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ABSTRACT OF THE DISSERTATION

The Potential Role of Pericytes and
Genetic Regulation of Fibroblasts in Cardiac Fibrosis
by
Shuin Park
Doctor of Philosophy in Molecular, Cellular, and Integrative Physiology
University of California, Los Angeles, 2020

Professor Reza Ardehali, Chair

Cardiovascular disease (CVD) is the leading cause of mortality in the developed world
and is exacerbated by the presence of cardiac fibrosis. Cardiac fibrosis is defined as the
accumulation of extracellular matrix (ECM) proteins that form scar tissue. The presence of fibrosis
in the heart can lead to arrhythmia and reduced contractility, increasing the risk for heart failure.
There is currently a deficit of effective treatments to prevent or reverse the process of developing
cardiac fibrosis in CVD. Studies are currently focused on understanding the complex myriad of
cells that contribute to this process. This dissertation focuses on two different cell types in the
heart and their contributions to fibrosis: pericytes and fibroblasts. Understanding these cells and
their roles in cardiac fibrosis may unveil potential therapeutic targets for treating CVD.

Cardiac pericytes are a heterogeneous mural cell population that interact closely with
endothelial cells to maintain vascular stability. Pericytes in other organs have previously been
reported to also play a functional role in ischemic injury response. Findings in spinal cord injury
or kidney ischemia have identified pericytes to express ECM proteins and directly contribute to
the formation of scar tissue. In order to determine whether pericytes in the heart play a similar
role, we used NG2°ER* mice to lineage-trace NG2+ cardiac pericytes and determined that a
subset of these cells proliferate and express ECM proteins after myocardial infarction (Ml).



However, due to the heterogeneity of the pericyte population, we noted that NG2 may only label
a subpopulation of pericytes in the heart. Therefore, we developed a protocol in which pericytes
could be enriched for analysis at the single cell resolution without using any markers. By using
this protocol on uninjured murine hearts and hearts that had undergone MI, we identified a
subpopulation of pericytes that are potentially responsive to injury. These findings provide a
foundation for future studies on cardiac pericytes and their functional role in cardiac fibrosis.
Cardiac fibroblasts (CFbs) are known to be the major cellular source for ECM proteins in
the heart. We sought to answer two questions regarding this cell type: 1) whether CFbs from
various genetic backgrounds contribute to fibrosis uniquely and 2) whether CFbs express any
circulating biomarkers that can be used for detecting fibrosis. CFbs from mice with varying
susceptibility to isoproterenol-induced cardiac fibrosis were characterized based on their levels of
proliferation and activation. While levels of activation correlated with extent of fibrosis, the levels
of proliferation in these cells did not. We then looked at secreted proteins that were expressed by
CFbs after injury and validated a significant decrease in circulating levels of the full-length CILP
protein in heart failure patients compared to healthy volunteers. These findings support the

growing body of research being done on CFbs and their role in developing cardiac fibrosis.
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CHAPTER 1

INTRODUCTION



CARDIAC FIBROSIS

Significance of Studying Cardiac Fibrosis

Cardiovascular disease (CVD) is the leading cause of mortality in the world and is exacerbated
by the presence of cardiac fibrosis, defined by the accumulation of non-contractile extracellular
matrix (ECM) proteins®. Upon ischemic injury or pressure overload, the heart undergoes a
dynamic remodeling process that results in the formation of scar tissue. As the heart lacks the
regenerative capacity to replace fibrotic tissue with healthy myocardium, the presence of scar
can have lasting effects on cardiac function. Buildup of ECM proteins can lead to reduced
contractility of the heart (lower ejection fraction) and result in arrhythmias, increasing the risk of
heart failure and death?2. Despite the prevalence of CVD, there is a lack of therapies targeting
the inhibition or reversal of cardiac fibrosis. It has been a challenge to develop novel therapies
due to the overall complexity of the process in which cardiac fibrosis is developed. By
understanding the various cell types that contribute to scar formation, and the molecular
mechanisms that drive these cells, we may unveil promising therapeutic targets for the treatment

of cardiac fibrosis.

Types of Cardiac Fibrosis

Cardiac fibrosis can be categorized into three general forms, depending on the etiology of injury*®.
First, there is reactive interstitial fibrosis which is fibrosis that develops without loss of healthy
cardiomyocytes. The fibrotic tissue is generally more diffuse and is seen in more chronic forms of
cardiac injury, such as pressure overload injury or aging. Second, there is infiltrative interstitial
fibrosis, which is found in association with infiltrative diseases (such as amyloidosis) or other rare
genetic disorders (such as lysosomal storage disease). Anderson-Fabry disease is an example
of lysosomal storage disease in which glycoplipid deposits accumulate in different cell types®’.
Finally, there is replacement fibrosis, in which fibrotic tissue takes the place of what used to be
healthy myocardium. In the event of an acute ischemic injury, such as myocardial infarction, many
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cardiomyocytes undergo cell death. The formation of fibrotic tissue to replace this dead tissue is
critical in preserving the integrity of the heart, thickening the ventricular wall, and preventing
cardiac rupture®. Regardless of the type of fibrosis, the long-term presence of cardiac fibrosis can

have detrimental effects on overall cardiac function.

Murine Models of Cardiac Fibrosis

Myocardial Infarction

While there are a variety of CVD etiologies, myocardial infarction (MI) is one of the most common,
with more than 3 million cases in the United States per year. In MI, a blocked coronary artery
restricts blood flow to part of the heart, resulting in the death of cardiomyocytes®!®. As
cardiomyocytes undergo necrosis and apoptosis, there is a need to clear the dead myocardium,
while maintaining stable blood flow throughout the body. An initial inflammatory response
becomes activated, driving the release of cytokines and chemokines within the
microenvironment!!. Leukocytes, such as neutrophils, infiltrate the damaged myocardium and
phagocytose the dead cardiomyocytes!?. Pro-inflammatory monocytes also invade the
myocardium, release cytokines, differentiate into macrophages, and initiate the expansion of
resident macrophages in the heart!?13, This inflammatory phase is then followed by a remodeling
phase in which large amounts of ECM proteins are produced to replace the dead myocardium,

forming fibrotic tissue.

In mice, this process can be experimentally achieved by ligating the left anterior descending (LAD)
artery with a suture and effectively blocking blood flow below the ligation!4. For a permanent
occlusion, this ligation is left in the heart, resulting in extensive amounts of cardiac fibrosis that
can be seen within days of the injury®. By 7 days post-surgery, there is a definite scar replaces
the left anterior wall and the left ventricle exhibits a dilated morphology. An alternative to
permanent occlusion is to release the LAD ligation after a period of ischemia (typically 45 minutes)
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and resume blood flow into the injured area®®. This simulates ischemic-reperfusion (IR) injury and
can be viewed as a more clinically relevant model of MI. However, IR injury does not develop as
much fibrosis as permanent occlusion and the fibrotic tissue that forms may take several weeks

to become prominent.

B-Adrenergic Stimulation

Long-term activation of the B-adrenergic signaling pathway in the heart has been attributed to the
development of cardiac dysfunction, clinically referred to as tachycardiac-induced
cardiomyopathy?’. Various cells in the heart express B-receptors, but this signaling pathway has
been mainly studied in cardiomyocytes. Cardiomyocytes express multiple B-receptors (B1, B2, and
Bs) and the expression of these receptors change under pathological conditions'®. Downstream
effects of altered B-adrenergic signaling include cardiac hypertrophy and fibrosis!®. There are
several B-adrenergic targets that may drive the development of these symptoms, including Ca?*
handling proteins (e.g. phospholamban and ryanodine receptors)’2%2t and pro-apoptotic
proteins®®. In the clinic, B-adrenergic antagonists are considered standard treatment for the
prevention of heart failure. Despite the established link, there are still questions as to how altered

B-adrenergic signaling directly causes heart failure.

In rodents, one of the most reproducible models of heart failure is treatment with isoproterenol, a
B-adrenergic agonist?>2, Isoproterenol can be administered by multiple subcutaneous injections?*
or by osmotic pump?. Over time, continuous treatment of isoproterenol results in cardiac
hypertrophy, increased blood pressure, and fibrosis. Unlike MI, isoproterenol-induced fibrosis

mainly develops within the left ventricle endocardium and the walls do not become dilated®*.

Pressure Overload Injury



Pressure overload in the heart defines a state in which there is increased stress on the ventricular
walls, resulting in cardiac remodeling®. Chronic pressure overload initially results in
compensatory cardiac hypertrophy, which is then followed by dilation and, ultimately, heart failure.
Various external factors can induce pressure overload in the heart such as aortic stenosis and
hypertension?’. While pressure overload injury is a form of chronic injury like B-adrenergic
modulation, it is mainly driven by mechanical changes in the heart, resulting in a slightly different

pathophysiology.

In mice, pressure overload injury can be simulated by transverse aortic constriction (TAC), in
which a suture is tied around the aorta to reduce the diameter?. This method reproducibly results
in cardiac hypertrophy and a gradual progression through heart failure?®. There is also prominent
fibrosis that develops after TAC. Notably, presence of fibrosis can be found in both the interstitial
space and the perivascular area®?°, Perivascular fibrosis may be a result of increased pressure

in the larger coronary vessels, resulting in a need to stabilize the vessels with excess ECM.

CARDIAC PERICYTES

In the heart, there are a multitude of cells that are interacting with one another to form a cohesive,
functioning organ. Cardiomyocytes, which make up 30-35% of the cardiac cell population, are
well defined in their function to contract and pump blood through the heart in a synchronous
manner°. However, the development of fibrosis has mainly been attributed to the non-myocyte
population of the heart. This 65-70% of the heart is made up of fibroblasts, endothelial cells,
immune cells, and mural cells (smooth muscle cells and pericytes)**3t, Of these cells, the role of

pericytes in the development of cardiac fibrosis has been understudied.

Cardiac Pericyte Function and Interactions with Endothelial Cells



Pericytes are a population of mural cells that surround microvessels in various organs, including
the heart. In homeostasis, pericytes are normally found integrated within the endothelial basal
membrane of capillaries and post-capillary venules®2. Their finger-like projections wrap around
the vessels, suggesting strong pericyte-endothelial cell interactions®. Through these interactions,
pericytes serve as regulators of angiogenesis and mediators of vascular stability and contractility>*.
Reduction of pericyte coverage has been attributed to the endothelium degeneration, vessel
leakage, and microaneurysms, which can result in various vascular pathologies®. There are
several signaling pathways that have been implicated in the cross-talk between pericytes and
endothelial cells that maintain their tight interactions®23¢, During angiogenesis, platelet-derived
growth factor-B (PDGF-B) signaling is crucial for recruiting pericytes to endothelial tip cells that
express high levels of PDGF-B. Loss of PDGF-B reduces pericyte coverage on vessels, leading
to vascular defects®”. Transforming growth factor-B (TGFB) and Notch signaling have also been
implicated in vessel stabilization and maturation. Mutations in either pathway result in hemorrhage
or vascular malformations, demonstrating their importance to maintaining vascular health3°,
Finally, the angiopoietin-1 (Angl)/Tie-2 axis, in which Angl that is expressed by pericytes
interacts with Tie-2 receptors on endothelial cells, further promotes endothelial barrier formation
and vessel maturation®*. Overall, these various signaling pathways outline the importance of

pericytes in maintaining vascular health.

Pericyte Heterogeneity

Despite their well-defined role in homeostasis, pericytes have been a challenging cell population
to study due to the lack of consensus on how to isolate and label these cells®’. Most studies refer
to this cell-type based on its morphological characteristics and anatomical location due to the lack
of established markers for identifying these cells. It is well established that there is heterogeneity
between pericytes of different organs as well as heterogeneity within pericytes of the same organ,
presenting an additional challenge to studying these cells. In previous studies, a variety of
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markers have been used to label pericytes in a wide array of organs, including chondroitin sulfate
proteoglycan 4 (NG2)*, platelet-derived growth factor receptor-8 (PDGFRB)*, CD146%,
regulator of G-protein signaling 5 (RGS5)*, and Notch3*. However, there are underlying
guestions as to whether these markers are capable of labeling the entire cardiac pericyte
population or if they only label a subpopulation. Future studies on dissecting the heterogeneity of
cardiac pericytes are imperative to the complete understanding of this cell type and its function in

the heart.

Pericytes in Ischemic Injury

In various organs other than the heart, pericytes have been found to be key players in wound
response and disease progression. Given their role in homeostasis, several studies have
dissected the vital role of pericytes in regulating angiogenesis in pathological conditions®24°, Upon
brain injury, pericytes have been found to play key roles in maintaining the blood-brain barrier and
constituting a second layer of defense against inflammation®. In mouse kidney IR injury models,
pericytes expressing TIMP3 were found to stabilize the microvasculature by mediating the activity
of various metalloproteinases®. It has also been found that pericytes are integral to tumoral
angiogenesis - blocking CD146 expression helps to reduce pericyte recruitment to tumor vessels,
restricting tumor growth*’=%°. The role of pericytes in regulating angiogenesis makes these cells

promising targets for promoting revascularization after ischemic injury.

However, other findings have shown that pericytes may instead be playing a pro-fibrotic role in
ischemic injury®%°, Pericytes have been reported to be a cellular source for ECM proteins and
demonstrate increased collagen production in response to spinal cord injury and stroke®"%2,
Pericytes have also been reported to be progenitor cells that transdifferentiate into fibroblast-like
cells and contribute to fibrosis in that manner®*%*, Furthermore, pericytes have also demonstrated
the ability to secrete pro-inflammatory factors that may drive fibrosis®®. These contradictory results
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from other groups suggest that the function of pericytes in ischemic injury may be organ-

dependent, thus supporting the need for proper characterization of the cardiac pericyte population.

CARDIAC FIBROBLASTS

Definition and Function of Cardiac Fibroblasts

Cardiac fibroblasts (CFbs) are cells of mesenchymal origin that are commonly defined by their
spindle-like shape and lack of a basement membrane®. Within the myocardium, they are found
interspersed throughout the tissue and consist of a cell body with multiple projections extending
outward®. There is debate as to how much of the heart consists of CFbs and this number appears
to vary by species. The current understanding is that less than 20% of the non-myocyte population
of the adult mouse heart are CFbs3®!. Like pericytes, one of the difficulties of studying these cells
has been the lack of a common marker. Some of the commonly used markers to label these cells
in the heart include CD90 (Thy1)%’, Platelet-derived growth factor receptor alpha (PDGFRa)®,

Discoidin domain receptor 2 (DDR2)%¢, and Fibroblast-specific protein (FSP1)%°.

Overall, studies have shown that CFbs play a crucial role in maintaining the structural integrity of
the heart throughout development and into adulthood®. In development, CFbs contribute to the
healthy formation of the chambers that make up the organ. Ablation of CFbs or CFb dysfunction
during embryonic development results in hearts with hypoplastic ventricles and other
deformities® %3, In adult hearts, CFbs mainly function to produce proteins that make up the ECM,
such as collagens and fibronectins, as well as the matrix metalloproteinases (MMPs) that degrade
the ECM®®. The ECM itself provides a scaffold for the other cardiac cells and creates a network
to distribute the mechanical forces of the contracting heart®*. Under homeostatic conditions, CFbs
are generally quiescent and there are low levels of ECM turnover. However, changes in cell-cell
signaling or environmental cues (chemical or mechanical) result in a remodeling of the ECM to
ensure that the heart continues to function properly®®. After cardiac injury, the role of CFbs in
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regulating the ECM becomes much more pronounced as they become the major contributing cell

type to the development of scar tissue.

Cardiac Fibroblasts in Cardiac Injury

In CVD, resident CFbs are “activated” and become a cell type known as myofibroblasts. The
transition of quiescent CFbs to myofibroblasts is not entirely understood, but studies suggest that
it is mainly mediated by the transforming growth factor B (TGFB) superfamily®®%¢. Canonical TGFR
signaling promotes the expression of genes associated with increased proliferation, contractile
proteins (e.g. aSMA), and ECM components (collagens, fibronectin, etc.)>5”. As major players in
the fibrotic process, myofibroblasts have been placed in the spotlight as potential therapeutic
targets for reducing cardiac fibrosis. Inhibition of TGF[ signaling or ablation of myofibroblasts has
been shown to reduce levels of fibrosis, supporting that myofibroblasts are a viable therapeutic
target®”%8, Understanding the mechanisms that drive the activation of CFbs after injury will provide

a foundation for developing these novel therapies.

THIS DISSERTATION
This dissertation is divided into two separate sections (divided into four chapters) investigating

the role of pericytes and fibroblasts in the heart after injury. The chapters are divided as such:

Chapter 2: NG2+ Cardiac Pericytes Respond to Myocardial Infarction

This chapter looks specifically at NG2+ cardiac pericytes and how they respond to MI. Transgenic
mice were utilized to lineage-trace these NG2+ cardiac pericytes and single cell RNA-sequencing
(scRNA-seq) was applied to determine transcriptomic changes across multiple time points after
MI. The results show that, after injury, NG2+ pericytes proliferate and express ECM proteins,

suggesting that these cells may play a role in the fibrotic process.



Chapter 3: Isolation of Cardiac Pericytes Without Any Previously Established Markers

This chapter outlines a novel method for enriching for cardiac pericytes from the murine heart
without using any specific markers. This technique, combined with scRNA-seq, allows for
characterization of the entire heterogeneous pericyte cell population, without biasing the results
towards a specific subpopulation. This method was applied to both uninjured and injured hearts,
allowing for the detection of gene expression changes that occur within the entire pericyte

population after injury.

Chapter 4: Genetic Regulation of Fibroblast Activation and Proliferation in Cardiac Fibrosis
This chapter observes how cardiac fibroblast (CFb) responses across three genetically different
backgrounds of mice are unique in response to isoproterenol treatment. Despite receiving the
same treatment, these mice develop differential levels of fibrosis. Our results showed that while
CFbs proliferate to similar levels in all three strains of mice, their levels of activation (determined
by their expression of aSMA and periostin) correlate with the levels of fibrosis. This data shows

that consideration of mouse strain is crucial for future studies of CFbs.

Chapter 5: Cardiac Fibrosis is Associated with Decreased Circulating Levels of Full-Length
CILP in Heart Failure

This chapter is dedicated to the identification of a potential circulating biomarker for cardiac
fibrosis that is secreted by CFbs. By using bulk RNA-sequencing data of CFbs from hearts that
had undergone sham or TAC, secreted proteins in response to injury were identified. The
expression of these proteins was validated in vitro and in fibrotic mouse and human tissues. When
testing the presence of these markers in the serum of human heart failure samples, expression
of the full-length CILP protein was significantly decreased in patients compared to healthy

samples.
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Appendix I: Cardiac Fibrosis: Potential Therapeutic Targets
This appendix includes a review of promising avenues for therapeutically targeting cardiac fibrosis.
It covers approaches that are currently being used in the clinic, as well as novel approaches that

have emerged in recent years.
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CHAPTER 2

NG2+ Cardiac Pericytes Respond to Myocardial Infarction
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ABSTRACT

Myocardial infarction (MI) is a form of acute ischemic injury to the heart in which a blocked
coronary artery results in extensive cardiomyocyte death and large areas of fibrosis. There are
many cell types that respond to MI, including immune cells and fibroblasts, that make this process
extremely dynamic. Pericytes are an understudied cell population that may also potentially
participate in this process. Pericytes are defined as mural cells present in a variety of organs that
share a basement membrane with microvascular endothelial cells. This interaction is crucial in
regulating vessel contractility and maintaining vessel integrity. Studies in the kidney and brain
have shown that pericytes play a significant role after ischemic injury by transdifferentiating into
myofibroblasts or producing extracellular matrix (ECM) proteins, respectively. Whether pericytes
in the heart also play a similar role after Ml has not been thoroughly examined. Based on the
functional role of pericytes in other organs, we hypothesized that cardiac pericytes also participate
in the fibrotic process after MI. In this study, we used Chondroitin sulfate proteoglycan 4 (NG2)
as a marker for pericytes in the heart, as it has been used as a surrogate marker for pericytes in
multiple organs. By using NG2¢ER*'Rosa26'™* to lineage trace NG2-expressing pericytes, we
show that at least a subset of this cell population preferentially accumulates in the injury area,
proliferates, and upregulates ECM proteins in response to MI. This response was specifically
localized to the infarcted areas in the hearts and appeared to peak at later time points after injury
(day 7). Single cell RNA-sequencing (scRNA-seq) confirmed an increased enrichment of pro-
fibrotic genes at 7 days post-MI, which persisted through 14 days post-MI. Our data shows that
pericytes participate in the post-fibrotic response after an acute injury such as Ml and that their
role may be most pronounce at later stages of remodeling. Future studies are warranted to

investigate the spatiotemporal contribution of pericytes to the development of the mature scar.

19



INTRODUCTION

Heart disease is the leading cause of mortality in western countries®. Pathological stress from
injury leads to irreversible loss of cardiomyocytes with subsequent replacement of healthy
myocardium with fibrous scar tissue?2. The development of cardiac fibrosis is a dynamic process
that involves an array of different cell types that interact with one another®2. In response to an
acute ischemic event, such as myocardial infarction (Ml), cardiomyocytes undergo apoptosis and
necrosis®. This event triggers an inflammatory response that recruits immune cells, such as
neutrophils and macrophages, to the site of injury®. These immune cells function to remove dead
and dying cardiac cells whilst secreting factors that initiate a remodeling phase in which cardiac
fibroblasts produce various extracellular matrix (ECM) proteins that result in the formation of scar
tissue?®. Initially the formation of scar tissue is critical in preserving the integrity of the heart and
preventing myocardial rupture’. However, the heart lacks the regenerative capacity to replace
scar tissue with healthy myocardium, leading to long-term effects such as reduced ejection
fraction, arrhythmias, and ultimately heart failure. Targeting cardiac fibroblasts as the main
contributor to the fibrotic process has been a therapeutic goal for treating heart disease, but it is
unknown whether other cell types, such as pericytes, may also play a role in the development of

cardiac fibrosis.

Cardiac pericytes are an understudied population of mural cells that have been garnering
attention in recent years. Under homeostatic conditions, they remain tightly associated with
endothelial cells of the microvasculature® to maintain vascular integrity and regulate vessel
contractility®1°. Loss of pericyte coverage results in reduced number of capillaries and increased
vessel leakage!’. Beyond this function, pericytes have also been reported to exhibit
characteristics of mesenchymal stem cells, such as having the potential to differentiate into
various cell types in vitro'?. While the capabilities of pericytes to differentiate into other cell types
in vivo has been questioned, some studies have suggested that pericytes may instead be capable
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of demonstrating unique functions in response to specific stimuli. Indeed, studies in other organs
have suggested that pericytes play crucial roles in responding to ischemic injury. In spinal cord
injury, pericytes are the major cellular source of ECM proteins®® and in kidney ischemia, pericytes
transdifferentiate into myofibroblasts'#*®. These pro-fibrotic roles appear to be organ-specific,
creating a need to determine the contribution of pericytes in the heart to cardiac fibrosis after

ischemic injury?®,

In this study, we hypothesized that cardiac pericytes respond to Ml and participate in the injury
response. We utilized the NG2°"ER* mouse strain to lineage-trace cells in the heart that express
NG2 and demonstrated that pericytes contribute to cardiac fibrosis in a distinct spatiotemporal
pattern’. During later timepoints after Ml, NG2+ pericytes begin to proliferate and accumulate in
the injury region, where they also begin to express ECM proteins. Single cell RNA-sequencing
(scRNA-seq) also revealed an enrichment of ECM genes and pro-fibrotic pathways in NG2+

cardiac pericytes after MI, confirming their dynamic response to ischemic injury.

RESULTS

NG2 marks a population of cardiac pericytes

We first validated that NG2 expression is largely restricted to pericytes in the heart.
Immunofluorescence (IF) staining and flow analysis demonstrated that NG2 is expressed in the
murine heart and is co-expressed with other pericyte markers such as CD146 and PDGFRf
(Supplementary Figure 1A-D). To identify pericytes in the heart without the need for
immunostaining, we used the Cspg4-DsRed.T1 transgenic mouse strain (hereby referred to as
NG2PsRed™) 'in which DsRed.T1 protein is expressed under the promoter of Cspg4*®. DsRed+ cells
in isolated NG2PsRed* hearts did not express markers of endothelial cells, cardiomyocytes,
fibroblasts, and leukocytes (Supplementary Figure IE), but co-expressed pericyte markers
(Figure 1A). In addition, we observed that few NG2+ cells also expressed smooth muscle cell
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markers such as a-smooth muscle actin (aSMA) and calponin 1 (CNN1) (Supplementary Figure
IF). The gene expression profile of sorted DsRed+ cells confirmed that NG2PsRed* |abels pericytes
in the heart (Figure 1B). Detailed microscopic analysis of the myocardium revealed DsRed+ cells
to be diffusely present in the myocardium and closely associated with microvasculature (Figure

1C).

NG2 marks cardiac pericytes that express collagen after Ml

To determine whether NG2+ cells express ECM components in response to Ml, we generated a
double transgenic mouse model by crossing NG2PsRed* mice with Col1al®™* mice, in which
Collagenlal (Collal) expression would drive the expression of GFP (hereby referred to as
NG2PsRed* Co|1a1C*)1° (Figure 1D). NG2PsRed* Col1al1®™"* mice were subjected to sham or Ml
injury and the hearts were analyzed 7 days later. Flow cytometry analysis showed that the
percentage of cells expressing Collal (GFP+) within the NG2+ population (DsRed+) significantly
increased after injury (Figure 1E). These double-positive cells were more abundant in hearts that
had undergone MI and could be seen mainly at the border zone and infarct areas (Figure 1F,
Supplementary Figure IIA-B). Our data demonstrates that pericytes marked by NG2 begin to

express collagen after injury and thus may participate in the fibrotic response.

Lineage-traced NG2+ cells accumulate in the infarct zone after injury

We next generated a double transgenic mouse model, NG2°ER*:Rosa26"™*, to lineage trace
pericytes that express NG2 and interrogate their fate, location and gene expression profiles at a
single-cell resolution during homeostasis and in response to cardiac injury (Figure 2A). In these
mice, tamoxifen administration induces Cre recombination in NG2+ cells, resulting in permanent
labeling with tdTomato (tdT) fluorescent protein?°. tdT+ cells in NG2¢"ER*:Rosa26'™* hearts
expressed NG2 and other pericyte markers (Figure 2B). In order to lineage-trace NG2+ pericytes
after injury, we injected NG2¢®ER*:Rosa26“"* mice with tamoxifen for 4 consecutive days,
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allowed for a one week washout period, induced Ml injury, and analyzed the hearts 2, 4, and 7
days after injury (Figure 2C). We quantified the number of tdT+ cells present in the hearts and
found that the number of tdT+ cells in the fibrotic area increased as more days passed after injury
(Figure 2D-E). Whether this was the result of migration of NG2+ cells from the remote area or
proliferation of NG2+ cells within and near the injury site could not be concluded from these
experiments. At 7 days post-MlI, the infarct area was mostly replaced with scar tissue with sparse
live cells. However, tdT+ cells had a definite presence even within the mature scar at 7 days post-
MI (Figure 2F), suggesting that these cells play a role during this later timepoint after injury. These
results suggest that NG2+ pericytes appear to be more abundant in fibrotic areas and their

accumulation intensifies with time in the first 7 days after Ml.

