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Abstract 

Perivascular cells, or pericytes, are microvascular support cells which can be found in 

capillary beds in all tissues of the body. Pericytes are essential for vascular homeostasis, 

development, and wound healing. These cells maintain their local extracellular matrix 

(ECM) environment, ensuring the continuity of tissue form and thus tissue function. 

Given the right stimuli, pericytes can transdifferentiate into a variety of cell types both in 

vitro and in vivo, leading some to argue for their inclusion into a growing repertoire of 

stromal or mesenchymal stem cells. Several studies over the past decade have explored 

the possibility of perivascular contributions to myofibroblasts in fibrotic disease, but are 

limited by the difficulty in positively identifying a perivascular cell as it transitions from 

a quiescent to pro-fibrotic tissue remodeling phenotype.  

Here we investigated the effector cells of fibrotic disease, the myofibroblast, and 

ascertain the degree to which pericytes participate in myofibroblastic behaviors in a 

murine model of pulmonary fibrosis. A novel application of a murine pericyte lineage 

model allowed for the thorough quantitation and characterization of pericyte-derived 

myofibroblasts. We observed significant, substantial increases in contractile and matrix-

secreting phenotypes, as well as the upregulation of tissue-remodeling gene families. 

Further analysis reveals a possible integrin-mediated mechanism for perivascular 

activation through active αvβ3 heterodimer.  
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Exploration of pericyte response to bleomycin insult resulted in the discovery of several 

unique pericyte behaviors. A substantial population of pericytes express endothelial 

surface protein and mRNA, indicating a possible pericyte-endothelial transitional 

phenotype both in quiescent tissue and in tissue-remodeling disease. We also 

characterized the impact of stem cell factor KLF4 on perivascular cell transcript 

responses to lung injury, and found a large differential in expression profiles between 

KLF4 naïve and KLF4 knockout pericytes.  

In total, this work represents advances in our ability to study the pulmonary pericyte 

through the novel application of the reporter mouse in the bleomycin disease model, and 

significant improvements in our understanding of the mechanisms by which pericytes 

interact with fibroproliferative injury models.  

 

  



v 

 

 

Table of Contents 

Chapter 1 General Introduction: ......................................................................................... 1 

Abstract ....................................................................................................................... 1 

Physiology of the Alveolus ......................................................................................... 2 

Physiology of Pulmonary Microcirculation ................................................................ 4 

Lung Interstitial Cells ................................................................................................. 6 

Fibrotic Disease of the Lung ..................................................................................... 10 

Preclinical Models of Fibrosis .................................................................................. 11 

Chapter 2 A Review of Fibroblast Biology and Heterogeneity ........................................ 14 

Abstract: .................................................................................................................... 15 

Wound healing response in biomaterials .................................................................. 15 

What is a fibroblast? ................................................................................................. 22 

Fibroblast Function ................................................................................................... 31 

Looking towards the future: trends in the field ......................................................... 35 

Discussion ................................................................................................................. 39 

Chapter 3 Extracellular Matrix Remodeling Associated with Bleomycin-Induced Lung 

Injury Supports Pericyte-To-Myofibroblast Transition .................................................... 41 

Abstract: .................................................................................................................... 42 



vi 

 

 

Introduction: .............................................................................................................. 43 

Results: ...................................................................................................................... 47 

Discussion ................................................................................................................. 67 

Materials and Methods .............................................................................................. 74 

Chapter 4 Role of KLF4 in Murine Lung Pericyte Phenotypic Plasticity ........................ 84 

Abstract ..................................................................................................................... 85 

Introduction ............................................................................................................... 85 

Results – Role of KLF4 in Pericyte Phenotypic Plasticity ....................................... 88 

Discussion ............................................................................................................... 101 

Methods: ................................................................................................................. 107 

Chapter 5 Conclusions, and Future Directions ............................................................... 109 

Fibroblasts and Fibrosis .......................................................................................... 110 

Pericyte Differentiation into Myofibroblasts .......................................................... 111 

Pericyte Plasticity.................................................................................................... 113 

Future Directions .................................................................................................... 113 

Chapter 6 References ...................................................................................................... 123 

 

  



vii 

 

 

List of Figures 

Figure 2.1: A timeline of wound healing and the foreign body response broken into 

stages progressing from the initial response to the years beyond.. .................................. 16 

Figure 2.2: The range of cells which have been experimentally shown to become involved 

in fibrotic disease. ............................................................................................................. 29 

Figure 2.3: Soluble cues driving fibroblast activation into a proliferative, secretory, and 

remodeling phenotype.. ..................................................................................................... 33 

Figure 3.1 The Myh11-CreERT2 ROSA STOPfl/fl tdTomato reporter mouse requires 

tamoxifen for reporter induction and does not alter lung histology. ................................ 47 

Figure 3.2 The Myh11-CreERT2 ROSA STOPfl/fl tdTomato reporter mouse labels 

pericytes in the lung capillary bed.. .................................................................................. 50 

Figure 3.3 Immunofluorescence (IF) micrographs of lungs from saline and bleomycin 

treated mice lungs showed increases in perivascular αSMA and engaged αvβ3 integrin.54 

Figure 3.4 . Flow cytometry of Myh11 lineage-positive pericytes isolated from saline and 

bleomycin treated mouse lungs show increased matrix-remodeling and matrix-adhesion 

proteins. ............................................................................................................................ 57 

Figure 3.5 . Broader phenotyping of myh11 lineage pericytes and lineage pericytes in 

relation to the putative stromal cell population as identified by flow cytometry.............. 59 

Figure 3.6 RNA sequencing (RNA-seq) of Myh11 lineage pericytes isolated from saline 

and bleomycin treated mouse lungs demonstrate increased expression of tissue-

remodeling genes in the disease model. ............................................................................ 62 



viii 

 

 

Figure 3.7 Subset of RNA sequencing (RNA-seq) of Myh11 lineage-positive pericytes 

isolated from saline and bleomycin treated mouse lungs demonstrate increased 

expression of tissue-remodeling genes in the disease model. ........................................... 64 

Figure 3.8 Cell culture of Myh11 lineage-positive cells with RGD inhibition reveals an 

RGD-dependent increase of αSMA on fibronectin-coated substrates but not on laminin-

coated substrates.. ............................................................................................................. 67 

Figure 3.9 Methods - Fluorescence Minus Ones (FMOs) and positive gating for flow 

cytometric probes. ............................................................................................................. 90 

Figure 4.2 Clustering of Pericytes, Endothelial Cells, and Double-Positive Pericytes 

Using RNASeq Expression Data. ..................................................................................... 93 

Figure 4.3 KLF4-Dependent Expression of Pro-Fibrotic and Tissue-Remodeling Genes in 

Myh11 Lineage Pericytes in Lung Injury.......................................................................... 97 

Figure 4.4 KLF4-Dependent Pericyte Responses to Bleomycin.. ..................................... 98 

Figure 4.5 Differential Analysis of Bleomycin-Upregulated Pericyte GeneSets. ........... 101 

Figure 5.1 RNASeq Paired to ChIPSeq Reveals KLF4 Regulation of Disease Phenotype-

Associated Genes. ........................................................................................................... 116 

 

  



ix 

 

 

List of Tables 

Table 3-1: Antibodies and Dilutions ................................................................................. 81 

 

  



x 

 

 

Abbreviations 

AEC – alveolar epithelial cell 

ASC – adipose-derived stem cell 

BP – biological process 

CC – cellular component 

Col1a1 – collagen type 1 alpha 1 

cRAD – cyclic RAD peptide 

cRGD – cyclic RGD peptide 

DDR2 – discoidin domain receptor 2 

DP – double positive pericyte 

ECM – extracellular matrix 

EMT – epithelial-to-mesenchymal transition 

EndoMT – endothelial-to-mesenchymal transition 

ES – enrichment score 

FA – focal adhesion 

FACS – fluorescence activated cell sorting 

FGF – fibroblast growth factor 

FMO – fluorescence-minus-one 

FOX – forkhead box (gene group) 

FSP1 – fibroblast-specific protein 1 

FWER – family-wise error rate 

GO – gene ontology 

GSEA – GeneSet Enrichment Analysis 

H&E – hematoxylin and eosin (histologic staining process) 

IF – immunofluorescence / intermediate filament 



xi 

 

 

ILD – interstitial lung disease 

Il-1 - interleukin 1 alpha 

Il-1β – interleukin 1 beta 

IPF – idiopathic pulmonary fibrosis 

LC-MS liquid chromatography-mass spectrometry 

MF – molecular function 

MFI – mean fluorescence intensity 

MMP – matrix metalloproteinase 

MRTF – myocardin-related transcription factor 

MSC – mesenchymal stem/stromal cell 

Myh11 – myosin heavy chain 11 or smooth muscle myosin heavy chain (synonyms) 

NES – normalized enrichment score 

NOM p-val – nominal p-value 

PC – perivascular cell, pericyte 

PDGF – platelet derived growth factor 

PDGFR – platelet derived growth factor receptor 

PECAM – platelet endothelial cell adhesion molecule 

PFA – paraformaldehyde 

RAD – arginine, alanine, aspartate (peptide) 

RGD – arginine, glycine, aspartate (peptide) 

RNA-seq – ribonucleic acid sequencing 

SMC – smooth muscle cell 

SRF – serum response factor 

TGF-β– transforming growth factor beta 

TNF - tumor necrosis factor alpha 



xii 

 

 

VEC – vascular endothelial cell 

VEGF – vascular endothelial growth factor 

VEGFR – vascular endothelial growth factor receptor 

VSMC – vascular smooth muscle cell 

αSMA – alpha smooth muscle actin  

 

 



1 

 

 

Chapter 1 General Introduction 



2 

 

 

Abstract 

The lung is a highly specialized gas exchange structure which constantly faces insult due 

to its exposure to particulate and pathogen through respiration. A constant baseline of 

immune activation and regenerative healing must be maintained, and disruption of that 

balance can result in infection or fibrosis, with loss of respiratory function as a 

consequence. In this chapter we outline the structure of the alveolus, discuss the cellular 

populations therein, describe the current understanding of fibrotic disease etiology in the 

lung, and introduce models used to study the disease in a laboratory setting.  

Physiology of the Alveolus 

The lung is a beautiful example of tissue form being dictated by the physical 

requirements of function. Gas exchange systems all derive their structure from 

fundamental considerations of mass transfer. Minimizing linear distances to reduce series 

resistance, maximizing surface area for gas exchange, minimizing diffusion distance, and 

maximizing the differential in partial pressures between gas exchange media are all vital 

functional parameters that form the boundary conditions of respiratory organ design1. 

These considerations have selected for organs with massive numbers of parallel, tiny, and 

highly vascularized gas exchange units. In all mammals and most vertebrates (excepting 

birds and fish) this functional unit is the alveolus. Alveoli are remarkably consistent: 

alveolar diameter can vary by a factor of five between species2 while lung volume can 

vary by seven orders of magnitude, or a factor of at least one million, between species 3,4. 
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Understanding the composition of this fundamental unit of respiration is vital to 

understanding its function in health and pathophysiology of dysfunction in disease. 

The alveolar unit is typically described as four distinct components: alveolar epithelium, 

capillary endothelium, a shared thin basement membrane, and an interstitial or stromal 

region containing pericytes, fibroblasts, and a variety of other tissue-resident cells5,6. All 

these layers are exceptionally thin, with distances between atmosphere and erythrocytes 

in alveolar microcirculation as low as hundreds of nanometers.  

Alveolar epithelium consists of Type I and Type II alveolar epithelial cells (AECs). Type 

I AECs are the more numerous of the two and maintain epithelial barrier function while 

minimizing the distance between alveolar airspace. Type I AECs are the primary 

cytokine producing cells in lung injury, activating immune and tissue remodeling 

processes. Type I AECs maintain fluid homeostasis on the epithelial surface and are 

equipped with a variety of channels and ion pumps to achieve this function7. This 

behavior from Type I AECs is one half of an essential balancing act with Type II AECs. 

Type II AECs cells prevent collapse of the alveolus by secreting a surfactant which lies 

on top of the water layer. This surfactant layer prevents the generation of large surface-

tension forces, which is a phenomenon where water on wetted surfaces will minimize its 

surface area. This will cause collapse of the alveolar interior surface without surfactant, 

resulting in loss of function. Type II AECs also secrete immune factors into the 

surfactant, providing an antimicrobial function at the air interface. Type II AECs have 

been shown to self-renew and differentiate, and will generate de novo alveolar structures 
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when cultured in appropriate conditions 8. Epithelial-to-mesenchymal transition (EMT) 

has been shown in both Type I and Type II AECs 7,8.   

Physiology of Pulmonary Microcirculation  

Each alveolus is supplied by the pulmonary, or lesser, circulation. The circulation 

facilitates gas exchange by providing constant deoxygenated blood to alveoli via the 

pulmonary artery. Successive branchings of the pulmonary artery form a capillary plexus, 

a dense and highly distensible network of microvessels, notable for its minimal vascular 

smooth muscle cell (VSMC) content relative to capillaries in systemic circulation and its 

highly branched morphology9–11.  

Capillary branching from pre-capillary arteries is highly heterogeneous, in contrast to the 

relatively ordered branching of the precapillary pulmonary artery tree. Capillaries can 

branch at right angles from parent arteries, small arteries immediately transition to 

capillary networks, and even large arteries (>100 micron in diameter) can dead-end into 

capillary networks12,13. The ratio of precapillary supply arteries to alveolar circulation is 

dependent on the size of the lung, with a positive coefficient of organ and organism 

volume. Ratios of artery:alveolus from humans, cats, and rats are 17-24, 4.1, and 0.3, 

respectively14–16. These ratios are necessarily related to the number of successive 

branches in the pulmonary arterial tree, which are measured a number of ways (Strahler, 

diameter modified Strahler, Weibel, and Horsfield). However, consensus across these 

methods is that the number of branches increases with organism mass 15,17–19.  
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Characterizing alveolar capillary network perfusion has been a difficult task; the network 

density and vessel distensibility in three dimensions leave some ambiguity in the 

direction and magnitude of perfusion in the network, and observations thereof are highly 

sensitive to the conditions of their acquisition. The two primary models used to describe 

alveolar capillary circulation are the interconnected sheet/post model, or the short tube 

model. The sheet-post model posits that the level of interconnectedness in the alveolar 

capillary network is so high, the individual vessel length so short, that alveoli can be 

approximated as ‘posts’ in a ‘sheet’ of perfused space which spans from precapillary 

arterial circulation to the postcapillary venular circulation 20. In contrast, the short-tube 

model attempts to model highly branched and independent circulation in the alveolar 

capillary network via many short tubes. These two models have been debated since the 

1970s21,22, but slowly the short tube model has become the standard model, in no small 

part due to the available computational resources which obviate the need for the 

simplifications of the sheet-post model10.  

A capillary segment is comprised of sparse and thin squamous endothelial cells and 

surrounded by basement membrane, which encompasses some interstitial layer, which is 

finally bounded by the alveolar epithelium. Endothelial cells make many intercellular 

contacts between themselves and other interstitial cells, with tight junctions observed 

between vascular endothelial cells, pericytes, and interstitial fibroblasts11. These contacts 

allow for juxtacrine signaling between endothelial cells and their neighbors both within 

and across the basement membrane23,24. Basement membrane is a sheet of extracellular 
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matrix (ECM), a mesh network of fibrillar proteins which provides structural cues and 

physical organization to cells and tissues. Pulmonary basement membrane is 

exceptionally thin, and is often shared between the alveolar epithelium and capillary 

endothelium, while epithelial and endothelial basement membranes are not typically 

shared in other organs. Basement membranes are composed of roughly equal amounts of 

collagen IV and laminin, with smaller contributions from fibronectin and other 

proteoglycans 25,26. Clinically, loss of pulmonary basement membrane is considered a 

hallmark of non-recoverable lung injury27, as the interstitium defined by basement 

membrane has remodeled to the point of replacing healthy structure with 

fibroproliferative scar.  

Lung Interstitial Cells 

In addition to pulmonary epithelium and endothelium, several other cells exist in the 

interstitium which do not provide endothelial or epithelial barrier function. These stromal 

cells are defined as cells apart from apically/basally or lumenally organized cellular 

structures. Some stromal cells are sourced from circulation while other stromal cells are 

tissue resident and self-renewing. Fibroblasts, pericytes, and immune cells make up the 

majority of pulmonary stromal cells 28–30.  

Pulmonary interstitial fibroblasts are found in thicker regions of interstitium: alveolar 

septal interfaces or junctions and in capillary branches. These cells have extensions 

which are thin and lie between the endothelial and epithelial cell layers. It is unknown if 
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these processes fully intercalate into basement membrane or exist in an independent 

interstitial space13. Resident fibroblasts maintain and remodel the extracellular matrix of 

the lung. Up to half of these cells contain lipid droplets, and are thought to interact with 

surfactant production of type II AECs31. Attempts to characterize these interstitial 

fibroblasts have shown they are highly heterogeneous and plastic, with lipofibroblasts 

and myofibroblasts being hallmark cells of healthy tissue and disease, respectively32. 

These fibroblasts derive from a variety of developmental lineages and maintain a 

diversity in phenotype as interstitial fibroblasts in adult lungs, as elucidated by single-cell 

RNA sequencing (scRNASeq) and transposase-accessible chromatin sequencing 

(ATACSeq) on human and murine models33–39. The specific mechanisms by which 

fibroblasts become pathologically activated and their behaviors will be elaborated on in 

Chapter 2 of this dissertation.  

Perivascular cells, or pericytes, are a class of interstitial or stromal cells embedded within 

vascular basement membrane abluminal to capillary endothelium. Pericytes stabilize 

capillary vessels, regulating tone, permeability, and angiogenesis and 

neovascularization40. As proof-positive identification of pericytes relies on ultrastructural 

analysis of a shared basement membrane between pericytes and vascular basement 

membrane, most pericyte researchers instead use a combination of surface protein or 

gene expression, location, and morphology to define their perivascular population. None 

of these methods are perfect; there are no surface markers which perfectly separate 

pericytes from vascular smooth muscle cells (VSMCs) or other stromal cells, nor are 
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there morphologic or locational characteristics found in pericytes to the exclusion of all 

other endothelial-proximal cells. Indeed, it is becoming accepted that VSMCs and 

pericytes belong to the same developmental lineage of vascular mural cells. These 

compromise definitions are not standardized and there are large differences in how peer-

reviewed pericyte literature defines pericytes40–44.  

