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Patients with heart failure with preserved ejection fraction (HFpEF) and atherosclerosis-driven coronary artery disease

(CAD) will have ongoing fibrotic remodeling both in the myocardium and in atherosclerotic plaques. However, the

functional consequences of fibrosis differ for each location. Thus, cardiac fibrosis leads to myocardial stiffening, thereby

compromising cardiac function, while fibrotic remodeling stabilizes the atherosclerotic plaque, thereby reducing the risk of

plaque rupture. 
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1. Dual Roles of Fibrotic Remodeling in Cardiovascular Disease

Fibrosis, the accumulation of extracellular matrix (ECM), occurs in most diseases of the heart. Nevertheless, no anti-

fibrotic drugs targeting the heart exist to date. This may, in part, be due to the dual role of fibrosis, being beneficial or

detrimental depending on the context. The replacement fibrosis that occurs in response to myocardial infarction (MI) can

be lifesaving as the rapid production of ECM substitutes dying cardiomyocytes, thereby, to some extent, maintaining the

mechanical integrity of the myocardial tissue. Although myocardial function will be compromised, and these patients are at

risk of developing heart failure with reduced ejection fraction (HFrEF), fibrotic remodeling prevents the ventricle from

rupturing, which would otherwise lead to sudden death . Thus, fibrosis is crucial for providing mechanical strength after

acute injury. In other more chronic contexts, fibrotic remodeling is detrimental to tissue function. During hypertrophic

remodeling, i.e., in the pressure-overloaded heart, excessive fibrotic remodeling causes stiffening of the myocardium and

severely compromises the diastolic function of the heart. This type of fibrosis is called “reactive fibrosis” and presents as

interstitial fibrosis (deposited between cardiomyocytes) and perivascular (deposited around the vasculature) . Reactive

fibrosis is thought to be a main driver for development of heart failure with preserved ejection fraction (HFpEF).

HFpEF, which accounts for more than half of all heart failure cases and is rising progressively , is defined by reduced

filling of the ventricle during diastole while the contraction in systole is preserved. Myocardial stiffening is the main cause

of reduced ventricular filling. Although myocardial stiffening can be caused by the impaired relaxation of cardiomyocytes

, there is a strong correlation between myocardial extracellular volume fraction with death and hospitalization of heart

failure patients , indicating that cardiac fibrosis is the main driver of myocardial stiffening . Furthermore, endothelial-

independent coronary microvascular dysfunction (CMD) is prominent in HFpEF patients , indicating that perivascular

fibrosis increases microvascular resistance in this patient sub-group. Thus, there is compelling evidence that reducing

cardiac fibrosis would be beneficial for HFpEF patients.

It is important to understand the complicated and heterogenous nature of cardiovascular disease, where patients often

present with multiple cardiovascular complications. Particularly HFpEF patients are a heterogenic group with one or more

of the following conditions: obesity, diabetes, hypertension and advanced age. These conditions are also substantial risk

factors for coronary artery disease (CAD). Indeed, a recent study by Rush et al.  demonstrated that 51% of the studied

HFpEF patients also had obstructive epicardial CAD and that this condition was unrecognized prior to the study

examination.

CAD is usually caused by atherosclerosis, the formation of a plaque inside the arterial wall. Fibrotic remodeling is crucial

for the stabilization and healing of the atherosclerotic plaque  as the extracellular matrix is the main component of the

fibrous cap that separates the highly thrombogenic necrotic core of the atherosclerotic plaque from the blood. The rupture

of the plaque and the subsequent formation of thrombi obstruct the flow and perfusion to parts of the myocardium, thereby

causing MI, the main cause of death worldwide . Typically, prone-to-rupture plaques are characterized by the presence

of a large lipid-rich necrotic core enclosed by a thin fibrous cap that is poor in collagen , suggesting the inhibition of

fibrotic remodeling and collagen production may destabilize the atherosclerotic plaque.
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The described dual roles of fibrotic remodeling in myocardial stiffening and atherosclerotic plaque stability add another

layer of complexity regarding the development of future cardiac anti-fibrotic drugs in patients with HFpEF and CAD. To

clarify the similarities and differences in the regulation of the fibrotic remodeling of the myocardium and coronary

atherosclerotic plaques, here show the main cell types and signaling pathways that regulate ECM production and

degradation in each of these cardiac locations (Figure 1).