NG2+ pericytes do not transdifferentiate into other cardiac cell types after Ml

Despite evidence demonstrating the in vitro capabilities of pericytes to differentiate into other cell
types?t, whether this ability is preserved in vivo has been questioned. Guimardes-Camboa, N. et
al. demonstrated that pericytes in the heart do not transdifferentiate into other cell types after
transverse aortic constriction (TAC), challenging the idea that pericytes may be progenitors for
other cell types??. However, the model of TAC has a different pathophysiology that results in
diffuse fibrosis, which differs from the larger replacement fibrosis seen in MI%. We sought to
determine whether pericytes have inherent stem cell-like qualities in vivo that are triggered with
an acute ischemic event by lineage tracing NG2+ pericytes using NG2¢ER*:Rosa26'""* mice that
had undergone MI. In this model, if lineage traced NG2+ pericytes transdifferentiated into another
cardiac cell type, they would retain their tdT fluorescent label but express markers of other cell
types. Hearts were analyzed 2, 4, and 7 days after Ml to determine whether injury induces cardiac
pericytes to transdifferentiate into other cardiac cell types at various time points. IF staining
confirmed that NG2+ cardiac pericytes maintain their pericyte identity and do not express markers
of fibroblasts, cardiomyocytes, hematopoietic cells, or endothelial cells (Figure 3). These results
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confirm the previously published findings that endogenous pericytes are not multipotent tissue
resident progenitors and their observed in vitro plasticity is not translatable to an in vivo injury

setting.

NG2+ cardiac pericytes proliferate after Ml

Our data showed that after injury, there appears to be a gradual increase in the percentage of
tdT+ cells within the infarct area (Figure 2D-F). In order to determine whether this is due to NG2+
pericytes proliferating after injury, we treated the mice with 5-bromo-2’-deoxyuridine (BrdU) to
label cells that are undergoing DNA replication?#25, NG2¢"®ER*;Rosa26"™* mice were given a
single injection of BrdU immediately after surgery and then provided water containing diluted BrdU
until the day of analysis (Figure 4A). Flow cytometry analysis demonstrated that in uninjured
hearts, the percentage of proliferating tdT+ cells was very low (Figure 4B). This low level of
proliferation was maintained at 2 and 4 days after injury. However, there was a significant increase
in the percentage of BrdU+ pericytes at 7 days post-MI, suggesting that pericytes begin to
proliferate at later stages after injury (Figure 4B). We then used 5-ethynyl-2’-deoxyuridine (EdU)
to localize where proliferating pericytes are in relation to the infarct region?®2’. In uninjured hearts,
there were very few proliferating cells and no visible proliferating pericytes (Figure 4C). We also
observed no appreciable level of proliferating NG2+ pericytes in the remote areas of infarcted
heart at different time points (Figure 4C). While low levels of proliferating pericytes were found in
the infarct areas at days 2 and 4 post MI, we observed an abundance of EQU+NG2+ pericytes 7
days after MI, suggesting a spike in proliferating pericytes at the later phases of injury (Figure
3D). Proliferating pericytes could be found both at the border zone and within the infarct area of

injured hearts, supporting that these cells are proliferating in response to the injury.

NG2+ cells express Collal after Mi
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Our results so far show that expression of collagen is induced in NG2+ pericytes after MI.
However, the use of NG2PsRed*:Col1a1FP™* transgenic mice could not define the identity of these
cells. There remained the question of whether other cell types such as collagen-producing
fibroblasts begin to upregulate NG2 expression after injury, thus contaminating our results. To
address this question, we sought to determine whether NG2 lineage-traced cells (most of which
don’t express collagen) can be induced by injury to express collagen. We generated triple
transgenic NG2C¢ER*Rosa26'™*;Col1al®™"* mice, in which lineage-derived pericytes can be
examined after injury for their expression of collagen. These mice received tamoxifen injection for
4 days a week prior to sham or Ml surgery, and hearts were harvested after 7 days for analysis
(Figure 5A, 2B). In sham hearts, we did not observe many double positive cells (NG2-derived
pericytes expressing collagen) (Figure 4B). After injury, we could see significant double positive
cells were diffusely dispersed within the border zone and infarct at 7 days post-surgery (Figure
5C). The remote areas were similar to sham hearts in that there were few double positive cells
(data not shown). We conducted flow cytometry analysis to quantify NG2+ cells that begin to
express Collal and found that the percentage of tdT+GFP+ cells significantly increased after
injury (Figure 5D). These data strongly support that Ml induces NG2+ pericytes to express Collal

and this expression is specific to the fibrotic area.

Single cell RNA-seq of NG2+ pericytes reveals enrichment of ECM genes/pathways

In order to further elucidate the molecular mechanisms in which pericytes are responding to Ml,
we isolated tdT+ cells from NG2¢ER*:Rosa26'9"* mice that had undergone sham or Ml for 4, 7,
or 14 days and subjected them to sScRNA-seq via the 10x Genomics platform. We chose to include
the 14 day post-MI timepoint to capture changes that were occurring in pericytes in later stages
after MI. We processed and analyzed a total of 5311 cells using the Seurat R package?. Although
we sorted for tdT+ cells, our liberal gating approach to capture as many NG2+ cells resulted in
slight contamination with other cell types (Supplementary Figure IlIA). Cluster analysis revealed
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several distinct populations with a major pericyte population and other minor clusters
corresponding to fibroblasts (Pdgfra+)?°, endothelial cells (Pecam1+)3°, Schwann cells (Plp1+)3,
and smooth muscle cells (Acta2+)3? (Supplementary Figure IlIB-C). We subset only pericytes
for further downstream analysis by identifying a cluster of cells that had high enrichment of
pericyte markers Cspg4, Mcam, Pdgfrb, and Notch3 and but was also negative for the smooth
muscle marker Acta2 (Figure 6A, Supplementary Figure IlIC-D). From the uniform manifold
approximation and projection (UMAP) plot, we observed that pericytes from all conditions (sham
and MI at different timepoints) still form a single cluster, but there was a noticeable shift in the
transcriptomic profiles of pericytes from injured conditions when compared to sham (Figure 6A).
However, there were no significant changes to expression of major known pericyte markers
across the conditions, supporting our previous results that pericytes after injury maintain their
pericyte profile (Supplementary Figure IlIE). Instead, we noted that the visible shift in the cells

on the UMAP plot may be associated with transcriptomic changes that occur in response to injury.

To determine biological processes that may be enriched at each timepoint, we identified
upregulated and downregulated genes in cells from 4, 7, and 14 days after Ml compared to cells
from sham hearts and conducted gene ontology (GO) analysis (Figure 6B). Notably, at 7 days
after MI, pathways associated with supramolecular fiber organization and extracellular structure
were positively enriched while at 14 days after MI, there was significant enrichment of pathways
related with ECM production (protein heterotrimerization and collagen fibril organization) (Figure
6B). Furthermore, translation was the most significantly enriched biological process at both 7 and
14 days after MI, which supports the finding that these cells are proliferating and secreting ECM
proteins at these timepoints (Figure 6B). In order to confirm the in vivo responses that our data
has shown, we looked at gene expression of specific genes that regulate proliferation and encode
for ECM proteins. Expression in these categories peaked at 7 days post-MI, aligning with our in
vivo characterization (Figure 6C). These genes continued to have increased expression through
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14 days post-Ml, further suggesting that pericytes may have a continued role in the later scar

maturation phase.

Finally, there have been many studies that demonstrate the importance of various signaling
pathways in pericytes. Transforming growth factor-B (TGFf) signaling and PDGFR signaling in
pericytes have both been attributed to the activation of pericytes in fibrosis'433, When we looked
at the expression of downstream effectors of both TGFf and PDGFR signaling, we saw that

expression significantly increased after injury (Figure 6A-B).

DISCUSSION

The role of pericytes in cardiac ischemic injury has been an underexplored topic in understanding
the importance of these cells. We hypothesized that pericytes respond to Ml and participate in
the fibrotic response. By lineage-tracing NG2+ pericytes, our results demonstrated that at later
stages after Ml (7 days post-injury), pericytes proliferate and express prominent levels of Collal.
scRNA-seq confirms this response, even showing a continued upregulation of pro-fibrotic genes
at 14 days post-MI. These results not only highlight that pericytes do have a significant response
to ischemic cardiac injury, but also suggest that pericytes may play a role in the later scar

maturation phase of cardiac fibrosis.

Pericytes have been attributed to be the major cell type involved in the development of fibrosis in
other organ systems. There is strong evidence suggesting that pericytes in the kidney are the
major source of activated fibroblasts upon ischemia!®3* and that pericytes are the main cellular
source of ECM proteins in spinal cord injury®®. However, the cellular composition of the heart is
different from other organs in that cardiac fibroblasts are already established to be the major cell
type to contribute to fibrosis®. In mice, cardiac fibroblasts become activated within a couple of
days of MI, secrete large amounts of ECM proteins 4-7 days post-injury, and then lose their
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proliferative capacity by 7-10 days post-injury®®. This behavior differs from the NG2+ pericytes in
our studies, which appear to be proliferative and significantly express ECM proteins at 7 days
post-injury. Our scRNA-seq data also suggests that NG2+ pericytes maintain this “activated” state
through 14 days post-injury. These results demonstrate that pericytes may be playing a unigque
role from fibroblasts in the development of fibrosis. There require more studies to determine the

significance of NG2+ cardiac pericytes in these later stages after Ml.

The findings of our study supplement the growing literature on pericyte function in cardiac
ischemic injury. However, it is important to note the key differences between our findings and
what others have reported. Initial studies conducted by Birbrair, A. et al. first suggested that
pericytes in the heart do not produce collagen after injury®. While this study identified Collal
expression by IF staining, we utilized the Col1a1®™"* mouse strain to reliably visualize Collal
expression, which was further corroborated by our scRNA-seq data. Guimardes-Camboa, N. et
al. also demonstrated minimal levels of Collal expression in cardiac pericytes after injury?.
However, their findings used a different pericyte marker to lineage-trace their cells and were in a
pressure overload injury model, which differs greatly in pathophysiology to MI. These differences
highlight that our findings may be specific to a subpopulation of NG2+ cardiac pericytes and within
the context of MI. There is a need to further study this population of cells in other models of cardiac
injury (e.g. pressure overload, aging, dilated cardiomyopathy) to determine their complete function
in cardiac fibrosis. Furthermore, there is a possibility that other subpopulations of pericytes with
varying functions in Ml exist. As we did not explore the heterogeneity of cardiac pericytes in injury,

this is a question that may need to be addressed in future studies.

Overall, our findings demonstrate that cardiac pericytes exhibit a significant response in the event
of Ml and may play a role in later stages of injury response. This study brings to light the need to

further study this population of cells to determine their therapeutic potential.
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METHODS

Mice

NG2PsRed* mice (Stock No. 008241) and Rosa26"“™* mice were acquired from The Jackson Lab.
Col1al®F"*were a gift from the Evans lab at the University of California, San Diego. NG2CreER*
were provided by the Carmichael lab at the University of California, Los Angeles (UCLA). For all
experiments, adult (8-12 weeks) male and female mice were used. All procedures were carried

out with the approval of the UCLA Animal Research Committee.

Myocardial Infarction and Aftercare

Mice were initially anesthetized by intraperitoneal injection of ketamine/Xylazine and then
intubated for positive pressure ventilation with a mixture of oxygen and 2-3% isoflurane
throughout the surgical procedure. The pericardium was opened after left thoracotomy between
the fourth and fifth rib and an 8-0 suture was placed around the left anterior descending artery.
The suture was tightened around the vessel to simulate myocardial infarction and the chest was
closed in layers by using 5-0 Vicryl suture. Ventilation was maintained until sufficient spontaneous
breathing occurs and post-operative analgesia (0.1mg/kg buprenorphine and 5mg/kg carprofen)
was provided immediately after the procedure. Mice were left to recover in a temperature-

controlled chamber until they resumed full mobility.

Section Preparation and Immunofluorescence Staining

Mice were injected with heparin and euthanized 20 minutes afterwards. The hearts were perfused
with 30 mL of PBS and then fixed in 4% PFA for 2 hours at 4°C. After a quick wash in PBS, the
hearts were stored in 30% sucrose overnight at 4°C. The hearts were then embedded in Optimal
cutting temperature compound (OCT) and stored at -80°C. The blocks were sectioned using a
Leica cryostat at a thickness of 8um or 100pum and the sections were mounted on Colorfrost Plus
microscope slides (Fisher) and stored at -20°C until imaging.
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For immunofluorescence staining, slides with 8um sections were left at room temperature for 10
minutes, washed 3 times with PBS, and permeabilized with 0.25% Triton X-100 (prepared in PBS)
for 10 minutes. The slides were then blocked with blocking buffer (10% NGS, PBS-0.1%Tween
20) for 1 hour at room temperature, followed by incubation with primary antibodies (diluted in
blocking buffer) overnight at 4°C in the dark. Slides were subsequently washed 3 times with PBS-
0.1%Tween 20 and incubated with secondary antibodies (Thermo Fisher Scientific) diluted in
blocking buffer for 1 hour at room temperature. Antibodies and dilutions are shown in
Supplementary Table 1. After another 3 washes with PBS-0.1%Tween 20, coverslips were
mounted on the slides using mounting medium containing DAPI (Vector). The slides were imaged
by a Zeiss confocal microscope (LSM880) and image processing was done through the ZEN 2

(blue edition) software.

Flow Cytometry/Fluorescence-Activated Cell Sorting (FACS)

Mice were injected with heparin and euthanized 20 minutes afterwards. Hearts were dissected
and cannulated for perfusion with 30mL of phosphate-buffered saline (PBS). The hearts were
then perfused with 5mL of digestion enzyme (recipe in table below) and chopped into small pieces.
The pieces were collected and incubated in 10mL of digestion enzyme on a rotator at 37°C for
one hour with periodic pipetting to ensure complete digestion. The digested cells were passed
through a 40um filter and centrifuged (350xg, 10 minutes) to collect all cells. Debris were removed
using a Debris Removal Kit (Miltenyi) and cells were resuspended in FACS buffer. If antibody
staining was necessary, resuspended cells were incubated with antibodies for 30 minutes on ice.
For staining with biotinylated antibodies, streptavidin-APC-eFluor780 conjugate was added for an
additional 30 minute incubation on ice after washing with FACS buffer. Antibodies and dilutions
are shown in Supplementary Table 2. Cells were analyzed or sorted using a BD FACSAria™ I
cell sorter. All data was analyzed using FlowJo software.
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RNA Extraction and Reverse Transcription gPCR (RT-gPCR)

If collecting RNA from sorted cells, cells were sorted directly into TRIzol™ LS Reagent (Thermo
Fisher Scientific). RNA was extracted from sorted cells or whole heart samples using TRIzol™ LS
Reagent and following the manufacturer’s protocol. Extracted RNA was quantified by NanoDrop™
(Thermo Fisher Scientific) and then converted into complementary DNA (cDNA) by using the
iScript™ cDNA Synthesis Kit (Bio-Rad) and following the manufacturer’s instructions. RT-gPCR
reactions were prepared with SYBR Green Master Mix (Bio-Rad) and specific primers designed
for each target gene (sequences shown in Supplementary Table 3). The reactions were run on
a CFX96 Touch™ Real-Time PCR Detection System (Bio-Rad) and analysis was done using the

double ACT method.

Cell Counting
Tilescan images were taken of 3-5 slides per heart. The fibrotic area was determined by either
lack of live tissue or Collal (GFP) expression. The number of tdT+ cells and the number of pixels

per region were counted and calculated respectively using ImageJ.

Proliferation — BrdU and EdU

To label proliferating cells in the heart, mice were injected with 100ug of BrdU immediately after
sham or MI surgery. The mice were then given water containing BrdU (1mg/mL) to continuously
label proliferating cells. This water was changed every other day. BrdU labeling was then
analyzed by flow cytometry by using the APC BrdU Flow Kit (BD Pharmingen™). For EdU
experiments, we intraperitoneally injected 1 mg of EdU (prepared in DMSO and diluted in saline)
and sacrificed the mice after 4 hours. Hearts were processed as described above and the Click-
it (Plus) EdU Imaging Assay (Thermo Fisher Scientific) was used to fluorescently mark EdU
labeling as per the manufacturer’s instructions.
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Single Cell RNA-sequencing and Analysis

Cells were sorted from NG2¢®ER*:Rosa26'""* hearts that had undergone sham or MI (4, 7, and
14 days post-injury) (2 hearts per sample) as described above into Dulbecco's Modified Eagle
Medium without calcium (Gibco) and 10%FBS. Afterwards, the cell suspension was centrifuged
and all media except for roughly 40ul was removed. The number of cells was counted using a
hemocytometer. Cells were then prepared for scRNA-seq by using the 10x Genomics Chromium
Controller and the Chromium Single Cell 3 GEM, Library & Gel Bead Kit, v3. Libraries were
sequenced on a NovaSeq Sequencer (lllumina) and with an average of 150,000,000 million reads
sequenced per sample. Data was processed using the 10x Cell Ranger pipeline and further
analyzed using Seurat®. Gene Ontology analysis was done through the Metascape web portal®’

(http://metascape.orq).

Statistical Analysis
All quantification data are presented as mean + standard error of the mean (SEM) and significance
was determined by using Student's t-test or Two-way ANOVA. A p-value < 0.05 was considered

statistically significant and data were analyzed using GraphPad Prism 8.
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Figure 1: NG2 labels cardiac pericytes that express Collal after Ml

(A) DsRed+ cells (red) in NG2PsRed* hearts express pericyte markers CD146, PDGFRR, and
Notch3 (green). (B) Sorted DsRed+ cells had higher expression of pericyte genes compared to
unsorted whole heart (WH) samples. (C) High magnification images demonstrate that DsRed+
cells are closely associated with isolectin-labeled vessels. (D) Breeding schematic to develop
NG2PsRed* Col|1a1®™* double transgenic mice. (E) Flow cytometry analysis of
NG2PsRed™* Col1a1FP* hearts 7 days after sham or myocardial infarction (7D MI) surgery. After
injury, the percentage of GFP+ cells that are present within the DsRed+ population significantly
increases. (F) In NG2PsRed*:Col1a1®FP* hearts, DsRed+GFP+ double positive cells are present
mainly by the border zone and infarct area. Arrowheads indicate DsRed+ cells with low GFP
expression and arrows show high expression of both DsRed and GFP. DAPI is used to label

nuclei (blue) in all stainings. Scale bar: 20pm. *p-value < 0.05.
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Figure 2
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Figure 2: NG2 lineage-traced pericytes accumulate in the infarct area after Ml

(A) Breeding schematic to generate NG2°ER*;Rosa26"™* double transgenic mice. (B) NG2
lineage-traced tdTomato+ (tdT+) cells (red) express NG2 and other pericyte markers. DAPI is
used to label nuclei (blue). Scale bar: 20um. (C) Schematic for tamoxifen injection in relation to
myocardial infarction (MI) surgery. Hearts were analyzed 2, 4, and 7 days after injury (2DMI, 4DMI,
and 7DMI). (D) Sections of NG2¢®ER*:Rosa26'™* hearts were imaged and the total number of
tdT+ cells per section was counted. The percentage of tdT+ cells per section in the remote area
and the fibrotic areas were quantified. (E) The number of tdT+ cells/pixel of tissue was quantified
for the remote and fibrotic areas. The ratio of these values was plotted. (F) Representative images
of the left ventricular free wall of NG2¢"ER*:Rosa26""* hearts 2, 4, and 7 days after MI. The
autofluorescence of the healthy tissue is in green and tdT+ cells can be seen throughout the heart.
At 2DMI and 4DMI, there are not as many tdT+ cells in the fibrotic area compared to 7DMI. Scale

bar: 250um. *p-value < 0.05.

36



Figure 3
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Figure 3: NG2+ cells do not transdifferentiate into other cell types after injury

NG2CeER*'Rosa26"™ hearts 2, 4, and 7 days after Ml were stained for cardiomyocyte (a-
sarcomeric actinin, aSarc), fibroblast (PDGFRa), myofibroblast (periostin, POSTN),
hematopoietic cells (CD45), and endothelial cells (CD31). Double positive cells could not be found

at any time point. DAPI is used to label nuclei (blue). Scale bar: 20pm.
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Figure 4
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Figure 4: NG2+ cardiac pericytes proliferate in the infarcted area

(A) Schematic of BrdU treatment. After surgery, NG2¢ER*:Rosa26""* mice receive a single
injection of BrdU and then are given water containing BrdU until analysis. (B) Flow cytometry
analysis of percentage of BrdU+tdT+ cells in NG2¢"ER*:Rosa26""* that have undergone sham or
myocardial infarction (MI) surgery. There is a sudden increase in proliferating tdt+ cells at 7DMI.
(C) NG2CER*'Rosa26"™* mice were injected with EdU prior to euthanasia. SHAM hearts and
remote areas of injured hearts had low levels of proliferating tdT+ cells. (D) After MI, proliferating

tdT+ cells could be found mainly within the border zone and infarct area (arrows). Scale bar: 50um.
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Figure 5
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Figure 5: NG2 lineage-traced cardiac pericytes express Collal after Ml

(A) Breeding schematic to generate NG2°*&~**:Rosa26'""*;Col1a1®*"* mice. (B) In sham hearts,
there were little to no tdT+GFP+ cells. (C) 7 days after Ml, there are a significant number of
tdT+GFP+ cells at the border zone and infarct area. (D) Flow cytometry analysis confirms the

increase in tdT+GFP+ cells after injury. DAPI is used to label nuclei (blue). Scale bar: 20um.
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Figure 6
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Figure 6: Single cell RNA-sequencing of NG2-lineage traced cardiac pericytes

(A) UMAP plot of pericytes that have subset from the single cell RNA-sequencing (ScCRNA-seq)
of NG2C*ER*'Rosa26"™* hearts that had undergone sham or Ml for 4, 7, and 14 days. (B) Gene
Ontology analysis on genes that were upregulated and downregulated at each time point after
injury compared to sham cells. (C) Genes associated with proliferation and extracellular matrix
(ECM) proteins were upregulated at later stages after injury. Genes associated with the TGF{ (D)
and the PDGFR signaling pathway (E) are upregulated after injury, suggestive of their role in

injury response.
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Supplementary Figure |
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Supplementary Figure I: NG2PsRed* mouse strain labels cardiac pericytes

(A) Co-staining of NG2 with pericyte markers CD146 and PDGFRf confirms that NG2 marks
cardiac pericytes. (B-D) Flow cytometry shows that the majority of DsRed+ cells in NG2PsRed+
hearts express both CD146 and PDGFRB. (E) NG2PsRed* hearts do not label endothelial cells,
cardiomyocytes, fibroblasts or hematopoietic cells (markers in green). (F) Smooth muscle cells
around larger vessels are labeled with NG2PsRed* byt can be clearly differentiated from NG2+
pericytes, which reside in single cells (arrowheads). DAPI is used to label nuclei (blue). Scale bar:

20um.
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Supplementary Figure Il

A SHAM — Rest of the heart

SHAM - LV M| — Rest of the heart Ml - LV

1.65] *1

wiq

0¥ =

1.73| w3/ . 1.55

Col1a1GFP+

NG 2Dsred'/+

=]
o
1

[=1]
o
1

[ 4]
e
—

% of GFP* within DsRed”
-3
(=)

o

SHIAM 7DIMI
Rest [ AY

Supplementary Figure Il: Collal expression in NG2+ cells is localized to the infarct area

(A) Representative flow cytometry plots of hearts 7 days after sham or Ml surgery. The left

ventricle (LV) was separated from the rest of the heart and analyzed separately. Increase in the

percentage of DsRed+GFP+ cells was specific to the LV in Ml samples. (B) Quantification of

DsRed+GFP+ cells.
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Supplementary Figure Il
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Supplementary Figure lll: Single cell RNA-sequencing of NG2-lineage traced cardiac

pericytes

(A) Representative FACS plots for sorting viable tdT+ cells from NG2¢®ER*:Rosa26'""* hearts that
had undergone sham or MI for single cell RNA-sequencing (scRNA-seq). (B) UMAP plot of all
cells collected for single cell RNA-seq (scRNA-seq). (C) Other cardiac cell types that were
sequenced were identified by expression of specific markers. (D) Expression of pericyte markers
across the UMAP dictates a major cluster to be enriched for pericytes. (E) Expression of pericyte
markers after Ml does not change significantly, confirming that these cells maintain their pericyte

identity after injury.
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Supplementary Table 1

IF Staining Antibodies

Target Protein Manufacturer (catalog no.) Dilution
NG2 Millipore Sigma (AB5320) 1:50
CD146 Abcam (ab75769) 1:100
PDGFRp Abcam (ab32570) 1:100
PDGFRB eBioscience (14-1402-82) 1:50
Notch3 ABClonal (A3115) 1:50
CD31 Abcam (ab28364) 1:100
CD31 eBioscience (14-0311-82) 1:50
aSarc Sigma-Aldrich (A7811) 1:400
PDGFRa R&D Systems (AF1062) 1:100
CD45 eBioscience (14-0451-82) 1.50
aSMA Sigma-Aldrich (A2547) 1:100
CNN1 Atlas Antibodies (HPA014263) 1:100
POSTN R&D Systems (AF2955) 1:100
Supplementary Table 2
Flow Cytometry/FACS Antibodies
Target Protein — Conjugate Manufacturer (catalog no.) Dilution
CD146 — APC Biolegend (134712) 1:100

PDGFRB — Biotin

Miltenyi Biotec (130-109-866 1:10

Streptavidin, APC-eFluor 780

eBioscience (47-4317-82) 1:200

Supplementary Table 3

RT-qPCR Primers

Gene Seqguence
Gapdh F:5- AGGTCGGTGTGAACGGATTTG
R: 5’- TGTAGACCATGTAGTTGAGGTCA
Cspgd F:5-GCTGTCTGTTGACGGAGTGTT
R: 5’- CGGCTGATTCCCTTCAGGTAAG
Mcam F: 5- CCCAAACTGGTGTGCGTCTT
R: 5’- GGAAAATCAGTATCTGCCTCTCC
Pdgfrb F: 5- TTCCAGGAGTGATACCAGCTT
R: 5’- AGGGGGCGTGATGACTAGG
Notch3 F: 5- AGTGCCGATCTGGTACAACTT
R: 5’- CACTACGGGGTTCTCACACA
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CHAPTER 3

Isolation of Cardiac Pericytes Without Any Previously Established Markers
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ABSTRACT

The vascular system is critical for the delivery of oxygen and nutrients to all organs of the body.
Within the vessels that make up this circulatory network, pericytes are a subset of mural cells that
function to maintain vessel integrity and regulate contraction in the microvasculature. Despite their
importance to vascular health, there have been challenges to studying this cell type in a collective
manner. For one, there appears to be heterogeneity between pericytes of different organs as well
as in pericytes within the same organ. Therefore, using previously established markers may not
accurately label the entire pericyte population. This has made it difficult to view previously
published data regarding the function and the role of pericytes in a holistic manner. To circumvent
this, we sought to identify a method to enrich for the entire pericyte population in the murine heart
for future downstream analysis. To do this, we developed a protocol using cell filtration, transgenic
mice, and FACS to exclude other cardiac cell types. We then took advantage of recent
developments in single cell transcriptomics to observe the heterogeneity of the enriched cells,
which were majority cardiac pericytes. As we expected, the expression of commonly used
markers did not encompass all of the pericytes in our data, supporting that this population is quite
heterogeneous. This protocol was also applied to mice that had undergone myocardial infarction,
demonstrating the utility of our protocol to study cardiac pericytes in injury. We believe that our
results can provide a foundation for identification of novel markers and other future studies on this

cell population.

