2005 (see 
Table A.1 for specific criteria). 
 
AND NOT ( 
 
Subject has ICD9 or ICD10 codes for the respective condition prior to January 1, 2005. 
 
) 
 
MYOCARDIAL INFARCTION/ISCHEMIC STROKE CONTROL DEFINITIONS 
 
Subject has BMI recorded ≥ 2 years after January 1, 2005. 
 
AND NOT ( 
 
Subject has ICD9 or ICD10 codes for the respective condition. 
 
) 
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HYPERTENSION CASE DEFINITION 

Adapted from Tu, et al.212 
 
Subject has ≥ 2 ICD9 or ICD10 codes for hypertension or hypertensive sequelae prior to 
January 1, 2005 (see Table A.2 for specific criteria). 
 
AND 
 
Subject has systolic blood pressure ≥ 140.  
 
OR 
 
Subject has diastolic blood pressure ≥ 90.  
 
DIABETES CASE DEFINITION 
 
Adapted from Denny, et al.216 
 
Subject has ≥ 2 ICD9 or ICD10 codes for diabetes prior to January 1, 2005 (see Table A.3 for 
specific criteria). 
 
AND 
 
Subject has non-insulin diabetes medications (any of the below). 
 
chlorpropamide, glipizide (Glucotrol, Glucotrol XL), glyburide (Micronase, Glynase, Diabeta), 
glimepiride (Amaryl), repaglinide (Prandin), nateglinide (Starlix), metformin (Glucophage, 
Glucophage XR), rosiglitazone (Avandia), pioglitazone (ACTOS), acarbose (Precose), miglitol 
(Glyset), sitagliptin (Januvia), exenatide (Byetta), tolazamide, troglitazone, tolbutamide, 
Metaglip, Glucovance, Avandamet, Janumet, Fortamet, Glumetza, Riomet 
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Table A.1. Patient cohort definition criteria. 
Search criteria for identification of patients in the study population are shown. A combination of CPT 
codes, ICD9 and ICD10 codes, keyword search, and BMI gating was used. CPT = current procedural 
terminology, ICD = international classification of diseases. 
Criterion Codes 
Routine Patient Care Visit CPT codes (≥ 3 of any) 992* 
Echocardiogram CPT Codes (≥ 1 of any) 933* 
Aortic Stenosis ICD9 Codes  
Mitral valve stenosis and aortic valve stenosis  396.0  
Mitral valve insufficiency and aortic valve stenosis  396.2 
Aortic valve disorders  424.1 
Aortic Stenosis ICD10 Codes  
Nonrheumatic aortic (valve) stenosis I35.0 
Nonrheumatic aortic (valve) stenosis with insufficiency I35.2 
Other nonrheumatic aortic valve disorders I35.8 
Nonrheumatic aortic valve disorders I35.9 
Myocardial Infarction ICD9 Codes  
Acute myocardial infarction 410 
Old myocardial infarction 412 
Myocardial Infarction ICD10 Codes  
ST elevation (STEMI) and non-STE elevation (NSTEMI) myocardial infarction I21 
Subsequent ST elevation (STEMI) and non-ST elevation (NSTEMI) myocardial 
infarction 

I22 
Ischemic Stroke ICD9 Codes   
Occlusion and stenosis of basilar artery with cerebral infarction 433.01 
Occlusion and stenosis of carotid artery with cerebral infarction 433.11 
Occlusion and stenosis of vertebral artery with cerebral infarction 433.21 
Occlusion and stenosis of multiple and bilateral precerebral arteries with cerebral 
infarction 

433.31 
Occlusion and stenosis of other specified precerebral artery with cerebral infarction 433.81 
Occlusion and stenosis of unspecified precerebral artery with cerebral infarction 433.91 
Cerebral thrombosis with cerebral infarction 434.01 
Cerebral embolism with cerebral infarction 434.11 
Cerebral artery occlusion, unspecified with cerebral infarction 434.91 
Ischemic Stroke ICD10 Codes  
Cerebral infarction I63 
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Table A.2. Hypertension case definition criteria. 
ICD search criteria for identification of patients with hypertension are shown. A combination of ICD9 and 
ICD10 codes and blood pressure gating was used. ICD = international classification of diseases. 