Figure 1. Dual roles of fibrotic remodeling in cardiovascular disease. Targeting ECM remodeling to reduce cardiac fibrosis

in patients with Heart Failure with Preserved Ejection Fraction (HFpEF) and atherosclerosis-driven coronary artery

disease (CAD) may entail a risk of destabilizing coronary atherosclerotic plaques, thereby causing myocardial infarction

(MI). Cardiac fibroblasts (CFs) and vascular smooth muscle cells (VSMCs) regulate fibrotic remodeling of the myocardium

and atherosclerotic plaque, respectively. They change phenotype in response to pathological stress and increase their

production of ECM. These ECM-producing pathological CFs and VSMCs are given different names in the literature (as

listed in the figure), depending on their phenotype, but may indicate similar subpopulations. These described cells are

central for the induction of interstitial and perivascular fibrosis in HF patients and stabilization of the coronary

atherosclerotic plaques in patients with CAD. The optimal treatment of patients with HFpEF and CAD should reduce

cardiac fibrosis while maintaining, or promoting, a stable atherosclerotic plaque.

2. Cardiac Fibroblasts Regulate Fibrotic Remodeling of the Myocardium

Cardiac fibroblasts (CFs) are the main regulators of ECM production and maturation in the interstitial and perivascular

areas of the heart. Under resting conditions, CFs maintain a healthy ECM by appropriately balancing production and

degradation as well as regulating the composition and structure of the ECM . Although a single unique molecular

marker for CFs has not been identified, they are normally distinguished from other interstitial cells by the expression of

collagen type I, the platelet-derived growth factor receptor alpha (PDGFRα), discoidin domain receptor tyrosine kinase 2

(DDR2)  and the transcription factor TCF21 . In fact, TCF21 is required for the differentiation of epicardial cells

into CFs , whereas the loss of TCF21 commits progenitors to coronary artery VSMC lineage . Thus, TCF21 is

decisive for the lineage fate of epicardial progenitor cells during development.

In response to pathological stress such as injury, chronic inflammation or changes in the mechanical environment, CFs

become activated. Depending on the type of stress, fibroblast activation may involve one or more of the following

functional effects: Increased proliferation, increased migration, excessive ECM production and acquisition of smooth

muscle cell (SMC)-like features such as the ability to contract. Interestingly, TCF21 expression is lost in pathological

conditions that induce fibrotic remodeling , suggesting that TCF21 may function as a master switch determining CF

phenotype and pushing CFs toward an SMC-like phenotype.

The contractile property of activated fibroblasts was first described in 1971 by Gabbiani and colleagues, who introduced

the cell ‘myofibroblast’ after an electron microscopy study of granulation tissue contractility. They induced contraction in

strips of granulation tissue fibroblasts by agents known to contract the smooth muscle and observed functionally and

morphologically characteristics close to that of SMCs . Indeed, myofibroblasts are characterized by the presence of

contractile α-smooth muscle actin (αSMA, encoded by the gene Acta2) filaments. However, recent data suggest that

Acta2 is not required for the pro-fibrotic activity of myofibroblasts since the CF-specific deletion of Acta2 did not

significantly affect contractility of myofibroblasts in vitro or cardiac repair and function following MI in vivo . In

agreement, early-stage myofibroblasts, named ‘proto-myofibroblasts’, are contractile despite a lack of αSMA . In addition

to their contractile function, myofibroblasts secrete excessive amounts of ECM proteins, such as collagens. Thus,

myofibroblasts have long been known as key effector cells mediating ECM remodeling and fibrosis in most organs .

Myofibroblasts are suggested to derive from multiple cell types, including endothelial cells , bone marrow-derived cells

and macrophages. However, compelling lineage-tracing studies using periostin (Postn) and Tcf21 to label myofibroblasts
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and resting CFs, respectively, identified resident CFs as the main source of myofibroblasts in mouse models of heart

disease . Perivascular Gli1-positive mesenchymal stem cell-like cells are also shown to contribute to the

myofibroblast pool in the mouse model of heart failure  and were recently confirmed in human myocardial tissue after

MI .