Pericytes engage in bidirectional signaling with endothelial cells through various 

junctions, adhesion plaques, and paracrine signaling along platelet-derived growth factor 

(PDGF) and Ang-Tie2 axes, among others42,44. Pericytes additionally express toll-like 

receptors (TLRs) and are sentinels which can quickly respond to circulating or 

extracirculatory danger associated molecular patterns (DAMPs). Pericytes have been 

shown to facilitate the extravasation of circulating immune cells through the endothelial 

basement membrane40. Pericyte dropout or dysfunction are correlated with a variety of 

vascular pathologies outside the lung, including diabetic retinopathy and neuropathy, 

ischemic injury and scarring, and cancer metastasis. Within the lung, pericyte-mediated 

disease is less studied, but pericytes have been shown to control the metastatic 

microenvironment in cancer and participate in fibrotic disease40,45,46. Pericytes in these 

disease models demonstrate immense phenotypic plasticity, and fit criteria to be 

classified as stem cells. This plasticity will be discussed in Chapters 3 and 4 of this 

dissertation. 

Finally, pulmonary immune cells provide a constant, active presence to facilitate both 

innate and adaptive immunities. T cells expressing T-cell antigen receptor (TCR) are 
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comprised of the thymic αβ and tissue-resident γδ cells, the latter of which are more 

commonly found in mucosa of the airways and may have a more conserved repertoire of 

antigen responsiveness47–49. It is thought that γδ T cells contribute to a more innate and 

immediate cytolytic immune response49,50. These cells modulate net T cell activity by 

balancing the balance between Th1 Th2 and Th17 polarization of T cells. Broadly, Th1 

primes T cells for intracellular threats, Th2 primes cells for extracellular threats, and 

Th17 promotes tissue inflammation51. Th1, or type 1 responses, activate granulocytes and 

macrophages through their respective colony-stimulating factors. Th2, or Type 2 

responses are associated with secretion of many interleukins (4, 5, 9, 10, and 13) which 

promote antigen presentation and adaptive immune response. Excessive Type 2 response 

is associated with fibrotic pathologies29,52. Lastly, Th17 polarization is characterized by 

secretion of interleukins 17, 6, and 22, as well as tumor necrosis factor alpha (TNFα), 

which in turn activate fibroblasts, macrophages, and endothelial and epithelial cells to 

secrete further cytokine. This cytokine release recruits granulocytes and results in tissue 

inflammation51. Beyond the antigen-dependent cytolytic T cells, NK and NK T cells 

respond to a lack of ‘self’ molecule class I MHC. This primes NK cells to respond to cell-

hijacking viruses and some cancer cells. Additionally, NK cells respond to nucleic 

DAMPs via TLRs53. Immature dendritic cells await antigen in the airway epithelium and 

pulmonary vessels and proceed to lymph nodes for antigen presentation once activated by 

DAMPs or proinflammatory cytokine such as interferon alpha (IFN-α)54. These dendritic 

cells present antigen to naïve T cells, activating them, and begin the T cell polarization 
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process towards Th1, 2, or 1755.The complexities of immune cell signaling and 

polarization continue to be studied and elaborated into increasingly nuanced 

relationships. Within this dissertation, we paint this immense and interconnected system 

with broad strokes, framing the immune response as a component of the myofibroblast 

activating, forward-feeding cycle of fibrotic disease.  

Fibrotic Disease of the Lung 

Fibrosis is defined as a pathologic accumulation or overproduction of ECM in tissues 

which results in stiffening, scarring, or other functionally deleterious changes in ECM 

properties. Fibrosis is thought to be initiated by repeated epithelial injury or insult, 

resulting in several processes which generate or recruit tissue-remodeling cells. Cell 

death, metabolic stress, epithelial-to-mesenchymal transition (EMT), latent transforming 

growth factor beta (TGFβ) activation, and immune responses all contribute to the pro-

fibrotic milieu, which feeds forward into a self-perpetuating pathology. Many tissue-

resident fibroblasts and stromal cells differentiate into myofibroblasts, the ECM 

remodeling, cytokine secreting effector cells of fibrotic disease27,56,57. An extensive 

review of myofibroblast biology will feature in the next chapter.  

Fibrosis contributes to as much as 45% of all deaths in industrialized countries, and as 

such is the subject of intense study for pharmacologic intervention. Fibrotic pathologies 

of the lung are characterized by the fibrotic expansion of interstitial spaces and are 

termed interstitial lung diseases (ILDs). Collectively, ILD prevalence is roughly 75 cases 
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per 100,000 people in the United States. This umbrella includes sarcoidosis, connective 

tissue disorders, and idiopathic pulmonary fibrosis (IPF)58. IPF is a particularly relevant 

pathology for myofibroblast research, as its unknown etiology and fatal, progressive 

fibrosis focuses treatment efforts on controlling the fibrotic process. Out of dozens of 

clinical trials for all classes of therapeutics in the past three decades, there are only two 

FDA-approved treatments for IPF as of this writing, neither of which change long-term 

mortality rates of the disease 56,57.  

This inability to meaningfully intervene in fibroproliferative pathologies has motivated 

the study of the fibrotic effector cell: the myofibroblast. While all cells in the alveolar 

niche are capable of some degree of myofibroblastic transdifferentiation, or an ability to 

adopt a tissue-remodeling phenotype, phenotypically plastic stromal populations 

contribute heavily to the activated myofibroblast population in various disease 

contexts38,59–61 and behave as stem cells in healthy tissues62,63. Pericytes are one such 

plastic population which, in health, promote vascular homeostasis and angiogenesis in 

wound healing. In fibrotic diseases, pericytes have been shown to act as tissue-

remodeling myofibroblasts46,64,65. 

Preclinical Models of Fibrosis 

Animal models vary in their ability to recapitulate the physiology of human ILDs, 

especially IPF. Without understanding the initial mechanisms in the pathogenesis of IPF, 

models instead seek to recapitulate hallmarks of the human disease: progressive scarring 
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and expansion of the interstitial space by myofibroblasts. Dogs, cats, donkeys, and horses 

can spontaneously generate interstitial lung diseases. These diseases, associated with old 

age, are sometimes equated with human IPF due to homology in radiologic and histologic 

observations between human and animal66. As none of these models are inducible, they 

are rarely used for large, controlled studies and murine models comprise the near entirety 

of animal models for fibrosis research. Intratracheal bleomycin sulfate generates a patchy 

and initially robust fibrotic response thought to track with acute progressive phases of 

IPF in humans, but does not persist without repeat doses. Recent innovations, such as the 

addition of sphingosine analogue FTY720/Fingolimod to bleomycin result in a chronic 

and progressive fibrotic disease, which is thought to be a result of FTY720’s disruption 

of vascular endothelial integrity during tissue remodeling and enhanced vascular 

permeability allowing for greater diffusion of bleomycin 67. Silica, asbestos, fluorescent 

isothiocyanate (FITC), and radiation are all less commonly dosed into pulmonary tissue 

to generate fibrosis. Additionally, transgenic and viral vector-based murine systems to 

knock in or knock out specific cytokines or surface proteins exist and provide tools to 

answer discrete hypotheses, but are yet to be widely adopted in the field as standard 

models66,68. The American Thoracic Society recently held a workshop on preclinical 

animal models which reported: “The consensus view is that use of the murine 

intratracheal bleomycin model in animals…is the best-characterized animal model 

available for preclinical testing.”69.   
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Thus, single-dose intratracheal bleomycin is the murine model used for the animal 

experiments reported in this dissertation. At fourteen days post-bleomycin administration, 

an early inflammatory phase is resolved, and fibrotic remodeling is being potentiated by 

activated myofibroblasts70. It is this timepoint which is the most useful window for 

studying the activation and behavior of myofibroblasts which go on to generate scar, 

before they dedifferentiate into quiescence or apoptose71,72.  
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Chapter 2 A Review of Fibroblast 

Biology and Heterogeneity 

 

Publication Note 

The text of this chapter has been adapted from Hannan RT, Peirce SM, Barker TH. 

Fibroblasts: Diverse Cells Critical to Biomaterials Integration. ACS Biomater Sci Eng. 
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Abstract 

Fibroblasts are key participants in wound healing and inflammation, and are capable of 

driving the progression of tissue repair to fully functional tissue or pathologic scar, or 

fibrosis, depending on the specific mechanical and biochemical cues with which they are 

presented.  Thus, understanding and modulating the fibroblastic response to implanted 

materials is paramount to achieving desirable outcomes, such as long term implant 

function or tissue regeneration. However, fibroblasts are remarkably heterogeneous and 

can differ vastly in their contributions to regeneration and fibrosis. This heterogeneity 

exists between tissues and within tissues, down to the level of individual cells. This 

review will discuss the role of fibroblasts, the pitfalls of describing them as a collective, 

the specifics of their function, and potential future directions to better understand and 

organize their highly variable biology.  

Wound healing response in biomaterials  

The body’s response to foreign material can be described as a modified process of wound 

healing. Insofar as the regenerative response is concerned, an implanted material is often 

treated as a chronic wound, with expectably deleterious consequences. A large focus of 

biomaterials science aims to develop strategies for integrating the material with the host, 

while avoiding the scarring and fibrotic response generated by recruited fibroblasts 

during wound healing.  
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The canonical process of wound healing is characterized by four progressing phases of 

hemostasis, inflammation, proliferation, and remodeling, as described in Figure 1. In the 

realm of biomaterials, this is collectively given the term, “foreign body response”. The 

process is a delicate orchestration of signaling by numerous cell types along a myriad of 

axes. Immune cells, platelets, endothelial and associated perivascular cells, epithelium 

and fibroblasts must all participate in the appropriate spatial and temporal arrangement to 

restore functional tissue and integrate with the material. An overloading, or imbalance, of 

these factors can cascade into fibrotic tissue. When a remodeling fibroblast, known as a 

myofibroblast, continues to receive activation cues long after it is no longer needed, or 

experiences epigenetic alterations that inhibit its normal programmed apoptosis or 

dedifferentiation, the result is fibrosis and loss of function of both host tissue and implant.  

 

Figure 2.1: A timeline of wound healing and the foreign body response broken into 

stages progressing from the initial response to the years beyond. Red: gross-scale tissue 

phenomena; green: cellular activity; gold: prominent cells. 
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Disruption of vascular endothelial integrity begins the hemostasis phase. Exposed matrix 

and pooling vascular contents activate blood platelets, which begin to form a plug of 

rapidly polymerizing fibrin at the wound site. These activated platelets and mechanically 

deformed extracellular matrix (ECM) recruit inflammatory cells73 and effect 

vasoconstriction74,75. The fibrin-platelet plug, referred to in matrix biology as the “early 

provisional matrix”, leads to the cessation of bloodletting and maintains hemostasis. 

Concurrent with the resolution of the hemostatic phase is the inflammatory phase. This 

phase is characterized by massive cellular recruitment initiated by active platelets that 

release their contents from -granules, damaged cells, and activation of the immune 

complement system75. 

Inflammatory cells include a variety of monocytes and neutrophils, which clear debris 

and invading pathogens. Monocytes also secrete a large variety of cytokines which 

activate fibroblasts. Interleukin 1 beta (IL-1β), platelet-derived growth factor (PDGF) 

transforming growth factor beta (TGF-β), vascular endothelial growth factor (VEGF), 

and others are released and propagate further recruitment, clearance, and remodeling76,77. 

This deluge of molecules activates both the canonical interstitial fibroblast as well as 

other fibroblast progenitors we will discuss below, and begins the ‘repair’ phase of 

wound healing. This effect is especially pronounced in the foreign body response, where 

macrophages condense into multinucleated giant cells, in an attempt to encircle, isolate, 

and destroy the foreign body. This mass accumulation of activated immune cells 

increases the levels of subsequent fibroblast recruitment 78. Directing inflammation 
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toward pro-repair phenotypes and away from pro-inflammatory phenotypes remains a 

key scientific focus in biomaterials research, yet complete elimination of inflammation is 

not productive78–80.  For example, an interesting consequence of the burst of pro-

inflammatory cytokines from macrophages and neutrophils is the transient “activation” of 

resident, quiescent fibroblasts through shedding of Thy-1 from their cell surface81.  The 

role of Thy-1 in fibroblast biology will be expanded later. 

The proliferation (or repair) phase of wound healing is characterized by wound 

contraction, deposition of ECM, angiogenesis, and re-epithelialization where relevant. 

Recruited fibroblasts stimulated with key growth factors, such as TGF-, undergo a 

necessary transition to an activated myofibroblast (named for their expression of certain 

muscle proteins including α smooth muscle actin or SMA) and deposit the so-called 

“late provisional matrix”, which provides a scaffold upon which revascularization and 

epithelialization occur. This late provisional matrix is rich in fibronectin82 and serves as 

the template for more permanent ECM comprised of collagens83. Fibroblasts and other 

adherent cells migrate across and mechanically interact with fibronectin and other 

proteoglycans in the wound via integrins, which facilitate cellular interactions with ECM 

and are elaborated below. Fibroblasts preferentially deposit collagen I matrix as repair 

progresses84.   

Over the course of weeks to years, the processes of epithelization and angiogenesis 

conclude, but fibroblasts remain in the healed wound. The late provisional matrix, 

comprised primarily of fibronectin, is converted into a mature matrix comprised of 
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collagen III-rich ECM and is then slowly replaced during remodeling with collagen I. 

Collagen I comprises 80% of adult dermal collagen and is the most abundant molecular 

component of mature epithelial matrix84. A balance of degradation via matrix 

metalloproteinases (MMPs) and deposition of new collagen is required for healthy 

maturation of tissue and the avoidance of excessive scarring, characteristic of collagen I-

rich ECM85. As the collagen turns over, the tensile strength of the regenerated dermis 

increases from 40% up to 70% of uninjured tissue86. The myofibroblasts in the healed 

tissue are meant to eventually reach an equilibrium with their local ECM, and will 

undergo apoptosis or dedifferentiate into a quiescent cell, as the net change in tissue 

composition trends towards zero87.  

In the context of an implanted device, the development of thick, acellular ECM around 

the implant site is a strong indicator of poor biomaterial integration with the host. This 

‘terminal’ stage of biomaterial integration is characterized by a fibrotic capsule, which 

isolates implanted material from host tissue, save in certain contexts wherein it is 

desirable for the implant to become anchored and isolated, such as in implant-based 

breast reconstruction78.  

This fibrosis is not unique to implanted biomaterials; pathologic fibrosis is defined as an 

excessive, deleterious deposition of ECM, and is found wherever fibroblasts become 

‘overenthusiastic’ remodelers and when myofibroblasts, the primary wound repair cell, 

are unable to undergo timely apoptosis or otherwise become inactive.   
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Biomaterial-associated fibrosis is similar to physiologic fibrosis in that the final ‘scar’ is 

a highly fibrous and acellular matrix composed of a collagen I/III ratio that characterizes 

physiologic fibrosis88. There is little comparative research on the two types of scar, which 

leaves an opening for both sides to collaborate using deliberately engineered biomaterial 

and pathologic contexts to explore and learn from unique yet congruent expertise. The 

exact progression that drives fibroblasts into a fibrotic state is unknown; multivariable 

systems such as these are difficult to tackle wholly. But we now know many ways by 

which the fibroblast is driven to a pro-fibrotic phenotype. Fibroblast reciprocity in 

signaling between the cell and its local chemo-mechanical environment can result in 

dangerous and pathologic signaling loops. Fibroblasts respond to cytokines released from 

immune cells and damaged tissue, including the interleukins, latent TGF-β and PDGF-β, 

by increasing α-SMA expression, focal adhesion (FA) assembly, internal contractility and 

synthesis of matrix proteins. The increase in contractile machinery and cell-matrix 

contact allows for more force to be generated on the matrix. The increased strain on local 

ECM releases further latent TGF-β, in addition to TGF-β being secreted by the fibroblast 

itself, and the activation can continue in a devastating positive feedback loop, which in 

concert with other factors, drives excessive deposition of ECM89–92. This alters the 

mechanical attributes of the tissue with consequences ranging from minor to fatal93,94. For 

a biomaterial, this fibrosis prevents the material from properly integrating into the host, 

which will at best negate any intended benefit in materials not designed to take advantage 

of this phenomena. In this way, fibroblasts are the final arbiter of success or failure in 
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biomaterial-host integration and understanding their biology and pathology is essential 

for biomaterials science. 

This stiffness sensing is driving the biomaterials field away from stiff, smooth materials. 

Implants with textured or irregular topology95, hydrogel or other soft materials96, and 

displaying endogenous ECM epitopes96–98 produce less severe fibrotic responses and 

integrate more thoroughly with tissue.  

One thread of research dissecting the progression of fibrosis revolves around the outer 

leaflet glycoprotein Thy-1, introduced earlier. Thy-1 (also known as CD90), often used as 

a marker for mesenchymal stem cells, is a GPI-linked cell-surface protein found in a 

subset of fibroblasts. It was originally noted to differentiate fibroblast sensitivity towards 

PDGF-AA over PDGF-BB99 and is found in an inverse proportion to myofibroblast 

markers81,100. The involvement of Thy-1 in fibroblast mechanobiology has since 

expanded and it is now considered a major factor driving fibrosis.  It is thought to 

differentiate environmentally responsive fibroblasts from non-responsive cells through its 

involvement in integrin-mediated mechanotransduction101. Thy-1- cells are apoptotically 

resistant, and are found in fibrotic foci in diseased tissue, which are areas of active 

fibroblast proliferation and fibrosis81,101–103.  The heterogeneity of Thy-1 expression in the 

fibrosing lung is caused by epigenetic silencing102,104.  Thy-1 may also play a critical role 

in the necessary transient activation of fibroblasts at the initial stages of would repair.  

Specifically, inflammatory cytokines such as IL-1 and tumor necrosis factor α (TNF) 

are known to induce a transient shedding of Thy-1 from the fibroblast surface through 
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exosomal shedding.  This event results in only a short term loss of Thy-1, as opposed to 

its epigenetic silencing in fibrotic disorders, and could represent a mechanism linking 

inflammation to the triggering of fibroblast recruitment to the wound81. 