55



INTRODUCTION

The vascular system is composed of blood vessels that play a crucial role in the delivery of oxygen
and nutrients to various organs’. The walls of blood vessels are made up of two cell types: 1)
endothelial cells that line the vessel walls and 2) mural cells — smooth muscle cells or pericytes —
that directly associate with endothelial cells. While both smooth muscle cells and pericytes have
similar functions in regulating blood flow and maintaining vessel integrity, these cells are still
distinct from one another?. Smooth muscle cells typically reside in the tunica media of larger
vessels and form multiple layers that wrap around the endothelial cells, but pericytes have small
cell bodies with cellular projections that are embedded within the basement membrane of the
microvasculture®®, In recent years, pericytes have begun to garner attention due to their functions
in regulating angiogenesis and potentially responding to ischemic injury*®. Loss of pericyte-
endothelial cell interactions or aberrant pericyte behavior has been associated with a variety of
diseases, including diabetic retinopathy and tumor angiogenesis*®’. However, it has been a
challenge to study this cell type as they are mainly defined by their morphological characteristics
and anatomical location. To-date, there lacks a marker that can be used to specifically identify
and isolate this cell type for further studies due to the high level of heterogeneity within the
population. This has prevented in-depth studies on pericyte function in injury and whether they

can be therapeutically targeted.

There have been several markers used to target these cells in various studies. Some of the most
common markers to singly label pericytes include chondroitin sulfate proteoglycan 4 (NG2)2,
platelet-derived growth factor receptor-p (PDGFRB)?, CD146'°, regulator of G-protein signaling 5
(RGS5)Y, and Notch3'. NG2 is a transmembrane proteoglycan that has been shown to be
necessary for pericyte recruitment to endothelial cells during angiogenesis'*®. CD146 is a
junctional protein that has also been shown to be expressed on endothelial cells and may

participate in promoting pathological angiogenesis via the VEGF/VEGFR2 pathway'®. PDGFRB
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is a tyrosine kinase receptor that mitigates platelet-derived growth factor signaling which,
depending on the external stimuli, can participate in a multitude of cellular functions such as
survival, proliferation, and cellular differentiation!’. Loss of RGS5 has been reported to lead to
vascular leakage, suggesting that this G protein-coupled receptor modulator plays a role in
pericyte-endothelial interactions®. Notch3 plays an important role in pericyte development and
Notch deficiency results in loss of vessel stability’®. Despite the number of studies using these
markers, their specificity appears to depend on the organ of interest®. Additionally, the use of a
single marker may only label a subpopulation of pericytes that have a distinct role in homeostasis
and disease. Therefore, several studies use panels of markers to exclude other cell types and
purify for the pericyte populationi®2?°, This process can involve using more than one of the markers
listed above or including negative selection markers to exclude other cell types. However, the use
of different marker panels makes it difficult to review the previous studies regarding pericytes in
a collective manner and apply the findings from one organ to another. There is a need to properly
characterize this heterogeneous population of cells in an organ-specific manner to develop a

common foundation for future studies.

With the advent of technologies to examine a population of cells at a single cell resolution, studies
on heterogeneous cell types have become recently possible. Notably, single cell RNA-sequencing
(scRNA-seq) has become an accessible technique to analyze the transcriptomic profiles of
thousands of cells??2. We sought to harness this technology to dissect the heterogeneity of
pericytes in the murine heart. However, when we observed a publicly available dataset of SCRNA-
seq of the whole murine heart, the enrichment of pericytes was very low. We thus aimed to
develop a protocol to enrich for pericytes prior to downstream analysis via SCRNA-seq. While this
could be done using any of the markers discussed, there was concern that utilizing any
combination of markers could result in capturing only a subpopulation of cardiac pericytes.
Therefore, we developed a protocol that could enrich for pericytes in the murine heart without
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using any specific markers. This protocol could be applied to healthy and injured hearts, thus
developing a foundation for future studies on the heterogeneity of this cell population and their

functional roles under different conditions.

RESULTS

Single cell RNA-sequencing of the whole heart results in low enrichment of pericytes

With the plethora of sScRNA-seq data that has been published, we first sought to identify publicly
available databases that would include cardiac pericytes. The Tabula Muris is a collection of
single cell transcriptomic data spanning multiple organs from mice?:. When we looked at
expression of pericyte markers in the hearts collected by this consortium, we saw that there was
very low enrichment of pericytes in these data (cluster 6) (Figure 1A-B). This data demonstrated
that conducting scRNA-seq on the whole heart would yield a low percentage of pericytes.
Therefore, there was a need to develop a way to enrich for pericytes to capture more of these

cells for further downstream analysis.

Exclusion of other cardiac cells can enrich for cardiac pericytes

While there are several pericyte markers being used in other studies, the heterogeneity of the cell
population questions whether the findings of these studies may only be applicable to a
subpopulation of pericytes. We aimed to address this issue by enriching for cardiac pericytes prior
to scRNA-seq without using any known markers. We optimized a protocol that consisted of
excluding other major cardiac cell types, included cardiomyocytes, fibroblasts, endothelial cells,
immune cells, vascular smooth muscle cells, and cardiac neurons. We generated a double
transgenic mouse by crossing Myh6°F* mice with Col1al®™* to label the majority of
cardiomyocytes and fibroblasts with GFP?4% (Figure 2A). After digesting the hearts from
Myh6¢FP*:Col1a1 P+ adult mice into single cells, the cell suspension was passed through a 70um

filter to exclude larger cells such smooth muscle and neurons. The cells were treated with calcein-
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AM?8 for viability and stained with antibodies targeting endothelial cells (CD31)?’ , erythrocytes
(Ter119)?, leukocytes (CD11b)?° and other hematopoietic cells (CD45)%. Cells that were positive
for calcein-AM, but negative for all other markers (i.e. GFP, CD31, CD45, Terl119, and CD11b)
were sorted (Figure 2B-C). RT-gPCR confirmed that this population had high expression of
pericyte markers and minimal expression of other cell type markers (Figure 2D). The cells were
also cytospun and stained, confirming protein expression of pericyte markers (Figure 2E). Using
this protocol, we were able to enrich for cardiac pericytes in a manner that can be used for

downstream scRNA-seq.

Single cell RNA-sequencing of enriched pericyte population

Cells were collected in the protocol described above and subjected to scRNA-seq through the
10x Genomics capture platform?2. We sequenced a total of 5972 cells that formed unique clusters
on the uniform manifold approximation and projection (UMAP) plot3! (Figure 3B). By looking at
the expression of various cell type markers, we could identify clusters of cells that corresponded
to fibroblasts (Pdgfra+)®?, cardiomyocytes (Tnnt2+)%, and Schwann cells (Plp1+)** (Figure 3C).
There were very few endothelial cells or macrophages, suggesting that antibody-based exclusion
is more reliable than fluorescent labeling by transgenic mice (Figure 3C). Also, unlike the
previously published scRNA-seq data on whole heart samples, the largest cluster in our data was
enriched for pericyte markers Cspg4, Mcam, Pdgfrb, Rgs5, and Notch3 (Figure 3D). We subset
the 2818 cells from this pericyte cluster and observed the distribution of pericyte marker
expression. Of 2818 total cells, only 110 expressed all five markers, and the rest expressed
varying combinations of these markers (Figure 3D). These results further support that cardiac
pericytes are a heterogeneous population and that individual markers may only be marking

specific subpopulations of pericytes.

Single cell RNA-sequencing of enriched pericytes after myocardial infarction
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Myocardial infarction (MI) is an acute ischemic injury to the heart that results in cardiomyocyte
death and the development of fibrotic tissue®. As pericytes have been associated with
participating in the ischemic injury response in other organs®3¢, we wondered if our enrichment
protocol could be applied to hearts that had undergone MI. Myh6®™"*;Col1a1®™"* adult mice
underwent M| by permanent ligation of the left anterior descending artery and the hearts were
collected 7 days later. Pericytes were collected from these hearts using the enrichment protocol
and subjected to scRNA-seq. The two sets of cells were merged together for analysis (Figure
4A). The largest cluster of cells was enriched in pericyte markers and was subset out for further
analysis (Figure 4B-C). As the pericytes formed 3 unique clusters (Figure 4C), we were curious
as to whether any of the clusters were representative of “pro-fibrotic” pericytes. We first looked at
the percentage of cells from uninjured and injured hearts that make up each cluster. After injury,
there was significant expansion of cells in cluster 3 (Figure 4D) and the majority of cells that made
up cluster 3 were derived from the injured hearts (Figure 4E). Pericytes in cluster 3 had high
enrichment of genes associated with wound healing, extracellular matrix (ECM) proteins and
response to ischemia (Figure 4F, Supplementary Table 1). These results strongly suggest that

pericytes found in cluster 3 may be pericytes that are responsive to M.

When looking at highly expressed genes in cluster 3, we identified the gene Vitn, which encodes
for vitronectin (VTN). VTN is a glycoprotein that binds to components within the ECM, such as
collagens®’. The expression of Vtn was specific to cluster 3 of pericytes (Figure 5A), suggesting
that its expression is associated with the injury response by pericytes. Immunofluorescence
staining for VTN in hearts 7 days post-MI confirmed that expression was specific to the fibrotic
area (data not shown) and was co-expressed with the pericyte marker PDGFRf (Figure 5B).

These results suggest that VTN may be a promising target for observing pro-fibrotic pericytes.

DISCUSSION
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Cardiac pericytes are an understudied cell population that have been difficult to characterize in-
depth, due to the lack of specific markers for identifying and isolating these cells. Markers used
in other organ systems either label other cell types or only label a subpopulation of pericytes in
the heart. In order to conduct analysis on the heterogeneity of cardiac pericytes while including
the entire population, we sought to develop a protocol that could enrich for pericytes for SCRNA-
seq. By excluding other major cell types using a combination of transgenic mice, cell filtration,
and FACS, we optimized a protocol in which pericytes could be highly enriched. We took this
enriched population, conducted scRNA-seq and was able to capture a high number of pericytes
in our data. When we looked at expression of commonly used pericyte markers and could see
that the expression of each marker varied within this population, supporting that this is a
heterogeneous cell type. This protocol could also be applied to hearts that had undergone Ml,
allowing for studies on pericyte subpopulations and their roles in cardiac injury. By using SCRNA-
seq, we identify a cluster of pericytes that express genes associated with wound healing., ECM
proteins, and response to ischemia. This cluster was highly specific in its expression of VTN and
the expression of VTN was found to be specific to the fibrotic areas of the heart. Overall, our data

provides a foundation for future studies on cardiac pericyte markers and function in injury.

Though the protocol we have developed can be useful in future studies of cardiac pericytes, there
are several limitations to its widespread use. One, our protocol uses transgenic mice to label
cardiomyocytes and fibroblasts, limiting the use of this protocol with other transgenic mouse
models. In order to apply this protocol to other strains of mice, one would have to modify the
protocol to somehow exclude these two major cell types. Two, as seen from the scRNA-seq data,
the purity of pericytes collected using our protocol is not very high. There is still a significant
number of other cell types that could be seen in the UMAP plot. Because we utilized a technique
to look at single cells, we were able to exclude extraneous cells and focus on the pericytes.
However, using this protocol for other types of bulk analysis would have to be considered carefully,
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as other cell types may contaminate downstream analysis. Though there are limitations to our
developed protocol, the data that we receive can still be utilized in other studies, particularly in

the identification of novel markers.

METHODS
Public Databases
Single cell RNA-sequencing data of whole murine heart was downloaded from the Tabula Muris

compendium?® (https://tabula-muris.ds.czbiohub.org/) and processed using Seurat®,

Mice and Myocardial Infarction
Myh6SF"* mice were purchased from Jackson Laboratory and Col1al®™* mice were provided
from the Sylvia Evans lab. Adult (2-3 months old) male and female mice were used in all

experiments. There were no sex-related differences in our data.

To induce myocardial infarction, mice were first anesthetized by injection of ketamine/Xylazine.
Throughout the surgery, the mice were intubated for positive pressure ventilation with a mixture
of oxygen and 2-3% isoflurane. Left thoracotomy between the fourth and fifth rib was conducted,
and the pericardium was opened. An 8-0 suture was placed around the left anterior descending
artery and tightened to simulate myocardial infarction. The chest was then closed by using 5-0
Vicryl suture and ventilation was maintained until sufficient spontaneous breathing. 0.1mg/kg
buprenorphine and 5mg/kg carprofen was provided immediately after the surgery and the mice
were left to recover in a temperature-controlled chamber until they were fully mobile. All
procedures were carried out with the approval of the University of California, Los Angeles Animal

Research Committee.

Fluorescence-Activated Cell Sorting (FACS)
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Mice were injected with heparin 20 minutes prior to euthanasia by isoflurane. The hearts were
dissected out, cannulated, and perfused with 20mL of Phosphate-buffered saline (PBS) followed
by 5 mL of warmed digestion enzyme (PBS with Collagenase Il, Dispase |, and DNase). The
hearts were then chopped into small pieces and incubated in digestion enzyme at 37°C for an
hour with periodic pipetting to ensure complete digestion. The digested cells were then filtered
through a 70um filter, centrifuged, and resuspended in cold PBS for debris removal. The Debris
Removal Kit (Miltenyi) was used as per manufacturer’s instructions. Afterwards, the cells were
treated with calcein-AM (Thermo Fisher Scientific) and then stained with anti-CD31-PE-Cy7, anti-
CD11b-PE-Cy7, anti-Terl19-PE-Cy7, and anti-CD45-PE-Cy7 antibodies diluted in FACS buffer
for 30 minutes at room temperature. Cells were then washed and resuspended in FACS buffer
for sorting on an BD FACSAria sorter. For downstream RT-gPCR, cells were collected in TRIzol™
LS Reagent (Thermo Fisher Scientific) and for downstream scRNA-seq, cells were collected in

DMEM media + 10%FBS without calcium.

RNA Extraction and Real-Time qPCR (RT-gPCR)

Cells in TRIzol™ LS Reagent (Thermo Fisher Scientific) after sorting were stored in -80°C. After
thawing, RNA was extracted by a series of chloroform additions and isopropanol precipitation.
RNA quality and quantity were measured by NanoDrop™ (Thermo Fisher Scientific). RNA was
then reverse transcribed into cDNA by using an iScript™ cDNA Synthesis Kit (Bio-Rad) and
following the manufacturer’s instructions. RT-qPCR reactions were prepared with SYBR Green
Master Mix (Bio-Rad) and primers designed for each target gene (Suppelementary Table 2).
The reactions were run on a CFX96 Touch™ Real-Time PCR Detection System (Bio-Rad) and

analysis was done via the double ACT method.

Cytospinning
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Cells were sorted as described above into PBS containing EDTA and centrifuged in a Cytospin™
4 Cytocentrifuge (Thermo Fisher Scientific) at 800rpm for 4 minutes. Cells were spun onto

Colorfrost Plus microscope slides (Fisher) and fixed with 4% paraformaldehyde (PFA).

Immunofluorescence staining

Murine hearts were dissected after injection with heparin and proper euthanasia. The hearts were
perfused with PBS, fixed with 4% PFA overnight, and incubated in 30% sucrose for another day.
The tissues were embedded in Optimal cutting temperature compound and sectioned into 8um
thick sections using a Leica cryostat. Sections were mounted on Colorfrost Plus microscope slides

(Fisher) and stored at -20°C until stained.

For staining, slides were washed with PBS and incubated with 0.25%TritonX-100 to permeabilize.
Cytospun cells were not permeabilized. Slides were then incubated in blocking buffer (10% goat
serum in PBS-0.1%Tween) for 1 hour at room temperature. Slides were then incubated with
primary antibodies (overnight at 4°C), washed, and then incubated with secondary antibodies (1
hour at room temperature). Antibodies and dilutions are presented in Supplementary Table 3.
Coverslips were mounted with mounting medium containing DAPI (Vector). Slides were images

using a Leica LEICACTR6500 microscope or a Zeiss LSM880 confocal microscope.

Single Cell RNA-sequencing Analysis

Enriched cardiac pericytes were sorted into DMEM media + 10%FBS without calcium and
prepared for single cell RNA-sequencing using the 10x Genomics Chromium Controller. Libraries
were prepared using the Chromium Single Cell 3' GEM, Library & Gel Bead Kit, v2 and sequenced
on Nextseq 500 sequencer (lllumina). Data was processed through the Cell Ranger pipeline (10x)

and analyzed using Seurat®,
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Figure 1
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Figure 1: Single cell RNA-sequencing of the whole heart results in low enrichment of

cardiac pericytes

(A) T-distributed Stochastic Neighbor Embedding (tSNE) plot of sorted murine heart cells

downloaded from the Tabula Muris compendium. (B) Expression of pericyte markers is limited to

cluster 6, which is a very small percentage of total cells.
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Figure 2
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Figure 2: Exclusion-based approach to enrich for cardiac pericytes

(A) Breeding schematic for generating Myh6¢7*;Col1a1® " mice. (B) Schematic describing the
methods of excluding all of the different cardiac cell types to enrich for cardiac pericytes. (C)
Representative FACS plots depicting the sort protocol. Calcein-AM+ cells were gated on and
within the viable cells, the population that was negative for all markers was sorted for analysis
(red box). (D) Gene expression profile of the cells collected after pericyte enrichment have high
levels of expression of pericyte markers and have low levels of expression of other cell type
markers. (E) After sorting, the cells were cytospun and stained for pericyte markers, confirming

that collected cells are pericytes. DAPI| was used to stain nuclei (blue). Scale bar: 20pm.
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Figure 3
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Figure 3: Single cell RNA-sequencing of enriched cardiac pericyte population confirms

cellular heterogeneity

(A) UMAP plot of enriched cardiac pericyte population shows multiple clusters of cells that were
sequenced. (B) Other cell type markers can be used to identify cardiomyocytes, fibroblasts, glial
cells, endothelial cells, and hematopoietic cells that made it through out enrichment protocol. (C)
The largest cluster of cells express pericyte markers. (D) Venn diagram showing the
heterogeneity of expression of the 5 pericyte markers. This suggests that studies that singly label

pericytes may only be observing a subpopulation of the pericyte population.
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Figure 4
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Figure 4: Identification of a pro-fibrotic subpopulation of cardiac pericytes

(A) UMAP of cells from uninjured hearts and hearts 7 days post-myocardial infarction (7DMI). (B)
Pericyte marker expression across all cells that were sequenced. (C) Largest cluster that was
enriched for pericyte markers were subset and re-analyzed, creating a new UMAP plot. The cells
formed three unique clusters. (D) Of all the pericytes collected from uninjured and 7DMI, the
distribution of these cells into each of the three clusters is shown. Between uninjured and 7DMI
samples, there was an increase in the number of cells that fall into cluster 3 (blue). (E) Within the
cells that make up each cluster, the percentage of cells that came from uninjured and 7DMI hearts
are shown. Unlike cluster 1 and 2, cluster 3 is made up of mostly cells from 7DMI hearts. (F)
Heatmap showing average expression of genes associated with wound healing, extracellular
matrix (ECM) proteins, and response to ischemia in each cluster. Cluster 3 shows the highest
enrichment of genes in all three categories, suggesting that this population may be responsive to

injury.
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Figure 5
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Figure 5: Vitronectin is uprequlated in a pro-fibrotic subpopulation of cardiac pericytes

(A) Vtn expression across the pericyte cluster shows specific expression in cluster 3. (B) Staining
for vitronectin (VTN) (red) and PDGFR (green) in the fibrotic area of hearts 7 days post-MI. DAPI

was used to stain nuclei (blue). Scale bar: 50um.
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Supplementary Table 1

Heatmap Genes

Regulation of Wound Healing ECM Response to Ischemia
Abat Foxc2 Serpinb2 | Col12al | Aifm1 Ppib
Adamts10 | Gjal Serpincl Col15a1 Bcl2 Ppic
Adamtsl2 | Gja6 Serpinel | Col16al Camk?2a Rnls
Adamts6 | Gsn Serpine2 | Collal Camk2d | Uchll
Adra2a Hbegf Serpingl Colla2 Camk2g
Adrb2 Hmgbl Smad2 Col27al Camk2b
Alox12 Hmgcr Smad3 Col3al Cavl
Alox15 Hopx Sox12 Coldal Cibl
Ano3 Hpse Sox8 Col4a2 Cpeb4
Ano6 Hras Sox9 Col4a3 Cpeb2
Anxal Kank1 Srsf4 Colda4 Cpeb3
Anxa2 Krtl Srsf6 Coldas Eef2
Anxab Lbh Stabl Col5al Eftud?2
Apoe Lyn Stx2 Col5a2 Eef2k
Arfgefl Mylk Stxbp5 Col5a3 Eif4ebpl
Arfgef2 Nfe2l2 Tc2n Coléal Eif4ebp2
Avil Nos3 Tec Col6a2 Fnl
Clqtnfl Pdgfa Tgfbr2 Col6a3 Hk2
Clqtnf6 Pdgfb Thbd Col8al Hk1
Capnl Pdgfra Thbs1 Fbni Hyoul
Capnll Pdgfrb Thbs3 Fbn2 Map2k6
Capn2 Phldb2 Thbs4 Fnl Map2k3
Capn3 Plat Tird Tnc Nekl
Cask Plau Tnfaip3 Map3k5
Cavl Plaur Tnfrsfl2a Map3k15
Cd109 Plek Txk Map3k6
Cd34 Ppard Ubash3b Mlycd
Cd36 Prkca Usfl Nol3
Claspl Prkcd Vavl Panx1
Clasp2 Prkce Vav2 Per2
Comp Prkcg Vav3 Perl
Dpp4 Prkch Vegfb Ppargcla
Ednl Prkgl Vill Ppif
Enpp4 Prkg2 Vill Ppih
F2r Prosl Vps33b Ppid
F3 Ptger3 Vvtn Ppie
Fap Ptgerd Wifdcl Ppig
Fcerlg Reg3g wnt4 Gm5160
Fgf2 Rrebl Nktr
Foxcl Scarab Ppia
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Supplementary Table 2

RT-gPCR Primers

Gene Sequence
Myh6 F: 5- ACATGAAGGAGGAGTTTGGG
R: 5- GCACTTGGAGCTGTAGGTCA
Vwf F: 5- GCTCCAGCAAGTTGAAGACC
R: 5- GCAAGTCACTGTGTGGCACT
Neun F: 5- ATCGTAGAGGGACGGAAAATTGA
R: 5’- GTTCCCAGGCTTCTTATTGGTC
Tujl F: 5- TAGACCCCAGCGGCAACTAT
R: 5- GTTCCAGGTTCCAAGTCCACC
Tubb3 F: 5- TAGACCCCAGCGGCAACTAT
R: 5- GTTCCAGGTTCCAAGTCCACC
Collal F: 5- GCCAAGAAGACATCCCTGAAG
R: 5- TGTGGCAGATACAGATCAAGC
Myh11 F: 5- CGGCAATGCGAAAACCGTC
R: 5’- AGTGACATCGAAGTTGATGCG
Mcam F: 5- CCCAAACTGGTGTGCGTCTT
R: 5’- GGAAAATCAGTATCTGCCTCTCC
Cspga F.:5-GCTGTCTGTTGACGGAGTGTT
R: 5- CGGCTGATTCCCTTCAGGTAAG
Pdgfrb F: 5- TTCCAGGAGTGATACCAGCTT
R: 5- AGGGGGCGTGATGACTAGG
Gapdh F:5- AGGTCGGTGTGAACGGATTTG
R: 5- TGTAGACCATGTAGTTGAGGTCA

Supplementary Table 3

Immunofluorescence Staining Antibodies

Target Protein Manufacturer (catalog no.) Dilution
NG2 Millipore Sigma (AB5320) 1:50
CD146 Abcam (ab75769) 1:100
PDGFRB Abcam (ab32570) 1:100
PDGFRf eBioscience (14-1402-82) 1:50
VTN ABClonal (A1667) 1:50
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ABSTRACT

Background: Genetic diversity and the heterogeneous nature of cardiac fibroblasts (CFbs) have
hindered characterization of the molecular mechanisms that regulate cardiac fibrosis. The Hybrid
Mouse Diversity Panel (HMDP) offers a valuable tool to examine genetically diverse cardiac

fibroblasts and their role in fibrosis.

Methods: Three strains of mice (C57BL/6J, C3H/HeJ, and KK/HIJ) were selected from the HMDP
and treated with either isoproterenol (ISO) or saline by an intraperitoneally implanted osmotic
pump. After 21 days, cardiac function and levels of fibrosis were measured by echocardiography
and trichrome staining, respectively. Activation and proliferation of CFbs were measured by in
vitro and in vivo assays under normal and injury conditions. RNA-sequencing was done on
isolated CFbs from each strain and results were analyzed by Ingenuity Pathway Analysis (IPA)

and validated by reverse transcription-gPCR, immunohistochemistry, and ELISA.

Results: 1SO treatment in C57BL/6J, C3H/HeJ, and KK/HIJ mice resulted in minimal, moderate,
and extensive levels of fibrosis, respectively (n = 7-8 hearts/condition). Isolated CFbs treated with
ISO exhibited strain-specific increases in the levels of activation but showed comparable levels
of proliferation. Similar results were found in vivo, with fibroblast activation, and not proliferation,
correlating with the differential levels of cardiac fibrosis after ISO treatment. RNA-sequencing
revealed that CFbs from each strain exhibit unique gene expression changes in response to ISO.
We identified Ltbp2 as a commonly upregulated gene after ISO treatment. Expression of LTBP2
was elevated and specifically localized in the fibrotic regions of the myocardium after injury in

mice and in human heart failure patients.

Conclusions: This study highlights the importance of genetic variation in cardiac fibrosis by using
multiple inbred mouse strains to characterize CFbs and their response to ISO treatment. Our data
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suggest that, while fibroblast activation is a response that parallels the extent of scar formation,
proliferation may not necessarily correlate with levels of fibrosis. Additionally, by comparing CFbs
from multiple strains, we identified pathways as potential therapeutic targets and LTBP2 as a

marker for fibrosis, with relevance to patients with underlying myocardial fibrosis.
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INTRODUCTION

Acute myocardial injury or elevated pressure in the heart results in a multitude of cardiac
pathologies, particularly cardiac fibrosis. It has been reported that such injury leads to activation
and proliferation of cardiac fibroblasts (CFbs), some of which deposit excessive extracellular
matrix (ECM) components that compromise myocardial structure and function® 2. Despite the
significant role that CFbs play in injury response, characterization of this cell type has been
challenging due to their heterogeneous nature and lack of fibroblast-specific markers? 2.
Furthermore, detailed knowledge of the molecular mechanisms that regulate their specific

contributions to scar development is lacking.

The Hybrid Mouse Diversity Panel (HMDP) is a collection of over 100 genotyped inbred strains of
mice that allow for identification of genetic factors that contribute to various common disease
traits*. In a comprehensive study by Rau et al., mice within the HMDP were phenotypically
characterized following chronic treatment with isoproterenol (ISO), a B-adrenergic agonist °.
Excessive stimulation of B-adrenergic receptors in the heart has been linked to increased CFb
proliferation and collagen synthesis®. Chronic treatment of the HMDP with ISO resulted in a wide
range of severity in cardiac hypertrophy and associated fibrosis across the different strains. These
findings support the hypothesis that genetic variation influences the development and progression
of cardiac dysfunction and pathological fibrosis. However, these studies evaluated changes at the
cardiac tissue level and did not delineate the roles of specific cell types to each strain’s respective

phenotype.

