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Abstract 

Cardiovascular disease (CVD) has been the leading cause of death for over a 

century and it will continue to be for the foreseeable future. While it has long 

been hypothesized that inflammation and the immune system play contributory 

roles in CVD initiation and progression, only recently was confirmatory evidence 

acquired from a large-scale clinical trial in humans. Thus, despite the existence 

of significant scientific and clinical efforts invested in understanding 

immunopathology in CVD, only recently has definitive evidence in support of this 

line of reasoning been acquired.  

 

Despite numerous scientific advances in recent years, our understanding of CVD 

and the role of inflammation therein remains limited. To date, no FDA approved 

drugs exist that specifically target aspects of inflammation in CVD despite the 

breadth of scientific data that underlies its importance.  As such, continued 

investigation of the cellular and molecular mechanisms that govern CVD initiation 

and progression are needed. In this dissertation I seek to expand the scientific 

and clinical community’s understanding of the role for inflammation in the 

development of cardiac valve disease, a subset of CVD and a significant 

contributor to morbidity and mortality worldwide. Firstly, Chapter 1 provides an 

overview of cardiovascular structure and normal physiology. Secondly, Chapter 

2 provides a brief overview of various forms of acquired CVD including 

atherosclerotic CVD, with emphasis on valvular heart disease (VHD). Therein, I 
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include an introductory discussion of the role of inflammation in acquired CVD 

development.  

 

Thirdly, Chapter 3 provides a discussion of the current understanding of 

antibodies with specificity to self-epitopes (i.e. autoantibodies) during the 

initiation and progression of CV inflammation and its downstream chronic 

consequences on CV function. Therein, I provide motivation for studying the role 

of autoantibodies in CVD initiation and progression and provide insight into the 

current understanding of how autoantibodies interface with elements of the 

circulatory system to further CVD progression. As our animal model of systemic 

inflammation and cardiac valve disease is driven by autoantibodies, the 

discussion in this review provides a framework for the experimental studies that 

follow in later chapters of this dissertation. 

 

Chapter 4 demonstrates that discrete population of mononuclear phagocytes 

(MNP) are critical for MV inflammation and fibrosis. Therein, I provide evidence 

that MNPs are necessary for disease initiation and progression and are critical 

orchestrators of MVD through cytokine secretion in response to activating FcγR 

signaling. Downstream of MNP cytokine production, activation of the MV 

interstitium drives recruitment of additional inflammatory cells. On a chronic 

timescale, MV fibrosis results. Finally, I provide evidence for upregulation of 

similar pathways in samples acquired from human inflammatory MVD.  
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Chapter 5 expands on the observations set forth in Chapter 4, and provides 

additional mechanistic clarification of the role for MNPs during the initiation and 

progression of MV inflammation and fibrosis in K/B.g7 mice and in humans. 

Firstly, I demonstrate that type-2 inflammation is required for disease in K/B.g7 

mice and acts through multiple levels to orchestrate both systemic inflammation 

and cardiac valve-localized inflammation and fibrosis. Within the context of MV 

disease, I provide evidence that IL-13 (and not IL-4) is an important aspect of 

valve fibrosis. Next, I demonstrate a role for apoptotic cell accumulation and 

expression of the ‘don’t eat me’ signal, CD47, during the initiation and 

progression MVD. I show that blockade of this immune checkpoint enhances 

phagocytic cell clearance, and decreases MNP production of TNF, IL-6, and IL-

13. The MVD dampening effect is seen when CD47 blockade is conducted both 

preventatively and therapeutically, thereby underscoring the central role of this 

pathway in disease progression. Lastly, I provide evidence for upregulation of 

these pathways in human RHD samples, again providing evidence for the 

translational potential these results hold. 

 

Finally, Chapter 6 provides preliminary evidence that a hallmark of MV 

inflammation in K/B.g7 mice is induction of endothelial-mesenchymal transition 

(EndoMT). Therein, I show that MV endothelial cells upregulate CD47 during 

pathological EndoMT and that this process is attenuated in the setting of CD47 



 

 vii 

checkpoint blockade. Additional work is needed to better clarify the role for 

EndoMT in development of MV inflammation and fibrosis, however, it is tempting 

to speculate about a putative pro-fibrogenic role for endothelial-derived 

mesenchymal cells during the course of chronic MV inflammation and fibrosis. 

 

Collectively, the results presented here provide substantial mechanistic insight 

into the underlying cellular and molecular pathways that contribute to cardiac 

valve fibrosis in the setting of chronic, autoimmune inflammation. These studies 

were the first to definitively implicate myeloid cells in the fibrotic remodeling of the 

MV and, in doing so, identified nearly ten putative therapeutic targets for 

exploration in human disease. Future investigation will involve more definitive 

identification of specific cell population(s) that drive disease progression and their 

individual developmental origins. 
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Preamble 

The cardiovascular (CV) system is complex and inextricably linked to every 

organ system in the body. A corollary of its complexity is an appreciation of its 

importance; a failure of the CV system is incompatible with life, largely because 

of its inextricable link to all other organ systems. The long-term goals of the 

research showcased in this dissertation are primarily (1) to improve cardiac valve 

disease treatment through identification of novel therapeutic targets and 

strategies for clinical use, (2) to advance the broader scientific and clinical 

community’s understanding of inflammatory disease pathogenesis, both within, 

and outside of, the context of the CV system.  

 

The studies highlighted herein are largely focused on the mechanisms of 

inflammatory cardiac valve disease. Nonetheless, there are commonalities that 

underlie the mechanisms of inflammatory and fibrotic diseases in the context of 

the broader CV system and in other disease contexts. Thus, it is likely that these 

studies are more generally applicable to other pathological settings. Additionally, 

while the focus of the research highlighted in this dissertation is related to cardiac 

valve disease, a thorough discussion of this topic would be incomplete without a 

review of CV physiology during homeostasis. Additionally, a broader discussion 

of the significance and manifestations of different forms of CV disease (CVD) is 

germane to this conversation, as there are pathological and mechanistic 
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commonalities that underlie disease progression in different manifestations of 

chronic inflammation at different anatomical locations within the CV system. 

 

1-1 The Cardiovascular System 

CVD has been the most significant cause of morbidity and mortality in developed 

nations for over a century and it will continue to be for the foreseeable future1-3. 

The American Heart Association (AHA) projects by 2035 nearly half  of all adults 

in the United States will be affected by one or more forms of CVD with direct and 

indirect costs associated with its treatment exceeding one trillion dollars 

annually4, 5. Thus, CVD presents a significant challenge for the clinical and 

scientific communities. Despite progress made in recent decades toward 

understanding the initiation and progression of CVD, few of the scientific 

observations made in experimental models of disease have yielded therapeutic 

interventions that are efficacious in humans. In short, there is much to be 

discovered related to the prevention and treatment of CVD. The work 

summarized in this dissertation seeks to contribute to the understanding of CVD 

pathogenesis, toward the ultimate goal of identification of novel therapeutic 

targets and strategies for its treatment in humans. Because an understanding of 

CVD depends on an understanding of normal CV structure, as a prelude to a 

discussion of CV pathology in later chapters, a brief overview of CV physiology 

during homeostasis is provided here.  
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1-2 Structure and Function of the Cardiovascular System: A Concise 

Overview 

Blood flow is necessary for life and blood circulation occurs within the 

cardiovascular (CV) system, a complex network of vessels interspersed 

throughout the body, with the heart as the centerpiece and driver of flow. A 

schematic of the organization of the primary elements that comprise the 

circulatory system can be found in Figure 1-1. The CV system (and many of the 

diseases that affect it) can be divided based on the arterial and venous 

circulations. Simplistically, arterial flow is high-pressure, pulsatile, and 

oxygenated while venous flow is low-pressure, steady, and deoxygenated.  

 

Arterial and venous circulations are adapted to deal with these distinct 

physiological environments. In general, the structural elements that form the CV 

system are largely conserved at its different levels, albeit their overall 

organization can vary dramatically between the arterial and venous sides. The 

cellular constituents of blood vessels include endothelial cells (ECs), smooth 

muscle cells (SMCs) and fibroblasts (FBs). Resident immune cells including 

mononuclear phagocytes (MNPs), innate lymphoid cells, and conventional 

lymphocytes are seen dispersed throughout the CV stroma and are elaborated 

upon in later sections6. Extracellular matrix (ECM) provides the CV system with 

mechanical integrity and is primarily composed of collagens (mainly, collagen-I), 

elastin, and proteoglycans (PGs) and/or glycosaminoglycans (GAGs) 7. These 
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different elements can be found in varying proportions at any level of the CV 

system, including within the heart.  

 

 

 

Figure 1-1: Structure of the cardiovascular system. Structural variation of the 

CV system is dictated by discrete functions of its different components. The low-

pressure, non-pulsatile venous circulation (left) is generally characterized by thin 

vessel walls and less prominent tunica media development, compared to the 

high-pressure arterial circulation. Muscular arteries such as the aorta (top right) 

experience high-pressure, pulsatile blood flow and, thus, must withstand 
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significantly higher mechanical stresses relative to their venous counterparts at 

the same level of branching. Arteries tend to display prominent tunica media 

characterized by concentric layers of smooth muscle cells (SMCs) aligned 

circumferentially (top right). An additional feature of arteries is the presence of a 

robust internal elastic lamina (IEL) separating the tunica intima and tunica media 

layers (right, middle). The IEL contains highly organized elastic fibers (e.g. 

elastin) and contributes to resisting deformation and dilation in the presence of 

continual pressurization with pulsatile blood flow. Gas and nutrient exchange 

occur at the capillary beds (bottom), a single endothelial cell layer encompassed 

by supportive pericytes. Adapted from7.  

 

The heart is a highly specialized organ containing additional specialized cell 

populations not seen elsewhere in the CV system including contractile 

cardiomyocytes (CMs) and the cardiac conduction system, a series of 

specialized cells that intercalate the cardiac muscles and coordinate rhythmic 

contraction through transmission of electrical signals from the sinoatrial (SA) 

node to the cardiomyocytes. In addition to contractile cells and the conduction 

system, the four heart valves contain unique and heterogeneous8 populations of 

mesenchymal cells termed valvular interstitial cells (VICs) that exhibit distinct 

functional characteristics attributed to the distinct physiological niche in which 

they reside9.  
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Figure 1-2: Cardiac anatomy. A diagram of human cardiac anatomy with 

surface features (left) and inner structures (right) highlighted. The major vessels 

of the heart include the superior vena cava (SVC), inferior vena cava (IVC), 

aorta, pulmonary artery (PA), and pulmonary vein (PV). The human heart 

contains four chambers: right atrium (RA), left atrium (LA), right ventricle (RV), 

left ventricle (LV). In cross-section (right) the LV is readily identified based on its 

thick ventricular wall, relative to the RV. In addition to the four chambers, there 

are four valves regulating blood flow between them: aortic, pulmonary, mitral, 

and tricuspid. The atrioventricular valves (mitral and tricuspid) separate the atria 
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from the ventricles and can be easily identified based on the presence of chordae 

tendinae inserting into their ventricular surfaces. The semilunar valves 

(pulmonary and aortic) regulate flow out of each ventricle and are tri-leaflet (often 

used interchangeably with tri-cuspid despite distinctions existing between the two 

and with ‘cuspid’ arguably more accurate10). As their name implies, the semilunar 

leaflets are crescent-shaped. The schematic above is illustrated with the heart in 

anatomical position. 

 

The heart serves as the main driver of blood flow through the cardiovascular 

system. A diagram of key cardiac anatomical structures is shown in Figure 1-2 

and a diagram of cardiac blood flow can be found in Figure 1-3. From the left 

ventricle, oxygenated blood travels through the high-pressure arterial circulation 

via the aorta. Following numerous bifurcations and branch points, blood reaches 

the arterioles. Arterioles are the main source or resistance to blood flow and 

provide the primary mechanisms for blood pressure regulation throughout the 

body. From the arterioles, blood next travels across the capillary endothelium 

where nutrient and gas exchange occur.  

 

Capillaries are composed of a single endothelial cell layer with encompassing 

pericytes providing mechanical and metabolic support. Blood plasma filtered 

across the capillary endothelium subsequently exists within the tissue interstitium 

where it accumulates and is collected by lymphatic vessels. Following gas and 
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nutrient exchange across the capillary endothelium, deoxygenated blood 

subsequently travels past the post-capillary venule. In the setting of inflammation, 

leukocyte extravasation into affected tissues occurs primarily at this location. 

Following passage through the post-capillary venules, blood subsequently 

accumulates in progressively larger collecting venules and veins, ultimately 

arriving at the superior and inferior vena cavae where it is returned to the heart at 

the right atrium. Traveling through the right ventricle and out the pulmonary 

artery, the blood becomes re-oxygenated via the pulmonary circulation and 

returned to the left atrium via the pulmonary veins. Next, after passing the MV, 

blood returns to the left ventricle where the cycle is repeated.   

 

 

(caption on next page) 



 

 10 

Figure 1-3: Cardiac blood flow. A cardiac cross section taken in the coronal 

plane to reveal the inner cardiac anatomy is shown above. The systemic 

circulation coalesces to form the superior and inferior vena cavae (top and 

bottom left, respectively, in the diagram), both draining deoxygenated blood (blue 

arrows in the diagram) to the right atrium (RA). From the RA, blood passes over 

the tricuspid valve into the right ventricle (RV) before being transferred across the 

pulmonary valve (PV) to the pulmonary artery (PA) during systolic ventricular 

contraction. The PA provides blood to the lungs where it is oxygenated, and 

carbon dioxide is simultaneously offloaded from RBCs. Oxygenated blood (red 

arrows in the diagram) subsequently returns to the cardiac circulation via the 

pulmonary veins (PV) that connect to the left atrium (LA). From the LA, blood is 

transferred across the mitral valve (MV) to the left ventricle (LV). Left ventricular 

contraction during systole pushes blood across the aortic valve (AV), into the 

aorta, being subsequently distributed throughout the systemic circulation where it 

perfuses the entirety of the body’s tissues.  

 

The high-pressure pulsatility of the arterial circulation necessitates a 

mechanically robust arterial structure. In histological cross-section, blood vessels 

have multiple characteristic structural features that distinguish them from one 

another. Both arteries and veins exhibit a trilaminar structure: tunica intima, 

tunica media, and tunica adventitia. The tunica intima typically refers to the single 

endothelial cell layer that covers the luminal surface of all blood vessels. While 
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endothelial cells existing within the arterial, venous, and lymphatic circulations 

display distinct features11, the presence of an endothelial cell layer in contact with 

blood is conserved throughout every level of the cardiovascular system. The 

tunica media is dramatically different between the arterial and venous 

circulations. In arteries, the media is substantially more thick and contains a 

significant amount of elastin, a highly-hydrophobic structural protein that imparts 

tissues with elasticity by functioning as an ‘entropic spring’12. The high arterial 

elastin content protects against dilation and aneurysm formation throughout 

repeated diameter expansions in response to high-pressure, pulsatile flow. The 

venous media layer is, in contrast, much thinner, the wall thickness:diameter ratio 

is very low, and the media layer is less organized than that seen in arteries. This  

enables veins to function as capacitance vessels; approximately 60% of the 

blood volume exists within the venous circulation due to their ability to greatly 

expand in capacity relative to the arterial circulation7. The adventitia is the 

outermost layer and contains loose, disorganized connective tissue. In large 

arteries, the adventitia contains the vasa vasorum, a capillary network that 

perfuses the arterial wall.  The venous adventitia is present, albeit being less 

robust than what is seen in the arterial circulation at comparable levels of 

branching. Recently, the adventitia has shown to provide a niche for populations 

of immune cells that have been implicated in blood vessel disease13-17.  
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It is important to note that the lymphatic system is also an important element of 

the cardiovascular system in both homeostasis and disease states and is not 

shown in Figure 1-1 for simplicity. The lymphatic system is a parallel network of 

vessels that carry lymph, an ultrafiltrate of blood plasma that accumulates within 

the tissue interstitium following filtration across the capillary endothelium. Excess 

lymph accumulation is referred to as edema and is characteristic of a multitude of 

disease states including congestive heart failure (CHF) and liver failure. 

Lymphatic vessels throughout the body passively collect interstitial fluid filtered 

across the capillary endothelium and transport it toward the heart in a series of 

progressively enlarging vessels, intertwined with lymph nodes. The smaller 

lymphatic vessels ultimately coalesce to form either the right lymphatic duct or 

the thoracic duct, subsequently draining to the subclavian and jugular veins, thus 

providing a connection between the tissue interstitium and blood vasculature 

circulation. 

 

1-3 Blood: A Concise Overview 

Blood serves many functions, one of the most widely appreciated of these being 

tissue oxygenation. Blood is a complex colloidal suspension containing 

erythrocytes (red blood cells [RBCs]), leukocytes (white blood cells [WBCs]), 

thrombocytes (platelets), in liquid plasma. Mature erythrocytes/RBCs display a 

characteristic biconcave disk morphology, are anucleate, outnumber leukocytes 

in the blood by more than three orders of magnitude, and constitute 
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approximately 40-45% of the total blood volume in humans7. RBCs are highly 

specialized cells with high cytoplasmic concentrations of iron-containing 

hemoglobin molecules that bind and transport both oxygen and carbon dioxide to 

and from all of the body’s tissues, respectively. Thus, a main function of the 

cardiovascular system is maintenance of metabolic homeostasis through the 

supply of necessary nutrients and removal of metabolic byproducts to and from 

the body’s tissues. In addition to maintenance of metabolic homeostasis, blood 

flow also contributes to thermoregulation; heat dissipation is accomplished 

through increased blood flow to the skin capillaries while restricting skin capillary 

blood flow leads to heat retention.  

 

Thrombocytes (platelets) are cytoplasm-containing cell fragments generated from 

megakaryocytes in the bone marrow. Simplistically, these components of blood 

are most commonly associated with participation in the coagulation cascade in 

response to bleeding where their activation and aggregation results in clot 

formation and hemostasis. While most commonly associated with the clotting 

cascade, platelets play additional roles in inflammatory responses to pathogens 

and wound healing18. 

 

Blood leukocytes (white blood cells [WBCs]) are nucleated (in contrast to mature 

RBCs), highly heterogeneous, constitute approximately one percent of the total 

blood volume, and are dominated primarily by neutrophils during homeostasis. 
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WBCs are the cornerstone of the human immune system and participate in 

protection from pathogens, tissue inflammation, and wound healing. The specific 

functions of WBCs in the context of cardiac valve disease will be elaborated upon 

further in later sections.  

 

1-4 The Cardiac Valves 

During the cardiac contraction and relaxation cycle, cardiac valves regulate blood 

circulation by promoting unidirectional, forward flow. The two main classes of 

heart valves include the semilunar (SL) aortic and pulmonary valves (AV and PV, 

respectively) and the atrioventricular mitral and tricuspid valves (MV and TV, 

respectively). The SL valves regulate blood flow leaving the ventricles and 

entering the great arteries (pulmonary artery and aorta). The atrioventricular 

valves provide separation between the ventricles and the atria and regulate blood 

flow entering the heart via the vena cavae (tricuspid) and pulmonary veins 

(mitral). Additionally, closure of the atrioventricular valves prevents backflow to 

the atria during systolic contraction of the ventricles, thereby promoting forward 

flow across the AV and PV.  

 

A key structural feature of the atrioventricular MV and TV is the presence of an 

annulus for structural support. The annulus is a ring-shaped segment of dense 

connective tissue that encircles both atrioventricular valves and provides a 

means to anchor them to the myocardium. Its insertion into the cardiac skeleton 
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has been described as having similarities to tendinous skeletal muscle 

insertion19. In contrast, in humans the SL valves do not consistently contain a 

well-organized annular connective tissue structure; the SL valve leaflet insertion 

site is thus referred to as the valve root. It is hypothesized that the unique 

geometry of the SL valves provides a self-contained supportive structure at the 

arterial root insertion sites10, 20. 

 

In addition to the mechanically-robust annulus into which the atrioventricular 

valves insert, the free edge of the MV and TV leaflets have an additional support 

system to prevent backflow. The chordae tendinae are an elaborate network of 

dense connective tissue strands originating at the ventricular papillary muscle 

and inserting onto the ventricular surface of each atrioventricular leaflet free 

edge. The chordae tendinae provide additional resistance to backflow during 

peak systolic contraction of the ventricles. A schematic of cardiac valve anatomy 

viewed from above is shown in Figure 1-4.  

 

While all of the heart valves are capable of being affected by disease, pathology 

affecting the left-sided valves (mitral and aortic) are the primary sources of 

morbidity and mortality originating from valvular heart disease (VHD)3. 

Furthermore, mitral valve disease (MVD) is approximately twice as prevalent in 

the US adult population compared to aortic valve disease (AVD). According to 

the American Heart Association most recent heart disease and stroke statistics, 
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the pooled prevalence of either mitral regurgitation or mitral stenosis in the US 

stands at 1.8% of the adult population while the pooled prevalence of either 

aortic regurgitation or aortic stenosis stands at approximately 0.9%3. Tricuspid 

and pulmonary valve pathology are relatively uncommon and are usually 

associated with rheumatic heart disease (RHD) and/or congenital defects, 

respectively.  

 

 

 

Figure 1-4: Gross anatomy of the cardiac valves. The human heart contains 

four cardiac valves with distinct structural features that contribute to their distinct 
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functions. The aortic and pulmonary valves (top right) are known as ‘semilunar’ 

due to the crescent shape of the three leaflets of which they are comprised. The 

pulmonary and aortic valves regulate blood flow between the right and left 

ventricles, respectively, and the pulmonary artery and aorta, respectively. The 

mitral and tricuspid valves are known as atrioventricular, a descriptive term owed 

to their anatomical locations separating the atria and ventricles on the right 

(tricuspid) and left (mitral) sides of the heart. The tricuspid valve (bottom right) 

exhibits a characteristic tri-leaflet structure and is anchored to the right ventricular 

papillary muscle via the chordae tendinae (not shown). The mitral valve 

(elaborated upon further in later sections), exhibits a characteristic bi-leaflet 

structures and is anchored to the left ventricular papillary muscle via insertion of 

the chordae tendinae (not illustrated in the diagram above) into its ventricular 

face, similarly to the tricuspid valve. The left-sided valves (highlighted in red) 

receive oxygenated blood from the lungs and perfuse the systemic circulation, 

while the right-sided valves (highlighted in blue) receive deoxygenated blood 

from the systemic circulation and perfuse the lungs. The left-sided valves (aortic 

and mitral, in red) are prone to valvular pathology while valve disease affecting 

the right-sided valves (pulmonary and tricuspid, in blue) is rare. The position of 

the valves relative to the coronary arteries is illustrated above. For clarification, in 

contrast to previous diagrams showing the heart in anatomical position, this 

diagram above illustrates the heart from the first-person point-of-view, viewed 

from above; anterior in the diagram is at the top while posterior is at the bottom. 
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1-5 The Mitral Valve: Structure 

The MV is composed of two leaflets, a fibrous, ring-shaped annulus, the chordae 

tendinae, and their tendinous insertions into the papillary muscles on the floor of 

the left ventricle. The two leaflets of the MV have been historically referred to as 

anterior and posterior and these descriptors remain the most commonly 

employed by clinicians and scientists. Owing to the relative anatomical 

inaccuracy of these descriptors, however, the terms aortic and mural are often by 

preferred and used in place of anterior and posterior, respectively 21. The anterior 

and posterior leaflets have obvious gross anatomical distinctions. The posterior 

leaflet is narrow and wraps around approximately two thirds of the fibrous 

annulus between the left atrium and left ventricle. Its annular insertion is 

continuous with the left ventricular wall (mural). The posterior leaflet in adults 

exhibits the presence of three scalloped regions, P1 (most lateral), P2, and P3 

(most medial). In contrast, the anterior leaflet is broad and inserts along the 

remaining one third of the fibrous annulus. The anterior leaflet is also distinct in 

that its insertion into the annulus is in continuity with the fibrous insertion of the 

aortic valve root. This continuity between the AV and MV can be appreciated in 

Figure 1-4 and is referred to as the aorto-mitral curtain21. The anterior leaflet 

lacks the scalloped regions observed in the posterior leaflet. Nonetheless, it is 

often divided into three distinct regions named A1, A2, and A3, that relate to the 

adjacent scalloped regions of the posterior leaflet21, 22. This division is arbitrary, 
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however, as the anterior leaflet does not display the scalloping seen in the 

posterior leaflet. A schematic of MV anatomy is shown in Figure 1-5. 

 

In histological cross-section, the MV is comprised of 4 distinctly organized layers 

(from the left atrial surface to the left ventricular surface): atrialis, spongiosa, 

fibrosa, and ventricularis (Figure 1-5, right)23. The extracellular matrix (ECM) 

composition of each layer is unique: high concentrations of organized elastin and 

collagen in the atrialis, high concentrations of proteoglycans (PGs) and 

glycosaminoglycans (GAGs) in the underlying spongiosa, densely packed type I 

collagen in the fibrosa, and organized collagen and elastin in the ventricularis, 

albeit to a lesser degree than what is seen in the fibrosa. The atrialis and 

ventricularis are covered by a single endothelial layer that envelops the valve and 

is in direct contact with circulating blood. The distinct ECM compositions of each 

of the four layers confers distinct mechanical properties to them. The fibrosa 

contains densely-packed, highly-organized collagen and is the main source of 

tensile strength to the MV. The spongiosa confers resistance to compression with 

its high PG/GAG content. The atrialis provides elasticity and resistance to plastic 

deformation with its high concentration of organized elastin. 
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Figure 1-5: Mitral valve structure. The mitral valve (MV) regulates flow of 

oxygenated blood between the left atrium (LA) and left ventricle (LV) (left). The 

MV has two leaflets (anterior and posterior, middle) and is occasionally referred 

to as the bicuspid valve. Surrounding the valve is the MV annulus, a fibrous 

connective tissue ring that anchors the MV to the cardiac wall, providing 

additional mechanical support during the cardiac cycle. The ventricular face of 

the MV is additionally anchored to the floor of the left ventricle via the chordae 

tendinae, a fibrous tendon-like connective tissue that prevents MV 

prolapse/regurgitation into the LA during ventricular systole. The chordae 

tendinae insert into the papillary muscle on the left ventricular floor (not shown 

above). Histological sections taken from healthy human MV samples illustrates 

the presence 4 distinct structural layers across the valve thickness: the atrialis 

containing high concentration of elastic fibers providing elasticity, the spongiosa 

containing high concentrations of proteoglycan (PG) and glycosaminoglycans 

(GAGs) for compression resistance, the fibrosa containing a dense collagen fiber 

network for resistance to tensile stresses, and the ventricularis containing a loose 

network of collagen fibers providing additional tensile strength (right)21. The 

histological stain at right is Masson’s trichrome in which collagen appears blue, 
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non-collagenous protein appears red, and nuclei appear black/purple. 

Carbohydrates and fat stain poorly with Masson’s trichrome. Abbreviations: LA: 

left atrium; LV: left ventricle. 

 

The main cell types in present in the MV include valvular interstitial cells (VICs) 

and endothelial cells (ECs). VICs are a highly heterogeneous population of 

mesenchymal cells that resemble fibroblasts when quiescent and that contribute 

to valve remodeling in both homeostatic and disease settings9, 10, 24, 25.  Additional 

populations of cells that inhabit the MV include immune cells such as dendritic 

cells26 and melanocytes27, however the specific functions of these less frequent 

cell populations during valve homeostasis and in disease are incompletely 

understood. 
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Chapter 2: Cardiovascular Disease 
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2-1 Significance of Cardiovascular Disease 

As mentioned previously, cardiovascular disease (CVD) is the most significant 

source of morbidity and mortality in the world and will continue to be for the 

coming years. The total direct indirect costs of CVD are projected to exceed one 

trillion dollars annually by 2035 in the United States alone. As health care options 

improve and life expectancy increases, the overall population demographics shift 

toward a higher proportion of aged individuals. The prevalence of acquired CV 

diseases such as atherosclerotic cardiovascular disease (ASCVD) and valvular 

heart disease (VHD) are well known to increase with age3. Thus, as a higher 

proportion of aged individuals begins to exist within the population, it is not 

surprising that the prevalence of CVD would similarly increase. In short, despite 

the best efforts of the CV research and clinical communities, the global morbidity, 

mortality, and economic burdens of CVD are increasing. In response, novel and 

alternative therapeutic targets and treatment strategies are urgently needed to 

meet the expected strain imposed on the health care system. 

 

2-2 Cardiovascular Disease and the Inflammation Hypothesis 

The primary source of CVD morbidity is coronary heart disease (CHD). The 

underlying pathogenic process in CHD is atherosclerosis, a narrowing of the 

arteries resulting from accumulation of an atheromatous plaque in the vessel 

lumen, specifically within the subendothelial intimal layer. Plaques are 

heterogeneous and enriched with lipid-laden inflammatory macrophages and 
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also contain additional immune cells (e.g. lymphocytes and neutrophils) and non-

immune cells (e.g. SMCs, ECS). Non-cellular components include ECM (i.e. type 

I collagen), cellular debris resulting from necrotic death, and calcium and 

cholesterol crystals. A diagram of an atheromatous plaque is shown in Figure 2-

1. Myocardial infarction (MI) (i.e. heart attack) is preceded by rupture of the 

overlying fibrous cap that shields the plaque contents from the circulation. Plaque 

rupture releases inflammatory mediators to the blood and exposes the underlying 

subendothelium that is normally isolated from blood contact. This rapidly induces 

activation of the coagulation cascade, ultimately resulting in blood clot formation 

and vessel occlusion. When arterial occlusion occurs, the tissue it supplies 

rapidly becomes ischemic. Because the energetic demands of the myocardium 

are high, even short durations of myocardial ischemia can lead to tissue 

necrosis. Severe MI is the result of occlusion of one or more of the major vessels 

supplying the heart and the final result of this process is often cardiac arrest and 

death.  
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Figure 2-1: Atheromatous plaque. Plaque formation typically occurs in the 

subendothelial region of muscular arteries. Plaques are rich in lipid-laden 

macrophages (i.e. foam cells), and also often contain a necrotic core rich in 

cellular debris. An important element of the plaque is an overriding fibrous cap. 
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Plaque rupture and blood clot (thrombus) formation occur when the structural 

integrity of the overriding fibrous cap is compromised. EC: endothelial cell. 

 

The mainstay of treatment for atherosclerotic cardiovascular disease (ASCVD) 

for decades has been focused on reduction of blood cholesterol (namely, ‘bad 

cholesterol’, i.e. low-density lipoprotein [LDL]) and lipids through dietary 

modification and medication management (3-hydroxy-3-methyl-glutaryl-

coenzyme A reductase [HMG-CoA reductase] inhibitors, i.e. statins). The 

emphasis on blood lipid reduction for ASCVD treatment has resulted in 

development of a multitude of medications available to clinicians that target 

different elements of cholesterol and lipid metabolism including, but not limited to, 

stains (e.g. atorvastatin), fibrates (e.g. clofibrate), bile acid sequestrants (e.g. 

cholestyramine), and cholesterol absorption inhibitors (e.g. ezetimibe). 

Monoclonal antibody (mAb) biologics have also been developed for LDL 

reduction including those that target proprotein convertase subtilisin/kexin type 9 

(PCSK9) (e.g. evolocumab), a protein that, when blocked, enhances hepatic 

recycling of LDL receptors, leading to enhanced LDL clearance from the blood, 

thus lowering blood cholesterol28-31. In short, there are many options available for 

management of blood lipids and cholesterol levels in patients with ASCVD.  

 

A number of recent clinical trials have challenged whether LDL reduction is truly 

the best target in ASCVD. The “Assessment of Clinical Effects of Cholesteryl 
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Ester Transfer Protein Inhibition with Evacetrapib in Patients at a High Risk for 

Vascular Outcomes (ACCELERATE) trial” was a multi-center, double-blind, 

placebo controlled, phase III clinical trial conducted in over 12,000 patients, the 

results of which were published in 201732. Therein, the investigators evaluated a 

recently developed LDL-lowering therapy, evacetrapib, that inhibits the 

cholesterol ester transfer protein (CETP) to promote reductions in LDL. The 

investigators observed a highly favorable shift in blood lipids in response to 

CETP inhibition relative to placebo: a 31% reduction in LDL (i.e. ‘bad 

cholesterol’) and more than 130% increase in HDL (i.e. ‘good cholesterol’) were 

observed. Despite this, no differences in adverse cardiovascular events or 

outcomes were seen between the treatment and control groups.  

 

The “Further Cardiovascular Outcomes Research with PCSK9 Inhibition in 

Subjects with Elevated Risk (FOURIER)” was aimed at assessing whether 

PSCK9 mAb blockade using evolocumab improves outcomes in patients with 

ASCVD33. This was a large, multi-center, double-blind, phase III clinical trial 

conducted in over 27,000 patients, the results of which were also published in 

2017. Therein, a dramatic 59% reduction in blood LDL was observed. Despite 

seeing a modest reduction in adverse events such as MI, patients receiving 

evolocumab displayed a 4% increase in mortality, relative to the placebo group34. 

Thus, despite a modest decrease in serious adverse cardiac events, the patients 

on treatment were living shorter lives. It suffices to say that the results of both the 
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FOURIER and ACCELERATE trials were disappointing and challenge the 

longstanding belief LDL reduction is the most important element of ASCVD 

management. 

