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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 extlaceiatrix

(ECM) environment, ensuring the continuity of tissue form and thus tissue function.
Given the right stimuli, pericytes caranglifferentiate into a variety of cell types bath

vitro andin vivo, leading some to argue for their inclusion iatgrowing repertoire of

stromal or mesenchymal stem ce8gveral 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 perivascular cell as it transitions from

a quiescent to prbbrotic tissue remodeling phenotype.

Here we investigated the effector cells of fibrotic disease, the myofibroblast, and
ascertain the degree to which pericytes participate in myofibroblattaviors in a
murine model of pulmonary fibrosis. A novel application of a murine pericyte lineage
model allowed for the thorough quantitation and characterization of pedeyiteed
myofibroblasts. We observed significant, substantial increases in ctileteand matrix
secreting phenotypes, as well as the upregulation of tresnedeling gene families.
Further analysisevealsa possible integrimediated mechanism for perivascular

activation through activedv b3 het er odi mer .



Exploration of pericyte rggonse to bleomycin insult resulted in the discovery of several
unique pericyte behaviors. A substantial population of pericytes express endothelial
surface protein anthRNA, indicating a possible pericytndothelial transitional

phenotype both in quiesaaiissue and in tissuemodeling disease. We also

characterized the impact of stem cell factor Kldfdperivascular cell transcript

responses to lung injury, and found a large differential in expression profiles between
KLF4 naive and KLF4 knockout perits.

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 whiciites

interact with fibroproliferative injury models.
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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 disofggthab

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 fibrot@séiggiology 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 systemsail@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 pressureween gas exchange media are all vital
functional parameters that form the boundary conditions of respiratory organdesign
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 functionainit is the alveolus. Alveoli are remarkably consistent:

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

vary by seven orders of magnitude, or a factor of at least one mbkitween specie,



Understanding the composition of this fundamentét 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 mand) and an interstitial or stromal

region containing pericytes, fibroblasts, and a variety of other tigsigent cell3®. All

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

in alveolar microcirculation as low as hundreds of nastens.

Alveolar epithelium consists of Type | and Type |l alveolar epithelial cells (AECs). Type
| AECs are the more numerous of the two and maintain epithelial barrier function while
minimizing the distance between alveolar airspace. Type | AECs apeintary

cytokine producing cells in lung injury, activating immune and tissue remodeling
processes. Type | AECs maintain fluid homeostasis on the epithelial surface and are
equipped with a variety of channels and ion pumps to achieve this fundtios

behavior from Type | AECs is one half of an essential balancing act with Type 1l AECs.
Type Il AECs cells prevent collapse of the alveolus by secreting a surfactant which lies
on top of the water layer. This surfactéter prevents the generation of large surace
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 ofunction Type Il AECs also secrete immune factors into the
surfactant, providing an antimicrobial function at the air interface. Type Il AECs have

been shown to selenew and differentiate, and will generdeenovaalveolar structures



when cultured in approptia conditions$. Epitheliatto-mesenchymal transition (EMT)

has been shown in both Type | and Type 1l AE€s

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. Successiveabchings 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 mghology” 1.

Capillary branching from preapillary arteries is highly heterogeneous, in contrast to the
relatively ordered branching of the precapillary pulmonary artery tree. Capillaries can
branch at rightragles from parent arteries, small arteries immediately transition to
capillary networks, and even large arteries (>100 micron in diameter) caemnigato
capillary network® 2 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 @4, 471, and 0.3,
respectivey!¥ 1. 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 brancimeseasesvith organism mas®171°,



Characterizing alveolar capillary network perfusion has been a difficult task; the network
density and vessel distensibility in three dimensions leave some ambigingy in t

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 modieg short tube

model. The shegiost 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
approxi mated as O6postsd i ransdrondpscbapilety 8 of pe
arterial circulation to the postcapillary venular circulafitrin contrast, the shettibe

model attempts to model highly branched and independent circulation in the alveolar
capillary network via many short tubes. $edwo models have been debated since the
1970%%22 put slowly the short tube model has become the standard modelsinall

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

simplifications of the shegiost modée?.

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 alveolapithelium. Endothelial cells make many intercellular
contacts between themselves and other interstitial cells, with tight junctions observed
betweervascularendothelial cells, pericytes, and interstitial fibrobl&stshese contast

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

and across the basement membtaffeBasement membrane is a sheet of extracellular



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 ofteshared between the alveolar epithelium and capillary
endothelium, while epithelial and endothelial basement membranes are not typically
shared in other organs. Basement membranes are congioeadhly equal amounts of
collagen IV and laminin, with sniak contributions from fibronectin and other
proteoglycans$®28 Clinically, loss of pulmonary basement membrane is censitia
hallmark of norrecoverable lung injuy, 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 pulmoary 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
structuresSome stromal cells are sourced from circulation while other stromal cells are
tissue resident and seknewing. Fibroblasts, pericytes, and immune cells make up the

majority of pulmonary stromal celf§=°.

Pulmonary interstitial fibroblastsre faind 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



these processes fullgtercalate into basement membrane or exist in an independent
interstitial space. Resident fibroblasts maintain and remodel the extracellular matrix of
the lung Up to half of these cells ctain lipid droplets, and are thought to interact with
surfactant production of type 1l AE&sAttempts to characterize these interstitial
fibroblasts have showtley are highly heterogeneous and plastic, with lipofibroblasts
and myofibroblasts being hallmark cells of healthy tissue and disease, resp&ctively
These fibroblasts derive from a variety of developmental lineages and maintain a
diversity in phenotype as interstitial fibroblasts in adult lungs, as elucidated by-atigle
RNA sequacing (scRNASeq) and transposaseessible chromatin sequencing
(ATACSeq) on human and murine modét®. 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 tdleapendothelium. Pericytes stabilize

capillary vessels, regulating tone, permeability, and angiogenesis and
neovascularizatidf. As proofpositive identification of pericytes relies on ultrastructural
analysis of a shared basement membrane between pericytes and vascular basement
membrane, most pericyte researchers insteadaicombination 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 celSNICs) or other stromal cells, nor are



there morphologic or locational characteristics found in pericytes to the exclusion of all
other endotheliaproximal cells. Indeed, it is becoming accepted that VSMCs and
pericytes belong to the same developmentaldge of vascular mural cellthese
compromise definitions are not standardized and there are large differences in how peer

reviewed pericyte literature defines pericytes.

