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Abstract

Purpose of Review In this brief review, we will highlight important observational and experimental data in the literature that
address the origin of scar-forming cells in lung fibrosis.

Recent Findings Several cellular sources of activated scar-forming cells (myofibroblasts) have been postulated including alveolar
epithelial cells; circulating fibrocytes; and lung stromal cell subpopulations including resident fibroblasts, pericytes, and resident
mesenchymal stem cells. Recent advances in lineage-tracing models, however, fail to provide experimental evidence for epithe-
lial and fibrocyte origins of lung myofibroblasts. Resident mesenchymal cells of the lung, which include various cell types
including resident fibroblasts, pericytes, and resident mesenchymal stem cells, appear to be important sources of myofibroblasts
in murine models of lung injury and fibrosis.

Summary Lung myofibroblasts likely originate from multiple sources of lung-resident mesenchymal cells. Their relative con-
tributions may vary depending on the type of injury. Although lineage-tracing experiments have failed to show significant
contribution from epithelial cells or fibrocytes, they may play important functional roles in myofibroblast activation through

paracrine signaling.
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Introduction

Myofibroblasts are activated cells responsible for depositing
extracellular matrix (ECM) proteins in scar tissue during
fibrogenesis. They exhibit enhanced contractility capable of
closing open wounds and tissue repair. Myofibroblasts play
an integral role in normal wound healing through (ECM) re-
modeling, hemostasis, and restoration of tissue barrier integrity.
Yet, myofibroblasts are also responsible for pathologies en-
countered in fibrosing diseases where dysregulated activation
of myofibroblasts leads to over-exuberant secretion of ECM
proteins and replacement of normal organ architecture, ulti-
mately leading to organ failure. Our limited understanding of
where these myofibroblasts originate in disease states and the
mechanisms by which myofibroblasts become dysregulated
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has been an important barrier to finding effective therapies.
This is especially true in the lung, where fibrosing lung diseases
such as idiopathic pulmonary fibrosis (IPF) continue to have
limited therapeutic options and poor outcomes. Identifying the
origin of myofibroblasts is an important step in understanding
mechanisms that are responsible for fibrosis as well as to more
therapeutic targets in fibrosing diseases.

Defining the Myofibroblast

Myofibroblasts were first described in ultrastructural exami-
nations of rat wounds [1]. In the first description of
myofibroblasts, Gabbiani and colleagues characterized the
presence of modified fibroblasts in the granulation tissue of
wounds. These modified fibroblasts exhibited cytoplasmic
stress fibers similar to those found in contractile smooth mus-
cle cells along with peripheral focal adhesions. Since the orig-
inal description, molecular and phenotypic features of
myofibroblasts have been further detailed.

Normal wound healing is a complex process involving early
inflammation, hemostasis, deposition of extracellular matrix
and matrix remodeling, and wound closure. Myofibroblasts
appear during wound healing and participate in a number of
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these critical processes. Following wound healing,
myofibroblasts disappear, likely through apoptosis. In aberrant
wound healing that leads to pathologic fibrosis, however,
myofibroblasts persist in the fibrotic scar, obliterating normal
tissue architecture and function through continued ECM re-
modeling and contraction. Thus, myofibroblasts are central to
the pathogenesis of fibrotic disease in many organs, and under-
standing the biology of myofibroblasts is critical to medical
therapies in fibrosis.

Although the origin of myofibroblasts remain a topic of
some controversy, there are several generally accepted fea-
tures that define the activated myofibroblast (Table 1).
Morphologically, myofibroblasts differ from quiescent inter-
stitial cells or fibroblasts in that they are large cells with ruffled
membranes. Actin microfilaments are organized intracellular-
ly and converge at multiple focal points on the cell surface,
termed “supermature focal adhesions” in vitro and
“fibronexus” in vivo, that connect the intracellular network
of stress fibers to points of contact in the ECM [2].
Functionally, myofibroblasts express of «-smooth muscle ac-
tin (x-SMA) which distinguishes it from fibroblasts; they up-
regulate deposition of ECM products such as type I collagen
(COL 1), increase release of inflammatory mediators, and dis-
play enhanced contractile forces [2]. In particular, many in-
vestigators studying myofibroblast precursors have used o~
SMA or COL 1 expression as markers that define differentia-
tion into myofibroblasts.