In the present study, we utilized three HMDP strains with varying responses to ISO treatment to
investigate the mechanisms by which their respective CFbs may regulate the process of cardiac
fibrosis. We demonstrated that CFbs respond to ISO in a strain-specific manner both in vitro
and in vivo. Notably, CFbs from all three strains exhibited significant differences in levels of
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activation in response to ISO but had similar rates of proliferation. Additionally, we performed
RNA-sequencing and identified various molecular pathways that were differentially enriched
across the three strains in response to 1ISO. RNA-sequencing further unveiled genes that were
commonly upregulated in CFbs from all three strains. Within these genes, we validated Ltbp2
as a potential marker of fibrosis that can be applied to a genetically diverse population. Overall,
our findings contribute to the understanding of cardiac fibroblast function in the context of ISO-
induced cardiac fibrosis and further highlight the importance of genetic variation in complex

diseases and cellular functions.

RESULTS

Pathological analysis of ISO-induced cardiac function and fibrosis in selected mouse
strains

The entire HMDP was characterized at baseline and in response to ISO treatment to determine
the extent of cardiac fibrosis (Figure 1A). The survey revealed significant variations in cardiac
pathophysiology and fibrosis under baseline conditions and in response to ISO administration® .
Based on this considerable variability, we selected three representative strains that exhibited
distinct pathological phenotypes: C57BL/6J, C3H/HeJ, and KK/HIJ, showing minimal, moderate,
and substantial myocardial fibrosis after ISO injury, respectively. Adult female mice (8-10 weeks,
20-28 grams) from each strain were intraperitoneally implanted with an Alzet micro-osmotic pump
containing saline or ISO. Mice from all strains were of similar size (Supplementary Figure 1A)
and body weight (data not shown). Throughout the course of treatment, the mice did not display
adverse physical symptoms in response to ISO. After 21 days of treatment, animals were
sacrificed and hearts were harvested for analysis. Masson’s trichrome staining demonstrated
minimal to no visible fibrotic areas in all mice treated with saline (Figure 1B). After ISO treatment,
both C3H/HeJ and KK/HIJ hearts exhibited clear fibrotic areas (blue), while C57BL/6J hearts had
minimal amounts of fibrosis. Consistent with the histological observations, quantitative analysis
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of the fibrotic areas showed significant differences across the selected strains, with KK/HIJ hearts
consistently exhibiting the greatest area of fibrosis in response to ISO (C57BL/6J: Saline=0.1+0.1%
1ISO=1.240.1%, C3H/HeJ: Saline=0.3+0.1% 1S0=2.4+0.4%, KK/HIJ;: Saline=0.3+0.1%
1ISO=6.4+0.7%) (Figure 1C). Additionally, ISO treatment caused observable increases in heart
size (Supplementary Figure IB) and heart weight/tibia length ratios (Supplementary Figure IC)
in both KK/HIJ and C3H/HeJ strains, while C57BL/6J mice showed minimal signs of cardiac

hypertrophy.

Functional echocardiography analysis demonstrated increased left ventricle end-diastolic
dimension (EDD) and end-systolic dimension (ESD) in the C3H/HeJ and KK/HIJ strains 21 days
after ISO treatment (Supplementary Figure ID). Furthermore, these strains exhibited significant
decreases in ejection fraction (C57BL/6J: Saline=+1.2+2.3% 1SO=+0.15+£3.13%, C3H/HeJ:
Saline=+2.0+5.0% 1S0O=-15.9+£5.2%, KK/HIJ: Saline=+2.2+3.2% |SO=-17.9+6.6%) (Figure 1D)
and fractional shortening (Supplementary Figure IE) after ISO treatment. In contrast, C57BL/6J
mice had preserved cardiac function in ISO-treated compared to saline-treated hearts (Figure 1D

and Supplementary Figure IE).

These results confirm that chronic B-adrenergic stimulation in different mouse strains leads to
varying severity of cardiac fibrosis. These phenotypical differences were used to further

characterize the contributions of CFbs to ISO-induced fibrosis.

In vitro characterization of strain-specific cardiac fibroblasts in response to ISO

Based on the varying levels of fibrosis exhibited by the three selected strains, we focused on
characterizing strain-specific CFbs and their potential role in generating the observed patterns of
cardiac fibrosis. Initially, CFbs from each strain were isolated and cultured as described in the
Methods?. While our isolation protocol does not purify the entire CFb population, it ensures that
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the same population of cells will be compared across the three strains. Phase contrast images
and immunocytochemistry (ICC) confirmed that CFbs from all strains exhibit similar mesenchymal
morphology (Supplementary Figure IIA) and express fibroblast markers collagen 1 (Coll) and
PDGFRa (Supplementary Figure 1IB and IIC). We then sought to determine whether these
fibroblasts exhibited similar patterns of activation and proliferation in culture. CFbs were stained
for the expression of a-smooth muscle actin (aSMA), a marker associated with activated
fibroblasts’, and Phospho-Histone H3 (pHH3), for proliferation analysis. We observed very low
expression of aSMA within Col1* CFbs from all strains (Supplementary Figure IID and IIE),
indicating that these cells do not become activated without stimuli, and have similar rates of

proliferation (%pHH3" nuclei) at the basal level (Supplementary Figure IIF and 11G).

We next examined whether strain-specific CFbs may have differential responses to ISO in vitro.
CFbs from each strain were isolated, expanded, and passaged prior to being treated with culture
media containing ISO (Figure 2A). Cells were then fixed and characterized by phase contrast
microscopy (Figure 2B) and ICC. A significant percentage of CFbs from C3H/HeJ and KK/HIJ
began to co-express aSMA and Col1, while CFbs from C57BL/6J exhibited minimal aSMA
expression in the presence of ISO (C57BL/6J: No 1SO=0.8+£0.5% 1S0O=1.9+1.8%, C3H/HeJ: No
1ISO=1.0+0.5% ISO=12.3+1.7%, KK/HIJ: No ISO=1.1+0.5% 1SO=7.5+1.6%) (Figure 2C and 2D).
Immunostaining for pHH3 revealed that the rate of proliferation was significantly increased across
all three strains to similar levels when compared to their respective untreated control groups
(C57BL/6J: No 1SO=5.6+1.2% 1SO=20.9£3.5%, C3H/HeJ: No 1SO=4.91£1.4% 1S0=16.9+4.8%,
KK/HIJ: No I1SO=3.4+1.4% 1S0=20.0£2.9%) (Figure 2E and 2F). CFbs isolated from mice pre-
treated with implanted 1ISO osmotic pumps (Supplementary Figure 111A) did not exhibit significant
changes in activation or proliferation in response to additional in vitro ISO treatment
(Supplementary Figure IlIB and IIIC). This may be attributed to an already stimulated state of

cells before culture, resulting in minimal response to ISO in vitro®.
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We additionally treated CFbs in vitro with TGFB, a pro-fibrotic cytokine, for 72 hours
(Supplementary Figure IVA)°. The morphology of the cells appeared grossly similar across all
three strains (Supplementary Figure IVB). CFbs from all three strains exhibited significant
increases in the level of activation from baseline, although the levels in KK/HIJ were significantly
higher than in C57BL/6J (Supplementary Figure IVC and VD). The proliferation rates of CFbs

from all strains increased similarly in response to TGF (Supplementary Figure IVE).

Together, these data suggest that cultured CFbs respond to ISO in a strain-specific manner. While
ISO treatment resulted in differing levels of activation in cultured CFbs, their levels of proliferation

were similar.

Cardiac fibroblasts demonstrate strain-specific responses to ISO treatment in vivo

While other studies have viewed fibroblast activation and proliferation to be interdependent
responses to stimulation, our in vitro results suggest otherwise. To determine whether a similar
behavior is observed in vivo, we investigated CFb activation and proliferation after ISO stimulation

in the three selected strains.

First, we observed the presence of activated fibroblasts in C57BL/6J, C3H/HeJ, and KK/HIJ mice
in response to 1ISO treatment. Immunohistochemistry (IHC) was used to observe co-localization
of Col1 with aSMA or periostin for the identification of activated CFbs'* 12, In all saline-treated
groups, Coll staining was mainly present around larger vessels and co-localization with aSMA
was exceedingly rare (Figure 3A). However, after ISO treatment, there was an increase in Coll
staining, particularly in C3H/HeJ and KK/HIJ hearts (Supplementary Figure VA). Many Coll*
cells co-expressed aSMA in both perivascular and interstitial regions of the myocardium in

C3H/HeJ and KK/HIJ hearts, indicating the presence of activated CFbs (Figure 3A). This increase
87



was quantified as the area of Coll*aSMA* staining normalized to the total area of each heart
section (C57BL/6J: Saline=0.5+£0.2 1SO=5.2+1.0, C3H/HeJ: Saline=2.2+0.6 1S0=12.4+2.2,
KK/HIJ: Saline=4.8+1.5 1S0=42.0+4.7) (Figure 3B). IHC for periostin also confirmed the
differential levels of activated CFbs observed across the three strains (Supplementary Figure
VB). Consistent with our in vitro results, the levels of CFb activation corresponded with the amount

of fibrosis seen within each strain.

Next, we sought to assess the proliferative behavior of CFbs in vivo after ISO injury. Mice were
injected with Bromodeoxyuridine (BrdU) at the time of micro-osmotic pump implantation for
saline/ISO and exposed to BrdU diluted in drinking water throughout the 21 days of treatment
(Figure 3C). IHC of the control hearts demonstrated low levels of BrdU* proliferating CFbs
throughout the myocardium. However, with ISO treatment, we observed a significantly higher
number of BrdU* cells throughout the perivascular and interstitial Col1* regions in all three strains
(Figure 3D). Flow cytometry demonstrated similar percentages of BrdU® CFbs in the control
groups for all three strains. The proportion of BrdU™ CFbs significantly increased to a similar
amount after 1SO treatment in all three strains (C57BL/6J: Saline=5.8+1.5% 1S0=20.94+0.6%,
C3H/HeJ: Saline=7.1+£0.8% 1SO=32.7+5.3%, KK/HIJ: Saline=6.2+0.8% 1SO=23.4+1.4%) (Figure

3E and Supplementary Figure VC).

These results demonstrate that while a similar pattern of CFb proliferation was observed in all
three strains after ISO treatment, the extent of cardiac fibrosis directly correlated with the number

of activated CFbs.

Inhibition of cardiac fibroblast proliferation in vitro does not affect their activation levels
Our results suggest that CFb proliferation and activation may be distinct responses to 1SO
treatment with different phenotypic presentation depending on genetic background. To confirm
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this, we sought to inhibit CFb proliferation in vitro and determine whether it would affect the

activation of these cells.

CFbs from each strain were isolated, cultured, and subjected to one of three conditions: (i) culture
in normal media, (ii) treatment with mitomycin-C (mito-C) for 2 hours, or (iii) irradiation (IR) for 2
minutes. We chose treatment with mito-C or irradiation as two independent methods to inhibit
CFb proliferation®. We then exposed the cells to ISO and conducted ICC for pHH3 and aSMA
(Figure 4A). In all three strains, the percentages of pHH3* nuclei were significantly reduced
following mito-C and IR treatment (C57BL/6J: Control=17.38+6.1% Mito-C=0.5+0.3%
IR=3.5£1.3%, C3H/HeJ: Control=11.69+1.5% Mito-C=2.2+0.9% IR=3.7+1.6%, KK/HIJ:
Control=14.8+0.5% Mito-C=0.3+0.3% IR=2.7+1.8%) (Figure 4B). However, we did not observe
significant differences in the percentage of CFbs that expressed markers for CFb activation such
as aSMA (C57BL/6J: Control=0.2£0.1% Mito-C=0.1+0.1% IR=1.5£0.7%, C3H/HeJ:
Control=5.0£0.7% Mito-C=4.1+1.6% [IR=2.5+0.8%, KK/HIJ: Control=18.5+8.5% Mito-
C=13.114£2.06%, IR=8.1+0.7%) (Figure 4C). These results confirm that CFb proliferation and
activation do not necessarily correlate with each other and may contribute to fibrosis in unique

manners.

Strain-specific cardiac fibroblasts have unique transcriptional profiles in response to in
vivo ISO treatment

The use of multiple genetic strains for transcriptome analysis allows for a comprehensive
approach to determine potential genetic contributors of specific phenotypes. To further
characterize CFbs within the three selected strains, we performed RNA-sequencing on isolated
CFbs from C57BL/6J, C3H/HeJ, and KK/HIJ mice that underwent saline or ISO treatment for 21
days. The effects of ISO on each strain’s transcriptome was unique, as seen by the global
heatmap of differential gene expression of all three strains, further justifying the need to study
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strain-specific phenotypes (Figure 5A). Based on the in vitro and in vivo results, we focused on
genes mainly associated with fibrosis and proliferation. We observed that genes related to
fibroblast activation and fibrosis were highly upregulated in KK/HIJ CFbs in response to ISO
compared to C3H/HeJd and C57BL/6J CFbs (Figure 5B). In contrast, we observed comparable
expression levels of select cell cycle and proliferation genes across the three strains (Figure 5C).
Furthermore, we used Ingenuity Pathway Analysis (IPA) to identify enriched pathways which may
be involved in regulating such differences within each strain (Supplementary Figure VIA).
Overall, C3H/HeJ and KK/HIJ CFbs exhibited higher activation scores for several pro-fibrotic
pathways when compared to C57BL/6J, such as the TGFp signaling!4, B-adrenergic signaling®,
and Endothelin-1 signaling pathways®® (Supplementary Figure VIB). The GP6 signaling pathway
was of particular interest as it showed the highest activation scores in KK/HIJ CFbs and was one
of the more significantly enriched pathways identified by IPA (Supplementary Figure VIA and

VIB).

To identify changes that occurred throughout the course of injury, we additionally isolated CFbs
from ISO-treated mice 14 days after pump implantation for RNA-sequencing. Compared to saline-
treated groups, CFbs from all strains exhibited an extensive number of differentially expressed
genes (Supplementary Figure VIIA) and enriched pathways (Supplementary Figure VIIB)
between days 14 and 21 of injury, suggesting that changes continue to occur at the transcriptome
level in CFbs up until the final week of treatment. Between days 14 and 21, C57BL/6J CFbs
exhibited negative activation scores of various pro-fibrotic pathways (Supplementary Figure
VIIC). On the other hand, C3H/HeJ CFbs exhibited higher levels of activation of several pro-
fibrotic pathways, suggesting that CFbs are continuing to respond to ISO treatment
(Supplementary Figure VIIC). Finally, KK/HIJ CFbs did not exhibit significant changes in
pathway activation between 14 and 21 days of treatment. (Supplementary Figure VIIC).
According to our IPA analysis, each strain demonstrated distinct differences in pathway activation
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at different time points of 1ISO treatment. Further exploration of these pathways is required to

delineate the mechanisms by which they alter ISO-induced cardiac fibrosis.

Ltbp2is upregulated in response to cardiac fibrosis

Like genome-wide association studies (GWAS), the HMDP facilitates identification of unique
genes that may be associated with complex phenotypic traits. To account for diversity seen in
heart failure pathologies, we sought to identify genes that can be associated with fibrosis
regardless of genetic background. From the RNA-sequencing data, we focused on genes that
were upregulated within each strain in response to 1ISO. Several of these genes overlapped
across two strains, but the majority of the genes were unique to each strain (Figure 6A). We
focused on genes that were upregulated in all three strains in response to 1ISO and identified
Ltbp2 to be of interest (Figure 6B and Supplementary Figure VIIIA). Reverse transcription-
gPCR (RT-gPCR) for Ltbp2 within CFbs confirmed the trends seen within the RNA-sequencing
data (C57BL/6J: 2.0+0.5, C3H/HeJ: 3.6+0.7, KK/HIJ: 3.2+0.8) (Figure 6C and Supplementary

Table II).

To confirm the presence of LTBP2 protein in fibrosis, we conducted IHC on cardiac sections from
all three strains after ISO treatment. In saline-treated hearts, there was minimal expression of
LTBP2 throughout the myocardium (Figure 6D). However, in response to 1SO, LTBP2 co-
localized with DDR2, a marker for fibroblasts, and aSMA (Figure 6D). The expression of LTBP2
was specifically localized to the fibrotic regions, even in C57BL/6J hearts, where there was
minimal fibrosis (Figure 6D). As it is a secreted protein, we additionally sought to determine
whether 1SO treatment elevates LTBP2 levels in circulation. We found that LTBP2 levels were
significantly increased in plasma of KK/HIJ mice, with upward trents in C57BL/6J and C3H/HeJ

mice, after ISO treatment (Supplementary Figure VIIIB and Supplementary Table IlI).
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To determine whether LTBP2 expression is also present in other models of fibrosis, we performed
transverse aortic constriction (TAC) surgery on the three mouse strains!®. We observed cardiac
hypertrophy and the presence of myocardial fibrosis in the three strains after TAC (data not
shown). In C57BL/6J mice, RNA-sequencing and RT-gPCR demonstrated significant increases
in Ltbp2 expression in CFbs 7 days after TAC surgery compared to sham (Supplementary Figure
VIIIC and VIIID). Additionally, IHC showed that LTBP2 was preferentially localized in the fibrotic

areas within the myocardium of mice that underwent TAC (Figure 6D).

Finally, we investigated whether LTBP2 is upregulated in human plasma with underlying heart
failure. We found that average LTBP2 levels were mildly increased in patients with heart failure
with reduced ejection fraction (HFrEF) when compared to healthy individuals. (Supplementary
Figure IXA and Supplementary Table IV). Furthermore, IHC staining of human myocardial
tissue from heart failure patients revealed LTBP2 expression to be significantly increased

compared to expression in the healthy human myocardium (Supplementary Figure IXB).

Taken together, our results suggest that the expression of LTBP2 may be indicative of the

development of cardiac fibrosis, but its specific role in fibrosis requires further exploration.

DISCUSSION

Despite the functional significance of CFbs in cardiovascular disease, the specific contributions
of these cells to cardiac fibrosis are not completely understood. Previous studies revealed a wide
spectrum of cardiac pathology across various inbred strains of mice when subjected to chronic 3-
adrenergic stimulation by I1SO® . We hypothesized that characterizing fibroblasts of multiple
strains with different severities of 1SO-induced cardiac fibrosis would allow us to dissect the
contributions of these cells to scar development. Our results show that fibroblast activation, not
proliferation, correlates with the striking differences in fibrosis among the divergent strains.
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Moreover, comparisons of gene expression profiles across the strains revealed differences in

underlying mechanistic pathways and led to the identification of a potential marker of fibrosis.

While recent research has focused on how CFbs become activated and proliferate in response to
injury!’, the mechanisms by which these processes dictate scar development have yet to be
elucidated. Prior to this study, CFb activation and proliferation were generally considered to be
interconnected responses that contribute to fibrosis!” 8. Here, by comparing CFbs from three
selected strains of the HMDP — C57BL/6J, C3H/HeJ, and KK/HIJ — we discovered that there is a
direct correlation of CFb activation with the severity of fibrosis, while CFbs from all strains
exhibited similar proliferative capacity in response to 1SO. These results suggest that CFb
proliferation may be an independent response from CFb activation and that levels of proliferation
do not necessarily correlate with the extent of scar formation. It is possible that CFb proliferation
is an indicator of CFb stimulation, but the functional roles of this phenomenon require further

studies.

Myocardial injury evokes multiple signaling pathways in cardiac fibroblasts that ultimately lead to
the activation of genes that regulate cardiac fibrosis'®. To delineate gene expression differences
between CFbs from each select strain, we conducted RNA-sequencing on sorted CFbs after
saline and ISO treatment. After ISO treatment, CFbs from each strain responded with distinct
changes in their gene expression profiles. Our results revealed many genes with small fold
changes and the analysis was conducted to be inclusive of these changes. We observed
enrichment of fibroblast activation genes that paralleled the extent of fibrosis observed in each
strain, while the upregulation of proliferation genes was comparable across all strains. IPA
analysis identified the GP6 signaling pathway as exhibiting activation scores that corresponded
with the levels of fibrosis seen across the three selected strains. GP6 is a collagen receptor
abundantly expressed on platelets that activates a downstream signaling cascade promoting
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platelet aggregation and thrombus formation?. The role of this signaling pathway in fibroblasts
has yet to be explored, but our results suggest that modulation of this signaling cascade may
regulate the formation of fibrosis. Our RNA-sequencing data also revealed that genetic
differences may influence the timely progression of scar formation. In C57BL/6J mice, CFbs were
not immune to I1SO treatment, but rather exhibited a downregulation of pro-fibrotic pathways
between day 14 and day 21 of treatment. On the contrary, C3H/HeJ mice appeared to display a
slow progression towards the formation of fibrosis, evidenced by the continuing changes in gene
expression profiles between day 14 and day 21. Finally, KK/HIJ mice, as the most sensitive strain,
exhibited surprisingly few changes in canonical pathway activation between day 14 and day 21
of treatment, suggesting that CFbs may have already undergone transcriptional changes in
response to ISO prior to the time of analysis. Ultimately, these findings raise questions regarding
whether phenotypic and/or transcriptomic changes observed after cardiac injury within a single
mouse strain can be applicable to other strains. It is important to interrogate these pathways to
gain insight into mechanisms of CFb activation, explore how cardiac fibrosis is regulated, and

perhaps design novel anti-fibrotic therapies.

Heart failure resulting from prolonged interstitial fibrosis is a highly heterogeneous disorder
influenced by many environmental and genetic factors. GWAS allows for the identification of
genetic variations on complex traits such as heart failure?!. However, multiple large-scale GWAS
studies have provided limited success in identifying genetic signals driving heart failure??. This is
partly due to the paucity of quantitative phenotypic data as well as diverse environmental factors.
Therefore, there have been challenges in developing treatments for heart failure and cardiac
fibrosis that are applicable to a diverse population. The HMDP is a unique tool to mimic in mice
the genetic variance and substantial diversity of heart failure development seen in humans. While
previous studies have sought to identify genetic markers uniquely associated with heart failure in
a specific genetic background, we sought to investigate common markers that are associated with
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cardiac fibrosis in a panel of genetically diverse mouse strains. Our results revealed Ltbp2 to be
upregulated in CFbs from all three strains and that the expression of LTBP2 was primarily
localized in the fibrotic regions. LTBP2 is part of the Latent TGFB1-Binding Protein family, which
have been shown to participate in the regulation of TGFB signaling and display high affinity
binding sites for extracellular matrix proteins. However, while the functions of LTBP123, LTBP3%,
and LTBP4% in disease have been extensively characterized, the role of LTBP2 in cardiac injury
is still unclear. Whether LTBP2 is merely a surrogate for cardiac fibrosis or is involved in its
pathogenesis is not entirely known. Furthermore, the specificity of LTBP2 to cardiac fibrosis, and
its potential role in the manifestation of other types of organ fibrosis cannot be disregarded.
However, our results in both mice and human heart failure patients support the possibility of
LTBP2 being used as a marker for fibrosis that can be used across a genetically diverse

population.

Our data demonstrates the importance of considering genetic backgrounds when conducting
studies on CFbs that reflect changes in cardiac phenotype in response to injury. The comparisons
conducted across multiple strains allowed for a unique approach in associating CFbs with a
spectrum of I1SO-induced fibrosis, rather than just the presence of fibrosis itself. This form of
analysis allowed us to determine significant factors that directly correlate with the development of
scar tissue, which may have not been recognized if the study was done within a single strain. This
multiple-strain approach, when combined with molecular and cell-based characterizations, serves
as an important tool for future work delineating the functions not only of CFbs, but also of a variety

of cardiac cell types.

METHODS
The data, analytic methods, and study materials will be made available to other researchers for
purposes of reproducing the results or replicating the procedure. The authors declare that all
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supporting data are available within the article and its online supplementary files. The

transcriptomics data is available under the GEO accession ID GSE109376.

Mice

Adult female C57BL/6J, C3H/HeJ, and KK/HIJ mice (8-10 weeks) were obtained from Jackson
Laboratory. All procedures were carried out with the approval of the University of California, Los
Angeles (UCLA) Animal Research Committee or the Institutional Animal Care. Two operators

blinded to the experimental designs performed all animal surgeries and in vivo analyses.

Isoproterenol treatment

Isoproterenol (ISO) treatment was performed by implantation of Alzet osmotic pumps (Cupertino,
CA) in C57B/6J, C3H/HeJ, and KK/HIJ mice (n=20). Pumps were filled with ISO (Sigma, CA)
(30mg/kg body weight/per day) and implanted in the abdominal cavity under anesthesia with
isoflurane. Mice were treated pre- and post-operatively with Sulfamethoxazole and Trimethoprim
oral suspension (Hi-Tech Pharmacal, NY). Mice in control groups were implanted with pumps
filled with saline. Mice were sacrificed and hearts were harvested 14 or 21 days post-implantation

for further analysis (n=52).

Echocardiography

Transthoracic echocardiography was performed on both saline and 1SO treated mice before
treatment and 21 days after pump implantation. Echocardiography was performed by a single
operator who was blinded to the mouse strains and treatment groups using the Vevo 770 high-
resolution ECHO system equipped with a 35 MHz transducer. First, chest fur was removed using
a depilatory lotion (Nair). Mice were lightly anesthetized with vaporized isoflurane (2.5% for
induction, 1.0% for maintenance) in oxygen and lightly restrained in a supine position on a heated
pad to maintain body temperature at 37° C. Continuous EKG monitoring was done throughout the
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imaging studies and heart rates were maintained between 500 and 600 beats per minute. The
probe was placed along the short axis of the left ventricle with the papillary muscles providing a
guide for the proper depth. 2D images were captured to measure internal wall dimensions during
both systole and diastole, as well as providing another measure of the heart rate. Saved images
were analyzed by a single operator who was blinded to the experimental design using the Vevo
2100 software. The LV chamber dimensions and posterior wall thickness (PWT) were obtained
from M-mode images; LV systolic function was also assessed from these measurements by

calculating ejection fraction (EF) and fractional shortening (FS).

Heart weight, body weight, and tibia length collection

After 21 days of saline or isoproterenol treatment, mice from each strain (n=20 per strain) were
sacrificed and their body weights were recorded. The heart was removed and, after PBS
perfusion, weighed. Additionally, the right tibia of each mouse was removed and measured with

a caliper.

Histological analyses (Trichrome staining, scar size measurement, immunohistochemistry)
Freshly isolated tissues were fixed in 4% paraformaldehyde (Electron Microscopy Sciences) in
PBS (Fisher Scientific) overnight in 4°C. Afterwards, the tissues were washed with PBS and
immersed in a 30% sucrose solution (Sigma) in PBS in 4°C overnight. The hearts were then
embedded in Tissue- Tek OCT Compound (Sakura) and transferred to a bath of 2-Methylbutane
(Fisher Scientific) on dry ice. Frozen tissues were sectioned at 7 um thickness using a cryostat
(Leica) and stored at -80°C.

Masson’s trichrome staining (Sigma) was performed according to the manufacturer’s instructions
and images were taken of the entire cross-section of the heart using bright-field microscopy

(Leica). To assess the degree of cardiac fibrosis, NIH ImageJ software was used by comparing
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the area of tissue stained blue (collagen) to the total tissue area (10-12 randomly chosen sections
per heart, n=7-8 hearts per strains).