 

It has long been postulated that inflammation plays a central role in the 

development of acquired CVD such as ASCVD and VHD35-48. In 2002, it was 

shown in a large-scale clinical trial that serum levels of C-reactive protein (CRP), 

an acute phase reactant and non-specific indicator of general inflammation, 

provides a better independent predictor of adverse cardiovascular events and is 

predictive of future events49. In a follow-up study, based on the observation that 

statin therapy can reduce CRP levels, the investigators chose to determine the 

effect of statin therapy on adverse cardiovascular events in healthy patients 

without elevated blood lipids (i.e. in whom statin therapy was not clinically 

indicated). The “Justification for the Use of Statins in Prevention: an Intervention 

Trial Evaluating Rosuvastatin (JUPITER)” trial was stopped early because the 

benefits of statin therapy were so profound. In otherwise healthy patients without 

elevated blood lipids but with elevated CRP, statin therapy resulted in 37% 

decreased CRP, 50% decreased LDL, and a 54% reduction in myocardial 

infarction and other adverse events50. While the results of these studies were 

encouraging and lend support to the inflammation hypothesis in CVD, JUPITER, 

in particular, is arguably confounded by the observation that serum LDL and CRP 

levels are both substantially reduced in the patients on treatment. It was not until 
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the “Canakinumab Anti-inflammatory Thrombosis Outcome Study (CANTOS)” 

trial that definitive evidence in support of the inflammation hypothesis was 

acquired. Therein, the investigators evaluated the effect of monoclonal antibody 

blockade of the pro-inflammatory interleukin-1β (IL-1β) using canakimumab in 

over 10,000 patients with a prior history of myocardial infarction and elevated 

CRP. After four years, the investigators observed a significant reduction in 

adverse cardiovascular events in the group on treatment. The reduction was 

independent of any effect on lipid or LDL levels51. CANTOS provided critical 

confirmatory evidence for the longstanding but unverified inflammation 

hypothesis in ASCVD and laid the groundwork for additional trials investigating 

inflammatory modulators as therapeutics for CVD treatment. 

 

Cardiac valve disease is also hypothesized to result from inflammation and 

growing evidence exists for this. While the breadth of clinical trial data in support 

of the inflammation hypothesis does not exist specifically for cardiac valve 

disease as it does for ASCVD, there are a substantial number of supporting 

studies that present findings consistent with this hypothesis in both experimental 

models of disease and in humans22, 52-60. Further elaboration on the connection 

between inflammation and VHD will be elaborated upon in later sections.  

 

2-3 Inflammation and Fibrosis in Cardiovascular Disease 

Fibrosis is excessive production of extracellular matrix and is invariably a result 
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of unresolved inflammation41. In short, chronic inflammation and fibrosis are 

inextricably linked. Irrespective of the tissue affected, fibrotic diseases are 

believed to converge on common and stereotypical pathways41, 61-63. For 

example, it is thought that hepatic fibrosis and cirrhosis share common feature 

with vascular fibrosis and atherosclerotic CVD. Consequently, studying fibrosis in 

one organ system can likely inform the understanding of this process in other 

disease contexts64. The mechanisms underlying fibrosis require further study; 

few effective treatments are available for fibrotic disease. Because nearly half of 

the natural deaths worldwide result from fibrotic processes41, there is a need to 

understand the mechanisms that mediate it. 

 

Acquired cardiovascular diseases are chronic, inflammatory, and fibrotic in nearly 

every case. Vascular fibrosis driven by lipid-reactive inflammatory monocytes 

underlies atherosclerotic disease7. Degenerative MV disease (dMVD) is the most 

frequent indication for mitral valve surgery. There are 2 commonly recognized 

forms of dMVD: diffuse myxomatous degeneration and fibroelastic degeneration 

22. Both forms of dMVD have been shown to display ongoing fibrotic processes22. 

Aortic valve calcification and stenosis are related to atherosclerosis38, 39 and are 

also fibrotic processes. While no diagnosis of valve or vascular fibrosis exists, a 

fibrotic process is common to the vast majority of acquired cardiovascular 

diseases. 
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Monocytes and their macrophage progeny are critical mediators of fibrosis65 and, 

thus, an understanding of macrophage biology is critical to understanding fibrotic 

disease. Monocyte and macrophage phenotypes are highly heterogeneous and 

malleable, depending on the external cues they receive and the context of the 

inflammatory response in which they are participating. A framework for 

understanding monocyte and macrophage function discretizes their phenotypes 

into M1, M2, and M3 subtypes and mirrors the TH1, TH2, TH17 model employed 

to understand T lymphocyte biology 7, 66-70. These labels are chosen to mirror the 

inflammatory stimuli that program their activity, namely type 1 (IFNγ), type 2 

(interleukin-4 [IL-4] & IL-13), and type 3 (IL-17) cytokines, respectively. This 

model has informed the understanding of many biological processes including 

fibrosis 66-68, 71-75. A schematic representation of this polarization paradigm of 

macrophage function is shown in Figure 2-2. It is important to note that this 

framework has its limits. While it is and has been useful for conceptualizing 

macrophage biology, there is significant evidence that macrophage phenotypes 

exist along a spectrum with vast heterogeneity not encapsulated within the 

polarization model76, 77. So despite being useful, it is important to acknowledge 

the likelihood of significant phenotypic overlap between macrophages in different 

inflammatory contexts and also phenotypes that fall outside of those highlighted 

therein.     
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Figure 2-2: Macrophage plasticity and polarization. Top: type 1 inflammatory 

signals such as interferon gamma (IFNγ) acting through the IFN gamma receptor 

(IFNGR) and bacterial products (lipopolysaccharide, LPS) acting through toll-like 

receptor 4, activate a pro-inflammatory phenotype in macrophages known as M1, 

resulting in generation of reactive oxygen species (ROS) via expression of 

inducible nitric oxide synthase (iNOS/NOS2). Right: the type 2 inflammatory 

signals IL-4 and IL-13 are generated in the setting of parasite infection and in the 

context of wound healing and tissue repair. The result is activation of an M2 
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macrophage phenotype and leads to expression of additional molecules such as 

resistin-like molecule alpha (RELM⍺) and arginase (not shown) that aid in tissue 

repair. Bottom: type 3 inflammatory signals (IL-17) have also been shown to 

stimulate phenotypic polarization of macrophages and is shown for 

completeness, however the response of macrophages in type 3 inflammatory are 

much less widely explored. 

 

As mentioned previously, fibrosis is the inextricable result of chronic inflammation 

and is orchestrated largely through the actions of MNPs (e.g. macrophages and 

monocytes). In response to a tissue insult or injury (e.g. mechanical, thermal, 

chemical, etc.), the inflammatory response occurs in coordinated waves of 

activity. A simplified diagram of this process is Figure 2-3. The initial wave is 

characterized by infiltration of pro-inflammatory macrophages and neutrophils to 

the affected tissue location. This initial wave of inflammation attempts to 

neutralize the insulting agents and clear cellular debris generated during tissue 

damage. In the normal course of wound healing, the insulting agent is eventually 

cleared, and a second wave of type 2 inflammation polarized ‘M2’-like 

macrophages dominates, subsequently promoting tissue repair through secretion 

of factors aimed at inducing extracellular matrix production and scar tissue 

formation. As the tissue is repaired, the inflammatory response resolves and 

returns to baseline. In chronic inflammation, the wound healing response is 

deranged and superimposed inflammatory and tissue reparative processes exist 
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and persist. The result is deposition of excessive extracellular matrix (i.e. 

fibrosis), which ultimately leads to end-organ dysfunction, and often death of the 

organism. This is the general process that underlies nearly all forms of acquired 

cardiovascular diseases including ASCVD and VHD.  

 

 

Figure 2-3: Macrophage dynamics in tissue injury and wound repair. 

Macrophages are critical mediators of the response to tissue damage and 

promote inflammation resolution and tissue repair following tissue injury. Chronic 

inflammation and fibrosis is a derangement of the normal wound healing 

response in which unrelenting inflammation promotes superimposed 

inflammatory and reparative processes that do not resolve, resulting in tissue 

fibrosis. 
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2-4 Autoimmunity and Cardiovascular Disease: Lessons from 

Rheumatology  

Autoimmune rheumatic disorders such as rheumatoid arthritis (RA) and systemic 

lupus erythematosus (SLE) are characterized by generalized, systemic 

inflammation. Valvular heart disease is observed in patients affected by these 

disorders occurs at rates more than 20-fold those observed for the general 

population 78-80. Elevated atherosclerosis prevalence, decreased age of onset, 

and increased severity is also been observed in these patients78-80. Individuals 

with RA, for example, have increased mortality compared to the general 

population which is almost entirely attributed to increased cardiovascular risk 81. 

While these disorders have underlying differences in terms of their etiologies and 

pathogeneses that are in need of further clarification, accelerated CVD is a 

shared feature that occurs in the setting of systemic inflammatory disease37, 78, 79, 

82, 83. Because of its inflammation-mediated etiology, it is not surprising that 

patients with chronic inflammatory diseases develop accelerated cardiovascular 

pathology. The remainder of this dissertation will focus on experimentally 

clarifying the cellular and molecular mechanisms of inflammation in a mouse 

model of chronic, spontaneous-onset, systemic inflammation that mirrors many 

features of rheumatic disease. Correlative observations to human inflammatory 

VHD are also provided, as our primary motivation is improving our understanding 

of human pathology. 
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Chapter 3: The Contribution of Autoantibodies to Inflammatory 

Cardiovascular Pathology 
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Preamble 

Chronic inflammation and resulting tissue damage underlie the vast majority of 

acquired cardiovascular disease (CVD), a general term encompassing a widely 

diverse array of conditions. Both innate and adaptive immune mechanisms 

contribute to chronic inflammation in CVD. Although maladies, such as 

atherosclerosis and cardiac fibrosis, are commonly conceptualized as disorders 

of inflammation, the cellular and molecular mechanisms that promote 

inflammation during the natural history of these diseases in human patients are 

not fully defined. Autoantibodies (AAbs) with specificity to self-derived epitopes 

accompany many forms of CVD in humans. Both adaptive/induced iAAbs 

(generated following cognate antigen encounter) and also autoantigen-reactive 

natural antibodies (produced independently of infection and in the absence of T 

cell help) have been demonstrated to modulate the natural history of multiple 

forms of CVD including atherosclerosis (atherosclerotic cardiovascular disease), 

dilated cardiomyopathy, and valvular heart disease. Despite the breadth of 

experimental evidence for the role of AAbs in CVD, there is a lack of consensus 

regarding their specific functions, primarily due to disparate conclusions reached, 

even when similar approaches and experimental models are used. In this review, 

we seek to summarize the current understanding of AAb function in CVD through 

critical assessment of the clinical and experimental evidence in this field. We 

additionally highlight the difficulty in translating observations made in animal 
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models to human physiology and disease and provide a summary of unresolved 

questions that are critical to address in future studies. 

 

3-1 Cardiovascular Disease: A disorder of Inflammation 

 

Cardiovascular (CV) disease (CVD) has been the most significant cause of 

morbidity and mortality worldwide for over a century and will continue to be for 

the foreseeable future 2. CVDs are heterogeneous and include coronary heart 

disease (CHD), peripheral vascular disease (PVD), valvular heart disease (VHD), 

and stroke. The main pathological process the underlies the majority of these 

CVD manifestations is atherosclerosis, a chronic inflammatory response to lipid 

products in the walls of large and medium arteries. Atherosclerosis is the single 

most significant contributor to human mortality 84. It has long been hypothesized 

that immune dysregulation and chronic inflammation contribute to the 

development of CV pathology independently of traditional atherosclerotic CVD 

(ASCVD) risk factors 38. Until recently, however, there was no direct clinical 

evidence supporting the detrimental role for inflammation in this process. 

Outcomes from the randomized, multicenter Canakinumab Anti-inflammatory 

Thrombosis Outcome Study (CANTOS), completed in late 2017, provide the 

strongest evidence to date in support of the pro-atherogenic role for inflammation 

in humans. Canakinumab, a monoclonal antibody (mAb) directed against 

interleukin-1β (IL-1β), significantly reduced adverse CV outcomes in patients with 
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a history of myocardial infarction (MI) and elevated C-reactive protein (CRP) 51. 

While CANTOS focused solely on the effects of IL-1β blockade in secondary CV 

prevention, this intervention represents only one of many potential therapeutic 

approaches. The CANTOS trial provides confirmation of the ‘inflammation 

hypothesis’ in CVD through robust clinical analysis, a critical milestone on the 

path toward a more comprehensive understanding of the role of inflammation in 

CV pathology. Although additional clinical trials are currently underway that target 

other inflammatory mediators in CVD 85, 86, many unresolved questions remain 

regarding the specific cellular and molecular immune mechanisms that promote 

chronic CV inflammation. Therefore, a significant challenge facing the field of 

CVD research is to define these critical immune mediators, particularly those that 

can be targeted therapeutically.  

 

The specific contributions that humoral immunity (e.g. complement, antibodies 

(Ab), etc.) provides during the natural history of CVD remain unresolved. Multiple 

clinical studies have demonstrated correlative evidence in favor of a CVD-

promoting role for Abs and this topic has been reviewed extensively elsewhere 87-

90. Despite this, no current therapeutic approaches are designed to improve CVD 

outcomes by reducing Ab production or activity. Antibodies with reactivity to self-

epitopes (autoantibodies, AAbs) have been observed in many forms of CVD and 

have diverse epitope reactivities, binding affinities, and isotypes. Antibodies 

specific to multiple varieties of cardiac/myocardium- and blood vessel-related 
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epitopes have been characterized in human CVD, including those demonstrating 

binding affinity to antigens that are cardiac-specific (e.g. cardiac troponin I [cTnI] 

91), cardiac-associated (e.g. oxidized apolipoproteins 92), and ones that are 

ubiquitously expressed (e.g. heat-shock proteins [HSPs] 93). Despite the breadth 

of evidence demonstrating correlations between serum AAb titers and CVD 

severity, there is no consensus on the specific roles that AAbs play in CVD 

progression or whether they might be appropriate targets for CVD treatment. In 

short, contradictory evidence exists. Additionally, determining whether AAbs 

represent causative agents rather than passive bystanders during the natural 

history of CVD is a challenging task, particularly in the context of highly 

heterogeneous manifestations of CVD in humans.  

 

The potential mechanisms by which AAbs may promote CVD include target 

opsonization and subsequent recognition and activation of immune cells bearing 

antibody-recognizing Fc receptors (FcRs) (i.e. type II hypersensitivity), leukocyte 

activation following immune complex deposition and complement fixation (i.e. 

type III hypersensitivity) and target neutralization/inhibition. The purpose of this 

review is to summarize the current understanding how AAbs contribute to 

specific forms of CV pathology including ASCVD, dilated cardiomyopathy (DCM), 

and valvular heart disease (VHD). Additionally, we highlight key recent 

experimental and clinical findings in this field. Finally, we discuss a number of the 
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remaining unresolved questions this field faces in pursuit of future clinical 

translation. 

 

3-2 The response to cardiovascular damage has genetic and environmental 

contributions 

The induction of an immune response to autoantigens in the setting of human 

CVD is thought to occur as a result of CV insults (e.g. myocardial infarction, 

atherosclerotic plaque necrosis). Self-antigens that are normally sequestered 

within the cardiac parenchyma and vascular walls are liberated and/or produced 

during the course of an inflammatory response and its resolution. Exposure of 

these immunogenic elements induces innate and adaptive immune activation. 

Coupled with the potent inflammatory signals that invariably accompany tissue 

damage, robust immunopathology of CV tissue can ensue, including AAb 

production. Because these self-antigens are present in virtually unlimited supply, 

chronic autoimmunity and tissue inflammation can result.  

 

The primary determinants of the magnitude of the induced response to self-

antigens include the characteristics of the tissue insult (e.g. infarct size, microbial 

burden) and the affected individual’s degree of genetic predisposition to 

autoimmunity 94. Experimental studies in mice have provided evidence for the 

contribution of genetics to the development of CV pathology. For example, the 

A/J mouse strain is highly susceptible to enterovirus-induced experimental 
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myocarditis whereas C57BL/6 mice are protected 95. Juvenile male BALB/c mice 

develop more dramatic experimental enterovirus-induced myocarditis than 

females 96, and atherosclerosis occurs most readily in the C57BL/6 background 

whereas the CH3 and BALB/c backgrounds are protected from this disease 97. 

The homogeneous genetic backgrounds in inbred mouse strains amplify the 

genetic contribution to experimental CVD initiation and progression while 

minimizing the contribution of environmental factors, as opposed to the diverse 

forms of CVD that occur in the extensively outbred human population. For 

example, monozygotic human twins generally develop autoimmune disease with 

much less than 50% concordance, underscoring the putative role for 

environmental factors 98. Additionally, experimental animal housing conditions 

generally involve isolation from environmental inputs. While this strict 

environmental control improves the reliability and reproducibility of animal 

studies, it does not accurately represent the diverse environmental stimuli that 

humans encounter. 

 

The hypothesis that cardiovascular damage is a critical predecessor of AAb 

generation in CVD is widely accepted and supported by experimental and clinical 

evidence. However, this hypothesis is complicated by the observation that 

cardiac AAbs can also be found in apparently healthy individuals without a 

personal history of CVD, and the presence of these AAbs predicts the 

development of CVD later in life 99. Additionally, the presence of CV-reactive 
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natural antibodies (NAbs) in the general population (elaborated upon later) 

further complicates the understanding of the role for AAbs in CV pathology 100. 

 

3-3 Atherosclerosis is a disease of chronic inflammation  

Atherosclerosis is a chronic reaction to lipid- and cholesterol-rich lipoprotein 

deposits (i.e. lipid- and cholesterol-rich plaques) in the sub-endothelium of large 

and medium arteries  and has been reviewed extensively 38. It is the main driver 

of coronary artery disease (CAD), peripheral artery disease (PAD), and stroke. 

Of note, ‘cholesterol’ refers to a specific chemical entity (i.e. (3β)-cholest-5-en-3-

ol) but it is often conflated, out of convenience, with either low- and high-density 

lipoproteins (LDL and HDL, respectively). In fact, LDL and HDL are 

heterogeneous particles containing variable amounts of lipids and phospholipids 

packaged within a combination of protein carriers (i.e. apolipoproteins). 

Circulating LDL and HDL have well-substantiated direct and inverse correlations, 

respectively, with CVD risk; because of this, significant efforts have been put into 

understanding the specific cellular mechanisms that underpin these 

observations.  

 

The inflammatory nature of atherosclerosis is undisputed and supported by a 

breadth of experimental and clinical observations. It is well known that patients 

with systemic inflammatory diseases develop accelerated and more aggressive 

forms of ASCVD than the general population 37. Despite this, the mechanisms 
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governing ASCVD initiation and progression are incompletely understood, 

particularly with respect to AAb generation and function. ASCVD often begins in 

early adolescence and is initiated by endothelial dysfunction arising primarily 

from disturbed hemodynamics and lipid-induced inflammation, in addition to 

additional environmental factors and the individual’s genetic susceptibility. The 

formation of macroscopic ‘fatty streaks’ at arterial branch points and other sites of 

turbulence heralds the early stages of ASCVD. Fatty streaks are primarily 

composed of oxidized lipoprotein particles (including oxLDL), foam cells (lipid-

laden macrophages), vascular smooth muscle cells (vSMCs), and lymphocytes. 

Over an individual’s lifetime, the streak composition and structural features 

evolve due to chronic superimposed inflammatory and healing responses. Late 

stage disease ultimately results in formation of an atheromatous plaque 7. 

Atherosclerosis manifests clinically due to the effects of tissue ischemia and/or 

infarction caused by partial or complete plaque occlusion of arterial lumens. 

While most commonly associated with the myocardium, atherosclerotic ischemia 

and infarction can affect any of the body’s tissues (e.g. in the setting of PVD).  

 

Efforts to understand the pathophysiology of ASCVD have largely relied on one 

of two mouse models of the disease based on genetic disruption of lipid 

clearance: apolipoprotein-E- and low-density lipoprotein receptor-deficient mice 

(ApoE–/–, Ldlr–/–, respectively). When placed on a high-fat (‘Western’) diet, these 

mice rapidly develop extreme hyperlipidemia, and lipid-rich plaques form shortly 
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thereafter in a predictable distribution. Genetic manipulation of these mouse 

models has provided significant insight into the underlying inflammatory 

mechanisms that promote ASCVD, with the caveat that experimental 

atherosclerosis in mice exhibits substantial differences from the disease in 

humans 101. 

 

3-4 B lymphocytes alter the trajectory of ASCVD 

The role of B cells during ASCVD initiation and progression has been studied 

extensively and is reviewed in detail elsewhere 102. A 2013 genome-wide 

association study (GWAS) compared 188 patients with coronary heart disease 

(CHD) to 188 healthy controls. Gene ontology (GO) enrichment analysis 

demonstrated that B cell activation, differentiation, and signaling genes were 

among the most prominently enriched in patients with CHD 103.  

The predominant B cell subsets in mice and humans are B-1 and B-2 cells that 

produce natural antibodies (NAb) and induced (adaptive) antibodies (iAb, iAAb 

when reactive with self-antigens), respectively. The dominant paradigm for 

understanding the role that B cells play during the natural history of ASCVD is 

based on opposing functions of B-1 and B-2 cells, with the former generally being 

disease-ameliorating and the latter disease-promoting. A schematic of how B-1 

cell-derived NAbs and B-2 cell-derived iAAbs contribute to CAD is shown in 

Figure 3-1. The majority of studies that have contributed to construction of this 

paradigm have been derived from experimental atherosclerosis in mice, but 
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clinical observations do indeed support this diametric model and are described in 

following sections.  

 

In mice, B-1 cells are identified and distinguished from the more common B-2 B 

cells based on lower expression of B220 and by the presence of CD43 40. B-1 

cells can be further subdivided into B-1a and B-1b subsets based on the 

presence or absence of CD5 expression, respectively 104. An analogous 

population of innate-like B-1 cells in humans that appears to have similar 

functional properties to those in mice is identified based on the following surface 

marker profile: CD20+CD27+CD43+CD70− 105. Importantly, in humans, CD5 is 

promiscuously expressed on B-1 and B-2 cells in multiple contexts and is not a 

reliable distinguishing feature of these lineages 106. It is thought that in mice all 

three B cell subsets (B-1a, B-1b, and B2) originate from distinct lineages 107, and 

are thus theoretically targetable through conditional and constitutive gene 

knockout studies to dissect their discrete functional differences. Clarifying the 

role of B cells in atherogenesis will require understanding the distinct versus 

overlapping functions of each subset in ASCVD. Table 1 provides a summary of 

the heterogeneous autoantibodies that are most actively studied in ASCVD with 

putative functional roles in the disease course highlighted 
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Figure 3-1: Autoantibodies in atherosclerotic cardiovascular disease 

(ASCVD).  

Left panel: a diagram of cardiac anatomy with relevant structures labeled, 

including the coronary arteries and associated plaques. Middle panel: a 

generalized schematic for autoantibodies (AAbs) in atherogenesis showing 

opposing roles for B-1 cell-derived IgM NAb and B-2 cell-derived IgG iAAb. Right 

panel: foam cell formation and feed-forward inflammatory activation within vessel 

plaques through enhanced uptake of oxidized lipids during atherogenesis. 

Abbreviations: LDL: low-density lipoprotein; HDL: high-density lipoprotein; NAb: 

natural antibodies; iAAb: induced autoantibodies; Ig: immunoglobulin; oxLDL: 

oxidized low-density lipoprotein; OSE: oxidation-specific epitope; RA: right 

atrium; LA: left atrium; IVC: inferior vena cava; SVC: superior vena cava; RV: 

right ventricle; LV: left ventricle; PA: pulmonary artery. 
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Table 1: Summary of commonly studied autoantibodies in atherosclerotic 

cardiovascular disease (ASCVD). 

 

AAb 
Type Antigen Isotype Antigen 

Class 
Disease 
Effect 

Natural 

Phosphatidylcholine 
(PC) IgM 

Oxidized 
Phospholipid 

Restraining 

Malondialdehyde-
LDL (MDA-LDL) IgM>>IgG Restraining 

Phosphorylcholine IgM (E06), 
IgA (T15) Restraining 

Cardiolipin (CL) IgM, IgA >> 
IgG Restraining 

Induced 

Endothelial cells 
(AECA) IgG Unknown Promoting 

Heat-shock protein 
60/65 (HSP-60/65) IgG Protein 

Metabolites 

Promoting 

Apolipoprotein A-1 
(ApoA1) IgG Promoting 

 

 

3-5 Natural antibodies (NAbs) restrain atherosclerosis 

CV-reactive AAbs are produced in both homeostatic and disease states. NAbs 

are an important class of AAbs produced during homeostasis in the absence of 

cognate antigen encounter or infection. The biology of NAbs has been reviewed 

extensively elsewhere108. In multiple experimental ASCVD models, NAbs have 

been shown to be disease-restraining 17, 100, 109-111.  
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NAbs are derived from B-1 cells 112 that are enriched in the spleen, bone marrow 

(BM), and body cavities (e.g. pleural, peritoneal) 108. In the absence of infection, 

the vast majority of serum IgM antibodies in mice (between 80-90%) are NAbs 

113. Characteristics of NAbs include a) low-affinity for their target antigens relative 

to those resulting from the germinal center (GC) reaction and b) polyreactivity 

with a wide array of structurally distinct cellular elements including autoantigens 

(e.g. elements of apoptotic cells and cell membrane components) and 

evolutionarily conserved microbial products 108. A schematic describing the main 

differences between B-1 and B-2 cells is shown in Figure 3-2. Of note, NAbs 

generally exhibit Ig-encoding gene segments in the germline configuration, 

indicating that their production is independent of somatic recombination and 

hypermutation 114, 115. Optimal development and production of NAb from B-1 cells 

requires IL-5 signaling 116, 117. The association between Il5 gene hypomorphisms 

in humans with ASCVD provides a putative link to B-1 B cells and NAbs in this 

disease process 118. NAb reactivity with multiple self-derived antigens has been 

implicated in conferring this benefit, with many experimental studies focusing on 

NAb reactive to low-density lipoprotein (LDL) derivatives 100, 109, 119-122. Despite 

multiple clinical studies supporting the ASCVD-restraining role for NAbs, studies 

demonstrating disease-promoting activity of NAbs have also been reported in 

both humans and in experimental ASCVD 123-126. Thus, it is not possible to reach 

generalizable conclusions regarding the role for NAb during the initiation and 
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progression of ASCVD. With this caveat in mind, selected key findings that 

contribute to the understanding of NAb function in ASCVD are described below. 

 

Plaque-accumulated lipid and cholesterol deposits are prone to oxidation, both 

spontaneously and enzymatically. Oxidation of plaque constituents renders them 

antigenic through formation of oxidation-specific (neo)epitopes (OSEs) when 

adducted to proteins within the plaques 127, 128. OSEs have been implicated in a 

variety of disease states, reviewed elsewhere 129. Some of the most widely 

studied endogenous OSEs within the context of ASCVD are derived from 

phospholipid (PL) oxidation, including malondialdehyde (MDA) and 

phosphocholine (PC, or phosphorylcholine when functionally adducted) 129. 

These immunogenic OSEs subsequently induce an inflammatory reaction within 

the plaque and vessel wall vicinity. Employing a reductionist approach based on 

these observations, researchers have generated OSEs in vitro, such as copper-

oxidized LDL (CuOxLDL), a model antigen containing heterogeneous OSEs 

generated through reacting purified LDL particles with copper sulfate (CuSO4) 130-

132. CuOxLDL reagents have been useful for standardizing assays OSE-reactive 

AAb detection assays 132 and for clarifying OSE-induced immune responses 

through immunization in experimental models of ASCVD 133.   

 

Phosphatidylcholine (PC) is ubiquitous in mice and humans and is a component 

of cell membranes and cholesterol particles (both HDL and LDL). It readily 
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undergoes enzymatic oxidation by platelet-activating factor–acetylhydrolase (LP-

PLA2) to yield immunogenic PC 134, an OSE that has been demonstrated to be 

an important inflammatory mediator in the setting of ASCVD, functioning through 

activation of T cells, monocytes, and endothelial cells following protein adduction 

127, 135-139. In humans, serum levels of PC-reactive natural IgM (anti-PC-IgM) were 

inversely correlated with the risk of atherosclerosis, vein-graft stenosis, and 

stroke in the general population and also in patients with systemic lupus 

erythematosus 140-145. Additional studies in humans have demonstrated 

associations between alternative OSEs and their role in atherogenesis. For 

example, MDA, an OSE produced from the breakdown of polyunsaturated fatty 

acids (PUFA), is a highly-reactive moiety that readily forms immunogenic protein 

adducts and is recognized by circulating IgM autoantibodies. Multiple 

observational studies in humans have demonstrated inverse correlations 

between MDA-reactive IgM autoantibodies and atherosclerotic disease. 

Specifically, low levels of MDA-reactive NAbs are correlated with increased 

carotid intima-to-media thickness (IMT, a clinical measure of atherosclerosis 

determined using angiography) and increased risk of coronary artery stenosis 111, 

124. These studies provide preliminary evidence that strategies for enhancing 

NAb production may be beneficial for combatting ASCVD. 
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Figure 3-2: B-1 and B-2 cells as modulators of cardiovascular inflammation 

through autoantibody production.  

Left panel: B-1 B cells inhabiting the body cavities are interleukin-5 dependent 

and produce polyreactive natural antibodies, predominantly of the IgM isotype. 

Right panel: B-2 lymphocytes generate adaptive immunoglobulin under the 

control of inflammatory cytokine programming. Abbreviations: TH0: naïve CD4+ T 

lymphocyte; TH1: type 1 inflammation-polarized CD4+ helper T lymphocyte; TH2: 

type 2 inflammation-polarized CD4+ helper T lymphocyte; IFNγ: interferon 

gamma. 

 

Studies in Apoe–/– and Ldlr–/– mice have provided evidence for the disease-

restraining role for NAbs during atherosclerosis initiation and progression and 

provide researchers with the ability to dissect the cellular and molecular 

pathways mediating their production. Splenectomized Apoe–/– mice developed 

more aggressive lesions than intact Apoe–/– control mice, a phenotype that could 
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be rescued through adoptive transfer of B-1a cells 110. Importantly, this protection 

depended on the ability of the transferred B-1 cells to secrete IgM. Recently, B-

1b cells were shown to be sufficient for atheroprotection in Apoe–/– mice via OSE-

specific NAb production 146. The authors provided evidence implicating DNA-

binding protein inhibitor 3 (Id3) as a negative regulator of B-1b cell development -

- conditional deletion of Id3 in B cells using Cd19-Cre on the Apoe–/– background 

led to increased B-1b cell numbers, increased titers of oxLDL NAb, and 

decreased atherosclerotic lesion formation. The study was buttressed by the 

authors’ identification of a hypomorphic Id3 polymorphism in humans that leads 

to elevated B-1 cell numbers and oxLDL-NAb levels. Interestingly, the same 

group previously reported that constitutive deficiency of Id3 significantly 

exacerbated atherogenesis 147, thus implicating potential alternative functions for 

Id3 in non-B cell populations during the natural history of ASCVD.   

 

Using spleens from Apoe–/– mice, researchers cloned of 13 oxLDL-reactive NAb 

(designated ‘E0’ antibodies) 120. The E06 antibody generated from these studies 

recognizes phosphorylcholine-adducted oxidized phospholipids (oxPL) and not 

free PC or reduced/native PLs 148. In vitro studies using the E06 antibody 

demonstrated its ability to prevent macrophage uptake of oxLDL, an important 

element of foam cell formation during atherogenesis 149, 150. Clone E06 was later 

shown to competitively inhibit CuOxLDL binding to CD36 (a member of the 

scavenger receptor [SR] family of proteins that mediates oxLDL uptake), 
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demonstrating not only that CD36 is a receptor for oxPL but also that oxPL-

specific NAbs inhibit CD36-mediated oxLDL uptake 151, which may then interfere 

with CD36-mediated foam cell formation 150. The more recent observation that 

CD36 ligands promote inflammatory responses through activation of a TLR4/6 

signaling cascade provides further insight into potential pathways by which NAb 

(E06 in particular) may mediate ASCVD-protective effects 152. 

 

The B-1 cell-derived T15 IgA NAb clone has been studied extensively and was 

previously shown to confer enhanced Streptococcus pneumoniae immunity in 

mice through recognition of PC in the Streptococcus capsule 153, 154. Intriguingly, 

the antigen-binding domains of E06 and T15 are identical and differ only in 

isotype 155. Immunizing Ldlr–/– mice with preparations of S. pneumoniae 

significantly elevated NAb IgM titers and reduced plaque development, thus 

demonstrating the presence of molecular mimicry between S. pneumoniae and 

oxLDL in addition to a potential mechanism by which NAbs generally restrain 

ASCVD progression. Additionally, these and other studies have provided 

evidence for a potential vaccine for atherosclerosis prevention based on 

enhancing NAb production 156. Later studies showed that passive immunization 

of Apoe–/– mice with monoclonal T15 antibody resulted in significant reductions in 

the development of vein-graft atherosclerosis without altering serum cholesterol 

levels 157, establishing the potential efficacy of NAb-based therapies as a 

treatment for ASCVD.  
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Many of the molecular and cellular mechanisms that underlie the association 

between NAb and atheroprotection still need more investigation. A number of 

putative, and non-mutually exclusive, mechanisms have been proposed based 

on experimental observations. These include binding and recognition of oxidized 

lipid adducts on the surface of apoptotic cells, thereby promoting plaque 

macrophage- and/or dendritic cell-mediated recognition of dead/dying cell debris 

119, potentially in a process dependent on the complement component, C1q 158. 