Myofibroblasts in the Lung

The human lung is a structurally complex organ that com-
prises over 40 cell types [3]. Structurally, the conducting air-
ways include the trachea and subsequent branching segments
of bronchi and bronchioles. These terminate in the gas-
exchanging alveolar sacs. Throughout the respiratory tree,
the airways are lined with epithelial cells, vasculature, and
lung-resident mesenchymal cells that are connected to each
other through an extensive network of extracellular matrix.
Myofibroblasts alter the architecture of local anatomy through
enhanced contractility and deposition of excess extracellular
matrix, eventually disrupting normal lung physiology. Their
involvement in different anatomic regions leads to different
pathologies. Myofibroblasts may cause pathology in small
conducting airways such as asthma, chronic obstructive pul-
monary disease, or bronchiolitis obliterans syndrome. They
may affect the pulmonary vasculature and cause pulmonary

hypertension. They may affect the pleura in pleural fibrosis
and lead to restrictive lung disease. They may expand un-
checked in the alveolar interstitium and lead to restriction
and impairment in gas exchange, as seen in fibrosing lung
diseases. In considering experimental evidence for the origin
of myofibroblasts in the lung, it is important to bear in mind
that anatomic involvement varies between lung diseases.
Myofibroblast involvement around the small conducting air-
ways may be different from their involvement in the alveolar
interstitium. While animal models of injury are excellent tools
to study the biology of myofibroblasts, they are nevertheless
limited in that no one model fully captures the spatial diversity
of myofibroblast involvement in lung diseases.

The origin of myofibroblasts in organ fibrosis has been
debated. Observations of cellular behavior in vitro and immu-
nohistochemical analyses of fibrotic organs have informed
hypotheses about the origin of myofibroblasts. With the ad-
vent and widespread adoption of lineage-tracing animal
models in the past decade, investigators have been able to
follow the fate of candidate precursors of myofibroblasts
in vivo and determine whether myofibroblasts truly derive
from these candidate populations. In the following sections,
we will highlight the main theories of lung myofibroblast
precursors (Fig. 1).

Epithelial Origin

Epithelial-to-mesenchymal transition (EMT) is the process in
which differentiated epithelial cells downregulate epithelial
markers, lose their adherent phenotype, upregulate mesenchy-
mal markers, and gain fibroblastic functions. Common fea-
tures observed in EMT include downregulation of E-
cadherin and the miRNA200 family, loss of epithelial cell
apical-basal polarity, and upregulation of mesenchymal
markers including fibroblast-specific protein 1 (FSP1), o-
smooth muscle actin (x-SMA), collagen type 1 (Col 1),
vimentin, and fibronectin [4, 5]. Transcription factors associ-
ated with fibroblast proliferation and mesenchymal differenti-
ation such as ZEB1, ZEB2, Twist, Slug, and Snail are also
upregulated during EMT [6-9]. The transitional process is not
a binary one, where cells undergoing EMT may exhibit inter-
mediate phenotypes with overlapping features of epithelial
and mesenchymal cells. Three types of EMT have been de-
scribed in different biological contexts: in embryogenesis
(type 1), in normal and aberrant wound healing (type 2), and
in cancer metastasis (type 3) [4, 10]. Whether epithelial cells

Table 1 Features of

myofibroblasts Morphology

Gene
Function

Large cell with ruffle membranes, intracellular actin filaments supermature focal adhesions
De novo a-smooth muscle actin, collagen type 1, collagen type 3, fibronectin
Enhanced contractility matrix invasiveness, ECM production
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Fig. 1 Illustration of alveolar
interstitium showing multiple
sources of myofibroblasts
(orange) in the lung. In response
to tissue damage (danger signs),
various precursor populations
have been postulated to contribute
to the myofibroblast pool in the
lung. These include heterogenous
mesenchymal populations such as
resident fibroblasts (red and blue),
pericytes (purple), and
mesenchymal stem cells (MSC,
yellow). Other potential sources
include circulating fibrocytes
(green) and type II alveolar

Resident fibroblasts

Alveolus AECII

Pericyte

epithelial cells (AECII)

~F

serve as progenitors of myofibroblasts in lung fibrosis has
been a subject of controversy.

