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ABSTRACT
The life-sustaining air-blood interface of the
respiratory system requires the exquisite integration
of the epithelial lining with the mesenchymal capillary
network, all supported by elastic smooth muscle and
rigid cartilage keeping the expandable airways open.
These intimate tissue interactions originate in the
early embryo, where bidirectional paracrine signaling
between the endoderm epithelium and adjacent
mesoderm orchestrates lung and trachea development
and controls the stereotypical branching
morphogenesis. Although much attention has focused
on how these interactions impact the differentiation
of the respiratory epithelium, relatively less is known
about the patterning and differentiation of the
mesenchyme. Endothelial cells, smooth muscle cells,
and chondrocytes together with other types of
mesenchymal cells are essential components of a
functional respiratory system, and malformation of
these cells can lead to various congenital defects. In
this review, we summarize the current understanding
of mesenchymal development in the fetal trachea
and lung, focusing on recent findings from animal
models that have begun to shed light on the poorly
understood respiratory mesenchyme lineages.
KEYWORDS: mesenchyme, respiratory system,
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1. Overview of respiratory system development
There are several kinds of mesenchymal lineages in
the adult lung: endothelial cells, smooth muscle
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cells (SMC), lipofibroblasts, myofibroblasts,
macrophages, and some other less characterized
fibroblasts. Embryonic development of the respiratory
system begins in the first trimester, at about 28 days
of gestation in humans and at embryonic day (E)
9.5 in the mouse, when the splanchnic mesoderm
sends growth factor signals to the adjacent ventral
foregut endoderm epithelium to specify a few hundred
respiratory progenitors expressing the transcription
factor Nkx2-1. Endothelial cells can be identified
adjacent to the epithelium as early as respiratory
specification [1], eventually constituting an
indispensable component of the lung. Between
E10.5 and E12.5 in the mouse, referred to as the
embryonic stage of lung development, continued
mesenchymal-epithelial interactions orchestrate the
physical separation of the single foregut tube into a
dorsal Sox2-positive esophagus and ventral Nkx2-1+
trachea, with bilateral primary lung buds evaginating
into the surrounding splanchnic mesenchyme at the
posterior end (Figure 1). During this morphogenesis,
the foregut epithelium fuses in the middle and the
lateral mesenchyme invades to completely surround
the presumptive esophagus and trachea. The
mesenchyme between the esophagus and trachea
differentiates into the dorsal trachealis smooth muscle
while the mesenchyme surrounding the ventral lateral
aspect of the trachea develops into a series of cartilage
rings separated by fibroelastic tissue [2] (Figure 2).
Beginning in this embryonic stage, the primary lung
buds elaborate branches that will form the major
lobes of the lung.
During the pseudoglandular stage (E12.5-E15.5),
signaling interactions between the lung bud epithelium
and the surrounding mesenchyme coordinate the
stereotypical branching morphogenesis and proximal-
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Figure 1

Figure 2

Mesodermal lineages in the developing respiratory system
distal (P-D) patterning of the growing fetal lung. By
the end of the pseudoglandular period, the lung
is highly arborized with distinct epithelial and
mesenchymal cell types developing in different
regions. The proximal branches will form the
mainstem bronchi, with ciliated, basal, and secretory
epithelial cells that are surrounded by alternating
rings of cartilage and medial smooth muscle similar
to the trachea. Airway smooth muscle cells (aSMC)
first appear at E10.5 around bifurcating bronchi,
and further extend in a cranial to rostral fashion to
more distal airways, but are absent in the most
terminal buds. In contrast, the distal lung tips, which
will develop into the alveolar regions, are surrounded
by a relatively thick mesenchyme that is still
undifferentiated, with the exception of the vasculature
plexus. During the canalicular and saccular stage
[E16.5-postnatal day (P) 4], the distal small
bronchioles undergo further branching and the
surrounding mesenchyme thins to form alveolar sacs,
where saccule epithelium is in close proximity to
a distal vasculature network. The walls of such
developing alveoli are called primary septae. The
final phase of lung development is the alveolar
stage (P4-P20), when further thinning of alveolar
walls and the formation of secondary septae allow
for efficient air exchange between alveolar epithelium
and nearby capillaries [3]. Two major types of
interstitial fibroblasts are identifiable in the
maturing alveoli: lipofibroblasts and myofibroblasts,
both of which are essential for alveolar development
and play important roles in response to injury [4, 5].
The correct development of the lung mesenchymal
lineages is crucial for respiratory physiology, and
abnormalities during development can lead to
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respiratory diseases identified in patients. For example,
alveolar capillary dysplasia with misalignment of
pulmonary veins is a lethal neonatal lung disorder
caused by mutations in the FOXF1 locus (OMIM
265380). This congenital disorder is characterized
by decreased number of capillaries adjacent to
alveolar epithelium, mislocation of pulmonary veins,
and hypertrophy of pulmonary arteries [6]. Another
example is malformation of trachea cartilage rings,
which can lead to tracheal stenosis identified in
human patients with breathing difficulties due to
narrowed airways [7].
The pathophysiology of congenital respiratory
diseases is beginning to be understood using animal
model systems as well as human pluripotent stem
cell-derived lung-like tissue. Historically, much of
the research on respiratory system development and
disease has focused on the epithelium, but recent
research has begun to reveal important mechanisms
in the mesenchymal lineages, which are the focus
of this review. In particular, we will examine how a
conserved collection of cell signaling pathways
including Wnt, Bone Morphogenetic Proteins (BMP),
Hedgehog (HH), retinoic acid (RA) and Fibroblast
Growth Factor (FGF) are used reiteratively, with
different functions at distinct times in fetal lung
and trachea development. These repeated signals
coordinate the integration of appropriate mesenchymal
cells with the cognate epithelial tissue to generate
the exquisite structure and physiological function
of the respiratory system.
2. Early mesenchymal patterning and
specification of the respiratory lineage
During early somite stages of embryogenesis (mouse
E8.5-9.5), differential Wnt and BMP signals from