Others have demonstrated a role for oxLDL-reactive NAb-mediated inhibition of 

endothelial cell (EC) activation and IL-8 (CXCL8) secretion in response to 

stimulation by dying cells 159. EC expression of CD36 has emerged as a potential 

target in vascular disease due to its ability to mediate pro-inflammatory 

activation, and immune cell recruitment 160, 161. It is likely that endothelial CD36 is 

involved in the ameliorative effects of NAbs in atherogenesis. One report 

indicates that oxLDL NAbs restrain atherogenesis in the absence of altered 

plaque apoptotic cell clearance 110. Thus, it is highly likely that NAbs have 

additional functions in ASCVD that remain to be defined. 

 

3-6 Induced autoantibodies (iAAbs) promote atherosclerosis 

The most prevalent antibody isotype in human serum is adaptive/induced IgG 

produced by B-2 cells. Within the context of CVD, induced autoantibodies 

(iAAbs) of the IgG isotype have been studied extensively 102. Like 



 

 57 

atherosclerosis-associated NAb produced during homeostatic conditions, iAAbs 

produced in the setting of inflammation and/or infection also play a role in 

atherogenesis. The specific functions of iAAbs are much less clear, due partly to 

contradictory conclusions within the literature. Unlike homeostatically-produced 

NAb, production of iAAbs requires the concerted interaction of multiple cell types 

(namely B- and T-lymphocytes, antigen presenting cells [APCs]) and 

inflammatory signals (cytokines) to transform a naïve B cell into a class-switched, 

somatically hyper-mutated, antibody-secreting plasma cell. 

 

In contrast to the relative breadth of data demonstrating an atheroprotective role 

for B-1 cell-derived NAb, the role for B2 cell-derived iAAb in atherosclerotic 

disease remains unresolved. Early studies of B cells in ASCVD initially implicated 

a disease-restraining role for B-2 cells: Splenectomized Apoe–/– mice displayed 

an exaggerated atherosclerotic phenotype that could be rescued through 

adoptive transfer of splenocytes 162. In agreement with these observations, it was 

also shown that atherogenesis was amplified in Ldlr–/– mice reconstituted with 

bone marrow from B cell-deficient animals (Ighm–/–, encoding µMT), relative to 

those reconstituted with B cell-replete, wild-type (WT) BM 163.  In contradiction to 

the disease-restraining role for B-2 cells suggested by these studies, it was later 

shown that systemic B-2 cell depletion with anti-CD20 monoclonal antibody in 

either Apoe–/– or Ldlr–/– mice significantly reduced atherosclerotic lesion formation 

164, 165. While multiple explanations could explain these disparate observations, 
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including differences in housing conditions and microbiota 166, contradictory 

conclusions exist and are in need of further study. It is important to acknowledge 

the phenotypic and functional diversity of B-2 cells, which include marginal zone 

(MZ), follicular, and regulatory B cell (Breg) subsets 167. Clarification of the 

disparate observations highlighted above will likely involve determining the 

discrete roles each of these B-2 cell subsets plays during the natural history of 

ASCVD.  

 

Similar to B-1 cell-derived NAb, iAAbs reactive to OSE have been reported in 

both human atherosclerosis and animal models of it 168-171. Demonstration of a 

clear correlation between serum OSE-reactive IgG and disease severity in 

humans has been challenging; while some studies have shown weak positive 

correlations, others have shown none. In experimental murine atherosclerosis, 

OSE-reactive IgG titers correlate with plaque burden, increasing during plaque 

growth and decreasing during plaque regression 170. This correlative observation 

says little about the specific role for OSE-reactive IgG AAbs throughout the 

disease course, however. While many experimental observations have 

demonstrated a pro-atherogenic role for OSE-reactive IgG autoantibodies, their 

functional roles in ASCVD are far from resolved.  

 

In addition, strategies investigating vaccination for generating adaptive antibody 

responses to ASCVD-associated epitopes have also shown observations that 
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conflict with the putative disease-promoting role for iAAbs in ASCVD 125, 133. 

Repeated immunization of Ldlr–/– mice with MDA-adducted LDL (MDA-LDL) or 

native LDL over a period of 7 weeks followed by atherogenesis induction using a 

high-fat diet demonstrated a significant reduction in atherosclerotic lesion 

formation in both cases 125. While less dramatic in the setting of native LDL 

immunization, both immunization strategies significantly reduced lesion formation 

relative to saline-injected control animals. Significantly elevated titers of isotype-

switched antibodies with specificity to oxidized lipid products were only observed 

in the setting of MDA-LDL immunization. Both TH1- and TH2-associated antibody 

titers (IgG2a and IgG1, respectively) were increased in this setting and were 

inversely correlated lesion development. Thus, these observations complicate 

assigning an ASCVD-promoting role for iAAbs.   

 

In addition to OSEs, HSP-60 is an autoantigen that has been of interest to the 

atherosclerosis field. In the setting of atherosclerotic inflammation, endothelial 

cells upregulate expression of HSP-60 which displays structural similarity (i.e. 

molecular mimicry) with HSP-65 from Mycobacterium and Chlamydia spp. 93. In 

the context of prior exposure or infection, the existence of an anti-HSP-65 

antibody response provides a mechanism for induction of autoimmunity in the 

setting of atherosclerotic inflammation leading to upregulation of endothelial 

HSP-60. In support of  a pro-inflammatory role for HSP-65 AAbs in 

atherogenesis, induction of arterial inflammation in normocholesterolemic rabbits 
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was observed following immunization with HSP-65 without alterations in serum 

cholesterol 172. Additionally, Ldlr–/– mice on regular chow developed 

atherosclerotic lesions following intraperitoneal injections of anti-HSP-65-IgG 173. 

While one epidemiological study in humans demonstrated HSP-65-reactive IgG 

titers correlated with atherosclerosis severity (as measured by carotid IMT) 174, 

another demonstrated no correlation 175. Further exploration is needed to clarify 

these disparate observations.  

 

Antibodies against apolipoprotein A-1 (ApoA1), a main protein constituent of 

HDL, were initially observed in patients with systemic inflammatory diseases 

such as RA 176. While HDL levels are commonly thought of as being 

atheroprotective, induced IgG antibody responses to immunogenic products of 

ApoA1 degradation have demonstrated positive correlations with atherogenesis. 

HDL promotes lipid clearance and disposal through reverse cholesterol transport. 

Whether anti-ApoA1 antibodies interfere with this process has not been 

determined. It was shown in patients with RA that circulating ApoA1-reactive IgG 

antibody titers are superior predictors of major cardiac events relative to more 

than fifteen biomarkers tested in the study including serum HDL, LDL, 

triglycerides, and C-reactive protein (CRP) 177. Using patient studies, it has been 

hypothesized that anti-ApoA1 IgG promotes inflammatory activation through 

stimulation of a toll-like receptor 2 (TLR2)-TLR4-NF𝜅B signaling axis in innate 

immune cell populations 178. Later, it was observed in humans that resting heart 
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rate (RHR, a prognostic marker used in assessing patients following myocardial 

infarction) was inversely correlated with anti-ApoA1 IgG titers. Expanding on 

these observation, when rat cardiomyocytes were cultured in the presence of 

aldosterone with or without anti-ApoA1 IgG antibodies, spontaneous contraction 

was shown to decrease in an anti-ApoA1 IgG dose-dependent fashion 179. While 

additional studies are necessary to dissect the mechanisms that underlie these 

observations, anti-ApoA1 IgG autoantibodies also appear to be a potential 

therapeutic target in ASCVD treatment.   

 

A hallmark of late-stage atherosclerotic disease in humans and experimental 

atherosclerosis is the development of arterial tertiary lymphoid organs (ATLO) in 

the adventitia at the sites of plaque formation 13, 14, 16. An attractive hypothesis to 

explain their genesis rests on a compensatory response to chronic inflammatory 

stimulation. The definitive functional role of ATLOs in the context of 

atherosclerotic disease has long eluded the cardiovascular research community. 

Recently, multiple studies have attempted to address this. Using Apoe–/– mice on 

a Western diet, the authors elegantly demonstrate that ATLO contain a T-

follicular-helper (TFH)-GC B cell-axis that that governs lesion formation and 

promotes exacerbated disease. The authors additionally demonstrated the ATLO 

TFH-GC B cell axis is restrained through CD8+ regulatory T cells that are 

restricted to the non-classical major histocompatibility complex Qa-1 (the mouse 

ortholog of human leukocyte antigen [HLA]-E) 13. Another study from the same 
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year reached the opposite conclusion about the function of ATLO in Apoe–/– mice 

14. Therein, the authors concluded that ATLO formation restrains atherosclerosis; 

disruption of ATLO formation through conditional deletion of the lymphotoxin-β 

receptor in vSMCs exacerbated lesion formation 14. The humoral consequences 

of disrupting ATLO formation were beyond the scope of the study in question. 

Nonetheless, the opposing conclusions reached by these two studies are in need 

of further clarification. Resolving the role of ATLO in ASCVD will contribute to the 

understanding of humoral immunity and autoantibodies in this context.  

 

3-7 Myocarditis and Dilated Cardiomyopathy: Role of Autoantibodies 

Myocarditis is inflammation of the myocardium and its most common sequela is 

dilated cardiomyopathy (DCM) 180. DCM is the most common cause of heart 

failure in children and young adults and it is thought that as many as 1 in 3 cases 

of myocarditis progress to DCM 181. While not all cases of myocarditis result in 

DCM and while not all cases of DCM are the result of myocarditis, there exists a 

clear link between the two disease manifestations in a significant proportion of 

cases. Due to this connection, substantial research emphasis has been placed 

on understanding DCM immunopathogenesis and how it progresses from 

myocarditis. It is currently believed that autoimmune-mediated DCM represents 

the major subtype of the disease 182 with emerging evidence that type 3 

inflammatory signals (i.e. those mediating CD4+ T-helper (TH) polarization toward 

a TH17 phenotype) play a critical role in its pathogenesis 183-187.  
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Clinical studies have associated multiple AAbs with myocarditis and DCM. This 

topic has been reviewed in extensive detail elsewhere 188. IgG AAbs directed 

against the β1-adrenergic receptor (β1AR) were detected in the sera of DCM 

patients and shown to inhibit catecholamine binding when cultured with rat 

cardiomyocytes in vitro, whereas sera from patients with ischemic CM, valvular 

hear disease (VHD), and healthy controls demonstrated no effect 189. A later 

study using a synthetic peptide derived from an extracellular domain of β1AR 

demonstrated elevated anti-β1AR AAbs in the sera of DCM patients relative to 

controls (31% vs 12%, respectively) 190. Interestingly, anti-β1AR AAbs were also 

detectable in the healthy control group, demonstrating that the mere presence of 

anti-β1AR is not predictive of pathology. When Japanese white rabbits were 

immunized with a synthetic peptide corresponding to an extracellular domain of 

the β1AR, induction of anti-β1AR IgG production was observed 191. Purified anti-

β1AR IgG from these animals inhibited catecholamine responsiveness when 

cultured on rabbit cardiomyocytes. At 6-months post-immunization, cardiac 

hypertrophy and abnormal hemodynamics were seen. Additional analyses 

indicated evidence of anti-β1AR AAb-mediated adrenergic overstimulation 

leading to compensatory downregulation of β1AR expression, and concomitant 

upregulation of proteins that inhibit β-adrenergic signaling, thus laying the 

groundwork for a disease-exacerbating positive feedback loop. An additional 

study in a limited patient population demonstrated that a significant proportion 
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(36%) of DCM patients with circulating anti-β1AR IgG also exhibited elevated 

anti-M2-muscarinic receptor (M2AChR) IgG AAbs 192. Relative to serum samples 

from control patients, anti-M2AChR IgG AAbs were significantly elevated in the 

context of DCM (39% in DCM vs. 8% in controls) 192. In the myocardium, 

muscarinic and adrenergic signaling exert opposing effects, with muscarinic 

signaling exhibiting negative inotropic and chronotropic effects and adrenergic 

signaling doing the opposite. Overstimulation and desensitization of each 

pathway has been postulated as a functional consequence of circulating anti-

M2AChR and anti-β1AR AAbs, ultimately leading to heart failure 191, 193. 

Additional studies confirming these hypotheses are needed, however. Additional 

cardiac-related autoantigens with established AAb reactivity in human DCM 

include cardiac troponin-I (cTnI) 91, 194-196, mitochondrial M7 197, adenine-

nucleotide transporter (ANT) 198, Na-K ATPase 199, actin 200, acetylcholine 

receptor (201, ⍺/β Myosin heavy chain 202, 203, myosin light chain-1 200, HSP-60 204, 

sarcoplasmic reticulum Ca2+-ATPase (SR-Ca2+-ATPase) 205, laminin 206, and 

tropomyosin 200. A summary of the most studied antigens observed in 

myocarditis and cardiomyopathy can be found in Table 2. The primary 

mechanism by which AAbs exacerbate disease in DCM remains unknown, 

however, and alternative explanations exist to explain their roles that include to 

target neutralization and adaptation to persistent stimulation. 
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Table 2: Summary of the most commonly studied cardiac-related 

autoantibodies in myocarditis and cardiomyopathy. 

Antigen Proposed Pathological Mechanism 
Acetylcholine receptor negative inotropy, bradycardia 
Actin undefined 
Adenine nucleotide 
transporter metabolism inhibition 

β1-adrenergic-R (B1AR) negative inotropy 

Heat-shock protein-60 increased clearance of stressed 
cardiomyocytes 

Laminin undefined 
M2 muscarinic AChR negative inotropy 
Mitochondrial M7 undefined 

⍺/β Myosin heavy chain negative inotropy, failure of thymic 
self-tolerance 

Myosin light chain-1 undefined 
Na-K ATPase arrhythmogenicity 
Sarcoplasmic reticulum-Ca-
ATPase metabolism alterations 

Tropomyosin undefined 
Troponin negative inotropy 

 

Further underscoring the inflammatory nature of this DCM, as many as one out of 

three cases of myocarditis ultimately progresses to DCM. The concept of 

molecular mimicry is central to the understanding of autoimmune responses to 

cardiac antigens and multiple infectious agents have been identified with 

elements bearing epitope similarity to them 207. Known infectious causes of 

human myocarditis that exhibit molecular mimicry of cardiac antigens include 
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Trypanosoma cruzi 208, parvovirus B19 209, coxsackievirus 95 and Borrelia spp. 

210. In each case, cardiac myosin appears to contain dominant epitopes bearing 

structural similarity to pathogen-derived antigens.  

 

Rheumatic heart disease (RHD) provides a prototypical example of molecular 

mimicry in CM. In RHD, untreated and repeated infections with Streptococcus 

pyogenes (Group A Step [GAS]) may lead to acute rheumatic fever characterized 

by a constellation of symptoms resembling many rheumatic conditions including 

polyarthritis, in addition to carditis 211. RF progresses to chronic RHD in as many 

as 50% of patients 212. Cross reactivity between GAS and components of cardiac 

proteins is currently accepted as a key driver of RHD 213. Determination that M 

proteins (one of the major virulence factors expressed by GAS) exhibit structural 

similarity with cardiac myosin provided critical insight into the nature of RHD 214. 

It has since been shown that components of GAS (including its carbohydrate 

antigen, N-acetyl-βD-glucosamine, [GlcNAc] 215, 216) display molecular mimicry 

with additional cardiac antigens such as laminin 217, tropomyosin 218, the 

endothelium 219-221, and others, including those restricted to the cardiac valves 

217. Generation of adaptive Ab responses to infections with cross-reactivity to 

cardiac antigens is a critical element of post-infectious myocarditis and its 

common sequela DCM. 
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Much of the understanding of infectious myocarditis and DCM has been garnered 

from animal models of experimental autoimmune myocarditis (EAM). 

Inflammatory HD with many histologic features of RHD (including pan-carditis, 

granulomatous lesion formation, the presence of Anitschkow cells, and late-stage 

valvular scarring) was accomplished by immunizing mice via intraperitoneal 

injections of a sonicated preparation of GAS 222. Refining the experimental 

approach, the Cunningham group developed a rat model of RF/RHD based on 

immunization of Lewis rats with purified M protein 56, 223, 224. In addition to 

myocardial inflammation, cardiac valve pathology was also observed in these 

studies. Additionally, identification of CD4+ T cells with M protein cross reactivity 

lent further insight into mechanisms by which infection may induce an adaptive 

autoantibody response via the support of CD4+ T cell help. The specific cellular 

and molecular mechanisms by which cardiac-reactive AAbs mediate tissue 

destruction in these model systems (and in human RHD) remains unclear, 

however. Future investigation of EAM models that utilize conditional and 

constitutive gene deletion will be useful for mechanistic studies and clarification 

of these observations. 

 

Multiple viruses (enteroviruses, most commonly) have been established as 

causative agents of myocarditis/DCM. The most well-studied of these is 

coxsackievirus B3 (CVB3), a cytolytic enterovirus with cardiotropism 225. The 

presence of detectable enteroviral genomic material and enteroviral-reactive 
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antibodies has been observed in as many as 70% of DCM patients 95. In CVB-

induced EAM, it has long been known that anti-cardiac myosin AAbs are 

generated during the disease course and that cardiac-myosin reactive AAb titers 

correlate with myocarditis severity 226. It is unclear what functional role anti-

cardiac myosin AAbs play during the course of viral myocarditis/DCM; a lack of 

cross-reactivity between cardiac myosin-reactive AAbs and CVB3 was reported, 

thus contradicting the mimicry hypothesis as a driver of CVB3-myocarditis/DCM 

227. It has been postulated that, rather than participating as active promoters of 

enteroviral-induced cardiac damage, AAbs generated during CVB3 infection are 

bystanders in the disease process, with their titers reflecting the degree of tissue 

damage 225. CVB3 has also been shown to share moderate sequence homology 

to mitochondrial adenine-nucleotide transporter (ANT), a postulated alternative 

target of molecular mimicry during CVB3-induced EAM 228. In a limited cohort, 

anti-ANT AAbs were observed in 94% of DCM patients 198. Additional work is 

needed to determine whether this represents a clinically relevant antigen for AAb 

targeting in viral myocarditis/DCM. 

 

Spontaneous endocarditis and valvular carditis occur with complete penetrance 

in the T cell receptor (TCR) transgenic K/B.g7 mouse line (also referred to as 

K/BxN in some studies), without immunization or infection 57. Thus, this model 

provides a useful tool for dissecting the cellular and molecular mechanisms that 

underpin cardiac pathology in the setting of sterile systemic inflammation. 
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Dissecting the mechanisms that underlie cardiovascular pathology in K/B.g7 

mice is a main focus of the Binstadt lab and my thesis work. K/B.g7 mice exhibit 

expression of a transgenic TCR termed ‘KRN’ that recognizes a peptide derived 

from the self-protein glucose-6-phosphate-isomerase (GPI, a ubiquitous 

metabolic enzyme) presented in the context of the I-Ag7 major histocompatibility 

complex II molecule from the non-obese-diabetic (NOD) mouse strain 229-231. 

Systemic GPI-specific T cell activation leads to production of high-titer anti-GPI 

IgG AAbs. K/B.g7 mice develop erosive polyarthritis, endocarditis, and fibrotic 

valvular carditis with a left-sided predilection, primarily affecting the mitral valve 

(MV) 57, 232. It was demonstrated that macrophages are the key cellular mediators 

of valve pathology in K/B.g7 mice; animals treated systemically with 

macrophage-depleting clodronate liposomes were protected from MV disease 

(MVD) 232. Using constitutive gene deletion approaches, our group demonstrated 

that activating IgG receptors (FcγRs), specifically FcγRIII (CD16) and FcγRIV 

(CD16.2), act redundantly and are required for MVD; protection from disease 

occurs only in the absence of both 232.  These results support a model whereby 

circulating IgG AAbs mediate cardiac inflammation through macrophage 

activation downstream of activating FcγR-mediated recognition of circulating IgG 

AAbs. Additional studies employing conditional gene deletions to dissect the key 

functional consequences induced in macrophages following IgG AAb recognition 

have provided important insight into mechanisms by which AAbs contribute to 

experimental VHD 233. Samples from patients with RHD were used to 
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demonstrate correlations of the authors’ experimental observations to human 

inflammatory VHD.  

 

3-9 Unanswered questions and the need for mechanistic insight 

Mechanistic insight is needed to better understand the role for autoantibodies in 

CV pathology. Studies pursuing mechanistic rather than descriptive and/or 

correlative insight will be critical for rectification of the seemingly conflicting 

observations and conclusions that have been seen and reached. Identification of 

therapeutically-targetable elements of AAb generation in CVD will require cellular 

and molecular mechanistic insight. Gene deletion approaches, both constitutive 

and conditional, for experimental dissection of the pathways by which AAbs 

function in the heterogeneous manifestations of CVD will likely prove useful to 

this field. Significant questions that remain unanswered include the following: 

what determines the quality (i.e. isotype, affinity) and quantity (i.e. circulating 

titers) of an Ab response in the setting of CV inflammation, and how do these 

antibody responses engage additional immune cells to restrain or promote CV 

immunopathology. Finally, how does the interplay between CVD-associated 

antibodies and the discrete inflammatory lineages with which they engage 

ultimately interface with the underlying tissue parenchyma (e.g. myocardium, 

blood vessel wall) to promote or restrain detrimental CV remodeling (e.g. plaque 

formation, fibrosis). Employing lineage-specific gene deletion approaches (e.g. 

Cre-loxP recombination) will undoubtedly prove illuminating. Finally, progress 
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within this field will be well served by demonstrating clinical relevance through 

correlation of experimental observations to human disease. In addition to their 

rarity, samples from human disease states are often logistically complicated to 

acquire. Despite this, the potential insight that can be gained from correlations 

between experimental disease models and human pathology cannot be 

underscored. Future progress in this field will ultimately be made through clinical 

translation. Thus, complementing mechanistic work in experimental models with 

observations in inflammatory human cardiovascular pathology will be critical. 

 

3-9 Conclusions 

There is substantial evidence for the disease-modulating role that AAbs have in 

CVD. Despite the breadth of evidence, there is little consensus regarding the 

specific functions that AAbs have in the various forms of CVD in which they are 

implicated, and numerous conflicting observations and hypotheses have been 

reported. A large majority of studies have been observational or correlative, 

rather than mechanistic, and therefore have not translated into therapeutic 

strategies for human CVD. The field now needs to focus on how these AAbs 

engage particular molecular and cellular immune components to influence 

disease severity; the insights provided by this approach will point the way to new 

therapeutic options. 
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Chapter 4: CD301b/MGL2+ mononuclear phagocytes orchestrate 

autoimmune cardiac valve inflammation and fibrosis. 



 

 73 

Lee A Meier1,2,5, Jennifer L Auger1,2, Brianna J Engelson1,5, Hannah M Cowan1, 

Elise R Breed3,5, Mayra I Gonzalez-Torres1,2,5, Joshua D. Boyer6, Mayank 

Verma4,5, Aubyn Marath7, Bryce A Binstadt1,2,5  

 

1Center for Immunology, 2Department of Pediatrics, 3Department of Laboratory 

Medicine and Pathology, 4Department of Integrative Biology and Physiology, 

5University of Minnesota Medical School, Minneapolis, MN, 6Department of 

Medicine, University of California, San Diego, CA, 7CardioStart International, 

Tampa, FL. 

 

Acknowledgments 

The authors would like to acknowledge the following: University of Minnesota 

Cancer Center Flow Cytometry Resource (UFCR, P. Champoux, J. Motl, and T. 

AQ17 Martin); T. Papayannopoulou, MD, DSci (Itga4-floxed transgenic mice); C. 

Benoist, D. Mathis, and the Institute of Genetics and Molecular and Cellular 

Biology (KRN transgenic, I-Ag7 congenic mice); J. van Berlo, MD, PhD (critical 

manuscript review); and J. Henson, RN, BSN, CCRN, and surgical colleagues 

with CardioStart International (coordination of international sample collections). 

 

Sources of Funding 

The following funding sources supported this work: the National Institutes of 

Health (R01-HL121093, T32-AI007313, T32-GM008244, R25-HL088728), the 



 

 74 

Rheumatology Research Foundation (Innovative Research Grant, Medical and 

Graduate Student Preceptorship), and the Dr. Warren and Henrietta Warwick 

MD/PhD Fellowship. Research reported in this publication was supported by the 

National Center for Advancing Translational Sciences of the National Institutes of 

Health Award No. UL1TR000114. The content is solely the responsibility of the 

authors and does not necessarily represent the official views of the National 

Institutes of Health. 

 

Disclosures 

Mr.  Meier is an inventor on patents related to the treatment of valvular heart 

disease currently under license to Vascudyne, Inc (Plano, TX). The contents of 

this dissertation fall outside this agreement. 

 

Author Contributions: 

Conceptualization, LAM  and BAB; Methodology,  LAM, BAB, JLA; Formal 

Analysis, LAM; Investigation, LAM, JLA, BJE, HMC, MIGT, JDB, ERB; 

Resources, AM, LAM, BAB; Writing draft, LAM; Editing: LAM, BAB; Visualization, 

LAM; Supervision and Administration, BAB; Project Funding Acquisition, LAM 

and BAB. 

 

 

 



 

 75 

Preamble 

Background 

Valvular heart disease (VHD) is common and affects the mitral valve (MV) most 

frequently. Despite the prevalence of mitral valve disease (MVD), the cellular and 

molecular pathways that initiate and perpetuate it are not well understood.  

 

Methods 

K/B.g7 T cell receptor (TCR) transgenic mice spontaneously develop systemic 

autoantibody-associated autoimmunity, leading to fully-penetrant fibro-

inflammatory MVD and arthritis. We used multiparameter flow cytometry, 

intracellular cytokine staining, and immunofluorescent staining to characterize the 

cells in inflamed K/B.g7 MVs. We used genetic approaches to study the 

contribution of mononuclear phagocytes (MNPs) to MVD in this model. 

Specifically, we generated K/B.g7 mice in which either CX3CR1 or 

CD301b/MGL2-expressing MNPs were ablated. Using K/B.g7 mice expressing 

Cx3Cr1-Cre, we conditionally deleted critical inflammatory molecules from MNPs, 

including the Fc receptor signal-transducing tyrosine kinase Syk and the cell 

adhesion molecule very late antigen-4 (VLA-4).   We performed complementary 

studies using monoclonal antibodies to block key inflammatory molecules. We 

generated bone marrow chimeric mice to define the origin of the inflammatory 

cells present in the MV and to determine which valve cells respond to the pro-
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inflammatory cytokine TNF.  Finally, we examined specimens from patients with 

rheumatic heart disease (RHD) to correlate our findings to human pathology. 

 

Results 

MNPs comprised the vast majority of MV-infiltrating cells; these MNPs expressed 

CX3CR1 and CD301b/MGL2.  Analogous cells were present in human RHD 

valves. K/B.g7 mice lacking CX3CR1 or in which CD301b/MGL2-expressing 

MNPs were ablated were protected from MVD. The valve-infiltrating 

CD301b/MGL2+ MNPs expressed tissue-reparative molecules including 

arginase-1 (Arg-1) and resistin-like molecule alpha (RELM-⍺).  These MNPs also 

expressed the pro-inflammatory cytokines TNF and IL-6, and antibody-blockade 

of these cytokines prevented MVD.  Deleting Syk from CX3CR1-expressing 

MNPs reduced their TNF and IL-6 production and also prevented MVD. TNF 

acted through TNFR1 expressed on valve-resident cells to increase expression 

of vascular cell adhesion molecule-1 (VCAM-1). Conditionally deleting the 

VCAM-1 ligand VLA-4 from CX3CR1-expressing MNPs prevented MVD. 

 

Conclusions 

CD301b/MGL2+ MNPs are key drivers of autoimmune MVD in K/B.g7 mice and 

are also present in human RHD. We define key inflammatory molecules that 

drive MVD in this model, including Syk, TNF, IL-6, VLA-4, and VCAM-1. 
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Clinical Perspective: Novel findings 

• We identify a critical population of CD301b/MGL2-expressing 

mononuclear phagocytes (MNPs) that orchestrates MV inflammation and 

fibrosis in a mouse model.  

• We demonstrate an analogous cell population is present in human 

inflammatory cardiac valve disease. 

 

Clinical Implications and Potential Impact 

• To our knowledge, these are the first studies to define the cellular and 

molecular mechanisms of cardiac valve inflammation and fibrosis 

occurring in the setting of systemic inflammatory disease, such as that 

seen in rheumatic heart disease.  

• We identify multiple potential therapeutic targets that are required for MV 

inflammation and fibrosis. 
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4-1 Introduction 

Valvular heart disease (VHD) is common and affects ~2.5% of all adults and 

~14% of adults over the age of 75 in industrialized nations234. The mitral valve 

(MV) is most frequently diseased, followed by the aortic valve (AV), while the 

right-sided valves (i.e. tricuspid valve [TV] and pulmonic valve [PV]) are only 

rarely affected234. In the setting of systemic autoimmune and inflammatory 

diseases such as rheumatic fever (RF) and systemic lupus erythematosus (SLE), 

MV pathology is common22. The molecular and cellular pathways that connect 

systemic inflammation to VHD have not been delineated.  

 

Animal models have been used to study the link between systemic inflammatory 

diseases and cardiovascular (CV) disease (CVD), but are largely focused on 

accelerated atherosclerosis235. Because of this, the majority of preclinical studies 

investigating CV inflammation use mouse models with genetic disruptions of lipid 

clearance. When fed a high-fat or ‘Western’ diet, these mice reliably develop 

extreme and non-physiological hypercholesterolemia, subsequently driving 

atherogenesis236. Although AV lesions can arise in these mice237, MV disease 

(MVD) has historically been challenging to model experimentally.  

 

Rheumatic heart disease (RHD) that follows inadequately-treated Group A 

streptococci (GAS) infection in humans most commonly affects the MV212. During 

the progression of valvular RHD, mitral regurgitation (MR) progresses to mitral 
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stenosis (MS)212, owing to the presence of longstanding fibrosis and MV 

remodeling induced by chronic inflammation. Immunization of rodents with 

cardiac myosin or GAS peptides can induce the production of anti-cardiac 

autoantibodies that provoke cardiac valve inflammation. These models have 

provided information about the cellular and molecular drivers of valve 

inflammation in the setting of a systemic autoantibody-associated disease213, 238, 

and have also lent support to the molecular mimicry hypothesis207, 239. However, 

these studies, along with similar studies of valves from patients with rheumatic 

carditis, provide primarily descriptive insight212, 217, 240. Thus, the mechanisms by 

which RF progresses to RHD remain undefined, and therapeutic intervention is 

largely limited to prophylactic antibiotics and, eventually, surgery. Although early 

recognition and treatment of GAS infection has reduced the morbidity and 

mortality associated with RHD in developed countries, it remains a significant 

health challenge worldwide with an estimated mortality of more than 300,000 

individuals annually240.  

 

Autoantibody formation occurs not only in rheumatic carditis, but also in many 

other forms of acquired CVD, arising both as a comorbidity of systemic 

autoimmunity (e.g. Libman-Sacks endocarditis in SLE and the antiphospholipid 

antibody syndrome) and also in the general population241, 242. The antigens 

targeted by CVD-associated autoantibodies are diverse and include cardiac-

specific and ubiquitously-expressed ones243, 244. Due to the well-studied 
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connection between low-density lipoprotein (LDL) and atherogenesis, the 

majority of animal studies have focused on autoantibodies with reactivity to 

apoliproteins, particularly LDL and products of its metabolism (e.g. oxidized LDL 

[oxLDL]). These studies, however, provide conflicting information: both disease-

ameliorating and disease-exacerbating roles for such autoantibodies have been 

reported40, 245; whether these animal models correlate to human disease is also 

unclear246.   

 

We have described a mouse model of cardiac valve disease occurring in the 

context of chronic autoantibody-mediated arthritis57. T cell receptor transgenic 

“K/B.g7” arthritic mice develop fully-penetrant, spontaneous-onset cardiac valve 

inflammation and fibrosis independently of disrupted lipid trafficking, dietary 

intervention, or experimentally-induced hyperlipidemia247. As in humans, the left-

sided valves are affected in K/B.g7 mice; MVD is 100% penetrant while the AoV 

is affected less frequently57. Autoimmunity occurs spontaneously in K/B.g7 mice 

– no immunization is needed. Production of high-titer immunoglobulin G (IgG) 

autoantibodies reactive to a ubiquitously-expressed antigen is critical to the 

systemic inflammatory process in this model230. Using constitutive knockout 

mice, we have previously shown that IgG-binding Fc receptors (FcγRs) are 

necessary for the MV disease232. In related studies, we demonstrated that K/B.g7 

MVD depends on MNPs; systemic MNP depletion using clodronate liposomes 

confers protection from MV inflammation and fibrosis232. In the present study, we 



 

 81 

dissect the molecular pathways by which specific mononuclear phagocyte (MNP) 

populations provoke fibro-inflammatory MV pathology.  
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4-2 Methods 

Animals 

All animal experiments were conducted in accordance with the University of 

Minnesota Institutional Animal Care and Use Committee (IACUC) guidelines for 

the ethical care and treatment of laboratory animals (IACUC protocol #1506-

32700A). The following mouse lines were provided by the indicated investigators: 

KRN T cell receptor (TCR) transgenic (‘KRN’) and C57BL/6:I-Ag7 MHC class II 

congenic (‘B.g7’), (D. Mathis, C. Benoist,  and the Institut de Génétique et 

Biologie Moléculaire et Cellulaire [IGBMC], Illkirch-Graffenstaden, France), 

Itga4tm1Tpa (‘Itga4fl’ , T. Papayannopoulou, University of Washington, Seattle). 