Pericytes engage in bidirectional signaling with endothelial cells through various
junctions, adhesion plaques, and paracrine signaling along pldeeietd growth factor
(PDGF) and AngTie2 axes, among othéfd” Pericytes additionally express ttike
recepbrs (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 mmbrané’. Pericyte dropout or dysfunction are correlated wittargety of
vascular pathologies outside the lung, including diabetic retinopathy and neuropathy,
ischemic injury and scarring, and cancer metastasis. Within the lung, penegtated
disease is less studied, but pericytes have been shown to contreltéstac
microenvironment in cancer and participate in fibrotic dis@48é° Pericytes in these
disease modg 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 bot

innate and adaptive immunities. T cells expres3uugll antigen receptor (TCR) are



comprised of the thymit fand tissue e si dent oU cells, the | att
commonly found in mucosa of the airways and may have a more conserved repertoire of
antigen responsivenédés®. |t is thought that o0 T cell s
immediate cytolytic immune respori®e€’. These cells modulate net T cell activity by

balancing the balance between Th1l Th2 and Th17 polarization of T cells. Broadly, Thl
primes T cells for intracellular threats, Th2 primes cellsfdracellular threats, and

Th17 promotes tissue inflammat®nThl, or type 1 responses, activate granulocytes and
macrophages through their respective colstimulaing 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 pathologfés? Lastly, Th17 polarization is characterized by

secretion of interleukins 17, 6, and 22, a#l @& tumor necrosis factor alpha (THF

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

secrete further cytokine. This cytokine release recruits granulocytes and results in tissue
inflammatior?. Beyond the antigedependent cytolytic T cells, NK and NK T cells
respond to a |l ack of o6self6é molecul e cl ass
hijacking viruses and somaurcer cells. Additionally, NK cells respond to nucleic

DAMPs via TLRS$3. 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 interfeatpha (IFNU Y. These dendritic

cells present antigen to naive T cells, activating them, and begin the T cell polarization
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process towards Thi, 2, or®2The 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 r@sge as a component of the myofibroblast

activating, forwarefeeding 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 ettfunctionally deleterious changes in ECM
properties. Fibrosis is thought to be initiated by repeated epithelial injury or insult,

resulting in several processes which generate or recruitiesuzdeling cells. Cell

death, metabolic stress, epitheli@imesenchymal transition (EMT), latent transforming
growth factor beta (TGFD ¥alleoottbuteetathepeon, and
fibrotic milieu, which feeds forward into a sedérpetuatingpathology. Many tissue

resident fibroblasts and stromallls differentiate into myofibroblasts, the ECM

remodeling, cytokine secreting effector cells of fibrotic dis€a8&’ 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 pharmacologicviengion. 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. Thibnatia includes sarcoidosis, connective
tissue disorders, and idiopathic pulmonary fibrosis GPHF is a paicularly relevant
pathology formyofibroblastresearch, 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 pagiethilecades, there are only two
FDA-approved treatments for IPF as of this writing, neither of which changedomg

mortality rates of the diseag®®’.

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 degoéenyofibroblastic transdifferentiation, or an ability to
adopt a tissueemodeling phenotype, phenotypically plastic stromal populations
contribute heavily to the activated myofibroblast popafatn various disease
context$®°9®1 and behave as stem cells in healthy tis&tésPericytes are one suc

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 myofibroblast&54.6

Preclinical Models of Fibrosis

Animal modéds 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 ex@nsion 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 alugjisisto
observations between human and anifn@ls 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 generatelsya pat

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 resaltimonic

and progressive fibrotic disease whi ch i s t hought to be a r es:s
of vascular endothelial integriguring tissue remodeling amthhanced vascular

permeability allowing for greater diffusion of bleomyéfn Silica, asbestos, fluorescent
isothiocyanate (FITC), and radiation are all less commonly dosed into pulmonary tissue

to generate fibrosis. Additionally, transgenic and viral vebged murine systems to

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

answer discrete hypotheses, but are yet to be widely adopted in the field as standard
model$®58 The American Thoracic Society recently held a workshop onipicsdl

animal models which reported:The consensus view is that us
intratracheal bleomycin model in animélss the bestharacterized animal model

available for %reclinical testing. o
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Thus, singledose intratracheal bleomycin is the murine model used for the animal
experiments reported in thisssertation. At fourteen days pddeomycin administration,

an early inflammatory phase is resolved, and fibrotic remodeling is being potentiated by
activated myofibroblast8 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 apoptdse
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Chapter 2A Review of Fibroblast

Biology and Heterogneity

Publication Note

The text of this chapter has been adapted #Hamnan RT, Peirce SM, Barker TH.
Fibroblasts: Diverse Cells Critical to Biomaterials Integrath@S Biomater Sci Eng.

2018;4(4):12231232. doi:10.1021/acsbiomaterials.7b00244
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Abstract

Fibroblasts are key participants in wound healing and inflammation, and are capable of
driving the progression of tisswepairto fully functionaltissue ompathologicscar, or

fibrosis, depending on the specific mechanical and biochemicaistieshich they are
presented Thus, understanding and modulating the fibroldasisponse to implanted
materials is paramout achieving desirable outcomeasich as long term implant

function or tissue regeneratiodowever, fibroblasts are remarkably heterogeneous and
can differ vastly in their contributions to regeneration and fibrd$is heterogeneity

exists between tissues and within tissues, downedetvel ofindividual cells. This

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

the specifics of their functiomnd potential future directions to better understand and

organize their highly variable biolgg

Wound healing response in biomaterials

The bodyds response to foreign materi al ca
healing. Insofar as the regenerative response is concerned, an implanted material is often
treated as a chronic wound, wekpectably 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 coll dbhtei vel
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 amgbtal 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 cwemylafter 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.