Legend to Figure 1. Timeline of lung development. At E9.5, the common foregut tube begins to express Nkx2.1
ventrally at the onset of respiratory specification. During the pseudoglandular stage, two lung buds arise from the
trachea, now distinct from the esophagus, and begin to further develop the future lung lobes. By the end of the
embryonic period, the tracheal mesenchyme has developed a distinct pattern of smooth muscle and cartilage, while
the lung mesenchyme contains myofibroblasts, lipofibroblasts, smooth muscle, and vasculature.
Legend to Figure 2. Epithelial-mesenchymal signals regulate respiratory specification. Raldh enzyme produces RA
in the splanchnic mesenchyme surrounding the foregut. RA signals to the epithelium, promoting Shh ligand expression,
which in turn functions through Gli effectors in the mesenchyme. HH activity is required for essential mesenchymal
lung-inducing signals including Wnt2/2b and Bmp ligands. Those ventral Wnt and Bmp signals instruct ventral
epithelium to initiate the respiratory program, marked by inducing Nkx2-1 while repressing Sox2 expression. RA
signaling also coordinates patterning in the endoderm and mesoderm with appropriate competence to respond to inducing
signals, including a range of mesenchymal identity genes such as Foxf1, Osr1, Gata4/6, and Tbx4/5. Additionally,
dorsal signals such as Noggin antagonize ventral respiratory inducing signals, allowing for esophagus formation.
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the mesoderm pattern the foregut endoderm, with
high ventral activity inducing a respiratory fate and
low dorsal activity resulting in an esophageal fate
(Figure 2). Expression of Wnt pathway ligands
Wnt2 and Wnt2b (Wnt2/2b) in the ventral lateral
splanchnic mesoderm activates the Wnt transcriptional
effector β-catenin (β-cat) in the adjacent ventral
foregut epithelium to induce respiratory fate as marked
by expression of homeobox gene Nkx2-1 [8,9].
Bmp4 and Bmp7 are also expressed in the ventral
splanchnic and cardiac mesoderm in cooperation
with Wnt2/2b to promote a respiratory fate. Deletion
of both type 1 BMP receptors (Bmpr1a;b) from the
E9.5 foregut epithelium results in reduced Nkx2-1+
respiratory progenitors and ectopic expression of
the dorsal foregut transcription factor Sox2 [10].
Epistasis experiments suggest that the main role of
BMP is to suppress Sox2 expression in the ventral
foregut endoderm and that this is required in order
for Wnt/β-catenin to effectively induce Nkx2-1 [10].
Antagonists secreted from the dorsal mesoderm
counteract the activity of ventral Wnt and BMP
ligands in the presumptive esophageal region. Noggin
expressed in the notochord protects the dorsal foregut
from BMP signals and is necessary for proper
tracheoesophageal morphology [11, 12]. Similarly,
the secreted Wnt-antagonist Sfrp2, found in the dorsallateral mesoderm, appears to restrict Wnt activity
to the ventral region of the foregut at E13.5 [13].
Recent studies in mouse and Xenopus have revealed
a conserved gene regulatory network that controls
the localized expression of these critical lunginducing Wnt and BMP ligands [14]. Shortly after
gastrulation (~E8.0 in mice), the anterior lateral
plate mesoderm (LPM) cells express the enzymes
Raldh2 and Rdh10, which synthesize the RA
signaling morphogen from vitamin A [15]. RA then
acts in two different ways to pattern distinct gene
expression domains in the LPM. First, RA acts within
the mesoderm to promote expression of a cohort
of transcription factors in the LPM that overlies
the presumptive lung endoderm including Foxf1,
Osr1, Gata4/5/6, and Tbx4/5, all of which have been
implicated in cardiopulmonary development. At
the same time, RA restricts the Islet1+ secondary
heart field and Hand1+ intestinal LPM, which are
anterior and posterior to the lung field, respectively
[14]. Secondly, RA signals to the endoderm to
promote expression of HH ligands. These epithelial
HH ligands then signal back to the Foxf1/Osr1+
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LPM to proteolytically activate the transcription
factors Gli2 and Gli3, which are nuclear effectors
of the HH pathway. This HH/Gli signaling is required
to maintain the Foxf1+ mesenchyme and stimulate
Wnt2/2b and Bmp4 expression. Xenopus or mouse
embryos completely deficient for either RA or
HH signaling fail to express Wnt2/2b and exhibit
respiratory agenesis [14]. Thus the bidirectional
RA-HH signaling coordinates the development of
the lung-inducing mesenchyme with the responding
respiratory epithelium. It is currently unknown
however, which of the genes in this RA-HH-Wnt
signaling cascade are direct or indirect transcriptional
targets. Indeed, the gene regulatory networks
controlling mesodermal patterning during respiratory
specification are likely to be even more complex
as evidence from Xenopus suggests that Osr1/2
negatively regulate Bmp4 expression and that too
much BMP/Smad activity can actually inhibit
lung-inducing Wnt signals [16].
As the RA-HH signaling cascade patterns different
LPM domains, it coordinates development of the
heart and lungs by promoting a multipotent
cardiopulmonary progenitor (CPP) cell population
at the intersection of the secondary heart field and
the presumptive lung mesenchyme. At E8.5, the
CPP cells are located at the posterior pole of the heart
and in the splanchnic mesoderm adjacent to the
ventral foregut, and are marked by the HH-dependent
co-expression of Wnt2, Islet1, and Gli1 [14, 17].
Genetic lineage tracing and clonal analysis have shown
that the CPP cells can generate the myocardium of
the heart inflow tract, the pulmonary airway and
vascular smooth muscle, as well as pericytes and
proximal endothelium in the lung [17].
The importance of proper LPM patterning during
respiratory specification is illustrated by the fact
that mutations in some of the key genes involved
result in severe congenital conditions. For example,
an important target of the RA-HH signaling in the
LPM of mice and Xenopus is Foxf1. As mentioned
earlier, human mutations in the FOXF1 locus or
the genomic sequences that control its expression
result in alveolar capillary dysplasia with misalignment
of pulmonary veins [18]. Moreover, as we will
see in the following section, disruptions to the
mesenchymal Wnt-BMP signals that pattern the
foregut can result in congenital tracheo-esophageal
birth defects, such as tracheo-esophageal fistula (TEF).

Mesodermal lineages in the developing respiratory system
3. Mesodermal lineages in the trachea and
mainstem bronchi
After patterning of the foregut into an Nkx2-1+
ventral domain and a Sox2+ dorsal domain, the
single foregut tube separates into the trachea and
esophagus between E10.5 and E11.5 in mice. During
this morphogenesis, the lateral walls of the foregut
epithelium fuse at the boundary between the Sox2 and
Nkx2-1 domains, and Foxf1+ LPM invades between
the presumptive trachea and esophagus as they
separate into distinct tubes [19]. The precise cell
behaviors that drive this morphogenesis are obscure,
and remain an active area of research, but the
end result is a layer of mesenchyme completely
surrounding the trachea that, between E10.5-14.5,
differentiates into either smooth muscle or cartilage.
Smooth muscle precursors expressing Actin alpha
2 (Acta2) are initially found in the mesenchyme of
the carina, the point at which the trachea bifurcates,
and then in the dorsal trachea and along the medial
aspect of the primary lung buds that will form the
large airways [2]. These Acta2+ cells eventually

95

differentiate into the dorsal trachealis smooth muscle
and into the smooth muscle that lines the medial
aspect of the main bronchi [2]. In contrast, the
ventral lateral mesenchyme of the trachea and the
peripheral sides of the future mainstem bronchi
develop into continuous chondrogenic precursors
expressing the transcription factor Sox9, which are
subsequently differentiated and restricted into collagen
type II (Col2a1)-expressing cartilage rings [2, 20-22].
By E14.5, the differentiation of the mesenchyme is
largely complete with dorsal smooth muscle and
a series of C-shaped cartilage rings separated by
membranous mesenchymal tissue, the developmental
origin of which remains unknown, surrounding the
ventral trachea and lateral main bronchi (Figure 3)
[21, 23].
3.1. Molecular mechanisms of trachea and
esophagus separation

The same signaling pathways that control early
foregut patterning and respiratory specification
continue to be expressed in the developing foregut