Human lung samples have provided suggestive evidence
that cells of epithelial origin contribute to fibrotic scars. For
example, primary cultures of human airway epithelial cells
(AECs) from control and asthmatic subjects undergo EMT
in vitro when exposed to transforming growth factor betal
(TGF-f1) [11]. In lung transplant recipients who develop
bronchiolitis obliterans syndrome (BOS), where terminal re-
spiratory bronchioles in the lung allograft are gradually re-
placed by granulation tissue in the lumen leading to obstruc-
tive lung physiology, airway brushings show increased cell
populations with mesenchymal markers by flow cytometry
[12]. Furthermore, histologic evaluation of human allograft
samples from lung transplant recipients with BOS shows in-
creased mesenchymal markers in bronchioles, and primary
bronchiolar epithelial cells undergo EMT when treated with
TGF-31 [13]. Lung biopsies of subjects with IPF showed
evidence of cells co-staining type II alveolar epithelial cell
marker (pro-SPC) and mesenchymal marker (N-cadherin)
[14]. However, another study of human fibrotic lung from
subjects with IPF and non-specific interstitial pneumonia
(NSIP) reveals no evidence of cells that co-express epithelial
and mesenchymal markers [15]. Furthermore, in the
bleomycin model of lung fibrosis in mice, cells that are
double-positive for epithelial and myofibroblast markers were
not detected in the lung by immunohistochemistry [15].

Advances in transgenic mouse models have facilitated the
fate-mapping of epithelial cells in experimental models of
fibrosis (Table 2). In mouse models of fibrosis, lineage-
tracing studies using human Sfipc promoter as driver of f3-
galactosidase ([3-Gal) expression suggest that epithelial cells
are precursors of myofibroblasts in experimental models of
lung fibrosis [14, 16]. One limitation that has been raised is
that histological assessment by 3-Gal staining does not

® -
Capillary <

provide sufficient detail to differentiate positive staining cells
of epithelial origin from adjacent myofibroblasts in fibrotic
foci in vivo, and human Sfipc promoter may not adequately
represent native epithelial cells in murine models. In contrast,
subsequent fate-mapping studies, using endogenous mouse
Sfipc promoter to drive fluorescent reporter protein expression
in mouse models of fibrosis, failed to show significant contri-
bution to the myofibroblast pool by cells of epithelial origin
when examined under confocal microscopy. Using endoge-
nous Sfipc promoter in transgenic mouse models, Rock and
colleagues demonstrated that epithelial-derived cells do not
contribute significantly to fibrotic regions in the bleomycin
lung injury model [17¢]. Although kidney fibrosis likely dif-
fers from lung fibrosis, a fibrosis study fate-mapping multiple
lineages of cell types estimates that EMT contributes to only
approximately 5% of myofibroblasts in kidney fibrosis [18].
Thus, evidence for EMT in experimental models for organ
fibrosis remains limited. However, it is important to note the
differences between animal models of fibrosis and human
disease. Whereas many experimental models of lung fibrosis
involve single-hit injury (e.g., acid, bleomycin) delivered
intratracheally and lead to transient fibrosis with complete
resolution, fibrotic disease in the lung represents a heteroge-
neous category encompassing diverse modes of injury, chro-
nicity, and outcomes. Some are transient and resolve
completely after infection or acute respiratory distress syn-
drome (ARDS), while others may become persistent, such as
fibrotic ARDS resulting in chronic respiratory failure. More
dramatic still, some are progressive, such as fibrosing intersti-
tial lung diseases (e.g., idiopathic pulmonary fibrosis, non-
specific interstitial pneumonitis). The mechanism of tissue
injury and the progressive, non-resolving nature of
myofibroblast activation in chronic, fibrotic lung diseases
are critical features that distinguish them from the animal
models of lung fibrosis. Although lineage-tracing experiments
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Table2 Myofibroblast precursors

Cell type

Markers used in studies

Alveolar epithelial cells

Bone marrow—derived (fibrocytes)
Pericytes/pericyte-like cells
Resident fibroblasts
Mesenchymal stem cells