The remaining mice were purchased from The Jackson Laboratory: B6.129P2-

Syktm1.2Tara/J (‘Sykfl’), B6J.B6N(Cg)-Cx3cr1tm1.1(cre)Jung/ (‘Cx3cr1-Cre’), B6.129P-

Cx3cr1tm1Litt/J (‘Cx3cr1-gfp’), B6(FVB)-Mgl2tm1.1(HBEGF/EGFP)Aiwsk/J (‘Mgl2-DTR’),  

B6.129S7-Rag1tm1Mom/J (‘Rag1–/–’), C57BL/6-Tnfrsf1atm1Imx/J (‘Tnfr1–/–’), 

NOD/ShiLtJ (‘NOD’), B6.SJL-Ptprca Pepcb/BoyJ (CD45.1-congenic C57BL/6). 

Standard housing in a specific pathogen free (SPF) facility was employed in all 

studies. 

 

Monoclonal antibody (mAb) inhibition 

All neutralizing monoclonal antibodies (mAbs) for in vivo use were purchased 

from BioXCell. Species-matched isotype control antibodies were purchased from 

Jackson Immunoresearch. Antibody solutions were diluted with sterile 0.9% 
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saline to a final concentration of 1 mg/mL. The dosing regimen consisted of 

twice-weekly intraperitoneal (IP) mAb injections (200 μg mAb in 200 μL 0.9% 

saline) for four weeks. The following clones were used: IL-6 (MP5-20F3), TNF 

(MP6-XT22), TNFR2 (TR75-54.7), VLA-4 (PS/2), VCAM-1 (M/K-2.7), IL-18 

(YIGIF74-1G7), GM-CSF (MP1-22E9), CCL2 (2H5), IL-1β (B122). 

 

Tissue isolation and digestion 

Following CO2 euthanasia, mouse hearts were removed and placed in cold RPMI 

with L-glutamine (Gibco) and 3% FBS. MVs were then isolated with the aid of a 

dissection microscope. MVs were suspended in pre-warmed RPMI containing 

3% FBS, 10 mM 2-[4-(2-hydroxyethyl)-piperazin-1-yl]-ethanesulfonic acid 

(HEPES), 500 U/mL collagenase-2 (Worthington Biochemical, LS004174), 20 

U/mL DNase I (Worthington Biochemical, LS002006). Samples were incubated 

at 37oC using a water bath with periodic trituration for 1 hour total enzyme 

exposure. Enzyme activity was quenched using 10 mL cold RPMI containing 3% 

FBS, and the digested samples were centrifuged at 300g for 5 minutes at 4oC. 

Pellets were suspended in cold PBS containing 2% bovine serum albumin (BSA, 

Roche) and passed through a 70 µm filter. To lyse erythrocytes, 0.100 mL 

ammonium-chloride-potassium (ACK) lysis buffer was added to each valve 

sample, followed by incubation at room temperature for 3 minutes. The lysis was 

quenched by adding 1.5 mL of cold PBS containing 2% BSA. The remaining 

digested tissue samples were centrifuged at 300g for 5 minutes at 4oC and the 
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supernatants were discarded. The remaining pellets were suspended in PBS 

containing 2% BSA and used for flow cytometry analyses. For secondary 

lymphoid organs (SLOs), the samples were macerated in ACK buffer, passed 

through a 70 µm cell strainer, incubated in for 3 minutes to lyse erythrocytes, 

then centrifuged at 300g for 5 minutes at 4oC. The remaining pellets were 

suspended in 2% BSA in PBS and counted using a hemocytometer. Axillary, 

brachial, cervical, inguinal, popliteal, para-aortic, and mesenteric lymph nodes, 

and spleen from each animal were pooled. 

 

Intracellular cytokine staining (ICS) 

For analysis of TNF and IL-6 production in vivo, a bolus of 250 µg brefeldin A 

(eBioscience, 00-4506-51) in 200 µL saline was injected into the peritoneal cavity 

of each animal three hours prior to euthanasia. Lymphoid tissues and hearts 

were prepared as described above. For ICS experiments, all sample buffers used 

prior to sample fixation contained 3 µg/mL brefeldin A. After staining surface 

antigens, samples were fixed and permeabilized as described above. Anti-TNF 

(clone MP6-XT22, BioLegend), and anti-IL-6 (clone MP5-20F3, BioLegend) 

antibodies were added at 1 µg/mL for 30 minutes at room temperature, protected 

from light. Each sample was subsequently washed three times using PBS 

containing 2% BSA, filtered through a 70 µm cell strainer, and used for flow 

cytometry analyses as described above. 
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Flow cytometry 

Antibodies with the following specificities were used (clones listed, purchased 

from BioLegend unless noted otherwise): CD3ε (145-2C11 and 17A2), CD4 

(RM4-5 and GK1.5), B220 (RA3-6B2), Ly6G (1A8), CD11b (M1/70), F4/80 

(BM8), CX3CR1 (SA011F11), Ly6C (AL-21, BD), CD301b/MGL2 (URA-1), CD64 

(X54-5/7.1), CD16.2 (9E9), CD49d (R1-2), Syk (5F5), CD49d (R1-2, 

eBioscience), CD16/32 (2.4G2). 2-5 million cells per lymphoid tissue sample 

were used in flow cytometry experiments. All cells liberated from collagenase-

digested valve tissue were analyzed. Viability staining was conducted using 

Live/Dead Fixable Aqua (Fisher), Sytox Red (Fisher), and Ghost Violet-510 

(Tonbo), according to each manufacturer’s recommended protocol. Fc receptors 

were blocked using anti-CD16/32 (a-FcgRII/III, Tonbo) at 5 μg/mL. Sample 

fixation and permeabilization was utilized for intracellular protein detection 

according to the manufacturer’s protocol (Cytofix/CytopermTM, BD Biosciences). 

We used BD LSR Fortessa and BD LSR II cytometers equipped with FACSDiva 

software for data acquisition and FlowJo version 10 for data analyses. 

Quantification of fluorescence intensity was conducted by normalizing the 

geometric mean fluorescence intensities (gMFI) to their respective fluorescence-

minus-one (FMO) controls. This ratio, averaged across experimental and 

biological replicates, is presented when indicated. 
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Mouse tissue histology 

Hearts were excised and flash-frozen using Optimal Cutting Temperature (OCT) 

medium over dry ice and isopentane slurry. Coronal sections were taken at 7 µm 

thickness with a cryostat (Leica CM3050 S) and stored at -80oC until used. 

Hematoxylin and eosin (H&E) staining was conducted according to standard 

methods. Masson’s trichrome staining was conducted according to the 

manufacturer’s recommendations (Abcam, ab150686). Cardiac valve thickness 

was measured as described previously57, 232, 248 using cellSens image acquisition 

software (Olympus). For immunofluorescence (IF), sections were fixed in chilled 

acetone for 20 minutes. Nonspecific binding was blocked using PBS containing 

5% normal donkey serum (NDS, Jackson Immunoresearch), 0.1% Tween-20 

(Sigma), 5 μg/mL anti-CD16/32 (2.4G2, Tonbo), and 5  µg/mL anti-CD64 (goat 

polyclonal, Santa Cruz). For indirect IF, primary antibodies (anti-VCAM-1, 429-

MVCAM.A, BioLegend; anti-TNFR1, rabbit polyclonal, Bioss; anti-TNFR2, TR75-

42.4; anti-RELM-a/FIZZ-1, rabbit polyclonal, Peprotech; anti-arginase-I, rabbit 

polyclonal, Invitrogen) were used at a concentration of 5 µg/mL and incubated 

overnight in a humidified staining box at 4oC in PBS containing 5% NDS and 

0.1% Tween-20. Secondary antibodies matched to the species of the blocking 

serum (or streptavidin-conjugated fluorochromes when detecting biotin-

conjugated primary antibodies) were purchased from Jackson Immunoresearch 

and used at a 1:800 dilution in PBS containing 2.5% NDS and 0.1% Tween-20. 

For direct IF, all fluorochrome-conjugated antibodies (anti-CD301b/MGL2, URA-
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1; anti-CD64, X54-5/7.1; anti-CD45.1, A20; CD45.2, 104) were applied overnight 

at 4oC in a humidified staining box using a concentration of 5 µg/mL in PBS 

containing 5% NDS and 0.1% Tween-20, protected from light. Hoechst 33342 

(ThermoFisher) at 1 µg /mL in PBS was applied for 10 minutes to counterstain 

nuclei. Samples were mounted using anti-fade medium (ThermoFisher) and 

imaged using an Olympus BX51 or a Leica DM6000B. For biotinylated 

antibodies, in addition to the blocking method described above, endogenous 

biotin blocking was performed according to the manufacturer’s protocol (Abcam, 

ab3387). Exposures were matched to negative staining in isotype controls when 

appropriate. The FIJI distribution of ImageJ (NIH) was used for image analysis249.  

 

Ablation of Mgl2-expressing cells 

Transgenic mice containing a diphtheria toxin (DT) receptor (DTR) construct 

within the Mgl2 gene250 were crossed to the K/B.g7 background. Beginning at 4-

weeks of age, intraperitoneal injections of 1µg DT (Sigma, D0564) in 100 µL PBS 

were given to each animal every other day and continued until 8 weeks of age. 

Histological assessment of MV inflammation and fibrosis was conducted as 

described above. 

 

Intracellular cytokine staining (ICS) 

For analysis of TNF and IL-6 production in vivo, a bolus of 250 µg brefeldin A 

(eBioscience, 00-4506-51) in 200 µL saline was injected into the peritoneal cavity 
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of each animal three hours prior to euthanasia. Lymphoid tissues and hearts 

were excised and prepared as described above. For ICS experiments, all sample 

buffers used prior to sample fixation contained 3 µg/mL brefeldin A. After staining 

surface antigens, samples were fixed and permeabilized as described above. 

Anti-TNF (clone MP6-XT22, BioLegend), and anti-IL-6 (clone MP5-20F3, 

BioLegend) antibodies were added at 1 µg/mL for 30 minutes at room 

temperature, protected from light. Each sample was subsequently washed three 

times using PBS containing 2% BSA, filtered through a 70 µm cell strainer, and 

used for flow cytometry analyses as described above. 

 

Human heart valve histology 

De-identified human cardiac valve samples were acquired by CardioStart 

International during charitable missions in countries with high incidences of 

rheumatic cardiac disease presentation. Samples were taken from patient’s 

valves being explanted during surgical correction (all harvesting followed 

University of Minnesota’s patient consent procedures directed by UMN IRB 

no: 1307M39481). Histological analyses of these samples were deemed exempt 

from University of Minnesota Institutional Review Board oversight due to the de-

identified nature of the samples. Following surgical resection, samples were 

placed in 10% neutral buffered formalin for short-term storage and for 

transportation to the laboratory. Each sample was subsequently placed in 70% 

ethanol until paraffin embedding and sectioning. Formalin-fixed, paraffin-
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embedded (FFPE) samples were sectioned at 7 µm, deparaffinized in xylene, 

and rehydrated using a decreasing ethanol/water gradient. Masson’s trichrome 

staining was performed as described above. For IF, antigen retrieval was 

conducted according to the manufacturer’s protocol (R&D Systems, #CTS015, 

Antigen Retrieval Reagent-Universal). Briefly, samples were incubated in neutral 

antigen retrieval buffer for 10 minutes at 95oC. After cooling, Fc receptors were 

blocked for 30 minutes at room temperature (Innovex, #NB309). Samples were 

then washed using PBS containing 1% BSA and 2% FBS. Blocking of non-

specific interactions was accomplished using 5% normal goat serum (Jackson 

Immunoresearch) and 2% BSA in PBS for 30 minutes at room temperature. 

Mouse-anti-human CD163 (ThermoFisher #MA5-11458, clone 10D6) and rabbit-

anti-human CD301/CLEC10A (Abcam, ab197346, anti-CLEC10A) were applied 

overnight at 4oC in a humidified staining box at a 1:25 dilution of the stock 

antibody solution into PBS containing 1% BSA and 2% FBS. Nuclei were 

counterstained using mounting medium containing DAPI (Vector Laboratories). 

Sections were imaged using epifluorescence microscopy (Leica DM6000B). 

 

Tissue clearing and mitral valve whole-mount imaging 

Following euthanasia and prior to excision, hearts from Cx3cr1+/gfp mice were 

perfused with 4% paraformaldehyde (PFA) in PBS, excised, and placed in fresh 

4% PFA in PBS for 10 minutes on ice with continuous mixing. Samples were 

subsequently post-fixed overnight after replacing the 4% PFA in PBS. Whole 
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MVs were isolated and the isolated MVs were washed extensively in PBS prior to 

clearing according to methods described previously251 with minor modifications. 

Briefly, samples were incubated in 4% acrylamide solution (Sigma) with the 

thermal initiator VA-044 at 0.25% (Wako Chemical, NC0632395) for 4 hours 

at 4oC. Fresh, degassed acrylamide solution was replaced and polymerized for 3 

hours at 37oC. Any remaining acrylamide solution was removed with PBS 

washes. The polymerized samples were then incubated for 6 hours in 200 mM 

sodium dodecyl sulfate (SDS) solution buffered with 20 mM boric acid (pH 8.4). 

Next, the samples were incubated for 24 hours at 37oC in a solution containing 

5% N,N,N’,N’ tetrakis ethylenadiamine (Sigma), 10% urea, 10 mM SDS, 2% 

Triton X-100, and 20 mM boric acid buffer (pH 8.4). The cleared tissue was 

extensively washed using PBS containing 0.5% Triton X-100. The processed 

tissue refractory index was matched using 88% Histodenz solution (Sigma, 

D2158) for embedding. A Leica DM6000B epifluorescence microscope was 

employed to image the atrial surface of the valves. Due to the uneven topology of 

the whole-mount, a maximum intensity z-projection from 10 focal planes was 

constructed and pseudo-colored to generate the image in Figure 2B. 

 

Bone marrow chimeras 

Two sets of experiments involving bone marrow (BM) chimeras were employed. 

In the first, Tnfr1-deficient and control animals on the Rag1–/– background were 

reconstituted with K/B.g7 bone marrow. In the second, mice bearing the congenic 
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Ptprcb/b (CD45.2+/+) allele on the C57Bl/6 Rag1–/– background were reconstituted 

with bone marrow from mice bearing the congenic Ptprca/a (CD45.1+/+) allele on 

the K/B.g7 background. In both cases, 6-week-old bone marrow recipient mice 

were sub-lethally irradiated (300 rads). After four hours and under isoflurane 

anesthesia, each irradiated animal was reconstituted with 5x106 bone marrow 

cells via retro-orbital injection. Mice were maintained on oral trimethoprim-

sulfamethoxazole (TMP-SMX) during the engraftment period. Hearts were 

collected for histology following 10 weeks of reconstitution. Arthritis progression 

was assessed weekly throughout the experimental duration. Serum samples 

were collected at the experimental endpoint following euthanasia to assess anti-

GPI IgG titers. 

 

Image Analysis 

FIJI (ImageJ, NIH) was used for co-expression analyses. The auto-threshold 

function was used to convert grayscale images to binary. The threshold images 

were pseudo-colored either red (CD301b/MGL2, CD64/FcgRI) or green (CD45.1, 

CD45.2). After merging the respective red and green channels of interest (e.g. 

CD45.1 and CD301b/MGL2), co-expression was quantified as the number of 

yellow pixels (representing red and green co-localization) in each field of view. 

The proportion of yellow pixels attributed to either CD45.1 or CD45.2 is shown. 

To quantify the relative abundance of leukocytes expressing either CD45.1 (bone 

marrow-derived) or CD45.2 (radio-resistant cell-derived), the total number of 
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fluorescing pixels for each respective channel were summed and converted to a 

percentage of the total fluorescence originating from both the CD45.1 and the 

CD45.2 channels. 

 

Anti-GPI titers and arthritis scoring 

Determination of anti-GPI titers and clinical scoring of arthritis were conducted as 

described previously252, 253. 

 

Statistics 

Graphpad (Prism) was used for all statistical analyses. Two-tailed Mann-Whitney, 

non-parametric tests were employed for comparisons between two groups. For 

comparisons involving three or more groups, one-way analysis of variance 

(ANOVA) with post-hoc Tukey’s test for multiple comparisons was employed. 

Statistical significance was defined as p<0.05, and indicated as *p<0.05, 

**p<0.01, & ***p<0.005. Sample sizes are listed in the Figures and/or Figure 

Legends. 
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4-3 Results  

4-3-1 Fully-penetrant, fibro-inflammatory cardiac valve pathology in K/B.g7 

mice 

The K/B.g7 mouse develops systemic inflammation resulting from expression of 

a transgenic T cell receptor (TCR) termed ‘KRN’ that has specificity for a self-

peptide derived from glucose-6-phosphate isomerase (GPI). T cell activation 

occurs when antigen presenting cells (APCs) expressing the I-Ag7 major 

histocompatibility complex-II (MHC-II) present endogenous GPI peptides to KRN-

expressing T lymphocytes. These T cells then provide help to B lymphocytes, 

leading to their activation and, ultimately, production of high-titer anti-GPI 

autoantibodies, primarily IgG1 (summarized in Figure 4-1A)254-256. While the 

inflammatory process in K/B.g7 mice occurs systemically, the primary disease 

manifestations are fully-penetrant fibro-inflammatory cardiac valve disease and 

erosive polyarthritis57, 229, 232, 248. MV inflammation begins at 3 weeks of age; by 8 

weeks, accumulation of inflammatory cells and interstitial thickening is obvious 

(Figure 4-1B). Masson’s trichrome staining provides a qualitative demonstration 

of the fibrotic and inflammatory process present within the inflamed MVs of 

K/B.g7 mice (Figure 4-1C). Collagen deposition characteristically results from 

thickening of the lamina fibrosa, predominantly near the high-pressure left 

ventricle (LV) lumen (left side of both images in C). By 8 weeks, MVs of K/B.g7 

mice are fibrotic and thickened approximately 2.5-fold relative to non-inflamed 

B.g7 controls (lacking the KRN transgene) and remain so chronically (Figure 4-
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1D). Valve hydroxyproline content, a measure of collagen deposition, is similarly 

elevated (Figure 4-1E). When isolated K/B.g7 MVs are enzymatically dissociated 

and analyzed by flow cytometry, MNPs (macrophages [CD45.2+CD3e– B220–

Ly6G– CD11b+CD64/FcgRI+] and monocytes [CD45.2+CD3e– B220–Ly6G– 

CD11b+CD64/FcgRI–]) constitute the vast majority of the accumulated leukocytes 

(Figure 4-1F), an observation consistent with our prior studies demonstrating 

that systemic depletion of phagocytes using clodronate liposomes prevents 

K/B.g7 MV inflammation and fibrosis232. 

 

To determine whether the MNPs arise from valve-resident precursors or are 

recruited from the circulation, we generated BM chimeric mice. BM cells from 

inflamed K/BxN mice (equivalent to K/B.g7) congenically expressing CD45.1 

were transferred intravenously to sublethally-irradiated CD45.2+/+: Rag1–/– 

recipients (Figure 4-2A). Following a 10-week reconstitution period, the relative 

abundance of CD45.1 and CD45.2 expression within the inflamed valves was 

quantified using analysis of IF images (Figure 4-2B & C). Approximately 70% of 

the inflammatory cells in the valve arise from radio-resistant, recipient-derived 

CD45.2+/+ leukocytes whereas approximately 30% arise from the CD45.1+/+ 

transferred BM cells. This is also true for the ratios among total CD64/FcgRI- and 

tissue-reparative CD301b/MGL2-expressing macrophages (Figure 4-2D & F). 

Thus, valve-resident MNPs provide the dominant contribution to the accumulated 
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inflammatory cells in K/B.g7 MVs while bone marrow-derived phagocytes are 

minor constituents.    

 

4-3-2 Cx3cr1-expressing mononuclear phagocytes are required for K/B.g7 

cardiac valve inflammation and fibrosis 

Cx3cr1 encodes CX3CR1, the fractalkine (CX3CL1) receptor, and is expressed 

broadly within the MNP system257. We crossed Cx3cr1-gfp mice to the K/B.g7 

background. These mice contain an eGFP reporter construct in the endogenous 

Cx3cr1 locus (Figure 4-3A). Heterozygosity of the reporter allele (Cx3cr1gfp/wt) 

does not change MV fibrosis and thickening, and eGFP-positive cells are present 

diffusely within the MV interstitium (Figure 4-3B, top). En face imaging of 

Cx3cr1gfp/wt-K/B.g7 MVs that had undergone tissue-clearing reveals characteristic 

phagocyte morphology among the eGFP-positive cells infiltrating the mitral 

atrialis (Figure 4-3B, bottom). These CX3CR1-expressing cells bear 

morphological resemblance to a population of aortic and cardiac valve dendritic 

cells (DCs) described recently, and also to atrioventricular (AV) node 

macrophages that facilitate cardiac conduction26, 258. K/B.g7 mice homozygous 

for the Cx3cr1-gfp reporter allele lack endogenous CX3CR1 expression and are 

protected from MVD (Figure 4-3C). Flow cytometry of inflamed K/B.g7 mitral 

valves from Cx3cr1gfp/wt mice demonstrates that the CX3CR1-expressing cells 

are nearly uniform in their expression of CD64/FcgRI, the high-affinity IgG 

receptor commonly used to delineate a macrophage phenotype (Figure 4-3D). 
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Taken together, these data demonstrate that CX3CR1-expresssing MNPs are 

present in the inflamed MVs and are required for valve pathology.   

 

4-3-3 CD301b/MGL2-expressing MNPs are required for K/B.g7 MV 

inflammation and fibrosis and have correlates in human inflammatory MV 

pathology. 

The cell surface receptor CD301b/MGL2 is classically associated with type 2 

inflammatory responses that dominate the reparative phase of wound-healing259. 

Immunofluorescent staining demonstrates that CD301b/MGL2+ cells are 

distributed diffusely in inflamed K/B.g7 MVs and frequently co-localize with 

molecules associated with tissue repair and fibrosis including arginase-1 (Arg-1) 

and RELM-a/FIZZ-1 (Figure 4-4A, Figure 4-5) 250, 260, 261. To determine whether 

CD301b/MGL2-expressing MNPs are critical for MV inflammation, we generated 

Mgl2-DTR mice on the K/B.g7 background. These mice express the diphtheria 

toxin receptor (DTR) under control of the Mgl2 promoter (Figure 4-4B, top); 

administration of DT ablates CD301b/MGL2-expressing cells. We find that DT-

mediated ablation of CD301b/MGL2-expressing MNPs at the time of MVD onset 

(Figure 4-4B, right) significantly reduces MV fibro-inflammatory thickening 

(Figures 4-4C & D)   

 

We next asked whether we could detect analogous cells expressing 

CD301/CLEC10A (the human ortholog to mouse CD301b/MGL2) in inflamed 
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human MVs. Valve tissue samples were taken from patients with rheumatic 

carditis undergoing MV repair or replacement. Masson’s trichrome staining 

demonstrates characteristic histopathology features of RF and RHD including 

perivascular inflammation and formation of granulomas (i.e. ‘Aschoff bodies’) 

(Figure 4-6). These samples representing an early stage of RHD that presented 

clinically as MR display a disorganized and disrupted collagen fiber network with 

poorly staining regions of high proteoglycan (PG) and glycosaminoglycan (GAG) 

(Figure 4-4E, top). Immunostaining for human CD163 (pan-macrophage) and 

human CD301/CLEC10A demonstrates frequent co-localization of the markers 

(Figure 4-4E, bottom). Thus, like K/B.g7 MVD, human inflammatory MV 

pathology demonstrates accumulation of CD301-expressing macrophages. 

 

4-3-4 TNF- and IL-6-producing CX3CR1+CD301b/MGL2+ MNPs are enriched 

in inflamed K/B.g7 cardiac valves and promote valve inflammation and 

fibrosis  

We next sought to define the functional role for MNPs in K/B.g7 MV inflammation 

and fibrosis and hypothesized that they produce cytokines that drive MV 

inflammation. We tested this using intracellular cytokine staining (ICS) and flow 

cytometry of inflammatory cells isolated from K/B.g7 MVs. The CX3CR1-

expressing MNPs can be subdivided based on Ly6C expression, with Ly6C-low 

and Ly6C-high cells thought to represent early- and late-stage recruited cells, 

respectively260, 262, 263 . Both of these fractions contain pathogenic 
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CD301b/MGL2+ cells, and TNF and IL-6 production is readily detected in them 

(the gating strategy employed in identification of cytokine producing cells is 

shown in Figure 4-7A). Relative to pooled secondary lymphoid organs (axillary, 

brachial, cervical, inguinal, popliteal, para-aortic, mesenteric lymph nodes and 

spleen) of the same mice, the frequency of TNF- and IL-6-producing phagocytes 

isolated from inflamed MV tissue is significantly elevated, demonstrating 

enrichment of cytokine-producing phagocytes within the inflamed MVs (Figure 4-

7B). To determine the functional role for either cytokine in K/B.g7 MVD, we 

employed monoclonal antibody blockade of either TNF or IL-6 beginning at the 

onset of MV inflammation (Figure 4-7C). TNF or IL-6 neutralization resulted in 

qualitative and quantitative reductions in VCAM-1 intensity (Figures 4-7D & E). 

Compared to isotype control antibody-treated animals, blockade of either TNF or 

IL-6 significantly reduced MV fibrosis and thickening (Figure 4-7F). Additionally, 

no effect on MV thickening was observed using monoclonal antibody blockade of 

multiple other cytokines including IL-1b and CCL2 (Figure 4-8 and Figure 4-9). 

Interestingly, blockade of either TNF or VCAM-1 beginning after the onset of MV 

inflammation (i.e. as interventions during established MVD) ameliorates MV 

fibrosis and thickening (Figure 4-10), further underscoring the central role for 

TNF signaling and endothelial/stromal activation in K/B.g7 MVD. In sum, 

progression of K/B.g7 MVD exhibits a specific dependence on TNF and IL-6 

stimulation. MV-infiltrating CX3CR1+CD301b+ MNPs secrete TNF and IL-6 in situ, 

and neutralization of either cytokine prevents MV inflammation and fibrosis. 
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4-3-5 Syk signaling in CX3CR1+CD310b/MGL2+ phagocytes drives TNF and 

IL-6 production  

We have previously demonstrated, using whole animal gene knockouts, that 

activation of immunoglobulin G (IgG) receptors (FcgRs, specifically FcgRIII/CD32 

and FcgRIV/CD16.2) promotes MVD in K/B.g7 mice232. To determine if signaling 

downstream of activating FcgRs specifically in MNPs is necessary for K/B.g7 

MVD, we employed a conditional gene deletion approach using Cx3cr1-Cre. 

Signal transduction downstream of activating FcgRs is mediated by an 

immunoreceptor tyrosine-based activation motif (ITAM)-bearing signaling chain 

that recruits spleen tyrosine kinase (Syk) (Figure 4-11A, left). To test whether 

this signaling pathway in MNPs is critical for MVD, we generated Cx3cr1-

Cre:Sykfl/fl  mice on the K/B.g7 background (Figure 4-11A, right). Mice lacking 

MNP expression of Syk (MNP-Syk) demonstrate significantly decreased MV 

inflammation and fibrotic thickening (Figure 4-11B). MNP-Syk promotes 

leukocyte accumulation in inflamed KB.g7 cardiac valves; total inflammatory cells 

(CD45.2+) are reduced by approximately 75% in the setting of conditional MNP-

Syk deletion (Figure 4-11C). Similarly, the number of CD301b/MGL2-expressing 

MV cells is significantly reduced in mice lacking expression of MNP-Syk relative 

to Cre-negative littermates (Figure 4-11D). Intracellular cytokine staining and 

flow cytometry on MV inflammatory cells demonstrate that conditional MNP-Syk-

deletion leads to a qualitative (Figure 4-11E) and quantitative (Figure 4-11F) 

reduction in TNF and IL-6 expression from valve-infiltrating CD301b/MGL2+ 
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MNPs. Thus, MNP-Syk is required for initiation and progression of MV 

inflammation and acts to promote TNF and IL-6 production from CD301b/MGL2+ 

MNPs in situ.  

 

4-4-6 TNFR1 promotes MVD whereas TNFR2 restrains it 

TNFR1 and TNFR2 have different cellular expression patterns and induce 

context-dependent effects264, 265. To clarify the mechanism of TNF-dependent 

MVD, we first evaluated expression TNF receptor-1 (TNFR1) and TNFR2 in 

inflamed MVs. Both receptors are readily detected in non-inflamed control (B.g7) 

and inflamed (K/B.g7) MVs (Figure 4-12A). We therefore interrogated the 

contribution of each of these receptors to the development and progression of 

MVD. 

 

We hypothesized that valve-resident cell types (e.g. endothelial cells [EC] and 

valvular interstitial cells [VIC]) expressing TNFR1 are the main responders to 

TNF. To test this, we generated BM chimeras with sub-lethally-irradiated Tnfr1–/– 

Rag1–/– mice reconstituted with Tnfr1+ K/B.g7 BM. Tnfr1+/+ Rag1–/– age-matched 

mice were used as control recipients (Figure 4-12B). MV fibrosis and thickening 

developed normally in the control animals, whereas recipient mice lacking Tnfr1 

expression on valve-resident cells failed to develop MVD (Figure 4-12C).  
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To assess the possible role of TNFR2, we used monoclonal antibody blockade 

according to timeline in Figure 4-12D. Interestingly, TNFR2 neutralization 

significantly exacerbated MV fibrosis and thickening compared to isotype control 

antibody-treated animals (Figure 4-12E), suggesting that TNFR2 normally 

inhibits MVD. Collectively, these studies demonstrate opposing roles for TNFR1 

and TNFR2 — TNFR1 promotes MVD in K/B.g7 mice whereas TNFR2 restrains 

it. 

 

4-3-7 Accumulation of valve-infiltrating CX3CR1+ MNPs depends on VCAM-

1:VLA-4 

Based on our studies demonstrating K/B.g7 MVD requires expression of TNF or 

IL-6, and that these cytokines promote VCAM-1 expression in inflamed MVs, we 

postulated that activation of the valve stroma following TNF or IL-6 stimulation 

leads to accumulation of CX3CR1+ MNPs in a VCAM-1:VLA-4-dependent 

process (Figure 4-13A). We again used monoclonal antibody blockade, now 

targeting VCAM-1, VLA-4, or isotype control according to the timeline depicted in 

Figure 4-13B. Blockade of either VLA-4 or VCAM-1 significantly attenuated valve 

fibrosis and thickening (Figure 4-13B, top), both qualitatively (as demonstrated 

through H&E staining) and quantitatively, as demonstrated by MV thickness 

measurements in each case. We next sought to determine whether MNPs are 

the critical VLA-4-expressing population. Conditional deletion of alpha-4 integrin 

(Itga4, encoding the a4 subunit of VLA-4) in MNPs using Cx3cr1-Cre (Figure 4-
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13C), prevents assembly and cell surface expression of the VLA-4 heterodimer 

(a4b1). Conditional deletion of Itga4 in MNPs (MNP-Itga4) of K/B.g7 mice 

significantly reduces fibro-inflammatory MV thickening (Figure 4-13C). Flow 

cytometric analysis of valves from Cx3cr1-Cre+/wt:Itga4fl/fl mice (Figure 4-13D) 

demonstrates a significant quantitative reduction in accumulation of and 

CX3CR1+CD64/FcgRI+  MNPs (bearing a classical macrophage surface 

phenotype), relative to littermates lacking Cre expression. Thus, CX3CR1+ MNPs 

accumulate in K/B.g7 MVs mice via expression of VLA-4 and through interactions 

with VCAM-1 expressed on the cytokine-activated valve stroma. 

 

4-3-8 Arthritis progression and autoantibody titers: MV-specific 

pathogenesis 

The progression of arthritis and anti-GPI IgG titers were assessed in all of the 

experiments presented above. In each setting, the interventions (e.g. monoclonal 

antibody blockade, conditional gene deletions, BM chimeras) had no effect on 

the progression of arthritis or anti-GPI IgG production (Figure 4-9, Figures 4-14, 

15, 16). Thus, K/B.g7 MVD progresses by distinct mechanisms from those 

contributing to joint pathology in the same animals. Additionally, the reductions in 

valve inflammation and fibrosis highlighted herein are not the result of global 

suppression of inflammation, as demonstrated by unimpeded development of 

arthritis and autoantibody production.  
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4-4 Discussion 

Using complementary in vivo approaches including blocking antibodies, 

constitutive and conditional gene deletion, and targeted cell depletion, we define 

a critical inflammatory population of CD301b-expressing MNPs (also known as 

macrophage galactose N-acetyl-galactosamine specific lectin 2 [MGL2]) that is 

required for MV pathology and demonstrate that similar cells are present in MV 

specimens from human patients with rheumatic carditis. Our findings are 

consistent with the working model shown in Figure 4-17. Initial production of anti-

GPI auto-antibodies results from the interaction of self-reactive T and B cells (1). 