As fibroblasts determine the final outcome of implanted biomaterials, they must be a 

priority consideration in biomaterial development. Designing around this constant hazard 

requires understanding fibroblast function, their origins, and their heterogeneity.  

What is a fibroblast?  

The fibroblast in literature is a seemingly amorphous cell type, meeting a variety of 

indicative criteria. The most prevalent definition of a fibroblast is on based on in situ 

morphology. These fibroblasts are interstitial cells with ECM contacts. They are 

characteristically spindle-shaped with cellular processes extending from each tip 105, and 

are easily isolated in culture via several passages of most tissues on plastic. This 

definition is simple and workable, with an easily identifiable in situ phenotype and a no-

questions-asked system for cell culture. 

However, fibroblasts by this definition exhibit high degrees of heterogeneity in 

expression and phenotype between tissues 100,106,107 and even within the same tissue 

100,108. Collagen I, intermediate filament (IF) proteins, discoidin domain receptor 2 

(DDR2), platelet-derived growth factor receptors (PDGFR-α and β), Fibroblast growth 

factors (FGF10), periostin, transcription factor 21 (Tcf21), Thy-1; the list of nonspecific 
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fibroblast markers is long. Many of these markers are expressed only transiently, or 

exclusively in the quiescent (or fibrotic) context.  

Because of the remarkably heterogeneous nature of the fibroblast, there have been recent, 

directed efforts to find a universal, fibroblast-specific marker. Those efforts have met 

with difficulty, such as with fibroblast-specific protein 1 (FSP1). It labels interstitial 

fibroblasts in studies of renal 109 and pulmonary 110 tissues, and shows some involvement 

in late developmental epithelial to mesenchymal transition (EMT) 111, the putative source 

for most adult quiescent fibroblasts 112. However, FSP1 in recent years has garnered 

controversy after being found in a variety of other cell contexts, including inflammatory 

macrophages 113 and vascular smooth muscle cells 114, among others 115,116. 

There are many other endogenous and engineered targets used to identify putative 

fibroblasts, all of which have their caveats. See the review from Tallquist 117 for a more 

thorough exploration of genetic fibroblast-tracking tools and their controversies. The 

struggle to find a consistent fibroblast marker is summarized in her review in Table 2.  

It is important to question the contributions of fibroblast heterogeneities at various scales. 

Understanding why one fibroblast displays one surface protein while another does not 

provides insight into basic biology, development, and contributions fibroblasts have 

towards both quiescent tissue health and pathologic fibrosis, including in response to 

biomaterials (and how those states differ between tissues).  
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For example, Thy-1, in addition to its biologic role in the progression of fibrosis, is an 

excellent example of the highly heterogeneous nature of a classically defined fibroblast. 

As discussed above, fibroblasts are Thy-1+ and Thy-1-, with demonstrated phenotypic 

differences known between the subtypes: proliferation, apoptosis, response to growth 

factors, mechanotransduction, ECM synthesis, etc.    However, further heterogeneity also 

exists within the Thy-1+ fibroblast population, as measured by liquid chromatography-

mass spectrometry (LC-MS). Analysis of nuclear, cytoplasmic, and secreted protein 

fractions, gathered from quiescent primary, activated primary, and cancer-associated 

primary fibroblasts, showed extensive variability in expression. Thy-1 was just one of 

many proteins found to demonstrate differential expression profiles between tissues. 

Dermal fibroblasts expressed PDGFR-β in every tissue examined, as did myeloma-

associated fibroblasts, while the remaining tissues showed inconsistent fibroblast 

PDGFR-β expression. Similar diversity was found with MMP-1, proteoglycan 4, EGFR 

pathway components, fibrillin, and CTGF, among others. An additional interesting 

finding was that the density of procollagens, Thy-1, and other peptides in nuclear, 

cytoplasmic, and secreted fractions varied based on tissue origin 100.  

Moreover, even within a single tissue there exists additional sources of heterogeneity 

between fibroblasts. As an example, dermal fibroblast cDNA can be binned into discrete, 

local tissue-specific clusters of expression. This coordination is found across multiple 

gene genres: ECM synthesis (fibronectin and fibrillin), growth factors including those 

involved in TGF-β and Wnt β-catenin signaling, migration, lipid metabolism, and 
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developmental/differentiation genes. Forkhead box genes, as well as the hox family, 

correspond to topographic distribution of dermal interstitial fibroblasts 108. This 

topographic tissue heterogeneity can be resolved into a minimum of three anatomic 

divisions (anterior-posterior, proximal-distal, and dermal-nondermal) based on gene 

expression patterns 118. Further research into the differential expression elucidated the 

epigenetic mechanisms (in scalp and dura mater) which consist of persistent site and age-

specific epigenetic ‘memories’ of individual fibroblasts 119. This vertical slice of 

heterogeneity through pan-tissue markers, between tissues, and within tissues has been 

seen consistently through decades of fibroblasts research and remains generally 

unaddressed, frustrating attempts to paint fibroblasts with a single, broad brush. 

In the context of wound healing there is yet another example of heterogeneity in the fetal 

fibroblast. It is noted that fetal wounds rarely scar 120. The drivers of this regenerative 

phenotype, and its potential applications in the realms of inflammation and wound 

healing, are only just now being explored.  

Somewhat paradoxically, fetal fibroblasts display a constant α-SMA+ phenotype that does 

not change in response to any TGF-β isoform 121,122, in contrast to adult fibroblasts which 

differentiate from quiescent α-SMA- to myofibroblastic α-SMA+ cells upon treatment 

with TGF-β. Additionally, fetal and adult fibroblasts develop a diverging integrin 

composition when treated with TGF-β 122. 
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Fetal fibroblasts have been shown to be efficacious when used as a transplant in tendon 

repair, demonstrating a reduced capacity for unwanted ossification of the regenerating 

tendon 121. Expression analyses show these fetal fibroblasts have an increase in 

myofibroblastic markers and a decrease in inflammatory and osteogenic expression 

relative to adult fibroblasts 121. Fetal fibroblasts additionally secrete more collagen I and 

III than their adult counterparts and have a larger surface area 123.  

Few steps have been undertaken to understand the nature of a fetal fibroblast. We do not 

know, for example, if these fibroblasts are positive for popular markers such as FSP1, or 

if they are derived from a common developmental lineage. It is possible these cells 

differentiate into less regenerative adult fibroblasts, or that they constitute a separate 

fibroblast family that dies out as development progresses. The efficacy of these 

fibroblasts in other healing contexts is unknown, but their seeming reluctance to 

participate in inflammation should make them attractive for biomaterials scientists. 

Therapeutic application and basic research of these fibroblasts will provide further insight 

into fibroblast heterogeneity and their potential utility in wound healing and biomaterial 

integration. 

Acknowledging these heterogeneities in fibroblast populations can be uncomfortable; 

therefore, a popular approach within the biomaterial community has been to use 

immortalized cell lines of fibroblasts, including 3T3 and HFF cells. If we accept that the 

population of fibroblasts is heterogeneous within and between tissues, we are making a 

risky assumption about the applicability of conclusions generated from culture 
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experiments as they pertain to fibroblast biology writ large.  Cells selected using the 

markers above may exclude a large portion of the phenotypically diverse fibroblast 

population, and these heterogeneities have stymied most attempts at settling on a robust 

molecular or genetic definition of the cell. Passable indicators have been found and are in 

widespread use, such as FSP1, but use of such markers requires understanding of their 

specific use cases.  

Perhaps, then, the simple and easily-culturable definition for a fibroblast is not specific 

enough. Given the difficulty in isolating any truly unique molecular signature across 

tissues and disease contexts, do we need to revisit our definition of what constitutes a 

fibroblast? Asking this question is essential if we hope to engineer biomaterials that have 

the goal of accounting for and/or manipulating fibroblast behaviors. The prerogative of 

biomaterials scientists is to control the cues received by fibroblasts and limit damaging 

inflammatory and scarring responses. In the pursuit of this goal, the field has developed 

an armamentarium of materials and techniques to drive phenotype in the implanted 

context. An immense opportunity exists for these same techniques to be applied to help 

distinguish, delineate, and define fibroblast identity.   

Alternative Definitions 

Alternative approaches to defining the fibroblast use categorization by remodeling 

potential or by cellular or developmental lineage  

Remodeling potential 
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Myofibroblasts are identified in vitro and in vivo by the presence of α-SMA stress fibers 

and a contractile, secretory, and TGF-β/PDGF sensitive phenotype 107,124–126. These cells 

are derived from a bevy of progenitor lines, many outside the traditional interstitial 

fibroblast lineage. Perivascular cells (pericytes) 46,90,127, endothelial 128 and epithelial 

129,130 cells, as well as the circulating bone marrow derived fibrocyte 130–134 all contribute 

towards fibroblast populations in inflammatory contexts, illustrated in Figure 2. These 

cells, while more difficult to isolate, respond to many of the same cues as the 

traditionally-defined fibroblast. 

The prevailing hypothesis in the field is that a myofibroblast is a terminally differentiated 

cell which undergoes apoptosis upon resolution of inflammation, but isolated studies 

dispute this claim. It has been shown that nuclear factor erythroid 2-related factor 2 

(Nrf2) is protective against pulmonary fibrosis 135–137. Expression of Nrf2 is depressed in 

pulmonary myofibroblasts relative to quiescent fibroblasts in the contexts of bleomycin-

induced IPF or TGF-β/PDGF-BB treatment. Exogenous knockdown of Nrf2 drives a 

myofibroblast transition from lung fibroblasts in vitro. Interestingly, knocking in Nrf2 

translocation into the nucleus via knockdown of inhibitor Kelch-like erythroid cell-

derived protein CNC homology-associated protein 1 (Keap1) causes myofibroblasts to 

de-differentiate as measured by reduced α-SMA and collagen production 138. Further 

examination of the mechanisms by which a myofibroblast becomes phenotypically 

‘unstuck’ is ongoing and includes factors such as MyoD and prostaglandin E2 
71,72. This 

emerging body of evidence challenges the long-held assumption that myofibroblasts die 
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and are cleared upon resolution of the wound healing response, and may simply be 

dedifferentiating into cells which are not myofibroblastic.  

 

Figure 2.2: The range of cells which have been experimentally shown to become involved 

in fibrotic disease. Epithelial cells, tissue resident quiescent fibroblasts, 

microvasculature-associated pericytes, vascular endothelial cells, and circulating bone 

marrow derived fibrocytes can all differentiate into myofibroblasts and contribute 

towards fibrosis.  

 

This consistency of remodeling potential is a strong contender for defining a fibroblast. It 

is not wholly unlike the current definition in that it relies upon a consistent phenotype, 

but is superior in that it does not exclude cells based on extrinsic factors such as the 
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difficulty of isolation and culturing. However, there are still problems with specificity in 

this definition. Components of the myofibroblast phenotype are not exclusive to those 

cells. For example, many cell types remodel the extracellular matrix; osteoblasts 139, 

astrocytes 140, vascular endothelium 141, macrophages 142 and pericytes 64,143 remodel 

ECM via MMP expression and/or matrix secretion. Perhaps these cells could also be 

classified as fibroblasts. Phenotypic behavior could be further clarified by a cell’s ability 

to remodel various biomaterials. 

 

Cellular or developmental lineage 

The initial population of interstitial fibroblasts is generated during gestation and these 

fibroblasts maintain an epigenetic ‘memory’ of their origin even after multiple passages 

81,102,119. This memory has only been shown in the tissue resident fibroblast, but a 

similarly distinct epigenetic signature is entirely plausible for the more mobile 

fibroblasts/fibroblast progenitors discussed previously. This nascent field of fibroblast 

epigenomics could prove useful in identifying fibroblast subpopulations alone or in 

conjunction with more traditional systems of expression analysis.  

Recent developments in lineage tracing have enabled the study of fibroblast and 

myofibroblast generation in specific tissues 46,127,132,144,145, but few comprehensive studies 

exist investigating the differences between fibroblast sources. Given the heterogeneity in 



31 

 

 

expression and phenotype described above, it follows that fibroblasts from two separate 

organ systems have a distinct lineage.  

 

As it stands, the heterogeneous and tissue-specific definitions used across tissues and 

fields make comparisons between putative ‘fibroblasts’ difficult, and there seems no 

simple answer with which to satisfy all definitions of a fibroblast. For the purposes of this 

review, we have defined any cell which has been shown to potentiate ECM remodeling 

and mechanical loading as a fibroblast. This common, participatory phenotype provides a 

more consistent classification based on function. Later, we will discuss methods by which 

the scientific community may be able to better understand and define a fibroblast, 

particularly as this definition pertains to the context of biomaterials design. 

 

Fibroblast Function 

Chemo-mechanical signal integration  

Cells are highly responsive to their sensed chemo-mechanical environment, with 

mechano-dependent phenotypes ranging across all classifications of cellular behavior. 

Migration 146, proliferation 147,148, secretion 149, and cellular differentiation 150–152 each 

have well-characterized relationships to their local environment. This recognition, 
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binding, and interaction is facilitated by integrin binding to the ECM through complexes 

called focal adhesions (FA).  

The extracellular matrix is the load bearing and buffering structure which supports cells 

and tissues. Composed of fibrous proteins, proteoglycans, and other bioactive 

saccharides, the ECM facilitates cell adhesion and migration, and directs proliferation 

and development. The fibrous proteins are collagens and elastins which provide the 

primary structure. The polysaccharide hyaluronic acid forms a viscous gel with absorbed 

water, which provides space filling and compressive strength to the matrix, as well as a 

fluidity to matrix. Other components include fibronectin and laminin which facilitate 

cellular interactions with the matrix, and further modify the mechanical characteristics of 

the matrix 153. Given the influence the extracellular matrix has on cell fate, and tissue 

integrity, biomaterials approaches must always consider its components as a core design 

objective. Fibronectin is the most highly studied extracellular matrix component given its 

ability to facilitate interactions between cells and their local matrix. Dysregulation of 

mechanosensing can drive pathologic ECM deposition and drives fibrotic disease 90,152.  

Many soluble factors can activate a fibroblast towards pro-healing and pro-fibrotic 

behaviors, and many of those factors are also secreted by fibroblasts themselves. PDGF 

and TGF-β1 are the two most common factors used experimentally to activate fibroblasts. 

There are many more factors impacting fibroblasts that are outside the scope of this 

review, and a thorough review of these effectors can be found in the recent review from 

Kalluri 154. We briefly diagram these factors in Figure 3. 
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Figure 2.3: Soluble cues driving fibroblast activation into a proliferative, secretory, and 

remodeling phenotype. EGF, epidermal growth factor; IFNγ , interferon-γ; IL(s), 

interleukin; PDGF, platelet-derived growth factor; SDF-1, stromal cell-derived factor 1; 

TGF-β, transforming growth factor β; TNF, tumor necrosis factor; VEGF, vascular 

endothelial growth factor.  
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Focal adhesions and stiffness sensing 

Focal adhesions (FA) can be divided into three regions along the ‘z-axis’ across the 

membrane: the outermost integrins, the adhesome proximal to the intracellular integrin 

tails, and the final actin/myosin network 151,155,156. 

Integrins are heterodimeric transmembrane proteins with the ligand binding region 

composed of α and β subunits which allow for binding to various ECM proteins. The 

subunits combine for a total of 24 identified receptors 157. These integrins bind to a 

variety of ECM ligands such as fibronectin, fibrinogen, and collagens. As such, the 

integrin composition of the FA determines the signals which are eventually integrated by 

the fibroblast. The multiple integrins for collagen and fibronectin have demonstrated 

distinct FA composition and signaling 158,159. One prolific integrin ligand is the Arg-Gly-

Asp sequence, or RGD.  Found in fibronectin, fibrinogen, osteopontin 157,160, and several 

laminins and collagens 157, RGDs have long been a popular target for the study of 

mechanobiology and the development of biomaterials as the sequence allows for a 

functionalized material to better integrate into its local tissue environment.  

The integrins are linked to the actin cytoskeleton via linker proteins talin, vinculin, 

integrin-linked protein kinase complex, α-actinin, tensin, and filamin 155,161. These linker 

proteins, together with over two-hundred other associated components, are collectively 

referred to as the “integrin adhesome”. The adhesome undergoes conformational changes 

in response to strain and affect a signaling change in the cell. Cumulatively, the 
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adhesome represents a systems level problem where wide genetic studies and large in 

silica analyses are being pursued. For a thorough review of the adhesome, see the 2014 

review by Winograd-Katz et al 162.  

Lastly, the force-generating actomyosin network – the ‘stress fibers’ referred to in 

myofibroblasts – sense and generate mechanical loading within the cell, which is 

transferred through the FA onto bound ECM 163. This network is in a constant state of 

flux, striving towards dynamic equilibria of filament recruitment and degradation in 

response to sensed and generated tension. The precise mechanisms by which this network 

creates and transmits forces are still being elucidated, with research ongoing into 

transcription factors such as Myocardin-related transcription factor (MRTF).  Upon 

polymerization of g-actin into f-actin (filaments), MRTF is unbound from g-actin and 

free to translocate to the nucleus where it forms a complex with Serum Response Factor 

(SRF) to drive many genes that are considered to be in the fibrotic program 164,165.  

Understanding fibroblast function allows for targeting pro-healing and anti-fibrotic 

behavior. However, there is still a dearth of data regarding the function of these diverse 

cells and how they differ from one another.   

 

Looking towards the future: trends in the field 

We previously describe the difficulties in subjecting fibroblasts to rigorous pan-tissue 

definitions or molecular labels, elaborating on the controversies and unknowns facing the 
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field regarding fibroblast origin, identification, and fate. Individual groups studying 

fibroblasts often generate islands of fibroblast characterization, each separated from one 

another by gulfs in methodologies and vernacular. This compartmental regime of study 

comes about from a lack of adequate tooling - the throughput to analyze cellular 

heterogeneity in multiple dimensions (expression, lineage, microenvironment) has only 

recently come about. With these new and powerful methods exist a substantial 

opportunity within the field to thoroughly explore how we define a fibroblast; how 

fibroblasts from all tissues and lineages compare, and how those similarities and 

differences bring about cellular phenotype in the regenerative biomaterials context. 