Figure 3. Tracheal mesenchyme patterning. Many signaling pathways intersect to
regulate the characteristic muscle-cartilage pattern found in the trachea. Wnt and
Shh signaling appear to be required to promote expression of Sox9, a common
chondrocyte marker. FGF is thought to both promote Sox9 and regulate formation
of distinct cartilage rings. Tbx4/5 mutants display reduced cartilage and disrupted
smooth muscle.
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and regulate tracheo-esophageal separation. For
example, disruptions in Wnt-BMP signaling along
the dorsal-ventral (D-V) axis of the foregut can
result in defective tracheo-esophageal separation.
Mouse embryos with null mutations in the BMPantagonist Noggin, or Barx1-/- mutants that have
reduced mesodermal Sfrp2 and dorsally expanded
Wnt signaling, both exhibit TEF, where the esophagus
fails to separate properly from the trachea [12, 13].
Conversely, conditional deletion of Bmp4 in the
foregut mesenchyme leads to tracheal agenesis
despite successful specification of respiratory
progenitors, possibly due to reduced tracheal cell
proliferation, while deletion of both Noggin and
BMP ligand Bmp7 or Bmp4 rescues the Noggin-/TEF phenotype [12, 24, 25].

and posteriorly resembles esophageal smooth muscle
[33], while Sox2-/- mutants exhibit esophageal
agenesis with a single foregut tube of respiratory
character and expanded smooth muscle at the
expense of tracheal cartilage [34].

Whereas a total absence of all RA signaling results in
a complete loss of respiratory fate [14], a partial
loss of RA signaling or a disruption in specific RA
pathway components after respiratory specification
can result in tracheal defects. Mouse embryos
lacking various individual nuclear hormone RA
receptors (RARs) exhibit TEF as well as defects
in formation of the tracheal cartilage rings [26, 27].
For example, loss of both RARα and RARβ results
in failure of the trachea and esophagus to separate,
where RARγ mutants exhibit fused and disrupted
cartilage rings [26-28].

The observation that mutations in epithelial
transcription factors Nkx2-1 and Sox2 cause defects
in tracheal cartilage differentiation indicates that the
identity of the epithelium influences the surrounding
mesenchyme. Here again Shh plays an important
role as an epithelial signal regulating mesenchymal
differentiation. Shh-/- embryos display a reduction
in the prechondrogenic transcription factor Sox9
in the tracheal mesenchyme at E13.5 followed by
a total absence of cartilaginous rings in later fetal
development. Similarly Gli2-/- embryos exhibit
reduced and malformed tracheal rings [23, 32, 35].
Interestingly, cartilage differentiation can be rescued
in Shh-/- foregut explants in vitro through treatment
with either Bmp4 or Noggin, as the BMP pathway
has previously been established to play a significant
role in chondrogenesis [23, 36]. This result suggests
that Shh may regulate cartilage differentiation in
part by modulating the appropriate levels of BMP
within the mesoderm [23], as it does during earlier
respiratory specification at E9.5 [16].

Similar to the RA pathway, mutation of individual
HH ligands, or Gli transcription factors, reveals a
continued role for epithelial HH signals in tracheal
development [29]. Shh and/or Indian hedgehog
(Ihh) ligands are continually expressed in the
respiratory epithelium from E8.5 through the late
fetal period [14, 30], where they are well known
to promote the survival and proliferation of the
Foxf1+ mesoderm along the entire gut tube,
including the trachea and lungs [31]. Both Foxf1+/mouse mutants and human patients carrying mutations
in the Foxf1 locus display TEF, while Shh-/- mice
exhibit a single foregut tube [18, 30-32]. Compound
Gli2-/-;Gli3+/- mutant embryos do make respiratory
tissue but exhibit TEF with esophageal atresia,
additionally highlighting the role that HH signaling
plays in foregut tube separation [32]. Similar to Shh
mutants, Nkx2-1-/- embryos fail to undergo proper
tracheo-esophageal morphogenesis and exhibit a
single foregut tube connected to hypoplastic lungs.
Interestingly, the mesenchyme surrounding the single
Nkx2-1-/- foregut tube has fewer cartilaginous rings

While these studies have revealed some of the
signaling pathways and transcription factors
regulating foregut D-V patterning and subsequent
tracheo-esophageal separation, how these factors
interact in a gene regulatory network to control the
cell behaviors that drive this complex tissue
morphogenesis is still unknown and an important
area of study.
3.2. Epithelial signaling that regulates
tracheal mesenchyme differentiation

Recently Wnt signaling from the tracheal epithelium
has also been implicated in regulating tracheal
mesenchyme differentiation. Epithelial specific
deletion of the Wntless (Wls) gene, which encodes
an intracellular cargo trafficking protein that is
essential for the secretion of Wnt ligands, results
in an absence of tracheal cartilage and expansion
of disorganized tracheal smooth muscle into the
ventral region [20, 37]. Several candidate Wnt ligands
are expressed in the mouse tracheal epithelium
at the right time including Wnt7b, Wnt5a, Wnt4,
and Wnt11 (the last two are also expressed in
mesenchyme), all of which may redundantly regulate
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cartilage formation [20]. Wnt7b-/- embryos exhibit
incomplete cartilage rings with some hypertrophic
tracheal smooth muscle [38, 39], whereas Wnt5a-/embryos have a short trachea with fewer cartilage
rings [40]. Wnt4-/- mutants display smaller cartilage
rings and failure of cartilage ring fusion, following a
reduction in Sox9+ chondrogenic precursors [41].
3.3. Signaling within the mesenchyme that
regulates differentiation of the tracheal
mesenchyme

One demonstrated mesenchymal signal critical for
tracheal mesenchyme differentiation is Fgf10, which
has multiple roles supporting lung development,
as will be discussed in following sections [42, 43].
For example, one prominent role is that of inducing
branching morphogenesis, as seen in Fgf10LacZ/embryos, while Fgf10-/- embryos entirely lack lung
tissue but maintain trachea [44, 45]. Evidence also
suggests that there is a critical range of Fgf
signaling that is required for tracheal mesenchymal
differentiation. Starting around E14.5, Fgf10 becomes
expressed in the ventral tracheal mesenchyme in
between the cartilage rings where it appears to
play a role in ring separation, although the detailed
mechanism is largely unknown [43]. Consistent
with this hypothesis, null mutations in Fgf10 or an
epithelial splicing isoform of its receptor Fgfr2
exhibit a short trachea with disorganized cartilage
rings [43, 46]. However, a mesenchymal Fgfr2
mutant containing an activating mutation found
in the human Apert syndrome (OMIM 101200)
demonstrates larger, fused tracheal rings, which
can be rescued by a reduction in Fgf10 [47, 48].
The possibility that the FGF pathway may promote
chondrogenesis is reinforced by the hyperplastic
cartilage rings seen in mice overexpressing Fgf18,
and promotion of tracheal cartilage in rats treated
with exogenous FGF [21, 49, 50]. Additionally,
treatment of respiratory tract explants beginning
at E11.5 with pharmacological kinase inhibitors of
FGFR and its downstream effector extracellular
signal-regulated kinase (ERK) results in a significant
reduction in Sox9 [21].
Other mesenchymal signals belonging to wellknown signaling pathways play a role in tracheal
mesenchymal differentiation. Mesenchyme-specific
deletion of ERK1/2 kinases, known to play a role
in cell proliferation, leads to a reduction in the number
of cartilage rings [51]. Hypomorphic expression
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of Rspo2, which potentiates canonical Wnt signaling
by binding to the Lrp6 receptor, leads to an absence
of cartilage rings, further supporting the idea that
β-catenin activation is required for tracheal cartilage
ring formation [52]. Additionally, BMP signaling
has been long established to play a role in
chondrogenesis [36]. While these various signals
are known to play some role in proper tracheal
mesenchyme differentiation, their exact roles in
this complex process remain undiscovered.
3.4. Transcription factors regulating
tracheal mesenchyme differentiation