Wound Vasoconstriction Vasodilation Scarring / Encapsulation
Healing Coagulation Provisional Matrix / Wound Closure
and Debris clearance Matrix Deposition/ Remodeling
Foreign Cytokine / Chemokine / Growth Factor Secretion
BOdy Platelets Macrophages
Response Neutrophils Fibroblasts
I Hours | Days | Weeks | Months I Years >

Figure 2.1: A timeline of wound healing and the foreign body respbnsieen into
stages progressing from the initial response to the years belRaoldgrossscale tissue

phenomenagreen cellular activity; gold: prominent cells.
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Disruption ofvascularendothelial integrity begins the hemostasis phase. Exposed matrix
and pooling vascular contents activate blood plateMigh beginto form a plugof

rapidly polymerizing fibrin at the wound site. These activated platelets and mechanically
deformedextracellular matrix ECM) recruit inflammatory cell$ and effect
vasoconstrictioff-’>. The fibrin-platelet plug referred to in matrix biology as tliearly
provisional matrig, leads to the cessation lnbodletting andnaintainshemostasis.
Concurrent with the resolution of the hemostatic phase is the inflammatory phase
phase icharacterized by massive cellular recruitmaiitated by active platelethat
releasdher contents frona-granulesdamaged cells, and activation of the immune

complement systefn

Inflammatory cells include a variety of monocysasl neutrophilswhich clear debris

and invading pathogenklonocytes also secrete a large varadtgytokines which

activate fibroblagt Interleukin 1beta(IL-1 |k plateletderived growth factor (PDGF)

transforming growth factor beta (T&-) , vascul ar endothel i al gr
andothersare released and propagaigher recruitment, clearance, and remodéfiig

This deluge of molecules activates both the canomtatstitial fibroblast as well as

other fibroblast progenitorse will discussbelow and begins the 6&6repa
wound healingThis effect is especially pronounced in the foreign body response, where
macrophages condense into multinucleated gigig,an an attempt to encircle, isolate,

and destroy the foreign bodyhis mass accumulation of activated immune cells

increases the levels of subsequent fibroblast recruitfddirecting inflammation
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toward prerepair phenotypes and away from jpnflammatory phenotype®mains a

key scientificfocusin biomaerials researctyet complete elimination of inflammation is

not productivé® &, For example, minteresting consequence of the burst of pro

infl ammatory cytokines from macrophages an
resident, quiescent fibroblasts thgh shedding of Thyt from their cell surfad. The

role of Thy1 in fibroblast biology will be expanded later.

The proliferation(or repai) phase of wound healing is characterized by wound
contraction, deposition &CM, angiogenesis, and-epithelializationwhererelevant.
Recruited fibroblaststimulated with key growth factors, such as FgRindergo a
necessary transition to an activatayofibroblast (named for their expression of certain
muscle proteins including s mo ot h muaSMA) anddeposit iheso-called
Alate provisional matri, whichprovides a scaffoldpon whichrevascularization and
epithelializationoccur. Thidate provisional matrixs rich infibronectirf? and serves as
the template for more permanent ECM comprised of coll&gdfibroblasts and other
adherent cellsnigrate across and mechanically interact viithonectin and other
proteoglycansn the wound via integringvhich facilitate cellular inter@ions with ECM
and are elaborated beloftibroblasts preferentially deposit collagen | matasrepair

progresse.

Over the course of weeks to years, the processes of epithelization and angiogenesis
conclude but fibroblasts remaim the healed woundrhelate provisional matrix,

comprised primarily ofibronectin is converted into anature matrix comprised of
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collagen lll-rich ECM andis thenslowly replacediuring remodelingvith collagen 1.
Collagen | comprises 80% of adult dermal collagen atlieisnost abundant molecular
componenbf mature epithelial matrf%. 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 scathapcteristic of collagen |
rich ECM. As the collagen turns over, the tensile strength of the regenerated dermis
increases from 40% up to 70% of uninjured ti€&uBhemydfibroblasts in the healed
tissueare meant teventually reach an equilibrium with their local ECM, avitl

undergo apoptosisr dedifferentiate into a quiescent ¢alsthe net change in tissue

composition trends towards z&fo

In the context of an implanted devitke development of thick, acellular ECM around
theimplant site is atrongindicatorof poor biomaterial integration with the host. This
6t ermi nal 6 s tirdegrations Eharcterzeady adibtic capsule which
isoatesimplanted material from host tissugave in certain contexts wherein it is
desirabldor the implant to become anchored and isolated, such as in iralsed

breast reconstructiéh

This fibrosis is not unique to implanted biomaterials; pathologic fibrosiefised as an
excessive, deleterious depositiorEM, and is found wherever fibroblasts become
@verenthusiastiiremodelerand when myofibroblasts, the primary wound repair cell,

areunable to undergo timely apoptosisotherwise become inactive
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Biomateridlas soci ated fibrosis is similar to phy
a highly fibrous and acellular matrix composed of a collagen I/l ratio that characterizes
physiologic fibrosi&. 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 exjémntise.
exactprogressiorthatdrives fibroblasts intaa fibrotic states unknown; multivariable

systems such as these are difficult to tackle wholly. Buheveknow many ways by

which the fiboblast isdriven to a prefibrotic phenotypeFibroblastreciprocity in

signaling between theell and its local chemmechanical environment can result in

dangerous and pathologmnalingloops. Fibroblasts respond to cytokines released from
immune cells and damaged tissue, includimginterleukinslatentTGF~b and PDGFD,

by i nc rSMA expresgionfotal adhesiorfFA) assembly, internal contractility and
synthesis of matrix proteinghe increase in contractile machinery and-oelkrix

contact allows for more force to be generated on the matrixintheased strain on local

ECM releases further latent T&F, i n addbhbtheinng osd8&GirFet ed by
itself, and the activation can continue in a devastating positive feedback loop, which in
concert with other factors, drisexcessive depi#on of ECM8¥ %2, This alters the

mechanical attributesf the tissuavith consequencasinging fromminorto fataP*%4 For

a biomaterial, this fibrosigreventsthe material fronproperly integrating into the hgst

which will at best negate any intended benefinaterials not designed to take advantage

of this phenomenadn this way, fibroblasts are the final arbiter of success or failure in
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biomaterialhost 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 topologyhydrogel or other soft materidtsand
displaying endogenous ECM epitoffe¥ produce less severe fibrotic responses and

integrate more thoroughly with tissue

One thread of researdissectinghe progression of fibrosis revolves around the outer
leaflet glycoprotein T, introduced earlierThy-1 (also known as CD90dften used as
a maker for mesenchymal stem celisa GPHinked cellsurface proteiiound in a

