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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.
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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.

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 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.

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 cells! and effect vasoconstriction.23 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 a-granules, damaged
cells, and activation of the immune complement system.3

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-1/), platelet-derived growth factor (PDGF) transforming
growth factor beta (TGF-p), vascular endothelial growth factor (VEGF), and others are
released and propagate further recruitment, clearance, and remodeling.#® 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.® Directing inflammation 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 productive.5-8 For example, an interesting
consequence of the burst of pro-inflammatory cytokines from macrophages and neutrophils
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is the transient “activation” of resident, quiescent fibroblasts through shedding of Thy-1
from their cell surface.® 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 in relevant tissue. Recruited
fibroblasts stimulated with key growth factors, such as TGF-g, undergo a necessary
transition to an activated myofibroblast (named for their expression of certain muscle
proteins including a smooth muscle actin or aSMA) 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 fibronectinl® and serves as the
template for more permanent ECM comprising collagens.!! 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.

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, composed
primarily of fibronectin, is converted into a mature matrix comprising collagen Ill-rich ECM
and is then slowly replaced during remodeling with collagen I. Collagen | comprises 80% of
adult dermal collagen and is its most abundant molecular component.12 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 ECM.13 As the collagen turns over, the tensile strength of
the regenerated dermis increases from 40% up to 70% of uninjured tissue.1 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 toward zero.1®

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 desireable
for the implant to become anchored and isolated, such as in implant-based breast
reconstruction®

Fibrosis is not unique to implanted biomaterials; pathologic fibrosis is defined as an
excessive, deleterious deposition of ECM, and is found wherever fibroblasts become “over-
enthusiastic” remodelers and when myofibroblasts, the primary wound repair cell, are
unable to undergo timely apoptosis or otherwise become inactive.

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/111 ratio that characterizes
physiologic fibrosis.16 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.
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The exact progression which 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-g and PDGF-g, by increasing a-
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-g, in addition to TGF-g being secreted by the fibroblast itself. Fibroblast
activation can continue in a devastating positive feedback loop, which in concert with other
factors drives excessive deposition of ECM.17-20 This alters the mechanical attributes of the
tissue with consequences ranging from minor to fatal.22:22 For a biomaterial, this fibrosis
prevents the material from properly integrating into the host, which can 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 biomaterial—host integration and
understanding their biology and pathology is essential for biomaterials science.

Stiffness sensing is driving the biomaterials field away from stiff, smooth materials.
Implants with textured or irregular topology,2% composed of hydrogel or other soft materials,
24 and displaying endogenous ECM epitopes?4—26 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 toward PDGF-AA
over PDGF-BB?7 and is found in an inverse proportion to myofibroblast markers.28 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 mechanotransduction.2® Thy-1 cells are apoptitically resistant and are found in
fibrotic foci in diseased tissue, which are areas of active fibroblast proliferation and fibrosis.
9.29-31 The heterogeneity of Thy-1 expression in the fibrosing lung is caused by epigenetic
silencing.30:32 Thy-1 may also play a critical role in the necessary transient activation of
fibroblasts at the initial stages of wound repair. Specifically, inflammatory cytokines such as
IL-18 and tumor necrosis factor a (TNFa) are known to induce a transient shedding of
Thy-1 from the fibroblast surface through 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 fibroblast recruitment.®

Since 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.
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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 one based on in situ
morphology. These fibroblasts are interstitial cells with ECM contacts. They are
characteristically spindle-shaped with cellular processes extending from each tip33 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 tissues28:34:35 and even within the same tissue.28:36 The list of
nonspecific fibroblast markers is long: collagen I, intermediate filament (IF) proteins,
discoidin domain receptor 2 (DDR?2), platelet-derived growth factor receptors (PDGFR-a
and g), fibroblast growth factors (FGF10), periostin, transcription factor 21 (Tcf21), and
Thy-1. 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 recently been
directed efforts to find a universal, fibroblast-specific marker. Those efforts have met with
mixed success. For example, fibroblast specific protein 1 (FSP1) labels interstitial fibroblasts
in studies of renal3” and pulmonary3® tissues, and shows some involvement in late
developmental epithelial to mesenchymal transition (EMT),3° the putative source for most
adult quiescent fibroblasts.*? However, FSP1 in recent years has garnered controversy after
being found in a variety of other cell contexts, including inflammatory macrophages*! and
vascular smooth muscle cells,*2 among others.43:44