Binding of circulating IgG auto-antibodies to activating IgG receptors (FcgRs) on 

valve-resident cardiac phagocytes (2), activates a Syk-dependent signaling 

cascade, resulting in TNF and IL-6 production (3). MNP-derived TNF acts 

through TNFR1 on the radio-resistant cell populations in the valve stroma and 

interstitium (4), upregulating VCAM-1. Circulating VLA-4+ MNPs interact with 

VCAM-1 (5) and are recruited to the valve interstitium where they assume a 

tissue-reparative phenotype characterized by expression of 

CD301b/MGL2+(6)250, 259. To our knowledge, this is the first study to define the in 

vivo cellular and molecular mechanisms that mediate chronic autoimmune MV 

inflammation and fibrosis. More broadly, our findings advance the understanding 

of how circulating autoantibodies provoke cardiac pathology. 
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The immune system’s contribution to CVD has been studied extensively45. It is 

well known that patients with systemic inflammatory disorders (e.g. rheumatoid 

arthritis, systemic lupus erythematosus) develop more accelerated and 

aggressive forms of CVD compared to the general population37. Independently of 

blood lipids, increased inflammatory biomarkers (e.g. C-reactive protein [CRP], 

IL-6) positively correlate with the risk of adverse CV events266. Despite these 

observations, no currently FDA-approved therapies directly target elements of 

adverse CV inflammation. In recent years much emphasis has been placed on 

understanding the mechanisms underlying immune-mediated CV remodeling. 

Medical management of CVD, however, has historically centered around blood 

lipids and, in particular, low-density lipoprotein (LDL) reduction; few large-scale 

clinical trials have directly evaluated the role of inflammation during the natural 

history of CVD.  

 

The landmark CANTOS study provides direct confirmation for the role of 

inflammation in CV pathology. In this study, administration of an IL-1b 

neutralizing antibody (canakinumab) to patients with a prior history of myocardial 

infarction and evidence of elevated systemic inflammation (as indicated by 

elevated serum C-reactive protein) significantly reduced adverse CV events 

reference. IL-1b was chosen as a therapeutic target in view of its role in driving 

IL-6 production; serum levels of IL-6 demonstrate a strong, lipid-independent 

correlation with the risk of adverse CV events50, 51, 266. Herein, we demonstrate a 
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critical role for both IL-6 and TNF as drivers of chronic cardiac valve inflammation 

in K/B.g7 mice, whereas IL-1b blockade had no effect. Thus, the pathways by 

which cardiac inflammation arise are diverse. The results of CANTOS confirm the 

role for inflammation in CVD and underscore the importance of continued 

exploration of additional pathways by which immune dysregulation may 

contribute to its development. While CANTOS provides much needed 

confirmation of the inflammation hypothesis in atherosclerotic CVD, additional 

immune mechanisms undoubtedly also contribute to CV pathology.  

 

We have defined a critical role for CD301b/MGL2-expressing MNPs in a mouse 

model of systemic autoimmunity-associated MVD. Beyond its association with 

MNP (e.g. macrophage, DC) polarization during type 2 inflammatory responses 

in multiple disease models250, 259, 267, relatively little is known about the specific 

function(s) of CD301b/MGL2 and its human ortholog, CD301/CLEC10. 

Consistent with this, no prior studies have demonstrated that CD301b/MGL2 

expression delineates a critical pathogenic MNP subset that is required for CV 

pathology.  Most commonly, MGL2/CD301b is used in a descriptive manner to 

designate an alternatively-activated phenotype because of its association with 

canonical ‘M2 macrophage’ polarization. Studies have shown that white adipose 

provides a niche for CD301b/MGL2+ MNPs. Therein, their functional roles are 

diverse and include regulation of whole-organism metabolic homeostasis through 

endocrine secretion of RELMa/FIZZ-1259. The well-defined connection between 
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derangements of metabolism (e.g. diabetes, obesity) and cardiovascular risk 

tempts speculation about potential direct and indirect roles for adipose-residing 

CD301b/MGL2-expressing MNPs during CVD progression. Further study of the 

biology of CD301b/MGL2-expressing cells will be needed to clarify our 

experimental observations. In particular, determination of the specific anatomic 

compartments from which pathogenic CD301b/MGL2-expressing MNPs arise in 

K/B.g7 MVD as well as their temporal dynamics during MVD progression will 

both be greatly informative. 

 

The most commonly-employed mouse models used to study lipid-mediated 

vascular remodeling and CVD are based on genetic disruption of lipid trafficking 

(i.e. Apoe–/– and Ldlr–/– mice on a high-fat diet). These models are characterized 

by extreme, non-physiological hyperlipidemia; how well they model human CVD 

is unclear, and the potential therapies that have emerged from these animal 

models failed to demonstrate efficacy in human clinical trials.  Models that 

provide insight into other mechanisms underlying CVD pathology are therefore 

needed. Although K/B.g7 mice do develop mild spontaneous dyslipidemia on a 

normal chow diet247, they do not develop extreme hyperlipidemia.  This model 

thus serves as a powerful tool to focus on the immune drivers of CV 

inflammation.  FDA-approved therapies exist or are in development to targe pro-

inflammatory mediators of CVD we have defined here, including TNF, IL-6, VLA-

4, VCAM-1 and Syk268, 269.  Thus, our study provides the basis for the rational 
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design of clinical trials of agents such as these for patients with chronic 

inflammatory CVD. 
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4-6: Figures and Legends 

 

(caption on next page) 
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Figure 4-1. Fully-penetrant, fibro-inflammatory cardiac valve pathology in 

K/B.g7 mice.  

A, K/B.g7 mice develop systemic inflammation and auto-antibody production 

following activation of T lymphocytes bearing a transgenic T cell receptor (TCR, 

termed ‘KRN’) that recognizes a peptide derived from glucose-6-phosphate-

isomese (GPI) presented in the context of the I-Ag7 major histocompatibility 

complex-II (MHC-II) expressed on professional antigen-presenting cells (APCs).  

B, K/B.g7 mice develop fully-penetrant cardiac valve inflammation and fibrosis 

beginning at 3 weeks of age (evident histologically by the appearance of 

adherent inflammatory cells at the mitral valve (MV)-atrial interface, bottom left 

image, red arrowheads) and by 8 weeks of age, the MV becomes dramatically 

thickened and diffusely inflamed (bottom right image).  

C, Masson’s trichrome staining of coronal sections at 8 weeks of age shows that 

in non-inflamed B.g7 control mice that lack expression of the transgenic KRN 

TCR the MVs are homogeneous, thin, collagen-rich, and sparsely-cellular (top), 

whereas age-matched K/B.g7 MVs (bottom) demonstrate dramatic structural 

alterations resulting interstitial collagen deposition and diffuse infiltration of 

mononuclear inflammatory cells.  

D, The inflamed K/B.g7 MVs are thickened approximately 2.5-fold relative to the 

non-inflamed B.g7 control mice at both 8 weeks and 1 year of age (median MV 

thickness, 8-weeks: 68.1 µm [n=4] and 180.3 µm [n=4]; median MV thickness, 1-

year: 66.4 µm [n=3] and 217.7 µm [n=3], in B.g7 and K/B.g7 mice, respectively)  
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E, Quantifiably-elevated hydroxyproline (HYP) content (a measure of collagen) is 

present in K/B.g7 MVs, both at 8-weeks and also 1-year, relative to non-inflamed 

control mice (median MV HYP content, 8-weeks: 7.16 µg [n=5] and 10.3 µg 

[n=3]; median MV HYP content, 1-year: 4.6 µg [n=4] and 10.2  µg [n=4]; B.g7 and 

K/B.g7 mice, respectively).  

F, Flow cytometry of collagenase-2-DNAse-I-digested MVs from K/B.g7 mice 

demonstrates a leukocytic infiltrate (CD45.2+ fraction) dominated by mononuclear 

phagocytes (MNPs, e.g. macrophages and monocytes) while T and B 

lymphocytes and neutrophils are present less frequently (n=5).  

‘LV’ and ‘LA’ denotes the left ventricle and left atrium, respectively. Scale bars in 

C are equal to 50 microns. Asterisks (*) in D and E indicate statistical significance 

at p<0.05. 

 

 

 

 

 

 

 

 

 

 



 

 111 

 

Figure 4-2: Valve-infiltrating leukocytes primarily arise from radio-resistant 

populations while hematopoiesis provides a minor contribution to the 

inflammatory cell presence in K/B.g7 cardiac valves.  

A, Experimental diagram for generation of CD45.1/CD45.2 bone marrow 

chimeric mice; CD45.2-expressing mice on the C57Bl/6 Rag1–/– background 

were sub-lethally irradiated and reconstituted with 107 cells from CD45.1-

expressing K/B.g7 bone marrow.  

B, Representative combined, pseudo-colored MV IF images that were used in   

co-localization analysis.  

C, Applying a threshold to each of two channels of interest followed by pseudo-

coloring either red or green (and vice versa for the second channel) allows 

quantification of pixels where both channels overlap (left: CD45.1: green, 

CD301b/MGL2: red, overlap: yellow; middle: CD45.2: green, CD301b/MGL2: red, 

overlap: yellow; left: CD45.1: green, CD45.2: red, overlap: yellow).  

D, Quantification of relative donor (CD45.1+) and recipient (CD45.2+) 

inflammatory cell presence in inflamed MVs (n=6).  

E, Quantification of the relative contribution to CD64/FcgRI-expressing cells 

arising from either CD45.1- or CD45.2-expressing cells (n=4).  
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F, Quantification of the relative contribution of donor (CD45.1+) and host 

(CD45.2+) inflammatory cells to the CD301b/MGL2-expressing population (n=4).  

Scale bars are equal to 50 µm. 
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(caption on next page) 
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Figure 4-3. K/B.g7 cardiac valve inflammation and fibrosis requires 

CX3CR1. 

A, Cx3cr1-gfp mice contain an eGFP reporter construct in the endogenous 

Cx3cr1 locus; mice homozygous for the eGFP allele are Cx3cr1-null (Cx3cr1-KO) 

whereas heterozygous mice retain Cx3cr1 expression.  

B, Top: Cx3cr1-eGFP+ cells are seen throughout the MV interstitium of 

K/B.g7:Cx3cr1gfp/wt mice (coronal sections, nuclear counter-staining with Hoechst 

33342); bottom: Cx3cr1-eGFP+ cells in inflamed K/B.g7 MVs exhibit a 

characteristic phagocyte morphology (whole-mount MVs from K/B.g7:Cx3cr1gfp/wt 

mice, processed using tissue clearing methods and imaged en face).  

C, MV thickness measurements from Cx3cr1-KO animals (Cx3cr1gfp/gfp) relative 

Cx3cr1-replete controls (Cx3cr1gfp/wt) (median MV thickness at 8 weeks: 132.9 

µm [n=4] and 69.1 µm [n=10], Cx3cr1gfp/wt and Cx3cr1gfp/gfp, respectively); 

reference thicknesses for MVs from K/B.g7 and B.g7 control mice are provided.  

D, Flow cytometry on collagenase-2-DNAse-I-digested MVs from 

K/B.g7:Cx3cr1gfp/wt mice demonstrating GFP+ MNPs (CD45.2+CD3e–

B220/CD45R–Ly6G–CX3CR1+) uniformly display a phenotype consistent with 

macrophages (CD64/FcgRI+), therein. 

Scale bars in B are equal to 50 microns. Asterisks (***) in C indicate statistically 

significant differences at p<0.005. 



 

 115 

 

(caption on next page) 
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Figure 4-4. CD301b/MGL2-expressing MNPs are necessary for K/B.g7 MV 

inflammation and fibrosis and have correlates in human inflammatory MV 

disease. 

A, Immunofluorescent (IF) imaging of K/B.g7 MVs in coronal sections showing 

diffuse interstitial infiltration of tissue-reparative CD301b/MGL2+Arg-1+ 

inflammatory cells.  

B, Top left: mice expressing a diphtheria toxin (DT) receptor (DTR)-eGFP 

construct under control of the Mgl2 gene (Mgl2-DTR) were generated on the 

K/B.g7 background (K/B.g7:Mgl2dtr/wt); top right: Mgl2-expressing cell ablation 

was initiated at 4-weeks of age with intraperitoneal (IP) injections of 1 µg DT (or 

vehicle/PBS), repeated every-other-day for a total of 4-weeks (timeline at 

bottom).  

C, Depletion of CD301b/MGL2-expressing cells results in qualitatively reduced 

valve inflammation and fibrosis relative to vehicle-treated control animals, as 

demonstrated by H&E staining.  

D, MVs are significantly less fibrotic and  inflamed in the setting of 

CD301b/MGL2-expressing cell depletion (median MV thicknesses at 8 weeks: 

148.0 µm [n=7] and 83.4 µm [n=5], vehicle- and DT-treated K/B.g7:Mgl2dtr/wt 

mice, respectively, ***p<0.005); the dashed lines represent reference thicknesses 

for MVs from K/B.g7 and B.g7 controls.  

E, Top: Masson’s trichrome staining of a pathology sample taken from a young 

adult patient with mitral regurgitation (MR) secondary to rheumatic heart disease 
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(RHD) displaying structural degeneration and leukocytic infiltration into the valve 

interstitium (top); bottom: IF staining of the same sample reveals co-expression 

of human CD301 (CLEC10) and the pan-macrophage marker CD163 within the 

inflamed MV interstitium.  

Scale bars in all images are equal to 50 microns.  
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Figure 4-5: A subset of MV-infiltrating CD301b/MGL2+ cells expresses 

resistin-like molecule-⍺ (RELM⍺/FIZZ-1), a secreted protein associated with 

type-2 inflammation and fibrosis.  

Immunofluorescence staining of K/B.g7 MVs for the type-2 inflammation and 

fibrosis-associated molecule, resistin like-molecule alpha (RELMa, a.k.a. found-

in-inflammatory-zone-1 [FIZZ-1]) and CD301b/MGL2 (Hoechst 33342 used to 

counterstain nuclei). The scale bar in the merged image is equal to 50 µm. 
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(caption on next page) 
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Figure 4-6: Histological features of rheumatic heart disease in patient 

samples. 

Mitral valve (MV) specimen taken from a young adult male with mitral 

regurgitation (MR) secondary to rheumatic heard disease (RHD) demonstrating 

the presence of characteristic histopathological features including the presence 

of granulomatous inflammation (“Aschoff bodies”, top), perivascular inflammation 

(middle), and structural degeneration (bottom).  
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Figure 4-7. TNF- and IL-6-producing CX3CR1+CD301b/MGL2+ MNPs are 

enriched in inflamed cardiac valves and blockade of either cytokine 

prevents valve inflammation and fibrosis.  

A, Gating strategy for identifying and discretizing CD301b/MGL2-expressing 

MNPs (Live, CD45.2+Thy1.2–B220–Ly6G–CX3CR1+) based on Ly6C expression 

to assess their TNF and IL-6 production capacity (positive gating for 

CD301b/MGL2, TNF, and IL-6 expression was generated from each respective 

fluorescence-minus-one [FMO] control). B, Quantification of TNF- and IL-6-

producing CX3CR1+CD301b/MGL2+ MNPs in inflamed K/B.g7 MVs relative to 

the systemic circulation (pooled secondary lymphoid organs [SLO]: axillary, 

brachial, cervical, inguinal, popliteal, para-aortic, mesenteric lymph nodes and 
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spleens) (*p<0.05, **p<0.01,  n=3).  

C, Timeline for TNF and IL-6 blockade studies: twice-weekly, IP injections of 200 

µg of either anti-TNF or anti-IL-6 (or rat IgG as a control) were given from weeks 

4 to 8.  

D, IF staining for vascular cell adhesion molecule-1 (VCAM-1) following TNF or 

IL-6 blockade, relative to rat IgG.  

E, Quantification of VCAM-1 fluorescence, normalized to MV area, following TNF 

or IL-6 blockade, relative to isotype control-treated K/B.g7 animals (median 

fluorescence/area [arbitrary units]: 44.86 [n=4], 16.22 [n=4], 11.2 [n=4], rat IgG-, 

and anti-IL-6, anti-TNF, respectively, ***p<0.005).  

F, Quantification of MVs fibrotic thickening in the setting of TNF or IL-6 blockade, 

relative to isotype control-treated animals (median MV thicknesses at 8 weeks: 

162.5 µm [n=6], 98.3 µm [n=5], 88.05 µm [n=4] rat IgG-, and anti-IL-6, anti-TNF 

respectively, *p<0.05, **p<0.01).  

Scale bar in D equals 50 microns and applies to all images. Statistical differences 

in E and F were assigned using one-way analysis of variance (ANOVA) with 

post-hoc Tukey’s test for multiple comparisons. 
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Figure 4-8. Neutralization of specific pro-inflammatory mediators does not 

affect MV inflammation and fibrosis in K/B.g7 mice.  

A, MV thicknesses measured following monoclonal antibody (mAb) blockade of 

interleukin-18 and granulocyte-macrophage colony stimulating factor (GM-CSF) 

between weeks 4-8, relative to species-matched isotype control antibody treated 

animals (black bar, left).  

B, MV thickness measured histologically following mAb-blockade of interleukin-

1b and chemokine (C-C motif) ligand 2 (CCL2/monocyte chemoattractant 

protein-1 [MCP-1]), relative to species matched isotype control-treated animals.  

Sample sizes are shown. ‘ns’ indicates no statistically significant difference 

between groups. The lack of statistical differences in both cases was determined 

using one-way analysis of variance (ANOVA) with post-hoc Tukey’s test for 

multiple comparisons. 
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(caption on next page) 
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Figure 4-9. Arthritis development and anti-GPI titers in monoclonal 

antibody neutralization studies.  

A, Relative increase in ankle thickness from baseline throughout the 

experimental duration for monoclonal antibody (mAb) blockade studies using rat 

antibodies.  

B, Averaged arthritis clinical scores for all mAb blockade studies that employed 

rat antibodies.   

C, Relative increase in ankle thickness from baseline throughout the 

experimental duration for monoclonal antibody (mAb) blockade studies using 

Armenian hamster antibodies.  

D, Averaged arthritis clinical scores for all mAb blockade studies that employed 

Armenian hamster antibodies.   

E, ELISA quantification of anti-GPI titers in serum samples taken from animals 

treated with mAb blockade; the lack of statistical differences (indicated by ‘ns’) in 

all cases was determined using one-way of variance (ANOVA) with post-hoc 

Tukey’s test for multiple comparisons. 
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Figure 4-10: TNF and VCAM-1 inhibition during established MV disease 

prevents progression.  

Maximum MV thickness in K/B.g7 mice that began treatment after disease onset 

(between weeks 6-10, in contrast to the 4-8 week regimen employed previously) 

with neutralizing monoclonal antibodies to TNF (middle) and VCAM-1 (right) in 

comparison to isotype control (rat IgG1, left)-treated animals.  

Asterisks denote significant differences as follows: **p<0.01, ***p<0.005. Sample 

sizes are as follows (left-to-right): n=8, 7, 7. Statistical differences were assigned 

using one-way analysis of variance (ANOVA) with post-hoc Tukey’s test for 

multiple comparisons 
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(caption on next page) 
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Figure 4-11. FcgR-Syk signaling in CX3CR1+CD310b/MGL2+ phagocytes 

drives TNF and IL-6 production.  

A, left: a diagram of Syk-dependent FcgR signaling as a hypothesized 

mechanism for auto-antibody-mediated TNF and IL-6 production from valve-

infiltrating MNPs; right: conditional deletion of MNP-Syk was accomplished using 

Cx3cr1-Cre.  

B, Histological assessment and quantification of MV fibrotic thickening in K/B.g7 

mice with MNPs conditionally lacking Syk (Cx3cr1-Cre+:Sykfl/fl) versus their Syk-

replete littermates (Cx3cr1-Cre–:Sykfl/fl; median MV thicknesses at 8 weeks: 

183.3 µm [n=11] and 83.4 µm [n=11], Cx3cr1-Cre–:Sykfl/fl and Cx3cr1-Cre+:Sykfl/fl, 

respectively; scale bars are equal to 50 microns).  

Quantification of total leukocytes (C, CD45.2+ cells) and CD301b/MGL2+ MNPs 

(D, CD45.2+CD3e–B220/CD45R–Ly6G–CD11b+CD64/FcgRI+) in MVs from MNP-

Syk-replete (Cre–) versus MNP-Syk-deleting mice (Cre+) (n=7 Cx3cr1-Cre–

:Sykfl/fl, n=5 Cx3cr1-Cre+:Sykfl/fl ).  

F, Quantification of intracellular TNF (left) and IL-6 (right) production (geometric 

mean fluorescence intensity [gMFI]) from MV cells in Syk-deleting and non-

deleting mice. 

Asterisks (*) indicate statistical significance at p<0.05. ‘AU’ indicates arbitrary 

units.  
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(caption on next page) 
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Figure 4-12. TNFR1 promotes MV disease while TNFR2 restrains it.  

A, Immunofluorescence (IF) of TNFR1 and TNFR2 in an 8-week K/B.g7 MV 

(right) and a non-inflamed, B.g7 control (left).  

B, Experimental design used to generate bone marrow (BM) chimeric mice.  

C, Left: Qualitative assessment of MV inflammation in BM recipient mice; right: 

quantification of MV thicknesses from Tnfr1+/+ and Tnfr1–/– recipients (median 8-

week MV thicknesses: 154.5 µm [n=8], 75.8 µm [n=8], Tnfr1+/+ and Tnfr1–/–, 

respectively, *p<0.05). D, Experimental design for blockade of TNFR2 from 

weeks 4-8.  

E, left: H&E staining of MV sections from anti-TNFR2 IgG-treated K/B.g7 mice 

compared to isotype (Armenian hamster [ArH] IgG) control-treated animals; right: 

MV thickness quantification in the setting of TNFR2 blockade (median 8-week 

MV thicknesses: 151.0 µm [n=7], 228.8 µm [n=4], ArH IgG, anti-TNFR2, 

respectively, *p<0.05).  

Scale bars in A, C, and E equal 50 microns.  
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Figure 4-13. Accumulation of cardiac valve-infiltrating CX3CR1+ 

mononuclear phagocytes is dependent on VCAM-1:VLA-4 interactions.  

A, Diagram of a hypothesized mechanism for TNF- and IL-6-mediated MNP 

accumulation in K/B.g7 MVs via VCAM-1:VLA-4 interactions.  

B, Experimental design for monoclonal antibody blockade of either VCAM-1 or 

VLA-4 from weeks 4-8 (top); histological assessment of MV inflammation and 
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fibrosis each case (bottom left); quantification of MV fibrotic thickening for each 

case (bottom right) (median 8-week MV thicknesses: 162.5 µm [n=6], 109.9 µm 

[n=8], 110.5 µm [n=6] rat IgG, anti-VCAM-1, anti-VLA-4 respectively, *p<0.05).  

C, Conditional deletion of Itga4 in MNPs (MNP-Itga4) was accomplished using 

Cx3cr1-Cre+:Itga4fl/fl mice on the K/B.g7 background and compared to Cre-

negative littermates (diagrammed at left); conditional deletion of MNP-Itga4 

qualitatively reduces MV inflammation and fibrosis that is evident histologically 

(middle); quantification of MV thicknesses in the setting of conditional MNP-Itga4 

deletion, relative to MNP-Itga4-replete animals (median 8-week MV thicknesses: 

144.5 µm [n=14], 104.8 µm [n=8], Cx3cr1-Cre–:Itga4fl/fl, Cx3cr1-Cre+:Itga4fl/fl, 

respectively).  

D, Flow cytometry gating strategy for analysis of K/B.g7 MVs in the setting of 

conditional MNP-Itga4 deletion; quantification of total ITGA4/CD49d (a4 integrin)-

expressing leukocytes (CD.45.2+ cells) and macrophages 

(CX3CR1+CD64/FcgRI+) in each genetic condition (bottom right) (n=7, Cre–, n=9 

Cre+, *p<0.05).  

Scale bars are equal to 50 microns in all images. Statistical differences in B were 

assigned using one-way analysis of variance (ANOVA) with post-hoc Tukey’s 

test for multiple comparisons. 
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(caption on next page) 
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Figure 4-14. Anti-GPI titers and arthritis progression in Mgl2-DTR 

experiments 

A, Average arthritis scores in DT- and vehicle-treated Mgl2-DTR mice.  

B, Average change in ankle thickness during the experimental duration in both 

DT- and vehicle-treated animals.  

C, Anti-gluce-6-phosphate-isomerase (GPI) titers in serum from K/B.g7:Mgl2-

DTR mice treated with either diphtheria toxin (DT) or vehicle (PBS) during weeks 

4-8. Sample sizes are as follows: DT: n=7; vehicle: n=7. Error bars represent the 

standard error of the mean (SEM). 
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(caption on next page) 
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Figure 4-15. Arthritis development and anti-GPI titers for Tnfr1–/– bone 

marrow chimera studies.  

A, Averaged arthritis clinical scores for BM chimera recipients in TNFR1-

knockout studies.  

B, Relative increase in ankle thickness from baseline throughout the 

experimental duration in TNFR1 bone marrow chimeric mice.  

C, ELISA quantification of anti-GPI titers in serum samples taken from BM 

chimera recipient mice at the experimental endpoint. ‘ns’ denotes no statistical 

difference between groups. Sample sizes are shown. 
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Figure 4-16. Kinetics of arthritis development in conditional knockout lines.  

A, Compiled arthritis clinical scores (top panel) and changes in ankle thickness 

(middle panel) during the experimental course for Itga4 conditional deletion 

studies.  
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B, Measurement of anti-GPI titers in serum taken at the experimental endpoint 

for conditional Itga4 deletion studies.  

C, Compiled arthritis clinical scores (top panel) and changes in ankle thickness 

(middle panel) during the experimental course of Syk conditional deletion studies.  

D, Measurement of anti-GPI titers in serum taken at the experimental endpoint 

for conditional Syk deletion studies. 
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Figure 4-17. A summary working model for the initiation of cardiac valve 

inflammation and fibrosis in K/B.g7 mice.  

Anti-glucose-6-phosphate isomerase (a-GPI) IgG auto-antibodies produced 

systemically in the secondary lymphoid tissue (spleen and lymph nodes) (1) 

activate valve-infiltrating mononuclear phagocytes (MNPs) in a spleen tyrosine 

kinase (Syk)-dependent process (2) resulting in local production of TNF and IL-6 

from CX3CR1+CD301b/MGL2+ MNPs. Tumor necrosis factor receptor-1 

(TNFR1)-mediated activation of the valve stroma (3) promotes vascular cell 

adhesion molecule-1 (VCAM-1) upregulation (4) and subsequent recruitment of 

additional circulating CX3CR1+ MNPs via very-late antigen-4 (VLA-4, a4β1 

integrin) in a feed-forward process (5). Interstitial MNPs assume a tissue-

reparative phenotype characterized by expression of CD301b/MGL2, resistin-like 

molecule-alpha (RELM-a), and arginase-1 (Arg-1) (6). Explanation of terms: KRN 
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TCR: transgenic T cell receptor; I-Ag7 MHC-II: major histocompatibility complex-II 

from the non-obese diabetic (NOD) mouse strain; APC: antigen presenting cell 

(e.g. dendritic cells); MGL2: macrophage galactose N-acetyl-galactosamine 

specific lectin 2. 
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Preamble 

In Chapter 4, it was shown that mitral valve (MV) inflammation and fibrosis is 

orchestrated by discrete populations of mononuclear phagocytes (MNPs). 

Expression of the surface marker CD301b/MGL2 defines a critical population of 

MNPs that orchestrate autoimmune MV inflammation and fibrosis, in part via 

production of TNF and IL-6. These MNPs secrete cytokines in response to 

circulating autoantibodies in an FcγRIII/IV-Syk-dependent signaling cascade. 

Importantly, expression of the orthologous human CD301 was demonstrated in 

samples taken from patients with chronic rheumatic heart disease (RHD), thus 

underscoring the translational implications of our experimental observations, 

therein. 

 

In Chapter 5, we seek to build upon these observations to better understand how 

macrophage activation occurs in the MV in the setting of chronic autoimmune 

inflammation. Herein, I provide evidence that a main driver of MV inflammation 

and fibrosis is chronically impaired apoptotic cell clearance that leads to 

pathological inflammation and remodeling that is dominated by type-2 

inflammatory signals. 

 

 

 

 



 

 145 

5-1 Introduction 

Macrophages and other mononuclear phagocyte (MNP) populations (e.g. 

monocytes, dendritic cells [DCs]) are phenotypically malleable and there is 

evidence that this malleability is extensive66, 68, 73, 76, 270-272. The historical 

framework for conceptualizing macrophage function is based on a bipolar model 

(i.e. “M1” and “M2”) that mirrors the classification scheme used for describing 

helper T lymphocyte polarization (i.e. TH1 and TH2)273-275. While less frequently 

studied from the perspective of macrophage/MNP driven immunopathology in the 

CV system, a thorough discussion of MNP polarization would be incomplete 

without a mention of type-3 inflammatory signals (i.e. the cellular behavior 

induced by the response to IL-17) and the contexts in which they dominate the 

immune response.  

 

In humans, type-3 inflammation has been shown to be protective during 

infections with extracellular bacteria such as Klebsiella pneumoniae and S. 

aureus at barrier and mucosal surfaces69, 70, 183, 186, 276-280. Despite most 

frequently being analyzed from the context of TH17 CD4+ T lymphocytes, γ𝝳 T 

lymphocytes, and neutrophil-rich responses, MNPs are known to participate in 

type-3 inflammation/IL-17-driven immune responses and immunopathology70.  
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The type-1/type-2/type-3 classification scheme can be more broadly generalized 

to describe the overall inflammatory context of the immune response in which 

these cell populations are participating. Simplified, a type-1 response is 

classically associated with intracellular bacteria expressing ligands that activate 

tol-like-receptor-4 and with the cellular behavior induced by cytokines such as 

interferon gamma (IFNγ). An important consequence of these stimuli within the 

affected tissue(s) includes macrophage activation and assumption of a pro-

inflammatory, ‘M1’ phenotype. One important feature of the M1 macrophage 

phenotype very frequently includes upregulation of inducible nitric oxide synthase 

(iNos/Nos2) and production of reactive oxygen species (ROS)281. Type-1 

polarized M1 macrophages are critical elements of infection control282 and cancer 

immunosurveillance66, 283-285. Additionally, the effects of immunopathology 

associated with type-1 inflammation dysregulation have been ascribed to, and/or 

associated with, macrophages and dysregulation of their functions 37, 72, 233, 286-289  

 

Simplistically, type-2 inflammation is canonically associated with the CD4+ T 

lymphocyte response to helminths (e.g. schistosomes, parasitic worms). Type-2 

inflammation is also a critical element of wound healing and resolution of 

inflammation following tissue damage61-65, 75, 261, 282, 284, 290-297. Production of the 

cytokines IL-4 and IL-13 are characteristic features of a type-2 inflammatory 

response and its production is often ascribed to TH2 CD4+ T lymphocytes. While 

coordinated type-2 immune responses are critical elements of immune 
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surveillance and wound healing, they are also frequently associated with 

immunopathology. Atopic disease (allergy, asthma, dermatitis) are commonly 

thought to be a consequence of dysregulated type-2 inflammatory responses. 

While controversial, the ‘helminth hypothesis’ (also the ‘hygiene hypothesis’) 

arose in part because of the association between type-2 inflammation and 

allergic disease298-303. Type-2 inflammatory responses are also known to 

contribute to fibrosis, the excessive accumulation of extracellular matrix. Fibrosis 

is a ubiquitous and unavoidable downstream consequence of chronic 

inflammation and type-2 inflammatory signals are critical for its initiation and 

progression. It is thought that fibrotic diseases (e.g. cirrhosis, atherosclerosis, 

scarring) account for nearly half of all natural deaths in the world, annually41. 

Therein, the wound healing functions of type-2 inflammatory responses are 

dysregulated. ECM production is promoted by factors secreted by type-2 

inflammation polarized macrophages during the course of normal wound healing 

and inflammation resolution. These include resistin-like molecule alpha (RELM⍺) 

and transforming growth factor beta (TGFβ); both of these factors have been 

implicated in fibrotic diseases in humans62, 261, 282, 304-308. 

 

The discovery of group 2 innate lymphoid cells (ILC2s) and their subsequent 

characterization in a wide array of type-2 immune contexts has widely broadened 

the scientific community’s understanding of the dynamics of type two 

inflammatory responses290, 299, 309-321. The observation that these innate immune 
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cell populations orchestrate inflammatory responses through functions previously 

ascribed to T lymphocytes (namely, production of IL-13316) demonstrated a need 

for redefining the understanding of type-2 inflammation. In a similar way, using a 

mouse model of chronic inflammatory lung disease mediated by persistent viral 

infection and dominated by a type-2 inflammatory response, it was demonstrated 

that IL-13 production at chronic time points is dominated largely by 

macrophages322. The authors went on to provide correlates of their experimental 

findings in mice to samples taken from humans with chronic obstructive 

pulmonary disease (COPD). In the setting of chronic and persistent type-2 

inflammatory stimulation, other innate immune cell populations, namely 

macrophages, assume a function (i.e. IL-13 production) that was previously 

assigned to TH2 CD4+ T lymphocytes and, more recently, ILC2s. This once again 

demonstrates the fluidity with which the scientific community’s understanding of 

immune responses are evolving. While IL-13 production is most commonly 

associated with T lymphocytes and ILC2s, there is unavoidable evidence IL-13 

originating from a wide array of cell types during the course of a type-2 

inflammatory response. Additionally, it is also becoming clear that the chronicity 

of an inflammatory response has important consequences, as well; often the 

rules that govern acute inflammatory responses and its resolution no not apply in 

the setting of unrelenting, chronic inflammatory stimulation. 