Fibroblast origins and tracing 

Presumably any fibroblast or remodeling cell will contain some indicator of its fibrotic 

potential, and discovering markers, if any exist, will allow us to truly constrain the 

definition of a fibroblast. As we become capable of observing the origin and development 

of a cell in addition to its immediate phenotype, we will potentially be able to settle on a 

workable definition of a fibroblast as one of remodeling phenotype, specific lineage, or 

some combination of both criteria. 

Lineage tracing techniques are increasing the diversity of fibroblasts which are available 

to study, and identifying previously unknown subsets of fibroblasts by their 

developmental markers. Inducible lineage tracing models include labeling developmental 

genes such as the forkhead box (FOX) group, which has been used to identify a subset of 
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perivascular fibroblasts in kidney 127,145 and lung 46. Tcf21 166 and Wt1 144 in cardiac 

tissue are also being used to track fibroblast generation and phenotype. Fibrocyte lineages 

are more simple, with a collagen reporter bone marrow transplant into WT mice allowing 

for visualization of marrow-derived fibroblasts 132.  

Another method to understand the lineage of a fibroblast, and its developmental 

environmental context, is to examine epigenetic markers of the cell. It has been shown 

that fibroblasts retain an epigenetic memory of a pathologically stiff environment for two 

weeks after removal 167,168. What may not be detectable at the lineage or transcript level 

could in fact be epigenetic drivers of fibroblast phenotype. For example, the promoter 

region of Thy-1 has been shown to display hypermethylation resulting in a permanent 

Thy-1- phenotype 102, driving the progression of fibrotic disease and preventing the 

fibroblast from returning to quiescence or undergoing apoptosis. 

Further techniques are being brought to bear on evaluating heterogeneous phenotype and 

identifying targets for study, such as cellular barcoding using multiplexed mass 

cytometry.  Mass cytometry combines the high throughput of flow cytometry with the 

spectrographic ability to discern between dozens of unique mass markers, offering 

unprecedented throughput and efficiency in collecting data about individual cells 169. 

Mass cytometry currently offers over forty 170 distinct mass tags, allowing for rapid and 

simultaneous quantitation of transcript and peptide levels within single cells.  
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Approaches from other fields which are embracing similar heterogeneities could be 

adapted to describing the heterogeneous fibroblast; similarly to how the macrophage M1 

to M2 paradigm is being supplanted by the radial color wheel of fluid phenotype 171, an 

inclusive model of fibroblast lineage and functional markers might be applied to a multi-

tissue analysis of fibroblasts. Dimensionality along the axes of lineage, 

mechanosensitivity, expression and epigenetic profiles would condense and contextualize 

the diverse data we collect on various fibroblasts. 

Cues, metabolism, and networks 

Computational models are a potential solution to the multidimensional quandary of inputs 

and outputs of fibroblast signaling. Simple, substantiated molecular events and 

interactions can be fed into a simulation of cellular behavior and reveal undiscovered 

relationships between phenotype and cellular, chemical, and mechanical environment. 

This process is used to explore hypotheses and inform further research 172–174. Current 

fibroblast modeling is trending towards larger, multiscale modeling techniques which 

incorporate -omics and drug data into more complex and exhaustive systems. These 

systems allow for rapid assessment of cell-cell, cell-material, and cell-factor interactions 

and output genes, receptors, and signaling pathways which merit further study.  In silico 

studies of fibroblast dynamics in pulmonary 175,176, liver 177, and kidney 178 demonstrate 

the increasing complexity and accuracy of these model systems. A comprehensive 

discussion of cardiac-centric fibroblast modeling by the Saucerman group 179 is 

recommended for further reading into fibroblast modeling. 
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To accurately parameterize these models requires massive amounts of phenotypic data. In 

addition to mass cytometry and traditional -omics approaches, powerful new methods 

such as stochastic profiling allow researchers to measure expression at the level of 

individual cells, providing insight into the high variability of cellular pathways within 

cells in a superficially homogeneous tissue or culture context 180. These profiles allow 

models to much more accurately approximate the behaviors of heterogeneous cells within 

in vitro and in vivo.  

 

Discussion 

The disparity in phenotype between fibroblasts found across the body is a vital 

consideration for those seeking to control wound healing, inflammation, and the foreign 

body response/biomaterial-associated fibrosis. Heterogeneity can be seen across tissues 

and within tissues, and even found in the expression of ‘pan-fibroblast’ markers, such as 

FSP1. Cells not traditionally considered fibroblasts have demonstrated the ability to 

contribute to inflammation and fibrosis. Taken together, these difficulties may justify 

reevaluating what we choose to define as a fibroblast.  

By whatever classification, these remodeling and mechanically active cells are vital to 

homeostasis. Their ability to sense and respond to cues both soluble and physical make 

them indispensable components of wound healing and regeneration. However, disruption 
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of these systems can result in disaster, with out-of-control deposition of ECM resulting in 

scarring and loss of biomaterial function.  

A consequence of fibroblasts being so heterogeneous is the disclaimer in the introduction 

of many fibroblast papers, wherein the author claims his or her work should not be taken 

as representative of fibroblasts as a whole. We believe that these statements speak to an 

untapped opportunity for thorough, systems-level approaches to understand fibroblasts 

across tissues and bridge these disconnected islands of understanding through new 

technologies and approaches. 

We think that biomaterials science is uniquely suited to approach these problems, for two 

reasons. First, out of necessity: term success of any implanted biomaterial requires 

mastering of the inflammation and scarring environment in order to ensure the implant 

functions appropriately. Second: biomaterials are invariably a simplified, constrained 

approximation of some physiologic feature. This constraint reduces variables and allows 

for the asking and answering of questions which may be intractable in a more complex 

experimental model. Collaborative efforts between biomaterials scientists and those 

studying fibrosis will yield dividends in both our basic understanding of fibroblast 

biology and the effectiveness of biomaterial-host integration. 
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Chapter 3  Extracellular Matrix 

Remodeling Associated with Bleomycin-

Induced Lung Injury Supports Pericyte-

To-Myofibroblast Transition 

 

 

 

 

The text of this chapter has been adapted from Hannan RT, Miller AE, Hung RC, Sano 

C, Peirce SM, Barker TH. Extracellular Matrix Remodeling Associated with Bleomycin-

Induced Lung Injury Supports Pericyte-To-Myofibroblast Transition. Matrix Biology 

Plus, in press.  
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Abstract 

Of the many origins of pulmonary myofibroblasts, microvascular pericytes are a known 

source. Prior literature has established the ability of pericytes to transition into 

myofibroblasts, but provides limited insight into molecular cues that drive this process 

during lung injury repair and fibrosis. Fibronectin and RGD-binding integrins have long 

been considered pro-fibrotic factors in myofibroblast biology, and here we test the 

hypothesis that these known myofibroblast cues coordinate pericyte-to-myofibroblast 

transitions. Specifically, we hypothesized that αvβ3 integrin engagement on fibronectin 

induces pericyte transition into myofibroblastic phenotypes in the murine bleomycin lung 

injury model. Myosin Heavy Chain 11 (Myh11)-CreERT2 lineage tracing in transgenic 

mice allows identification of cells of pericyte origin and provides a robust tool for 

isolating pericytes from tissues for further evaluation. We used this murine model to track 

and characterize pericyte behaviors during tissue repair. The majority of Myh11 lineage-

positive cells are positive for the pericyte surface markers, PDGFRβ (55%) and CD146 

(69%), and display typical pericyte morphology with spatial apposition to microvascular 

networks. After intratracheal bleomycin treatment of mice, Myh11 lineage-positive cells 

showed significantly increased contractile and secretory markers, as well as αv integrin 

expression. According to RNASeq measurements, many disease and tissue-remodeling 

GeneSets were upregulated in Myh11 lineage-positive cells in response to bleomycin-

induced lung injury.  In vitro, blocking αvβ3 binding through cyclo-RGDfK prevented 

expression of the myofibroblastic marker αSMA relative to controls. In response to RGD-
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containing provisional matrix proteins present in lung injury, pericytes may alter their 

integrin profile. This altered matrix-integrin axis contributes to pericyte-to-

myofibroblastic transition and represents a possible therapeutic target for limiting the 

myofibroblastic burden in lung fibrosis.  

Introduction 

Acute lung injury most often leads to a transient activation of resident cells, tissue 

remodeling, and eventual injury resolution.  However, under certain circumstances acute 

injury can progress into pulmonary fibrosis, a disease characterized by scar buildup and 

concomitant reduction in functional measures of respiration. These pathologies have 

largely unknown etiology and extremely limited palliative therapeutics 57. Pulmonary 

fibrosis is specifically characterized by a reduction in vital respiratory metrics and a 

persistent wound repair environment consisting of inflammatory cytokines, early and late 

provisional extracellular matrix (ECM) proteins like fibrin, fibronectin and collagens, and 

ECM-remodeling enzymes in the lung 181–185. Cellular infiltration, proliferation, and the 

expansion of interalveolar spaces in early fibrosis is referred to as fibroproliferation, 

which is the phase of disease wherein quiescent cells become activated and involved in 

the fibrotic process 186.  Through the exploration of these activated cells, there is the 

promise of understanding how transitions to a more chronic fibrotic remodeling program 

may occur.  
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The historical example of an activated, fibrotic effector cell is the myofibroblast. 

Myofibroblasts are defined by in situ observation of secretory, contractile, and tissue-

remodeling phenotypes, typically through immunohistologic methods. There are no 

reliable lineage markers for myofibroblasts, as they derive from a variety of quiescent 

cell populations, the diversity of which can lead to vast differences in regeneration and 

tissue remodeling outcomes. Thus, recent research into tissue-resident stromal cell 

populations have focused on identifying and characterizing the various myofibroblast 

progenitor populations 187–191.  

One known myofibroblast progenitor population is the perivascular mural cell, or 

pericyte, a cell physically associated with microvascular endothelial cells in capillary 

networks. Pericytes are phenotypically diverse and are typically identified by a variety of 

surface markers including CD146, PDGFRβ, NG2, and Desmin 40,63,192,193. Pericyte 

investment in the microvasculature supports vessel integrity and is essential for vascular 

homeostasis and functional tissue regeneration after insult 44,192. Pericytes have 

demonstrated phenotypic plasticity, acting as a source of myofibroblasts in fibrotic 

disease 194 and other pathologies 195–197. The myofibroblastic pericyte can emerge in 

response to lung injury 65,194, responding to classic myofibroblast-promoting conditions, 

including TGF-β and ECM stiffness 65, two stimuli known to activate classically-defined 

myofibroblasts. Study of the molecular mechanisms involved in mechanotransduction 

and activation of latent TGF-β have identified the integrins as essential components in 

myofibroblastic activation 198.  
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Integrins are a class of heterodimeric transmembrane receptors that bind to a variety of 

ligands, the majority of which are found in the ECM. Specific integrin and ligand 

combinations can potentiate a range of cellular behaviors ranging from differentiation to 

apoptosis to extravasation. Fibroblast signaling through the αvβ3 integrin is thought to be 

at equilibrium with signaling through α5β1, and when this balance is disrupted in disease 

(known as an ‘integrin switch’), greater αvβ3 integrin signaling drives disease 

phenotypes 199–201. It is thought that this shift towards pro-myofibroblastic αvβ3 signaling 

is derived from the increase in Arginine, Glycine, and Aspartate (RGD) ligand found in  

the fibronectin-rich provisional matrix in early stages of tissue remodeling200,202–206 

Integrins are no less important in mediating the responses of pericytes to their 

biochemical and biomechanical environments. The loss of pulmonary basement 

membrane, in which healthy pericytes are situated, is considered a hallmark of mature 

and non-resolving fibrosis 27. Pericyte investment in the basement membrane and 

capillary network is facilitated by laminin binding to α6 heterodimers, α6β1 and α6β4 

25,207,208. For pericytes, the transition from laminin- and collagen IV-rich basement 

membrane to a fibronectin-rich provisional matrix during early lung injury could invoke a 

stark change in integrin signaling, similar to the fibroblast integrin switch, leading to 

phenotypic switching 209. Indeed, when αv integrin was selectively knocked out via use of 

a PDGFRβ-cre mouse, its loss was shown to be protective in a bleomycin lung injury 

model 210.  
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However, a direct linkage between ECM ligand, surface integrin expression, and 

pericyte-to-myofibroblast transition has yet to be explored, and whether fibronectin is 

sufficient to trigger the pericyte-to-myofibroblast transition is an open question. 

Additionally, characterization of the myofiboblastic pericyte in vitro and in vivo is 

typically limited to assessment of a single marker, such as alpha smooth muscle actin 

(αSMA), limiting our understanding of the broader phenotypic changes that the 

transitioning pericyte has undergone. Therefore, the goals of this study were to: 1) more 

comprehensively characterize the phenotypes of pulmonary pericytes and their local 

ECM environment following lung injury with bleomycin, and 2) test the hypothesis that 

RGD-mediated integrin signaling can precipitate the pericyte-to-myofibroblast transition.  
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Results 

Figure 3.1 The Myh11-CreERT2 ROSA STOPfl/fl tdTomato reporter mouse requires 

tamoxifen for reporter induction and does not alter lung histology. (A) Schematic of the 

Myh11-CreERT2 ROSA STOPfl/fl tdTomato lineage reporter mouse (B) Representative 

immunofluorescence (IF) and hematoxylin and eosin (H&E) micrographs of lung. IF 

histology stained for tdTomato (red, endogenous fluorophore), and DAPI (blue).  
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Myh11 lineage reporter mouse labels pericytes in the lung microvasculature. The 

induction of Myh11-CreERT2 ROSA STOPfl/fl tdTomato mice (described in Figure 3.1A) 

with tamoxifen induces recombination and expression of tdTomato in pericytes, as well 

as vascular and bronchiolar smooth muscle cells (Figure 3.2A), consistent with prior 

work using Myh11 reporter mice 45,211–213.  The use of the tdTomato fluorescent reporter 

with the Myh11 Rosa26 construct allows for greater sensitivity in detecting Myh11 

lineage-positive cells than the previously published eYFP fluorescent reporter lineage 

mouse. While observation of Myh11 lineage-positive cells in the pulmonary capillary bed 

has only been associated with injury in the eYFP reporter mouse 45, we can clearly 

identify the Myh11 lineage-positive pericytes as being tissue-resident cells before injury. 

These tdTomato-expressing, fluorescent pericytes become much brighter in disease 

models, as demonstrated by the differences in relative brightness between saline and 

bleomycin-treated lungs given the same confocal image acquisition settings in this text 

and prior literature 45. Spontaneous recombination is not seen in uninduced mice prior to 

experimentation (Figure 3.1B). These Myh11 lineage-positive pericytes in the capillary 

bed extend abluminal processes along capillary endothelium (Figure 3.2A). The majority 

of Myh11 lineage-positive cells isolated from healthy, uninjured lung (gating described in 

Figure 1B) are positive for pericyte markers PDGFRβ (56%) and CD146 (69%) (Figure 

3.2C). The observed location, morphology, surface markers, and body of prior work on 

this Myh11 lineage 45,212–214 provide robust evidence to support a classification of Myh11 

lineage-positive cells as pericytes.  
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Figure 3.2 The Myh11-CreERT2 ROSA STOPfl/fl tdTomato reporter mouse labels 

pericytes in the lung capillary bed. A) Representative immunofluorescence (IF) 

micrographs of lung sections stained for tdTomato (red, endogenous fluorophore), αSMA 

(green), and CD31 (purple). Anatomical structures are denoted “a” for bronchiolar 

airway lumen, “v” for venule, and “c” for the alveolar capillary bed. (B) Gating 
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hierarchy to isolate Myh11 lineage-positive cells for phenotyping. (C) Representative 

scatter plot of PDGFRβ and CD146 surface markers on the Myh11 lineage. An average 

of 55.5% of Myh11 lineage-positive cells in healthy mice were positive for PDGFRβ, 

while an average of 69.3% were positive for CD146 (n=3).  

Myh11 lineage-positive pericytes adopt myofibroblastic phenotypes within regions of 

fibroproliferative repair in the injured lung according to immunofluorescent histologic 

analyses. Using a single-dose intratracheal bleomycin lung injury model, 

immunofluorescent imaging and analyses were performed on lung specimens from 

saline-treated control mice and bleomycin-treated mice. Confocal micrographs of 

transverse sections taken from the midline left lung demonstrate the pronounced tissue 

remodeling characteristic of the bleomycin disease model (Figure 3.3A, B), where the 

interstitial tissue expands through fibroproliferation and ablates the alveolar airspaces 

186,215. This increase in tissue density and loss of alveolar spaces is known to be 

potentiated by myofibroblastic tissue remodeling. In saline-treated control lungs (Figure 

3.3A), the vast majority of αSMA content can be found in the smooth muscle cells lining 

larger vessels (pulmonary venules and bronchioles), while more diffuse and non-luminal 

αSMA is abundant in the bleomycin treated lung (Figure 3.3B). The proportion of Myh11 

lineage-positive pericytes in lung sections expressing αSMA more than doubles two 

weeks post-bleomycin treatment (Figure 3.3C). This analysis manually excludes Myh11 

lineage-positive vascular smooth muscle cells in bronchioles or venules, as described in 

the Methods section. An analysis of fibronectin levels local to Myh11 lineage-positive 
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pericytes (within 12 microns of cell soma) revealed no significant difference in 

fluorescence intensity between saline-treated and bleomycin-treated lungs (Figure 3.3D). 

Active perivascular αvβ3 integrin (Figure 3.3E, Wow-1) increases in bleomycin-treated 

lung, with αSMA+/Wow-1+ pericytes significantly increasing in frequency in bleomycin-

treated lung (Figure 3.3F).  
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Figure 3.3 Immunofluorescence (IF) micrographs of lungs from saline and bleomycin 

treated mice lungs showed increases in perivascular αSMA and engaged αvβ3 integrin. 