There are many other endogenous and engineered targets used to identify putative
fibroblasts, all of which have their caveats. See the review from Tallquist*® 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 the contributions fibroblasts make
toward both tissue maintenance and fibrosis, including in response to biomaterials (and how
those states differ between tissues).

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 can be Thy-1* or 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
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found to demonstrate differential expression profiles between tissues. Dermal fibroblasts
expressed PDGFR-gin every tissue examined, as did myeloma-associated fibroblasts, while
the remaining tissues showed inconsistent fibroblast PDGFR-8 expression. Similar
heterogeneity was found with MMP-1, proteoglycan 4, EGFR components, fibrillin, and
CTGF, among others. Additionally, the density of procollagens, Thy-1, and other peptides in
nuclear, cytoplasmic, and secreted fractions varied based on tissue origin.28

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
families: ECM synthesis (fibronectin and fibrillin), growth factors including those involved
in TGF-Band Wnt S-catenin signaling, migration, lipid metabolism, and developmental/
differentiation genes. Forkhead box genes, as well as the hox family, correspond to
topographic distribution of dermal interstitial fibroblasts.26 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.46
Further research into this differential expression elucidated the epigenetic mechanisms (in
scalp and dura mater) which constitute of persistent site and age-specific fibroblast
“memories.”*’ This hierarchical progression of heterogeneity through pan-tissue markers,
between tissues, and within tissues has been observed consistently through decades of
fibroblast research and remains generally unaddressed, frustrating attempts to characterize
fibroblasts as a generic, homogeneous population.

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.*® 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 a-SMA™ phenotype that does
not change in response to any TGF-gisoform,*9:0 in contrast to adult fibroblasts, which
differentiate from quiescent a-SMA™ to myofibroblastic a-SMA™ cells upon treatment with
TGF-g. Additionally, fetal and adult fibroblasts develop a diverging integrin composition
when treated with TGF-£.50

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.4® Expression analyses show these fetal fibroblasts have an increase in
myofibroblastic markers and a decrease in inflammatory and osteogenic expression relative
to adult fibroblasts.*® Fetal fibroblasts additionally secrete more collagen | and 111 than their
adult counterparts and have a larger surface area.®!

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 that 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
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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 into these fibroblasts could 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 biomaterials 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 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 the use of such markers requires an understanding of their specific use cases.

Perhaps, then, the definition of a fibroblast as an easily isolated and cultured cell 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 and engineers 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 categorize by remodeling potential or by
cellular or developmental lineage.

Remodeling Potential.

Myofibroblasts are identified in vitro and in vivo by the presence of a-SMA stress fibers and
a contractile, secretory, and TGF-A/PDGF sensitive phenotype.3%52-54 These cells are
derived from a bevy of progenitor lines, many outside the traditional interstitial fibroblast
lineage. Perivascular cells (pericytes),18:55:56 endothelial®’ and epithelial®859 cells, as well
as the circulating bone marrow derived fibrocyte®3-62 all contribute toward fibroblast
populations in inflammatory contexts, as illustrated in Figure 2. These cells, while more
difficult to isolate, respond to similar 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.64-66 Expression of Nrf2 is depressed in pulmonary
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myofibroblasts relative to quiescent fibroblasts in the contexts of bleomycin-induced IPF or
TGF-p/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 (Keapl) causes myofibroblasts to dedifferentiate as measured
by reduced a-SMA and collagen production.®’ Further examination of the mechanisms by
which a myofibroblast becomes phenotypically “unstuck” is ongoing and includes factors
such as MyoD and prostaglandin E, 58:69 This emerging body of evidence challenges the
long-held assumption that myofibroblasts die and are cleared upon resolution of the wound
healing response, and may simply be dedifferentiating into cells which are not
myofibroblastic.