Criterion Codes 
Hypertension ICD9 Codes  
Essential hypertension 401 
Hypertensive heart disease 402 
Hypertensive chronic kidney disease 403 
Hypertensive heart and chronic kidney disease 404 
Secondary hypertension 405 
Hypertension ICD10 Codes  
Essential (primary) hypertension I10 
Hypertensive heart disease I11 
Hypertensive chronic kidney disease I12 
Hypertensive heart and chronic kidney disease I13 
Secondary hypertension I15 

 
 
 
 
 
Table A.3. Diabetes case definition criteria. 
ICD search criteria for identification of patients with diabetes are shown. A combination of ICD9 and 
ICD10 codes and medication list keyword search was used. ICD = international classification of diseases. 
Criterion Codes 
Diabetes ICD9 Codes  
Diabetes mellitus without mention of complication, type II or unspecified type 250.00. 250.02 
Diabetes with hyperosmolarity, type II or unspecified type 250.20. 250.22 
Diabetes with other coma, type II or unspecified type 250.30. 250.32 
Diabetes with renal manifestations, type II or unspecified type 250.40. 250.42 
Diabetes with ophthalmic manifestations, type II or unspecified type 250.50. 250.52 
Diabetes with neurological manifestations, type II or unspecified type 250.60. 250.62 
Diabetes with peripheral circulatory disorders, type II or unspecified type 250.70. 250.72 
Diabetes with other specified manifestations, type II or unspecified type 250.80. 250.82 
Diabetes with unspecified complication, type II or unspecified type 250.90. 250.92 
Diabetes ICD10 Codes  
Type 2 diabetes mellitus with hyperosmolarity E11.0 
Type 2 diabetes mellitus with kidney complications E11.2 

E11.3 
E11.4 
E11.5 

Type 2 diabetes mellitus with ophthalmic complications E11.3 
Type 2 diabetes mellitus with neurological complications E11.4 
Type 2 diabetes mellitus with circulatory complications E11.5 
Type 2 diabetes mellitus with other specified complications E11.6 
Type 2 diabetes mellitus with unspecified complications E11.8 
Type 2 diabetes mellitus without complications E11.9 

 
 
 
 



150 
 

B: Immunofluorescence Control Images 

 

 
 

Figure A.1. CD68 control immunofluorescence images. 
Negative control images for the anti-CD68 antibody are shown. In CD68 only images, CD68 is in white. In 
composite images, CD68 is in red and DAPI (nuclei) is in blue. 
 
 

 
 

Figure A.2. CDH11 control immunofluorescence images. 
Negative control images for the anti-CDH11 antibody are shown. CDH11 is in green and DAPI (nuclei) is 
in blue. 
 

 
 



151 
 

 

Figure A.3. IL-6 control immunofluorescence images. 
Negative control images for the anti-CD68 antibody are shown. In IL-6 only images, IL-6 is in white. In 
composite images, IL-6 is in red and DAPI (nuclei) is in blue. 

 

 

Figure A.4. MHCII control immunofluorescence images. 
Negative control images for the anti-MHCII antibody are shown. In MHCII only images, MHCII is in white. 
In composite images, MHCII is in red and DAPI (nuclei) is in blue. 
 



152 
 

 
 

Figure A.5. RUNX2 control immunofluorescence images. 
Negative control images for the anti-RUNX2 antibody are shown. In RUNX2 only images, RUNX2 is in 
white. In composite images, RUNX2 is in red and DAPI (nuclei) is in blue. 
 
 

 

Figure A.6. αSMA control immunofluorescence images. 
Negative control images for the anti-αSMA antibody are shown. In αSMA only images, αSMA is in white. In 
composite images, αSMA is in red and DAPI (nuclei) is in blue. 
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C: Image Processing Analysis Code 

 

The following R code was used in Chapter 5 to test the hypothesis that the distances 

between alpha smooth muscle actin-positive (αSMA+) aortic valve interstitial cells (AVICs) and 

CD68-positive macrophages did not fall into a null distribution, but instead were skewed towards 

zero. This process is shown as written for αSMA+, but was replicated for RUNX2+ AVICs, 

therefore applying the process to both myofibroblast-like and osteoblast-like calcifying AVICs. 

