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A “GLI-tch” in Alveolar Myofibroblast Differentiation

Alveolar septation is dependent upon the precise production and
remodeling of lung extracellular matrix performed by alveolar
interstitial myofibroblasts. Although it is well established that
alveolar interstitial myofibroblast dysfunction is a prominent
feature of idiopathic pulmonary fibrosis, emphysema, and
bronchopulmonary dysplasia, the mechanisms by which
myofibroblasts primarily direct alveolar septation remain poorly
understood. Efforts to define alveolar myofibroblast function have
been hindered by a lack of cell-specific markers that can differentiate
alveolar myofibroblasts from other interstitial fibroblasts, and
identification continues to rely heavily on spatial location (at
elongating septal tips) and a-smooth muscle actin (a-SMA)
expression. Furthermore, a lack of unique lineage markers has
made it difficult to elucidate the hierarchy of intermediates ranging
from embryonic progenitors to mature myofibroblasts. Although
the presence of functional alveolar myofibroblasts is required for
alveolar septation, much of what is known about the role of
alveolar myofibroblasts in normal development and disease
continues to be descriptive.

In this issue of the Journal, Kugler and colleagues (pp. 280–293)
identify the Sonic Hedgehog (Shh) signaling pathway as a key
component of alveolar development that regulates alveolar
myofibroblast proliferation, maturation, and function (1). Through
postnatal lineage-tracing experiments, they demonstrate that cells
expressing Gli1 in response to epithelium-derived Shh are highly
proliferative, increase in number during early alveolarization, localize
to growing septal tips, and transiently express a-SMA (1),
confirming a previous report that Gli1 expression identifies a
population of fibroblasts that contribute to the pool of postnatal
myofibroblasts (2). Through carefully timed pharmacological
inhibition of canonical Shh signaling during postnatal saccular and
alveolar lung development, they convincingly show that inhibition of
Shh signaling during early postnatal saccular development (Postnatal
Day 1 [P1]–P3) essentially eliminates Gli1 expression and a-SMA
production by alveolar myofibroblasts (1). However, whereas very
early inhibition (P1) results in alveolar simplification due to
impaired septation, slightly later inhibition (P3) results in increased
alveolar size due to increased lung compliance (1). Although they
do not explore the mechanisms linking Shh signaling to
septation, the authors observe a striking downregulation of the
proteoglycan versican during early alveolar septation. More
importantly, saccular Shh inhibition is associated with a selective,
significant reduction in Gli11 fibroblast proliferation (1).
Notably, inhibited proliferation of alveolar interstitial fibroblasts
was previously associated with failure of alveolar septation (3, 4).
Finally, lineage-tracing experiments reveal that abnormal
maturation and differentiation, rather than increased cell death or a
decreased number of Gli11-lineage cells, are associated with
abnormalities in alveolarization (1).

It is well established that in the developing fetal lung, the
interaction between the epithelium and its surrounding
mesenchyme is the major driving force that induces
proximal-distal patterning. In contrast to a well-developed

understanding of lung epithelial lineages, we are just beginning
to understand the lineage relationships among some of the
fibroblast subpopulations. Although differences in the inherent
potential of proximal versus distal lung mesenchyme to induce
proximal or distal lung epithelial differentiation, respectively,
were identified decades ago (5, 6), further discrimination and
functional analysis of postnatal fibroblast subpopulations have
only recently become the focus of a growing number of
laboratories. The field has been challenged by a lack of fibroblast-
specific markers and genetic tools to identify specific contributions
of interstitial fibroblast subpopulations to lung development and
repair. Although the use of transcription factors and key players
in major signaling pathways as lineage tags has proven very useful
in the lung epithelium, the use of similar lineage tracers in
fibroblasts is complicated due to (1) recurrent reactivation of
transcription programs during lung development, and (2) the
use of similar gene signaling pathways by multiple fibroblast
subpopulations. Recent and future data on single-cell sequencing
comparing normal and diseased lungs of humans, as well as
preclinical disease models, may enable the development of novel
fibroblast-specific markers (7).

Currently, the most inclusive lineage marker of lung
fibroblasts is T-box transcription factor 4 (Tbx4). Tbx4 is
expressed in a population of mesenchymal cells before
branching morphogenesis that give rise to the entire postnatal
lung stroma (8). Peribronchiolar and perivascular smooth muscle
precursors are defined by expression of WNT2/GLI1/ISL1 (9).
As supported by the present work (1) and previous reports (2),
Gli1-expressing mesenchymal cells are progenitors of
peribronchiolar smooth muscle cells and alveolar myofibroblasts,
but not lipofibroblasts. In contrast, FGF10-expressing
mesenchymal cells of the developing distal lung can give rise
to peribronchiolar smooth muscle and alveolar lipofibroblasts,
but not alveolar myofibroblasts (10). The alveolar interstitial
myo- and lipofibroblasts are also characterized by expression of
platelet-derived growth factor receptor a (PDGFRa) (11–16).
Pharmacological or genetic inactivation of either PDGF-A or
PDGFRa signaling results in loss of alveolar myofibroblasts and
alveolar simplification. Additionally, lung fibroblasts isolated
from preterm infants with bronchopulmonary dysplasia, a
chronic lung disease characterized by inhibited alveolarization
(4, 17, 18), express reduced levels of PDGFRa (19). In previous
work we demonstrated that during both postnatal alveolarization
and realveolarization after partial pneumonectomy, the pool of
PDGFRa1

fibroblasts contains a mixture of lipofibroblasts
(LipidTox1), myofibroblasts (a-SMA1), and matrix fibroblasts,
and these interstitial fibroblast subpopulations undergo dynamic
alterations in their relative proportions and gene-expression
programs (12–14, 20). Given that the absence of PDGFRa1

fibroblasts results in severe deficits in alveolar septation, the
fact that at P6 (the period of rapid alveolarization) Kugler
and colleagues identified PDGFRa expression in 50% of all
Gli11/a-SMA1 myofibroblasts and in 10% of all Gli11 fibroblasts
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is reassuring (1). The knowledge that abrogation of PDGFRa
expression has a more severe septation defect than what is
presently shown by inhibition of canonical Shh signaling
would suggest that although the pools of myofibroblasts that
rely on PDGFRa1 or Shh signaling overlap, the roles
played by the two signaling pathways are distinct. Future
endeavors to understand how the Shh and PDGFRa signaling
pathways interact to guide interstitial fibroblast development
are warranted.

Together with previously published lineage-relationship data,
Kugler and colleagues’ report shows that the lineage decisions of
fibroblast populations are more complex than was initially
perceived. Hence, it is clear that a combinatorial use of multiple
lineage tags will be necessary to further dissect fibroblast
subpopulations. A better understanding of the mechanisms that
direct the fate and function of interstitial fibroblast subpopulations
that are critical for alveolar formation, homeostasis, and
regeneration will aid in efforts to overcome the current
limitations of pulmonary regeneration. n
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