The signaling factors described above exert their
effects largely by regulating the expression of key
mesenchymal transcription factors such as Foxf1,
Tbx4/5, and Sox9, which in turn execute the
smooth muscle and cartilage differentiation programs.
For example, mouse embryos lacking one allele of
Foxf1, which appears to be regulated by Shh, Bmp4,
and Fgf7, display hypoplastic and malformed
tracheal cartilage [31]. The expression and regulation
of these transcription factors are therefore critical
for successful differentiation of the tracheal
mesenchyme.
The essential role of Sox9, a transcription factor
associated with cartilage development, in tracheal
mesenchyme development is demonstrated by its
conditional deletion in the mesenchymal cells, which
leads to a reduction and disruption of cartilage ring
formation [20]. Additionally, the opposing localization
of ventral Sox9 and dorsal Acta2 leads to the
possibility that the cartilage and smooth muscle
lineages actively repress each other to promote proper
localization. Interestingly, conditional respiratory
lineage deletions of either Sox9 or serum response
factor (Srf), a transcription factor that represents
smooth muscle development, demonstrate proliferation
but not expansion of the opposite tracheal
mesenchymal cell type [2]. Conversely, in the
mainstem bronchi, both proliferation and expansion
of the opposite cell type are observed, suggesting
a regional difference between the trachea and bronchi
in regard to this cross-repression [2]. However,
reduction of Sox9 in Col2a1+ cells does not expand
Acta2 expression, leading to the possibility that
the Sox9 and Acta2 expression domains in main
bronchi are established before activation of Col2a1
at E10.5 [20, 22]. Distinct developmental mechanisms
between the trachea and bronchi are further evidenced
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in Bmp4-null foreguts, which display bronchi but
no trachea [24]. In addition, the refinement and
maintenance of the Sox9 expression domain also
remain mysterious. As mentioned earlier, the
mechanism through which longitudinal stripes of
Sox9 become laterally segmented into cartilage
rings remains unknown. Additionally, the maintenance
of Sox9 appears to depend on murine calcium channel
Cav3.2, loss of which in tracheal chondrocytes leads
to reduction of tracheal Sox9 without any changes
in mesenchymal cell number or proliferation [53].
The T-box transcription factors Tbx4 and Tbx5
(referred to as Tbx4/5) are expressed throughout
the mesenchyme of the respiratory region from E9.0
until E15.5 where their tracheal expression becomes
limited to the mesenchyme in between cartilage
rings [54]. Tbx4+/-;Tbx5-/- embryos contain fewer
and malformed cartilage rings, but demonstrate
relatively normal Col2a1 levels in the remaining
cartilage rings accompanied by an expansion of
mispatterned smooth muscle [54]. Additionally,
while reduction of both Tbx4/5 and Fgf10 does
not result in any tracheal phenotype distinct from
those seen in Tbx4/5 mutants [54], the Fgfr2
knock-in model displays upregulation of Tbx4 and
continuous Tbx5 expression that contrasts with its
normal segmented pattern. This result suggests that
Fgf signaling affects Tbx expression in certain
contexts, some of which will be discussed below
[47, 48]. While relatively less is known about the
signals and transcription factors that regulate the
tracheal smooth muscle development, mice carrying
null mutations in Wls, Tbx4/5, or transmembrane
protein Tmem16a, all display disrupted dorsal
smooth muscle organization in addition to reduced
cartilage [20, 54, 55].
These data suggest that there must be mechanisms
that control the balance between cartilage and
smooth muscle development in the trachea, which
remain to be elucidated. Another important unresolved
issue is how these different transcription factors
are integrated into a gene regulatory network
(GRN) to execute the differentiation program.
4. Fetal lung mesenchyme
4.1. Mesenchymal-epithelial signaling orchestrating
proliferation, branching morphogenesis and
proximal-distal patterning of the fetal lung

Between E9.5 and E10.5 in mice, a cascade of
mesenchymal signaling including RA, Fgf10, Wnt,
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and Tgfβ2 promotes the initial outgrowth of the
primary lung buds into the surrounding mesoderm
at the posterior end of the forming trachea. RA
seems to initiate this process. As discussed earlier,
embryos completely lacking RA signaling such as
Raldh2-/- mutants fail to specify the respiratory
lineage and die in early gestation [56]. However, if
Raldh2-/- fetuses are transiently supplemented with
maternal RA between E7.5 and E8.5 to overcome
early embryonic lethality, they do specify Nkx2-1+
progenitors but then fail to form lung buds similar
to Fgf10-/- and Fgfr2b-/- mutants [56, 57]. On one
hand, RA appears to repress the expression of the
Wnt antagonist Dkk1 and thus generates a permissive
territory where mesenchymal Wnt2/2b can maintain
Nkx2-1 in the lung epithelium [58]. On the other
hand, RA promotes Fgf10 expression in the
mesenchyme by suppressing the activity of the
TGFß pathway [59]. RA may also indirectly
maintain Fgf10 and Wnt2/2b levels by promoting
the expression of mesenchymal transcription factors
such as Tbx4, Tbx5, and Hoxa5. For example,
depletion of potential RA targets Tbx4 and/or Tbx5
results in reduced Fgf10 and Wnt2b in chicken and
mouse embryos [54, 60]. Together with previously
described Fgf10 signals regulating Tbx4/5 expression
during trachea development, it is possible that
there might be a positive feedback between Fgf10
and Tbx4/5.
In the pseudoglandular and canalicular stages, several
mesenchymal compartments can be identified in the
lung: the mesothelial region, which is the outermost
layer of the lung; the submesothelial region, which is
immediately next to the mesothelial, with a relatively
looser structure; and the subepithelial region, which
is adjacent to the epithelium and demonstrates a more
organized orientation. During this period of
development, continued bidirectional mesenchymalepithelial signaling coordinates growth, branching
morphogenesis, and P-D patterning of the fetal lung.
This is a well-studied system in mice where the
mesenchyme at the tip of the growing lung buds is
a dynamic signaling center that confers Sox9+
distal identity to the epithelium and promotes
branching. As the distal tip grows away from the
previous branch, the more proximal trunk segments
are no longer influenced by signals from the distal
signaling center, resulting in the adoption of a
Sox2+ proximal identity by the trunk epithelium.
Pulmonary mesenchyme also demonstrates P-D
patterning. The mesenchymal cells surrounding the
proximal airways differentiate into aSMC beginning