 

#Print initial time stamp. 
Sys.time() 
 
#Specify file path. 
path = "/Users/Michael/ImageProcessing/08.09.19/"  
 
#Specify which type of stain will be used to identify either 
myofibroblast-like (aSMA) or osteoblast-like (RUNX2) AVICs. 
These two datasets are tested independently, in sequence. Use 
either “aSMA.tif” or “runx.tif”. 
file.names <- dir(path, pattern ="aSMA.tif")  
 
#Establish data frames for data collection. 
ImageData <- data.frame(matrix(ncol = 17)) 
CellData <- data.frame(matrix(ncol = 7)) 
 
set.seed(33) 
 
setwd(path) 
 
print(length(file.names)) 
   
#Initiate for loop to iterate through every image set. 
for(i in 1:length(file.names)){ 
 

#Read in, blur, and threshold images with AVIC stain of 
interest, then identify continuous shapes in the black and 
white mask. This outputs ‘realMyos’ (for real myofibroblasts 
here), which is a data frame holding positional and 
geometric data about each aSMA-positive AVIC. 
img <- readImage(file.names[1]) 
img.blur <- gblur(img*4, sigma = 4) 
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img.thres <- img.blur > otsu(img.blur, c(0, 5)) 
img.thres.cnt <- bwlabel(img.thres) 
Myos <- data.frame(computeFeatures.shape(img.thres.cnt)) 
realMyos <- subset(Myos, Myos$s.area >1500) 

     
#Read in, blur, and threshold corresponding DAPI images, 
then identify continuous shapes in the black and white mask. 
This stores the total cell count in an image, and can be 
used as a denominator to calculate the percent of total 
cells that are calcifying, the percent of total cells that 
are CD68-positive macrophages, or other summary data. 
dapi <- readImage(paste0(substr(file.names[i], 1, 9), "-

dapi.tif")) 
dapi.blur <- gblur(dapi*5, sigma = 1.5) 
dapi.thres <- dapi.blur > 1.195*otsu(dapi.blur, c(0, 5)) 
dapi.thres.cnt <- bwlabel(dapi.thres) 
Cells <- data.frame(computeFeatures.shape(dapi.thres.cnt)) 
realCells <- subset(Cells, Cells$s.area >50) 

     
#Store summary information about the image and cell counts. 
ImageData[i,1] <- file.names[i] #filename 
ImageData[i,2] <- substr(file.names[i], 1,3) #mouse 
ImageData[i,3] <- substr(file.names[i], 5,7) #treatment 
ImageData[i,4] <- length(realCells[,1]) #number of cells 
ImageData[i,5] <- length(realMyos[,1]) #number of myoFBs 
ImageData[i,11] <- sum(unlist(img)) #aSMA stain intensity 

     
#If a corresponding CD68 images exists, this reads in, 
blurs, and thresholds the image. It then identifies 
continuous shapes in the black and white mask. This outputs 
‘realMacs’ (for real macrophages), which is a data frame 
holding positional and geometric data about each CD68-
positive macrophage. 
if (file.exists(paste0(substr(file.names[i], 1, 9), "-

mac.tif"))){ 
cd68 <- readImage(paste0(substr(file.names[i], 1, 9), 

"-mac.tif")) 
cd68.blur <- gblur(cd68*13, sigma = 2)  
cd68.thres <- cd68.blur > otsu(cd68.blur, c(0, 10)) 
cd68.thres.cnt <- bwlabel(cd68.thres) 
Macs <- 

data.frame(computeFeatures.shape(cd68.thres.cnt)) 
realMacs <- subset(Macs, Macs$s.area >50) 
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#Store updated summary information about the image and 
cell counts. 
ImageData[i,4] <- length(realCells[,1]) - 

length(realMacs[,1]) #Number of AVICs 
ImageData[i,6] <- length(realMacs[,1]) #Number of Macs 