For immunohistochemistry, slides were dried at room temperature for 20 minutes, washed 3 times
for 10 minutes each in PBS, permeabilized in PBS containing 0.25% Triton X-100 (Fisher
Scientific) for 10 minutes at room temperature followed by washing in PBS-T (PBS containing
0.05% Tween-20 (Fisher)) twice for 5 minutes. The tissue slides were incubated with blocking
buffer (10% normal goat serum (Sigma) in PBS-T) for 30 minutes at room temperature. The tissue
slides were then incubated with primary antibodies (Supplementary Table I) diluted in blocking
buffer overnight at 4 °C followed by 1 hour at room temperature. After washing three times for 10
minutes with PBS-T, the tissue slides were incubated with the secondary antibody
(Supplementary Table I) for 1 hour at room temperature, washed three times for 10 minutes with
PBS-T, and then mounted with DAPI-containing mounting media (Vector). The immunostained
slides were observed and analyzed using a fluorescent microscope (LEICACTR6500, Leica) and

a confocal microscope (LSM880, Zeiss).

Isolation of cardiac fibroblasts from murine hearts

Mice were injected with heparin (SAGENT Pharmaceuticals) prior to being euthanized. After
euthanasia, the hearts were dissected and perfused with Hanks’ Balanced Salt Solution (HBSS).
They were cut into small pieces and digested with Liberase Blendzyme TH and TM (Roche) in
Medium 199 with DNAse | (Invitrogen) and polaxamer in 37°C for 1h. Cells were passed through
a 70um cell strainer (BD Falcon) and centrifuged. The cell pellet was re-suspended in staining
buffer (3% FBS in HBSS) containing antibodies targeting an established panel of surface markers:
exclusion of hematopoietic (CD4571:200], Ter119 [1:400]), macrophage (CD11b" [1:400]), and
endothelial (CD31 [1:400]) lineages, followed by the inclusion of Thyl* (1:200) cells (hereafter
referred to as Thyl*HE") (Supplementary Table I). The cells were incubated in the dark for 30
minutes at room temperature. The cells were then sorted by a BD FACSAria Il flow cytometer.
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Primary cardiac fibroblast culture and characterization

Cardiac fibroblast isolation was prepared as described in the Supplementary Methods
(Supplementary Table 1). After sorting (BD FACSAria 1), Thyl*/CD45/Terl119/CD11b/CD31
cardiac fibroblasts (hereafter referred to as Thyl*™HE™ CFbs)were cultured on 0.1% gelatin-coated
12-well plates in DMEM supplemented with 15% FBS and antibiotics (5x10* cells/well). Media
was changed 24 hours after the primary culture, followed by changes every 48 hours. Cells were
passaged upon 80% confluency. After the first passage, cells were washed and cultured in serum-
free culture medium supplemented with 0.5 mg/mL insulin and 0.5 mg/mL transferrin. At
confluence, cells were treated with 100um/L ISO (Sigma) or 50ng/mL TGF[ (Cell Signaling). After
72 hours, cells were washed, fixed in 4% paraformaldehyde, and stained for analysis. Cell counts

were performed on ImagedJ using the ‘Cell Counter’ plug-in by two people blind to the conditions.

Inhibition of in vitro cell proliferation
Cells were isolated, expanded, and passaged upon 80% confluency with serum-free culture
media (2.5x10* cells/well). Prior to treatment with ISO, cells were treated with mitomycin-C

(10pg/mL) (Acros Organics) for 2 hours or irradiated for 2 minutes at 3 Gy.

BrdU detection by flow cytometry and immunohistochemistry

BrdU (1mg) was injected intraperitoneally on the day of pump implantation. Mice were supplied
BrdU in their drinking water (1 mg/mL) for 21 days. The water was changed every two days.
Intracellular staining for BrdU was performed in accordance to the instructions of the BD
Pharmingen™ BrdU Flow Kit. In short, cells were fixed and permeabilized in Cytofix/Cytoperm
Buffer (BD), followed by incubation in Cytoperm Permeabilization Buffer plus (BD) and DNase
treatment (BD). The cells were then exposed to fluorescent anti-BrdU antibody, washed,
resuspended in staining buffer, and analyzed using a BD FACSAria Il flow cytometer. For
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immunohistochemistry, slides were dried at room temperature for 20 minutes, washed 3 times for
10 minutes each in PBS, permeabilized in PBS containing 0.5% Triton X-100 (Fisher Scientific)
for 10 minutes at room temperature, and pre-treated with 2M HCI for 30 minutes at 37°C. After
brief washing with PBS, the slides were incubated with blocking buffer (10% normal goat serum
(Sigma) in PBS) for 30 minutes at room temperature. The slides were then incubated with anti-
BrdU antibody (Abcam) and primary antibodies to mark fibroblasts and activated fibroblasts
(Supplementary Table 1) in 4°C overnight, followed by 15 minutes in 37°C. After washing three
times for 10 minutes with PBS-T, the tissue slides were incubated with the secondary antibody
(Supplementary Table I) for 1 hour at room temperature, washed three times for 10 minutes with
PBS-T, and then mounted with mounting media (Vector). The slides were then imaged by an

LSMB880 confocal microscope (Zeiss).

RNA-sequencing

Thyl*™HE CFbs were isolated from saline and 1SO-treated hearts 14 or 21 days after pump
implantation (n=2 per strain/condition), and then sorted directly into TRIzol® LS Reagent
(Ambion). Total RNA was extracted using the RNeasy miniElute Cleanup Kit (Qiagen), according
to manufacturer’s instructions. Complementary DNA (cDNA) libraries were generated using
reagents provided in the KAPA mRNA Hyperprep kit. The amplified cDNA library was sequenced
on an lllumina HiSeq 3000 according to manufacturer’s instructions. Libraries were sequenced
using 50 single-end read protocol, which yielded approximately 20 million raw reads per sample.
Read quality was assessed using FastQC and reads were subsequently trimmed 5bp from the
start of the reads up and 2 bp from the end of the reads. Alignment to the mm210 mouse genome
were performed using STAR v2.5.3a with —twopassMode Basic option. Gene counts were
generated using --quantMode GeneCounts option. Raw gene counts were transformed to counts
per million (CPM) and log2-counts per million (log2-CPM) data matrix and further normalized by
trimmed mean of M-values (TMM) method in the edgeR Bioconductor package. Genes with

100



CPM<1 across all samples were excluded from further analysis. To determine differentially
expressed genes, the voom method of limma was applied, accommodating the mean-variance in
the linear model using precision weight, and significant gene set was selected with nominal p-
value<0.05 threshold. Global functional analyses, network analyses, and canonical pathway
analyses were performed using Ingenuity Pathway Analysis (Ingenuity® Systems,

www.ingenuity.com).

Quantitative RT-qPCR

Total RNA from Thy1*HE" cells from control and ISO-treated hearts were extracted using TRIzol®
LS Reagent (Ambion) and RNeasy MinElute Cleanup Kit (Qiagen) according to the manufacturers’
instructions. The concentration and quality of extracted RNA were measured using a NanoDrop
ND-1000 Spectrophotometer (Thermo Scientific). cDNA was synthesized using an iScript™ cDNA
Synthesis Kit (Bio-Rad). For quantitative RT-gPCR, we used an iTag™ Universal SYBR® Green
supermix (Bio-RAD), amplified cDNA and gene-specific primers (Supplementary Table IV) on a
CFX96 real-time PCR detection system (Bio-Rad). PCR conditions included initial denaturation
at 95°C for 2 minutes and 10 seconds, 39 cycles of denaturation at 95°C for 15 seconds,
annealing at 60°C for 30 seconds, extension at 72 °C for 30 seconds, followed by a final extension
at 72°C for 10 minutes. The mean cycle threshold (Ct) values from triplicate measurements were
used to calculate relative gene expressions, with normalizations to GAPDH as an internal control.
We used the AACT method to analyze relative gene expression in treated samples compared to
non-treated samples. Technical replicates (n=3) and biological replicates (h=7-9) were performed

for each strain and condition.

Transverse Aortic Constriction (TAC)
Adult mice weighing 2515 g were randomly divided into sham and TAC groups (n=4-6 per group)
Animals were anesthetized by an intraperitoneal injection of ketamine/xylazine (100 mg/10
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mg/kg). Endotracheal intubation was performed using a blunt 20-gauge needle that was then
connected to a volume-cycled rodent ventilator (SAR-830/P; CWE, Inc.) with a tidal volume of 0.2
ml and a respiratory rate of 120/min. The chest was entered in the second intercostal space at
the top left aortic arch, the transverse aorta was isolated, and aortic constriction was performed
by tying a 7-0 nylon suture ligature against a 27-gauge blunt needle. The needle was then
removed to yield a constriction 0.4 mm in diameter. In sham-operated control mice, the entire
procedure was identical except that aortic constriction was not performed. The chest tube was
used to evacuate the pneumothorax, and it was removed once negative pressure was re-
established. The chest was closed in layers using 5-0 Vicryl sutures. Ventilation was maintained
until sufficient spontaneous breathing occurred, followed by extubation and removal of the chest

tube. The whole surgical procedure was performed under aseptic conditions.

Plasma collection and Enzyme-linked immunosorbent assay (ELISA)

Blood was collected from euthanized mice after saline and ISO treatment into Lithium Heparin
Blood Collection Tubes (BD). Plasma was separated from blood using Ficoll-Paque PLUS (GE
Healthcare), following the manufacturer’'s instructions. ELISAs were conducted following the
manufacturer’s instructions. All samples were measured in duplicate and the calculated
concentrations were multiplied by the dilution factor to determine the final concentration. The

study was approved by an IRB (12-001164) and participants gave written informed consent.

Statistical analysis

Statistical testing was performed with GraphPad Prism 6. Results are presented as mean + SEM
and were analyzed using one-way ANOVA, two-way ANOVA or Student t-test (significance was
assigned for P<0.05). Multiple comparisons were considered by Tukey’s multiple comparison test,

the Sidak method, or the Holm-Sidak method.
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Figure 1: Severity of fibrosis varies across different mouse strains (C57BL/6J, C3H/HeJ,

KK/HIJ) in response to ISO treatment

(A) Wide variation in percentage of fibrosis was observed between the strains of the hybrid mouse
diversity panel (HMDP) after ISO treatment. (B) Masson’s Trichrome stained sections of hearts
from the three selected strains after 21 days of saline/ISO treatment (n=7-8 mice per condition).
(C) Quantification of fibrotic area as a percentage of total section area (n=10-12 sections per
heart). (D) Left ventricular ejection fractions (EF) were measured by echocardiography in both
saline- and ISO-treated groups across the different strains at day 0 and day 21 of treatment.
Changes in ejection fraction between these two timepoints were determined as the AEF for each
mouse (n=20 mice per strain). Data presented as mean + SEM. Two-way ANOVA, *P < 0.05.

Scale bar: 1Imm
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Figure 2
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Figure 2: In vitro ISO treatment affects CFb activation and proliferation in a strain-specific

manner
(A) Schematic diagram outlining the in vitro experiments. Cells were isolated by FACS, expanded,
and passaged prior to exposure to 1SO for 72 hours. (B) Phase contrast images of CFbs after
ISO treatment. (C) Activated fibroblasts were identified by co-expression of Coll (red) and aSMA
(green) after ISO treatment. (D) Quantification of activated CFbs (Coll*aSMA* cells) is shown as
a percentage of double-positive cells relative to all fibroblasts (Coll™ cells) (n=5
wells/strain/condition). (E) Staining for mitotic marker phospho-Histone H3 (pHH3) was used to
identify proliferating CFs in response to ISO. (F) Proliferation of CFbs after ISO treatment was
measured by comparing the number of pHH3* nuclei relative to total nuclei (n=5
wells/strain/condition). DAPI was used to stain nuclei. Data presented as mean = SEM. Student

t-test, *P < 0.05. Scale bar: 200pum.
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Figure 3
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Figure 3: CFbs display a distinct pattern of activation and proliferation that is strain-

specific after in vivo ISO treatment

(A) Heart sections from different strains after treatment with saline or ISO stained for aSMA (red)
and Coll (green) show presence of activated fibroblasts in perivascular and interstitial fibrotic
areas. (B) Quantification of Col1*aSMA* co-localized areas as a percentage of total heart section
area (n=3-4 hearts per strain/condition). (C) Schematic of in vivo bromodeoxyuridine (BrdU)
administration. (D) IHC of heart sections from different strains after treatment with saline or ISO
shows BrdU* cells within Coll* perivascular and interstitial fibrotic regions. (E) The extent of CFb
proliferation is depicted as the percentage of BrdU® CFbs within the entire Thy"HE" population in
each strain after saline or ISO treatment (n=12/strain/condition). DAPI was used to stain nuclei.

Data presented as mean + SEM. Two-way ANOVA, *P< 0.05. Scale bar: 50um
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Figure 4
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Figure 4: Inhibiting CFb proliferation does not affect CFb activation levels in vitro

(A) Schematic diagram outlining the experimental design. Cells were cultured in control media,
media with mitomycin-C (mito-C), or irradiated (IR) prior to 1ISO treatment. (B) Proliferation of
CFbs after ISO treatment was measured by comparing the number of pHH3* nuclei relative to
total nuclei (n=4 wells/strain/condition). (C) Activated Coll*aSMA™ cells are shown as a
percentage of double-positive cells relative to all Coll* cells (h=4 wells/strain/condition). Data

presented as mean = SEM. One-way ANOVA, *P < 0.05.
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Figure 5
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Figure 5: ISO treatment induces unique gene expression patterns in CFbs of different

strains after 21 days

(A) Heat map showing log2 fold change of differentially expressed genes in CFbs of all strains
after 21 days of ISO treatment. (B) Heat map representing the log2 fold change value of select
differentially expressed genes involved in fibroblast activation and fibrosis. (C) Heat map
comparing expression changes of select genes involved in cell cycle and proliferation across the

three strains.
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Figure 6
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Figure 6: Ltbp2 is uprequlated in CFbs of all strains after injury.

(A) Venn diagram depicting the number of overlapping upregulated genes across all three strains
after ISO treatment. (B) Average FPKM values for Ltbp2 in all three strains after 21 days of ISO
treatment. (C) RT-gPCR analysis of Ltbp2 after ISO treatment (n=7-9/strain/condition). (D) IHC of
heart sections stained for LTBP2 (red) and DDR2 (green) or aSMA (green) after ISO treatment
and TAC injury. DAPI was used to stain nuclei. FPKM: fragments per kilobase of transcript per
million mapped reads. TAC: transverse aortic constriction. Data presented as mean + SEM.

Student t-test, *P < 0.05. Scale bar: 50um
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Supplementary Figure |
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Supplementary Figure |: Severity of cardiac hypertrophy and cardiac dysfunction varies

among select strains in response to ISO treatment

(A) Representative images of adult, female mice (8-12 weeks) from all three strains: C57BL/6J,
C3H/HeJ, and KK/HIJ. (B) Whole heart images of the different strains after 21 days of saline or
ISO treatment (n=6 mice/condition). (C) Heart weight/tibia length (HW/TL) ratios after saline or
ISO treatment (n=20 hearts/strain). (D) Representative M-mode echocardiographic images of
hearts from animals following 21 days of saline or ISO treatment (n=20 mice/strain). (E) Fractional
shortening (FS) was measured by echocardiography in both saline and ISO groups across the
different strains (n=20 mice/strain). ESD: end-systolic dimension. EDD: end-diastolic dimension.

Data presented as mean = SEM. Two-way ANOVA, *P < 0.05. Scale bar: 2mm.

117



Supplementary Figure Il
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Supplementary Figure Il: Strain-specific CFbs exhibit similar characteristics in culture

(A) Phase contrast images of Thy1*HE" cells from the hearts of the three strains that were isolated
by FACS and expanded in culture. Cultured Thyl*HE" cells expressed fibroblast associated
markers Collagenl (Coll) (red) (B) and PDGFRa (green) (C). Activated CFbs were marked by
co-expression of aSMA (green) and Coll (red) (D). Rare, activated CFbs were observed in the
absence of any stimuli. The bar graph demonstrates the percentage of Coll*aSMA® cells relative
to all Col1* cells (n=5 wells/strain/condition) (E). Proliferating CFbs were identified by nuclear
staining for phospho-Histone H3 (pHH3) (red) (F). The percentage of pHH3* nuclei was measured
relative to total nuclei (green) (n=5 wells/strain/condition) (G). DAPI was used to stain nuclei. Data

presented as mean = SEM. Student t-test. Scale bar: 200pm.
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Supplementary Figure Il
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Supplementary Figure Ill: In vitro culture of CFbs isolated from ISO-treated mice exhibit

minimal responses

(A) Schematic outlining culture of CFbs from mice that have been treated with 1SO prior to CFb
isolation. In vitro ISO treatment had no significant effect on the percentage of aSMA* (B) and
pHH3* (C) cardiac fibroblasts isolated from ISO-treated mice. Data presented as mean + SEM.

Two-way ANOVA.
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Supplementary Figure IV
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Supplementary Figure IV: Treatment of CFbs from different strains with TGFB induces

differential responses

(A) Schematic of in vitro TGFB treatment. (B) Phase contrast images of CFbs from different
strains after TGFB treatment. (C) Immunocytochemistry for Coll (red) and aSMA (green) was
used to identify activated fibroblasts. (D) CFb activation was quantified as a percentage of
Col1*aSMAT cells relative to all Coll* cells. (E) Quantification of CFb proliferation is presented as
a percentage of pHH3* nuclei of total nuclei. DAPI was used to stain nuclei. Scale bar: 200um.

Data presented as mean + SEM. Two-way ANOVA, *P<0.05
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Supplementary Figure V
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Supplementary Figure V: Levels of CFb activation after ISO treatment correlate with extent

of collagen deposition, while CEb proliferation does not

(A) Heart sections after ISO treatment were stained for Coll (red) to visualize extracellular matrix
deposition. (B) Immunohistochemistry of ISO-treated heart sections stained for periostin (green)
and aSMA (red), which both mark activated fibroblasts. (C) Fold change of proliferation rates in
response to ISO were compared across the different strains. Each ISO-treated group was
normalized to their respective control groups within each strain (n=12/strain/condition). DAPI was

used to stain nuclei. Data presented as mean = SEM. One-way ANOVA. Scale bar: 50um.
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Supplementary Figure VI
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Supplementary Figure VI: CEbs from select strains are enriched for various canonical

pathways after 21 days of ISO treatment

(A) Significantly enriched pathways from Ingenuity Pathway Analysis (IPA) in each strain after 21

days of ISO treatment. (B) IPA was used to generate a list of activated canonical pathways in

CFbs treated with ISO compared to saline. Pathways were selected based on the trends that

correlated with the extent of fibrosis seen in vivo.
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Supplementary Figure VII
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Supplementary Figure VIl: CFbs from all strains display unigue gene expression changes

between 14 and 21 days of ISO treatment

(A) Venn diagrams showing number of differentially expressed genes in CFbs from mice that had

been treated with ISO for 14 or 21 days compared to CFbs from saline-treated mice. IPA was

also used to determine activation scores (B) and canonical pathways that were significantly

enriched for (C) within each strain between 14 and 21 days of 1ISO treatment.
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Supplementary Figure VIII
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Supplementary Figure VIlI: LTBP2 is upregulated in multiple injury models in mice

(A) Volcano plots derived from RNA-sequencing data from all three strains depicting differentially
expressed genes 21 days after ISO treatment compared to saline-treated. Ltbp2 is indicated by
the red circles. (B) LTBP2 protein levels in mouse plasma samples after ISO treatment, measured
by ELISA (n=3/strain/condition). RNA-sequencing (C) and RT-gPCR analysis (D) of Ltbp2 gene
expression in CFbs isolated from C57BL/6J, 7 days post-sham or TAC operation.
(n=3/mice/condition). RPKM: Reads Per Kilobase of transcript, per Million mapped reads. TAC:

transverse aortic constriction. Data presented as mean + SEM. Student t-test, *P < 0.05.
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Supplementary Figure IX
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Supplementary Figure IX: LTBP2 expression is upregulated in human heart failure patients

(A) Quantification of LTBP2 levels in plasma samples from healthy individuals and heart failure
patients by ELISA. (B) Heart sections from healthy and failing human hearts stained for LTBP2
(red). DAPI was used to stain nuclei. Data presented as mean = SD. Student t-test, NS: non-

significant. Scale bar: 50um.
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Supplementary Table |

Antibody Catalog number  Vendor

Collagen 1 (1:100) ab34710 Abcam

aSMA (1:100) A2547 Sigma-Aldrich

PDGFRa (1:100) Sc-338 Santa Cruz Biotechnology
Periostin (1:100) AF2955 R&D Systems

LTBP2 (1:200)

Gift from Dr. Marko Hyytidinen from the University of Helsinki, Finland

DDR2 (1:100) MAB25381 R&D Systems
pHH3 (1:50) ab47297 Abcam
BrdU (1:50) ab6326 Abcam
Anti-Mouse CD 90.1 APC-eFluor 780 47-0900-82 eBioscience
Anti-Mouse CD 90.2 APC-eFluor 780 47-0900-82 eBioscience
Anti-Mouse CD31 PE-Cyanine7 25-0311-81 eBioscience
Anti-Mouse CD11b PE-Cyanine7 25-0112-81 eBioscience
Anti-Mouse CD45 PE-Cyanine5 48-0451-82 eBioscience
TER-119 PE-Cyanine7 25-5921-81 eBioscience
Donkey Anti-Rabbit Alexa Fluor 647 A-31573 Invitrogen
Rabbit Anti-Mouse Alexa Fluor 647 A-21239 Invitrogen
Goat Anti-Rabbit Alexa Fluor 594 A-11037 Invitrogen
Goat Anti-Rabbit Alexa Fluor 488 A-21206 Invitrogen
Goat Anti-Mouse Alexa Fluor 488 A-11001 Invitrogen
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Supplementary Table I

Gene Forward Primer Reverse Primer
Gapdh TTGTCTCCTGCGACTTCAAC GTCATACCAGGAAATGAGCTTG
Ltbp2 AACAGCACCAACCACTGTATC CCTGGCATTCTGAGGGTCAAA

Supplementary Table lll

Marker Species Catalog number vendor
LTBP2 Mouse MBS2885029 MyBioSource
LTBP2 Human MBS2882493 MyBioSource
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Supplementary Table IV

Age Gender Etiology EF (%) LI Bl DM h/o HTN Afib
(vear) (pg/mi)
N/A >55 NA

HF-1 56 Male Non-ischemic 15% 1719 N h/0 N
48 Male Non-ischemic 20% 1244 Y Y Y
59 Female Ischemic 25% 716 N N N
70 Male Ischemic 25% 737 Y N N
60 Female Non-ischemic 25% 696 N N N
64 Male Ischemic 30% 567 Y Y Y
53 Male Ischemic 20% 541 Y Y N
67 Male Ischemic 25% 710 Y Y N
57 Male Ischemic 20% 707 N N N
69 Male Ischemic 25% 1107 Y Y N
50 Male Non-ischemic 25% 1671 N Y N
52 Female Non-ischemic 35% 554 N N N
49 Male Non-ischemic 30% 498 N N N
59 Male Ischemic 20% 870 Y N N
62 Female Ischemic 25% 1104 Y Y N
49 Male Non-ischemic 25% 1009 N N N
53 Male Non-ischemic 20% 947 N N N
57 Female Ischemic 25% 894 Y Y N
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ABSTRACT
Objectives

The objective of this study was to identify potential circulating biomarkers for cardiac fibrosis.

Background
Cardiac fibrosis leads to pathological remodeling that can deteriorate cardiac function. Heart
failure arising from cardiac fibrosis is a debilitating syndrome, and there is a need to identify

circulating biomarkers that can help diagnose the extent of fibrosis.

Methods

We performed experimental pressure overload injury in C57BL/6J mice by transverse aortic
constriction (TAC) and isolated cardiac fibroblasts 7 days post injury or sham operation for RNA-
sequencing. Potential biomarkers for cardiac fibrosis were identified and results confirmed by
reverse transcription-gPCR. Expression of the biomarkers were measured in fibroblasts treated
in vitro with TGFB by immunocytochemistry. Immunofluorescence staining confirmed expression
in hearts from TAC murine hearts and human heart failure biopsies. Circulating protein levels

were measured by ELISA and Western blotting of serum from human subjects.

Results

LTBP2, COMP, and CILP were upregulated in murine and human cardiac fibroblasts after in vitro
TGFp treatment. All three proteins were found to be expressed specifically in the fibrotic regions
of injured murine and human hearts. Additionally, the full-length CILP protein showed a significant

decrease in circulating levels in heart failure patients compared to healthy volunteers.

Conclusions
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The full-length CILP protein may be a potential circulating biomarker for cardiac fibrosis. LTBP2
and COMP are additional markers that specifically localized to the fibrotic regions of the injured
myocardium. Further studies are warranted to determine the functional contributions of these

proteins to the development of cardiac fibrosis.
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INTRODUCTION

Myocardial fibrosis is a pathological process associated with various forms of cardiac disease that
contributes to impaired cardiac function, development of arrhythmias, and ultimately heart
failure!2. The formation of fibrosis can be initiated by either an acute ischemic event to the heart,
such as myocardial infarction, or through a chronic progression driven by increased cardiac load.
Cardiac fibroblasts (CFbs) are the main participating cells in the development of myocardial
fibrosis®. Under homeostatic conditions, resident CFbs are responsible for maintaining the
structural integrity of the heart by regulating extracellular matrix (ECM) production®. However,
under pathological conditions, CFbs become activated, proliferate, and secrete an excess amount
of ECM proteins, contributing to scar tissue®*. This scar replaces healthy myocardium, renders
the substrate arrhythmogenic, induces stiffening of the heart and leads to adverse remodeling.
Collectively, the sequela of fibrosis can have deleterious effects on the ability of the heart to pump
blood effectively and hinders the recovery of cardiac function. There are currently limited
treatment options for the reversal of cardiac fibrosis, and available therapies for heart failure are
ineffective at preventing the formation of scar tissue®. It has been suggested that identifying
diagnostic markers for fibrosis may provide prognostic value for clinicians®. Considering the critical
role of CFbs in myocardial fibrosis, we hypothesized that CFbs may release factors that could
serve as promising biomarkers for cardiac fibrosis’. Identification of circulating biomarkers would
serve as a non-invasive clinical tool of determining the presence, extent, and progression of

fibrosis in cardiac disease patients.

In the present study, we isolated CFbs from C57BL/6J mice that underwent transverse aortic
constriction (TAC, a pressure overload injury model) or sham operation and performed RNA-
sequencing to identify key upregulated genes in response to injury®. From this data, we identified
three genes encoding secreted proteins that could be potential biomarkers for myocardial fibrosis:
latent TGFB-binding protein 2 (Ltbp2), cartilage oligomeric matrix protein (Comp), and cartilage
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intermediate layer protein 1 (Cilp). Ltbp2 is part of the latent TGFB-binding protein family, which
consists of key regulators of TGFB signaling®. Comp and Cilp are mainly known for their roles in
the binding of specific ECM proteins, such as collagens, in cartilage'®!*. LTBP2, COMP, and CILP
were upregulated in cultured murine CFbs and in the fibrotic regions of TAC hearts, suggesting
that their expression is specific to the formation of scar. Furthermore, there was an increase in
expression of these proteins in stimulated human CFbs and within the fibrotic regions of heart
sections from heart failure patients, demonstrating their potential as clinical biomarkers for fibrosis.
Finally, we show that CILP, specifically the full length CILP protein, demonstrated a significant
difference in circulating levels in the serum of mice after TAC and heart failure patients. The
findings in this study introduce potential markers for myocardial fibrosis and support the need to

pursue studies on CILP as a possible circulating biomarker for the development of cardiac fibrosis.