subset of fibroblastdt was originally noted to differentiate fibroblast sensitivity towards
PDGFAA over PDGFBB® and is found in an inverse proportion to myofidesh
marker§-1% The involvement of Thyl in fibroblast mechanobiology has since
expandednd it is now considered a major factiviving fibrosis. It is thoughtto
differentiateenvironmentallyresponsive fibroblasts from naesponsivecellsthrough its
involvement in integrirmediated mechanotransducti®nThy-1" cellsare apopttically
resistant, and are found in fibrotic foci in diseased tisathéh are areas of active
fibroblast proliferation and fibrost§'°'193 The heterogeneity of ThY expression ithe
fibrosing lungis causedy epigenetic silencing®!% Thy-1 mayalsoplay a critical role

in the necessary transient activation of fidests at the initial stages of would repair.
Specifically, inflammatory cytokines such aslbandt u mor necr(bNFa)s f act o

are known to induce a transient shedding of-THyom the fibroblast surface through
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exosomal shedding. This event results in only a short term loss diff, BHsyopposed to
its epigenetic silencing in fibrotic disorders, and could represent a mecHarkisrg

inflammation to the triggering of fibroblast recruitment to the wétind

As fibroblastsdetermine thdéinal outcome oimplantedbiomaterialsthey must be a
priority consideration in biomaterial developmenesiyyning around this costant hazard

requiresunderstandingdibroblast function, theiorigins andtheir heterogeneity

What is a fibroblast?

The fibroblast in literature is a seemingly amorphous cell type, meeting a variety of
indicative criteria. The most prevalent definitiof a fibroblast is on based on in situ
morphology. These fibroblasts are interstitial cells with ECM contacts. They are
characteristically spindigshaped with cellular processes extending from eaci¥ipnd

are easily islated 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

guestionsasked system for cell culture.

However, fibroblasts by this definiticexhibit high degrees of heterogeneity in

expression and phenotype between tiss¥§%1%%and even withithe same tissue

100,108 Collagen I, intermediate filament (IF) proteins, discoiitimain receptor 2

(DDR?2), plateletderived growth factor receptors (PDGER and b)) , Fi brobl a:

factors (FGF10), periostin, transcription factor 21 (Tcf21),-Ihthe list of nonspecific
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fibroblast markers is long. Many of these markers are exgtasdy 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, fibroblegiecific marker. Those efforts have met

with difficulty, such as with fibroblasspecific protein 1 (FSP1). It labels interstitial

fibroblasts in studies of ren#® and pulmonary°tissues, and shows some involvement

in late developmental epithelial to mesenchymal transition (EM)he putative source

for most adult quiescent fibroblagt€. However, FSP1 in recent years has garnered
controversy after being found in a varietiyother cell contexts, including inflammatory

macrophage$t® andvascular smooth muscle celf$, among other§t>118

There are many other endogenous and engineered targets used to identify putative
fibroblasts, all of which have their caveatseShe review from Tallquidt’ for a more
thorough exploration of genetic fibroblasacking tools and their controversies. The

struggle to find a consistent fibroblast marlesummarized in her review in Table 2.

It is important toquestionthe contributions of fibroblast heterogeneities at various scales.
Understanding why one fibrobladisplays one surface protein while another does not
providesinsight into basic biologydevelopmentand contributions fibroblasts have
towards both quiescent tissue health and pathofdagymsis,including in response to

biomaterialg§and how those states differ between tissues).
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For exampleThy-1, in addition to its biologic role in therogression of fibrosiss an
excellent example of the highly heterogeneous nature of a classically defined fibroblast.
As discussed above, fibroblasts are -hynd Thy1', with demonstrated phenotypic
differencesknownbetween the subtypggsroliferation, apoptosis, response to growth
factors, mechanotransduction, ECM synthesis, ditowever, tirther heterogeneitgiso
existswithin the Thy1* fibroblastpopulation as measured by liquid chromatography
mass spectroniy (LC-MS). Analysis ofnuclear, cyoplasmic, and secretguotein
fractions,gathered from quiescent primaggtivatedprimary, and canceaissociated
primary fibroblastsshowed extensive variabiliip expressionThy-1 wasjustone of
many proteins fond to demonstrate differential expression profiles between tissues.
Dermal fibroblasts expressed PDGBR i n tisswue examineds did myeloma
associated fibroblastahile theremaining tissues showed inconsistent fibroblast
PDGFRDbD expressionSimilar diversitywas foundwith MMP-1, proteoglycan 4, EGFR
pathway componentsibrillin, and CTGF, among others. An additional interesting
finding was that the density of procollagens, Tlhyand other peptides in nuclear,

cytoplasmic, and secreted fractiorssied based on tissue origii®.

Moreover even within a singléssuethereexistsadditioral sources ofieterogeneity
between fibroblast#s an exampledermal fibroblast cDNAan be binned intdiscrete,
localtissuespecific clusters of expression. This coordinat®iound across multiple
gene genres: ECM synthesis (fibronectin and finjillgrowth factors including those

involved in TGFb  a n d -catémin sighaling, 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 intgasfibroblasts'®®. This

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

divisions (anterioiposterior, proximatlistal, and dermatondermal) based on gene

expression patterrts®. Further research into the differential expression elucidated the
epigenetic mechanisms (in scalp and dura mater) vduickist of persistent site and age
specific epigenetic 6 methdhisivestisabslicodf i ndi vi du
heterogeneity through pdissue markers, between tissues, and within tissues has been

seen consistently through decades of fibroblasts research and remains generally

unaddressedcustratingattemps to paint foroblasts 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 sSGarThe drivers of this regenerative
phenotype, and its potential applications in the realms of inflammation and wound

healing, are omljust now being explored.