 
          #Calculate the positions of all activated AVICs. 

imgpos <- computeFeatures.moment(img.thres.cnt)  
imgpos <- imgpos[which(Myos$s.area > 1500),] 

           
#Calculate the positions of all macrophages. 
cd68pos <- computeFeatures.moment(cd68.thres.cnt)  
cd68pos <- cd68pos[which(Macs$s.area > 50),] 

           
#Clear lists for the following for loop. 
celldist <- list(NULL) 
fakecelldist <-list(NULL) 
fakecelldistmin <- list(NULL) 
fakecelldistmax <- list(NULL) 

           
#Cycle through all activated cells. Store the position 
of the activated AVIC, and cycle through the position 
of every macrophage and calculate the distance between 
the two. 
for(j in 1:length(imgpos[,1])){ 

macdist <- list(NULL) 
montelist <- list(NULL) 
myo.x <- imgpos[j,1] 
myo.y <- imgpos[j,2] 

                 
for(k in 1:length(cd68pos[,1])) { 

mac.x <- cd68pos[k,1] 
mac.y <- cd68pos[k,2] 
macdist[k] <- sqrt((myo.x-mac.x)^2 + (myo.y-
mac.y)^2) 

} 
 
#Monte Carlo simulation: (1) Calculate the 
distance from the AVIC of interest to a random 
macrophage. Repeat this process for the number of 
macrophages in the real distribution. (2) Store 
the smallest distance as the distance to the 
nearest “fake” macrophage. (3) Repeat this 
process 500 times to account for randomness. 
for(m in 1:500){ 

fakedist <- list(NULL) 
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#Create a random macrophage and calculate 
distance for the amount of times that there 
are real macrophages. 
for (l in 1:length(cd68pos[,1])) { 

fakedist[l] <- sqrt((myo.x-
runif(1,0,1940))^2 + (myo.y-
runif(1,0,1460))^2)  

} 
 
#Store closest random macrophage for this 
iteration of Monte Carlo. 
montelist[m] <- min(unlist(fakedist))  

} 
                     

#Store all of the data for this cell including 
(1) cell line, (2) any treatments, (3) real 
distance to closest macrophage, (4) including the 
median distance to the nearest macrophage in 
Monte Carlo simulation, (5) and (6) quantile data 
from the Monte Carlo simulation.  
CellData[length(CellData$X1)+1, 1] <- 

ImageData[i,2] <- substr(file.names[i], 1,3)  
CellData[length(CellData$X1), 2] <- 

ImageData[i,3] <- substr(file.names[i], 5,7)  
CellData[length(CellData$X1), 3] <- 

min(unlist(macdist)) 
CellData[length(CellData$X1), 4] <- 

quantile(unlist(montelist), 0.5)  
CellData[length(CellData$X1), 5] <- 

quantile(unlist(montelist), 0.25)  
CellData[length(CellData$X1), 6] <- 

quantile(unlist(montelist), 0.75) 
} 

 
#Store summary data about this image and all of the 
activated AVICs within. 
ImageData[i,8] <- mean(unlist(celldist)) 
ImageData[i,17] <- median(unlist(celldist)) 
ImageData[i,9] <- sd(unlist(celldist))  
ImageData[i,10] <- 

sd(unlist(celldist))/sqrt(length(imgpos[,1])) 
ImageData[i,13] <- median(unlist(fakecelldist)) 
ImageData[i,14] <- median(unlist(fakecelldistmin)) 
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ImageData[i,15] <- median(unlist(fakecelldistmax)) 
       

} 
    

#Print time stamp to monitor progress. 
print(i) 
print(Sys.time()) 

} 
 
#Perform simple calculations to output (1) percent of AVICs that 
are calcifying (2) total aSMA stain normalized to cell count (3) 
image-level difference between real and expected distances.  
ImageData[,7] <- ImageData[,5]/ImageData[,4]*100 
ImageData[,12] <- ImageData[,11]/ImageData[,4] 
ImageData[,16] <- ImageData[,8] / ImageData[,13] 
 