RESULTS

Murine cardiac fibroblasts express Ltbp2, Comp, and Cilp after injury

To identify secreted proteins expressed by CFbs in fibrotic hearts, we conducted RNA-sequencing
on isolated CFbs from female C57BL/6J adult mice (8-12 weeks) that had undergone either sham
or TAC surgery (n=3). CFbs were isolated seven days after surgery to observe gene expression
changes in the early stages of fibrosis®. After TAC, many genes were differentially expressed in
CFbs (Figure 1A, Supplementary Table 3). Specifically, CFbs from mice that had undergone
TAC showed higher expression of various genes associated with fibrosis (Figure 1B). From these,
we selected genes that encoded for secreted proteins and then further filtered the list to those
that were novel in the context of heart failure and had previously reported roles in extracellular
matrix formation/remodeling. We identified Ltbp2, Comp, and Cilp as potential candidate

biomarkers. These results were further validated by RT-gPCR (Figure 1C).
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The TGFp signaling pathway is a major component of injury response in cardiac fibroblasts2,
Treatment of fibroblasts in vitro with TGF activates and induces proliferation of cultured cells,
imitating in vivo responses 3. To confirm that the TGFpB signaling pathway stimulates a robust
increase in the expression of the identified genes, CFbs from uninjured C57BL/6J mice were
cultured in media with or without TGFf for 72 hours (Figure 2A). CFbs were isolated by whole
explant culture to encompass the entire CFb population in the heart, rather than a subpopulation®®.
TGFp treatment induced expression of fibroblast activation genes, such as Periostin (Postn) and
a-smooth muscle actin (Acta2)®®, as well as Ltbp2, Comp, and Cilp (Figure 2B). Furthermore,
immunocytochemistry (ICC) confirmed that expression of LTBP2, COMP, and CILP were
increased at the protein level in cultured CFbs after exposure to TGF (Figure 2C). We observed
similar patterns of staining for these proteins when CFbs were isolated by fluorescence-activated
cell sorting (Supplementary Figure 1)® These data confirm that CFbs are a cellular source of

LTBP2, COMP, and CILP under stimulatory conditions.

LTBP2, COMP, and CILP are localized to fibrotic regions

Although TAC surgery induces fibrosis, it also causes other cardiac pathologies, such as
hypertrophy*®. In order to confirm that the increase in LTBP2, COMP, and CILP expression after
injury was specific to scar formation, we analyzed the anatomic location of LTBP2, COMP, and
CILP in the hearts of mice that had undergone TAC surgery. After seven days, there was visible
perivascular and interstitial fibrosis in TAC hearts, compared to sham which exhibited no fibrosis
(Figure 3A). Immunofluorescence (IF) staining showed minimal expression of the three proteins
in sham hearts. In TAC hearts, LTBP2, COMP, and CILP expression appeared to colocalize with
Discoidin domain-containing receptor 2 (DDR2), a marker for fibroblasts!’, and a-smooth muscle

actin (aSMA)*® within the fibrotic regions of the myocardium in TAC hearts (Figure 3B). Areas of

nonfibrotic myocardium in TAC hearts did not stain for any of the target proteins (data not shown),
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indicating that expression of LTBP2, COMP, and CILP are expressed by activated cardiac

fibroblasts and localized to regions of fibrosis.

We next sought to determine whether the expression of these biomarkers is also observed in
other types of cardiac fibrosis, such as replacement fibrosis after myocardial infarction. Our
findings were further confirmed in an ischemic reperfusion (IR) injury model in which the hearts
exhibited discrete areas of fibrosis, although not to the severity of TAC injury. LTBP2, COMP, and
CILP were found to be specifically co-localized with DDR2 and aSMA in hearts that had
undergone IR (Supplementary Figure Il). Together, these data suggest that LTBP2, COMP and

CILP are expressed by activated cardiac fibroblasts and are localized to regions of fibrosis.

Human cardiac fibroblasts have increased LTBP2, COMP, and CILP levels in response to
TGFB1 treatment

To confirm the clinical utility of our identified proteins as biomarkers for cardiac fibrosis, we sought
to assess their expression levels in human ischemic myocardial tissue. RNA-sequencing data of
human cardiac tissue from ischemic heart failure patients in a publicly available database
(GSE46224) demonstrated that LTBP2, COMP, and CILP are upregulated in ischemic hearts
(Figure 4A)%. We next cultured human CFbs and treated them with TGFB1 to stimulate their in
vitro activation (Figure 4B). TGFB1 treatment led to morphological changes in human CFbs and
induced expression of LTBP2, COMP, and CILP, along with fibroblast activation genes (Figure
4C). ICC staining confirmed the upregulation of LTBP2, COMP, and CILP in response to TGF1
treatment, as seen in mouse CFbs (Figure 4D). Conditioned media from cells that had undergone
TGFB1 treatment did not show significant differences in the levels of LTBP2, an increasing trend
of COMP levels, and decreased levels of CILP (Supplementary Figure Ill). These results may
be due to unknown mechanisms of protein secretion that affect the presence of these proteins in

the context of our culture protocol. The results from the in vitro culture of human CFbs mirrored
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our data from mice, further supporting the potential of these proteins to be biomarkers for cardiac

fibrosis.

LTBP2, COMP, and CILP are potential biomarkers for cardiac fibrosis

We used IF staining to observe the expression of LTBP2, COMP, and CILP within the myocardium
of heart failure patients compared to healthy hearts. Myocardial tissue from heart failure patients
(with a documented diagnosis of ischemic cardiomyopathy) exhibited significant amounts of
fibrosis compared to healthy hearts (Figure 5A). In healthy hearts, we observed no or minimal
positive staining for the candidate markers throughout the myocardium (Figure 5B). However,
sections from diseased hearts demonstrated a significant increase in expression of all three
proteins (Figure 5B). Staining for these three proteins were localized to disarrayed regions of the

myocardium, indicative of the specificity of these proteins for fibrotic areas.

Full length CILP is significantly decreased in serum from heart failure patients

In addition to increased expression within the fibrotic myocardium, we sought to determine the
utility of LTBP2, COMP, and CILP as novel circulating biomarkers for cardiac fibrosis. We
measured the protein levels in serum from healthy volunteers and heart failure patients by ELISA
(Supplementary Table 4). We observed no significant differences in the circulating levels of
LTBP2% or COMP (Figure 6A). However, serum from heart failure patients exhibited significantly
decreased levels of CILP (Figure 6B). Mice that had undergone TAC injury exhibited a similar
trend in decreased levels of circulating CILP compared to sham mice (Supplementary Figure
IV). The CILP gene encodes a precursor protein that undergoes cleavage into an N-terminal
fragment of roughly 75kDa and a C-terminal fragment of about 55kDa?. Both of these fragments
were shown to inhibit Smad3 phosphorylation, which is normally promoted by active TGFf
signaling. While commercially available ELISA kits target the C-terminal region of CILP (hence
detecting both the C-terminal and the full-length fragment), previous work discovered that CFbs
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secrete the N-terminal fragment as well as the full-length CILP protein 22. We specifically used an
antibody that spans the cleavage site of the CILP precursor and performed western blotting to
confirm levels of circulating full-length CILP. Our results showed that serum from heart failure
patients had significantly decreased levels of full-length CILP in circulation (Figure 6C-D).
Together, these data suggest while activated fibroblasts in the fibrotic regions of human
myocardium express high levels of CILP, the circulating level of CILP is significantly reduced

when compared to healthy individuals with no evidence of cardiac fibrosis.

DISCUSSION

With the increasing prevalence of cardiac disease worldwide, there is significant value in
identifying a robust biomarker panel to non-invasively measure the presence and progression of
cardiac fibrosis. We hypothesized that, as key participants of the fibrotic response, cardiac
fibroblasts may be a source of novel biomarkers for myocardial fibrosis. We performed RNA-
sequencing of CFbs from TAC and sham murine hearts and identified Ltbp2, Comp, and Cilp to
be upregulated in hearts after pressure overload injury. The expression of these proteins by CFbs
in response to injury were validated by in vitro studies in both murine and human CFbs.
Additionally, we demonstrated that these proteins localize in fibrotic regions in murine hearts after
pressure overload and ischemic reperfusion injury. These findings were further confirmed by high
levels of these three biomarkers in the fibrotic areas of human ischemic myocardial tissue. Notably,
the circulating levels of full-length CILP protein were significantly reduced in the serum of ischemic
heart failure patients compared to healthy individuals, indicating its potential to be a circulating

biomarker.

LTBP2 and COMP expression is specific to fibrotic regions
LTBP2 is a member of the latent TGFB-binding protein family, which consists of key regulators of
TGFB signaling. TGFp has diverse and pleiotropic effects on various cell types through its binding
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and activation of TGFp receptors!??3, TGFp is secreted from cells as a multiplex form that is
covalently bound to latent TGFJ binding proteins LTBP1, LTBP3, and LTBP4. These proteins
target the latent complex to specific sites for storage within the ECM where it awaits activation.
Matrix sequestration of latent TGF3 may serve to regulate its immediate bioavailability while
achieving critical threshold concentration at sites of intended function®23, However, the functional
role of LTBP2 is not well understood. Recent studies suggest that LTBP2 does not bind to latent
TGFB but may interact with other ECM proteins®. Other studies have additionally reported on the
competitive role of LTBP2 with LTBP1 for binding sites on fibrillin-1 within the ECM?4. Our data
show strong support for increased expression of LTBP2 in response to injury and a strong
localization of LTBP2 in activated fibroblasts within the fibrotic regions of the myocardium.
Whether LTBP2 is merely a surrogate for cardiac fibrosis or is involved in its pathogenesis is not

entirely known.

COMP is another ECM protein that is mainly studied in the context of tendons and cartilage?.
The main function of COMP is to directly bind with other ECM components, including collagens
and TGFB1, and to facilitate the stability of the ECM network by the formation of collagen fibrils2®.
This role is crucial to maintaining homeostasis of the heart as COMP-knockout mice have been
shown to develop dilated cardiomyopathy?’. However, the role of COMP in pathological
remodeling is less understood. Studies have shown that COMP is upregulated in the context of
idiopathic pulmonary fibrosis?® and liver fibrosis?®, although there have been conflicting reports as

to whether it can serve as an accurate circulating marker for fibrosis in patients?4-%,

Our results suggest that LTBP2 and COMP both have a strong potential for being markers for
cardiac fibrosis as the expression of these proteins are specific to scar formation. However, our
data does not support their use as circulating biomarkers after cardiac injury. Although these

proteins are known to be secreted, it is possible that they remain within the ECM and participate
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in the process of fibrosis and scar formation. Further research is warranted to investigate the
specific functional contributions of LTBP2 and COMP to the development of cardiac fibrosis. Due
to their known roles in other organ systems, it is possible that these proteins may be markers for

general fibrosis and not specific to cardiac fibrosis®!.

Decreased levels of CILP may be indicative of heart failure

The exact function of CILP within cartilage is still unknown, but it has been implicated in cartilage
remodeling and maintenance of the ECM*2, The upregulation of CILP has been found in various
disease models including osteoarthritis, idiopathic pulmonary fibrosis, and ischemic heart
disease®?>-%. However, the contribution of CILP to the development of cardiac fibrosis remains
unknown. While most studies suggest that CFbs are the major source of CILP expression in the
heart, a recent study has shown evidence of cardiomyocytes being another a major contributor36:37,
Although we did not explore the expression of CILP in cardiomyocytes, our data supports the
claim that CFbs are a major cellular source of CILP. Several studies have reported that cardiac
injury causes an upregulation of CILP in CFbs but the potential for CILP to be a potential

biomarker for fibrosis had not been previously explored?23’,

The CILP gene encodes for a precursor protein containing a furin cleavage site. The precursor is
first synthesized and processed by furin proteases intracellularly prior to being secreted 2. The
N-terminal fragment has been shown to directly interact with TGF[3, suppressing TGFf signaling
in CFbs, while the C-terminal fragment is homologous to a porcine nucleotide
pyrophosphohydrolase (NTPPHase) which has been reported to have limited enzymatic
activity?>38, In contrast to the two fragments, the functional role of full-length CILP protein has not
been well-studied. The full-length CILP has been shown to inhibit TGF[ signaling, similarly to the
N-terminal fragment, most likely due to the common thrombospondin-1 domain which has been
shown to bind to TGFR?2. However, further studies to determine any functional differences
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between the N-terminal fragment and the full-length CILP are required. Our data specifically
demonstrates that circulating levels of the full-length CILP are attenuated in heart failure patients
but show an abundance of expression in the fibrotic myocardium. A possible mechanism for this
paradox is that full-length CILP is sequestered to the ECM by its binding to TGFpB, therefore
reducing circulating levels. Studies have reported that while injury induces increased expression
of TGFB in the myocardium of heart failure patients®’, circulating TGFR is reduced*®*, Due to the
inhibitory role of full-length CILP in TGFf signaling, it is possible that increased levels of CILP
may reside in the ECM and promote a negative feedback mechanism to suppress CFb
activation?*#2, Further studies on the dynamics of CILP turnover in the ECM are required to

elucidate the significance of both circulating and interstitial CILP.

In conclusion, the present study confirms the potential for LTBP2, COMP, and CILP as novel
markers of cardiac fibrosis in both mouse and human heart failure models. Most notably, we
discovered a significant reduction in serum levels of full-length CILP in patients with heart failure.
Though our data is indicative of this relationship, the small sample size limits the statistical power
of our analysis. There is a need to conduct additional validation studies on a larger cohort of
patients with varying etiologies of cardiomyopathy to better determine the clinical implications of
CILP as a biomarker for the presence of cardiac fibrosis. Nevertheless, our results suggest that
LTBP2, COMP, and CILP are worthy of future investigation as participants in cardiac fibrosis and

as biomarkers for the development of ischemic heart failure.

METHODS

Study Approvals

All mouse surgery procedures were carried out with the approval of the University of California,
Los Angeles (UCLA) Animal Research Committee or the Institutional Animal Care. The study was
approved by an IRB (12-001164) and human participants gave written informed consent.
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RNA-Sequencing and Analysis

Cardiac fibroblasts were isolated from murine hearts, as previously described, for RNA-
sequencing 8. This data is publicly available on GEO (GSE51620). Downstream analysis was
conducted using the DESeq2, Enhanced Volcanoplot and gplots R packages*#*. To identify
potential candidates for secreted biomarkers of cardiac fibrosis, we first identified genes that were
differentially expressed in cardiac fibroblasts after transverse aortic constriction compared to
sham operation (GSE51620) (p<0.05). We selected for genes that exhibited a minimum fold-
change increase of 4 to select for significantly upregulated genes in TAC. We then identified
genes that were associated with fibrosis through the literature and screening for genes associated
with the following Gene Ontology classes: GO:0062023 (collagen-containing extracellular matrix),
G0:0001666 (response to hypoxia), GO:0001968 (fibronectin binding), GO:0030199 (collagen
fibril organization), GO:0005201 (extracellular matrix structural constituent) and/or GO:0005615
(extracellular space). From this list, we further selected for genes that encoded for at least one
protein product that was reportedly secreted. This was identified using online resources such as
Uniprot, the Human Protein Atlas, and previously published literature. This process allowed for

the selection of only secreted proteins that may mark the presence of cardiac fibrosis.

Validation of secreted proteins that were identified by our RNA sequencing was conducted using
a different cardiac injury, treatment with isoproterenol (ISO). C57BL/6J mice were implanted with
ALZET osmotic pumps in the abdominal cavity while under anesthesia with isoflurane. The pumps
were filled with saline or 1ISO (Sigma) at a concentration to treat the mice at a rate of 30mg/kg
body weight/day for a treatment period of 21 days. Mouse serum was collected at the end of the
treatment period and prepared for analysis as described in the section titled “Serum Preparation”.

Western blot and ELISA were used to screen through potential secreted proteins. Proteins that
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demonstrated a notable difference between saline- and ISO-treated samples were further

selected for experiments.

Mice

Adult C57BL/6J mice (age 8-12 weeks) were used for all experiments. For the in vivo experiments,
mice were randomly assigned into sham, TAC, and ischemic reperfusion (IR) treatment groups.
No phenotypic differences were observed between male and female mice. All procedures were
carried out with the approval of the University of California, Los Angeles (UCLA) Animal Research

Committee or the Institutional Animal Care.

Transverse Aortic Constriction Surgery, Ischemic-Reperfusion Surgery, and Aftercare

Adult C57BL/6J mice were anesthetized by intraperitoneal injection of ketamine/xylazine
(100mg/10mg/kg). Endotracheal intubation was performed using a blunt 20-gauge needle
connected to a volume-cycled rodent ventilator (SAR-830/P; CWE, Inc.) with a tidal volume of 0.2
ml and a respiratory rate of 120/min. For transverse aortic constriction surgery, the chest was
opened to expose the transverse aorta, located through the second intercostal space. Aortic
constriction was performed by tying a 7-0 nylon suture ligature against a 27-gauge blunt needle
and then removing the needle to yield a constriction of roughly 0.4mm in diameter. For ischemic-
reperfusion surgery, left thoracotomy between ribs four and five was performed. The pericardium
was opened, and a suture was placed around the left anterior descending coronary artery 1-2mm
from the tip of the left atrium. The suture was tightened to occlude blood flow for 45 minutes and
subsequently removed. Mice that underwent sham operations underwent the same procedure,
excluding the constriction/occlusion. After the operation, the chest was closed in layers using 5-0
Vicryl sutures and the mice remained on the ventilators until sufficient spontaneous breathing was
resumed, at which point the endotracheal tube was removed. The entire surgical procedure was
performed under aseptic conditions. Buprenorphine (0.1 mg/kg) was administrated by
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subcutaneous injection immediately prior to surgery, followed by every 12 hours for 48 hours, and
carprofen (5mg/Kg) was administrated post operation every 24 hours for 48 hours. Mice were
additionally treated post-operatively with Sulfamethoxazole and Trimethoprim oral suspension
(Aurbindo). Operators blinded to the experimental designs performed all animal surgeries and in

vivo analyses.

Cardiac fibroblast culture and TGFB treatment (murine and human)

Adult C57BL/6J mice were sacrificed by isoflurane followed by cervical dislocation. Hearts were
dissected from the mice and cannulated with a blunt syringe. The hearts were perfused with 20-
30ml PBS, subsequently chopped into small pieces and incubated in 7-10ml enzyme at 37°C on
a rotator for an hour with periodic pipetting to digest larger pieces. The enzyme mix consisted of
TH and TM liberases (Roche), Dnase (Invitrogen), and Poloxamer. The cells were then passed
through a 70um filter, centrifuged, and the pellet was resuspended in DMEM containing 20% FBS,
1% Penicillin Streptomycin, and 0.1% Ciprofloxacin. The cells from one heart were plated in a
single well of a 6-well plate that had been coated with 0.1% gelatin. Twelve hours after plating,
the floating cells were removed, and the media was replaced. Media changes were done every
other day until cells reached 80% confluency, at which point they were passaged and cultured in
serum-free media for 24 hours prior to TGFf treatment (Cell Signaling, 50ng/mL). Throughout the
TGF treatment, the media was changed daily. Human fibroblasts were cultured according to the
company’s instructions (Cell Applications) and similarly passaged for TGFB treatment (R&D

Systems, 10ng/mL).

RNA Extraction and RT-gPCR

RNA was extracted from cells using TRIzol™ LS Reagent (ThermoFisher) and following the
manufacturer’s instructions. RNA was quantified by NanoDrop, and cDNA was prepared using
the iScript™ Reverse Transcription Supermix kit (Bio-Rad). Reverse transcription quantitative-
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PCR (RT-gPCR) reactions were prepared using SYBR Green (Bio-Rad) and primers (IDT) unique
for each gene of interest (Supplementary Table 1). The reactions were run on a CFX96™ Real-
Time PCR Detection System.
The PCR conditions for RT-gPCR had the following steps:

1. Initial denaturation — 95°C — 2 minutes and 10 seconds

2. Denaturation — 95°C — 15 seconds

3. Annealing — 60°C — 30 seconds

4. Extension — 72°C — 30 seconds

5. Repeat steps 2-4 for a total of 39 cycles

6. Final extension — 72°C — 10 minutes
The mean cycle threshold (Ct) values were taken from triplicate measurements to determine

relative gene expression, as normalized to Gapdh/GAPDH expression.

Immunocytochemical/lmmunofluorescence Staining

Cells were cultured on 8-well chamber slides (Falcon) and washed with PBS prior to fixation with
4% paraformaldehyde (PFA). For in vivo staining, murine hearts were isolated and fixed with 4%
PFA overnight prior to being incubated in 30% sucrose and embedded in Optimal Cutting
Temperature (OCT) compound (Fisher). Hearts were sectioned at a thickness of 8um in a cryostat,
mounted on Colorfrost Plus microscope slides (Fisher), and stored at -20°C until ready to stain.
For immunocytochemical staining, the fixed cells were blocked with blocking buffer (10% NGS,
PBS-0.1%Tween 20) for 1 hour at room temperature and then incubated in diluted primary
antibodies (Supplementary Table 2) overnight at 4°C. The slides were then washed 3 times with
PBS-0.1%Tween and then incubated in diluted secondary antibodies (Supplementary Table 2)
for an hour at room temperature. After another round of washing with PBS-0.1%Tween 20, the
coverslips were mounted using mounting medium containing DAPI (Vector Laboratories). For
immunofluorescence staining, slides were incubated at room temperature for 10 minutes prior to
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3 washes with PBS. The sections were treated with 0.25% Triton X-100 in PBS to permeabilize
for 10 minutes. The subsequent blocking and staining protocol mirrored immunocytochemical
staining as described. Slides were incubated with antibodies outlined in Supplementary Table 2.
Imaging was done on either a Zeiss confocal microscope (LSM880) or a Leica fluorescent
microscope (LEICACTR6500). Image processing and analysis was done through either ZEN 2

(blue edition) or LAS AF Lite.

Conditioned Media Preparation

Cells were cultured in 6-well plates and culture media was collected every day during the
treatment period for a total of three times. The collected media was centrifuged for 10,000rpm for
10 minutes at_ 4°C and the supernatant was transferred to a separate tube to remove any cellular
contamination. The media was stored at -80°C until ready for analysis. For ELISA, the media from
each day was pooled into a single sample per well. The media was concentrated by Amicon®
Ultra Centrifugal Filters and the final concentrated volume was noted for total concentration

calculations after ELISA.

Serum Preparation

Healthy human samples were purchased from Equitech Enterprises. Blood samples from heart
failure patients were collected with informed consent (Supplementary Table 4). Serum was
isolated using Ficoll and stored at -80°C until enough samples were collected for experiments.
For western blots, albumin was removed from the samples with the AlbuSorb™ Albumin Depletion

Kit (Biotech Support Group).

ELISA and Western Blot
ELISA kits were purchased from MyBiosource and the manufacturer’s protocol was followed. For
western blot, protein concentration was measured by a Pierce™ BCA Protein assay kit
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(ThermoScientific) and 20ug was loaded into each well of 4-20% Mini-PROTEAN TGX Precast
Protein gels (Bio-Rad). After transferring the gel onto a PVDF membrane, detection of CILP was
conducted by incubating the membrane with primary antibody followed by secondary antibody
conjugated with HRP (Supplementary Table 2). The signal was developed using the Pierce®

ECL Western Blotting Substrate (ThermoScientific).

Statistical Analysis
Continuous data are presented using the mean + standard error of the mean (SEM) and
comparisons between groups were performed using Student's t-test. A p-value < 0.05 was

considered statistically significant and data were analyzed using GraphPad Prism 6.
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Figure 1: Identification of potential biomarkers for cardiac fibrosis

(A) Volcano plot depicting highly differentially expressed genes in cardiac fibroblasts after TAC.
(B) Heatmap of pro-fibrotic genes that are upregulated in cardiac fibroblasts isolated from sham
and TAC mouse hearts. Select genes (Ltbp2, Comp, and Cilp) are boxed. (C) RT-qPCR
confirmation of upregulation of Ltbp2, Comp, and Cilp in cardiac fibroblasts after 7D TAC (n=3).

TAC: Transverse Aortic Constriction. P*<0.050 (t-test).
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Figure 2
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Figure 2: LTBP2, COMP, and CILP are uprequlated in cultured cardiac fibroblasts after

TGFEB treatment

(A) Schematic of cardiac fibroblast culture and TGFB treatment. (B) RT-gPCR of cardiac
fibroblasts treated with TGFB normalized to untreated controls (indicated by dotted line at y=1)
(n=4). (C) Immunocytochemistry for LTBP2, COMP, and CILP show significant increase in
expression after TGFB treatment (n=4). DAPI (blue) stained for nuclei. Scale bar: 100um. TGF:

Transforming Growth Factor-. P*<0.050 (t-test).
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Figure 3

aSMA DAPI

Figure 3: LTBP2, COMP, and CILP localize to the fibrotic myocardium

(A) Mice that had undergone TAC surgery exhibited myocardial fibrosis as shown by Masson’s
trichrome staining. (B) Immunofluorescence staining shows colocalization of LTBP2, COMP, and
CILP (red) with fibroblast marker DDR2 (green, left) and activated fibroblast marker aSMA (green,
right). Red channel images are shown separately for clarity. DAPI (blue) stained for nuclei. Scale

bar: 50um. DDR2: Discoidin Domain Receptor Tyrosine Kinase 2. aSMA: a-Smooth Muscle Actin.
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Figure 4
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Figure 4: LTBP2, COMP, and CILP are upregulated in human cardiac fibroblasts in

response to TGFB8

(A) RNA-sequencing data from a public database (GSE46224) show that expression of LTBP2,
COMP, and CILP are upregulated in heart biopsies from ischemic heart failure (HF) patients
compared to healthy patients. (B) Schematic of culture and TGFf treatment of human cardiac
fibroblasts. (C) RT-gPCR of human cardiac fibroblasts treated with TGFf normalized to untreated
controls (indicated by dotted line at y=1) (n=3). (D) Immunocytochemistry shows increased
expression of LTBP2, COMP, and CILP in cultured human cardiac fibroblasts after TGFB
treatment. DAPI (blue) stained for nuclei (n=4). RPKM: Reads Per Kilobases Mapped. Scale bar:

100pum. *P<0.050 (t-test).
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Figure 5
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Figure 5: LTBP2, COMP, and CILP are uprequlated in the myocardium of human heart

failure patients

(A) Masson’s trichrome staining show extensive fibrosis in heart sections of heart failure patients.
Insets are higher magnification images of boxed area. (B) LTBP2, COMP, and CILP (red)

expression is significantly increased in hearts undergoing heart failure. DAPI (blue) stained for

nuclei. Scale bar: 50um.
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Figure 6
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Figure 6: Full length CILP is downrequlated in the serum of heart failure patients

(A) ELISA demonstrates non-significant changes in levels of COMP in the serum of heart failure
patients compared to healthy individuals (Healthy n=23, Heart Failure n=22). (B) Heart failure
patients had a significant decrease in circulating CILP levels (Healthy n=23, Heart Failure n=22).
(C) Representative western blotting shows decreased levels of full length CILP (~133kDa) in heart
failure patient serum. Quantified data is shown in (D) (Healthy n= 5, Heart Failure n=5). a.u.:

arbitrary units. *P<0.050 (t-test).
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Supplementary Figure |
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Supplementary Figure |: LTBP2, COMP, and CILP are upregulated in Thyl+ sorted cardiac

fibroblasts after TGFB treatment

(A) Schematic of cardiac fibroblast sort, culture and TGFf treatment. (B) Immunocytochemistry
show that TGF[ treatment induces increased expression of LTBP2, COMP, and CILP. DAPI (blue)

stained for nuclei. Scale bar: 100um. TGF@: Transforming Growth Factor-3
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Supplementary Figure Il
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Supplementary Figure Il: Expression of LTBP2, COMP, and CILP are elevated in ischemia-

reperfusion injury

Immunofluorescence staining of heart sections from mice that had undergone ischemia-
reperfusion injury shows colocalization of LTBP2, COMP, and CILP (red) with fibroblast marker
DDR2 (green) and activated fibroblast marker aSMA (green). DAPI (blue) stained for nuclei. Scale

bar: 50um. DDR2: Discoidin Domain Receptor Tyrosine Kinase 2. aSMA: a-Smooth Muscle Actin.