Mesenchymal subpopulations (lineage markers in
additions to markers already mentioned)

Surfactant protein ¢

CD45" CD34" CD11b* Col I* fibronectin® vimentin* Col 111"

NG2, PDGFR {3, CD146, desmin, regulator of G protein signaling (RGS5)
Col 1, Col 111, integrin a8, Thy-1, fibronectin desmin, PDGFR«

CD73* CD90" CD105* CD45 CD34 CD14 CDI11b , PDGFRp

Axin (myogenic precursor), Lgr5 (alveolar), Lgr6 (peri-airway
smooth muscle), FoxD1 (pericyte-like), ABCG2 (perivascular MSC)

in animal models do not support EMT as a major process in
lung fibrosis, whether injury mechanisms and chronicity in
human fibrosing diseases might account for EMT remains to
be addressed.

Bone Marrow-Derived Precursors (Fibrocytes)

Bone marrow—derived mesenchymal precursor cells have
been described as progenitors of myofibroblasts in tissue in-
jury. This precursor population comprises a small percentage
(0.5%) of circulating hematopoietic cells in the normal host,
and they were first characterized in human blood as CD45*
CD34* CD11b" fibronectin® vimentin® Col I'* Col I1I* by flow
cytometry (Table 2) [19]. This population immuno-stains for
hematopoietic (CD45), stem cell (CD34), and various mesen-
chymal markers. Infiltrating cells in mouse cutaneous healing
wounds further demonstrate the existence of cells co-
expressing hematopoietic, stem cell, and mesenchymal
markers [19]. Fibrocytes have also been observed in human
lung fibrotic disease. For example, confocal microscopy and
immunofluorescent imaging of human lungs from IPF sub-
jects and controls reveal the presence of fibrocytes only in
fibrotic foci [20]. The level of fibrocytes in circulation in
IPF subjects might also correlate with disease activity and
progression [21]. Meanwhile, fibrocytes have been observed
in lung allografts of transplant patients with bronchiolitis
obliterans syndrome, and their circulating levels may also cor-
relate with development and severity of disease [22, 23].
Evidence of bone marrow—derived cells that exhibit mesen-
chymal features and the demonstration of their relationship
with human fibrotic diseases form the basis of interest in
fibrocytes as precursors of myofibroblasts.

Circulating fibrocytes are recruited to sites of injury by
tissue-derived chemokines [24-26]. Cultured fibrocytes re-
spond to TGFf3 in vitro, differentiating into cells that exhibit
features of myofibroblasts including x-SMA expression and
collagen gel contraction [27, 28]. Animal models of injury in
lung and skin suggest that fibrocytes contribute significantly
to a-SMA™ myofibroblasts or produce collagen in scars fol-
lowing experimentally induced injury [25, 29]. Yet, other
groups were not able to replicate these findings. In one study,
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GFP-labeled bone marrow—derived Col 1" fibrocytes were
collected from lung fibrotic foci following bleomycin-
induced lung injury [30]. GFP" fibrocytes isolated from scars
failed to express «-SMA even with TGF3 stimulation in vitro.
Furthermore, although the process of fibrosis is different be-
tween organs, studies of fibrocytes in liver and kidney
fibrosis also reveal little evidence of fibrocytes differen-
tiating into «-SMA+ myofibroblasts at sites of tissue
injury and repair [31, 32].

While the contribution of fibrocytes to the myofibroblast
population remains a topic of controversy, there is evidence
that fibrocytes likely indirectly contribute to tissue
fibrogenesis. Fibrocytes obtained from burn patients do not
express significant collagen I or x-SMA compared to
fibrocytes from control subjects. However, conditioned media
from fibrocytes collected from burn patients significantly in-
duced myofibroblast features in dermal fibroblasts compared
to conditioned media from control subject fibrocytes [33].
Furthermore, fibrocytes may contribute to airway remodeling
by promoting myofibroblast differentiation through stem cell
factor (SCF) and interleukin-31 [34]. Another mechanism by
which fibrocytes may indirectly influence fibroblastic behav-
ior in resident cells is by release of exosomes. Exosomes are
extracellular nanoparticles secreted by many cell types. They
contain lipid bilayers that envelop various protein and nucleic
acid contents that are protected from degradation. Exosomes
can be taken up by recipient cells and the contents of
exosomes may modulate recipient cell behavior, thus they
serve as a mode of intercellular communication. Pro-fibrotic
exosomes released by fibrocytes have been described in the
literature; however, more studies will need to be conducted to
characterize their contribution to human fibrotic disease in the
lung [35].

