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Abstract

Each of the steps of respiratory system development relies on intricate interactions and 

coordinated development of the lung epithelium and mesenchyme. In the past, more attention has 

been paid to the epithelium than the mesenchyme. The mesenchyme is a source of specification 

and morphogenetic signals as well as a host of surprisingly complex cell lineages that are critical 

for normal lung development and function. This review highlights recent research focusing on the 

mesenchyme that has revealed genetic and epigenetic mechanisms of its development in the 

context of other cell layers during respiratory lineage specification, branching morphogenesis, 

epithelial differentiation, lineage distinction, vascular development, and alveolar maturation.

Introduction

Development of the respiratory system proceeds through a well-described series of steps 

beginning with division of the anterior common foregut tube into the respiratory endoderm 

ventrally and the esophagus dorsally. The respiratory tract then undergoes extensive 

branching to form the proximal conducting airways, followed by distal septation generating 

the gas exchange units, or alveoli, of the mature lung. These processes are coupled with 

coordinated differentiation of the airway and distal lung epithelium leading to a regionally 

specific pattern of cell types. Formation of a functional lung also requires simultaneous 

development of both the pulmonary vascular system (central systemic circulation) and 

bronchial vascular system (local lung circulation). The genetic and epigenetic regulation, as 

well as the specialized intra-, inter-, and extracellular mechanisms responsible for proper 

development of the respiratory system continue to be elucidated. Each of the steps in lung 

development is reliant upon inductive cues and reciprocal interactions between the 

pulmonary epithelium and the surrounding mesenchyme. Loss of or abnormalities in this 

critical interaction can lead to severe anatomical and functional defects in the airway and 

alveoli. Many of the phenotypes associated with such abnormalities result in lethality or 

severe morbidity in humans and are being investigated in biochemical, cellular, tissue 

culture, organ explant, and animal models. Despite its importance in directing airway and 

alveoli development, many aspects of the activities and regulatory mechanisms of the lung 
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mesenchyme are not well understood, a deficit recognized at a recent workshop hosted by 

the National Heart, Lung, and Blood Institute [1]. In this review, we will discuss recent 

(primarily within the past 2–3 years) advances in respiratory development, focusing on the 

role of the lung mesenchyme (Fig. 1). For more comprehensive discussions of lung 

development, please see recently published reviews including [2], [3], [4], [5], [6], and [7].

The mesenchyme provides critical signals for respiratory lineage 

specification

Specification of the respiratory system takes place in the ventral anterior foregut endoderm, 

as indicated by the expression of Nkx2-1 (also named Ttf1) beginning at embryonic day (E) 

8.25 in mice [8], [9], and [10]. Collective work on respiratory lineage specification 

implicates the surrounding ventral mesenchyme as a critical source of signals, including 

FGF, WNT, BMP, RA, and TGFβ, that direct endodermal expression of Nkx2-1 in a 

temporal and spatial context dependent fashion [10], [11], [12], [13], [14], [15], [16], [17], 

[18], [19], and [20]. Understanding the specification mechanisms initiated within the lung 

mesenchyme as well as identifying the specific mediators of mesenchyme-epithelium 

interactions has been a focus of recent research.

As an example of these signals, combined mesenchymal expression of Wnt2 and Wnt2b has 

been shown to be required for respiratory lineage specification and the expression of Nkx2-1 

[12]. However, the upstream factors that control the expression of these signals in the 

mesenchyme are less clear. In Xenopus, it was shown that morpholino knockdown of Osr1 

and Osr2, a pair of transcription factor genes, led to loss of Wnt2b expression in the 

mesenchyme [21*]. In mice, it was shown that genetic inactivation of Tbx5 prior to 

respiratory specification led to reduced Wnt2 and loss of Wnt2b expression in the 

mesenchyme and unilateral loss of Nkx2-1 expression in the prospective pulmonary 

epithelium [22*]. These data suggest that Osr1/2 and Tbx5 are required in the lung 

mesenchyme for normal Wnt2 and Wnt2b expression and subsequent specification of the 

respiratory foregut epithelium.