162



Supplementary Figure Il
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Supplementary Figure lll: Levels of LTBP2, COMP, and CILP in conditioned media from

cultured human CFbs

There were no statistically significant differences in levels of LTBP2 (A), COMP (B), and CILP (C)

in collected media from human CFbs treated with TGFf (n=3-5).
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Supplementary Figure IV
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Supplementary Figure IV: CILP levels are decreased in the serum of mice that have

undergone TAC

ELISA demonstrate a decrease in levels of CILP in the serum of mice 7 days after TAC surgery

(n=4-6).
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Supplementary Table 1

RT-gPCR Primers

Target Gene

Forward Primer (5’-3’)

Reverse Primer (5°-3’)

Gapdh (Mouse

and Human) TTGTCTCCTGCGACTTCAAC GTCATACCAGGAAATGAGCTTG
Ltbp2 (Mouse) |AACAGCACCAACCACTGTATC CCTGGCATTCTGAGGGTCAAA
Comp (Mouse) |ACTGCCTGCGTTCTAGTGC CGCCGCATTAGTCTCCTGAA

Cilp (Mouse) _ IATGGCAGCAATCAAGACTTGG | AGGCTGGACTCTTCTCACTGA
Acta2 (Mouse) | TGACGCTGAAGTATCCGATAGA |CGAAGCTCGTTATAGAAAGAGTGG
Ctgf (Mouse) _ |GACCCAACTATGATGCGAGCC | CCCATCCCACAGGTCTTAGAA
Postn (Mouse) |GACTGCTTCAGGGAGACACA | TGATCGTCTTCTAGGCCCTT
'(Dkﬁﬂa'\r']) TAGCCCAATTAGGCTTGGCATCC | TAAGAAGGCGTTGGTCCATGCT

LTBP2 (Human)

AGCACCAACCACTGTATCAAAC

CTCATCGGGAATGACCTCCTC

COMP (Human)

CAGGGAGATCACGTTCCTGA

GGCCGGTGCGTACTGAC

CILP (Human)

GCAAAAGCATCCTGAAGATCAC

GGAGTCTCTGCCCTCACAAAC

Supplementary Table 2

Primary and secondary antibodies

Target Protein Technigue Catalog no. Dilution
LTBP2 (Mouse/Human) | ICC From Dr. Marko Hyytiginen 1:200
(University of Helsinki, Finland)
COMP (Mouse) ICC Santa Cruz sc-25163 1:50
CILP (Mouse) ICC Biomatik CAU24345 1:50
DDR2 (Mouse) IF R&D Systems MAB25381 1:100
aSMA (Mouse) IF Sigma-Aldrich A2547 1:100
COMP (Human) ICC Abcam ab74524 1:100
CILP (Human) ICC/Western Biomatik CAU24346 1:50/1:1000
Secondary Target Fluorophore Catalog no. Dilution
Anti-Rabbit IgG Alexa Fluor™ 488 | Invitrogen A11034 1:200
Anti-Rabbit IgG Alexa Fluor™ 594 | Invitrogen A11037 1:200
Anti-Mouse 1gG Alexa Fluor™ 488 | Invitrogen A11029 1:200
Anti-Rabbit IgG HRP Invitrogen 31460 1:5000
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Supplementary Table 3

Significantly up-regulated

enes in mouse CFbs in TAC (Fold change > 4, p-value < 0.05)

Gene FC p-value Gene FC p-value
Ltbp2 9.866 2.432E-05 Cthrcl 28.773 | 5.914E-03
Runx1 4.990 1.298E-04 Synpo 5.143 5.944E-03
Cilp 5.149 1.891E-04 Npl 8.374 | 6.748E-03
1110006017Rik 5.530 2.261E-04 Coll2al 7.391 | 6.839E-03
Cx3cll 6.097 3.026E-04 Col8a2 11.705 | 6.854E-03
Kif26b 14.386 3.688E-04 Dnajc15 5.776 | 6.930E-03
Casc5 10.002 4.061E-04 Colllal 45.058 | 6.980E-03
Assl 4.474 4.249E-04 Dclk3 5.165 | 7.230E-03
Freml 21.151 4.304E-04 Clcal 4.590 | 7.804E-03
Palld 5.074 4.792E-04 Adam12 4.649 | 7.959E-03
Pole 5.574 5.022E-04 TopZ2a 6.817 8.380E-03
Ncaph 4.194 5.375E-04 Bubl 9.958 | 8.398E-03
Gtsel 9.913 5.594E-04 Cst6 4.562 | 8.483E-03
Cleclla 4.100 5.617E-04 1500015010Rik 7.017 | 8.553E-03
EG432466 5.367 5.760E-04 Siglecl 8.049 | 9.065E-03
A930038C07Rik 4.840 5.876E-04 Fhi2 4151 | 9.132E-03
Mki67 8.226 5.932E-04 2310033K02Rik 4.108 | 9.422E-03
Ccdc99 8.726 5.999E-04 Pik3apl 7.383 | 9.442E-03
Erg 8.030 6.239E-04 Pik3r5 4.736 | 9.548E-03
Meox1 4.588 1.200E-03 Spink2 7.795 | 9.730E-03
Fnl 5.676 1.343E-03 LOC100043741 4.470 1.010E-02
Mdk 4.842 1.379E-03 Stoml1 4,101 1.051E-02
Cenpe 10.971 1.447E-03 2810433D01Rik 5.737 1.150E-02
Lox 5.109 1.576E-03 DOH4S114 4,442 1.186E-02
9930013L23Rik 26.326 1.626E-03 Cenpa 4.174 | 1.210E-02
Nek2 6.204 1.878E-03 Postn 9.933 | 1.303E-02
Aspm 5.494 1.910E-03 EG620473 4520 | 1.309E-02
Clgtnf6 4.071 1.914E-03 Ckap2 5.395 | 1.313E-02
LOC668063 13.173 1.944E-03 Tnc 15.646 | 1.334E-02
Fut4 8.096 2.028E-03 Hcls1 6.586 | 1.379E-02
Cenpf 5.151 2.148E-03 Pbk 5.895 | 1.396E-02
4930547N16Rik 9.489 2.180E-03 Ccl6 9.021 1.416E-02
MyblI2 5.978 2.213E-03 Hmmr 9.735 | 1.420E-02
Wisp2 4.899 2.692E-03 Cmya3 5.253 | 1.474E-02
Wispl 11.264 2.699E-03 Ttk 16.145 1.506E-02
Accn?2 5.408 2.815E-03 3830403N18Rik 6.792 1.517E-02
Tnfrsf10b 4671 2.839E-03 Lhfpll 10.304 | 1.538E-02
5830483C08Rik 4.309 3.180E-03 Matn3 14.104 | 1.557E-02
Gprl76 9.108 3.314E-03 Gdf6 4978 | 1.576E-02
TIrl3 8.906 4.260E-03 1600015H20RIk 4.691 1.581E-02
Gmpr 10.113 4.342E-03 TIr5 6.436 | 1.594E-02
Sgol2 4.654 4.357E-03 Fmod 4.628 | 1.613E-02
Neil3 9.379 4.391E-03 Crifl 12.408 | 1.623E-02
LOC100043901 4.927 4.405E-03 Psrcl 6.821 1.624E-02
Kif15 14.284 4.641E-03 Comp 4.697 1.680E-02
EG622657 5.319 4.725E-03 Soat2 8.366 | 1.695E-02
D530008122 4.767 4.883E-03 6330512M04Rik 10.837 1.699E-02
Thbs4 35.578 5.158E-03 1500005K14Rik 6.481 1.714E-02
Fbn2 4,778 5.238E-03 Camk2n2 4614 | 1.743E-02
Arhgaplla 6.946 5.350E-03 Zdhhc12 4614 | 1.743E-02
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Gene FC p-value Gene FC p-value
Gm22 4.101 1.794E-02 Cx3crl 4.900 | 3.846E-02
Ckap2| 22.239 1.796E-02 Nxtl 5.255 | 3.904E-02
4921517D22Rik 6.339 1.864E-02 Ptn 10.726 | 3.909E-02
Ddahl 33.473 1.917E-02 Zfp185 6.172 | 4.021E-02
LOC100043526 8.292 1.934E-02 Cit 6.924 | 4.073E-02
Nanp 6.634 1.942E-02 LOC100038957 5.608 | 4.199E-02
Ccdcl122 7.697 1.946E-02 EG432951 6.210 | 4.254E-02
Pmch 5.984 1.960E-02 Pdgfc 5.766 | 4.327E-02
5730590G19Rik 17.335 2.084E-02 EG218444 4.344 | 4.335E-02
Gm444 4.428 2.102E-02 Sfrp2 4.335 | 4.455E-02
Iqgap3 4.773 2.144E-02 Ccnb2 5.077 | 4.539E-02
LOC667005 6.256 2.193E-02 Kif4 13.148 | 4.542E-02
Scube?2 26.108 2.221E-02 5033413D22Rik 5.739 | 4.612E-02
Racgapl 4.186 2.236E-02 Lilrb4 4.658 4.663E-02
Bublb 8.066 2.268E-02 Gpr65 6.596 | 4.675E-02
Depdcla 6.871 2.289E-02 Tmem132e 6.594 | 4.675E-02
Ccl5 5.734 2.411E-02 Padi4 4.066 | 4.686E-02
LOC665939 5.978 2.435E-02 Bcasl 6.097 | 4.725E-02
Ngef 4.325 2.445E-02 Cdca7 4.606 | 4.758E-02
Anin 7.915 2.471E-02 Espll 4.174 4.914E-02
Prcl 5.860 2.482E-02 Ect2 20.594 | 4.918E-02
Ccdc40 5.628 2.545E-02
LOC621880 4.778 2.584E-02
Gp49a 4.767 2.597E-02
5330437102Rik 4.756 2.618E-02
Kif23 6.567 2.632E-02
H19 17.780 2.634E-02
Nrgl 12.142 2.658E-02
Tmeffl 6.108 2.783E-02
LOC619973 4.331 2.801E-02
3000004C01RIk 11.536 2.809E-02
Cdtl 4.570 2.922E-02
BC038925 5.308 2.973E-02
Kif2c 23.975 3.006E-02
LOC100040305 6.952 3.012E-02
Comtdl 6.332 3.016E-02
Acan 7.390 3.068E-02
LOC100043431 13.185 3.081E-02
Fgfrll 5.192 3.090E-02
Kcnjl5 4.101 3.231E-02
Ankrd41 5.459 3.309E-02
Fbxo40 5.599 3.323E-02
Tpx2 5.887 3.340E-02
Tm7sf2 4.041 3.436E-02
l13ra 5.406 3.461E-02
Pbp2 10.606 3.519E-02
EG624855 5.004 3.586E-02
Cep55 5.174 3.597E-02
Ednl 6.339 3.602E-02
D230039L06Rik 12.520 3.613E-02
Diap3 4.384 3.695E-02
Ccna2 4.552 3.780E-02
Trim29 4.913 3.819E-02
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Supplementary Table 4

Characteristics of human samples

Healthy Individuals (n=23)

HF Patients (n=22)

Age (years) 50+10 5910
50% M 64% M
Gender 50% F 36% F
_ 59% Ischemic
Etiology N/A 41% Non-iCMY
Median BNP (pg/ml) N/A 696+369
Y: 37%
[0)
DM 0% N: 63%
Y: 45%
[0)
h/o HTN 0% N: 50%
D: 73%
BB: 100%
_ _ Ent: 41%
Medications N/A ACE-I: 32%
ARB: 18%
AA: 36%

Non-iCMY: Non-ischemic cardiomyopathy

D: Diuretics

BB: Beta blockers

Ent: Entresto

ACE-I: Ace-inhibitors

ARB: Angiotensin receptor blockers

AA: Aldosterone antagonists
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SHUIN PARK, NGOC B. NGUYEN, ARASH PEZHOUMAN, and REZA ARDEHALI

LOS ANGELES, CALIFORNIA

Cardiovascular disease is a leading cause of mortality in the world and is exacer-
bated by the presence of cardiac fibrosis, defined by the accumulation of noncon-
tractile extracellular matrix proteins. Cardiac fibrosis is directly linked to cardiac
dysfunction and increased risk of arrhythmia. Despite its prevalence, there is a lack
of efficacious therapies for inhibiting or reversing cardiac fibrosis, largely due to the
complexity of the cell types and signaling pathways involved. Ongoing research
has aimed to understand the mechanisms of cardiac fibrosis and develop new ther-
apies for treating scar formation. Major approaches include preventing the forma-
tion of scar tissue and replacing fibrous tissue with functional cardiomyocytes. While
targeting the renin-angiotensin-aldosterone system is currently used as the stan-
dard line of therapy for heart failure, there has been increased interest in inhibiting
the transforming growth factor-g signaling pathway due its established role in car-
diac fibrosis. Significant advances in cell transplantation therapy and biomaterials
engineering have also demonstrated potential in regenerating the myocardium.
Novel techniques, such as cellular direct reprogramming, and molecular targets,
such as noncoding RNAs and epigenetic modifiers, are uncovering novel therapeu-
tic options targeting fibrosis. This review provides an overview of current
approaches and discuss future directions for treating cardiac fibrosis. (Translational
Research 2019; 209:121-137)

Abbreviations: AAV = adeno-associated viruses; AdV = adenovirus; Ang = angiotensin; CM =
cardiomyocyte; CPC = cardiac progenitor cell; cTnT = cardiac troponin T; CVD = cardiovascu-
lar diseases; ECM = extracellular matrix; HF = heart failure; HFpEF = heart failure with preserved
ejection fraction; HFrEF = heart failure with reduced ejection fraction; HGF = hepatocyte
growth factor; hPSC = human pluripotent stem cell; LAD = left anterior descending artery;
LVEDP = left ventricular end diastolic pressure; Ml = myocardial infarction; MMP1 = matrix met-
alloproteinase-1; MSC = mesenchymal stem cell; PRR = (pro)renin receptor; RAAS = renin-
angiotensin-aldosterone system; SeV = sendai virus; TGFB = fransforming growth factor B;
TNFa = fumor necrosis factor «; «MHC = a-myosin heavy chain

INTRODUCTION (ECM) protein deposition in the heart.' Upon ischemic

Cardiac fibrosis is a major pathologic disorder associ- injury or pressure overload, the heart undergoes a
ated with a multitude of cardiovascular diseases (CVD) dynamic remodeling process that is driven by a multi-
and is characterized by excessive extracellular matrix tude of cells including cardiomyocytes (CMs),
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endothelial cells, immune cells, and cardiac fibro-
blasts.” At the onset of acute injury, CMs rapidly
become apoptotic and endothelial cells play a critical
role in modulating the inflammatory response.” In the
initial phases of remodeling, immune cells proliferate,
infiltrate damaged myocardium to clear dead tissue, and
release profibrotic cytokines.”” In response to these
cytokines, cardiac fibroblasts become activated and
increase production of ECM proteins such as collagens
and  fibronectin  to  form  scar tissue.""®
At first, these responses are critical in removing
apoptotic CMs and for stabilizing the chamber walls to
prevent rupture. The scar that is formed at this stage is
deemed as reparative fibrosis. However, the persistent
presence of noncontractile ECM leads to the maturation
of scar tissue and adverse remodeling, the effects of
which include an increased risk of arrhythmias and
reduced contractility.”'” These effects can have a devas-
tating impact on the clinical outcomes of CVD patients,
creating a need to develop strategies to prevent or
reverse cardiac fibrosis.

Several obstacles that have limited the development
of antifibrotic therapies available for CVD patients.
First, the regenerative potential of the adult human
heart is limited and CMs are unable to proliferate at a
level that can replace damaged myocardium.'' This
restricts therapies that aim to inhibit fibrosis entirely as
the endogenous CMs are unable to replace lost muscle
tissue, thus increasing risk of cardiac rupture. Second,
the molecular mechanisms driving cardiac fibrosis are
complex and not fully understood. Although cardiac
fibroblasts are the major contributory cells of cardiac
fibrosis, further studies are needed to unravel the mech-
anistic regulation of these cells. There is a need to
understand their mechanisms of activation, the tempo-
ral nature of their molecular changes, and whether
these cells can be “deactivated” or eliminated.'”
Finally, the injured heart, particularly after myocardial
infarction (MI), is a volatile microenvironment with
dramatic levels of CM apoptosis, immune cell infiltra-
tion, and fibroblast pro]iferation.4'7""’ This hostile envi-
ronment may hinder the efficacy of delivering
antifibrosis therapies. In this review, we aim to
describe prominent research areas that are being
explored for the treatment of cardiac fibrosis with
potential clinical promise.

RENIN-ANGIOTENSIN-ALDOSTERONE SYSTEM

Overview of the RAAS system. The renin-angiotensin-
aldosterone system (RAAS) plays an integral role in the
homeostatic control of arterial pressure, tissue perfusion,
and extracellular volume.'* This pathway is initiated by
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the secretion of renin from the juxtaglomerular cells of
the kidney in response to various stimuli such as
decreased renal perfusion, decreased sodium chloride
concentration, or increased sympathetic activity.'>'°
Renin goes on to cleave angiotensinogen, to form a bio-
logically inert peptide, Angiotensin (Ang) I. Angl is
then hydrolyzed by angiotensin-converting enzyme
(ACE) to form an active Angll, which is a potent vaso-
constrictor. Angll is the primary effector of a variety of
RAAS-induced physiological and pathophysiological
actions. Within the cardiovascular system, these effects
include vasoconstriction, increased blood pressure,
increased cardiac contractility, and vascular and cardiac
hypertrophy.'” Another important action of AngIl
includes stimulating the production and release of aldo-
sterone from the adrenal cortex. Aldosterone is a major
regulator of sodium and potassium balance and thus
plays a role in regulating extracellular volume.'®
Together, the resulting effects of Angll and aldosterone
on their target organs serve to maintain blood pressure
and restore renal perfusion. Although the RAAS plays
an important role in normal circulatory homeostasis,
continued or inappropriate activation of this system is
thought to contribute to the pathophysiology of diseases
such as hypertension and heart failure (HF).

Role of RAAS in cardiac fibrosis. /n vitro experiments
using adult rat cardiac fibroblasts have shown that
AngIl'”?" and aldosterone'” stimulate collagen synthe-
sis in a dose-dependent manner. Angll additionally sup-
presses the activity of matrix metalloproteinase-1, a key
enzyme of interstitial collagen degradation'”, that syner-
gistically leads to progressive collagen accumulation
within the myocardial interstitium. Angll induces
expression of TGFB1 within cardiac fibroblasts through
the Ang type-I receptor (AT,).”” After MI, increased
wall stress resulting from elevated left ventricular end
diastolic pressure (LVEDP) stimulates mechanorecep-
tors that lead to activation of RAAS. Upregulated AngIl
increases tissue inflammation, and TGFB, IL-1B, and
TNFa secretion,”>° leading to enhanced generation of
myofibroblasts. Within experimental models of hyper-
tensive heart disease and chronic HF, circulating and
local levels of renin-angiotensin-aldosterone promote
the development of myocardial fibrosis and diastolic
dysfunction.””** Given the significant role of RAAS in
the pathogenesis of cardiac fibrosis, therapies have been
developed to antagonize or modulate the activity of vari-
ous components of this system.

Direct renin inhibitors and renin receptor blockers.
Direct renin inhibition may be a promising antifibrotic
therapy as it attenuates the profibrotic effects of renin
in addition to that of other effectors of the renin-angio-
tensin pathway.”’ Renin inhibitors interfere with the



initial rate limiting step in the synthesis of Angll by
binding directly to renin.”” Aliskiren is the first orally
active renin inhibitor approved by the FDA for the
treatment of hypertension in adults.”’ Zhi et al showed
that aliskiren has direct effects on collagen metabolism
in cardiac fibroblasts and prevented myocardial colla-
gen deposition in a nonhypertrophic mouse model of
myocardial fibrosis.””> Other groups have shown that
aliskiren functions through inhibition of Angll-depen-
dent as well as Angll-independent effects mediated via
the (pro)renin receptor (PRR)." >33 Cardiac expression
of PRR is upregulated in hypertension and HF and has
been shown to be associated with the development of
cardiac fibrosis and hypertrophy as well as cardiac dys-
function.™* Ellmers et al reported that PRR blockade
in a mouse model of MI significantly reduced infarct
size and attenuated cardiac fibrosis and adverse
remodeling.

ACE inhibitors and angiotensin receptor blockers. ACE
inhibitors such as enalapril, lisinopril, and trandolapril,
prevent the conversion of inactive Angl into active
AnglI and are considered first-line therapy for many
cardiovascular and renal diseases. There is a large
body of evidence that ACE inhibitors regress myocar-
dial fibrosis and are associated with reduction of ven-
tricular arrhythmias and improvement of myocardial
function.*** Angiotensin receptor blockers (ARBs)
are also commonly prescribed clinically and work by
preventing the binding of AngllI to its receptor (with
greater affinity for AT, than AT,). Wu et al showed
that valsartan, an ARB, improved coronary arterial
thickening and perivascular fibrosis in a pressure over-
load mouse model.”® Similarly, Frimm et al found that
rats treated with losartan had a reduction in cardiac
infarct size and collagen content 1 month after experi-
mental ML*" However, despite the efficacy of ACEs
and ARBs in a variety of cardiac diseases including HF
with reduced ejection fraction (HFrEF), recent clinical
trials have not shown their benefit in HF patients with
preserved ejection fraction (HFpEF) B0

Aldosterone antagonists. Aldosterone is a steroid hor-
mone produced by the zona glomerulosa of the adrenal
cortex. It plays a key role in regulating blood pressure
and plasma sodium levels through its actions on renal
tubules to promote sodium retention and extracellular
volume expansion. It has also been reported that aldo-
sterone can be produced within the heart.’' This local
aldosterone system responds to short- and long-term
physiological stimuli, suggesting that the cardiac-
generated aldosterone has possible autocrine or para-
crine actions.” Billa et al demonstrated that chronic
administration of aldosterone in the setting of high salt
intake causes both interstitial and perivascular fibrosis
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in the heart’® and that treatment with an aldosterone

antagonist, spironolactone, prevents the increase in
total and interstitial collagen in rats.”*”* Several clini-
cal studies have confirmed survival benefit when aldo-
sterone antagonists are used in HFrEF patients.”*””
However, the risk of hyperkalemia requires frequent
monitoring.”’

Therapies targeting the RAAS have been extensively
studied and shown to be effective in preventing colla-
gen deposition and reducing cardiac fibrosis. While
RAAS inhibition is the mainstay of clinical care, espe-
cially for HFrEF patients, further studies are needed to
examine the efficacy and safety of these therapies for
patients with HFpEF and other forms of cardiac fibro-
sis.

TGF- SIGNALING PATHWAY

Overview of TGF-p signaling. The Transforming
Growth Factor-p (TGF) family of peptides is one of
the most well-studied regulators of the fibrotic
response that plays a central role in the maladaptive
remodeling of the heart after injury.”'®* The expres-
sion of TGFB in myocardial tissue is markedly
increased in both animal experimental models of MI
and in HF patients.®>** The targeting of the TGFB sig-
naling pathway has long been explored as a potential
therapy to curtail fibrosis.””*® One of the challenges of
studying the TGF family includes the complexity of
effects that TGFP peptides can stimulate across multi-
ple cell types and conditions. TGF@ is known to play
key roles in regulating inflammation and ECM deposi-
tion, 2 processes that constitute major phases of the
fibrotic response. In inflammation, TGF{ signaling
inhibits the synthesis of proinflammatory cytokines,
such as TNFa.””%* TGFB1-null mice demonstrate high
levels of autoimmunity, supporting the importance of
TGFP in mediating the inflammatory response.”” On
the other hand, TGFf signaling has been shown to
induce fibroblast transition into activated myofibro-
blasts, the major cellular source for ECM protein depo-
sition that makes up the fibrotic area.’ Due to the
multifunctional roles of TGFP signaling, several stud-
ies have revealed that the specificity and timing of tar-
geting this pathway are crucial for effective
outcomes.”’

Inhibitors of TGFP receptors | and Il. TGF signaling is
activated by the binding of TGFp to a tetrameric recep-
tor complex made up of 2 type I (TGFBRI or ALKS5)
and 2 type IT (TGFBR2) receptors.”' Studies inhibiting
either ALKS5 or TGFBR2 have shown reduced cardiac
fibrosis in mouse models, although adverse effects
such as increased mortality and inflammation were



observed.”>”* Furthermore, long-term inhibition has
serious side effect such as cardiac toxicities, which
limits its clinical application.”* Despite these limita-
tions, there have been promising reports of novel
TGF@ receptor inhibitors on treating cardiac fibrosis.
GW788388 was recently identified as a more potent
inhibitor of both ALKS5 and TGFBR2 with an improved
pharmacokinetic profile”” and minimal toxic effects.”®
Multiple studies have demonstrated that GW788388
reduces myocardial fibrosis in murine heart disease
models.”””” These studies reveal that GW788388 may
be a promising antifibrotic agent that requires further
exploration.

Clinical inhibitors of TGFg—pirfenidone and tranilast.
Pirfenidone and tranilast are 2 clinically-approved
drugs that have a broad range of effects on inflamma-
tion and other fibrotic pathways. However, it has addi-
tionally been established that these drugs are inhibitory
of TGFp signaling. Both have recently been garnering
interest in potentially treating cardiac fibrosis.”” Pirfe-
nidone is an oral antifibrotic drug that was approved by
the FDA in 2014 for the treatment of idiopathic pulmo-
nary fibrosis.”" Pirfenidone has been shown to inhibit
the transcription of TGFf and suppress downstream
effects of TGFp signaling, such as ECM protein upre-
gulation.*” Several recent studies have additionally
demonstrated the antifibrotic effects of pirfenidone in
cardiac disease. Mirkovic et al and Nguyen et al inde-
pendently showed reduced cardiac scarring after treat-
ment of pirfenidone in hypertensive rats and rats with
MI, respectively.**** Similar effects were seen in
murine pressure-overload injury; pirfenidone increased
survival and attenuated collagen deposition.*>*° Clini-
cal trials are ongoing to explore the antifibrotic effects
of pirfenidone in patients with HF and preserved ejec-
tion fraction (PIROUETTE).