(A,B) Representative confocal micrographs of transverse lung sections immunolabeled 

for αSMA (green), tdTomato (red, endogenous fluorophore), and fibronectin (purple) 

from saline (A, n=3) and bleomycin (B, n=6) treated mice. High-magnification inserts 

(middle) allow for identification and quantification of individual αSMA-positive pericytes 

(thick arrow) and αSMA-negative pericytes (thin arrow). (C) The number of Myh11 

lineage-positive pericytes expressing αSMA is reported as a percentage of the number of 

total Myh11 lineage-positive pericytes counted across an entire lung section and the 

mean fluorescence intensity of fibronectin within 13 microns of each pericyte was 

measured (D). (E) Representative micrograph of Wow-1 staining in the bleomycin treated 

lung, with an αSMA, Wow-1 double positive pericyte shown (thick arrow) and 

quantitative comparison between saline (n=3) and bleomycin (n=5) lung sections (F). 

Data are expressed as means ± standard deviation.  Statistical significance was 

determined via unpaired, one-tailed student’s t-test. ns = not significant; p < 0.05 = *; p 

< 0.01 = **; p < 0.001 = ***. 
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Myh11 lineage-positive pericytes isolated from fibrotic lungs show increases in tissue-

remodeling markers by flow cytometry. Myh11 lineage-positive pericytes are defined 

here as live cells negative for the cell-surface markers of other cell lineages Ter119 

(erythrocytes), CD45 (myeloid lineage), EpCAM (epithelial cells), CD31 (endothelial 

cells), which we refer to as “dump negative”, and positive for Myh11 lineage and CD146 

(pericyte marker). Cells were isolated from whole-lung digestions from bleomycin-

treated and saline-treated lungs, as depicted in Figure 3.4A. Myh11 lineage-positive 

pericytes were evaluated for a panel of matrix-remodeling and matrix-binding markers, 

including: αSMA, Collagen type 1 alpha 1 (Col1a1) and integrin subunits α6 and αv. The 

prevalence of all these markers increased significantly in Myh11 lineage-positive 

pericytes (Figure 3.4 D, E, I, J). Representative plots of healthy and diseased lung for 

matrix-remodeling markers αSMA and Col1a1 (Figure 3.4B, C) demonstrate this shift. 

The amount of Myh11 lineage-positive pericytes positive for αSMA nearly doubles two 

weeks after bleomycin treatment (Figure 3.4D). Col1a1 is a collagen subunit that can be 

labeled intracellularly, provides a snapshot of cellular collagen synthesis, and is used as a 

measure of myofibroblastic tissue remodeling 33,216–218. As with αSMA, the incidence of 

Col1a1+/Myh11 lineage-positive pericytes significantly increases by over two-fold in the 

bleomycin treatment group (Figure 3.4E). A tripling of the frequency of 

αSMA+/Col1a1+/Myh11 lineage-positive pericytes was observed (Figure 3.4F). 

 



56 

 

 

 



57 

 

 

Integrin subunits α6 and αv confer affinities for the basement membrane protein laminin 

and the RGD motif, respectively. Representative plots from saline and bleomycin 

treatments (Figure 3.4G, H) demonstrate significant population shifts between saline 

control and bleomycin-treated mice. The frequency of α6+/Myh11 lineage-positive 

pericytes increases threefold in the bleomycin treatment group (Figure 3.4I), and 

αv+/Myh11 lineage-positive pericytes increase nearly fivefold (Figure 3.4J). No 

significant change in the ratio of αv to α6 integrin-expressing, Myh11 lineage-positive 

Figure 3.4 . Flow cytometry of Myh11 lineage-positive pericytes isolated from saline 

and bleomycin treated mouse lungs show increased matrix-remodeling and matrix-

adhesion proteins. (A) Gating hierarchy to isolate Myh11 lineage-positive pericytes 

for phenotyping. (B-F) Analysis of the expression of tissue-remodeling markers, αSMA 

and Col1a1, in Myh11 lineage-positive pericytes. Representative plots of αSMA and 

Col1a1 from saline (n=3, B) and bleomycin (n=5, C) treatment groups. Quantitation 

of αSMA-positive (D), Col1a1-positive (E), and double-positive (F) cells. (G-K) 

Analysis of adhesion integrins, α6 and αv, in Myh11 lineage-positive pericytes. 

Representative plots of α6 and αv from saline (G) and bleomycin (H) treatment 

groups. Quantitation of α6 integrin (I), αv integrin (J) and the ratio of αv positive cells 

to α6 positive cells (K). Data are expressed as means ± standard deviation.  Statistical 

significance determined via unpaired, one-tailed student’s t-test. ns = not significant; 

p < 0.05 = *; p < 0.01 = **; p < 0.001 = ***. 

 



58 

 

 

pericytes between treatment groups can be seen (Figure 3.4K). This ratiometric 

quantification interrogates a shift in integrin expression across the population of Myh11 

lineage-positive pericytes.  

 

When Myh11 lineage-positive pericytes are compared to the broader population of 

stromal cells (defined as cells negative for lineages Ter119, CD45, CD31, EpCAM 216), it 

can be observed that the relative ratio of αSMA+ pericytes to αSMA+ stromal cells 

decreases in bleomycin, even while the incidence of pericytes positive for αSMA 

increases (Figure 3.5D). Myh11 lineage-positive pericytes comprise the bulk of Col1a1+ 

cells in the stromal population of both healthy and diseased lung (Figure 3.5D).  
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Figure 3.5 . Broader phenotyping of myh11 lineage pericytes and lineage pericytes in 

relation to the putative stromal cell population as identified by flow cytometry. Gating 

hierarchy to identify Myh11 lineage-positive pericytes for phenotyping. (B) Additional 

surface markers assayed (C) Gating hierarchy to isolate putative stromal cells via 
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negative marker selection. (D) Comparison of saline and bleomycin marker profiles on 

both stromal cells and the perivascular subset of that same population. 

Myh11 lineage-positive pericytes isolated from fibrotic lungs are enriched for tissue-

remodeling genes. Myh11 lineage-positive pericytes were isolated from whole-lung 

digestions that were obtained two weeks after bleomycin-treatment or saline-treatment, as 

described in Figure 4A. Cells were run through an Illumina sequencing platform, with 

details provided in the Methods section. A list of the top 30 ranked genes by fold change 

can be seen in Figure 4B, with an extended top 100 genes provided in Figure 3.6A. The 

top of the list consists of several ECM components, matrix metalloproteinases (MMPs), 

and genes associated with activation of immune complement.  A GeneSet Enrichment 

Analysis (GSEA) allows for an unbiased perusal of 1378 mapped mouse GeneSets. Our 

analysis found no significant enrichment of GeneSets in the saline treated-group, and 49 

GeneSets were found to be enriched in the bleomycin-treated group. A visual aide to 

understanding the multiple tests and scores of bulk GSEA can be found in Figure 3.6B. 

Genesets can be seen in Figure 4C and comprise Cellular Component (CC), Biological 

Processes (BP), Molecular Function (MF), and Matrisome (Matri) categories, of which 

the top five are shown. CC, MF, and BP are domains generated by the GeneOntology 

group 219,220, while Matri is a curated list of fibrosis and fibroproliferative-relevant 

GeneSets by Naba and Hynes 221.  
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Figure 3.6 RNA sequencing (RNA-seq) of Myh11 lineage pericytes isolated from saline 

and bleomycin treated mouse lungs demonstrate increased expression of tissue-

remodeling genes in the disease model. (A) Heat map of top 100 most differentially 

expressed genes out of 22,203 between pericytes from bleomycin (Bleo) and saline 

treatment groups. (B) GeneSet Enrichment Analysis (GSEA) plot of 1378 Gene 

Ontology (GO) sets, visualizing the test statistics: nominal p-value (NOM p-val); 

Normalized Enrichment Score (NES); Family-wise Error Rate (FWER). The threshold 

for significance is highlighted green (NOM p-val < 0.05) and white-to-blue color dots 

(FWER < 0.25). There is no signficance threshold for NES, as it is a measure of GO set 

expression on phenotype. (C) GO sets meeting the filter criteria (NOM p-val < 0.05; 

FWER < 0.25) are displayed. All sets have a NES score > 0, indicating all significant 

GO sets are enriched in bleomycin treatment. Cellular component (CC), molecular 

function (MF), biological process (BP), and matrisome denote separate categorical 

domains of gene ontologies. 
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Across all categories, significant enrichment of ECM and ECM-related processes is seen 

in cells procured from bleomycin-treated lungs. Also enriched are several cell cycle and 

proliferation GeneSets, implying a metabolically activated and mitotic cell population. 

The entire list of significant GeneSets can be found in Figure 3.6C.  

  

  



64 

 

 

 

Primary Myh11 cell culture on fibronectin with RGD-inhibition reveals an RGD-

dependent increase of cellular αSMA. Fibronectin coated, stiff substrates are thought to 

activate myofibroblasts through αv integrin focal adhesions 222. A laminin coating with 

no readily available RGD integrin ligand was chosen for a negative control, as pericyte 

α6 investment in the laminin-rich basement membrane is a known requirement for 

cellular and tissue homeostasis and does not activate myofibroblastic phenotypes 207,223. 

Cyclic RGD (cRGD) in an approximately 100-fold molar excess beyond reported IC50 

values for αv heterodimer adhesion was used to prevent RGD engagement, with 

nonbinding cyclic RAD (cRAD) used as a control 224. Mouse fibronectin or laminin-

coated cover slips seeded with CD146+ MACS-enriched primary cells isolated from 

digested lung can be seen after 24 hours culture (Figure 5A). The prevention of cellular 

engagement with RGD results in less spread and less contractile cells, as observed by 

Figure 3.7 Subset of RNA sequencing (RNA-seq) of Myh11 lineage-positive pericytes 

isolated from saline and bleomycin treated mouse lungs demonstrate increased 

expression of tissue-remodeling genes in the disease model. (A) Gating hierarchy to 

isolate Myh11 lineage-positive pericytes for phenotyping. (B) Heat map of top 30 most 

differentially expressed genes out of 22,203 between pericytes from bleomycin (Bleo) 

and saline groups. (C) GeneSet Enrichment Analysis (GSEA) of RNA-seq data in Myh11 

lineage-positive pericytes. The threshold for significance of tested genesets is nominal p-

value (NOM p-val) < 0.05 and Family-wise Error Rate (FWER) < 0.25.  
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αSMA. The mean fluorescence intensity (MFI) of cellular αSMA across cell preparations 

from several mice (n=3) can be seen in Figure 5B. The Myh11 lineage-positive cells 

plated on fibronectin with cRAD nonblocking control generated significantly increased 

αSMA compared to the cRGD blocked group (Figure 5B). The laminin surface controls 

show no αSMA increases relative to the fibronectin surface with either treatment and are 

shown together as “LAM + Peptide”.  
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Discussion  

We demonstrate the ability to identify pericyte-derived myofibroblasts using a pericyte 

lineage reporter mouse treated with bleomycin to induce lung injury. Using this model 

system, we have identified the pulmonary pericyte as a population of myofibroblast 

progenitors. We showed that pericytes adopt a tissue-remodeling phenotype in 

bleomycin-induced lung injury, and we identified the extracellular matrix ligand (RGD) 

in fibronectin as a potentiator of pericyte-to-myofibroblast transition in vitro.  

Figure 3.8 Cell culture of Myh11 lineage-positive cells with RGD inhibition reveals 

an RGD-dependent increase of αSMA on fibronectin-coated substrates but not on 

laminin-coated substrates. (A) Representative immunofluorescence (IF) micrographs 

of Myh11 lineage-positive cells (red, endogenous fluorophore) and αSMA (green). 

Cells were treated with the soluble RGD inhibitor, cyclo-RGDfK (cRGD), or the 

noninhibitory control cyclo-RADfK (cRAD).  (B) Quantitation of mean fluorescence 

intensity (MFI) of αSMA within each cell. Data are expressed as means of cells from 

individual mice (n=3), with 16-60 cells averaged per mouse, ± standard deviation. 

No differences were seen between peptides in the laminin group, and they were thus 

merged. Dark green = LAM + RGD; light green = LAM + RAD.  Statistical 

significance was determined via unpaired, one-tailed student’s t-test. ns = not 

significant; p < 0.05 = *; p < 0.01 = **; p < 0.001 = ***. 
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The body of work describing pericyte contributions to fibrosis, and the pericyte-to-

myofibroblast transition, is still nascent 65,194,196,225–228. Foundational studies have shown 

pericytes can transition into myofibroblasts in disease 196,225,227, with additional research 

exploring possible molecular mechanisms driving the transition 65 and pericyte-specific 

knockdown studies, which confer protection in fibrotic disease models 45,210,228. The 

detailed characterization of pericytes in this work through histological analysis, high-

dimensional flow cytometry, and gene ontology RNASeq analyses provides an 

unprecedented level of insight into the response of pericytes in the early phases of repair 

following acute lung injury. Our characterization of pericytes using a variety of surface 

markers through extensive cytometric phenotyping contributes to the existing literature 

by comparing them to the broader stromal cell population. The ability to contextualize 

our population of interest among the broader stromal cell population allows for relative 

comparisons to be made between our pericyte lineage and the broader stromal cell 

population, something not possible without high-dimensional cytometric analyses. The 

abundance of pericyte collagen production (Col1a1+) within the larger stromal 

population agrees with prior pericyte research in kidney fibrosis 218. Contrastingly, 

pericytes make up a much smaller proportion of the stromal contractile (αSMA+) 

population. This heterogeneity in relative contributions of myofibroblast markers to 

stromal cell population provides further evidence to support the growing understanding 

of fibroblast heterogeneity, which has mostly been obtained via single-cell RNA 

sequencing, showing that myofibroblasts originate from a variety of cell populations. 
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This new focus on myofibroblastic heterogeneity is revealing that phenotypes once 

considered pan-myofibroblastic (based on whole population analyses) can be attributed to 

distinct subpopulations of myofibroblasts 33,39,229. Our data in Figure 3.5 suggest that 

pericytes are the primary collagen 1-producing stromal cells in both healthy and 

bleomycin-treated lung.  

Our work examines integrin expression and activation for the first time in the murine 

Myh11 lineage model of pericytes. Integrins are known to be important in mediating 

fibroblast differentiation into myofibroblast phenotypes 199,210,222,230, so we posited that 

they might play a role in the pericyte-to-myofibroblast transition. Our findings show a 

pronounced increase in pericyte αv and α6 protein expression in response to bleomycin 

insult.  This enhanced adhesion profile is not unexpected; ligand density for ECM-

binding integrins increases in fibroproliferative injury 231,232. While the ratio of αv to α6 

surface expression is not significantly altered in the pulmonary pericyte population of 

murine lungs treated with bleomycin, the amount and activation/engagement of αv(β3) 

are both significantly increased in the injury model. The lack of significant increase in 

total fibronectin proximal to pericytes following bleomycin induced injury is curious, 

especially in light of significantly heightened levels of active v3 integrin on the 

surface of pericytes.  However, the bleomycin model of lung injury is a resolving model 

and these data may point to a more balanced fibroproliferative repair compared to 

pathological, chronic remodeling observed in human fibrotic diseases. These data further 

suggest additional regulatory mechanisms are at play that contribute to v3 activation in 
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the pericyte population, including known inside-out mechanisms of integrin activation 

due to exogenous agonists that are known to be present in the provisional wound repair 

environment, such as thrombin and others 224,233.  We might also speculate, based on our 

previous work, that contractile (SMA+) pericytes engage a known integrin switch 

driven through a mechanically sensitive conformational change within fibronectin’s 

integrin binding domain that drives a strong preference for fibronectin-v3 engagement 

199,200,222.  In total, these data strongly suggest that there is a mechanically 

responsive/active, provisional matrix-engaged pericyte population during lung injury 

repair.  

Studies of pericyte behaviors have been historically limited by the available approaches 

for identifying and tracking them in living tissues. Given the wide range of non-unique 

surface markers that pericytes express 192, morphologic criteria and physical orientation 

relative to capillary endothelium have been used to positively identify pericytes 214. 

However, this morphologic description is limiting when the goal is to interrogate pericyte 

transitions into other cell types. The Myh11 lineage system is one of many published 

murine models 40 that has provided a means to identify this cell population and its lineage 

in vivo.  However, we cannot assume that the pericytes labeled by this Myh11 lineage 

tracing system are identical to those labeled by other lineage tracing systems, nor can the 

Myh11 lineage be assumed to universally label all pericytes. Since the Myh11 lineage 

cell population also includes smooth muscle cells (SMCs) 197,234,235, and since SMCs have 

been shown to also express CD146 236, it is possible that our RNAseq and cytometric 
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results include contributions from SMCs, in addition to pericytes. Given this caveat, we 

can still conclude that the mural cell population, which includes both pericytes and 

SMCs, are active participants in fibrotic remodeling following bleomycin-induced injury 

in the lung. And, considering our RNAseq and cytometric data in light of our histological 

data, which demonstrate based on cell morphologies and proximity to capillaries that 

pericytes are the predominant cells exhibiting myofibroblastic behaviors, we can 

conclude that if SMCs also undergo myofibroblast differentiation, their role in fibrotic 

tissue remodeling is relatively minor compared to that of pericytes. 

We explored αv integrin, a fibronectin/provisional matrix binding protein known to 

potentiate myofibroblast phenotypes, in the context of pericyte-to-myofibroblast 

differentiation. However, αv does not only bind to RGD, but has many ligands, and 

studies of αv in the microcirculation tend to focus on αv-platelet endothelial cell adhesion 

molecule (PECAM) interactions. We do not evaluate the contributions of endothelial cell 

remodeling or behaviors to pericyte-to-myofibroblast transitions, but we acknowledge the 

remodeling of microvessel networks as essential components of lung fibrosis 237.  

We acknowledge there are limitations in our model systems and techniques which must 

be considered in the interpretation of our results. The bleomycin injury model for 

resolving lung fibrosis has been extensively used and cited in literature, but does not 

accurately recapitulate many aspects of human lung fibrosis 68,215,238. It should be thought 

of as a platform to study cell and tissue-scale phenomena in fibroproliferative injury, 

which has enabled our extensive research on myofibroblasts in fibrotic lung injury 
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201,202,222. The cell dissociation process necessary for preparing cells for cytometry sorting 

and analyses, including RNASeq, subjects the isolated cells to a brief period of enzymatic 

and mechanical perturbation, which may skew data in unforeseen ways, though care was 

taken to limit known artifactual stimulants of cells, such as titration of digestion and lysis 

steps, and addition of DNAse and EDTA to sorting and digestion steps. Additionally, 

published research verifies the stability of many of our surface markers in our digestion 

model 239.  The spectral flow cytometry we employed provides an unprecedented, highly 

dimensional cytometric dataset, but potential fluorescence overlap limits the number of 

cell populations that can be accurately compared within a given gating hierarchy.  