 



 

 149 

As elaborated on extensively in prior sections of this dissertation, collectively, 

cardiovascular diseases (CVDs) are the most significant contributors to human 

mortality in the United States323 and developed nations. Despite the substantial 

scientific and clinical resources dedicated to its research and treatment, overall 

CVD prevalence is projected to increase steadily in the United Sates in the 

coming years and decades. The American Heart Association predicts that by 

2035 nearly half of all adults will be affected by CVD323. These data underscore 

the need to develop novel therapeutic strategies for CVD treatment. Recent 

evidence confirms the long-standing hypothesis that inflammation underlies most 

forms of acquired CVD51. The results of the 2017 CANTOS trial demonstrated 

that administering an interleukin-1β blocking monoclonal antibody (canakinumab) 

to high-risk post-myocardial infarction (MI) patients prevented secondary adverse 

cardiovascular events. The impact that CANTOS will have on long-term patient 

care remains to be fully realized. These findings confirm that inflammation plays 

a significant role in human CVD. The current challenge is to characterize the 

inflammatory pathways that drive not only premature atherosclerosis and MI risk, 

but also those that drive the multiple other forms of inflammatory CVD.  

 

As mentioned in previous sections of this dissertation, valvular heart disease 

(VHD) is very common, and the mitral valve (MV) is most frequently diseased in 

humans4. Few experimental models accurately recapitulate the structural and 

compositional features of human VHD. Furthermore, genetically-tractable models 
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that enable mechanistic dissection of VHD pathogenesis are in even shorter 

supply. Because of this, knowledge of the cellular and molecular mediators of 

cardiac valve pathology is limited. We have demonstrated that fibro-inflammatory 

MV disease (MVD) develops spontaneously in the T cell receptor (TCR) 

transgenic K/B.g7 mouse model of systemic autoimmunity and arthritis57, 232, 233, 

248, 287, 324-326. MV pathology in K/B.g7 mice exhibits many features similar to 

human disease57, 233. As described in Chapter 4 and in previous work not 

described herein57, 232, 248, 325, 326 using this model, we have defined the 

mechanisms by which myeloid cells, specifically macrophages, orchestrate MV 

remodeling in the setting of systemic autoimmune inflammation. We found that 

MVD is provoked by mononuclear phagocyte (MNP) secretion of the 

inflammatory cytokines tumor necrosis factor (TNF) and interleukin-6 (IL-6)233, 327. 

Furthermore, MVs taken from humans with rheumatic heart disease (RHD) had 

similar pathologic findings to the murine valves. Here we describe a separate 

pathway by which these valve-infiltrating phagocytes contribute to MV fibrosis. In 

our studies, we provide evidence that K/B.g7 MV inflammation and fibrosis 

requires type-2 inflammation at multiple levels. Additionally, we show that a 

critical and specific element of MV disease in K/B.g7 mice is a dependence on 

IL-13, produced largely from macrophages at chronic timepoints. We next sought 

to link this observation to our previous findings, elaborated upon below. 
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In recent years, there has been significant interest in understanding anti-

phagocytic molecules as therapeutic targets in a wide array of chronic 

inflammatory diseases including cancer328-332, atherosclerosis333, and post-

myocardial infarction remodeling334. During stress, cells upregulate pro-

phagocytic signals such as calreticulin at the cell surface.  Anti-phagocytic 

molecules including CD47 are also upregulated in pathologic states and serve as 

counterweights -- so-called “don’t-eat-me” signals332, 335; this allows cells to avoid 

clearance by binding to the inhibitory receptor signal regulatory protein-⍺ (SIRP⍺) 

on phagocytes.  

 

CD47 blockade enhances phagocytosis of stressed and/or dying cells; this has 

been shown to reduce disease burden in models of cancer and 

atherosclerosis329, 330, 333, 334. We found in our studies that apoptotic cells staining 

positively for active caspase-3 are enriched in inflamed MVs from K/B.g7 mice. 

We go on to demonstrate that active caspase-3 staining frequently colocalizes 

with CD47 and SIRP⍺ in the inflamed valves. We demonstrate that both 

preventative and therapeutic neutralization of CD47 using monoclonal antibody 

(mAb) blockade significantly attenuates K/B.g7 MV inflammation and fibrosis and 

decreases the apoptotic cell burden in the inflamed MVs. We additionally go on 

to show using acute CD47 blockade that promoting phagocytic clearance of 

apoptotic results in diminished production of the cytokines TNF and IL-6. To link 

these findings to our observations demonstrating a requirement for type-2 
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inflammation during the progression of MV inflammation and fibrosis, we next go 

on to show that acute CD47 blockade during established diseased significantly 

attenuates production of IL-13 from MNPs in the inflamed K/B.g7 MVs in addition 

to TNF and IL-6. We demonstrate accumulation of cells expressing active-

caspase-3 in samples taken from patients with advanced RHD. Finally, we 

demonstrate diffuse expression of CD47 and its counterpart, SIRP⍺, on these 

same human MV samples thus linking our experimental observations to human 

disease.  
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5-2 Methods 

Animals 

All studies involving the use of animals were conducted in accordance with the 

guidelines for the ethical care and treatment of laboratory animals set forth by the 

University of Minnesota Institutional Animal Care and Use Committee (IACUC). 

Standard housing in a specific pathogen free (SPF) facility was employed in all 

studies. The following mouse lines were provided by the indicated investigators: 

KRN T cell receptor (TCR) transgenic (‘KRN’) and C57BL/6:I-Ag7 MHC class II 

congenic (‘B.g7’), (D. Mathis, C. Benoist,  and the Institut de Génétique et 

Biologie Moléculaire et Cellulaire [IGBMC], Illkirch-Graffenstaden, France), 

Il17a/f–/– (mice with genetic deletion of both Il17a and il17f, described 

previously336) (Immo Prinz). Il17ra–/– (mice with deletion of the gene encoding IL-

17RA) were a gift from Amgen. The following lines were purchased from Jackson 

Laboratory: B6J.B6N(Cg)-Cx3cr1tm1.1(cre)Jung/ (‘Cx3cr1-Cre’), C57BL/6-Irf5tm1Ppr/J 

(‘Irf5fl/fl’, ‘Irf5-floxed’), B6.129S7-Ifngtm1Ts/J (‘Ifng–/–’, ‘Ifng-KO’), B6(Cg)-

Tlr4tm1.2Karp/J (‘Tlr4–/–’, ‘Tlr4-KO’), B6.129P2Nos2tm1Lau/J (‘Nos2–/–’, ‘Nos2-KO’), 

C57BL/6-Il4tm1Nnt/J (‘Il4–/–’, ‘Il4-KO’), C57BL/6-Irf5tm1Ppr/J (‘Irf5fl/fl’, ‘Irf5-floxed’), 

C57BL/6 (stock #000664). 

 

Monoclonal antibody (mAb) blockade studies  

The following antibodies for in vivo use were purchased from BioXcell: anti-CD47 

(clone MIAP410), anti-IL-4 (clone 11B11). The monoclonal antibody targeting 
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mouse IL-13 (Tanox IL-13 (Mo):9517, isotype IgG1κ) was provided as a 

generous gift from Genentech. Antibodies were diluted to a concentration of 1.0 

mg/ml in sterile phosphate-buffered saline and 0.2 ml (200 µg) were injected into 

the intraperitoneal cavity (IP) using a 27-gauge needle. Mice were injected twice 

weekly for the duration of each experiment. An equal amount of species-matched 

isotype control antibodies was injected intraperitoneally in a separate cohort of 

animals for controls.  

 

Cardiac tissue isolation and digestion 

Murine cardiac valves were isolated as described previously with minor 

modifications233. Briefly, after euthanasia and prior to removal from the thoracic 

cavity, hearts were perfused with 5 ml of chilled phosphate buffered saline using 

a 30-gauge hypodermic and transapical ventricular access. Excised hearts were 

placed in 0.5 ml ice cold RPMI medium containing L-glutamine (Thermo-Fisher 

Scientific), and an additional 3% fetal bovine serum (FBS, HyClone), 10 mM 2-[4-

(2-hydroxyethyl)-piperazin-1-yl]-ethanesulfonic acid (HEPES). Mitral valves were 

excised with the aid of a dissecting microscope and placed into 1.0 ml of the 

same supplemented RPMI medium described above and an additional 500 U/mL 

collagenase-2 (Worthington Biochemical, LS004174), 20 U/mL DNase I 

(Worthington Biochemical, LS002006). MV tissue samples were placed in a 37oC 

water bath for a 1-hour incubation with intermittent trituration to aid the enzymatic 

digestion. Samples were centrifuged for 5 minutes at 300xg at 4oC and the 
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supernatant discarded. Samples were washed once with phosphate-buffered 

saline (PBS, ThermoFisher Scientific) containing 2% w/v bovine serum albumin 

(BSA). Red blood cells (RBCs) remaining in the pellet were lysed using 0.100 mL 

ammonium-chloride-potassium (ACK) buffer added to each valve sample, 

followed by incubation at room temperature for 3 minutes and quenched using 

1.5 mL cold PBS + 2% BSA. The samples were then centrifuged at 300xg for 5 

minutes and 4oC and the supernatant discarded. The remaining pellets were 

resuspended in PBS with 2% BSA and use for flow cytometric analyses 

(described below).  

  

Preparation and flow cytometry of mouse cardiac and lymphoid tissues  

Sample preparation for flow cytometry studies was conducted as described 

previously233. Briefly, cells from enzymatically-digested MVs and pooled 

secondary SLO were analyzed. The following antibodies and clones were 

employed: CD3ε (145-2C11 and 17A2), CD4 (RM4-5 and GK1.5), CD45R/B220 

(RA3-6B2), Ly6G (1A8), CD11b (M1/70), F4/80 (BM8), CX3CR1 (SA011F11), 

Ly6C (AL-21, BD), CD301b/MGL2 (URA-1), CD64 (X54-5/7.1), CD16/32 (2.4G2), 

KLRG1 (MAFA), IL-4 (11B11), CD127 (A7R34).  A subset of experiments 

employed a commercially available lineage cocktail (BioLegend) containing a 

pre-defined mixture of anti-CD3ε (145-2C11), CD45R/B220 (RA3-6B2), CD11b 

(M1/70), Ly6G/Ly6C (Gr-1), erythroid (Ter-119). Live cells were identified based 

on viability dye exclusion (Ghost Violet-510, Tonbo Biosciences) according to the 
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manufacturer’s recommendations. Fc receptors were blocked using anti-CD16/32 

(a-FcgRII/III [2.4G2], Tonbo) at 5 μg/mL. For intracellular antigens (e.g. TNF, IL-

6, IL-13, cleaved -caspase-3), a commercially available kit for fixation and 

permeabilization was employed according to the manufacturer’s recommendation 

(BD Biosciences). LSR Fortessa and LSR II cytometers (BD Biosciences) 

equipped with FACSDiva software for data acquisition were used. Data were 

analyzed using FlowJo version 10. Gating was conducted using fluorescence-

minus-one (FMO) controls as a reference. Quantification of geometric mean 

fluorescence intensity (gMFI) was employed for comparisons between samples. 

 

Intracellular cytokine staining (ICS) 

For quantification of intracellular cytokine production in mouse leukocytes using 

flow cytometry, 0.25 mg brefeldin-A was injected IP into each animal 3 hours 

prior to euthanasia. Thereafter, cardiac and secondary lymphoid tissues were 

isolated as described above. An additional 1 µg/ml of brefeldin-A was added to 

all buffers to enhance intracellular cytokine detection. Processing of each sample 

was conducted identically to the procedure described above. Following surface 

staining, leukocyte samples were fixed and permeabilized using buffer containing 

3.7% paraformaldehyde and saponin (BD Biosciences Fixation/Permeabilization 

buffer). Anti-TNF (clone MP6-XT22, BioLegend), anti-IL-6 (clone MP5-20F3, 

BioLegend), and anti-IL13 (clone eBio13A, eBioscience) mAbs were diluted in 

staining buffer containing fetal bovine serum (FBS) and 0.083% sodium azide 
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(NaN3) (BD Pharmingen Stain Buffer [FBS]) and allowed to incubate for 45 

minutes at room temperature. Each sample was subsequently washed twice and 

filtered through a 70-micron filter prior to flow cytometry analysis. 

 

Mouse tissue histology  

Following CO2 euthanasia, mice were perfused with 10mL chilled PBS; hearts 

were dissected and placed in Optimal Cutting Temperature (OCT) medium. 

Hearts were immediately flash-frozen over a dry ice and 2-methyl-butane slurry 

and stored at -80oC until later use. Frozen cardiac tissue was sectioned using a 

cryostat (Leica CM3050 S). Coronal sections were cut at 7 µm thickness and 

transferred to SuperfrostTM Plus glass slides (ThermoFisher Scientific). 

Hematoxylin and eosin (H&E) staining was conducted according to standard 

methods. Masson’s trichrome staining was conducted according to the 

manufacturer’s recommendations (Abcam, catalog ab150686). Histologic 

sections were used to measure mitral valve thicknesses as described 

previously57, 232, 248. CellSens image acquisition software (Olympus) and an 

Olympus BX51 microscope were used for brightfield image acquisition. 
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Immunofluorescence staining of mouse tissue 

Sections from flash-frozen mouse hearts heart were prepared for 

immunofluorescence (IF) staining as described previously with minor 

modifications233. Briefly, sections were removed from storage and allowed to 

warm to room temperature for 15 minutes then fixed in cold 4% 

paraformaldehyde in PBS for 10 minutes. After washing, each section was 

permeabilized using 0.1% Triton X-100 (Sigma-Aldrich) for 10 minutes. Non-

specific binding was blocked for 1 hour during which each section was incubated 

in PBS containing 5% normal donkey serum (NDS, Jackson Immunoresearch), 

2% bovine serum albumin (BSA, Roche), and 0.1% Tween-20. Endogenous Fc 

receptors were blocked using 5 µg/mL anti-CD16/32 (rat monoclonal [2.4G2], 

Tonbo Biosciences) added to the blocking buffer. The following fluorochrome-

conjugated antibodies were employed for direct IF: Alexa Fluor-488® (AF-488)-

conjugated anti-active caspase-3 (anti-Casp3, rabbit polyclonal [9661], Cell 

Signaling Technology); AF-647-conjugated anti-CD47 (rat monoclonal [miap301], 

Biolegend); AF-594-conjugated anti-SIRP⍺ (rat monoclonal [P84], Biolegend).  

 

After antibody staining, each section was incubated for 10 minutes in PBS 

containing 1 µg/mL Hoechst 33342 (Thermo Fisher Scientific) to counterstain 

nuclei. Following nuclear counterstaining, each sample was washed 3x5 minutes 

in PBS. Coverslips were mounted using ProLong Gold Antifade fluorescence 

mounting medium (Thermo Fisher Scientific). Images were acquired within 24 
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hours following mounting using a Leica DM6000B epi-fluorescence microscope 

and LAS X software (Leica) for image acquisition. Exposures were matched to 

negative staining in species-matched isotype control samples processed in 

parallel. 

 

Human valve tissue procurement 

Human mitral valve tissue samples were acquired by Dr. Aubyn Marath, MBBS 

(CardioStart International) during missions in countries with high incidences of 

rheumatic cardiac disease. Samples were taken from patient valves being 

explanted during surgical correction. Harvesting followed University of Minnesota 

(UMN) patient consent procedures in adherence with UMN IRB 1307M39481. 

Due to the de-identified nature of the samples, histological analyses were 

deemed exempt from University of Minnesota IRB oversight.  

 

Human mitral valve tissue immunofluorescence staining 

Tissue preservation following surgical resection and preparation for 

immunofluorescence has been described previously with minor modifications233. 

Formalin-fixed, paraffin-embedded (FFPE) sections were rehydrated using a 

decreasing ethanol/water gradient. Antigen retrieval was accomplished by 

incubating each section in 95oC citrate buffer, pH 6.0, or 20 minutes followed by 

a 10-minute cool-down period. Permeabilization was accomplished by incubating 

in PBS containing 0.1% Triton X-100 for ten minutes. Fc receptor blocker 
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(Innovex) was applied for 30 minutes at room temperature according to the 

manufacturer’s recommendation. Following Fc blocking, non-specific binding was 

blocked by incubating each section for one hour in PBS containing 5% NDS, 2% 

BSA, 0.1% Tween-20. Indirect IF was employed for human tissue staining. The 

following primary antibodies were employed: anti-CD47 (mouse monoclonal 

[B6H12.2], Thermo Fisher Scientific), anti-SIRP⍺ (rabbit polyclonal, [ab53721], 

Abcam), anti-VE-cadherin/CD144 (goat polyclonal [AF152], R&D Systems). The 

following species-matched secondary antibodies were purchased from Jackson 

Immunoresearch and used for detection: AF-594-conjugated donkey-anti-mouse, 

AF-647-conjugated donkey-anti-rabbit, Cy3-conjugated donkey-anti-goat. For 

resolving fluorescence from each of these channels, a modified filter set was 

employed (excitation maximum/emission maximum): 530/572 nm (Cy3), 585/625 

nm (AF-594), 620/700 nm (AF-647). Images were acquired similarly to what is 

described above for mouse tissue. 

 

Image analysis 

The Fiji distribution of ImageJ (NIH) was used for image analysis. The image 

analyses herein are based on methods described previously233 with minor 

modifications. Briefly, species-matched isotype control samples were analyzed in 

parallel and used to assign fluorescence exposures. A 40x objective lens was 

used to acquire between 6-10 focal planes within each field of view and tile-scan 

mode was employed to acquire images from the entirety of each valve. 
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Greyscale maximum-intensity z-projections were generated for each channel of 

interest. Area-normalized staining intensity was determined using these 

maximum-intensity projections after converting to 8-bit format. Quantification of 

valve area-normalized fluorescence intensities (e.g. the method employed for 

assessing active caspase-3 staining) was accomplished by outlining the valve 

leaflets within each field of view, summing the grey values for each pixel within 

the outlined region of interest (ROI), and dividing this summation by the pixel 

area contained within the ROI. This was repeated across each field of view for 

each sample. Between 2-5 fields of view were analyzed for each mouse heart. 

To define the representative area-normalized intensity for each sample (i.e. each 

biological replicate) the average area-normalized fluorescence intensity across 

each field of view was determined. These values were used in statistical 

analyses. 

 

For colocalization studies, maximum intensity z-projections were converted to 

binary (e.g. black and white) using the auto-threshold function within Fiji. All 

projections within a respective fluorescence channel were assigned the same 

threshold values across all samples. Isotype antibody-stained controls were 

processed in parallel to ensure no artefactual signal was introduced during image 

processing and thresholding. The Color Counter Fiji plugin (author B. Pichette) 

was employed. This plugin adds together the number of uniquely-colored pixels 

within an image, up to a maximum of 65 unique colors. Generating binary images 
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simplifies the analysis as each pixel is, by definition, either completely black or 

white with intervening grey values absent. These binary images were pseudo-

colored either red, green, or blue and merged to yield an image with a maximum 

of eight unique colors: red, green, blue, magenta (red + blue), yellow (red + 

green), cyan (blue + green), white (red + green + blue), and black (absent 

staining). A diagram of the procedure employed can be found in Figure 5-7. The 

proportions of pixels of each color within each image represent the degree of 

colocalization of the respective antigens of interest. Between 2-5 fields of view 

were analyzed for each sample. The values averaged across each field of view 

for a given sample were used to assign each biological replicate with its 

representative value and were used for statistical analyses. 

 

Arthritis progression  

Clinical arthritis scoring was conducted using a 12-point system described 

previously252 in which each paw is assigned a score of 0 to 3. In this system, 0 

denotes absent joint inflammation and 3 denotes maximal edema and swelling. 

Additionally, mouse ankles thicknesses were determined using a method 

described previously254. A thickness dial gauge (Käfer, model J15) was used for 

taking ankle thickness measurements.  
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Determination of anti-glucose-6-phosphate isomerase (anti-GPI/⍺-GPI) 

antibody titers 

Anti-GPI antibody titers were quantified using enzyme-linked immunosorbent 

assay (ELISA), as described previously253, 256. 

 

Statistics 

Graphpad (Prism) was used for all statistical analyses. For comparisons two 

groups of cardiac valve thickness measurements, two-tailed Mann-Whitney, non-

parametric tests were employed. Flow cytometry data (e.g. fluorescence 

intensities, cell counts, and cell frequencies) was compared using two-tailed 

student’s t-tests and 1-way analysis of variance (ANOVA) for 2 or more groups, 

respectively. When using ANOVA, a post-hoc Tukey’s test for multiple 

comparisons was employed. Statistical significance was defined as p<0.05, and 

indicated as *p<0.05, **p<0.01, & ***p<0.005. Sample sizes (n) are listed in the 

Figures and/or Figure Legends. 
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5-3 Results  

5-3-1 Type-1 inflammation is dispensable for disease in K/B.g7 mice. 

We first sought to determine whether canonical type-1 inflammatory signals were 

required for disease in K/B.g7 mice. It is known that systemic inflammation in this 

line results from expression of the ‘KRN’ transgenic TCR that recognizes a 

peptide derived from glucose-6-phosphate isomerase presented in the context of 

the I-Ag7 MHC-II molecule, commonly associated with the non-obese diabetic 

(NOD) line. This interaction between KRN TCR-expressing T lymphocytes and 

APCs expressing I-Ag7 results in production of high-titers anti-GPI IgG 

autoantibodies. A readily observable feature of this systemic inflammatory 

process is development of joint swelling and inflammation (Figure 5-1A). 

Autoantibody production is a critical element of K/B.g7 disease, and both arthritis 

and cardiac valve inflammation and fibrosis require autoantibodies for 

progression. We have previously shown that mitral valvulopathy in K/B.g7 mice is 

orchestrated by distinct populations of CD301b/MGL2+ MNPs that accumulate in 

the inflamed valves. These MNPs become activated in response to circulating 

anti-GPI IgG auto-antibodies via signaling through FcγRIII/IV in a process 

dependent on the tyrosine kinase Syk (Figure 5-1B)233. 

 

We desired to clarify the nature of the inflammatory response that underlies MV 

inflammation in K/B.g7 mice. Based on the wide array of immunopathology 

associated with type-1 inflammation dysregulation, we first hypothesized that 
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type-1 inflammatory signals are important for K/B.g7 arthritis and MVD. We 

generated lines with genetic deletion of type-1 inflammatory mediators on the 

K/B.g7 background, including Ifng, Tlr4, and Nos2. When compared to their 

respective heterozygous littermate controls, there were no differences between 

groups in the trajectory of arthritis development, as demonstrated by joint 

swelling measurements (Figure 5-1C, top) and the progression of arthritis clinical 

scores (Figure 5-1C, bottom). In addition, there were no observable differences 

in autoantibody titers between groups, demonstrating that the systemic 

inflammatory processes leading to immunopathology were largely intact (Figure 

5-1D). Valvulopathy was similarly unchanged between groups, as demonstrated 

through quantification of MV thicknesses (Figure 5-1E). Qualitatively, no 

differences in valve tissue remodeling were observed between groups with 

genetic deletion of discrete elements of type-1 inflammation when observed 

using standard hematoxylin and eosin (H&E) histological staining (Figure 5-1F). 

 

As we have previously demonstrated a critical role for MNPs in the development 

of mitral valvulopathy in K/B.g7 mice 232, 233, we sought to clarify the specific 

inflammatory signals that contribute to MNP dysfunction, therein. In Chapter 4, 

evidence was provided that demonstrated a critical role for CX3CR1-expressing 

MNPs during the initiation and progression of MV inflammation and fibrosis. I 

provided extensive data underscoring the role for specific MNPs populations and 

employed conditional deletion in the MNP system using Cx3cr1-Cre and floxed 
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alleles. Herein, we employed a similar strategy to delete interferon regulatory 

factor 5 (Irf5) in MNPs to diminish M1 (type-1) polarization (Figure 5-1G). It has 

been previously shown the Irf5 is a master regulator of a transcriptional program 

leading to M1 polarization72. Thus, we hypothesized that if type-1 inflammation is 

important for the progression of MV inflammation and fibrosis, deletion of the M1-

polarizing transcription factor IRF5 in MNPs should result in decreased valve 

fibrosis and thickening. When Irf5 was conditionally deleted in MNPs, no 

difference in the progression of joint swelling and arthritis clinical scores were 

observed in comparison to littermate control mice lacking the Cx3cr1-Cre 

transgene (Figure 5-1H). Additionally, no difference in autoantibody titers were 

observed and no difference in mitral valve thickening were seen between K/B.g7 

mice in which Irf5 had been conditionally deleted in the MNP system using 

Cx3cr1-Cre (Figure 5-1I, J). Finally, no qualitative differences in MV remodeling 

were observed using standard histological staining (Figure 5-1K) 

 

Collectively, these results rule out a likely role for type-1 inflammatory signals in 

K/b.g7 systemic inflammation and autoimmune disease. Both constitutive and 

conditional deletion studies were employed to probe putative mediators of 

autoantibody production, arthritis and/or valvulopathy. In all cases, no significant 

effects were seen on the course of disease. Thus, type-1 inflammatory signals 

are dispensable for systemic inflammation and disease in K/B.g7 mice. 
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5-3-2 Type-2 inflammation in K/B.g7 mice: IL-4 is required for autoantibody 

production while IL-13 is required for MV inflammation and fibrosis 

Type-2 inflammatory mediators are canonically associated with the cellular 

behavior induced by the cytokines IL-4 and IL-13. Both of these cytokines signal 

through heterodimeric transmembrane receptors. In the case of IL-4, the ‘type I 

receptor’ is known to only bind IL-4 and results from the pairing of IL4R⍺ and the 

common gamma chain, γc, that also participates in signaling in response to IL-2, 

7, 9, 15, and 21. The ‘type II’ receptor results from the pairing of IL4R⍺ and 

IL13R⍺1. The resulting heterodimer can bind and transduce signals from both IL-

4 and IL-13. A consequence of this pattern of subunit pairing is that if a cell only 

expresses the type I receptor then it is incapable of responding to IL-13. Thus, IL-

13R⍺1 expression is necessary for IL-13 responsivity. A diagram of IL-4 and IL-

13 signaling on MNPs is shown in Figure 5-2A. 

 

To determine whether type-2 inflammatory signals are critical elements of 

systemic disease in K/B.g7 mice, we generated a K/B.g7 line in which the Il4 

gene had been constitutively deleted. When compared to heterozygous 

littermates, animals lacking Il4 demonstrated a dramatic attenuation of arthritis 

progression (Figure 5-2B): arthritis clinical scores (Figure 5-2B, left) and ankle 

swelling (Figure 5-2B, right) were both significantly decreased in the absence of 

constitutive Il4. In addition, anti-GPI autoantibody titers (Figure 5-2C) were 

dramatically decreased in the absence of Il4, relative to littermate controls. 
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Furthermore, MV fibroinflammatory thickening (Figure 5-2D) and qualitative 

remodeling of the MV interstitium were significantly attenuated when ll4 was 

constitutively deleted in K/B.g7 mice (Figure 5-2E). In short, systemic 

inflammation was virtually absent in the setting of Il4 deletion. Thus, constitutive 

expression of Il4 is required for initiation and pression of systemic inflammation, 

autoantibody production, and MV inflammation and fibrosis. It has been shown 

by us and others that anti-GPI autoantibodies in K/B.g7 mice are nearly uniformly 

of the IgG1 isotype229-231, 254, 256, 337, 338. Knowing that IgG1 class switching is 

dependent on IL-4, it is likely that constitutive IL-4 absence results in blunted 

systemic inflammation due to an inability to produce and secrete IgG1 auto-

antibodies. 

 

We next sought to probe whether type-2 inflammatory signals are important for 

disease progression following initiation of systemic inflammation downstream of 

autoantibody production. In other words, do type-2 inflammatory mediators 

exhibit additional effects beyond their contribution to autoantibody production 

when present and expressed constitutively? Because of the closeness in 

proximity of the Il4 and Il13 gene loci, few tools exist to specifically probe each 

one separately. Thus, to determine whether IL-4 and/or IL-13 are important 

mediators of disease, we conducted monoclonal antibody blockade studies. A 

diagram of the experimental timeline employed for neutralization of either IL-4 or 

IL-13 is shown in Figure 5-2F. In all cases, 200 µg of either anti-IL-4, anti-IL-13, 
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or their respective species matched isotype control antibodies were injected 

every other day for 4 weeks. During the course of the experiment, arthritis 

progression was monitored and in the setting of either IL-4 or IL-13 

neutralization, no differences on the progression of arthritis clinical scores 

(Figure 5-2G) or measurements of ankle swelling (Figure 5-2H) were observed 

between groups. Blockade of IL-4 had no effect on MV fibrosis and thickening 

(Figure 5-2I).  

 

Blockade of IL-13, on the other hand, did significantly attenuate MV inflammation 

and fibrosis (Figure 5-2J). Qualitatively, this can be appreciated with Masson’s 

trichrome staining of samples taken from IL-4 and IL-13 neutralization studies 

(Figure 5-2K, L); fibrotic remodeling is qualitatively decreased in the setting of 

IL-13 blockade. Thus, arthritis in K/B.g7 mice is unaffected by either IL-4 or IL-13 

blockade beginning at the onset of disease. Additionally, IL-4 blockade beginning 

at the onset of disease has no effect on the progression of MV inflammation and 

fibrosis. IL-13 is required for MV inflammation and fibrosis in K/B.g7 mice, 

however, and its neutralization results in significantly attenuated MVD.  

 

Finally, IF staining demonstrated expression of both the IL-4R⍺ and IL-13R⍺1 

necessary for IL-13 signaling (type II receptor when paired) present diffusely 

throughout the inflamed K/B.g7 MVs while demonstrating a paucity of IF staining 
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in non-inflamed MVs taken from age-matched C57BL/6 mice (Figure 5-2M). Also 

shown are overlaid IF staining of CD301b/MGL2 (red) and CD64/FcγRI (white). 

 

Collectively, these results provide evidence for a critical role for type-2 

inflammatory signals during the initiation of systemic inflammation, arthritis, and 

mitral valvulopathy in K/B.g7 mice. Additionally, these observations provide 

evidence for compartmentalization of coordinated type-2 inflammatory responses 

(i.e. IL-4 driven autoantibody production and systemic inflammation and IL-13 

driven fibro-inflammatory remodeling of the MV).  

  

5-3-3 Type-3 inflammation is dispensable for systemic disease in K/B.g7 

mice. 

To be comprehensive, we next sought to determine what effects canonical type-3 

inflammatory signals have on the disease trajectory in K/B.g7 mice. We have 

previously shown that the initiation and progression of arthritis (clinical scores 

and ankle swelling) and anti-GPI IgG1 autoantibody production are independent 

of type-3 inflammatory signals including the IL-17 cytokine and TH17 T cells339. 

Here, we generated mouse lines on the K/B.g7 background to constitutively 

delete the genes encoding either IL-17A/F or IL17RA, the primary IL-17-family 

cytokines and receptor, respectively. A diagram of IL-17 stimulation of MNPs can 

be found in Figure 5-3A, for clarity. In either setting (i.e. deletion of either Il17a/f 

or Il17ra), there was no effect on MV inflammation and fibrosis (Figure 5-3B-E). 
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Thus, like type-1 inflammation, type-3 inflammation is dispensable for systemic 

inflammatory disease, arthritis, and mitral valvulopathy in K/B.g7 mice. 

 

5-3-4 IL-13 production in inflamed K/B.g7 valves originates from multiple 

populations and is dominated by mononuclear phagocytes at chronic 

timepoints. 

Thus far, I have provided evidence that type-1 and type-3 inflammatory signals 

are dispensable for systemic disease in K/B.g7 mice. Additionally, I have 

demonstrated that type-2 inflammation is a critical element of K/B.g7 mice. 

Constitutive expression of IL-4 is required for IgG1 autoantibody production and 

systemic disease in K/B.g7 mice while IL-13 is required specifically for MV 

inflammation and fibrosis following disease initiation in the setting of intact 

systemic autoantibody production. We next sought to clarify the role of IL-13 in 

K/B.g7 MV inflammation and fibrosis.  

 

Intracellular cytokine staining for IL-13 and flow cytometric analysis of cells 

isolated from inflamed K/B.g7 valves demonstrated that, in contrast to samples 

generated from pooled secondary lymphoid organs, the large majority of IL-13 

producing cells in the inflamed valves were primarily MNPs; approximately 60% 

of IL-13 producing cells in the systemic SLO circulation are either lymphocytes 

(primarily T cells but also B cells and granulocytes) while approximately 75% of 

the IL-13+ population in the inflamed valves are MNPs (Figure 5-4A). Less than 
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0.5% of all MNPs stain positive for IL-13 in the systemic SLO circulation 

compared to 3.5% of MNPs in the inflamed MVs (Figure 5-4B). Furthermore, as 

a proportion of the total leukocytes present, IL-13 producing cells are 

dramatically enriched in the inflamed MVs relative to the systemic SLO 

circulation, consistent with our observation from mAb neutralization studies that 

IL-13 signaling plays a specific role in K/B.g7 mitral valvulopathy (not shown). 