Tranilast was originally used as an antihistamine to
treat bronchial asthma, however, since its conception
in the 1980s,"” investigators have found efficacy of tra-
nilast in other medical conditions. One of the main
modes of action of tranilast is the suppression of TGF@3
expression and activity."” Several studies have reported
that tranilast induces downregulation of collagen pro-
duction in fibroblasts.** " Subsequently, the PRESTO
(Prevention of REStenosis with Tranilast and its Out-
comes) clinical trial, despite finding little effects of tra-
nilast on restenosis, noted a reduction in the
development of MI in patients treated with tranilast.”’
The effects of tranilast on attenuating myocardial fibro-
sis have been additionally supported by multiple ani-
mal  models of cardiomyopathy, including
experimental diabetes in rats’” and viral myocarditis in
mice.”” While the antifibrotic effects of tranilast have
been attributed to its regulation of TGFB signaling,
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Kagitani et al reported that tranilast treatment is associ-
ated with decreased monocyte infiltration, which may
also contribute to the reduced fibrosis.”* Others have
reported the anti-inflammatory effect of tranilast to be
related to its ability to inhibit prostaglandin E2, throm-
boxane B2, or interleukin-8. Additionally, the timing
of tranilast administration in relation to time of injury
is a significant factor to consider. See et al showed that
early tranilast treatment of rats with left anterior
descending artery (LAD) ligation (day 0-7 after injury)
exacerbated infarct size, implying a potential hazard
when used early after injury.”

Despite the evidences supporting the antifibrotic
effects of both pirfenidone and tranilast, studies have
shown that prolonged dosages of either of these drugs
can have hepatic toxicity and may lead to liver fai lure.*®
Therefore, more research is warranted to explore alter-
native methods that can safely, but efficaciously, target
TGFR signaling for reduction of cardiac fibrosis.

BIOMATERIAL APPLICATIONS

Overview of biomaterials. Biomaterials are natural or
engineered substances that interact with biological sys-
tems and are used to replace or repair tissues of the
body. There has been a vast array of applications of
biomaterials for controlling cardiac fibrosis. In addition
to providing a platform for controlled release of antifi-
brotic compounds, biomaterials may also provide
mechanical support to the infarcted tissue and decrease
elevated wall stress, resulting in improved cardiac
function.”® Both naturally-derived biomaterials such as
collagen,”” fibrin,'""'"? and alginate,'”*'" in addi-
tion to synthetic materials including metals and poly-
mers,'"® have been used in cardiac applications. While
natural biomaterials tend to offer better compatibility
and low immunogenicity, the main benefits of syn-
thetic materials are their strength and durability.'"’
When combined with cells or cytokines/growth factors,
biomaterials may offer enhanced retention of their pay-
load leading to improved engraftment or biological
function.'” This review will focus on 2 main classes
of biomaterials with cardiovascular applications.

Injectable biomaterials. In recent years, injectable
biomaterials have seen a significant increase in applica-
tion toward treating ML'""'" Hydrogels based on
alginate and chitosan have been shown to decrease car-
diac fibrosis, reduce tissue inflammation, and improve
vascularization.'”*'** Combined with antifibrotic/anti-
inflammatory compounds or stem cells, the therapeutic
potential of injectable biomaterials can be further
expanded. In a rat chronic myocarditis model, gelatin
hydrogel sheets containing hepatocyte growth factor
were found to improve cardiac function and fibrosis."""



Hepatocyte growth factor (HGF) serves as a favorable
candidate as it suppresses fibrosis by inhibiting TGF
(suppressing collagen synthesis) and activating metal-
loproteinase-1 to increase collagen degradation.''*'"
In addition to its antifibrotic effects, reports have also
indicated their role in angiogenesis''*"''® and tissue
regeneration.''’ Other growth factors incorporated
with injectable biomaterials include basic fibroblast
growth factor,''®""” vascular endothelial growth fac-
tor,"””""*> and platelet-derived growth factor.'**'?*
Collectively, there is significant amount of research on
the development of injectable biomaterials with antifi-
brotic compounds or biologics to reduce fibrosis and
promote healing.

Cardiac patches. Cardiac patches generally contain
cells combined with a natural or synthetic biomaterial,
although acellular patch therapies and cell sheets have
also been investigated. While many in vivo studies in
small animals have shown an improvement in cardiac
function, one limitation with this application is the
thickness of the material due to diffusion limita-
tions.'*>'** The use of a collagen scaffold for cardiac
patch has been well studied in combination with a vari-
ety of cell types.”®'?”"'?’ Fibrin cardiac patches have
also contributed to improved cell delivery and cardiac
function in large animal models.'”"'**"*! Processed
decellularized cardiac ECM has also shown promise as
an injectable hydrogel'**'** and patch.'*>"* This is a
naturally-derived matrix that provides cells with tis-
sue-specific biochemical cues important for cell migra-
tion and differentiation, and tissue regeneration. Pieces
of the myocardium (or the entire heart) may be chemi-
cally or enzymatically digested to obtain cardiac
ECM.'"*? The major compositions of decellularized
cardiac ECM include collagen, elastin, and fibronectin.
It should be noted that although fibronectin has been
shown to activate cardiac fibroblasts into myofibro-
blasts,'*” it is thought that other factors or cytokines
within the cardiac ECM matrix may offset this activa-
tion and lead to overall benefit.''* Other clinical stud-
ies on the use of ECM are underway.'**'*"

Injectable biomaterials and cardiac patches for the
treatment of MI have recently been launched in clinical
trials. While many promising studies have been com-
pleted in rodent and large animal models, further stud-
ies are needed to better understand the mechanisms
behind their observed effects as well as utility for clini-
cal applications.

CELL TRANSPLANTATION THERAPY

Overview of cardiac cell therapy. Reduction of blood
flow and oxygen to the heart resulting from ischemia
can lead to irreversible loss of CMs and replacement
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with fibrotic scar tissue. Although traditional medical
therapies are beneficial, many patients eventually prog-
ress to end-stage HF, with cardiac transplantation as
the only definitive option. Due to the limited supply of
donor hearts and potential complications from chronic
immunosuppressive therapy, investigators have turned
to therapeutic approaches aimed at improving myocar-
dial function by cell transplantation.'*'"'** The incep-
tion of the use of stem cells as a form of cardiac
therapy initially emerged in animal studies over 20
years ago'** and reached clinical trials 10 years there-
after.'"” Despite early promises, there is no evidence to
suggest that current approaches for cardiac cell therapy
offer any clinical benefit. Although there are many
strategies of cell therapy, this review will focus on 2
main avenues: (1) direct remuscularization of injured
heart and (2) targeting endogenous mechanisms of
repair.

Direct remuscularization of fibrotic tissue in injured
heart. The concept behind this approach is that trans-
plantation of cells into the injured area may lead to
integration with viable cells in the host myocardium,
thereby improving cardiac contraction and reducing
the risk of ventricular rupture or aneurysms. For this
reason, many different cell types have been explored
as a source for cell transplantation, including autolo-
gous skeletal myoblasts,"*® bone marrow-derived
CD34+ cells (endothelial progenitor cells),'*” C-kit
surface antigen-selected cells,'™ ESC/iPSC-derived
CM precursors,*”'"* and ESC/iPSC-derived CM.">*
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Clinical application of skeletal myoblasts failed due
to concerns over arrhythmias generated by the trans-
planted cells."”” C-kit surface antigen-selected cardiac
progenitor cells initially showed some promise owing
to their potential to proliferate and differentiate into
the new myocardium, although later studies have chal-
lenged the existence of such cells that could generate
new CMs."”*'*” Human pluripotent stem cells (hPSC)
were first characterized in 1998 and'®” have been used
to generate CMs in vitro and in vivo. Nevertheless,
injection of hPSC-derived CMs or progenitors in large
animal models after an acute MI have raised safety
concerns such as ventricular fibrillation/tachycar-
dia.">*'°"'%? One possibility is the potential contami-
nation of noncardiac or pacemaker cells in the hPSC-
derived population capable of inducing arrhythmias.
Another possibility is failure of transplanted hPSC-
derived cardiac cells to physiologically couple with
endogenous CMs, leading to disruption of cardiac
action potential propagation. Alternative to direct
injection of cells into the injured myocardium, others
have used bioengineering approaches such as scaffolds
or patches for cell therapy (discussed in detail above).



Menasché and others developed a sheet of PSC-derived
CM:s and applied it onto the surface of the scar and bor-
der zone in MI hearts.'*” This single case report study
was the first clinical application of hPSC-derived car-
diac cell therapy and no safety issues were reported.
However, epicardially-administered cells are unlikely
to engraft, migrate, and integrate into the host myocar-
dial tissue. Despite the promising advancement in
developing contractile cardiac cell products and suc-
cessfully applying them in animal models,'” further
studies are still needed to optimize this strategy to
enhance the safety and long-term engraftment of trans-
planted cells.'®*

Stimulation of endogenous cardiovascular progenitors
and/or CMs for regenerative therapy. This approach
aims to use cells or their by-products to induce endoge-
nous progenitors or CMs to proliferate and replace
fibrotic tissue in the injured myocardium via paracrine-
mediated effects. However, no study has yet provided
unequivocal evidence for the existence of cardiac pro-
genitors in adult human hearts. Studies have shown
that certain cells have myogenic differentiation capac-
ity“"' or release by-products, such as exosomes,”‘ﬁ that
may stimulate cardiac regeneration. Other studies have

used adult undifferentiated progenitor cells such as
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bone marrow aspirated mononuclear cells, ™ marrow-
derived mesenchymal stem cells (MSCS),W'Ihs and
resident adult cardiac progenitors (CPCs)'® to stimu-

late endogenous pathway for regenerative therapy. A
clinical trial involving the use of MSCs is ongoing,
despite its uncertain efficacy.'”’ Some studies have
revealed an improvement in scar size,'”' while others
have shown no benefit.'”* Preclinical studies of CPCs
suggested that these cells possess myogenic differenti-
ation capacity, however, further mechanistic studies
revealed their anti-inflammatory and antifibrotic prop-
erties, as well as ability to stimulate endogenous car-
diac progenitor and CMs.'”* 7 Other genetic fate-
mapping studies have shown that endogenous
CPCs' "7 and MSCs'”'7%'" produce new CMs,
although the percentage of CMs emerging from the
CPCs and MSCs was extremely low. Altogether,
engraftment of MSCs and CPCs is lower compared to
ESC/iPSC-based strategies but leads to significant
improvement in left ventricular function and reduction
of scar size.' "% These findings promised a para-
digm shift in cardiac biology and new opportunities for
future regenerative therapy. However, several years
after these findings, a consensus on the biological role
of these populations remains obscure.

In summary, although significant advancements
have been made in cell therapy, several critical issues
remain. In order to expedite clinical application of cell
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therapy, a better understanding of the mechanism of
action, improvement in cellular delivery and retention,
purification of the desired cell types, and functional
integration of transplanted cells need to be addressed.

DIRECT REPROGRAMMING OF FIBROBLASTS

Overview of cardiac direct reprogramming. The devel-
opment of cardiac fibrosis is driven by the proliferation
and activation of cardiac fibroblasts, which become the
main cellular components of scar tissue.'*" Consider-
ing the abundance of this cell type within the fibrotic
region, they may be an ideal target for direct reprog-
ramming to generate CMs to replace the scar and
restore cardiac function.'®' In 2010, leda et al demon-
strated the ability to reprogram postnatal murine der-
mal and cardiac fibroblasts into induced CM-like cells
by transducing the cells with 3 factors (Gata4, Mef2c,
and Tbx5, hereafter collectively referred to as
GMT)."" The resulting cells expressed CM-specific
markers such as cardiac troponin T and «-myosin
heavy chain.'®> Wada et al further demonstrated that
transduction with GMT plus additional factors Mespl
and Myocardin could produce induced CM-like cells
from human fibroblasts.'®* This has generated enthusi-
asm for improving and utilizing direct reprogramming
for potential therapeutic purposes.

In vivo direct reprogramming by retroviral delivery of
transcription factors. The potential of direct reprogram-
ming to be used for treating ischemic heart disease was
first explored in 2012 by several groups that attempted
to apply successful in vitro results to an in vivo setting.
Qian et al and Song et al independently reported suc-
cessful reprogramming of resident fibroblasts to
induced CMs in murine hearts after LAD ligation by
retroviral transduction of GMT and GMT plus Hand2,
respectively.'*'®> Both groups observed increased
reprogramming efficiency in vivo compared to in vitro,
suggesting that the cardiac environment may influence
the reprogramming process. However, the percentage
of cells that were successfully reprogrammed remained
low. Inagawa et al reported an improvement in the
reprogramming efficiency with GMT by using a retro-
viral polycistronic vector.'* All 3 studies demon-
strated that retroviral delivery of GMT or GMHT into
the murine heart after an experimental MI could reduce
the extent of cardiac fibrosis, solidifying the therapeu-
tic potential for direct reprogramming.

‘While numerous groups have reported successful
direct reprogramming of cardiac fibroblasts in murine
ischemic heart disease models, the clinical translation
of this approach has not been fully addressed. Retrovi-
ral delivery involves random insertion of DNA into the



host cell’s genome which makes this mechanism of
reprogramming potentially pathogc:nic.m7 Therefore,
nonintegrative methods of reprogramming that can be
safely applied to human patients are warranted. There
is an additional need to verify the safety and efficacy
of direct reprogramming of cardiac fibroblasts to
induced CMs-like cells in large animal models as a pre-
clinical prelude to future human studies.

Potential clinical applications of direct reprogramming.
Nonintegrative viral vectors such as Adenovirus
(AdV), Adeno-associated viruses (AAV), and Sendai
virus (SeV) have recently garnered interest in the
reprogramming field. AdVs are a widely used research
tool that can transduce a variety of cells with high effi-
ciency. A recent report demonstrated that AdVs encod-
ing GMT were able to induce cardiac reprogramming
in a rat infarct model to a similar degree as an integra-
tive viral vector (lentivirus).ng However, clinical appli-
cations of AdVs have been dampened by their high
irnmunogenicity.'” AAVs, on the other hand, are a
more viable option as they are able to target various cell
types similar to AdVs but exhibit significantly reduced
immunogenicity.'” Clinical trials investigating the use
of AAVs for gene therapy in various conditions are cur-
rently underway.'”' Yoo et al demonstrated that chime-
ric-AAVs encoding GMT are able to induce direct
cardiac reprogramming and reduce infarct size after
LAD ligation in mice.'” Finally, SeVs are a relatively
new tool for gene therapy that is gaining attention due
to their lack of integration and high expression of viral
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genes.'” Indeed, SeV vectors expressing GMT have
been shown to significantly increase the efficiency of
cardiac reprogramming in mouse infarct hearts, com-
pared to retroviral vectors, and resulted in lower levels
of fibrosis.'**'*?

Several studies have also explored the potential to
directly reprogram fibroblasts into CMs by nonviral
methods. Recent reports have shown the ability to repro-
gram mouse fibroblasts into CMs by addition of small
molecules in vitro.'”*'”” Additionally, another group
has demonstrated the capabilities of miRNA transfection
in cardiac reprogramming in vivo.'” These advance-
ments have laid a framework for a future in vivo reprog-
ramming without the need for viral transduction.

EMERGING NOVEL ANTIFIBROTIC THERAPEUTIC
STRATEGIES

Noncoding RNAs in cardiac fibrosis. There have been
several exciting findings for other novel antifibrotic
therapeutic strategies. Several studies have identified a
variety of noncoding RNAs (miRNAs and IncRNA)
which may modulate fibrosis.'””*"" miRNA-21,>"!
miRNA-29,”’” and miRNA-34""" are a few of the iden-
tified miRNAs that are being extensively characterized
for their role in regulating cardiac fibrosis. Silencing of
miRNA-21 and miRNA-34 reduced fibrosis while
downregulation of miRNA-29 exacerbated collagen
production. These data suggest that a variety of

Stem Cell Therapy
«Direct remuscularization
«Stimulation of endogenous cells

Fibroblasts

Fig 1. Schematic diagram depicting potential therapeutic strategies for targeting cardiac fibrosis.



Table 1. Animal and clinical studies assessing cardiac fibrosis therapies.

Therapeutic Strategy Dosage Year Model of Fibrosis Species Ref
Target
RAAS Renin inhibition 0.5-50mg/kg”/day 2013 Hyperhomocysteinemia-  Mice 2
(aliskiren) induced myocardial
fibrosis
Pro-renin receptor 0.1mg/kg’/day 2016 Myocardial infarction Mice =5
blockade (mouse HRP)
ACE inhibition (lisinopril)”  2.5-20mg/kg’/day 1991 Spontaneous hypertension  Rat @
ACE inhibition 0.3mg/kg’/day 1995 Spontaneous hypertension  Rat o
(trandolapril)’
ACE inhibition 2g/L water 1997 Spontaneous hypertension Rat a4
(captopril)’
ACE inhibition (lisinopril)  20mg/day 2000 Patients with primary HTN,  Human 2
LV hypertrophy, and LV
diastolic dysfunction
ACE inhibition 4mg/day 2006 HFpPEF Human %
(perindopril)’
ACE inhibition 10-100mg/kg” 2017 LPS-induced inflammation  Rat 5
(captopril)’
ARB (losartan)’ 10mg/kg*/day 1997 Myocardial infarction Rat .
ARB (valsartan)’ 1mg/kg’/day 2002 Transaortic constriction Mice ..
ARB (candesartan)’ 32mg/day 2003 HFpEF Human 95,
ARB (irbesartan)’ 300mg/day 2008 HFpEF Human =
Aldosterone antagonist  20-200mg/kg”/day 1992 Renovascular hypertension Rat o
(spironolactone)’
Aldosterone antagonist  12-75mg/day 1996 Chronic HF patients Human o8
(spironolactone)’
Aldosterone antagonist  25mg/day 1999 HFrEF Human o
(spironolactone)’
Aldosterone antagonist  15-45mg/day 2014 HFpEF Human o7
(spironolactone)’
Aldosterone antagonist  15mg/day 2018 HFpEF Human &0
(spironolactone)’
TGFB Signaling  TGFBRII plasmid N/A 2004 Myocardial infarction Mice G
transfection
SM16 (inhibitor of ALK5) 0.45g/kg chow 2014 Pressure overload Mice =
GW788388 (inhibitor of 50mg/kg’/day 2010 Myocardial infarction Rats 72
ALK5 and TGFBRII)
GW788388 (inhibitorof ~ 3mg/kg” 2012 Chagas Mice w
ALK5 and TGFBRII)
GW788388 (inhibitorof  5mg/kg*/day 2017 Scnba+/- Mice 78
ALKS5 and TGFBRII)
Pirfenidone 250-300mg/kg"/day 2002 DOCA-salt hypertension Rats 63
Pirfenidone 1.2% in chow 2010 Myocardial infarction Rats B
Pirfenidone 200mg/kg” 2013 Pressure overload Mice i
Pirfenidone 400mg/kg” 2015 Pressure overload Mice i
Tranilast 100mg/kg’/day 2004 DOCA-salt hypertension Rats s
Tranilast 300mg/kg” 2013 Myocardial infarction Rats 28
Tranilast 200mg/kg’/day 2016 Viral myocarditis Mice i
Biomaterials Hydrogel (alginate) N/A 2009 Myocardial infarction Porcine 104
Hydrogel (polyester- N/A 2011 Myocardial infarction Rats 1)
VEGF)
Hydrogel (decellularized  N/A 2012 Myocardial infarction Rats nas
ECM)
Hydrogel N/A 2014 Myocardial infarction Rats 103
(clginate-chitosan)
Hydrogel (gelatin-HGF) ~ N/A 2014 Chronic myocarditis Rats 13
Hydrogel N/A ongoing CABG affer myocardial Human 158
(CorMatrix®-ECM) infarction
Hydrogel (VentriGel) N/A ongoing STEMI undergoing PCI Human L
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Table 1. (Continued)

Therapeutic Strategy Dosage Year Model of Fibrosis Species Ref
Target
Patch (alginate- N/A 2009 Myocardial infarction Rats 120
neonatal rat CMs)
Patch (hiPS-CMs) N/A 2012 Myocardial infarction Porcine 130
Patch (decellularized N/A 2016 Ischemia-reperfusion Porcine 136
ECM)
Glue (fibrin-FGF) N/A 2010 Myocardial infarction Canine 18
Microspheres N/A 2006 Myocardial infarction Canine L2
Self-assembling peptides  N/A 2008 Myocardial infarction Rats 123
(skeletal
myoblasts-PDGF)
Self-assembling peptides N/A 2011 Myocardial infarction Rats 124
(PDGF-FGF)
Scaffold N/A 2011 Myocardial infarction Porcine 100
(fibrin-ECs-SMCs)
Cell Direct Remuscularization  N/A 1993 Mice 1%
Transplantation  skeletal (myoblasts)
Direct Remuscularization  N/A 2004 Myocardial infarction Human 145
(BM-MSCs)
Direct Remuscularization  N/A 2005 Myocardial infarction Human L
Direct Remuscularization  N/A 2006 Myocardial infarction Human 22
(hematopoietic BM
stem cell)
Direct Remuscularization  N/A 2006 Myocardial infarction Human 143
(BM-derived progenitor
cells)
Direct Remuscularization  N/A 2008 Ischemic Cardiomyopathy Human 54
(myoblast)
Direct Remuscularization  N/A 2012 Ischemic Cardiomyopathy Human 210
(cardiac stem cell)
Direct Remuscularization  N/A 2014 Myocardial infarction Monkey it
(NESC-CMs)
Direct Remuscularization  N/A 2014 Myocardial infarction Pig 156
(NESC-CMs)
Direct Remuscularization  N/A 2015 Myocardial infarction Rat 153
(hESC-CMs and
hESC-CVPs)
Direct Remuscularization  N/A 2015 Severe heart failure Human L
(hESC-CVPs)
Direct Remuscularization  N/A 2015 Myocardial infarction Rat 158
(NESC-CMs)
Direct Remuscularization  N/A 2016 Refractory Angina Human 497
(CD34+ Cell)
Direct Remuscularization  N/A 2016 Myocardial infarction Monkey 1s
(myoblast)
Stimulation of N/A 2001 Myocardial infarction Mice 166
Endogenous CVPs
Stimulation of N/A 2008 Ischemic heart disease Human 168
Endogenous CVPs
(BM-MSCs)
Stimulation of N/A 2009 Myocardial infarction Pig I8
Endogenous
CVPs (BM-MSCs)
Stimulation of N/A 2010 Myocardial infarction Pig Iz
Endogenous CVPs
(BM-MSCs)
Stimulation of N/A 2011 Myocardial infarction Mice 24
Endogenous
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Table 1. (Confinued)

Therapeutic Strategy Dosage Year Model of Fibrosis Species Ref
Target
CVPs (cardiac
stem cell c-kit")
Stimulation of N/A 2012 Heart failure due to Human 162
Endogenous CVPs Ischemia
(cardiac stem cell
ckit)
Stimulation of N/A 2013 Myocardial infarction & Human )
Endogenous CVPs Ischemic heart disease
(BM-MSCs)
Stimulation of N/A 2013 Myocardial infarction Mice 175
Endogenous CVPs
(cardiosphere-derived
cells)
Stimulation of N/A 2015 Myocardial infarction Pig it
Endogenous CVPs
(MSCs and cardiac
progenitor cells)
Stimulation of N/A 2017 Myocardial infarction Pig 168
Endogenous CVPs
Direct GMT N/A 2010 N/A In vitro - in 82
Reprogramming  (refrovirus/lentivirus) vivo (Mice)
GMT/GMTMM N/A 2013 N/A in vifro e3
(refrovirus/lentivirus) (Human)
Small molecule N/A 2014 N/A In vitro (Mouse) '7®
cocktail + Oct4
Chemical cocktail N/A 2015 N/A In vitro (Mouse) 77
GMT (retrovirus) N/A 2012 Myocardial infarction Mice 184
GMHT (retrovirus) N/A 2012 Myocardial infarction Mice 165
GMHT (retrovirus, N/A 2012 Myocardial infarction Mice 66
polycistronic)
miRNAs (1, 133,208, and  N/A 2015 Myocardial infarction Mice 198
499)
GMT (adenovirus) N/A 2017 Myocardial infarction Rafs 188
GMT (chimeric AAV) N/A 2018 Myocardial infarction Mice 1oz
GMT (sendai virus) N/A 2018 Myocardial infarction Mice 194

“Currently used clinical therapy
*Body weight

miRNAs possess both antifibrotic and profibrotic roles.
Additionally, IncRNAs have gained interest as another
family of regulatory noncoding RNAs in cardiac fibro-
sis. Wisper and MIAT are 2 recently identified
IncRNAs that function to regulate fibrosis-related
genes.”™*?% There remain challenges in targeting miR-
NAs and IncRNAs for therapy due to their broad and
nonspecific effects. Ongoing efforts to identify the
molecular targets of these noncoding RNAs will
undoubtedly shed light on this novel therapeutic
approach.

Epigenetic modifiers in cardiac fibrosis. The contribu-
tion of epigenetics to the development of cardiac
fibrosis is an additional growing field. Evidences
have shown that modifications to the epigenetic
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landscape of various cell types can arise from differ-
ent stimuli and stresses. These changes can regulate
the expression of proinflammatory and profibrotic
genes in immune cells and cardiac fibroblasts.”"
Therefore, therapies targeting epigenetic modifiers
may be promising in reversing pathologic symptoms
in cardiac fibrosis. Preliminary studies have shown
that histone deacetylase inhibitors, such as Moceti-
nostat, can reverse cardiac fibrosis by targeting car-
diac  fibroblast  activation.”’*%  Additionally,
inhibition of the epigenetic reader BRD4 was shown
to reduce fibrosis in mice undergoing MI.>"’ These
findings have been mainly from preclinical studies
and require further exploration as a promising tool
for treating cardiac fibrosis in the future.



CONCLUSIONS

In this review, we discussed several potential thera-
peutic options for preventing or reducing cardiac fibro-
sis (Fig 1). While the research conducted in these fields
has exhibited great promise, there remain challenges
for translating these data into clinical practice. Both
the RAAS and TGF( pathway are major signaling cas-
cades that significantly regulate the development of
cardiac fibrosis. Targeting the RAAS has shown nota-
ble promise in the clinic, but it is unknown whether
their effects can be seen in patients with different types
of CVD. Inhibitors of components from the TGFp
pathway have shown strong evidences of reducing
fibrosis in animal models, although their applications
in the clinic require further investigation. The goal of
cell transplantation has been to replenish cardiac mus-
cle and replace fibrotic tissue. Questions remain
regarding the most suitable cell type for transplantation
and how to promote functional integration of trans-
planted cells into the recipient hearts. The development
of engineered biomaterials in the form of hydrogels or
cardiac patches has begun to address some of these
limiting factors. It is likely that the future success of
cell therapy will ultimately involve a combinatorial
approach where the ideal cell types are embedded
within a scaffold for optimal cell survival, differentia-
tion, and functional integration into the host myocar-
dium while replacing the scar tissue. Direct
reprogramming provides a novel method of replacing
pathologic fibroblasts with induced CMs. However, the
safety of in vivo reprogramming still requires valida-
tion in large animal models. It is likely that a combina-
tion of various therapies will be necessary to address
the complex pathology of cardiac fibrosis.

An obstacle not discussed in detail in this review is
the significant difficulty in translating results from ani-
mal studies to human subjects. The majority of transla-
tional research is conducted in rodents (mice or rats),
which exhibit significantly different characteristics in
cardiac physiology compared with humans (Table I).
These differences have been reflected by poor clinical
trial outcomes despite promising preclinical data.
There has been a movement in recent preclinical work
to be conducted in larger animal models (pigs and non-
human primates), which more closely resemble human
physiology. However, there are still species-specific
differences that can hinder the development of effica-
cious therapies. Continued research, considering these
factors, on potential antifibrosis therapeutic strategies
will help to progress these therapies to the clinic.
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