Mesodermal lineages in the developing respiratory system
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Figure 4. Mesenchymal-epithelial crosstalk directing branching and mesenchymal differentiation into vasculature
and smooth muscle cells. A) Several signals direct branching and proximal-distal patterning in lung endoderm.
Submesothelial Fgf10 signals to the nearby distal epithelium, inducing new branching formation. Shh is expressed
in the epithelium and is enriched in the distal tip. Shh inhibits Fgf10 expression, while at the distal tip, high Shh
signaling activates Hhip expression, which in turn sequesters Shh ligand, thus protecting Fgf10 expression at the
distal tip. Bmp4 appears to have autocrine inhibitory effects on budding. Wnt signals, activated by mesenchymal
Wnt2/2b and epithelial Wnt7b, cooperate with Fgf10 to promote branching morphogenesis. B) Vegf, which is
gradually restricted to the distal epithelium, promotes vasculature development, partly through supporting RA and
Hgf signals in endothelial cells. The Wnt pathway appears to have multiple functions supporting vasculature
formation. Epithelial Wnt ligands are critical during this process; Wnt activity in the epithelium is indicated to
promote Vegf signaling, while Wnt signaling in endothelial cells is required for endothelial cell maturation. Other
important endothelial autonomous transcription factors include Foxm1, Prx1 and Sox17. C) Wnt2 and Wnt7b,
through effector β-cat, promote smooth muscle differentiation from multipotent mesenchymal cells, while Hox5
appears to be upstream of Wnt signaling. Fgf10 appears downstream of Wnt2, marks SMC progenitors, and is also
required for SMC development, potentially through upregulation of epithelial Bmp4. Fgf9, from epithelial and
mesothelial cells, signals through mesenchymal Fgfr1/2 and prevents SMC differentiation distally. Additionally,
Shh is required for both airway and vascular SMC development.

at E11, whereas myofibroblasts and lipofibroblasts
form in the distal region at later stages, facilitating
alveologenesis. Additionally, the vasculature system
continues to develop along with newly formed
airways, with larger arteries forming along airways
in contrast to more dispersedly distributed veins.
The distal tip signaling center is comprised of a
series of reciprocal interactions mediated by Fgf10,
Shh, Wnt2, and Bmp4 that form both positive and
negative feedback loops (Figure 4A). Fgf10 binds
to the receptor Fgfr2b in the adjacent epithelium,
promoting branching morphogenesis and maintaining
distal progenitor state. Fgf10 expression in the distal
tip mesenchyme is negatively regulated by epithelial
Shh, which is expressed throughout the epithelium,

but is enriched in the distal tip. At the very tip of the
branches, Shh activates the expression of HH
interacting protein (Hhip), a negative feedback
inhibitor that sequesters HH ligands, protecting
Fgf10 expression at the very tip. This results in a
dynamic expression of Fgf10, that is enriched at
the tip, but becomes down regulated in the stalk,
ensuring successful branching morphogenesis. Bmp4,
expressed in the distal epithelium, also appears to
have an inhibitory function on Fgf10-mediated
branching initiation while maintaining distal tubule
identity. Additionally, Wnt2/2b are expressed in
the distal mesenchyme while Wnt7b is enriched in
distal epithelium. Wnt2 and Wnt7b are suggested to
promote branching and maintain distal epithelial
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identity. Consistently, loss of Wnt pathway effector
β-catenin (ß-cat) or overexpression of Wnt antagonist
Dkk1 results in reduced branching and impaired
epithelial differentiation, potentially through
downregulating Fgfr2b and Bmp4 [61]. Finally,
Tgfβ1 is enriched in the mesenchyme of the stalk
region and is suggested to inhibit branching based
on in vitro data [3].
This same signaling network that controls branching
morphogenesis also coordinates the growth of
both the mesenchymal and epithelial compartments
to ultimately allow for the generation of sufficient
lung volume. Lineage labeling of single Tbx4+
mesenchymal progenitors suggests that these
progenitors appear to be separated into either right
or left lobes from as early as E9 [62]. During the
pseudoglandular stage, Fgf9 is expressed in the
epithelium and mesothelium, and acts to maintain
Shh, which in turn promotes mesenchymal
proliferation and cell survival [63]. Fgf9 also signals
to Fgfr1/2c in the mesenchyme and promotes Wnt2
expression, which in turn acts through β-cat to
promote mesenchymal proliferation through Cyclin
D1 [64]. Another epithelial signal is Wnt7b. In
addition to regulating branching morphogenesis as
mentioned earlier, Wnt7b coordinates epithelial
and mesenchymal proliferation by activating
canonical Wnt signaling in adjacent mesenchyme
and supporting Bmp4 expression in the epithelial
tip. Interestingly, though Wnt7b-null mutants
display hypoplastic lungs, general patterning and
differentiation is not affected [38]. For more details
on the complex molecular mechanisms controlling
lung branching morphogenesis, we refer readers
to these excellent reviews [3, 65].
One outstanding question is how the locations of
initial domain branches, which set up the overall
structure of the lung, are determined. The position
of a new branch during later branching is suggested
to be an intrinsic property of the distal signaling
center and the feedback inhibition. During early
lobe initiation, the location of five lobes appears
rather stereotypical and genetically wired but the
mechanisms that regulate this process remain
mysterious. Another interesting question is which
signals are responsible for regulating the size of
the developing lung tissue, since inadequate
proliferation can lead to congenital defects such as
lung hypoplasia. During epithelial branching and
P-D identity establishment, mesenchymal cells
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also undergo differentiation and patterning in
different regions of the lung.
4.2. Genetic lineage tracing of lung mesenchyme

Genetic cell labeling experiments have begun to
shed light on the relationship between various
mesenchymal lineages, their ontogeny, and how
they are formed. The ontogeny of mesenchymal
cells has long been an intriguing topic for lung
researchers. Injection of a retroviral library into
the airway of cultured E11.5 lungs demonstrates
clonality of cells localized initially near the hilum
that then migrate down the airways to the subpleural
regions, mostly giving rise to peribronchial SMCs
[66]. With the development of various genetic
lineage tracing tools such as Cre and CreER together
with reporters, progenitors expressing such
recombinases driven by certain markers will
recombine the stop codon in front of the reporters;
thus cells can be permanently labeled with expression
of certain markers such as lacZ or various
fluorescent reporters. In the case of creER, the
recombinase is only activated in the presence of
tamoxifen which can be administered at specific
time points, thus achieving both tissue and timing
specificity. Lineages of pulmonary mesenchymal
progenitors will be discussed below and summarized
in table 1.
The earliest multipotent cardiopulmonary progenitor
cells are marked by the co-expression of Gli1,
Wnt2, and Islet1. As mentioned earlier, lineage tracing
of these cells starting at E8-9 shows that they
contribute to the heart, pulmonary vasculature and
some lung mesenchyme [17]. However, Gli1expressing cells restrict their potential as lung
develops. When they are labeled at E10 and E11,
they give rise only to mesothelial cells, parabronchial
and perivascular SMC at E12 as well as secondary
alveolar crest myoblasts at P14 [67]. As previously
mentioned, Tbx4 is expressed in the splanchnic
mesoderm surrounding the presumptive lung as
early as E9.25 [54]. Using reverse tetracycline
transactivator (rtTA) together with TetO-Cre and
transgenic reporter mice, Cre is expressed in rtTApositive cells when given Doxycycline (Dox). A
Tbx4-rtTA system, where rtTA is driven under a
Tbx4 enhancer, targets almost all mesenchymal cells
surrounding lung at E10.5, with Dox induction
from E6.5 to E10.5. Tbx4 expression appears to
overlap with Gli1, Wnt2 and Islet1, but a direct
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Table 1. Lineage tracing of pulmonary progenitors. Various progenitors labeled at different stages using
genetic tools and the differentiated lineages they give rise to as lung develops.
Progenitor