Perivascular Stromal Origin

Pericytes are mural cells in capillary beds that surround the
vasculature. They share a common basement membrane with
endothelial cells in the microvascular niche and are classically
defined by ultrastructure demonstrating their relationship with
endothelial cells [36]. In addition to histology, investigators



Curr. Tissue Microenviron. Rep. (2020) 1:155-162

159

have used common markers to define pericytes in tissues such
as platelet-derived growth factor receptor beta (PDGFRf{),
neuron-glial antigen 2 (NG2), CD146 (melanoma cell adhe-
sion molecule or MCAM), «-SMA, desmin, vimentin, and
regulator of G protein signaling (RGSS5) (Table 2) [37]. The
biology of pericytes in vascular development and regulation
of blood-brain barrier has been studied [36]. Yet, recent stud-
ies show that pericytes may have other functional roles fol-
lowing organ injury [32, 38e, 39, 40].

Interest in pericytes as progenitors of myofibroblasts in
organ fibrosis began with observations of pericyte function
in wound healing in the central nervous system. Pericytes
contribute to the generation of scar tissue in the spinal cord
[41, 42]. In the kidney, pericytes have been shown to contrib-
ute to the myofibroblast pool [39]. In the lung, we have shown
that perivascular stromal cells defined by FoxD1-lineage and
enriched for PDGFRf3 expression are present in fibrotic foci
in the bleomycin model of lung fibrosis [38¢]. Primary stromal
cells of the FoxD1-lineage isolated from transgenic mouse
lungs upregulate x-SMA expression in response to TGF[f3
stimulation. Furthermore, up to approximately half of the «-
SMA+ myofibroblasts in fibrotic foci are FoxD1-lineage cells.
In another lineage-tracing study, however, Rock and col-
leagues did not find significant contribution to myofibroblasts
in the lung using NG2 as the genetic label for lung pericytes
[17-]. Differences in these findings may be explained by the
use of different markers to label pericytes and the relatively
inefficient labeling of NG2™ cells by the NG2-CreER ™ trans-
genic model used in the study. It is possible that a subpopula-
tion of NG2™ pericytes in the FoxD1-lineage cells in the
lung upregulates x-SMA following bleomycin injury,
but further studies will need to be conducted to study
this possibility. Although pericyte heterogeneity has
been described in other tissues, it has not been carefully
characterized in the lung [43, 44]. It is important to note
that expression of common pericyte markers is not universal
and may be tissue-dependent. Additionally, other cell types
may express these markers. These challenges in defining
pericytes may lead to conflicting results depending on the
strategy used to label pericytes, and they highlight the impor-
tance of histology and marker expression in the proper
context.

Resident Mesenchymal Cells

Resident mesenchymal populations are most widely accepted
as major sources of activated myofibroblasts. Of the resident
mesenchymal cells, there is general agreement that quiescent
resident fibroblasts represent important precursors of
myofibroblasts [17¢, 32, 38e, 45, 46]. Resident fibroblasts
contribute to ECM production and turnover in lung homeo-
stasis. In mouse lungs, we found that Collal® cells are
enriched for PDGFRx expression but are PDGFR{™ [38¢].

Using an unbiased approach by single-cell RNASeq to define
the fibroblast population in mouse lungs, another group re-
ported that 80% of the defined fibroblast cluster in uninjured
mouse lung expresses Collal [47]. These cells likely repre-
sent a population of resident fibroblasts that are transcription-
ally distinct from pericyte-like cells that express
PDGFR{3. We showed that these resident fibroblasts
highly express Col3al and [Itga8 genes in contrast to
pericyte-like cells [38¢]. Indeed, in humans, integrin
«8 seems to label a major subpopulation of lung fibro-
blasts similar to the murine model [48]. Other common
mesenchymal markers used to identify quiescent lung
fibroblasts include Thy-1, fibronectin, and desmin
(Table 2). However, it is important to emphasize that
there is no one marker that defines resident fibroblasts
or any one group of mesenchymal lineages.