While evidence suggests that specification signals from the mesenchyme can control Nkx2-1 

expression via transcription factors [15], a recent study suggests that they may also act 

through an epigenetic mechanism [23*]. It was shown that NANCI, a long non-coding 

RNA, is expressed in the ventral foregut and acts as a positive regulator of Nkx2-1 

expression [23*]. Furthermore, it was found that NANCI is regulated itself by mesenchymal 

WNT signaling [23*].

Despite these advances, several open questions remain. For example, as each of the signals 

essential for respiratory specification is also active in other tissues, how they function to 

only specify the respiratory fate in a regionally constrained manner in the anterior ventral 

foregut is not understood. In addition, evidence demonstrates that the same signals, for 

example WNT, can function as either a promoter or inhibitor of the respiratory fate when 

acting at different time windows of development [12], [13], and [14]. How these different 

effects are mediated is not understood. Furthermore, the mechanisms by which fate 
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specification is translated into morphogenesis, i.e. budding of the respiratory primordia from 

the anterior foregut tube, have not been determined.

The mesenchyme provides critical signals that drive epithelial branching 

morphogenesis

Following specification and physical separation of the respiratory lineage precursors from 

the esophagus within the anterior foregut, future conducting airways and alveolar regions are 

laid down according to a proximal-distal blueprint, through largely stereotypical branching 

events directed by cues from the adjacent mesenchyme. A cardinal mesenchymal signal that 

drives branching is FGF10 [24] and [25]. Its restricted expression in the distal mesenchyme 

at sites of future branch destination led to the proposal that the local source of FGF10 acts as 

a chemoattractive cue for directing nascent branches. However, a recent study showed that 

lungs with ubiquitous over expression of Fgf10 still formed discrete branches although the 

pattern is grossly abnormal especially at later developmental stages [26]. These findings 

together suggest that, in addition to proper regulation of Fgf10 expression, other constraints, 

such as heparin sulfate-based modification of signaling activity, may contribute to the 

construction of a stereotypical branching pattern [27*].

WNT signaling in the mesenchyme is a well-established driver of branching morphogenesis, 

however the specific WNT ligands and regulatory partners had not been clearly defined. 

Miller and colleagues showed that mesenchymal Wnt2 and epithelial Wnt7b cooperatively 

control branching morphogenesis, proximal-distal patterning, and development of distal lung 

progenitors [28]. To identify upstream activators and regulatory partners of WNT signaling 

in the mesenchyme, Miller et al conducted an in vitro screen that uncovered important 

interactions with homeobox transcription factors ESX1, MSX1/2, Nkx5-2 and the 

sumoylation factor PIAS4 [29]. For example, MSX1/2 were found to enhance canonical 

WNT signaling in a WNT ligand dependent manner specific to lung mesenchyme, possibly 

through transcriptional repression of WNT antagonists [29].

Proper development and activity of the mesenchyme requires interactions with both the 

neighboring epithelium and mesothelium. For example, mesothelial specific deletion of Fgf9 

results in loss of Wnt2a expression in the mesenchyme and decreased airway branching [30]. 

This suggests that activation of mesenchymal WNT/β-catenin signaling is dependent on 

Fgf9 expressed in the mesothelium [30].

The lung mesenchyme is also a source of micro-RNAs (miRs) that control lung branching 

through an epigenetic mechanism. Carraro et al recently showed that miR-142-3p acts in the 

developing lung mesenchyme to regulate lung bud outgrowth and branching morphogenesis 

[31*]. It functions by promoting the activity of the WNT-FGF feed-forward signaling loop 

that maintains the lung mesenchyme in an undifferentiated state [31*].