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 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,’? astrocytes,’! vascular
endothelium,”2 macrophages,’3 and pericytes’75 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.
93047 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,>>:96:66.76.77 hyt few comprehensive studies exist
investigating the differences between fibroblast sources. Given the heterogeneity in
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.
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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,”®
proliferation,’9:80 secretion,81 and cellular differentiation2-84 each have well-characterized
relationships to their local environment. This recognition, binding, and interaction are
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, migration, and directs proliferation and development. The
fibrous proteins are collagens and elastins which provide the primary structure. The
polysaccharide halyuronic 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.8% 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.18:84

There are many soluble factors which can activate fibroblasts toward pro-healing and pro-
fibrotic behaviors, and many of those factors are also secreted by the fibroblasts themselves.
PDGF and TGF-p1 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 affectors can be found in the recent review from
Kalluri.86 We diagram these factors in Figure 3.

Focal Adhesions and Stiffness Sensing.

Focal adhesions (FA) can be described as containing 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.83.87.88

Integrins are heterodimeric transmembrane proteins with the ligand binding region
composed of a and B subunits, which allow for binding to various ECM proteins. The
subunits combine for a total of 24 identified receptors.8? 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.9%:91 One prolific integrin ligand is the Arg-Gly-Asp sequence, or
RGD. Found in fibronectin, fibrinogen, osteopontin,8%:92 and several laminins and collagens,
89 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.
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The integrins are linked to the actin cytoskeleton via linker proteins talin, vinculin, integrin-
linked protein kinase complex, a-actinin, tensin, and filamin.87:93 These linker proteins,
together with over 200 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 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 %

Lastly, the force-generating actomyosin network, the “stress fibers” referred to in
myofibroblast literature, sense and generate mechanical loading within the cell, which is
transferred through the FA onto bound ECM.® This network is in a constant state of flux,
striving toward 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.96.97

Understanding fibroblast function allows for targeting pro-healing and antifibrotic behavior.
However, there is still a dearth of data regarding the function of these diverse cells and how
they differ from one another.

LOOKING TOWARD 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
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, and 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, could 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.
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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 perivascular
fibroblasts in kidney®> 77 and lung.56 Tcf2198 and Wt176 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.51

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 2 weeks
after removal.99:100 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,30 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.201 Mass cytometry
currently offers over 40102 distinct mass tags, allowing for rapid and simultaneous
quantitation of transcript and peptide levels within single cells.

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,1%3 an inclusive
model of fibroblast lineage and functional markers might be applied to a multitissue 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 the cellular, chemical, and mechanical environment. This process is
used to explore hypotheses and inform further research.104-106 Current fibroblast modeling
is trending toward 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,107:108 Jjver,109 and kidney10 tissues demonstrate the increasing complexity and
accuracy of these model systems. A comprehensive discussion of cardiac-centric fibroblast
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modeling by the Saucerman group!! is recommended for further reading into fibroblast
modeling.

To accurately parametrize 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 gene 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.112 These profiles allow models to much
more accurately simulate the behaviors of heterogeneous cells 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 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: biocompatibility requires mastering of the inflammation and
scarring environment in order to maximize integration. 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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Figurel.

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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Range of cells which have been experimentally shown to become involved in fibrotic
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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 toward fibrosis.
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Figure 3.
Soluble cues driving fibroblast activation into a proliferative, secretory, and remodeling

phenotype. EGF, epidermal growth factor; IFN y, interferon-y; IL(s), interleukin; PDGF,
platelet-derived growth factor; SDF-1, stromal cell-derived factor 1; TGF-g, transforming
growth factor B, TNF, tumor necrosis factor; VEGF, vascular endothelial growth factor.
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