Translating known downstream signaling of integrins in fibroblasts to other stromal cell 

populations, including pericytes, has provided some insight into biologic processes 

required for the generation of myofibroblastic cell phenotypes from non-fibroblast 

precursor populations. Myocardin-related transcription factor (MRTF) is an essential 

component of integrin-mediated myofibroblast activation, and recent studies have shown 

its requirement for various stromal cell to myofibroblast transitions 59,65. Likewise, 

YAP/TAZ/Hippo signaling is known to regulate myofibroblast phenotype and is 

dysregulated in disease 240, while studies of YAP/TAZ deficient pericytes have 

demonstrated the loss of YAP/TAZ in Gli1 perivascular stromal cells is protective in 

fibrotic injury of kidneys 241,242. The increase in active pericyte αvβ3 measured in this 

study is known to potentiate those signaling cascades, but direct measurement of these 

pathways was outside the scope of this manuscript.  
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Many other opportunities to investigate myofibroblast biology as it pertains to pericytes 

are enabled by the Myh11 pericyte lineage, and this will allow for a more complete 

understanding of the process by which pericytes and other stromal cells can be driven 

towards pathologic myofibroblastic behavior. While myofibroblast responses to various 

collagenous and fibronectin-rich substrates are well understood 200,232,243, pericyte 

responses to the changes in ECM composition during injury are less understood. The 

study of basement membrane remodeling in fibrotic injury as it coincides with generation 

of provisional matrix has begun here with our evaluation of fibronectin in locations that 

are proximal to pericytes. Indeed, our findings link ECM-based integrin ligand RGD with 

cell surface αv integrin activation in the pericyte-to-myofibroblast transition. Further 

study into the mechanisms underpinning phenotypic changes in pericytes during lung 

fibrosis may reveal new potential diagnostic and therapeutic targets for lung fibrosis.  
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Materials and Methods 

Mice 

All procedures were performed in accordance with the Institutional Animal Care and Use 

Committee of the University of Virginia. Myh11-CreERT2 ROSA STOPfl/fl tdTomato 

mice 6-12 weeks of age were injected intraperitoneally with 1mg tamoxifen (10mg/mL of 

tamoxifen (Sigma-Aldritch, St.Louis, MO, USA) in 100 uL peanut oil (Sigma-Aldritch) 

each day for 10 days over two weeks.) Mice were rested for four weeks to allow 

clearance of tamoxifen, oil, and transient circulating cells before subsequent procedures. 

 

Tracheal Bleomycin Administration 

Animals were anesthetized with a ketamine/xylazine cocktail (60-80/5-10 mg/kg). 

Animals were placed on a commercial board from Hallowell EMC and hung by their 

incisors at 45 degrees. Bleomycin sulfate (1-3 U/kg) (Meitheal Pharmaceuticals, Chicago, 

IL, USA) in saline or saline vehicle control (2uL/gm) was instilled into the lungs through 

the trachea through angiocatheter tubing placed down the animal’s throat and connected 

to a 1mL syringe. Mice were monitored during and post- procedure to ensure recovery 

from anesthesia and not returned to housing until they were fully ambulatory and 

breathing normally.  
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Harvest of Lung Tissue 

Animals were euthanized two weeks post-bleomycin via CO2 asphyxiation with 

secondary cervical dislocation. Mice were sprayed with 70% ethanol to sterilize and mat 

fur, and an incision was made through the skin extending from 5mm below the sternum 

to the mandible. A bilateral incision was made perpendicular from the abdominal end of 

the previous incision, exposing the caudal edge of the ribcage and the abdominal cavity 

and peritoneum. The peritoneum along the caudal ribcage edge was cut along the entire 

length of the ribcage. The diaphragm was dissected away and the ribcage cut or moved 

away to expose the cardiopulmonary unit. The inferior vena cava was cut and the heart 

perfused with 5-10ml of sterile saline or PBS, until blanching of the lungs was complete.  

In the submandibular area, salivary glands were dissected away and the trachea 

cannulated with a blunt tipped needle or trachea tube and secured with suture. Lungs 

were then washed 3x with sterile saline or PBS, and then inflated with 2% UltraPure 

LMP Agarose (ThermoFisher, Waltham, MA, USA) for histology or sterile saline/PBS 

for lung dissociation. The entire cardiopulmonary unit was dissected out of the thorax and 

placed into saline/PBS on ice for subsequent protocols.  

Histologic Staining 

Lungs for histologic analyses were submerged in 4% paraformaldehyde (PFA) for 30 

minutes or were fresh frozen. Lungs were placed in 30% sucrose solution until they sink, 
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at which point they were embedded in OCT and frozen. Lungs were cryosectioned at 8 or 

30 micron thickness for histochemical and immunofluorescent staining.  

Slides for histochemical analyses were and stained with hematoxylin and eosin (Ricca, 

Arlington TX, USA) and Picrosirius Red (Abcam, Cambridge MA, USA) following 

manufacturer protocols.  

All steps performed in a hydration chamber. All antibodies and dilutions are listed in 

Table 3.1. OCT was washed away with PBS and section was fixed (if necessary) with 4% 

PFA or methanol. Section was then permeabilized for 1 hour with 0.5% TritonX-100 in 

PBS. Section was then blocked with the mouse serum (if not available, FBS) at 5% and 

the secondary antibody host serum at 5% in PBS for 1 hour at RT or overnight at 4C. 

Primary antibodies added for 3 hours RT or overnight at 4C. Section was washed with 

PBS for 5m 5x. Secondaries and conjugated primaries were added for 3 hours RT or 

overnight at 4C. Section was washed with PBS for 10m 5x. Tissue was washed and 

mounted with Prolong Diamond (ThermoFisher). DAPI Counterstain from mounting with 

Prolong Diamond with DAPI (ThermoFisher) 

Immunofluorescence Imaging   

Images captured on an UltraView Vox Spinning Disk Confocal Microscope 

(PerkinElmer, Waltham MA, USA) using Volocity 6.3.1 software (PerkinElmer) and 

Nikon PlanFluor 20x and Nikon Apo TIRF 60x objectives, or a BZ-X810 widefield 

fluorescence microscope (Keyence, Osaka, Japan) Tiled images taken at 10% overlap and 
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stitched using in-house software 

(https://bitbucket.org/pythoncardiacmodel/publicpythoncardiacmodel/src/master/) and 

Volocity. Analyses and particle counts performed in Volocity or Fiji/Imagej 244.  

Lung Dissociation/Single Cell Isolation 

All steps performed on ice unless otherwise indicated. Heart, fat, connective tissue and 

primary bronchi were dissected away from the lung lobes, minimizing non-lobe tissue. 

Lung lobes/large chunks from a single mouse were placed into into a 2ml microfuge tube 

and chopped into small (< 2mm) chunks with sterile scissors. 1ml of digestion solution 

(TM Liberase at 4 units/mL (Roche, Basel, Switzerland) and DNAse Type I at 800 

units/mL (ThermoFisher) made in sterile PBS) was added to each tube. Tubes were 

placed on a rotisserie at 37C for 20 minutes. Digest was then mechanically ground 

through 100um nylon filters (ThermoFisher) and placed in ACK RBC Lysis buffer 

(ThermoFisher) for 3 minutes at RT or as needed. Cells were pelleted and, if further 

cleanup was needed, a densisty gradient was used (debris removal soluton, Miltenyi, 

Bergisch Gladbach, GER) according to manufacturer direction.  

Cell Culture 

Primary cell culture performed in DMEM (ThermoFisher, Waltham MA, USA) with 

fibronectin-depleted (depleted via column purification using gelatin sepharose) FBS at 

10% on glass coverslips coated with 10ug/mL murine fibronectin (natural mouse 

fibronectin, Abcam) or laminin (laminin mouse protein, natural, ThermoFisher). 

https://bitbucket.org/pythoncardiacmodel/publicpythoncardiacmodel/src/master/
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Inhibition studies included 100 µM of Cyclo(-RGDfK) or Cyclo(-RADfK-) (Anaspec, 

Fremont CA, USA) in PBS to single cell suspensions immediately prior to plating. Cells 

allowed to adhere overnight, and media was replaced. Cells fixed at 24 hours, 

permeablized, and stained.    

Flow Cytometric Analyses 

All antibodies and dilutions are listed in Table 3.1.  

Live cell sorting performed on AutoMACS (Miltenyi) and BD Influx (BD Biosciences, 

San Jose, CA, USA) sorters. Cells suspended in FACS buffer (PBS+5% FBS+1mM 

EDTA) for staining and sorting. CD146 (LSEC) MACS Beads (Miltenyi) added to cells 

according to manufacturer directions and sorted in a poseld2-protocol on the AutoMACS.  

Phenotyping panels performed on Cytek Aurora spectral flow cytometers with fixing and 

permeablizing by Fix&Perm kit (ThermoFisher). Cells suspended in FACS buffer 

(PBS+5% FBS+1mM EDTA) for staining and sorting. FMO gating for positivity visible 

in Figure 3.9 

RNA Sequencing 

Cells isolated from murine lung were used to generate mRNA libraries for RNA 

sequencing. Extraction and library prep were performed commercially with rRNA 

depletion (GeneWiz, South Plainfield, NJ, USA). All libraries were sequenced using 

single lane of the Illumina HiSeq sequencer to generate 150bp paired-end reads at a total 
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read depth of 350 million reads (GeneWiz). Following sequencing, the resulting fastq 

files were processed to remove low-quality reads (Phred quality score < 20) and the 

presence of any adapter sequences using TrimGalore245The resulting quality of each 

sample was independently evaluated using FastQC246. Files that passed QC were further 

processed to obtain gene expression counts following a previously defined protocol by 

Pertea et al.247. Briefly, reads were aligned to the mouse genome (UCSC mm10) using 

the HISAT2 aligner248 and transcripts assembled with StringTie249. The resulting 

StringTie output was used to produce read coverage tables for input into DESeq2250.  

RNA Data Analysis 

DESeq2’s median of ratios method was used to normalize for differences in sequencing 

depth and RNA composition between samples. Normalized counts were subsequently 

used to quantify differential expression in the diseased state (bleomycin vs. saline 

control). All gene ontologies were curated from The Gene Ontology (GO) Consortium or 

the MSigDB NABA_MATRISOME gene set221, with murine GO homologes sourced 

from Xijin Ge et.al. 251. Gene set enrichment analysis (GSEA) was used to identify 

significantly enriched gene sets performed using the GSEA-MSigDB desktop application 

and default parameters252. 
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Statistical analyses 

A two-way ANOVA or a Student’s t-test was performed using Prism (GraphPad, San 

Diego CA, USA), as indicated in each figure caption. Statistical significance was asserted 

at p-values < 0.05. All data are presented as average + standard deviation. 
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Table 3-1: Antibodies and Dilutions 

ANTIBODY CLONE DILUTION PRODUCT INFO 

FLOW 

ASMA 1A4 1/200 NBP2-34522 

A6 INTEGRN/CD49F GoH3 1/100 Bio legend 313612 

AV INTEGRIN/CD51 RMV7 1/100 BD 551380 

PDGFRB/CD140B APB5 1/100 Bio Legend 136008 

PDGFRA/CD140A APA5 1/100 ThermoFisher 25-1401-82 

CD31 MEC 13.3 1/50 BD 612802 

EPCAM/CD326 EBA-1 1/100* BD 743544 

CD146 ME-9F1 1/100 BD 562232 

CD45 30-F11 1/100* Bio Legend 103147 

TER119/RBC TER-119 1/100* BD 740686 

COL1A1 poly 1/100 ABNova PAB17204 

L/D NIR n/a as 

directed 

ThermoFisher L34975 

COMBINED DILUTION OF ALL 'DUMP' ABS IS 1/100, EACH INDIVIDUAL AB 

IS <1/100 
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HISTOLOGY 

CD31 MEC 

13.3 

1:100 BioLegend 102504 

ASMA 1a4 1:200 NBP2-34522 

FIBRONECTIN poly 1:200 Abcam ab2413 

ACTIVE AVB3 

INTEGRIN/WOW1 

n/a 1:200 gift of Sanford Shattil, University of 

California, San Diego 

SECONDARIES 1:1000 AF conjugates 
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Figure 3.9 Methods - Fluorescence Minus Ones (FMOs) and positive gating for flow 

cytometric probes. Representative plots of the gating strategy for cellular phenotyping. 

Some positive gates were simplified to rectangles for readability. 
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Chapter 4 Role of KLF4 in Murine Lung 

Pericyte Phenotypic Plasticity 
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Abstract 

The ability of perivascular cells to differentiate, transdifferentiate, or be classified as 

pluri- or multi-potent stem cells been the subject of much research and debate. Herein we 

describe experimental observations to support the concept of pericyte plasticity, beyond 

the myofibroblastic pericyte described previously. Using a murine pericyte reporter 

mouse with pericyte-specific knockdown of stem cell transcription factor KLF4, we 

report KLF4-dependent changes in pericyte surface marker expression and mRNA in a 

lung injury model. We describe how our observations fit in to a body of observations on 

the potential role of KLF4 in pericyte phenotypic plasticity.  

Introduction 

Depending on the specific definitions used to identify and study the pericyte, compelling 

evidence exists to classify pericytes as both a phenotypically plastic stem cell 253–256 and a 

terminally-differentiated cell that does not have the ability to differentiate into other cell 

types 257. Recently, the process of defining various stromal cell types has shifted away 

from rigid, surface-antigen derived definitions and has focused on narrow, antigen-

agnostic definitions enabled by genetic lineages or -omics approaches with single-cell 

resolution 38,191,228,258,259. Whereas in the past, a PDGFRβ+, NG2+ cell as defined by 

surface antibody staining would likely be called a pericyte, today, single cell RNA 

sequencing of tissues or cell lines might identify a cluster of PDGFRβ-high expressing 

cells, upon which a strict cell type is not assigned 33 but would be have been defined as 

pericytes in the old scheme.  
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Due to the ubiquity of pericytes across tissue beds and rapid phenotypic changes in 

culture systems, pericytes likely comprise a non-insignificant proportion of primary stem 

cell lineages which have previously been described in literature, including mesenchymal 

stem cells (MSCs)260 and adipose-derived stem cells (ASCs)261. This pericyte 

contribution towards these populations is often described not by mention of pericytes as a 

contributing cell type, but by the characterization and isolation of stem cells using 

pericyte markers, such as CD146 63,262–265 and PDGFRβ 266–269, with a recent exception 

confirming pericytes specifically as a source of ASCs 270.  

These changing definitions complicate efforts to draw a contiguous line through 

developments in our understanding of pericyte biology, and place a large burden upon the 

individual to maintain a consistent mental model of ‘pericytes’ as they relate to stem cell 

research. On a positive note, with the increasing complexity and granularity of cellular 

definitions comes a litany of new descriptive data supporting the theory of ‘stemmy’ 

perivascular cells, and the factors required for pericytes to differentiate into a variety of 

other cells.    

The Yamanaka Factors (OCT4, SOX2, cMyc, KLF4) identified as essential factors to 

induce pluripotent stem cells from fibroblast lines in culture271 have subsequently been 

studied as factors enabling the plasticity of a variety of tissue-resident mesenchymal and 

stromal cell populations in regeneration, injury, and cancer. These cells have been given 

several names (Mesenchymal stem/stromal cells, adipose-derived stem cells, etc), and 

their plasticity described as cellular de-differentiation, transdifferentiation, 
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deprogramming, stemness, and phenotype switching 45,197,212,235,272–283. The commonality 

between these definitions and characterizations is the ability of the described cells to 

change from a presumed quiescent, terminally-differentiated phenotype into a disease-

interacting, phenotypically plastic cell in a Yamanaka Factor-dependent manner.  

Recent discoveries of pericyte plasticity have been enabled by the discovery of mural 

cell-specific expression of smooth myosin heavy chain 11 (Myh11) and the subsequent 

generation of  Myh11 lineage reporter mice with lineage-specific Yamanaka Factor 

knockouts 235,284. These model systems have revealed multiple Yamanaka Factor-

dependent pericyte phenotypes45,212,213 in contexts of cancer metastatic 

microenvironments, atherosclerosis, and angiogenic wound healing. Specifically, KLF4 

was found to modulate perivascular cell investment in the microvasculature212, with 

Myh11 lineage KLF4 required for the de-differentiation of pericytes and an increase pro-

remodeling, pro-cancer metastatic extracellular matrix environment45.  

The contents of this chapter are the description and characterization two KLF4-dependent 

pericyte phenotypes that were observed over the course of research performed for 

Chapter 3 of this dissertation. As these data were acquired in pursuit of other research, 

this chapter will be highly descriptive, with analyses of mRNA and FACS data with 

limited statistical rigor. The first observed KLF4-dependent phenotype is one of a 

pericyte-vascular endothelial ‘double positive cell’, which will hereafter be referred to as 

“DP” pericytes. The second KLF4-dependent phenotype explored is the myofibroblastic 

differentiation of pericytes.  
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Results 

Pericyte-endothelial double-positive cells exist in the lung.  

Figure 4.1 shows representative FACS plots of four samples of pericytes sorted from 

whole lung digest obtained from induced Myh11-CreERT2 ROSA STOPfl/fl eYFP+/+ 

Klf4fl/fl (KLF4Δ/Δ) and Myh11-CreERT2 ROSA STOPfl/fl eYFP+/+ Klf4wt/wt 

(KLF4wt/wt) mice treated with either bleomycin to induce injury or saline (vehicle 

control). Cells are live, singlets, negative for ‘dump’ makers Ter119 (erythrocytes), 

CD45 (myeloid lineage), EpCAM (epithelial cells, and positive for the Myh11 reporter 

eYFP (Myh11 lineage positive). All FACS plots shown have endothelial marker CD31 

on the y axis, with pericyte marker CD146 on the x axis. Cells that are double positive for 

the Myh11 reporter eYFP and CD31 are considered “DP” pericytes. KLF4wt/wt DP 

pericytes (upper right quadrant, UR) are measured at a frequency of 67.97% two weeks 

after saline treatment and a frequency of 93.93% two weeks after bleomycin treatment. 