A central question in the coordination between branch growth and patterning is the transition 

from the branching that forms the airways and the branching that forms the alveoli. Alanis et 

al recently demonstrated that the airway and alveolar regions are distinguished by two waves 

of developmental cues that interact to establish a critical boundary between these domains, 
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the bronchoalveolar duct junction, BADJ [32**]. Mesenchymal WNT and FGF signaling is 

required for the first, or Sox9 wave, that progresses through all stages of embryonic lung 

development and generates both the proximal airway branches and distal alveoli [32**]. The 

second, or Sox2 wave, is initiated later and terminates earlier than the first wave under the 

control of glucocorticoid signaling that promotes the proximal conducting airway 

differentiation program [32**]. Treatment with a glucocorticoid, dexamethasone, led to 

premature termination of the Sox2 wave, setting a more proximal BADJ, whereas deletion of 

glucocorticoid receptors led to a more distal BADJ [32**].

The cellular mechanisms within the lung epithelium that mediate branching morphogenesis 

have been a major focus of recent research including changes in cell shape, apical-basal 

patterning, planar cell polarity, intercellular contacts, and extracellular matrix organization 

[33], [34], [35], [36]. Kadzik et al found that epithelial specific deletion of the WNT 

receptor Frizzled 2 (FZD2) results in impaired branch formation and disregulation of tube 

morphology [37**]. A close examination revealed that WNT signaling, possibly originating 

from the mesenchyme, acts through epithelial FZD2 to direct changes in epithelial cell shape 

and apical-basal lengthening, allowing for new branch formation in the early respiratory tree 

[37**].

Although it is clear that the mesenchyme is the key source of signals that drive branching, 

many questions remain. For example, three subroutines of branching have been identified: 

domain branching, planar bifurcation, and orthogonal bifurcation [38]. It is not clear how the 

mesenchymal signals interact differently to achieve each of these subroutines. Furthermore, 

while most research has focused on factors that control the initiation and maintenance of 

branching, what drives the termination of branching and lung growth remains elusive.

The mesenchyme provides critical signals that direct epithelial 

differentiation

Following branching morphogenesis, the conducting airway epithelium undergoes 

differentiation, influenced by signals from the neighboring mesenchyme. This influence was 

first demonstrated in tissue recombination experiments showing that proximal tracheal 

mesenchyme could induce distal lung epithelium to take on a more proximal cell fate, 

whereas distal lung mesenchyme could induce proximal tracheal epithelium to take on a 

more distal cell fate [39*]. The identities of these inductive cues from the mesenchyme 

remain unclear.

Further refining the influence from the mesenchyme, it was recently shown that the 

developing cartilage is a source of signals that promote basal cell fate in the adjacent 

epithelium [40*] and [41*]. Inactivation of Sox9 in the upper airway led to lack of cartilage 

specification which secondarily resulted in a decrease in the development of proximal 

airway basal cells [40*] and [41*]. It is possible that one of the signals that mediate the 

cartilage promotion of basal cell fate is FGF10. It was shown that Fgf10 expression is 

increased in the ventral mesenchyme, adjacent to the cartilage [11]. Disruption of cartilage 

formation led to a decrease in FGF target gene (Spry2) expression [40*] and [41*]. Over-

expression of Fgf10 promotes p63-positive basal cell differentiation whereas inactivation of 
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Fgf10 results in an almost complete absence of basal cells within the trachea [26]. This role 

for cartilage cells is of interest given the central role played by basal cells as a source of 

progenitors in the upper airway following injury [42], [43], and [44].

In the future, uncovering the mesenchymal signals that serve as instructive cues for 

epithelial identify should be an important direction of exploration. In addition, it is not clear 

if the airway smooth muscle cells that are arranged in a pattern apposing that of the cartilage 

cells are also a source of signals that direct epithelial differentiation. In the adult lung 

following injury such as that induced by naphthalene inhalation exposure, it was shown that 

the airway smooth muscle cells secrete FGF10, which then triggers a cascade of responses in 

the epithelium [26]. In the developing lung, differentiated airway smooth muscle is not a 

major source of FGF10. However, it remains possible that the airway smooth muscle in the 

developing lung may secrete other factors to control epithelial cell differentiation.