Somewhat paradoxicallyeft al f i br ob | as tS8MA*phesotypedhat daes ¢ o n s t
not change in response to any F6F i s &*¥!'4 in contrast to adult fibroblasts which
differentiat SMATr o mmyaoi ie BSM& mdisugin ireatment

withTGFb. Additionally, fetal and adult fibro

composition when treated with TG&F?2
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Fetal fibroblasts have beenastn to be efficacious when used as a transplant in tendon
repair, demonstrating a reduced capacity for unwanted ossification of the regenerating
tendon'?%, Expression analyses show these fetal fibroblasts have an increase in
myofibroblastic markers and a decrease in inflammatory and osteogenic expression
relative to adult fibroblast&!. Fetal fibroblasts additionally secrete more collagen | and

Il than theiradult counterparts and have a larger surface'atea

Few steps have been undertaken to understand the nature of a fetal fibWébldstnot

know, for example, if these fibroblasts are positive for popular markers such as FSP1, or
if they are derived from a common ddepmental 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 contexssunknown, butheir seeming reluctance to

participate in inflammation should make them attractive for biomaterials scientists.
Therapeutic application and basic research of these fibroblasggavitlefurtherinsight

into fibroblast heterogeneitgndtheir potentialtility in wound healingand biomaterial

integration

Acknowledging these heterogeneities in fibroblast populations can be uncomfortable;
thereforea popular approach within the biomaterial commuhég been to use
immortalized cell lins of fibroblasts, includin@T3 and HFF cedl 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 theyepain to fibroblast biology writ largeCells selected using the
markersabovemay exclude a large portion of the phenotypically diverse fibroblast
population, and these heterogeneities have stymied most attempts at settling on a robust
molecular or gerte 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

specificuse cases

Perhaps, then, the simple and easilfturable definition for a fibroblast is not specific
enough. Given the difficulty in isolating any truly uniqgue molecular signature across
tissues and disease contexkswe need to revisit our definition of what titutes a
fibroblast?Asking this question is essential if we hope to engineer biomaterials that have
the goal of accounting for and/or manipulating fibroblast behavidres prerogative of
biomaterials scientists is to control the cues received by fdstsband 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 wgabsito be applied to help

distinguish, delineate, and define fibroblast identity.

Alternative Definitions

Alternative approaches to defining the fibroblast use categorizafioemodeling

potential or by cellular or developmental lineage

Remodeling pdential
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Myofibroblasts are identifiemh vitro andin vivob y t h e p rS®18 strass fibero f U
and a contractile, secretory, and T8F PDGF s ens i P#?4}?2 Thpskeelsot y p e
are derived from a bevy of progenitor lines, many outside the traditional interstitial

fibroblast lineagePerivascular cells (pericyte®)°%12! endothelial?® and epithelial

129.130ce||s, as well as the circulating bone marrow derived fibro&{t€* all contribute
towardsfibroblast populations in inflammatory contexttustrated in Figure 2ZThese

cells, whle more difficult to isolate, respond tnany ofthe 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 inflatron, but isolated studies

dispute this claim. It has been shown that nuclear factor erythiraiit2d factor 2

(Nrf2) is protective against pulmonary fibroi€ 13’. Expression of Nrf2 is depressed in
pulmonary myofibroblasts relative to quiescent fibroblasts in the contexts of bleemycin
induced IPF or TG / P DBBRreatmentExogenous knockdown of Nrf2 drives a
myofibroblast transition from lung fibroblagtsvitro. Interestingly, knockingn Nrf2
translocation into the nucleus via knockdown of inhibitor Kdiké erythroid ceH

derived protein CNC homologgssociated proie 1 (Keapl) causes myofibroblasts to
dedi fferenti at e a s-SMAardsallagengproductior? rudherc e d U
examination of the mechanisms by which a myofibroldasbmegphenotypically
unstuckd6 is ongoing and includfgd2Thisactor s

emerging body of evidence challenges the {balyl 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 notyofibroblastic.

ECM __Quiescent
P . JR—
: _~ fibroblast . © | Epithelial cell
///SV/E\\‘Pericyte

\
'Myofibroblast or
Endothelial cell activated fibroblast

Figure 2.2: The range of cells which have been experimentatiyatto become involved
in fibrotic disease. Epithelial cells, tissue resident quiescent fibroblasts,
microvasculatureassociated pericytes, vascular endothelial cells, and circulating bone
marrow derived fibrocytes can all differentiate into myofibroblastd contribute

towards fibrosis.

This consistency aemodelingpotential is a strong contender for defining a fibroblast. It
is not wholly unlike the current deftion in that it relies upon a consisteatienotype,

but is superior in that it does netclude cells based on extrinsic factors such as the
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difficulty of isolation and culturingHowever, there are still problems with specificity in
this definition. Components of the myofibroblast phenotype are not exclusive to those
cells. For example, maroell types remodel the extracellular matisteoblasts$®,
astrocytes*®, vascular endotheliuff, macrophage¥?and pericyte§*'*3remodel

ECM via MMP expression and/or matrix secretiBerhaps these cells cowtsobe
classified as fibroblast® henot ypi ¢ behavior could be

to remodel various biomaterials.

Cellular or developmentd lineage

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

furt

fibroblasts maintain an epigenetic Omemory

81102119 This memory has only been shown in the tissue resident fibroblast, but a
similarly distinct epigenetic signature is entirelgysible 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 expressinalysis.

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

myofibroblast generation in specific tissi{és?”132.144.145yt ew comprehensivstudies

exist investigating the differences between fibroblast sources. Given the heterogeneity in
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expression and phenotype described abovellaws that fibroblasts from two separate

organ systems hawa distinct lineage.

As it stands, the heterogeneous and tispezific definitions used across tissues and
fields make compari sons between putative
simple answer with which to satisfy all definitions of a fibroblast. For the pespafsthis
review, wehavedefinad 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 basedimction. Later, we will discuss gthods by which

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

particularly as this definition pertains to the context of biomatedliedsgn.

Fibroblast Function

Chememechanicakignal integration

Cells are highly reponsive to their sensed chemechanical environment, with
mechanedependent phenotypes ranging across all classifications of cellular behavior.
Migration 146, prdiferation 147148 secretiort*®, and cellular differentiatiofr® °? each

have welicharacterized relationships to their local environment. This recognition,

o)
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binding, and interaction is facilitated by integrin bindinghle ECM through compkes

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 ECHcilitates cell adhesioandmigration, and directs proliferation

and development. The fibrous proteins are collagens and elastins which provide the
primary structure. The polysacchariggaluronicacid forms a viscous gel with absorbed
water, which prowes space filling and compressive strength to the masiwell as a
fluidity to matrix. Other components include fibronectin and laminin which facilitate
cellular interactions with the matrix, afutther modifythe mechanicatharacteristis of

the matix °3 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 theast highly studied extracellular matrix component given its
ability to facilitate interactions between cells and their local matrix. Dysregulation of

mechanosensing can drive pathologic ECM depositimhdrives fibrotic diseas&>2

Many soluble factors can activatébroblast towards prthealing and prdibrotic

behaviors, and many of those factors are also secrgtiardblass themselvesPDGF

andTGFb 1 are t he t wo mo experimeatatiyloactivafe fbcoblasts.s u s e
Thereare many more factors impacting fibroblasts that are outside the scope of this

review, and a thorough review of thesectors carbe found in the recent review from