There is a commensurate reduction in the frequency of CD31-negative pericytes (lower 

right quadrant, LR) between saline-treated and bleo-treated lungs, with a frequency of 

24.98% in saline treatment compared to 5.16% in the bleomycin treated group. KLF4Δ/Δ 

pericytes express CD31 at a much lower level than KLF4wt/wt pericytes in the saline 

treated group, with DP pericyte frequencies of 5.98% and 67.97%, respectively. This DP 

pericyte phenotype also exists in lungs treated with bleomycin, with KLF4Δ/Δ pericytes 

again expressing CD31 at a much lower level than KLF4wt/wt pericytes in the saline 

treated group, with DP pericyte frequencies of 16.98% and 93.93%, respectively. The 
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change in frequency of DP seen in bleomycin treated KLF4Δ/Δ pericytes (5.98% to 

16.98%, or 2.83 fold increase) is greater than that measured in bleomycin treated 

KLF4wt/wt pericytes (67.97% to 93.93%, or 1.38 fold increase), while the total proportion 

of DP pericytes remains much higher in KLF4wt/wt pericytes than in KLF4Δ/Δ pericytes for 

both saline and bleomycin treatment groups.  
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The cell populations described in Figure 4.2, top were generated by FACS. After gating 

for live, singlet, and ‘dump’ negative cells, cells were sorted into one of four groups: 

Myh11 lineage positive, CD146 positive, CD31 positive DP pericytes; Myh11 lineage 

positive, CD146 positive, CD31 negative pericytes; Myh11 lineage negative, CD146 

negative, CD31 positive endothelial cells; Myh11 lineage negative, CD146 negative, 

Saline Bleomycin 

KLF4wt/wt 

KLF4Δ/Δ 

Figure 4.1 KLF4-dependent Pericyte Surface Expression of CD31 in Bleomycin Lung Injury. 

Myh11 lineage cells isolated from saline or bleomycin-treated lungs (columns) and two Myh11 

lineage genotypes (rows). Representative FACS density plots of perivascular marker CD146 (x-

axis) and vascular endothelial marker CD31 (y-axis). 
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CD31 negative stromal cells. These four populations were collected and processed for 

library preparation. However, for KLF4Δ/Δ lungs, only the pericyte population was able to 

generate sufficient material for a usable library for the Illumina sequencing. Additionally, 

neither the KLF4Δ/Δ or KLF4wt/wt lungs provided sufficient stromal cells for Illumina 

sequencing, and thus no stromal cell RNA was sequenced.  

The samples which were able to be sequenced are clustered based on similarity derived 

from a Pearson’s correlation test in Figure 4.2, bottom. The plot is mirrored along the x:y 

diagonal, with self:self comparisons necessarily meeting 1.0 (identical) correlation 

coefficient values. The dendrogram adjacent to each axis provides information to the 

relative similarities of each sample to its neighbors. The bifurcations along branches 

moving from the tip towards individual samples indicate increasing similarities as the 

bifurcation nest depth increases. Thus, the final bifurcation is the most granular 

separation of samples by correlation and the preceding bifurcations become broader in 

their criterion for splitting. The three sorted types of cells are organized by similarity, 

with pericytes along the left, endothelial cells on the right, and DP pericytes found within 

the endothelial population. This nesting of DP pericytes within the endothelial cluster 

indicates a similarity high enough to consider those two sorted cell populations as subsets 

of a single larger population.  
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Figure 4.2 Clustering of Pericytes, Endothelial Cells, and Double-Positive Pericytes 

Using RNASeq Expression Data. Top: Schematic for gating hierarchy and cellular 

classifications for FACS into RNA Sequencing. Bottom: Hierarchical clustering of 

Pearson correlations along rows and columns of fourteen RNASeq samples sorted from 

bleomycin or saline-treated mouse lung at one or two weeks post treatment. Color scale 

of correlation coefficient runs from 0.9 (blue) to 1.0/identical (red). Sample names are 

formatted as time and treatment-KLF4 genotype-cell type. 2ws indicates two weeks post 

saline administration; 1wb indicates one week post bleomycin treatment.  WT indicates 

KLF4wt/wt pericytes, while KO indicates KLF4Δ/Δ pericytes. DP indicates a Myh11 

lineage positive, CD146 positive, CD31 positive cell; Endo indicates a Myh11 lineage 

negative, CD146 negative, CD31 positive cells; Peri indicates a Myh11 lineage positive, 

CD146 positive, CD31 negative cell. 
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KLF4 as a requirement for pericyte differentiation into myofibroblasts 

As there was enough material gathered from KLF4Δ/Δ or KLF4wt/wt pericytes for RNASeq 

in both bleomycin and saline treatment, we are able to measure the impact of KLF4 on 

pericyte phenotype in the bleomycin lung injury model. Figure 4.3 visualizes fold 

changes in expression in bleomycin-treated lungs with an array of gene categories which 

are pathologically relevant in tissue remodeling and fibrosis. Fold changes are reported as 

a log2 transformation of the expression ratio of bleomycin to saline. Increases in gene 

expression in bleomycin relative to saline are positive numbers and reported as shades of 

red, while decreases in bleomycin relative to saline are negative numbers and reported as 

shades of blue.  Changes in directionality of pericyte response to bleomycin are indicated 

by inversions of colors across a row of both pericyte genotypes for a given gene. For 

example, mRNA for interleukin 1-α (Il1a) is shown to be downregulated in response to 

bleomycin in the KLF4wt/wt pericyte but is upregulated in the KLF4Δ/Δ pericyte 

population.  

Manually curated gene lists are informative when exploring specific hypotheses, but an 

unbiased, manual accounting of the tens of thousands of transcripts measured by the 

Illumina platform is impossible. Thus, we turn to gene ontologies: a peer reviewed, 

functionally annotated and categorized gene clustering which pools genes by cellular 

component (CC), molecular function (MF), or biologic process (BP) developed by the 

Gene Ontology (GO) group 219. Included in these three domains is an additional category, 
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Matrisome, which is a peer-reviewed subset of GeneSets with more granular specificity 

to tissue remodeling processes than those provided from the GO group.  
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Figure 4.3 KLF4-Dependent Expression of Pro-Fibrotic and Tissue-Remodeling Genes in 

Myh11 Lineage Pericytes in Lung Injury. Log2-normalized fold change (bleomycin-treated 

lung vs saline-treated control lung) compared between KLF4wt/wt and KLF4Δ/ Δ Myh11-lineage 

pericytes. Genes shown manually selected as representative of their descriptive category.  
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Figure 4.4 KLF4-Dependent Pericyte Responses to Bleomycin. Plot of GeneSet 

enrichment scores (ES) between bleomycin treated and saline treated pairs of KLF4wt/wt 

(Aqua) or KLF4wt/wt (Magenta) GeneSets from Myh11-lineage pericytes. X-axis: strength 

of relationship between treatment and GeneSet (negative scores are enriched in saline, 
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positive scores in bleomycin). Y-axis: Differential in enrichment scores between 

KLF4wt/wt and KLF4Δ/Δ (larger absolute values indicate greater differences in enrichment 

scores between KLF4wt/wt and KLF4Δ/Δ, positive values indicate GeneSets more 

differentially enriched in KLF4wt/wt pericytes, and negative values indicate GeneSets 

more differentially enriched in KLF4Δ/Δ pericytes. Bounded regions are heuristically 

derived and annotated to characterize the GeneSets contained within. 

 

Figure 4.4, we introduce a plot of pairs of GeneSets from both KLF4wt/wt and KLF4Δ/Δ 

pericytes. Enrichment scores in GeneSet enrichment analysis (GSEA) are a measure of 

the strength of association between the expression of a GeneSet and the experimental 

variable; in this case, bleomycin or saline treatment. We use enrichment scores (ES) here 

instead of the normalized enrichment score (NES), as normalization is done per 

individual GSEA analysis according to a randomly generated null distribution, and we 

are here comparing enrichment values across two GSEA analyses. GSEA does not 

support multiple simultaneous comparisons with normalization.  

At low y-values lie GeneSets which have minimal differences in enrichment score 

between KLF4wt/wt and KLF4Δ/Δ pericytes. These two genotypes can be seen overlapping 

in both bleomycin-enriched (positive) and saline-enriched (negative) regions along the x-

axis, with the majority of GeneSets in the positive segment of the plot, indicating a 

general upregulation of these genes in both KLF4wt/wt and KLF4Δ/Δ pericytes.  
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Distinct groups of genes which are divergently enriched between KLF4wt/wt and KLF4Δ/Δ 

pericytes are found in each of the four corners of the plot, and appear diagonal relative to 

the axes. Inversions of the relationship between GeneSet and bleomycin or saline can be 

seen when gene pairs cross the y-axis, as can be seen in the upper and lower regions of 

the plot. These inversions indicate an inverse response to bleomycin between KLF4wt/wt 

and KLF4Δ/Δ pericytes for a given GeneSet. 

The region from -0.1 to 0.1 along the x-axis is sparsely populated as GeneSets with low 

enrichment scores are frequently discarded as the threshold for GSEA to determine 

enrichment does not generate lower enrichment scores (ES < ±0.2). The chart is similarly 

sparse along diagonals as the Y-axis values are generated from the enrichment scores of 

the two pericyte populations, and thus will have similar gaps as described above no 

values due to a lack of low enrichment scores.   

Figure 4.5 visualizes the GeneSets found significantly upregulated in the results reported 

in Chapter 3, with the addition of the dimension of KLF4. KLF4wt/wt and KLF4Δ/Δ 17 of 

the 18 GeneSets able to be mapped across both KLF4wt/wt and KLF4Δ/Δ datasets. The plot 

is sorted by largest differential in enrichment score, which corresponds to the largest 

differences in the strength of relationship between GeneSet and experimental treatment. 

All KLF4wt/wt GeneSets are enriched for in bleomycin, as found in Chapter 3, while the 

corresponding KLF4Δ/Δ GeneSets range from being enriched for in saline to enriched for 

in bleomyin, but to a lesser extent than the KLF4wt/wt GeneSets. There are four GeneSets 

demonstrating a KLF4-dependent enrichment inversion, where enrichment scores switch 
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from positive to negative. There are no instances of a KLF4Δ/Δ GeneSet having a higher 

enrichment in bleomycin treatment than its equivalent KLF4wt/wt.  

Figure 4.5 Differential Analysis of Bleomycin-Upregulated Pericyte GeneSets. GeneSets 

identified as significantly upregulated in pericytes from bleomycin-treated lung in 

Chapter 3 are highlighted, and the inset chart shows those GeneSets ordered by the 

magnitude of difference between the enrichment scores of KLF4wt/wt and KLF4Δ/Δ 

pericytes in bleomycin lung injury.  

Discussion 

Pericyte-Endothelial Double-Positive (DP) Cells 

Vascular endothelium and microvascular pericytes are spatially apposed in the capillary 

network, with pericytes typically located abluminal to microvessels. Distinguishing 

between vascular endothelial cells (VECs) and pericytes in non-reporter mice is typically 
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done using antibodies against CD31/Platelet endothelial cell adhesion molecule-1 

(PECAM-1) and VE-cadherin, as no literature has reported pericyte expression of these 

proteins. This endothelial exclusivity is not the case for several other common endothelial 

markers such as CD105/Endoglin, vascular endothelial growth factor receptor 1 

(VEGFR1), which are also expressed by pericytes, VSMCs, MSCs, and glial and some 

hematopoietic cells285–289.  

The directionality of study in phenotypic plasticity along the VEC-pericyte axis has 

historically been one exploring the contributions of “stemmy” endothelial cells to 

pericyte populations 290,291. This endoMT phenomena has been most thoroughly 

characterized in atherosclerosis 292,293 and cancer 294–296. As has been discussed in this 

text, it can be exceedingly difficult to observationally prove the transdifferentiation of 

one cell type into a separate cell type, especially when the transdifferentiation process 

involves an intermediate, undifferentiated, “stemmy” phenotype. This mesenchymal stem 

cell identification problem is only really solvable with lineage reporter models or 

epigenetic signature profiling (e.g. with ATACSeq) to compare against an atlas of cell 

population chromatin states.  

The observations reported encourage consideration the inverse of the endothelial-to-

pericyte transition: the pericyte-to-endothelial transition. If these mesenchymal cell 

sources can adopt endothelial cell properties, it would require a reframing of existing 

research into pathologic processes. Take, for example, the body of work describing the 

loss of pericytes in the microvasculature (pericyte dropout) and the subsequent 
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microvascular dysfunction which results. Many diabetic pathologies can result in 

excessive blood vessel formation and leakiness 192,214,297. It is worth investigating whether 

pericytes themselves become phenotypically shifted towards the DP pericyte in these 

models, and thus begin to directly contribute to pathologic angiogenesis as tip cells or 

other pro-angiogenic endothelial cells.  

We were unable to collect enough RNA from the DP pericytes in the KLF4Δ/Δ mouse to 

perform RNASeq, which precludes a naïve fold-change analysis or GSEA-based 

comparison of enrichment scores between KLF4wt/wt and KLF4Δ/Δ DP pericytes. This 

analysis of KLF4-dependent DP phenotype is a clear next step in the study of the DP 

pericyte. 

The KLF4-dependent CD31 expression in Myh11 lineage pericytes has been observed by 

two semi-independent methods; surface marker expression via immunofluorescent flow 

cytometry and mRNA from bulk RNASeq. It is worth noting that the sorting of cells into 

categories (pericyte, DP pericyte, endothelial cell, stromal cell) for RNASeq relied on 

surface marker staining. Others using this murine lineage model have observed these DP 

pericytes but none of these observations have been published at this writing, and remain 

anecdotal. A recent prepublication by He et al. does show CD31 expression in pericytes 

as determined by scRNASeq 298. However, CD31 does not have any explicit link by 

promoter or enhancer to KLF4 expression in current literature. 
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The most discussed control is the difficulty in confirming a true, positive identification of 

a DP pericyte. The first-order assumption is one of contamination: that our measurements 

are a Myh11 lineage pericyte and endothelial cell bound together and recorded both 

cytometrically and by gene expression as a single cell. Cells were gated on singlets and it 

is unlikely that the singlet gating would include sufficient doublets in the numbers to 

constitute an entirely distinct DP pericyte population. The second-order assumption is 

that one host pericyte is carrying surface marker (CD31) of a donor endothelial cell. This 

would require cell-cell contacts between the donor and host cell to persist after 

mechanical and enzymatic separation and allow for the host cell to be measured as a 

mixture of both cells by antibody immunofluorescence on CD31. Were this the case, we 

would expect the expression data of DP pericytes to be clustered with the pure pericyte 

population, which is not the case (as seen in Figure 4.2). The inverse scenario, where a 

host endothelial cell contains surface markers of a donor pericyte, is even less likely; as 

pericytes are gated on Myh11 lineage-dependent fluorescent reporters which reside in the 

cytosol (either eYFP or tdTomato), loss of membrane integrity of a pericyte would result 

in the loss of fluorescent reporter protein as the cells undergo the washing steps for FACS 

processing. We have thusly determined it is most likely that these hybrid cells are truly 

lineage-positive pericytes which are expressing surface CD31 and adopting expression 

profiles of vascular endothelial cells, but more controlled study is warranted to assuage 

these and other concerns. 
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KLF4 as a possible regulator for pericyte differentiation into myofibroblasts 

Our analysis of mRNA across KLF4wt/wt and KLF4Δ/Δ pericytes in the bleomycin injury 

model have revealed several patterns of expression with interesting implications for the 

role of KLF4 in pericyte response to insult. Based on these expression changes, we 

hypothesize KLF4Δ/Δ pericytes to be less involved in tissue remodeling and 

myofibroblastic behaviors but more involved in vascular homeostasis/angiogenesis and 

immune activity. KLF4wt/wt pericytes are enriched in myofibroblastic/tissue remodeling 

GeneSets, as reported in Chapter 3. KLF4Δ/Δ pericytes are less enriched for those same 

genes, with four out of the seventeen GeneSets having enrichment inversion.  

KLF4Δ/Δ pericytes are less active or phenotypically polarized in lung injury as measured 

by mRNA. The enrichment scores in 4.4 and 4.5 demonstrate clear differences in the 

amount and magnitude of GeneSets enriched in bleomycin in KLF4Δ/Δ pericytes (lower 

right GeneSets). The implication of the large differences in bleomycin-enriched GeneSets 

is that KLF4 is required for pericytes to undergo the larger changes in expression seen in 

myofibroblastic differentiation. Instead, KLF4Δ/Δ pericytes mostly remain unchanged or 

upregulate the same GeneSets which are upregulated by KLF4wt/wt pericytes. In essence, 

KLF4 allows for a larger transcriptional response for pericytes in the bleomycin injury 

model.  
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Exploration of required stem cell factors for myofibroblastic differentiation of pericytes 

is in its infancy, and our reporting here marks the first time KLF4 has been tied to a 

reduction in myofibroblastic phenotype. 

Results reported here are limited to various analyses enabled by bulk RNASeq. Future 

work will evaluate these phenotypes in several more contexts: immunofluorescent 

histology to compare KLF4wt/wt to KLF4Δ/Δ pericytes in the bleomycin model of 

pulmonary fibrosis. Direct comparisons of the number and magnitude of pericyte-derived 

myofibroblasts will elucidate the necessity of KLF4 to the myofibroblastic 

transdifferentiation of pericytes. We will also investigate overall disease phenotype, both 

in severity and duration. We expect the loss of KLF4 to have a rescue effect in bleomycin 

lung injury by reducing the disease burden of pericyte-derived myofibroblasts.  

We did not evaluate individual genes in this GSEA as we are not looking to directly 

isolate genes of interest with this comparison between KLF4Δ/Δ and KLF4wt/wt pericytes. 

By focusing on bulk changes in enrichment score, we are able to include GeneSets which 

would not have met the more stringent statistical criterion for individual evaluation. In 

the future we would produce more sample for RNASeq and isolate GeneSet samples with 

enough statistical power to isolate specific gene families.  
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Methods 

FACS 

Live cell sorting performed on AutoMACS (Miltenyi) and BD Influx (BD Biosciences, 

San Jose, CA, USA) sorters. Cells suspended in FACS buffer (PBS+5% FBS+1mM 

EDTA) for staining and sorting. CD146 (LSEC) MACS Beads (Miltenyi) added to cells 

according to manufacturer directions and sorted in a poseld2-protocol on the AutoMACS. 