The mesenchyme receives cellular contribution from the cardiac mesoderm 

before differentiating into multiple lineages

In addition to its role as a source of signals for epithelial specification, branching and 

differentiation, the mesenchyme itself undergoes a regionally distinct differentiation 

program and gives rise to airway and vascular smooth muscle, endothelium, pericytes, and 

airway cartilage cells, among others (Fig. 2). A recent study by Peng et al identified a 

cardiopulmonary precursor population (CPP) with overlapping expression of Wnt2, Gli1, 

and Isl1 [45**]. Lineage tracing based on these markers demonstrated that CPPs give rise to 

airway and vascular smooth muscle, proximal vascular endothelium, and supporting pericyte 

cells within the lung (Fig. 2A) [45**]. Despite these recent findings, the relationship 

amongst the various lineages and the sequence by which they arise from the mesenchyme 

has not been clearly delineated.

Within the lung, the airway smooth muscle precursor population has been shown to be 

derived from Fgf10-expressing distal lung mesenchyme that migrates proximally and takes 

on a differentiated smooth muscle fate [46]. Lineage tracing using an inducible cre knocked 

into the Fgf10 locus shows that at early branching stages, in addition to airway smooth 

muscle cells, the Fgf10-expressing progenitor population also gives rise to vascular smooth 

muscle and lipofibroblasts (Fig. 2B) [47**]. Mapping of progenitors for airway smooth 

muscles is further fine tuned in Kumar et al [48**]. By labeling single cells in the lung 

mesenchyme, it was shown that the airway smooth muscle cells are exclusively derived 

from mesenchyme distal to a branching tip, while mesenchymal cells that flank the epithelial 

stalks can only be induced to form airway smooth muscle by a lateral bud (Fig. 2C) [48**].

The subsequent differentiation of airway smooth muscle has been shown to be dependent on 

WNT2, which activates a smooth muscle (Myocardin, Mrtf-B) differentiation program [49]. 

Interestingly, WNT2 was not required for the development of adjacent proximal pulmonary 

vascular smooth muscle cells [49], suggesting that these two lineages may respond to 

different cues during their establishment.
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The airway cartilage is only present in the upper airways in C-shaped half rings. In mice, at 

the levels of the trachea and extrapulmonary bronchi, the cartilage and smooth muscle are 

precisely juxtaposed and complement each other to encircle the epithelium. Recent studies 

showed that this juxtaposition is established early on when these opposing lineages first 

emerge, and is achieved primarily via mutual antagonism (Fig 2D) [40*] and [41*]. For 

example, loss of airway smooth muscle results in an increase in Sox9-positive cartilage 

precursor cell number [40*]. Conversely, loss of airway cartilage results in an increase in 

ACTA2 positive smooth muscle cell number [40*] and [41*]. Focusing on airway cartilage, 

several signaling pathways, including WNT, TGFβ, RA, SHH, and FGF have been shown to 

be essential for proper cartilage formation [50], [51], [18], [52], and [53].

Understanding patterning of the mesenchyme lags behind knowledge on the regionalization 

of the epithelium. For example, it is not clear why the cartilage is only present in the 

proximal part of the airway, whereas the airway smooth muscle is present in the entire 

airway. Furthermore, lung mesenchymal cells have been shown to act together as a niche 

that maintains neighboring airway precursor stem cell populations [7]. However, how this 

mesenchymal cell niche is generated and regulated is not fully understood and is important 

from a therapeutic perspective. While CPPs contribute to both the airway and vascular 

smooth muscle cell types [45**], it is not clear if, once CPPs enter the lung, they take on a 

shared “lung smooth muscle” lineage before splitting into the airway versus vascular smooth 

muscle fates.