Efforts have been made to better characterize the lung mes-
enchymal population and their heterogeneity, although the
absence of a single, well-defined marker poses a challenge
in quantifying their relative contributions to myofibroblasts
[47-49]. In a study using signal transduction pathway read-
outs to define mesenchymal heterogeneity and lineages, Zepp
et al. identified several lineages of mesenchymal cells with
distinct transcriptional and functional properties during ho-
meostasis and following injury [45¢]. In this study, Axin2-
lineage mesenchymal cells can be subgrouped into Axin2-
lineage, PDGFR«", and Axin2-lineage, PDGFRx popula-
tions. The former group occupies the alveolar interstitium,
whereas the latter occupies the peri-airway niche.
Interestingly, approximately 50% of a-SMAT
myofibroblasts derived from Axin2-lineage mesenchy-
mal cells, while PDGFR«-lineage cells contributed to
less than 20% of myofibroblasts. Evaluation of Acta2
expression by qPCR in Axin2-lineage, PDGFR«*, and
Axin2-lineage, PDGFR« populations at day 7 after
bleomycin-induced lung injury revealed that the latter
population significantly upregulated Acta2 expression,
whereas the former did not. Thus, there appears to be
preferential myofibroblastic potential in Axin2-lineage,
PDGFRo mesenchymal cells.

There is evidence for other mesenchymal cell types that
contribute to «-SMA* myofibroblasts. Lung-resident mesen-
chymal stem cells (MSCs) defined by ABCG2-lineage
(ABCG2") have been shown to transition to myofibroblasts
in vitro upon stimulation with TGFf{3 and in vivo with
bleomycin lung injury [50°]. These cells express usual MSC
markers as well as PDGFRf3. They inhabit the perivascular
niche, and although they lack NG2 expression, their transcrip-
tional program is closer to NG2* pericytes than lung fibro-
blasts. Thus, this population of perivascular MSCs may rep-
resent a subpopulation of pericyte-like cells that are NG2',
defined by ABCG2-lineage, that possess myofibroblastic
potential.
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Conclusion and Future Directions

Myofibroblasts are central to both normal and aberrant healing
following tissue injury. The widespread use of lineage-tracing
animal models and more detailed molecular markers has
led to more sophisticated characterization of
myofibroblast precursors in the lung. Epithelial and
bone marrow origins of lung myofibroblasts have been
supported by in vitro observations and immuno-
histopathology in human fibrotic lung. Yet, lineage-
tracing models in the past decade have failed to dem-
onstrate significant, direct contribution of either lineage
of cells to the myofibroblast pool in animal models.
While direct contributions from the epithelium and cir-
culating fibrocytes remain subjects of controversy, con-
tribution by resident mesenchymal populations has been
more broadly accepted. Still, understanding the relative
contributions by different lung mesenchymal populations
continues to be limited. The lung mesenchyme remains
poorly defined without any one marker that demarcates
a population with unique features. Advances in next-
generation sequencing and analysis may add novel di-
mensions and complexity to how we understand lung
mesenchymal subtypes and how they differentially con-
tribute to lung fibrosis and repair [51].

The search for the lung myofibroblast precursor(s) is mere-
ly one aspect in understanding lung fibrogenesis. Future stud-
ies that elucidate how different microenvironmental cues alter
myofibroblast precursors and activation will be equally criti-
cal. Biochemical and physical properties of the ECM, para-
crine signaling from other cellular populations (e.g.,
fibrocytes, macrophages), and diverse modes of lung injury
may differentially activate precursor populations. Finally,
while activation of myofibroblasts may represent the
final convergence event, the paradigm that lung
myofibroblasts represent a functionally homogeneous
population may need to be revisited. There is evidence
in skin fibrosis that myofibroblasts derive from hetero-
geneous precursors, and their precursor lineages inform
distinct transcriptional signatures and functions [52]. Whether
multiple myofibroblast origins in lung fibrosis similarly lead
to discrete functional populations of myofibroblasts remains
an area to be explored.
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