#Calculate Distance Index 
CellData[,7] <- CellData[,3] / CellData[,4] 
   
#Name all columns/variables. 
colnames(CellData) <- c("Cell", "Tx", "RealDist", "medDist", 

"minDist", "maxDist", "DistIndex") 
colnames(ImageData) <-  

c("File", "CellLine", "Tx", "TotalCells", "myoFBs", "Macs", 
"percentMyo", "DistAvg", "DistSD", "DistSEM", "aSMA", 
"aSMAperCell", "randomDist", "random25", "random75", 
"DistIndex", "medRealDist") 

 
#Print final time stamp. 
print(Sys.time()) 
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D: Raw Protein Blot Images. 

 
 

 
 
Figure A.7. Western blot confirmation of STAT3 plasmid transfection. 
Representative raw Western blot data for STAT3 expression in samples transfected with empty vector 
plasmid (Vector), STAT3α overexpression plasmid (α), or STAT3β overexpression plasmid (β). STAT3α is 
stained at ~88 kDa with STAT3β just below. Loading control is α-Tubulin stained at ~50 kDa. STAT3 is 
visualized with anti-mouse IgG2a secondary antibody and α-Tubulin is visualized with anti-mouse IgG1 
secondary antibody: both in the 700 channel. Reprinted, with permission, from Raddatz, et al.28 

 

 

 

 

Figure A.8. Western blot confirmation of STAT3 phosphorylation blockade with Stattic. 
Representative raw Western blot data for STAT3 phosphorylation in samples treated with increasing doses 
of Stattic. STAT3 and pSTAT3 are stained at ~88 kDa. Loading control is α-Tubulin stained at ~50 kDa. 
STAT3 is visualized with anti-mouse IgG2a secondary antibody, pSTAT3 with anti-rabbit IgG secondary 
antibody in the 800 channel, and α-Tubulin with anti-mouse IgG1 secondary antibody in the 700 channel.  
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Figure A.9. Raw Proteome Profiler microarray results. 
Microarray of secreted factors from wild-type (WT) and Notch1+/- AVICs. *Denotes corresponding 
microarray spots cropped for comparison.  
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Figure A.10. STAT3 splicing in AVICs exposed to macrophages. 
Raw Western blot data for STAT3 splicing (A) and phosphorylation (B) in AVICs in monoculture (Mono), 
Transwell culture (TW), or direct coculture (CC) with macrophages. p/STAT3α is stained at ~88 kDa with 
p/STAT3β just below. Loading control is α-Tubulin stained at ~50 kDa (A). STAT3 is visualized with anti-
mouse IgG2a secondary antibody in the 700 channel, pSTAT3 with antirabbit IgG secondary antibody in 
the 800 channel, and α-Tubulin with anti-mouse IgG1 secondary antibody in the 700 channel. 
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Figure A.11. STAT3 splicing in human calcific aortic valve disease. 
Representative raw Western blot data for STAT3 splicing in non-calcified (N) and calcified (C) tissue from 
patients with calcific aortic valve disease. STAT3α is stained at ~88 kDa with STAT3β just below. Total 
STAT3 quantified from previous Western blot was used as loading control in order to normalize STAT3β to 
total STAT3. STAT3 is visualized with anti-mouse IgG2a secondary antibody in the 700 channel. 
 
 
 

 
 
Figure A.12. RUNX2 in human calcific aortic valve disease. 
Representative raw Western blot data for RUNX2 expression in non-calcified (N) and calcified (C) tissue 
from patients with calcific aortic valve disease. RUNX2 is stained at ~56 kDa (A). Loading control is α-
Tubulin stained at ~50 kDa (B). RUNX2 is visualized with anti-rabbit IgG1 secondary antibody in the 800 
channel and α-Tubulin is visualized with anti-mouse IgG1 secondary antibody in the 700 channel. Although 
they are in separate channels, RUNX2 was stained first followed by αTubulin to prevent any bleed over of 
α-Tubulin signal into RUNX2 densitometry quantification. 
 