The mesenchyme receives multiple signals to generate the lung 

vasculature

The processes of vascular development in the lung have been the source of considerable 

debate with both angiogenesis and vasculogenesis mechanisms being implicated. Prior work 

has suggested that proximal pulmonary vascular formation occurs through angiogenesis, 

with sprouting of vessels occurring in parallel to lung bud outgrowth while distal lung vessel 

formation occurs through vasculogenesis with endothelial cells deriving from mesenchymal 

vascular precursors [54], [55], and [56]. Additional lineage tracing experiments suggest that 

the pulmonary vasculature may develop purely through angiogenesis [57]. The findings that 

CPPs give rise to the proximal (von-Willebrand factor positive) pulmonary vascular 

endothelium but not distal alveolar capillary endothelium supports a dual origin of the 

pulmonary vascular system [45**].

Identification of the genetic pathways necessary for pulmonary vascular development has 

also been a recent focus. Mesenchymal specific inactivation of Sox17, although not affecting 

endothelial cell fate, results in abnormal dilation of the pulmonary veins and arteries as well 

as microvascular network simplification [58]. Pro-angiogenic miR-130a and anti-angiogenic 

miR-221 concurrently promote or inhibit airway branching, respectively, to give rise to a 

balanced system [59]. Additionally, epithelial inactivation of Wntless (Wls, also called 

Gpr77), a mediator of WNT ligand secretion, results in decreased distal pulmonary 

microvascular development associated with decreased expression of Vegfa and Ang-1, as 

well as their respective receptors Vegfr2 and Tie-2 [60], [61].
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Despite these advances, the origin of the distal lung vasculature remains unclear. If there is 

indeed a dual origin of the pulmonary endothelial cells, it is not clear how they connect to 

each other without leakage of blood from the vascular system. Furthermore, the 

developmental mechanisms underlying the unique physiological properties of the pulmonary 

vascular network as distinct from the systemic vascular network warrant further 

investigation. The processes that direct the parallel development of the bronchial vascular 

system and the distal lymphatic vascular system are also unclear.

The mesenchyme contains key cell types that drive alveolar maturation

Following the pseudoglandular stage when the lung undergoes branching morphogenesis, 

the organ progresses through the canalicular, saccular, and alveologenesis stages during 

which the distal gas exchange units mature. Focusing on the distal lung, these steps result in 

a transition from columnar branching tip epithelium to thin walled airway septae required 

for efficient gas exchange. Accompanying the cell shape change is epithelial differentiation, 

generating type I and type II pneumocytes. The mechanisms of these transitions are not well 

understood but likely require the involvement of mesenchymal derived cell types including 

the myofibroblasts and lipofibroblasts.

Proper differentiation of the myofibroblast population is dependent on PDGF signaling 

acting via the receptor PDGFRα [62], [63], and [64]. In the Pdgfa ligand mutant, 

myofibroblast precursors, as marked by Pdgfrα expression, fail to spread around the primary 

septae [63]. As a consequence, there is little secondary septae formation, leading to 

simplification of the alveoli [63].

Recent work has focused on the role of HH signaling in affecting the myofibroblast 

population. Lin et al showed that mesenchyme specific inactivation of Suppressor of fused 

(Sufu), a negative regulator of HH signaling, results in increased HH activity but 

surprisingly reduced level of GLI1 protein, which is commonly a readout of HH activity 

[65*]. They further showed that GLI1 acts as a transcriptional regulator of Pdgfrα 

expression and its loss in the Sufu deficient mice results in a loss of myofibroblasts and 

subsequent impaired alveologenesis [65*].

Mice harboring a Gli1-creERT2 allele were recently used to lineage label and isolate cells 

responsive to HH signaling including the myofibroblast cell population [66*]. Using this 

technique, gene expression changes were studied in this Gli1-lineaged population during the 

transition from pseudoglandular, canalicular, and saccular phases of lung development 

[66*]. It was found that there are progressive changes in several signaling pathways 

including WNT, TGFβ, and PDGF pathways [66*]. For example, there is a gradual 

reduction of WNT signaling over this progression, characterized by a decrease in WNT 

activators (e.g. Ccna1) with a concurrent increase in WNT inhibitors (e.g. Wnt5a, Wif, Dkk3, 

and Tle1) [66*]. Furthermore, inactivation of the WNT inhibitor Apc using Gli1-creERT2 

results in an expansion of Hh responsive myofibroblast precursor cells and impaired alveolar 

morphogenesis [66*].