Kalluri >4 We briefly diagram these factors in Figure 3.
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Quiescent Myofibroblast or
fibroblast activated fibroblast

EGF SDF-1
IFNy TGF-B
IL-18 TNF
IL-6 VEGF
PDGF

Figure 2.3: Soluble cues driving fibroblast activation into a proliferative, secretory, and
remodeling phenotyp&GF,e pi der mal gr owt h foactloLr(;s)I,FNDO2
interleukin; PDGF, plateletierived growth factor; SDH, stromal celderived factor 1;

TGFb, transforming growth factor b; TNF, t

endothelial growth factor.
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Focd adhesions and stiffness sensing

Focal adhesiong-A) can be divided into three regioad ong-akhe 6déacr oss th
membranethe outermost integrins, the adhesome proximal to the intracellular integrin

tails, and the final actin/myosin netwo 155156

Integrins are heterodienic transmembrane proteins with the ligand binding region
composed of U and b subunits which allow f
subunits combine for a total of 24 identified receptétsThese integrins bind to a

variety of ECM ligands such as fibronectin, fibrinogen, and collagensuéh, the

integrin composition of the FA determines the signals which are eventually integrated by
thefibroblast The multiple integrins for collagen and fibronectin have demonstrated

distinct FA composition and signalifgf'>® One prolific integrin ligand is the AfGly-

Asp sequence, or RGFound in fibronectinfibrinogen, osteopontitr’-1¢° and several

laminins and collagen's’, RGDs have long been a popular target for the study of

mechanobiology and the development of biomaterials as the sequence allaws for

functionalized material to better integrate into its local tissue environment.

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

integrinl i nked pr ot ei mactikin, ersia, and dlamimd P2 @hesdinker

proteins, together with over twtundred other associated components, are collectively
referred to as the fAintegrin adhesomeo. Th

in response to strain and affect a signaling change in the cell. Cumuyiattee|
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adhesome represents a systems level problem where wide genetic studies amd large
silica analyses are being pursued. For a thorough review of the adhesome, see the 2014

review by WinograeKatz et al 162

Lastly, the forcegenerating actomyosin netwoikhe6 st r ess f i bersé refe
myofibroblasts sense and generate mechanical loading within the cell, which is

transferred through the FA onto bound EEM¥ This network is in a constant state of

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

response to sensed and generated terBienprecise mechanisms by which this network

creates and transmits forces are still being elucidat#l research ongoing into

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

polymerization of gactin into factin (filaments), MRTF is unbound fromagtin and

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

(SRF) to drive many genes that amnsidered to be in the fibrotic prograff163

Understanding fibroblagtinction allows for targeting prbealing and aribrotic
behavior However, here is stilla 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 rigorousigsue

definitions or moécular 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
anotter by gulfs in methodologies and vernacular. This compartmental regime of study
comes about from a lack of adequate tootitige throughput to analyze cellular
heterogeneity in multiple dimensions (expression, lineage, microenvironment) has only
recentlycome 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 aboutellular phenotype ithe regenerative biomaterials context.

Fibroblast aigins and tracing

Presumably any fibroblast eemodeling cellill contain some indicator of its fibrotic
potential, and discoveringarkes, if any exist, will allow us to trulyanstrain the

definition of a fibroblastAs 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 jpiygre, 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 marksrinducible 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 kidnéy’**and lung*®. Tcf21%¢ and Wt144in cardiac
tissue are alsbeingused to track fibroblast generation and phenaotifg#ocyte lineages
are more simple, with a collagen reporter bone marrow tramtspta WT mice allowing

for visualization of marrowderived fibroblast$32

Another method to understand the lineage of a fibroblast, and its developmental
environmental context, is tox@mine epigenetic markers of the cell. It has been shown
that fibroblasts retain an epigenetic memory of a pathologically stiff environment for two
weeks after removaP’1%8 what may not be detectable at the lineage or transcript level
could in fact be epigenetic drivers of fibroblast phenotfjoe.example, the promoter

region of Thyl has been shown to display hypermethylation resulting in a permanent
Thy-1- phenotype?, driving the progression of fibrotic disease and preventing the

fibroblast from returning to quiescengeundergoing apoptosis

Furthertechniques are being brcutgo 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 bewvedozens of unigue mass markers, offering
unprecedented throughput and efficiency in collecting data about individual®@ells

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

simultaneous quantitation of transcript and peptide levighsn 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 whedliof fhenotype %, 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 dverse data we collect on various fibroblasts.
Cues, metabolism, andbtworks

Computational models are a potential solution to the multidimensional quandary of inputs
and outputs of fibroblast signaling. Simple, substantiated molecular events and
interactbns can be fed into a simulation of cellular behavior and reveal undiscovered
relationships betwegphenotypeandcellular, chemical, and mechanical environment.
This process is used to explore hypotheses and inform further re§&arénCurrent
fibroblast modeling is trending towards larger, multiscale modeling techniques which
incorporateomics and drug data into more complex and exhaustive systems. These
systems allow for rapid assessment of-cell, celkmaterial and celfactor interactions
and output genes, receptors, and signaling pathways which merit further lstsdico
studies of fibroblast dynamics in pulmonafy1’® liver 1”7, andkidney'’® demonstrate
the increasing complexity and accuracy of thesdehsystems. A comprehensive
discussion of cardiacentric fibroblast modeling bthe Saucerman grouff®is

recommended for further reading into fibroblast modeling.
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To accuratelyparameterize these models requiresssive amounts @henotypiadata. In
addition to mass cytometry and traditioranics approacheppowerful new methods

such as stochastic profiling allawsearchers to measumepression at the level of

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

cells in a superficially homogeneous tissue or culture cottéxthese profiles allw

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

in vitro andin vivo.

Discussion

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

consideration for those seeking to control woundihganflammation and the foreign

body response/biomateriaksociated fibrosigdieterogeneity can be seen across tissues

and within tissues, and &\Vveémofbdwrsd 6i matrtker
FSP1.Cells not traditionally consideretfoblasts 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 adiigeare 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, withobutontrol depsition of ECM resulting in

scarring and loss dfiomateriaffunction.