Thus, IL-13 expression is enriched in inflamed K/B.g7 MVs relative to the 

systemic circulation and, at chronic timepoints. IL-13 is primarily derived from 

MNPs. 

 

5-3-5 Apoptotic cells, CD47, and SIRP⍺ are enriched in K/B.g7 mitral valves 

and in chronic rheumatic heart disease 

Chronic inflammation accompanies of number of chronic diseases that affect 

humans. Cancer and CVD, for instance, both exhibit significant inflammatory 

components. In addition to fibrosis, an unavoidable consequence of chronic 

inflammation in the tissues affected by these chronic inflammatory diseases is 

cellular stress resulting from persistent, unrelenting stimulation. In recent years, 

there has been much interest in understanding how cellular phenotypes that 

arise due to chronic cellular stresses alter the course of inflammatory disease. As 

mentioned previously, CD47 is an anti-phagocytic (‘don’t-eat-me’) signal 

upregulated in the setting of cellular stress and represents a potential therapeutic 

target in a variety of chronic inflammatory diseases283, 328-331, 333-335.  
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Knowing the role of inflammatory stimulation in the K/B.g7 system, we sought to 

determine whether the CD47 pathway may be potentially involved. Firstly, we 

sought to determine if we could detect CD47 and other molecules associated 

with cellular stress and phagocytosis including active-caspase-3 and SIRP⍺, 

respectively, in inflamed K/B.g7 valves. Indeed, when we conducted IF staining 

for these markers in inflamed MVs, we observed diffuse expression of both CD47 

and SIRP⍺ throughout the inflamed valves, while a paucity of staining was 

observed in age-matched, non-inflamed MVs taken from C57BL/6 mice (Figure 

5-5A). In addition to diffuse expression of CD47 and SIRP⍺, inflamed K/B.g7 

valves demonstrate punctate foci of apoptotic cells distributed throughout the 

inflamed, fibrotic interstitium while MVs from C57BL/6 mice demonstrate nearly 

absent IF staining of active-caspase-3+ cells (Figure 5-5A). Higher magnification 

of IF for CD47, SIRP⍺, and active-caspase-3 in inflamed K/B.g7 MVs is shown in 

Figure 5-5B. When IF colocalization was quantified across multiple images and 

samples, it was observed that the large majority of IF staining colocalizes with 

both CD47 and SIRP⍺ (Figure 5-5C), providing support for the putatively 

implicating CD47:SIRP⍺ interactions and frustrated phagocytosis as critical 

elements of MV inflammation and fibrosis in K/B.g7 mice. Finally, we sought to 

determine if human MVD exhibits similar characteristics to our experimental 

findings. Indeed, we observed similar findings in samples taken from human MVs 

affected by chronic rheumatic heart disease (RHD) including accumulation of 

apoptotic/active-caspase-3+ cells (Figure 5-5D) and diffuse expression of CD47 
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and its ligand, SIRP⍺ (Figure 5-5E). Thus, CD47, SIRP⍺, and apoptotic cells are 

diffusely present and upregulated in KB.g7 mice and humans, relative to non-

inflamed control tissue. 

 

5-3-6 CD47 represents a preventative and therapeutic target in K/B.g7 MV 

inflammation and fibrosis. 

We next sought to determine whether CD47 expression represents an important 

element of MV inflammation and fibrosis in K/B.g7 mice. Shown in Figure 5-6A is 

a diagram of the putative mechanism for CD47:SIRP⍺ interactions in MV 

inflammation and fibrosis. It is hypothesized that apoptotic cells upregulate CD47 

during the course of cellular stresses involved in promoting the apoptotic 

signaling cascade. CD47 expression on these dying and/or dead cells results in 

their persistence and accumulation, thus promoting an inflammatory environment 

and, on the chronic time scale, fibrosis. To test this hypothesis, monoclonal 

antibody (mAb) blockade studies were employed. Firstly, a preventative 

treatment regimen was used where treatment was initiated at the onset of 

disease at 4-weeks post-birth. Secondly, a therapeutic regimen was used during 

which treatment was initiated at 6-weeks post-birth, at a timepoint when fulminant 

MV inflammation and fibrosis is known to be present (Figure 5-6B).   

 

While preventative CD47 blockade did have an early effect on the trajectory of 

arthritis, by the conclusion of the treatment duration no difference in overall 
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arthritis clinical scores or ankle swelling measurements were observed between 

groups (Figure 5-6C). In accordance with this, no difference in anti-GPI IgG1 

autoantibody titers were observed, therein (Figure 5-6D, left). Despite having no 

effect on the overall development of arthritis and autoantibody production, 

preventative CD47 blockade did significantly attenuate MV inflammation and 

fibroinflammatory thickening, both quantitatively and quantitatively (Figure 5-6E, 

F, respectively). 

 

In the setting of therapeutic CD47 blockade, similar effects were seen. 

Specifically, while no differences between groups receiving CD47 blockade 

relative to species-matched isotype control antibody treated mice were seen with 

respect to the overall development of arthritis clinical scores, ankle swelling, and 

anti-GPI IgG1 autoantibody titers, therapeutic CD47 blockade (i.e. initiated during 

fulminant disease) significantly attenuated MV inflammation and fibrosis in 

K/B.g7 mice. Thus, the CD47 and related elements are not only diffusely 

expressed and enriched in inflamed K/B.g7 valves relative to non-inflamed 

controls, but it also represents a therapeutic target for both prevention and 

treatment of MV inflammation and fibrosis. 
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5-3-7 CD47 blockade promotes phagocytic uptake of apoptotic cells in 

inflamed K/B.g7 valves 

To further clarify and understand the underlying effects of CD47 blockade on MV 

inflammation and fibrosis in K/B.g7 mice, we employed quantitative 

immunofluorescence IF analysis to compare samples taken from K/B.g7 mice 

treated with either anti-CD47 mAb or species-matched isotype control antibodies. 

A diagram of the method employed for quantitative IF can be found in Figure 5-

7. First, samples taken from K/B.g7 mice treated preventatively with CD47 

blockade were investigated using this approach (Figure 5-8A). Evidence in 

support of the hypothesis that apoptotic/active-caspase-3+ cells within the 

inflamed valves avoid phagocytosis, thus persisting and driving inflammation and 

fibrosis is provided by quantitatively diminished apoptotic/active-caspase-3+ cells 

in MV sections taken from animals treated with CD47 blockade relative to control 

antibody-treated mice (Figure 5-8B, higher magnification of the indicated regions 

of interest are shown in C). Quantification of the apoptotic/active-caspase-3+ cells 

across multiple images and samples demonstrates that CD47 blockade 

significantly reduces the overall apoptotic cell burden in the inflamed MVs 

(Figure 5-8D). 

 

Next, an acute/short-term CD47 blockade regimen was employed in which 

treatment was initiated beginning at near-maximum MV inflammation and fibrosis 

(8-weeks post-birth, ’Acute’ in Figure 5-8A) and continuing for two weeks 
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thereafter. In these short-term blockade studies, the goal is to better understand 

the underlying phenotypic responses to CD47 blockade within the inflamed MV 

tissue. Thus, in these experiments it was reasoned that a short-term perturbation 

of the inflammatory disease process during maximal activity would provide the 

best window into the underlying pathophysiology that contributes to disease 

progression. Herein, flow cytometry was employed to compare the populations 

infiltrating the inflamed valves treated acutely with CD47 mAb blockade or those 

treated acutely with species-matched isotype control antibodies. While there was 

a trend toward decreased active-caspase-3+ staining in mice treated acutely with 

CD47 blockade (Figure 5-8E), the overall apoptotic cell burden was not different 

between groups, when quantified across samples. This was not necessarily 

surprising as the treatment duration for this study was shorter than that employed 

in other experiments highlighted herein. 

 

In contrast, acute CD47 blockade did result in significantly decrease valve 

inflammation and leukocyte (CD45.2+ cells) infiltration (Figure 5-8F). Additionally, 

MNP infiltration is also significantly decreased in the setting of CD47 blockade 

(Figure 5-8G). Interestingly, while the overall apoptotic cell burden (or active-

caspase-3 staining) was not significantly different overall between groups 

(Figure 5-8E), CD47 blockade did result in selective accumulation of active-

caspase-3 staining in MNP subsets (Figure 5-8H, gating shown on left, 

quantification on right). Importantly, the increase in active-caspase-3 staining is 
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seen on live MNPs, and not on the bulk cell population. Thus, it is likely that the 

augmented active-caspse-3+ staining observed in MNPs in the setting of CD47 

blockade likely represents enhanced phagocytosis and uptake of dead and dying 

cells. Collectively, these data support the hypothesis that CD47 blockade 

attenuates MV inflammation and fibrosis in K/B.g7 mice through decreased 

apoptotic cell burden resulting from enhanced phagocytic clearance.  

 

5-3-8 Acute CD47 blockade attenuates production of IL-6, TNF, and IL-13 

MV-infiltrating from MNPs 

We have previously shown that K/B.g7 MV inflammation and fibrosis are critically 

dependent on TNF and IL-6 and that discrete population of MNPs are the critical 

source of these cytokines in response to activating FcγR signaling and 

downstream signaling through Syk (Chapter 4). Based on these findings, we 

sought to determine whether there exists a link between CD47 and cytokine 

production in our system. Using a similar approach to that described above, we 

employed an acute mAb treatment regimen followed by flow cytometric analyses 

with intracellular cytokine staining (ICS). When CD47 was blocked for 2 weeks 

beginning at maximal MV inflammation and fibrosis (8-weeks post-birth), 

significantly decreased production of both TNF and IL-6 was observed in discrete 

populations of valve-infiltrating MNPs taken from anti-CD47 treated mice relative 

to species-matched isotype-control treated animals (gating strategy for 

identification of MNPs using flow cytometry on enzymatically digested MVs is 
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shown in Figure 5-9A). While not all populations of valve-infiltrating MNPs were 

uniformly affected, overall, reductions of production of both cytokines were 

observed (Figure 5-9B-E). These observations were encouraging as they 

provide a link between our previous results describing the dependence of MV 

inflammation and fibrosis on TNF and IL-6 and our current studies investigating 

the role of CD47 expression during the course of MV inflammation and fibrosis. 

These observations are also consistent with studies done by others 

demonstrating a link between CD47 and TNF in atherosclerotic CVD333. 

 

Finally, we sought to determine whether CD47 blockade has an effect on IL-13 

production during the course of MV inflammation and fibrosis. Because valve 

remodeling was shown to depend on IL-13 production, a connection between 

CD47 signaling and IL-13 production would conveniently link each element of 

pathology described herein. To test whether a putative link exists between IL-13 

and CD47, once again we employed an acute CD47 blockade treatment regimen 

beginning at 8-weeks post-birth during maximal disease activity and continuing 

for two weeks duration (Figure 5-8A ‘Acute’). At the conclusion of the 

experiment, we used intracellular cytokine staining (ICS) and flow-cytometric 

analysis to assess IL-13 production on valve-infiltrating leukocyte populations. 

We have shown previously that IL-13 primarily arises from macrophages and, to 

a lesser degree, T lymphocytes in chronically inflamed MVs (Figure 5-4). Thus, 
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these are populations of interest to the current study into the effect of CD47 

blockade on IL-13 production.  

 

When analyzing MV-infiltrating MNPs for IL-13 using ICS (gating strategy shown 

in Figure 5-10A, gated on live, single, CD45.2+Ly6G–B220–Thy1.2– cells), a 

significant reduction in IL-13 staining was observed (Figure 5-10B, quantified in 

D). In addition to reduced IL-13 staining, significant reductions in the overall 

number of infiltrating MNPs was seen in the setting of acute CD47 blockade 

(Figure 5C). When analyzing IL-13 production on CD4+ TH lymphocytes, the 

same trend was observed (Figure 5E-H). Interestingly and consistent with our 

previous findings, no effect on arthritis progression (clinical scores or ankle 

swelling measurements) was observed in all cases (Figure 5-10I), demonstrating 

CD47 is likely a characteristic feature of MV inflammation and fibrosis and not 

systemic inflammation or arthritis. In sum, these results demonstrate that CD47 

blockade also attenuates IL-13 production in the setting of chronic MV 

inflammation and fibrosis, in addition to its effects on TNF and IL-6. 
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5-4 Discussion 

A summary of the findings shown in Chapter 5 can be found in Figure 5-11 and 

build on observations presented in Chapter 4. Firstly, apoptotic cells within the 

valve interstitium are generated (Figure 5-11, left panel). As a consequence of 

the cellular stresses that precede the apoptosis cascade, CD47 is upregulated 

(Figure 5-11, right panel) and interacts with SIRP⍺ expressed by valve-infiltrating 

MNPs, providing it with an inhibitory, ‘don’t-eat-me’ signal. This anti-phagocytic 

signal thus enables accumulation of apoptotic cells and apoptotic cell debris. The 

accumulated cells are putatively opsonized with anti-GPI IgG1, in part due to the 

ubiquity of GPI epitopes and the increased likelihood for surface translocation of 

these epitopes in the setting of apoptotic cell stress. Persistence of the anti-GPI-

coated debris subsequently induces MNP activation in an FcγR-Syk-dependent 

signaling cascade (Chapter 4). Following activation, MNPs produce TNF, IL-6, 

and, IL-13, furthering disease progression. Disrupting the CD47:SIRP⍺ immune 

checkpoint using anti-CD47 mAbs attenuates MV inflammation and fibrosis, 

decreases apoptotic cell burden through enhanced phagocytic clearance, and 

decreases TNF, IL-6, and IL-13 production from valve-infiltrating inflammatory 

cells. Both preventative and therapeutic CD47 blockade were effective 

interventions for K/B.g7 MV inflammation and fibrosis, underscoring the 

importance of the CD47 pathway in chronic inflammatory MV disease. Finally, we 

provide evidence for accumulation of apoptotic cells and upregulation of the 
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CD47:SIRP⍺ pathway in human autoimmune MV disease, thus highlighting the 

translational potential of our experimental observations. 

 

These studies provide mechanistic insight into the underlying pathways by which 

cardiac valve disease progresses and presents potential therapeutic disease 

targets for cardiac valve disease treatment including CD47:SIRP⍺ and IL-13. 

Surprisingly, we observed that discrete populations of MNPs are the primary 

producers of IL-13 in the inflamed MVs. While most studies of IL-13 production in 

the course of type-2 inflammatory responses have focused on cells such as 

CD4+ TH cells and, more recently, ILC2s, there exists a relative paucity of 

evidence for IL-13 production originating from MNPs. Despite this, observations 

consistent with those presented here have been seen by others. Using a mouse 

model of chronic viral lung infection leading to persistent type-2 inflammatory 

activation, the authors demonstrated that MNPs become the dominant IL-13 

producing population in the setting of chronic type-2 inflammation322, peaking at 

approximately 2 months following infection. Correlations of this critical 

observation to chronic obstructive pulmonary disease (COPD) in humans was 

provided: samples taken from COPD patients similarly showed accumulation and 

enrichment of IL-13 producing macrophages in the setting of chronic 

inflammatory lung disease. While the experimental observations presented 

herein did not include a detailed assessment of the time course for IL-13 
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production and the heterogeneity of its cellular sources, this will be an important 

element of ongoing and future studies to clarify these observations.  

 

If the main mechanism of action of CD47 blockade is to improve apoptotic cell 

clearance, reduction in SIRP⍺-mediated inhibition of phagocytosis is not enough 

-- the phagocyte must also recognize pro-phagocytic signals on the apoptotic 

cells. For instance, CD91 (low density lipoprotein receptor related protein-1 

(LRP-1)) on phagocytes recognizes calreticulin on apoptotic cells332, 335; we have 

conducted studies (not shown) to confirm colocalization of caspase-3 with 

calreticulin. Other pro-phagocytic signals for dead/dying cells include 

phosphatidylserine and annexin 1 340. Finally, a recent study suggested that the 

β2 integrin family members, CD11c and CD11b, can promote phagocytosis of 

CD47-deficient cells, although the ligand was not identified341. Interestingly, we 

have previously shown that K/B.g7 mice lacking all β2 integrins develop more 

severe MVD 248; although we attributed this to a reduction in T regulatory cell 

numbers, it is also plausible that the deficiency of β2 integrins impaired 

phagocytosis of apoptotic cells, exacerbating MV inflammation. 

 

A remaining unanswered question prompted by the results presented herein is: 

why is the MV specifically affected by this disease process? Close inspection of 

the disease mechanism proposed in Figure 5-11 reveals there is no explanation 

for why apoptotic cells are generated in the MV. Because apoptotic cell 
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generation and persistence is proposed to be a critical initiator of MV disease, it 

is important to understand the validity and details that underlie this hypothesis. 

What are the stimuli leading to activation of the apoptotic program in MV cells 

and why does their accumulation drive disease? A related corollary of these 

observations is: what is it about the environment of the MV that predisposes 

apoptotic cells to accumulate there? It is likely that an understanding of the 

unique physiology MV experiences may provide insight into this question. The 

environment of the MV is one of extremes; it experiences the highest hydrostatic 

pressure gradients throughout the cardiac cycle and it also experiences blood 

with the highest oxygen tension. The pressure in the left atrium (LA) peaks during 

normal activity at approximately 10 mmHg during systole. Thus, the atrial surface 

of the MV experiences relatively low pressure at any given time. The left ventricle 

(LV) in contrast, reaches pressures of 120 mmHg or more during peak systole. 

This corresponds to a pressure gradient across the MV of more than 100 mmHg 

during each cardiac cycle. No other anatomical location in the circulatory system 

(including any of the remaining 3 cardiac valves) experiences the types of 

stresses and strains that the MV undergoes as a part of its normal function. 

Knowing this, one can appreciate that apoptotic cell turnover is likely higher in 

the MV than in other anatomical locations, merely as a result of the extreme 

stresses repeatedly experienced by it. The addition of systemic inflammatory 

stimuli resulting from autoantibody production may potentially be enough to 

overwhelm the activity of phagocytic cells normally found in the MV interstitium 
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(Figure 5-5A, top). This may result either through diversion of metabolic 

resources toward inflammatory activation rather than phagocytic clearance, or 

through increased apoptosis of cells within the MV interstitium. While this 

hypothesis is attractive, it presents more unresolved questions than it answers. In 

particular, which cells are specifically prone to apoptosis and what are the stimuli 

driving activation of that pathway? One can also propose similar hypotheses that 

take into account the oxygen tension experienced by the MV. Does the oxygen-

rich environment predispose the MV to hyperoxic stress? How is MV metabolism 

and energy utilization different from that present in the aortic and right-sided 

valve that are all less prone to inflammatory disease? All of these are active lines 

of investigation under investigation. 
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5-5 Figures and Legends 

 

 

 

Figure 5-1: Type 1 inflammation is dispensable for disease in K/B.g7 mice. 

A. Systemic inflammation in K/B.g7 mice results from constitutive expression of a 

transgenic T cell receptor (TCR), termed ‘KRN’. Professional antigen-presenting 

cells (APCs, canonically dendritic cells, macrophages, B lymphocytes) present a 

peptide derived a from a ubiquitously expressed metabolic enzyme, glucose-6-

phosphate isomerase (GPI), within the context of I-Ag7 , the mouse major 

histocompatibility complex class II (MHC-II) (most commonly associated with the 

non-obese-diabetic (NOD) background). The GPI-peptide-I-Ag7 is recognized by 

T cells expressing the KRN TCR. This results in their activation and, 
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downstream, these activated T cells provide help to GPI-specific B cells, leading 

to production of high-titer anti-GPI IgG autoantibodies (right). 

B. Mitral valve (MV) (left, middle) inflammation and fibrosis occurs downstream of 

anti-GPI autoantibody production in K/B.g7 mice as a result of MNP activation 

downstream of FcγR activation (right). MNPs expressing the lectin 

CD301b/MGL2 are critical disease-promoting mediators of K/B.g7 MVD through 

production of inflammatory cytokines, namely TNF and IL-6 (top right, see 

Chapter 4) in response to circulating anti-GPI IgG1 autoantibodies via signaling 

through activating FcγRs (not shown). A progressive positive feedback loop of 

inflammatory MNP accumulation, activation, and production of cytokines (TNF 

and IL-6) results and drives MV disease progression. 

C. Constitutive deletion of canonical type-1 inflammatory mediators (Tlr4, Nos2, 

or Ifng) has no effect on K/B.g7 arthritis progression; summary data, top: ankle 

swelling; bottom: arthritis clinical scores for all groups.  

D. No relative differences in autoantibody production (anti-GPI IgG1) were 

observed between groups with constitutive deletion of specific mediators of type-

1 inflammation, in comparison to littermate controls. 

E. MV thickness measurements taken from mice with constitutive deletion of the 

specific type-1 inflammatory mediators listed. 

F. Qualitative assessment of differences in remodeling based on histological 

analysis of H&E-stained sections for representative samples of mice with deletion 

of type-1 inflammatory mediators in comparison to littermate controls. 
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G. Diagram of conditional deletion in the mononuclear phagocyte system (MPS) 

using Cx3cr1-Cre and floxed alleles. 

H. Arthritis progression in animals with conditional deletion of floxed-Irf5 alleles 

using Cx3cr1-Cre in comparison to Cre-negative littermates (top: ankle swelling, 

bottom: arthritis clinical scores). 

I. Autoantibody titers in condition Irf5-deletion studies (Cre+ vs Cre– littermates all 

homozygous for the floxed Irf5 allele [Irf5fl/fl]). 

J. MV thickness measurements in Irf5 deletion studies (Cre+ vs Cre– littermates, 

all homozygous for the floxed Irf5 allele [Irf5fl/fl]). 

K. H&E staining of hearts taken from K/B.g7 mice in which Irf5 has been deleted 

in MNPs using Cx3cr1-Cre (Cre+, bottom) relative to controls lacking the Cx3cr1-

Cre transgene (Cre–). 

‘ns’ implies the differences are not significant between the indicated groups. 

Scale bars in F and J are equal to 50 microns. Sample sizes in C-F are as 

follows:           Tlr4+/–: n=9; Tlr4–/–: n=7; Nos2+/–: n=7; Nos2–/–: n=7; Ifng+/–: n=9, 

Ifng–/–: n=5. Sample sizes for conditional deletion studies (H-K) are as follows:                     

Cx3cr1-Cre–:Irf5fl/fl: n=9; Cx3cr1-Cre+:Irf5fl/fl n=12. In all cases, data are 

represented as mean +/– standard error of the mean (SEM). 
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Figure 5-2: Discrete elements of type-2 inflammation are required for 

systemic and cardiac valve-specific disease in K/B.g7 mice. 

A. Diagram of canonical type 2 inflammatory activation of mononuclear 

phagocytes; MNP: mononuclear phagocyte; γc: common gamma chain. 

B. Arthritis clinical scores (left) and ankle swelling measurements (right) from 

animals with the Il4 gene deleted (white boxes) relative to Il4-replete controls 

(black boxes). 

C. Autoantibody (anti-GPI IgG) titers in animals with the Il4 gene deleted relative 

to Il4-replete, heterozygous littermate controls (Il4+/–). 

D. Mitral valve thickness measurements from Il4-deletion studies. 

E. H&E staining of coronal tissue sections taken from mice lacking the Il4 gene 

(Il4–/–, bottom) relative to Il4-replete littermate controls (Il4+/–, top).   

Sample sizes for Il4-deletion studies (B-E) are as follows: Il4+/–: n=10; Il4–/–: n=9.   
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F. Experimental timeline employed for monoclonal antibody (mAb) blockade of 

either IL-4 or IL-13 beginning at 4 weeks of age, the onset of mitral valve 

inflammation and joint swelling in K/B.g7 mice. A hypothetical trajectory57 of MV 

thickness in K/B.g7 animals relative to non-inflamed mice (B.g7 [lacking 

expression of the KRN transgene] or C57BL/6) is shown for clarity (top); 

intervention period shaded in gray; MVD: mitral valve disease; IP: intraperitoneal. 

G. Arthritis clinical scores monitored during mAb blockade of either IL-4 (top) or 

IL-13 (bottom), relative to animals receiving species-matched isotype control 

antibody injections. The intervention period is shaded in gray. 

H. Ankle thickness measurements acquired during blockade of either IL-4 (top) or 

IL-13 (bottom) relative to animals receiving species-matched isotype control 

antibody injections. The intervention period is shaded gray. 

I. Mitral valve thickness measurements for IL-4 neutralization studies. 

J. Mitral valve thickness measurements for IL-13 neutralization studies. 

K. Masson’s trichrome staining of coronal tissue sections K/B.g7 animals given 

IL-4 blockade. Samples taken from animals that received the respective species-

matched isotype control antibodies in parallel are shown alongside. 

L. Masson’s trichrome staining of coronal tissue sections K/B.g7 animals given 

IL-13 blockade. Samples taken from animals that received the respective 

species-matched isotype control antibodies in parallel are shown alongside. 

K. Immunofluorescence (IF) demonstrating diffuse expression of type-2 

inflammatory mediators, including IL4RA (green), and IL13RA1 (blue), in addition 
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to CD301b/MGL2 (red), and CD64/FcγRI (white, used as a macrophage marker) 

in inflamed K/B.g7 MVs (top), relative to non-inflamed MVs taken from age-

matched C57BL/6 mice. 

All scale bars are equal to 50 microns. Sample sizes are as follows: A-E: Il4+/–: 

n=11; Il4–/–: n=9. F-J: rat IgG: n=6; mouse IgG: n=8 ; anti-IL-4 (rat IgG): n=6; anti-

IL-13 (mouse (IgG): n=8 . In all cases, data are represented as mean +/– 

standard error of the mean (SEM). 
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Figure 5-3: Type-3 inflammation is dispensable for disease in K/B.g7 mice. 

A. Diagram of canonical type-3 inflammation (i.e. IL-17) signaling for clarification 

of constitutive deletion studies involving the primary type-3 inflammatory 

cytokines, IL-17A/F, and its primary receptor, IL17RA. 

B. H&E staining of MV tissue samples taken from studies involving constitutive 

deletion of the Il17a/f genes.  
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C. Quantification of MV fibrosis and thickening in K/B.g7 animals in which the 

Il17a/f have been constitutively deleted compared to Il17a/f replete littermates.  

D. H&E staining of MV tissue samples taken from studies involving constitutive 

deletion of the Il17a/f genes.  

E. Quantification of MV fibrosis and thickening in K/B.g7 animals in which the 

Il17a/f have been constitutively deleted compared to Il17a/f replete littermates. 

Scale bars in all images are equal to 50 microns. Sample sizes are as follows: B, 

C: Il17ra+/–: n=6 ; Il17ra–/–: n=7 ; D, E:  Il17a/f+/–: n=5 ; Il17a/f–/–: n=8. In all cases, 

data are represented as mean +/– standard error of the mean (SEM). 
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Figure 5-4: Mononuclear phagocytes (MNPs) are the dominant IL-13 

producing population in inflamed K/B.g7 valves. 

A. Proportions of IL-13-producing cells in pooled secondary lymphoid organs 

(SLOs, left) relative to inflamed MVs (right). 

B. Quantification of relative proportion of IL-13+ MNPs in pooled SLO relative to 

the inflamed K/B.g7 MVs. Sample size: n=8. In all cases, data are represented as 

mean +/– standard error of the mean (SEM). 
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Figure 5-5: Inflamed K/B.g7 mitral valves (MVs) are enriched with apoptotic 

cells relative to non-inflamed MVs.  

A. Immunofluorescence (IF) staining of mitral valves for cleaved/active-caspase-

3 in non-inflamed C57BL/6 mice (top) and inflamed K/B.g7 mice (bottom). 

Animals shown are 8-weeks of age. 

B. Higher magnification of regions of interest in multiple inflamed MV samples 

taken from K/B.g7 mice demonstrating colocalization of active caspase-3, SIRP⍺, 

and the ‘don’t eat me’ signal CD47; apoptotic cells: green; SIRP⍺, phagocytes: 

red, CD47: blue; nuclei (Hoechst 33342): gray. White arrowheads denote regions 

of active-caspse-3 and SIRP⍺ colocalization. 

C. Quantification of immunofluorescence colocalization between caspase-3 and 

CD47 & SIRP⍺ across multiple samples (n=4). 

D. Active-caspase-3 staining (green) in samples taken from a patient with 

advanced rheumatic heart disease (RHD). Nuclei counterstained with Hoechst 

33342 and pseudo-colored blue. Sections taken from the same sample 
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processed and stained in parallel with a species-matched isotype control 

antibody (rabbit IgG) is shown (bottom).  

E. IF staining of human RHD samples for CD47 (green), SIRP⍺ (red), VE-

cadherin/CD144 to denote vasculature (blue), and F-actin (white). 

Scale bars in all images are equal to 50 microns. LA: left atrium; LV: left ventricle. 

In all cases, data are represented as mean +/– standard error of the mean 

(SEM). 
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(caption on next page) 
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Figure 5-6: CD47 blockade prevents MV inflammation and fibrosis and 

treats it following onset. 

A.  A schematic of CD47-SIRP⍺ in K/B.g7 MV inflammation and fibrosis. 

B. Experimental timeline employed for preventative and therapeutic 

monoclonal antibody blockade studies that are initiated at disease onset or after 

disease is established, respectively. 

C. Arthritis clinical scores (left) and ankle swelling measurements (right) in the 

setting of preventative CD47 blockade (beginning at 4 weeks, the age of 

disease onset). 

D. Left: representative trichrome staining of MVs taken from animals treated 

preventatively using CD47 mAb blockade (bottom) or from animals treated with 

species-matched isotype control antibodies (mouse IgG, top); middle: 

autoantibody (anti-GPI) titers for mice treated with preventative CD47 blockade, 

relative to their species-matched isotype control-treated samples; right: MV 

thickness measurements in the setting of preventative CD47 blockade. 

E. Arthritis clinical scores (left) and ankle swelling measurements (right) in the 

setting of therapeutic CD47 blockade (beginning at 4 weeks, the age of disease 

onset). 

F. Left: Representative trichrome staining of MVs taken from animals treated 

preventatively using CD47 mAb blockade (bottom) or from animals treated with 

species-matched isotype control antibodies (mouse IgG, top); middle: 

autoantibody (anti-GPI) titers for mice treated with preventative CD47 blockade, 
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relative to their species-matched isotype control-treated samples; right: MV 

thickness measurements in the setting of preventative CD47 blockade. 

Scale bars in all images are equal to 50 microns. Sample sizes are as follows: B 

and C: mouse IgG: n=8; anti-CD47: n=9; D and E: mouse IgG: n=8; anti-CD47: 

n=9. In all cases, data are represented as mean +/– standard error of the mean 

(SEM). 
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(caption on next page) 
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Figure 5-7: Workflow for immunofluorescence (IF) image analysis.  

Top row: greyscale immunofluorescence images were used for threshold 

application (second row).  

Third row: binary images generated from thresholding were pseudo-colored 

either red, green, or blue. Bottom image: color-combined images were generated 

by merging the three pseudo-colored channels and were used to for 

quantification of pixel colors (red, green, blue, cyan [green+blue], magenta 

[red+blue], yellow [red+green], white [red+green+blue], black [absent staining]) 

across images using the Color Counter plugin in Fiji (NIH). This figure is for 

demonstration purposes and was not used for generating summary 

data/interpretation in the studies shown. 
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Figure 5-8:  CD47 blockade results in decreased apoptotic cell burden in 

inflamed K.B,g7 mitral valves (MVs) through enhanced clearance by 

phagocytes.  

A. Schematic of the experimental timeline employed for assessment of the effect 

of CD47 blockade on apoptotic cell burden in K/B.g7 mitral valves (MVs). B-D 

show data acquired using preventative CD47 blockade (beginning at the 4-week 

onset of disease and continuing for 4 weeks, thereafter. E-H show data acquired 

from acute/short-term CD47 blockade studies in which treatment was initiated at 

8-weeks of age when disease is known to be approaching maximal activity and 

continuing for 2-weeks.  

B. Immunofluorescence (IF) staining of MVs taken from K/B.g7 mice treated with 

preventative CD47 blockade (weeks 4-8 post-birth): top: summary data from 

animals injected with isotype (mouse IgG) control antibody; bottom: summary 

data from anti-CD47 mAb-treated mice 
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C. Higher magnification of regions of interest (ROIs) shown in B. Left: mouse IgG 

control antibody-treated section from the ROI on top (yellow box) in B. Right: 

anti-CD47-treated section from the ROI on bottom (cyan box) in B.  

D. Comparison quantification of relative IF of active-caspase-3 staining between 

mouse IgG-treated and anti-CD47 treated animals shown in B and C. Sample 

sizes used for IF quantification are as follows: n=4 anti-CD47 and n=4 mouse 

IgG.  

E. Flow cytometry histogram (left) and quantification (right) of caspase-3 staining 

in inflamed MVs taken from K/B.g7 mice treated with acute (2-week) CD47 

blockade (or species-matched isotype control antibody) during established valve 

inflammation and fibrosis (timeline shown in A). Gated on live, singlets. 