Cells gated as described in the text, and antibodies can be found in Table 3.1  

 

 

RNA Sequencing 

Cells isolated from murine lung were used to generate mRNA libraries for RNA 

sequencing. Extraction and library prep were performed commercially with rRNA 

depletion (GeneWiz, South Plainfield, NJ, USA). All libraries were sequenced using 

single lane of the Illumina HiSeq sequencer to generate 150bp paired-end reads at a total 

read depth of 350 million reads (GeneWiz). Following sequencing, the resulting fastq 

files were processed to remove low-quality reads (Phred quality score < 20) and the 

presence of any adapter sequences using TrimGalore245The resulting quality of each 

sample was independently evaluated using FastQC246. Files that passed QC were further 

processed to obtain gene expression counts following a previously defined protocol by 

Pertea et al.247. Briefly, reads were aligned to the mouse genome (UCSC mm10) using 
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the HISAT2 aligner248 and transcripts assembled with StringTie249. The resulting 

StringTie output was used to produce read coverage tables for input into DESeq2250.  

RNA Data Analysis 

DESeq2’s median of ratios method was used to normalize for differences in sequencing 

depth and RNA composition between samples. Normalized counts were subsequently 

used to quantify differential expression in the diseased state (bleomycin vs. saline 

control). Pearson’s Correlations were generated using normalized expression using R’s 

Pheatmap299 as described by Fogg et.al.300 All gene ontologies were curated from The 

Gene Ontology (GO) Consortium or the MSigDB NABA_MATRISOME gene set221, 

with murine GO homologes sourced from Xijin Ge et.al. 251. Gene set enrichment 

analysis (GSEA) was used to identify significantly enriched gene sets performed using 

the GSEA-MSigDB desktop application and default parameters252. 
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Chapter 5 Conclusions, and Future 

Directions 
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Fibroblasts and Fibrosis 

The end goal of biomedical research into myofibroblasts is one of control over the tissue 

remodeling process: by redirecting aberrant, fibrotic behaviors towards functional tissue 

regeneration and homeostasis, it is thought that fibrotic pathologies can be prevented, 

their severity reduced, or their phenotypes reversed. While a “final common fibrotic 

pathway” has been the mantra of fibrosis researchers over the last several decades 301–304, 

enabling dismissal of the vast heterogeneity of myofibroblast progenitor populations, 

recent data suggest that pathologic myofibroblasts themselves are remarkably diverse: 

discrete ECM secreting, highly contractile, or immune-responding populations exist 

within the larger myofibroblast population 33,39.  

It is not unreasonable to assert that over the course of this thesis work, fibroblast 

heterogeneity has become the topic du jour in most fields studying tissue- and organ-

level diseases 33,189,189,229,258. At the beginning of this thesis work we struggled to 

synthesize a definition for fibroblasts, and we came to understand substantial and 

fundamental limitations of the standard, cell culture-derived description of a fibroblast. 

Namely, the phenotype of a tissue-resident adhesive cell expanded and passaged in a 

plastic flask has little resemblance to the diverse cells which potentiate tissue remodeling 

in vivo. This confusion and struggle motivated our writing and publication of the review 

“Fibroblasts: Diverse Cells Critical to Biomaterials Integration” in early 2017. At the 

time of this writing in late 2020, fibroblasts are increasingly thought of not as a 

terminally differentiated cell, but instead as an observed in situ cellular phenotype, and 
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current discussions at fibrosis and stromal cell conferences frequently center on what a 

fibroblast is and how to define a fibroblast. As another example of this trend toward a 

more holistic questioning, the number of fibroblast single-cell RNA-sequencing papers 

indexed on PubMed has increased from six in 2016 to over ninety at the time of this 

writing. These single cell approaches, together with functional or developmental lineage 

reporter models, are opening up a much more granular environment for fibroblasts and 

myofibroblasts to be discussed.  

This body of work explores the variety and diversity of sources and phenotypes of 

fibroblasts, with a specific focus on perivascular cells, or pericytes. Pericytes are similar 

to fibroblasts in that they do not have agreed-upon molecular methods of identification, 

and instead are identified based on morphologic and anatomic features relative to 

microvascular endothelium42. Pericytes also do not easily culture and will rapidly 

differentiate into fibroblast-like cells without specific surfaces and supplemented 

media193,270,305. Pericytes have been shown to differentiate into myofibroblasts, but the 

mechanisms by which they are driven to undergo this differentiation and their 

contributions towards the progression of fibroproliferative disease are still poorly 

understood, motivating this body of work.  

Pericyte Differentiation into Myofibroblasts 

This research reports and investigates the endogenous transition of pericytes to 

myofibroblasts in the Myh11-driven murine pericyte reporter mouse for the first time. In 
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the bleomycin lung injury model, pericyte-derived myofibroblasts were characterized as 

adopting a contractile and matrix-secreting phenotype via immunofluorescence and 

RNASeq. We additionally report the increase in surface adhesion molecules integrins αv 

and α6, specifically active αv in tissue, and we identified the αv extracellular matrix 

ligand (RGD) in fibronectin as a potentiator of pericyte-to-myofibroblast transition in 

vitro.  

The enhanced integrin adhesion profile is not unexpected; ligand density for ECM-

binding integrins increases in disease231,232. The activation of αv(β3) as measured by 

Wow-1 has never been reported in pericytes, and it is shown to be significantly increased 

in the injury model.  

The pericyte GeneSets significantly upregulated in bleomycin treatment as determined by 

GSEA lie almost entirely tissue-remodeling realm. This result provides affirmation that 

pericytes are responding to bleomycin insult by activating myofibroblastic transcription 

programs, to the exclusion of inflammatory or angiogenic pathways which were not 

represented in the results.  

Our findings link ECM-based integrin ligand RGD with cell surface αv integrin 

activation in the pericyte-derived myofibroblasts transition. We expect the results 

reported and methods developed and reported here to facilitate further exploration of 

perivascular cell differentiation mechanisms. 
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Pericyte Plasticity 

The ability of perivascular cells to adopt endothelial cell phenotypes is unreported in the 

literature and while the pericyte-endothelial hybrid cell observations reported in this text 

are not currently peer-reviewed, we expect further investigation to positively identify and 

characterize this new, exciting endothelial progenitor population. Additionally, the ability 

for pericytes to be shown differentiating into yet another cell type, especially in vivo, 

would further bolster the emerging narrative.  

The exploration of necessary and sufficient transcription factors for perivascular cell 

differentiation is still in its infancy, and the work here evaluates the differential gene 

expression of pericytes as dependent on Yamanaka Factor KLF4 in the bleomycin lung 

injury model. Our analysis shows distinct KLF4-dependent and KLF4-independent 

expression changes in the lung injury model. Notably, all the genes identified as 

significantly enriched in our study of the myofibroblastic pericyte are less enriched in 

KLF4Δ/Δ pericytes. Additionally, angiogenic and immunogenic genes show enrichment in 

KLF4Δ/Δ as compared to KLF4wt/wt, which indicate the vascular support and immune 

sentinel roles of pericytes are being protected by a loss of KLF4 in disease.  

Future Directions 

Single source bulk RNASeq and phenotypic data can, in theory, be mapped to existing 

datasets of whole tissues or organs within literature by similarity profiling. There are 

several scRNAseq atlases for human and murine lung in development which are not yet 
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fully built out or public306,307. We look forward to the ability to map our RNAseq to the 

larger cell atlases and corroborate our findings with established and robust datasets.  

Many transgenic mice exist which would enable further in vivo mechanistic analyses of 

pericyte differentiation if crossed with the Myh11-CreERT2 ROSA STOPfl/fl tdTomato 

mouse used in this work. Generation of a pericyte-specific col1a1 or αv(β3) knockout 

behind via crossing floxed mice with our Myh11 CreERT2 mouse would enable the study 

of pericyte contributions to myofibroblastic remodeling. Crossing with floxed-stop 

diphtheria toxin receptor (DTR) behind Myh11 CreERT2 would allow for selective 

ablation of pericytes from healthy adult tissue.  

Multiple KLF4-dependent differential responses reported in this work could indicate a 

population level change or the emergence or suppression of distinct pericyte 

subpopulations. This is an open question which merits further study, and we are 

extremely excited to see what follow-up studies with single cell resolution will reveal. 

Beyond cellular heterogeneity, we have not yet characterized the impact of a pericyte-

specific KLF4 knockdown on the progression of the murine disease model.  

Should it be the case that pericyte KLF4 knockdown is protective in the murine model, 

we should seek to understand what behaviors of KLF4Δ/Δ pericytes are protective in 

fibroproliferative injury. Our expression data suggest KLF4Δ/Δ pericytes are more 

participatory in angiogenic and immune recruitment responses than KLF4wt/wt pericytes, 

both of which may be mechanisms by which pericytes stabilize tissue and reduce fibrosis. 
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Additional pericyte-specific models for other Yamanaka Factors exist, and recent data 

show OCT4 regulates migration and angiogenic response in various injury models213. 

Even without these mice currently available, we can use newly available data regarding 

the targets of KLF4 to make compelling experimental designs as the project continues. 

KLF4 Chromatin Immunoprecipitation (ChIP)Seq datasets lack specificity to perivascular 

cells, but if we assume no pericyte-specific modifications to KLF4’s activity as a 

transcription factor, we can use recently published data sets that are not cell specific. The 

relative strength of KLF4’s association with individual genes  was determined using 

Cistrome-GO, an online utility for interpretation of ChIPSeq datasets308. We integrated 

ChIPSeq data from two sources: in vivo mesenteric arcades212,309 and in vitro 

commercially available R1 embryonic stem cells (ESCs)310,311. The product of RP scores 

from two KLF4 ChIPSeq datasets provide a measure of consensus; the sources differ in 

antibody used for immunoprecipitation and the isolation of genetic material. Thus, a high 

score indicates strong agreement between the sources. Because this score is a product, 
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any one score of zero will cause the final integrated score to also be zero – this is an 

extremely conservative methodology but ensures a minimum of false positives.  

Figure 5.1 RNASeq Paired to ChIPSeq Reveals KLF4 Regulation of Disease Phenotype-

Associated Genes. The degree to which KLF4 is associated with known regulators of a 

gene is shown along the x axis, while the gene response to bleomycin insult in isolated 

pulmonary pericytes is shown as a fold change over saline treatment about the y axis.  

 

The strength of KLF4 association was paired with KLF4wt/wt RNASeq data described in 

previous chapters to visualize the potential role KLF4 has in potentiating myofibroblastic 

or other tissue-remodeling phenotypes. This visualization can be seen in Figure 5-1. 

Compellingly, TGF-β and VEGF-B expression are found to be highly associated with 
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KLF4. Both of these molecules belong to a cohort of receptor signaling against which the 

only FDA-approved treatments for IPF are directed: Nintedanib and Pirfenidone. 

Nintedanib is a receptor tyrosine kinase (RTK) inhibitor and as such prevents 

transduction of signal from a variety of receptors, with the most attention given to 

signaling through PDGF, FGF, and VEGF RTKs312,313. Pirfenidone inhibits TGF 

signaling through a currently unknown mechanism314. Little focus has been given to the 

effect of these drugs on pericyte function in vitro or in vivo. Work by Sava et al. has 

demonstrated the ability of Nintedanib to rescue TGF-β-mediated myofibroblastic 

activation of pericytes in vitro65 , and Ackermann et al. showed stabilization of the 

pulmonary microvasculature as the largest effect of Nintedanib, outperforming metrics of 

inflammation and vital capacity315. There are no studies directly evaluating the effect of 

Pirfenidone on pericytes or the pulmonary microcirculation as of this writing. 

With this ChIPSeq data and our current understanding of pericytes as arbiters of both 

fibrotic tissue remodeling and angiogenesis, we are poised for very impactful and novel 

research into the mechanistic underpinnings of pericyte behavior in disease. To this end, 

we propose below a series of experiments to be undertaken to more fully evaluate 
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pericyte responses to fibrotic insult along the clinically-relevant axes of TGF-β and 

VEGF-B. 

TGF-β Investigations 

The relationship of TGF-β and pericytes is relatively well-characterized. TGF-β drives 

pericytes to adopt myofibroblastic phenotypes, much as it does epithelial, endothelial, 

and other myofibroblast progenitors149,316,317. This understanding allows us to leverage 

the robust tools used across cancer, fibrosis, and developmental biology for use with our 

pericyte questions.   

We would cross the commercially available floxed TGF-β mouse with our Myh11-

CreERT2 ROSA STOPfl/fl tdTomato mouse, generating an inducible, pericyte specific 

TGF-β knockout mouse. Upon generation of this mouse, the standard bleomycin model 

would be administered as described in previous chapters, with the addition of a treatment 

variable: Pirfenidone. Bleomycin and saline-treated groups would be subdivided further 

into Pirfenidone treated (300mg/kg/day)314 and vehicle treated groups. If we posit that 

pericytes are the primary drivers of early fibroproliferation and contributions from other 

cells are negligible, than we would expect to see no difference in disease measures 

between TGF-βwt/wt + Pirfenidone and TGF-βΔ/Δ + vehicle. Alternatively, as Pirfenidone 

is known to influence TGF-β signaling through SMAD-dependent and -independent 
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means314, a more granular signaling hypothesis using SMAD2 could likewise be 

generated and assayed as described above.  

Understanding the contributions of perivascular TGF-β in human lung fibrosis will 

necessarily be less direct. We would use proximity ligation assay (PLA) to identify the 

complexes of SMADs which have translocated to the nucleus318,319. Nuclear translocation 

of SMAD complexes is the final step in the TGF-β signaling process316. We will use 

pericyte marker NG2 to positively identify pericytes with a nuclear counterstain to 

identify individual cells. We will be able to compare the ratio of SMAD complex-positive 

pericytes to the total number of SMAD complex-positive cells in the lung. We will 

quantify this ratio in healthy, low-severity, and high-severity fibrotic human lung, as 

scored on the Ashcroft scale320. This analysis will provide us a measure of perivascular 

cell and total tissue TGF-β signaling in healthy, low severity, and high-severity disease 

states. This is a novel analysis which will provide important information regarding the 

populations of TGF-β-responsive cells in fibrotic disease, and will provide a springboard 

into more targeted application of anti- TGF-β therapeutics.  

VEGF-B Investigations 

The outcome of VEGF-B signaling is not as well understood or clear-cut as the distinctly 

pro-fibrotic TGF-β pathway. VEGF-B is one of several VEGFs, and is the least 

understood. VEGF-A is the classic angiogenic molecule and is often simply referred to as 

VEGF in literature. VEGFs C and D are associated with lymphangiogenesis321. VEGF-B 
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binds with VEGF-A to form dimers. It is thought these dimerization kinetics can 

modulate the strength of signaling by modulating VEGF-A availability to VEGF 

receptors. Additionally, VEGF-B, while not induced by hypoxia, competes with hypoxia-

induced VEGF-A in binding to VEGFR-1 in apparent antagonism of hypoxia-mediated 

angiogenesis322,323. VEGF-B is additionally implicated in pericyte maintenance and 

vessel homeostasis, as well as enhanced cancer metastatic burden through promotion of 

both endothelial and perivascular cell survival324,325.  

Given the strength of KLF4’s association with VEGF-B, we would seek to understand 

VEGF-B’s impact on pericyte phenotype in our bleomycin injury model. As there are 

currently no available VEGF-B knockout mice, we would generate a floxed VEGF-B 

mouse using CRISPR/Cas9. It is reported that a SNP at the 167th amino acid (putative 

receptor binding region) reduces but does not eliminate VEGF-B binding to VEGFR-1322. 

We would seek to fully excise this exon via flanking insertion with flox sites, after 

validating that full exonal deletion prevents VEGF-B binding to receptor as described in 

literature322. We would then cross this mouse to our Myh11-CreERT2 ROSA STOPfl/fl 

tdTomato mouse as described above.  

Our first experiment would not include RTK inhibitor Nintedanib, as we do not fully 

understand the impact that the loss of VEGF-B will have on pericyte phenotype – and 

Nintedanib has much more broad effect than simply abrogating a single VEGF. We 

would seek to identify any pericyte VEGF-B-dependent disease phenotype in the 

bleomycin injury model. If we expect VEGF-B to stabilize pericytes in the 
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microvasculature, we should expect the loss of VEGF-B to increase the rate at which 

pericytes move off-vessel and differentiate into myofibroblasts. This myofibroblastic 

pericyte phenotype would be quantitated as described in Chapter 3. From this we could 

identify VEGF-B as a possible anti-fibrotic therapeutic target, and extend our 

investigation of therapeutic VEGF-B treatment into other fibrotic and angiogenic 

pathologies. 

Other Investigations 

Our understanding of angiogenesis in fibrotic pathologies is inconclusive; there are data 

to support both inhibition and overexpression of angiogenic factors as viable therapeutic 

vectors for combating fibrotic disease237,326. We believe that stabilization of pericytes in 

the microvasculature is key to tissue homeostasis, and angiogenic factors are pro-healing 

to the point which a critical mass of pericytes migrate off-vessel. Comparing pericyte 

coverage of pulmonary microvessels 327 and Ang-Tie2 levels along the pericyte-

endothelial junction would provide a snapshot of perivascular stability and function328. 

Knockouts of pericyte Tie2 behind the Myh11 lineage would destabilize pericyte 

coverage and allow for direct probing of perivascular Tie2’s relationship with bleomycin 

induced fibrosis328.  

There is much we have yet to learn about the pulmonary pericyte in fibrosis and other 

pathologies, and the Myh11 lineage model system has acquitted itself well in recent 

work. However, we must couch these results with the caveat that we are using a gene-
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specific reporter mouse which does not necessarily label all perivascular cells in all 

tissues, and additionally labels vascular smooth muscle cells found along larger vessels. 

Unless a universal pericyte indicator is found, pericyte research will always be limited by 

these constraints of specificity and selectivity in the model systems and methods used to 

study them. The work proposed above seeks to maximally exploit the available tools in 

this research space to better understand pericyte biology in the diverse milieu of signaling 

and cells which constitute fibrotic disease.  
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