To better understand the complex interactions required between the epithelium and 

mesenchyme during alveolar development, Greer et al recently devised an in vitro 
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epithelium and mesenchyme co-culture system [67*]. Using this system, the authors 

investigated the effects of inflammation known to impair alveologenesis in infants born 

prematurely [67*]. This model provides the opportunity to better tease out the specific 

interactions between the mesenchyme and epithelium required for normal development of 

the alveoli, by manipulating these interactions with ease in culture.

In addition to myofibroblasts, lipofibroblasts are also required for alveologenesis, however 

their specific role and the genetic mechanisms that direct their development are not well 

understood. Injury models have demonstrated that lipofibroblasts can transdifferentiate to 

take on a myofibroblast fate following exposure to high (hyperoxia) or low (hypoxia) 

concentrations of oxygen, as well as nicotine [68], [69], [70], and [71]. PPARγ is important 

for lipofibroblast differentiation and its activation has been shown to reverse lipofibroblast 

to myofibroblast fate change [72], [73], [68], and [74]. Varisco et al demonstrated that the 

expression of Thy-1 increases during the initial phases of alveologenesis [75*]. This 

stimulates the expression of PPARγ and its heterodimer RXRα, leading to an accumulation 

of neutral lipid by fibroblasts. Alveologenesis is delayed in Thy-1 mutant lungs, suggesting 

that its effect on lipofibroblast differentiation may play a role in alveolar maturation [76].

Alveologenesis, and sometimes sacculation, are the steps of lung development that are 

disrupted by premature birth. Thus, delineating the genetic mechanisms that direct these 

phases of lung development is of clinical significance. During these phases, the individual 

and integrated functions of each of the mesenchymal cell population warrant investigation. It 

is also important to determine how the mesenchyme interacts with the epithelium as well as 

the infiltrating immune cells in injury settings such as under hyperoxia. Improved cell 

specific markers, lineage tracing tools, culture methods and 3D imaging modalities will 

allow for considerable advances in understanding the complex developmental process of 

alveolar maturation.

Summary and Future Directions

While much of the attention of lung development research has been focused on the lung 

epithelium, the mesenchyme is shaping up to be the new arena with an abundance of open 

questions. Strong lines of evidence, some of which are outlined above, unequivocally 

demonstrate that the lung mesenchyme is a critical source of inductive cues for the 

epithelium as they progress through development together. Furthermore, recent findings 

reveal unanticipated complexity in the lung mesenchymal populations, the intricacies of 

which demand attention. Innovative experimental approaches have driven considerable 

progress in our understanding of lung epithelial biology in the past decade. Adapting these 

approaches to study the lung mesenchyme will yield fruitful investigations.
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Figure 1. 
The lung mesenchyme holds a central position in the formation of a functional lung.

A diagram delineating the various topics covered in this review.
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Figure 2. 
Lung mesenchyme is derived from and gives rise to multiple lineages. (A) Cardiopulmonary 

precursor cells (CPPs), characterized by overlapping Wnt2, Gli1, and Isl1 expression at 

E8.5, give rise to ASM, VSM, PVE, and PCs [45**]. (B) Fgf10 expressing cells labeled at 

E11.5 give rise to ASM, VSM, and LF cells [47**]. (C) ASM progenitor cells present in the 

mesenchyme distal to epithelial branching tips migrate proximally and take on a mature 

smooth muscle cell fate [48**]. (D) Tracheal ASM and cartilage have a mutually 

antagonistic relationship and form a complementary ring around the airway [40*] and [41*]. 

Abbreviations: AFG – anterior foregut, ASM – airway smooth muscle, Ht – heart, LF – 

lipofibroblast, PC – pericyte like (Pdgfrβ positive) cells, PVE – proximal vascular 

endothelium, VSM – vascular smooth muscle.
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