A consequence of fibroblasts being so heterogeneous is the disclaimer in the introduction
of manyfibroblast papes, wherein the author claims his or her work should not be taken

as re@resentative of fibroblastss a wholeWe believe thathesestatements speak to an
untapped opportunity for thorough, systel@gel approaches to understand fibroblasts
across tissues and bridge these disconnected islands of understaraiggnew

technologies and approaches

We think that biomaterials science is uniquely suited to approach these probles, for
reasons. First, out of necessitgrm success of any implanted biomatemégjuires

mastering othe inflammation and scarring environment in ordegrisurehe implant
functions appropriatelySecondbiomaterials are invariably a simplified, constrained
approximation of some physiologic feature. This constraint reduces variables and allows
for theasking and answering of questions which may be intractablenore complex
experimental modelollaborative efforts between biomaterials scientists and those
studying fibrosis willyield dividends in both our basic understanding of fibroblast

biology and theeffectiveness of biomatertalost integration.
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Chapter 3Extracellular Matrix
Remodeling Associated with Bleomyein

Induced Lung Injury Supports Pericyte

To-Myofibroblast Transition

The text of this chapter has been adapted fHamnan RTMiller AE, Hung RC, Sano
C, Peirce SM, Barker THextracellular Matrix Remodeling Associated with Bleomycin

Induced Lung Injury Supports Pericyt®-Myofibroblast TransitionMatrix Biology

Plus,in press
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Abstract

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

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

myofibroblasts, but providdimited insight into molecular cues that drive this process

during lung injury repair and fibsis. Fibronectin and RGbinding integrins have long

been considered piftbrotic factors in myofibroblast biology, and here we test the

hypothesis that these known myofibroblast cues coordinate peteegigofibroblast

transitions. Specifically, we hypoh e si zed t hat Uvb3 integrin e
induces pericyte transition into myofibroblastic phenotypes in the murine bleomycin lung

injury model. Myosin Heavy Chain 11 (Myh1CreERT?2 lineage tracing in transgenic

mice allows identification ofells 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 {ineage
positive cellsaremi t i ve for the pericyte surface ma
(69%), and display typical pericyte morphology with spatial apposition to microvascular
networks. After intratracheal bleomycin treatment of mice, Myh11 linpagéive cells

showed significat | y i ncreased contractile and secr e
expression. According to RNASeq measurements, many disease andemsdeling

GeneSet were upregulated in Myh11 lineagesitive cellsn response to bleomyegin

induced lung injury Invitro, bl ocki ng Uv ERlo-RGDiKgrevengedt hr ou g

expression of the myofibroblastic marker U
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containing provisional matrix proteins present in lung injury, pericytes may alter their
integrin profike. This altered matriktegrin axis contributes to pericyte-
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 transiactivation 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 meass of respiration. These pathologies have
largely unknown etiology and extremely limited palliative therapegfiddulmonary

fibrosis is specifically characterized by a reduction in vital respiratory metrics and a
persistent wound repair eneitrment consisting of inflammatory cytokines, early and late
provisional extracellular matrix (ECM) proteins like fibrin, fibronectin and collagens, and
ECM-remodeling enzymes in the lui 1. Cellular infiltration, proliferation, and the
expansion of interalveolar spaces in early fibrosis is referred to as fibroproliferation,
which is the phase of disease wherein g@escells become activated and involved in

the fibrotic proces$®®. Through the exploration of these activated cells, there is the
promise of understanding how transitions to a more chronic fibrotic remodeling program

may OcCcur.
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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-tissident stromal cell
populations have focused on identifying and characterizing the various myofibroblast

progenitor populationg®” 191,

One known myofiboblast 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
sufacemakers including CD146 ,°DBreRphte NG2,
investment in the microvasculature supports vessel integrity and is essential for vascular
homeostasis and functional tissue regeneration after fistdtPericytes have

demonstrated phenotypic plasticigting as a source of myofibroblasts in fibrotic
diseasé® and other pathologi€$®°’. The myofibroblastic pericyte can erge in

response to lung injus?!® responding to classic myofibroblgstomoting conditions,
including TGFb and ECMstiffness®, two stimuli known to activate classicattiefined
myofibroblasts. Study of the molecular mechanisms involved in mechanotransduction
and activation of lat® TGFD have identified the integrins as essential components in

myofibroblastic activatiort®,
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Integrins are a class of heterodimeric transmembrane recépatiognd 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 frarediifition to
apoptosis to extravasat i ohb3intefrinisthaughtt@abet si ¢
at equilibrium with signaling through U5b1
(known as an ,Gr et &3gmntegrid sigalng driced dspase

phenotypes®¥2°L |t is thought that this shift towards proy o f i b r of8 signalingi ¢ Uv
is derived from the increase in Arginine, Glycine, and Aspartate (RGD) ligand found in

the fibronectiarich provisional maix in early stages of tissue remodefifty®220¢

Integrins are no less important in mediating the responses oftesrioytheir

biochemical and biomechanical environments. The loss of pulmonary basement

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

and nonresolving fibrosig’. Pericyte investment in the masent membrane and
capillary network is facilitated by | amini
25.207.208 Eor pericytes, the transition from laminand collagen Ivrich basement

membrane to a fibronectimch provisional matrix during early lung injury could invoke a

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

phenotypic switching®®. | ndeed, when Uv integrin was s
a P D Gdferhibuse, its loss wahown to be protective in a bleomycin lung injury

model?19,
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However, a direct linkagleetween ECM ligand, surface integrin expression, and
pericyteto-myofibroblast transition has yet to be explored, and whether fibronectin is
sufficient to trigger the pericytm-myofibroblast transition is an open question.

Additionally, characterizatioof the myofiboblastic pericyte vitro andin vivois

typically limited to assessment of a single marker, such as alpha smooth muscle actin
(USMA), limiting our understanding of the
transitioning pericyte has undergofi@erefore, 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 signalingao precipitate the pericyte-myofibroblast transition.
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Figure 3.1 The Myh1iCreERT2 ROSA STOPTl/fl tdTomato reporter mouse require

+TMX

-TMX

tamoxifen for reporter induction and does not alter lung histolo§jySchematic of the
Myh12CreERT2 ROSA STOPTl/fl tdTomato lineage reporter mouse (B) Represen
immunofluorescence (IF) and hematoxylin and eosin (H&E) micrographs of lung.