Recent single-cell transcriptomics studies revealed several new CF sub-populations in the healthy and diseased hearts of

animal models  and humans . Thus, in addition to the well-studied myofibroblast, it seems that CFs are

more phenotypically dynamic than previously thought. E.g., two new fibroblast sub-populations, Cilp-positive and Thbs4-

positive, were identified in angiotensin II (Ang II)-infused mouse hearts where Cilp-positive were the most fibrogenic cell

type of the two. Both Cilp- and Thbs4-positive fibroblasts populations were not identified as myofibroblasts based on the

lack of Acta2 expression , thus, questioning the traditional view that myofibroblasts are the main protagonists in

cardiac fibrosis. Furthermore, a sophisticated lineage tracing study by the Molkentin lab described the dynamic

differentiation path of CFs during the course of cardiac remodeling following MI . Interestingly, myofibroblasts further

differentiated into a new stable phenotypic state referred to as matrifibrocytes, which were also present in the mature

scars of patients with MI. Matrifibrocytes were characterized by the expression of ECM genes typically expressed by

chondrocytes and osteoblasts (e.g., Comp and Chad), suggesting an adaptive response to the highly stiff collagenous

fibrotic environment. Along these lines, CFs were found to adopt an osteoblast cell-like fate during heart muscle

calcification . Thus, it is becoming increasingly clear that CFs adopt several phenotypes that change dynamically during

the course of the disease.

Convincing human single-cell RNAseq (scRNAseq) of diseased human hearts, with sampling more than three patients

and having a sufficient cell depth, is rare. A recent publication by Koenig et al. laid the foundation and will hopefully be

followed by two major studies this year  (bioRxiv). Interestingly, RUNX1 and Gli1 are highlighted as important

transcription factors (TF) for myofibroblast differentiation . Together with the findings in mice, it points towards the

conserved disease role of Gli1 in myofibroblast differentiation and adds RUNX1 as a driver in humans. On the contrary,

TCF21 was not reported as a marker of activated CFs ; thus, TCF21 might be a unique driver in mouse

myofibroblast differentiation or important for the early onset of disease. It will be interesting to see if CF sub-populations

produce ECM with specific compositional profiles and whether these activities can be recapitulated in vitro. 

3. Vascular Smooth Muscle Cells Regulate Fibrotic Remodeling in
Coronary Atherosclerotic Plaques

In the healthy state, VSMCs reside in the medial layer of the arterial wall and are defined by their contractile phenotypic

state, which is essential for the regulation of vascular tone and structural integrity. They have minor proliferative and ECM-

producing activity, secreting only low amounts of ECM components such as elastin, collagen and proteoglycans to provide

structural support and elasticity to the vessel wall .

Although healthy VSMCs display a highly differentiated contractile state, they retain remarkable plasticity and, in response

to pathological stimuli, undergo phenotypic switching  that is characterized by the loss of contractile markers,

including ACTA2, SM myosin heavy chain 11 (MYH11) and SM22α (also referred as transgelin, TAGLN), and increase in

their ability to produce ECM, proliferate and migrate .

The emergence of lineage-tracing transgenic mice enabled cell-type-specific labeling and fate mapping of VSMCs in

different disease models regardless of the presence or absence of contractile markers . These studies revealed

that in atherosclerotic lesions, VSMCs might adopt several phenotypic states, including an osteo-chondrogenic phenotype

that is present in advanced atherosclerotic plaques with ongoing calcification and a fibroblast-like phenotype,

characterized by the reduced expression of contractile genes (ACTA2) and increased expression of the small leucine-rich

proteoglycans (SLRPs), lumican, decorin and biglycan . To illustrate the opposite phenotypic trajectory to

fibroblast-derived myofibroblasts, this VSMC-derived phenotype was named a ‘fibromyocyte’. Considering the common

features in CF-derived myofibroblasts and VSMC-derived fibromyocytes, it is tempting to speculate that there exists a

continuous phenotypic spectrum ranging from CFs to VSMCs, where CF- and VSMC phenotypes move toward each other

during disease. Indeed, the expression of the matricellular genes POSTN and SPP1, which are known to be expressed by

activated CFs , was identified as key drivers of VSMC phenotypic switch in human atherosclerosis . However, it is

unclear to what extent VSMC-derived “fibromyocytes” exhibit a similar transcriptional profile to CF-derived myofibroblasts

.

Tcf21, the transcription factor known to orchestrate differentiation of epicardial progenitor cells to either coronary artery

VSMC or CF lineages, is central for phenotypic changes of both cell types during disease. Thus, Tcf21 induces VSMC
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switching into “fibromyocytes” , while the loss of Tcf21 expression is associated with the activation and differentiation

of CFs into myofibroblasts . Interestingly, Tcf21 has also been causally linked to CAD, where its reduced VSMC

expression increases the risk of cardiovascular diseases. In fact, Tcf21 SMC-specific knock-out in ApoE  mice inhibits

VSMC phenotypic modulation and limits their presence in the fibrous cap, supporting a protective role of TCF21 in

atherosclerosis .
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