F. Quantification of total valve leukocytes (CD45.2+ cells) in inflamed MVs 

following acute (2 weeks) CD47 blockade during established MV inflammation 

and fibrosis (beginning at 8 weeks of age). 

G. Histogram (left) and summary quantification of CX3CR1+ mononuclear 

phagocytes (MNPs) in inflamed MVs taken from K/B.g7 mice following acute 

CD47 blockade. Gated on live, single, CD45.2+Ly6G–B220–CD3ε– 

H. Flow cytometry gating and quantification of caspase-3 staining in CX3CR1hi 

and CX3CR1low MNP subsets following acute CD47 blockade during established 

disease. Gated on live, single, CD45.2+Ly6G–B220–CD3ε– cells. 
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Sample sizes are as follows: B-D: n=4 mouse IgG, n=4 anti-CD47; E-H: n=5 

mouse-IgG, n=8 anti-CD47. In all cases, data are represented as mean +/– 

standard error of the mean (SEM). 
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Figure 5-9: CD47 blockade attenuates TNF and IL-6 production from 

discrete populations of MNPs in chronically-inflamed K/B.g7 MVs. 

A. Gating strategy used for identification of SIRP⍺+ and CD301b/MGL2+ MNP 

subsets in the inflamed K/B.g7 MV; gated on CX3CR1-low (top) and CX3CR1-

high (bottom) subsets (single, live, CD45.2+B220–Ly6G–Th1.2–). 

 B. Summary quantification of IL-6- and TNF-producing CX3CR1-low 

SIRP⍺+CD301b/MGL2+ MNPs in MVs taken from K/B.g7 mice treated with CD47-

blockade or species-matched isotype control antibody. Left: cell count per mitral 

valve; right: frequency of the parent population (i.e. the proportion of CX3CR1-

low MNPs that are IL-13+ in samples treated with isotype control antibody or with 

anti-CD47 mAb blockade). 
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C. Summary quantification of IL-6- and TNF-producing CX3CR1-high 

SIRP⍺+CD301b/MGL2+ MNPs in MVs taken from K/B.g7 mice treated with CD47-

blockade or species-matched isotype control antibody. Left: cell count per mitral 

valve; right: frequency of the parent population. (i.e. the proportion of CX3CR1-

low MNPs that are IL-13+ in samples treated with isotype control antibody or with 

anti-CD47 mAb blockade). 

D. Summary quantification of IL-6- and TNF-producing CX3CR1-low 

SIRP⍺+CD301b/MGL2– MNPs in MVs taken from K/B.g7 mice treated with CD47-

blockade or species-matched isotype control antibody. Left: cell count per mitral 

valve; right: frequency of the parent population (i.e. the proportion of CX3CR1-

low MNPs that are IL-13+ in samples treated with isotype control antibody or with 

anti-CD47 mAb blockade). 

E. Summary quantification of IL-6- and TNF-producing CX3CR1-high 

SIRP⍺+CD301b/MGL2– MNPs in MVs taken from K/B.g7 mice treated with CD47-

blockade or species-matched isotype control antibody. Left: cell count per mitral 

valve; right: frequency of the parent population (i.e. the proportion of CX3CR1-

low MNPs that are IL-13+ in samples treated with isotype control antibody or with 

anti-CD47 mAb blockade). 

Samples sizes are n=5 isotype control antibody treated, n=8 anti-CD47 umAb 

treated samples. In all cases, data are represented as mean +/– standard error of 

the mean (SEM). 
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Figure 5-10: CD47 blockade additionally attenuates IL-13 and production 

from discrete populations of MNPs in chronically-inflamed K/B.g7 MVs, 

thus linking apoptotic cell clearance and CD47 expression to type-2 

inflammation. 

A. Gating strategy for identification of MNPs in inflamed K/B.g7 valves for 

quantification of IL-13 production in the presence of CD47-blockade; gated on 

Live, single, CD45.2+B220–Thy1.2–Ly6G– cells.  

B. Histograms of IL-13 fluorescence on MV-infiltrating MNPs in anti-CD47 mAb 

treated (red line) vs mouse IgG-treated samples (black line). The fluorescence-

minus-one (FMO) control sample is shaded in gray. 

C. Quantification of total MNPs (CX3CR1+F4/80+) in MVs taken from anti-CD47 

and isotype control-treated animals. 
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D. Summary quantification of total IL-13-producing MNPs in anti-CD47 treated 

vs. isotype control-treated MVs. 

E. Gating strategy for identification of CD4+ TH cells in inflamed K/B.g7 valves for 

quantification of IL-13 production in the presence of CD47-blockade; gated on 

Live, single, CD45.2+B220–Ly6G–Thy1.2+CD4+ cells taken from the inflamed 

MVs. 

F. Histograms of IL-13 fluorescence on MV-infiltrating CD4+ TH in anti-CD47 mAb 

treated (red line) vs mouse IgG-treated samples (black line). The fluorescence-

minus-one (FMO) control sample is shaded in gray. 

G. Summary quantification of total CD4+ TH cells in MVs taken from anti-CD47 

and isotype control-treated animals. 

H. Summary quantification of total IL-13-producing CD4+ TH cells in anti-CD47 

treated vs. isotype control-treated MVs. 

I. The progression of arthritis clinical scores (top) and ankle swelling 

measurements (bottom). The 2-week duration during which the mice were 

receiving antibody injections is shaded.  

In all cases, data are represented as mean +/– standard error of the mean 

(SEM). 
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Figure 5-11: Summary diagram of the link between CD47 and type-2 

inflammation during the initiation of progression of MV inflammation and 

fibrosis in K/B.g7 mice. 

SIRP⍺+ MNPs reside within the mitral valve (MV) interstitium and interact with 

apoptotic cells and cell debris. A feature of the cellular stresses that precede 

apoptosis is upregulation of the ‘don’t eat me’ signal, CD47 (right, green), that 

prevents clearance of cells undergoing apoptosis. Concurrently, putative surface 

translocation of glucose-6-phosphate isomerase (GPI) exposes its epitopes to 

circulating anti-GPI IgG1 autoantibodies (right, red), generated systemically in an 

IL-4-dependent process. Accumulation of auto-antibody-opsonized apoptotic 

cells within the valve interstitium subsequently drives MNP activation through the 

tyrosine kinase, Syk (Chapter 4233) downstream of activating FcγRs, namely, 

FcγRIII and FcγRIV232. CD47-mediated impairment of phagocytic clearance 

drives downstream TNF and IL-6 production from MNPs. Production of the type-2 

inflammatory cytokine, IL-13, is an additional feature of K/B.g7 MV disease and, 

at chronic timepoints, is derived primarily from MNPs, in situ. 
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Chapter 6: CD47 blockade ameliorates cardiac valve inflammation and 

fibrosis through altered endothelial-to-mesenchymal transition (EndoMT) 
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Preamble 

Introduction: Acquired valvular heart disease (VHD) is common and the mitral 

valve (MV) is most frequently affected. We have previously shown a critical role 

for mononuclear phagocyte (MNP)-derived cytokines tumor necrosis factor (TNF) 

and interleukin-6 (IL-6) during the progression of mitral valvulopathy using the 

K/B.g7 mouse model of systemic autoimmune inflammation. Qualitatively, we 

also have previously observed evidence for induction of endothelial-to-

mesenchymal transition (EndoMT) during MV inflammation and pathological 

remodeling. The details underlying this observation and the specific contributions 

of EndoMT to mitral valvulopathy are undefined, however.  

 

Objective: We sought to define how chronic inflammation contributes to EndoMT 

during the progression of mitral valvulopathy. 

 

Methods and Results: Here we provide evidence to show that EndoMT is a key 

feature of fibro-inflammatory MVD. We identify transitioning ECs based on co-

expression of endothelial markers (CD31 and CD144) and the pan-leukocyte 

antigen CD45.2. Transitioning ECs in this setting upregulate expression of the 

myofibroblast/mesenchyme-associated marker ⍺SMA. We additionally 

demonstrate that expression of the anti-phagocytic cell-surface protein CD47 is a 

key feature of transitioning ECs. Using monoclonal antibody blockade of CD47, 
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we demonstrate reduced apoptotic cell burden with concomitantly reduced 

CD47+ transitioning ECs (CD144+CD31+⍺SMA+). 

 

Conclusions: These results demonstrate that EndoMT is a feature of MVD in 

K/B.g7 mice and implicate the CD47 as a key contributor to pathology in this 

model. The demonstration of correlates of our experimental observations to 

human RHD further buttresses these findings. Finally, these data provide 

evidence that CD47 checkpoint-blockade may be beneficial for MVD and 

potentially other forms of chronic inflammatory heart disease. 
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6-1 Introduction 

In Chapter 4 & 5, I provided evidence of critical roles for mononuclear 

phagocytes (MNPs) during the course of autoimmune mitral valve (MV) 

inflammation and fibrosis in K/B.g7 mice. In the setting of chronic, systemic 

inflammation, cellular turnover in the mitral valve is overwhelmed as stressed 

cells undergoing apoptosis upregulate the ‘don’t eat me’ signal CD47, thereby 

providing an innate immune checkpoint through phagocytosis inhibition through 

inhibitory interaction with SIRP⍺ on MNPs. Apoptotic cells and cellular debris 

accumulate, putatively becoming opsonized by circulating anti-GPI IgG1 

autoantibodies, generated systemically in a process dependent on constitutive 

expression of Il4. Persistent, auto-antibody-opsonized cellular debris 

accumulates and subsequently drives MNP inflammatory activation through an 

FcγR-Syk-dependent signaling cascade. Activated MNPs secrete TNF and IL-6 

to drive persistent inflammatory activation of the local microenvironment within 

the MV interstitium. A downstream consequence of the continual activation of 

macrophages leading to TNF and IL-6 secretion is fibrosis, as innate wound 

healing responses become chronically activated within the inflamed MVs. One 

important result of the chronic inflammatory environment is IL-13 production 

which is required for MV fibrosis in K/B.g7 mice. At chronic timepoints, MNPs are 

the dominant producers of IL-13, albeit originating in total from heterogeneous 

cellular sources within the MV.  
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Promoting enhanced phagocytic clearance of apoptotic cell debris can be 

accomplished using CD47 checkpoint blockade. When employed both 

preventatively and therapeutically, CD47 mAb blockade results in decreased MV 

inflammation and fibrosis through decreased MNP production of TNF, IL-6, and 

IL-13. Finally, expression of analogous markers in samples taken from humans 

with chronic autoimmune MVD (i.e. rheumatic heart disease [RHD]) was shown. 

Collectively, these results provide significance advances in mechanistic insight 

into the underlying mechanisms with which inflammation and innate immunity 

contribute to cardiac valve remodeling and fibrosis. Additionally, they identify 

numerous targets for which existing therapeutics could be rapidly repurposed for 

clinical investigation. As no medical intervention exists that specifically targets 

valvulopathy (only surgical), the prospect of mechanistic targets of disease is an 

attractive one to clinicians and patients, particularly when drugs currently exist 

that target the disease mechanisms implicated herein. 

 

Through the course of conducting the studies highlighted in Chapter 4 & 5 of this 

dissertation, we conducted a number of studies aimed at understanding the 

nature of the valve endothelial-blood interface during the initiation and 

progression of MV inflammation and fibrosis in K/B.g7 mice. We have previously 

demonstrated a critical role for radioresistant, non-hematopoietic cells during the 

course of K/B.g7 MVD. Therein, we showed that radioresistant cells in the MV 

(largely endothelial cells and valve interstitial cells [VICs]) are the critical 
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responders to TNF via TNFR1 expression; animals lacking TNFR1 on the valve 

stroma are entirely protected from MV inflammation and fibrosis. Here, I provide 

additional insight into the nature with which the endothelial interface participates 

in MV inflammation and fibrosis. We show that a primordial process known as 

endothelial-to-mesenchymal transition (EndoMT), whereby endothelial cells in 

the face of certain stimuli (e.g. developmental and pathological) undergo a 

process of de-differentiation, penetrate across the underlying basement 

membrane, and assume a phenotype more consistent with a fibroblast 

(mesenchymal) cell than an endothelial cell 308, 342, 343. While this process occurs 

normally during cardiac valvulogenesis and vasculogenesis in the embryo, it has 

also been shown to occur in the setting of numerous disease states including 

cancer and cardiovascular disease52, 62, 308, 342-350.  

 

Here, we provide evidence that EndoMT is a key feature of MV inflammation and 

fibrosis in K/B.g7 mice. Linking to the experimental conclusions set forth in 

Chapter 5, in Chapter 6 I show that transitioning ECs are enriched in inflamed 

MVs relative to the systemic circulation, can be identified using flow cytometric 

analysis, and have high expression of CD47 relative to their quiescent, non-

transitioning counterparts. Additionally, we show that CD47 checkpoint blockade 

dampens EndoMT in K/B.g7 MV inflammation and fibrosis. While preliminary, 

these studies provide evidence that EndoMT may be a critical contributor to MV 

remodeling in the setting of chronic inflammatory stimulation. Future studies 
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involving lineage tracing of endothelial cells in the chronically-inflamed K/B.g7 

MVs followed by single-cell whole-transcriptome sequencing (scRNA-seq) will 

provide illuminating insight into the underlying mechanisms by which EndoMT 

occurs and how this process contributes to MV inflammation and fibrosis. 
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6-2 Methods 

Animals 

All animal experiments were performed in strict adherence with the University of 

Minnesota Institutional Animal Care and Use Committee (IACUC) guidelines for 

the ethical care and treatment of laboratory animals (IACUC protocol numbers 

1506-32700A and 1805-35885A). Mice were housed in a specific pathogen free 

(SPF) facility. The following lines were provided by D. Mathis, C. Benoist 

(Harvard Medical School), and the Institute of Genetics and Molecular and 

Cellular Biology, Illkirch-Graffenstaden, France: KRN T cell receptor transgenic 

(‘KRN’, described previously229) and C57BL/6:I-Ag7 MHC class II congenic 

(‘B.g7’, described previously57). 

 

Mouse tissue histology and Mouse tissue immunofluorescence 

Mouse histology and immunofluorescence (IF) studies were conducted as 

described in Chapter 4 & 5, without modifications. The following fluorochrome-

conjugated antibodies were employed for direct IF: AF-488-conjugated anti-

PECAM-1/CD31 (anti-CD31, rat monoclonal [390], Biolegend); BV-421-

conjugated anti-VE-cadherin/CD144/CDH5 (anti-CD144, rat monoclonal 

[11D4.1], Biolegend); AF-647-conjugated anti-CD47 (rat monoclonal [miap301], 

Biolegend); AF-594-conjugated anti-SIRP⍺ (rat monoclonal [P84], Biolegend). 

Indirect IF was employed to detect alpha-smooth muscle actin (⍺SMA). Anti-

⍺SMA antibody (mouse monoclonal [1A4], Sigma-Aldrich) was diluted to 5 µg/mL 
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in PBS containing 5% NDS, 2% BSA, 0.1% Tween-20 and incubated on each 

section overnight at 4oC. AF-594-conjugated donkey-anti-mouse secondary 

antibody (Jackson Immunoresearch) was used at 3 µg/mL and incubated in PBS 

containing 5% NDS, 2% BSA, 0.1% Tween-20 for 1 hour at room temperature. 

 

Tissue isolation, tissue digestion flow cytometry 

Sample preparation for flow cytometry studies was conducted as described 

previously 233. The following antibodies were employed (clones listed, purchased 

from BioLegend unless noted otherwise): CD11b (M1/70, BioLegend), CD31 

(390), CD45.2 (104, BD Biosciences), CD47 (miap301), SIRPa (P84,), VE-Cad 

(BV13). For intracellular antigens (e.g. ⍺SMA), a commercially available kit for 

fixation and permeabilization was employed according to the manufacturer’s 

recommendation (BD Biosciences). Quantification of geometric mean 

fluorescence intensity (gMFI) was employed for comparisons between samples. 

Fluorescence-minus-one controls were used to define positive and negative 

gates. 

 

Monoclonal antibody (mAb) blockade 

Anti-CD47 (clone miap 410) neutralizing monoclonal antibody (mAb) for in vivo 

use was purchased from BioXCell and used as described in Chapter 4 & 5  
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Arthritis progression and determination of anti-glucose-6-phosphate 

isomerase (anti-GPI/⍺-GPI) antibody titers 

Arthritis clinical scoring and ankle thickness measurements were assigned and 

acquired, respectively, as described in Chapter 4 & 5. Anti-GPI antibody titers 

were quantified using enzyme-linked immunosorbent assay (ELISA), as 

described previously253, 256. 

 

Image analysis 

The procedure employed for image analysis is described in Chapter 4 and 5 and 

used without modification for any data presented herein. 

 

Statistics 

GraphPad (Prism) program was used to conduct statistical analyses. In 

comparisons involving two groups, two-tailed Mann-Whitney, non-parametric 

tests were employed. Differences between 3 or more groups were conducted 

using one-way ANOVA with Tukey’s test applied post-hoc for multiple 

comparisons. Statistical significance was defined as p<0.05. Levels of 

significance are indicated as *p<0.05, **p<0.01, ***p<0.005, ****p<0.001. Sample 

sizes are indicated in the figures and figure legends. 
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6-3 Results 

6-3-1 Endothelial-to-mesenchymal transition (EndoMT) is a feature of 

K/B.g7 mitral valve pathology. 

We have sown previously that tumor necrosis factor receptor-1 (TNFR1) 

expression on radioresistant MV cells is required for progression of K/B.g7 mitral 

inflammation and fibrosis233. The radioresistant MV populations include both 

endothelial cells (ECs) and mesenchymal-lineage valvular interstitial cells (VICs), 

both of which are thought to differentiate from a common progenitor 9.  We 

conducted immunofluorescence (IF) staining of inflamed K/B.g7 MVs to detect 

endothelial and mesenchymal cell markers. CD31 (platelet-endothelial cell 

adhesion molecule-1, PECAM-1) identifies ECs. Smooth muscle alpha-2 actin 

(ACTA2, ⍺SMA) is a marker of activated fibroblasts (i.e. myofibroblasts) that are 

well-known to contribute to a variety of CVD states351. While regions of the 

inflamed K/B.g7 MVs demonstrated the expected luminal localization of CD31+ 

cells with ⍺SMA+ cells located in the interstitial regions (Figure 1A, left panel), 

we also observed regions of the inflamed MVs in which CD31 and ⍺SMA 

expression was distinctly different (Figure 1A, right panel). Specifically, many 

regions demonstrated infiltration of CD31+ cells deep into the valve interstitium. 

In addition, we observed that many of the interstitially-localized CD31+ cells co-

expressed ⍺SMA (Figure 1A, white arrowheads). 
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We hypothesized that these penetrating CD31+ ⍺SMA+ cells arose via EndoMT. 

Interestingly others have demonstrated that ECs undergoing EndoMT increase 

expression of the pan-leukocyte antigen CD45 during the early stages of this 

process344 (Figure 1B). With this in mind, we devised a strategy to identify 

transitioning ECs using flow cytometry based on co-expression of CD31, a 

second EC marker CD144/VE-cadherin, and CD45.2 (the CD45 allele expressed 

on the C57BL/6 background). Indeed, when inflamed MVs were isolated, 

enzymatically digested, and analyzed using flow cytometry, a significant 

population of CD45.2+CD144+CD31+ cells was detected (Figure 1C). 

Interestingly, when compared to ECs that have not undergone EndoMT (CD45.2–

CD144+CD31+), the transitioning population (CD45.2+CD144+CD31+) displayed 

significantly elevated ⍺SMA expression (Figure 1D). Collectively, these data 

support the hypothesis that EndoMT is a characteristic feature of K/B.g7 MV 

inflammation and that the CD45.2+CD144+CD31+ population represents the 

transitioning ECs. 

 

6-3-2 Endothelial cells undergoing EndoMT express CD47 

We next investigated whether EndoMT was isolated to the inflamed MVs in 

K/B.g7 mice or whether it also occurred in other, non-inflamed sites. Using 

enzymatic digestion to liberate the tissue-infiltrating cell populations, we 

compared cells isolated from pooled secondary lymphoid organs (SLO) to cells 

isolated from the inflamed MV.  ECs undergoing EndoMT 
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(CD45.2+CD144+CD31+) were readily identifiable within the inflamed MVs 

(Figure 2A, top left graph); however, this cell population was undetectable in the 

pooled SLO (Figure 2A, quantified in B). Consistent with previous reports344, 

these observations suggest that the MV exhibits a predisposition toward 

induction of EndoMT in the setting of chronic inflammation. 

 

Because of the fibro-inflammatory nature of K/B.g7 MV pathology and by analogy 

to related disease states characterized by CD47 upregulation328, 329, we sought to 

determine whether CD47 and its receptor, SIRP⍺, are expressed in inflamed 

K/B.g7 MVs. We found that CD47 expression was higher on transitioning ECs 

(CD45.2+CD144+CD31+) than on conventional ECs and mononuclear phagocytes 

(MNPs) (Ly6G+ B220+Thy1.2+CD45.2+CD11b+) isolated from the inflamed K/B.g7 

MVs (Figure 2C, top panel, quantified in D, top). Not surprisingly, SIRP⍺ 

expression on these populations was highest on MNPs relative to both EC 

phenotypes and significantly upregulated on MV-infiltrating MNPs relative to 

MNPs isolated from the pooled SLO, processed in parallel (Figure 2C, bottom 

panel, quantified in D, bottom). These results indicate that in K/B.g7 MVs, ECs 

undergoing EndoMT upregulate CD47. Additionally, MNP SIRP⍺ expression is 

increased in the inflamed K/B.g7 MVs. 
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6-3-3 CD47 blockade reduces apoptotic cell burden and alters EndoMT in 

K/B.g7 MVD 

We have shown that ECs undergoing EndoMT upregulate CD47 and that CD47 

blockade attenuates fibro-inflammatory MV remodeling. We therefore sought to 

understand how CD47 blockade affects the development of EndoMT in these 

animals. In hearts from mice given isotype control mAb treatment, we observed 

the characteristic pattern of interstitially-positioned ECs (CD31+CD144+) 

undergoing EndoMT. Frequent colocalization of EC markers with ⍺SMA and 

CD47 was also seen (Figure 5A, left), again supporting the hypothesis that this 

staining pattern represents ECs undergoing EndoMT. In contrast, these cells 

were absent in MV leaflets from mice that received CD47 blocking mAb (Figure 

5A, right), an observation that we verified by quantitative image analysis (Figure 

5B). These results support the hypothesis that CD47 blockade provides 

therapeutic benefit in K/B.g7 MVD by altering EndoMT. Our studies leave open 

the question of whether CD47 blockade reduces the rate of EndoMT or promotes 

increased phagocytic clearance of ECs undergoing EndoMT. 
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6-4 Discussion 

Here we provide evidence to show that EndoMT is a key feature of fibro-

inflammatory MVD. A summary working model of our experimental findings is 

provided in Figure 4. We identify transitioning ECs based on co-expression of 

endothelial markers (CD31 and CD144) and the pan-leukocyte antigen 

CD45.2344. Transitioning ECs in this setting upregulate expression of the 

myofibroblast/mesenchyme-associated marker ⍺SMA. We additionally 

demonstrate that expression of the anti-phagocytic cell-surface protein CD47 is a 

key feature of transitioning ECs. Using monoclonal antibody blockade of CD47, 

we demonstrate reduced CD47+ transitioning ECs (CD144+CD31+⍺SMA+) in 

animals receiving treatment. 

 

These studies build on our previous work defining TNF- and IL-6-secreting MNPs 

as the critical promoters of MV remodeling in the setting of systemic autoimmune 

inflammation233. Therein, we showed that radioresistant cells in the MV (largely 

ECs and VICs) are the critical responders to TNF via TNFR1 expression. It has 

been previously shown that EndoMT occurs in response to both TNF and IL-6, 

acting through alterations in TGF-β signaling 52. Others have provided evidence 

that EndoMT is a characteristic feature of ECs in the setting of mitral 

valvulopathy; in a study using ovine ECs, endothelium from the MV, but not the 

carotid arteries, underwent EndoMT in response to TGF-β344. Taken together, 

these findings suggest that EndoMT is a common feature of MVD. Future work 
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will focus on identifying the molecular drivers of MV EndoMT in the K/B.g7 

mouse model, and on how the transitioning ECs contribute to the fibro-

inflammatory pathology, for instance by promoting extracellular matrix deposition. 

 

We have also shown that CD47 expression is characteristic feature of MV ECs 

undergoing EndoMT in the setting of chronic inflammation, and that CD47 

blockade reduces MV pathology.  What is the mechanism by which CD47 

blockade provides therapeutic benefit? Other studies have shown that enhanced 

apoptotic cell clearance is a critical element of CD47-blockade therapy328, 329, 331-

335.  Our finding that caspase-3 staining predominantly co-localizes with SIRP⍺ 

and CD47 (highlighted in Chapter 5, Figure 5-5) suggests that valve phagocytes 

are targeting apoptotic cells, but not clearing them efficiently. However, we 

cannot exclude other possibilities. For instance, CD47 blockade might directly 

reduce the number of ECs initiating EndoMT. Alternatively, CD47 blockade might 

reduce apoptosis of transitioning ECs or other cell types, limiting the amount of 

apoptotic pro-inflammatory debris.  Either of these scenarios would also be 

expected to reduce MV inflammation. As CD47 targeting strategies move into 

clinical trials, dissecting the details regarding the mechanisms of action in 

different disease states will be critical. Additional studies clarifying the nature of 

EndoMT and whether it provides a significant contribution to disease or merely 

acts as a coincidental bystander during the course of disease. Ongoing studies 
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employing genetic lineage tracing of endothelial cells in chronically inflamed 

K/B.g7 MVs will be illuminating to the underlying biology of this process. 

In sum, we have shown that EndoMT is a feature of MVD in K/B.g7 mice and 

implicated the CD47 as a key contributor to pathology in this model. Our 

observations provide evidence that CD47 checkpoint-blockade may be beneficial 

for MVD and potentially other forms of chronic inflammatory heart disease. 
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6-5 Figures and Legends 

 

 

Figure 6-1: Endothelial-to-mesenchymal transition (EndoMT) is a feature of 

mitral pathology in K/B.g7 mice.  

A. Immunofluorescence staining of a single K/B.g7 mitral valve (MV) showing a 

region with endothelial cells (ECs) positioned luminally (left) and those positioned 

interstitially (white arrowheads denote CD31+⍺SMA+ cells).  

B. Diagram of EndoMT during the progression of mitral valvulopathy.  

C. Flow cytometric identification of CD45.2+ endothelial cells within inflamed 

MVs. D. Quantification of ⍺SMA geometric mean fluorescence intensity (gMFI) 

on quiescent ECs (CD45.2–CD31+CD144+) in comparison to transitioning ECs 

(CD45.2+CD31+CD144+).  
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*** denotes p<0.005. Sample size for the experiment shown in C and quantified 

in D is n=6 K/B.g7 mice. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 231 

 

 

Figure 6-2: Endothelial cells undergoing mesenchymal transition (EndoMT) 

are enriched in inflamed K/B.g7 mitral valves relative to the systemic 

circulation and highly express CD47.  

A. Workflow, flow cytometry gating strategy to quantify transitioning endothelial 

cells (ECs) in the inflamed K/B.g7 MV (middle, top) relative to the systemic 

lymphoid circulation (pooled secondary lymphoid organs [SLO]) (middle, bottom).  

B. Quantification transitioning ECs from inflamed K/B.g7 MVs (grey bar, left) and 

SLO.  

C. Mode-normalized histograms showing expression of CD47 (top) and SIRP⍺ 

(bottom) on transitioning ECs (CD45.2+) in comparison to non-transitioning ECs 

(CD45.2–), mononuclear phagocytes (MNPs) isolated from the inflamed MVs 

(top), and MNPs isolated from pooled SLO (bottom).  
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D. Quantification of CD47 geometric mean fluorescence intensity (gMFI) on 

transitioning and non-transitioning ECs (top) and SIRP⍺ on MV and SLO MNPs 

(bottom). 

*** in ‘B’ denotes p<0.005. * and **** in D represent p<0.05 and p<0.0001, 

respectively. Sample size: n=6 MVs and n=8 pooled SLO. 
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Figure 6-3: CD47 blockade attenuates endothelial-mesenchymal transition 

(EndoMT) in chronic mitral valve inflammation.  

A. Immunofluorescence staining of endothelial markers (CD31, CD144), ⍺SMA, 

and CD47 in animals treated with isotype control mAb or CD47-blocking mAb 

preventatively. 

B. Quantification of Transitioning ECs (CD144+⍺SMA+) using IF image analysis. 

Scale bar is equal to 50 microns and ‘LA’ denotes left atrial lumen.  

In A and B, * denotes statistical significance at p<0.05. Samples sizes for the 

summary data in A and B are as follows: mouse IgG: n=4; anti-CD47: n=5. 
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Figure 4: Endothelial-to-mesenchymal transition (EndoMT) in K/B.g7 mitral 

valvulopathy.  

A summary of CD47 expression and its relation to EndoMT in K/B.g7 MVD. Left: 

at baseline, EndoMT is a key feature of K/B.g7 mitral valvulopathy with CD45.2 

and CD47 upregulation occurring during its initiation and loss of cellular polarity. 

Expression of ⍺SMA heralds a mesenchymal phenotype in cells undergoing 

EndoMT. Right: Neutralization of CD47 during K/B.g7 MVD releases its inhibition 

on SIRP⍺ , promoting phagocytosis and apoptotic cellular clearance (Chapter 5). 
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EndoMT is diminished in the setting of CD47 blockade, a likely consequence of 

enhanced efferocytosis in the setting of CD47 neutralization.  

Abbreviations: EC: endothelial cell; ⍺SMA: smooth muscle alpha-2 actin. 
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Chapter 7: Conclusions 
 



 

 237 

7-1 Conclusions 
 
The work presented in this dissertation provides substantial insight into the 

inflammatory mechanisms that underlie the initiation and progression of cardiac 

valve disease in the setting of systemic autoimmune inflammation. These studies 

were the first to demonstrate that discrete populations of MNPs orchestrate MV 

inflammation and fibrosis. Herein, multiple potential therapeutic targets are 

identified including TNF, IL-6, VCAM1, TNFR1, Syk, CD47, SIRP⍺, and IL-13. All 

of these represent potentially targetable disease mediators that could be rapidly 

translated to human disease, many with existing therapeutics that are widely 

used in other inflammatory disease contexts. 

 

The closest human CVD analogy to that seen in the K/B.g7 system is likely 

chronic rheumatic heart disease (RHD). Therein, chronic and repeated mucosal 

infections with strains of group A streptococcus are hypothesized to induce an 

autoimmune response to elements of cardiac myosin that are misrecognized as 

bacterial products due to molecular mimicry between bacterial epitopes and 

those found in the cardiac muscle. The result is chronic fibro-inflammatory 

remodeling of the MV, ultimately leading to dysfunction and, without surgical 

intervention, death from heart failure. Rapid diagnosis and antibiotic (e.g. 

penicillin) treatment of strep throat infection is effective at preventing 

development of chronic RHD. As a result, RHD is largely absent in the developed 

world. Nonetheless, this RHD remains endemic in many under-developed and 
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developing nations and continues to be a significant source of morbidity and 

mortality in those locations. Presently, no specific intervention exists that directly 

targets the inflammatory process in this disease and the only options for 

treatment are symptom management and surgical correction. In under-developed 

nations where RHD is endemic due to limited access to basic health care, the 

likelihood of receiving surgical intervention for MV repair or replacement is 

extremely low. Thus, there is a significant need for additional options for medical 

management of the inflammatory features of chronic RHD. The studies and data 

presented in this dissertation are aimed at working toward solving this problem. 

 

While chronic RHD is arguably the closest analogy to K/B.g7 CVD, it is a 

commonly shared belief within the fibrosis research community that, irrespective 

of the specific tissue affected, the final cellular and molecular pathways that 

converge to drive extracellular matrix production in fibrosis are conserved and 

stereotypical across tissue locations. While this is likely an oversimplification of 

processes that are undoubtedly highly nuanced depending on location, it is also 

likely to true that mechanistic insight gained from studying fibrosis in one tissue 

location can inform fibrosis pathogenesis in other disease contexts. Thus, it is 

likely that the results presented herein apply more broadly than to the MV alone. 

The next most obvious human CVD analogies to K/B.g7 CVD are the circulatory 

manifestations of systemic inflammatory disease such as rheumatoid arthritis 

(RA) and systemic lupus erythematosus (SLE). The autoimmune component of 
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K/B.g7 pathology provides a clear link to human rheumatic disease. It has been 

postulated that atherosclerosis and other manifestations of chronic 

cardiovascular inflammation such as valvular heart disease fall along the 

spectrum of autoimmunity. The clear connection to immune dysregulation and 

chronic inflammation seen in these disease processes is persuasive evidence in 

support of cardiovascular disease existing along this disease spectrum. 

Additionally, as discussed in Chapter 3, antibodies with reactivity to self-epitopes 

(i.e. autoantibodies) are found very commonly in human CVD and their titers are 

correlated with disease severity in many cases, including within the general 

population lacking any rheumatic or autoimmune diagnoses. Thus, it is likely that 

the features of K/B.g7 pathology apply not only to systemic inflammatory disease 

contexts but to the cardiac valve inflammation and fibrosis in the general 

population. 
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