Time of
label

Expression when
labeled

vSMC

aSMC

Endo

Peri

Wnt2, Islet1, Gli1

E8-E9

Cardiopulmonary
progenitor

9

9

(proximal)

9

Gli1

E10-E11

Scattered in
mesenchyme

9

9

Tbx4

E6>>E11

All mesenchymal
cells

9

9

Tbx4

>E11

Majority of
mesenchyme

9

Tbx4

>E15

Majority of
mesenchyme

Fgf10

E11.5

Submesothelial cells

Fgf10

P2-P14

Mesenchyme
subpopulation

WT1

E10

Mesothelial cells

9

Notch N1IP

E13.5

Subpopulation of
mesothelial and
mesenchymal cells

9

>E14

Mesenchyme
surrounding proximal
airway to scattered in
distal mesenchyme

Pdgfrα

9

Myof

Lipo

9
9

9

9

9

9

9

9

9

9

9

9

9

9

9
9

9

9

9

9

9

9

Endo, endothelial cells; peri, pericytes; myof, myofibroblast; lipo, lipofibroblasts.

lineage comparison has not yet been done. By
providing Dox at various stages, the dynamics of
this system is also identified. While vascular SMC
and endothelial cells can only be targeted when
given Dox prior to E15.5 and E11.5, respectively,
other cell types, including aSMC, myofibroblasts,
lipofibroblasts, and pericytes, can be labeled during
the entire developmental period [68].

factor receptor (Pdgfr) β-expressing cells along
pulmonary blood vessels. The entry of mesothelial
cells into lung mesenchyme occurs until E17.5, and
appears to be dependent on HH signaling [69]. Cells
derived from the Wt1 lineage persist postnatally.
Interestingly, fetal but not adult Wt1-traced cells
increase proliferation during fibrosis [70]. The Wt1
mutant shows lung lobe fusion, reduced pleural
cavities and diaphragmatic hernia [71].

As early as E10, mesothelial cells are identified with
expression of Wilm’s tumor suppressor gene Wt1.
Using both Wt1-cre or creERT lineage tracing and
ex vivo dye labeling, mesothelium is shown to
undergo epithelial to mesenchymal transition (EMT)
and migrate into the bulk region of the lung. This
population of cells contributes to lung mesenchyme,
differentiating into vascular endothelial and smooth
muscle cells, bronchial smooth muscle, tracheal
cartilage, pericytes, and platelet-derived growth

In addition to the previously mentioned function
of Fgf10 during branching morphogenesis, lineage
tracing shows that two distinct waves of Fgf10+
progenitors give rise to distinct descendants.
The first wave comprises Fgf10-expressing cells
in the submesothelial region during the early
pseudoglandular stage and contributes to parabronchial
and vascular smooth muscle cells, as well as
lipofibroblasts at later stages. The second wave of
Fgf10+ progenitors during the late pseudoglandular
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stage develops into lipofibroblasts and some other
uncharacterized mesenchymal cells in the lung [72].
Furthermore, Fgf10 signals through Fgfr1b/2b are
also required for lipofibroblast formation [73].
Canonical Notch signaling appears to regulate
arterial SMC recruitment and Clara cell selection.
Cells that have experienced Notch activation are
labeled using a knock-in mouse line with Notch1
Intramembrane Proteolysis (N1IP)-cre, where cre
activity is induced when the receptor Notch1 is
proteolysed. These cells are first identified at E13.5
in a subpopulation of mesothelial and mesenchymal
cells. Later, the vascular plexus, arterial endothelium,
and vascular SMC (vSMC) are labeled, which is
also dependent on adequate Notch response [74].
Additionally, Notch promotes EMT in mesothelial
cells, and Notch deficiency during this process
can be rescued with the activation of a general
EMT inducer Tgfβ signal [74].
Pdgfrα is required for secondary septum formation
and development of lipofibroblasts during postnatal
lung development [75]. Pdgfrα+ cells identified using
a green fluorescent protein (GFP) knock-in reporter
during the pseudoglandular stage are associated
mostly with proximal airways, but can be found in
the distal mesenchyme by the canalicular stage. These
cells eventually co-express either myofibroblast
markers at the tip of the secondary septae or
lipofibroblast markers in the primary septae during
alveolarization [76]. To lineage trace those cells, both
a Pdgfrα:cre line as well as a tamoxifen-inducible
Pdgfrα:creERT were used. Constitutive cre suggests
this population contributes to bronchial SMC,
myofibroblasts and lipofibroblasts. Furthermore, the
inducible line reveals that the commitment to
myofibroblasts and lipofibroblasts occurs before
secondary septation [76]. In addition, Pdgfrβ lineage
tracing reveals that all pulmonary artery wall smooth
muscle cells derive from this population [77].
Besides differentiation of mesenchymal lineages
that originate from the splanchnic mesoderm around
the foregut, the lung also acquires additional lineages
from the hematopoietic system. Two major populations
of macrophages reside in the adult lung. Alveolar
macrophages locate at the lumen of alveoli and
are exposed to the environment. They phagocytose
foreign particles and also catabolize surfactants.
Interstitial macrophages reside in the interalveolar
space together with other mesenchymal cells important
for tissue remodeling and antigen presentation.
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During development, three waves of macrophage
formation are recognized. First, macrophages marked
by the cell surface glycoprotein F4/80 are diffusely
distributed in lung starting from E10.5, with lineage
tracing suggesting their origin in the yolk sac.
About two days later, a second wave of macrophages,
marked by galactose-specific lectin Mac2 and
potentially derived from fetal liver, intermingle
with the first population in the lung interstitium.
Within the first week of postnatal life, the Mac2+
macrophages enter the alveolar space, constituting
alveolar macrophages, while the F4/80+ macrophages
are restricted to submesothelial and perivascular
regions. In the meantime, bone marrow-derived
circulating macrophages populate the lung
mesenchyme, forming the definitive interstitial
macrophages [78].
Though the various lineage tracings mentioned
above have uncovered several important mesenchymal
progenitor populations, the comprehensive
mesenchymal lineage ontogeny map is still lacking.
The relative relationships between different progenitor
populations or how different lineages arise from the
same progenitor populations are not well understood.
Despite that, there is increasing understanding about
the development of several major mesenchymal
lineages, such as vasculature, smooth muscle,
myofibroblasts and lipofibroblasts. We will focus
here on the vasculature and smooth muscle cells,
which differentiate in the prenatal period. For a
discussion on myofibroblasts and lipofibroblasts,
which differentiate postnatally, please refer to other
recent reviews [79, 80].
4.3. Pulmonary vasculature
In the lung, the pulmonary arterial system brings
deoxygenated blood from the right heart to the
alveolar capillary surface, which is then returned
to the left heart via the pulmonary venous system
while the lymphatic system collects the interstitial
fluid. While the arterial system develops largely
alongside the airway structures, the venous and
lymphatic systems have their own unique pattern.
As mentioned earlier, the pulmonary endothelial
plexus can be identified in association with lung
buds as early as E9.5. Moreover, the vasculature
connection between heart and lung is dependent
on HH signaling in the previously mentioned CPP
[17]. Emerging pulmonary vasculature lacks fate
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specification [81]. By E10.5, pulmonary arteries
can be identified with rudimentary lumens, connecting
the aortic sac with the developing lung region
[82]. By E15.5, more organized vascular networks
with distinguishable arterial and venous identities
are present to support circulation. As the lung
develops, the pulmonary vascular system continues
to expand and mature in the form of a tree-like
structure in a proximal to distal manner. The
supporting structures of the vessels also vary from
proximal to distal; for example, smooth muscle
layers are present proximally whereas the distal
plexus is mainly surrounded by only pericytes.
The alveolar capillary system expands extensively
during the saccular and alveolar stages in close
proximity to the alveolar epithelial cells. By day
34 of human gestation, continuous flow can be
observed connecting the aortic sac, the pulmonary
artery, the capillary plexus, the pulmonary veins,
and the left atrium [83].
It is still not entirely clear whether pulmonary
vasculature is derived through angiogenesis, sprouting
from pre-existing vessels, or vasculogenesis, de novo
differentiation into endothelial cells, or a combination
of both processes. Analysis of Flk1-lacZ endothelial
reporter mice suggests that much of the pulmonary
vasculature is mostly derived through vasculogenesis
[82]. Another model suggests a distal angiogenesis
mechanism, where pulmonary endothelial cells are
always in connection with the whole body circulatory
system and expand to form new networks as the lungs
develop [84]. A third model proposes that the central
vessels form through angiogenesis while the vascular
plexus in the distal fetal lung forms through
vasculogenesis, and that those two systems of vessels
then somehow connect to form the pulmonary
circulatory system [85, 86]. The formation of
pulmonary veins that do not track with the distal
airway is less understood than that of arteries, but
immunostaining of different stages of human embryos
suggests that they form through vasculogenesis
during the pseudoglandular stage and then via
angiogenesis at later stages [83]. A recent paper
identified two enhancers of the Foxf1 locus, one
that promotes Foxf1 expression in proximal vessels
and another in distal vasculature, reinforcing the
regional differences of blood vessel development
[87]. Temporally controlled lineage tracing, such
as examination of a pulse labeling of all vasculature