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

induction ofMyh12CreERT2 ROSA STOPTl/fl tdTomaice (described in Figur@1A)

with tamoxifen induces recombination and expressidadDdmato in pericytes, as well

as vascular and bronchiolar smooth muscle cells (Figure 3.2A), consistent with prior
work using Myh11 reporter mic&21213 The use of the tdTomato fluorescent reporter
with the Myh11 Rosa26 construct allows for greater sensitivitytaaling Myh11
lineagepositive cells than the previously published eYFP fluorescent reporter lineage
mouse. While observation of Myh11 lineagesitive cellsn the pulmonary capillary bed

has only been associated with injury in the eYFP reporter nf@use can clearly

identify the Myh11 lineag@ositive pericytes as being tisstesident cells before injury.
These tdTomatexpressing, fluorescent pericytes become much brighter in disease
modek, as demonstrated by the differences in relative brightness between saline and
bleomycintreated lungs given the same confocal image acquisition settings in this text
and prior literaturé®. Sppntaneous recombination is not seen in uninduced mice prior to
experimentation (Figure 3.1B). These Myh11 linepgsitive pericytes in the capillary

bed extend abluminal processes along capillary endothelium (Figure 3.2A). The majority
of Myh11 lineagepositive cells isolated from healthy, uninjured lung (gating described in
Figure 1B) are positive for pericyte marke
3.2C). The observed location, morphology, surface markers, and body of prior work on
this Myh11 lineag %>?'42'4 provide robust evidence to support a classification of Myh11

lineagepositive cellsas pericytes.
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Figure 3.2 The Myh1iCreERT2 ROSA STOPTl/fl tdTomato reporter mouse labels

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

micrographs 6lung sections stained for tdTomdta e d , endogenous fluor
(green), and CD31 (purple). Anatomical str

~

airway | umen, Avo for venule, and fAco for
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hierarchy to isolateMyh11 lineagepositive cellfor phenotyping. (C) Representative
scatter plot of PDGFRbB and CD146 surface m
of 55.5% oMyh11 lineagepositivecells n heal t hy mice were posit

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

Myh11 lineagepositivepericytes adopt myofibroblastic phenotypes within regions of
fibroproliferative repair in the injured lung according to immunofluorescent histologic
analysesUsing a singledose ntratracheal bleomycin lung injury model,

immunofluorescent imaging and analyses were performed on lung specimens from
salinetreated control mice and bleomydireated mice. Confocal micrographs of

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

remodeling characteristic of the bleomycin disease médglie 3.3, B), where the

interstitial tissue expands through fibroproliferation and ablates the alveolar airspaces

186,215 This increase in tisswkensity and loss of alveolar spaces is known to be

potentiated by myofibroblastic tissue remodeling. In sdtieated control lungg-{gure

330), the vast majority of USMA content <can
larger vessels (pulmonargnrules and bronchioles), while more diffuse and-lnomnal

USMA is abundant i n Figue 3.B). Ehe propartiomoMyhtle at e d
lineagepositiveper i cytes in lung sections expressir
weeks posbleomycin treatmet (Figure 3.&). This analysis manually excludes Myh11
lineagepositive vascular smooth muscle cells in bronchioles or venules, as described in

the Methods section. An analysis of fibronectin levels locMyb11 lineagepositive
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pericytes (within 12 mions of cell soma) revealed no significant difference in
fluorescence intensity between salineated and bleomycitreated lungsKigure 3.3).
Active perivas FEiguted.F, WowD Bcreases irebtponmycineated

l ung, wi t h-1Uperidyies sigMbcantly increasing in frequency in bleomycin

treated lungKigure 3.F).
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Figure 3.3 Immunofluorescence (IF) micrographs of lungs from saline and bleomycin
treated mice lungs showed increases in per
(A,B) Representative confocal micrographs of transverse lung sections immunolabeled

f or US MAtdTergato ¢rednepdogenous fluorophore), and fibronectin (purple)

from saline (A, n=3) and bleomycin (B, n=6) treated mice. Higggnification inserts
(middle) allow for identif i c apositvepercyted q u an
(thick arrow)a n d  En8gdtive pericytes (thin arrow). (C) The numbeMyh11

lineagepositive pericytes expressthfSMA i s reported as a perce
total Myh11 lineagepositive pericytesounted across an entire lung section and the

mean fluorescercintensity of fibronectin within 13 microns of each pericyte was

measured (D). (E) Representative micrograph of Vi@taining in the bleomycin treated

l ung, wit h -hdoubld Sobitie peritigevehown (thick arrow) and

guantitative comparison beégn saline (n=3) and bleomycin (n=5) lung sections (F).

Data are expressed as means +* standard deviation. Statistical significance was

determined via unpaired, oftea i | e d -test.nsd=enat sighificart; p <0.05=*;p

<0.01 =** p<0.001 = ***,
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Myh11 lineagepositive pericytessolated from fibrotic lungs show increases in tissue

remodeling markers by flow cytometiylyh11 lineagepositive pericytes are defined

here as live cells negative for the eslirface markers of other cell lineages Ter119

(erythrocytes), CD45 (myeloid lineage), EpCAM (epithelial cells), CD31 (endothelial
cells), which weiwvefoer amd posiidumep MmegatMyh
(pericyte marker). Cells were isolated from whhleg digestions from bleomycin

treated and salingeated lungs, as depictedrigure 3.A. Myh11 lineagepositive

pericytes were evaluated for a panel ofiratemodeling and matrikinding markers,
including: USMA, Coll agen type 1 alpha 1 (
prevalence of all these markers increased significantly in Myh11 lineagjgve

pericytes Figure 3.4D, E, |, J). Represeative plots of healthy and diseased lung for

matrixr emodel i ng mar k e rFgurd BSBYI@ demondtrat€ this shift. 1 (

The amount of Myhlllineaggosi t i ve pericytes positive fo
weeks after bleomycin treatmeiigure 3.4). Collal 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 remodefidgt®?%. As wi t h USMA, the i
Collal+/Myh11 lineaggositive pericytes significantly increases by over-fald in the

bleomycin treatment groufrigure 3.£). A tripling of the frequency of

USMA+/ Col 1al+ /-pdsitinelpdricytes was obsprededure 3.4).
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