103

at early stages, should provide more definitive
information on this issue. Nonetheless, several signal
pathways have been identified as critical regulators
of pulmonary vasculogenesis as will be discussed
below (Figure 4).
The vascular endothelial growth factor (Vegf) is
essential for all endothelial development in embryos.
The Vegf receptor Flk1 mutant mouse embryos die
before E9.5, with blood vessels completely absent
[88]. During lung development, Vegf is initially
produced in both epithelial cells and mesenchymal
cells, and later is more restricted to distal epithelium
and then most likely only in type II cells, a specialized
distal cell type that produces surfactant protein-C
(SP-C). Both Vegf receptors Flt1 and Flk1 are
expressed in the lung mesenchyme [89]. Inhibition
of Vegf signaling using soluble receptors in renal
capsule grafts leads to compromised vasculature
formation, demonstrating its necessity in supporting
vasculature development [90]. Conditional loss of
Vegf in type II cells results in decreased capillary
vessels, partially through RA signaling in endothelial
cells [89]. Vegf signaling from the epithelium also
induces the expression of hepatocyte growth factor
(Hgf) in endothelial cells that acts in an autocrine
manner to promote vascular development [91].
However, excessive Vegf can also be detrimental
to vascular development. Overexpression of various
Vegf isoforms can disrupt distal vasculature networks,
leading to atypical evaginations of small vessels
into proximal large airways [92] or the promotion
of lymphatic vasculature over blood vessels [93].
Recent evidence suggests that pulmonary Vegf
signaling is also regulated by microRNAs, as antiangiogenic miR122 and pro-angiogenic miR130a,
expressed in both epithelium and mesenchyme,
might inhibit and promote mesenchymal Vegfr2
expression, respectively [94].
Several previously described signals that are
important for fetal lung growth are also apparent
upstream regulators of Vegf signaling, such as the
FGF and Wnt pathway (Figure 4). Fgf9, which is
expressed in both epithelial and mesothelial cells,
is required for lung mesenchymal Vegfa expression
[95]. The Nemo-like kinase (Nlk) is an upstream
negative regulator of Vegf. By phosphorylating the
Wnt pathway effector lymphoid enhancing factor
(Lef), Nlk inhibits the potential direct role of Lef
in activating Vegf expression in epithelial cells
[96]. Moreover, Wnt7b-/- mutants display vasculature
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defects and smooth muscle leakage, resulting in
pulmonary hemorrhage [39]. In addition, epithelialspecific deletion of Wls, which is required for
Wnt secretion, not only results in trachea cartilage
malformation as mentioned earlier, but also leads to
reduced pulmonary vasculature [37, 97]. Consistent
with this, β-cat is required in Flk1+ angioblasts
for their differentiation into more mature Pecam+
endothelial cells [98]. Conversely, mesenchymalspecific deletion of adenomatosis polyposis coli
(APC), a negative regulator of the Wnt/β-cat pathway,
leads to gradual loss of vasculature beginning at
E13.5 [99], suggesting that too much Wnt activity
compromises endothelial cell survival.
A number of transcription factors are known to be
critical for pulmonary endothelial cells. For example,
the previously mentioned Foxf1 promotes vascular
development, potentially through directly activating
the transcription of important endothelial genes
including Tie2, Pecam1, Flt1, and Flk1 [100].
Another Fox family member, Foxm1, is also
required for sufficient blood vessel formation and
mesenchyme proliferation. Mutants of Foxm1
display arteriolar smooth muscle hypertrophy but
inadequate peripheral vascular plexus formation.
One direct target of Foxm1 in the developing
lungs is the extracellular matrix protein Laminin
a4, indicating an important role of extracellular
matrix in supporting vascular development [101].
Another endothelial autonomous factor is the Paired
related homeobox gene 1 (Prx1), which promotes
endothelial differentiation from mesenchyme in vitro.
Lack of Prx1 in vivo also leads to pulmonary vascular
defects [102]. Lastly, loss of Sox17 results in dilated
arteries and veins as well as sparse peripheral
vasculature in the lung [103].
4.4. Vascular and airway smooth muscle

Based on histological analysis in humans,
intrapulmonary artery SMC develop and mature
from hilum to periphery, similar to mouse
development [83]. Elegant lineage tracing experiments
suggest that in mice the pulmonary artery smooth
muscle is derived from Tbx4+ lung mesenchyme
rather than from endothelial or mesothelial tissue.
Pulmonary artery walls are apparently constructed
radially, with the inner smooth muscle layer being
recruited by the endothelial cells from surrounding
Pdgfrβ-expressing mesenchyme cells. The SMC
first align longitudinally, then downregulate Pdgfrβ
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and reorient circumferentially between E11.5 and
E14.5. A similar program occurs in the second layer
of surrounding mesenchyme. However, the third
layer of mesenchyme arrests at the Pdgfrβ expression
stage, fails to express SMC and remains longitudinal,
and eventually constitutes the adventitial layer of the
arterial wall. Interestingly, radial mitosis is observed
only in the innermost smooth muscle layer to
potentially facilitate the second layer of SMC
formation. This process appears to be dependent
on radial gradient signals such as Pdgf, which is
expressed in endothelial cells and whose receptors
Pdgfrα/β are expressed in the surrounding
mesenchyme in a complementary fashion. However,
the lack of phenotype in germline Pdgfrβ mutants
alone and the lack of even the first layer of SMC
in Pdgfrα (f/-)/β (-/-);Tbx4cre mutants indicate
that other signals may additionally regulate the
arterial SMC program [77]. Proper arterial SMC
development is critical, as their malformation is
involved in pulmonary hypertension [104]. Though
less understood, human venous SMC appear to
derive from mesenchyme directly, as evidenced by
staining on different stages of human tissue [83].
Airway SMC first appear at the carina at E10.5 in
mouse. As SMC develop, neuronal precursors can
be identified in lung associated with SMC at E11.
Neural tissue continues to grow as the lung develops
and mostly covers the proximal SMC, with some
extensions into the mesenchyme [105]. Though
aSMC also develop and mature in a proximal to
distal fashion similar to the vascular SMC, the unique
progenitor pool appears distant. In contrast to the
apparent local condensations that form vascular
SMC, clonal lineage tracing shows that aSMC
progenitors reside in the mesenchyme ahead of the
developing branches and, dependent on Wnt1, migrate
along the bronchi to differentiate into SMC lineages.
This migration process is also evidenced by live
imaging of labeled mesenchyme grafts in lung
culture. Interestingly, the SMC associated with
domain branching appear not to be derived from
proliferation of existing SMC, but instead from
mesenchyme surrounding a stalk region that can
be induced to form SMC only by another domain
branching, with Wnt1 being the priming signal
[62]. Moreover, a recent study suggests that Ezh2, a
Polycomb repressive complex 2 component, in
mesothelial cells prevents their differentiation into
ectopic SMC at the lung periphery [106]. The
contractility of aSMC might contribute to the airway
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branching through either mechanical stretching of
epithelium or regulating growth factor release.
Wnt signaling has been shown to be critical for SMC
development (Figure 4), in addition to previously
discussed functions for lung specification and
branching. During lung development, the Wnt
receptors Fzd1/4/7 are expressed in the lung
mesenchyme, whereas the Wnt co-receptor Lrp6
is expressed in the muscle component of large
blood vessels [107]. Wnt2 initiates the SMC program
in Pdgfrα/β-expressing multipotent mesenchyme
and also induces Fgf10 in primitive lung mesenchyme,
which promotes proliferation and maturation of
aSMC (Figure 4) [108]. The number of aSMC is
further reduced without both Wnt2 and Wnt7b,
which act in an apparently cooperative fashion in
the mesenchyme, dependent on Pdgf signals [109].
Deletion of β-cat from the pulmonary SMC results
in reduced number of aSMC and vSMC as well as
leakage between SMC, potentially due to insufficient
proliferation [97]. In contrast, too much Wnt activity
caused by mesenchymal deletion of the negative
Wnt regulator APC leads to malformation of smooth
muscle cells around both the airway and blood vessels
[99]. Wnt signaling regulates smooth muscle precursor
development in the mouse lung in part by supporting
the expression of extracellular matrix protein tenascin
C, which appears to be necessary and sufficient
for Pdgfrα/β expression in explants [110]. Several
factors have been suggested to regulate the Wnt
pathway. Besides previously mentioned Wnt upstream
regulators Tbx4/5 [54], Hox5a/b/c also supports
Wnt2/2b expression and SM development [111].
Finally, miR-142 supports Wnt potentially through
direct binding to APC mRNA, thus sustaining
mesenchymal progenitor proliferation and preventing
premature differentiation into smooth muscle [112].
Fgf10+ mesenchymal cells are shown to migrate
along the airway and differentiate into parabronchial
SMC. Moreover, Fgf10 is also required for such
differentiation, potentially via supporting epithelial
Bmp4 expression [45]. However, hyper-activation
of the FGF pathway in the mesenchyme also inhibits
SMC commitment as suggested in the Fgfr2c+/Δ
mice, where deletion of one copy of the Fgfr2 exon
9 results in co-expression of both splice isoforms
Fgfr2b and Fgfr2c in mesenchyme, leading to
hyper-responsiveness to a broader range of FGF
ligands [113]. While Fgf10 mostly signals through
the IIIb isoform of Fgfr expressed in the epithelium,

105

Fgf9, expressed in the epithelium and the
mesothelium, signals through the IIIc isoform of
Fgfr in the mesenchyme and appears to inhibit
airway smooth muscle differentiation in mouse lung.
Either mesenchymal conditional deletion of Fgfr1/2
or loss of Fgf9 leads to ectopic airway SM
differentiation in the distal airway, with normal
proximal-distal airway patterning [114]. The
specificity of Fgf9 and Fgf10 responses is likely
due to their differential binding capacity to different
receptors [115].
Two other signals important in pulmonary smooth
muscle development are Shh and Tgfβ. Shh signaling
is required for both airway and vascular SM [35,
114], while Shh-mediated bronchial SMC formation
appears to be independent of the effector Gli3 [116].
On the other hand, mesodermal TGFβ receptor Alk5
is required for both vascular and aSMC development,
through supporting Pdgfrα+ precursors and inhibiting
the alternative lipofibroblast fate [117]. A recent
paper suggests that epithelial Notch activity is
required to support distal airway SM development,
which is dependent on epithelial integrity [118].
Given the tremendous advancement of our
understanding of pulmonary vasculature and smooth
muscle development, an exciting future direction will
be to further explore how different signals interact
with each other, and how multipotent mesenchymal
progenitors respond to different signals and
differentiate into unique lineages in particular patterns.
Not only is this a fascinating developmental biology
question, but also it will provide guidance
to understand and treat various pathological
diseases associated with pulmonary mesenchymal
malformation.
5. Future directions
The last decade has revealed many of the mechanisms
regulating development of the respiratory
mesenchyme and how its development is closely
coordinated with the better-studied epithelium.
One interesting area of research focuses on using
directed tissue engineering to solve congenital
respiratory problems such as tracheal stenosis.
Another direction for further investigation is how
mesenchymal patterning is initially established
during early specification and lobe formation. For
example, it is currently unknown how Wnt, BMP,
and other signals are induced only on the ventral
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side and how FGF10 establishes lobe formation at
the correct locations. In addition, much more work is
needed to systematically determine the origin and
lineage relationship between all of the mesenchymal
cell types in the lung, particularly fibroblasts. In
addition to careful lineage tracing, single cell
sequencing should also prove to be useful to identify
multi-lineage progenitors as well as cellular
signaling crosstalks that generate the exquisite
structure-function of the respiratory system.
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