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Mesenchymal cells are an essential cell type because of their role in tissue support, their multilineage

differentiation capacities and their potential clinical applications. They play a crucial role during lung development

by interacting with airway epithelium, and also during lung regeneration and remodeling after injury. However,

much less is known about their function in lung disease.

mesenchyme  lung

1. Origin of Pulmonary Mesenchymal Cells

At the bilaminar disc stage in the second week of human development, gastrulation starts with the formation of the

primitive streak . Cells forming the epiblast undergo epithelial to mesenchymal transition (EMT) and migrate

through the primitive streak to form the endoderm and mesoderm cell layers (Figure 1A) . Specifically, the first

wave of cells integrates the hypoblast layer and forms the endoderm , from which the lung will derive. A second

group of cells migrates between the epiblast and endoderm layers and constitutes the mesoderm layer that will

give rise to a large variety of tissues, such as skeletal muscle, bone, cartilage, and many mesenchymal cell types

(for example, fibroblasts, chondroblasts, osteoblasts, blood cells). The mesoderm is a major contributor to trunk

and limb stromal cells, but neural crest cells also contribute to mesenchymal cell lineages , although their

specific role in lung mesenchyme is still poorly defined.
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Figure 1. (A) During early human embryo development, the inner cell mass differentiates and becomes organized

in the epiblast and hypoblast layers. Primitive streak formation leads to an ingression movement of epiblastic cells

that elongate and detach from each other via a critical epithelial–mesenchymal transition . This results in the

formation of the three germ layers: ectoderm, mesoderm and endoderm. (B) On day 22, the foregut forms a ventral

outgrowth leading to the formation of larynx and trachea in its proximal part, and lung buds in the distal part.

Bifurcation and splitting of the lung buds give rise to the future right and left lungs. These structures grow ventrally

to caudally through the surrounding mesenchyme. Mesenchymal progenitor cells secrete many factors, including

fibroblast growth factor 10 (FGF10) that interacts with fibroblast growth factor receptor (FGFR) expressed by distal

epithelial cells. Moreover, some cytokines, such as bone morphogenic protein 4 (BMP4), are secreted by both

epithelial and mesenchymal cells.

2. Mesenchymal Cells during Lung Organogenesis

At the beginning of the fourth week of development, the anterior foregut endoderm develops at the cranial

extremity after the cephalocaudal folding of the embryo. The foregut produces a ventral evagination that leads to
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lung bud development. These buds are surrounded by the splanchnopleuric mesoderm that is part of the lateral

mesoderm and will contribute to lung vascularization, cartilage, muscles and conjunctive tissue (Figure 1B). In

addition, the embryonic lateral splanchnic mesoderm generates mesothelial cells that form a thin layer of

squamous-like cells lining the visceral pleura (mesothelium) . Then, at day 26, the lung buds divide into right

and left primitive bronchial buds, which are the precursors of the two lungs (Figure 1B).

During the pseudo-glandular stage, a second division at week 5 of development leads to the formation of the future

pulmonary lobes by creating three secondary bronchial buds on the right and two on the left side. Each lung bud

and the surrounding splanchnopleuric mesoderm grow, elongate and branch until the formation of the terminal

bronchioles (17th branching generation) to create the respiratory tree (Figure 1B) . At this stage, the

tracheobronchial tree is coated by prismatic epithelial cells, the precursors of ciliated and secretory cells.

Bronchioles appears during the canalicular stage (week 16 to 25), forming the basis of the gas exchange units.

This is accompanied by geometric modifications of epithelial cells that flatten and by the appearance of capillaries

throughout the mesenchyme that surround the bronchioles. Finally, at the saccular stage (week 24 to 40), alveolar

ducts start to form. Their formation will continue after birth, and will terminate only in adulthood . Of note, the

development of the gas exchange units in utero and during early childhood is critical for achieving full adult lung

function . Lung development is the consequence of an interweaved relationship between embryonic lung

epithelial and mesenchymal cells, through direct interactions and also indirectly via the secretion of extracellular

matrix (ECM) components and growth factors . Moreover, the mesothelium plays an important role during

lung development , partly by secreting fibroblast growth factor (FGF) 9 .

Fetal airway smooth muscle (ASM) development begins early during gestation (from week 5–6 in human airways)

. Fetal ASM surrounds the airways and guides lung development and branching. ASM cells spontaneously

contract early in fetal life, with proximal to distal peristaltic-like contractions that displace the amniotic liquid along

the lumen . At the pseudo-glandular and canalicular stages in pigs , the mechanical distention and

stretching of the developing lungs, produced by ASM contractions, influence lung growth via mechanotransduction,

through the pressure exerted across the airway wall and the surrounding parenchyma. Furthermore, the transmural

pressure regulates the rate of airway epithelial bud branching .

2.1. Peptide Growth Factors

2.1.1. Fibroblast Growth Factors

The large FGF family plays an important role in the regulation of cell differentiation, proliferation and development,

including lung branching . Several studies have identified FGFs implicated in the bidirectional signaling between

epithelium and mesenchyme during lung development . For example, FGF10 is expressed in the distal

submesothelial mesenchyme and activates FGF receptor 2b (FGFR2b) in the adjacent epithelial cells (Figure 2) to

induce lung budding, epithelial cell expansion and migration, and ECM organization . Indeed, in Fgf10

mice, the lung does not develop below the trachea . Moreover, Bellusci et al. have identified, in mice, a

subtype of Axin2+/FGF10+-resident mesenchymal alveolar niche cells that are close to alveolar type 2 (AT2) stem

cells and that control the proliferation and differentiation of AT2 cells .
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Figure 2. Representative schema of epithelium-mesenchyme interactions during lung budding. Many factors are

secreted and exchanged between the lung epithelium (blue arrows) and mesenchyme (red arrows). For instance,

fibroblast growth factor 10 (FGF10) is locally expressed by distal submesothelial mesenchymal cells and interacts

with its receptor expressed in the distal epithelium. Sonic hedgehog (SHH) is expressed by epithelial cells, and

downregulates FGF10 expression through its receptor Patched 1, but also activates FGF10 through the Wnt

pathway.

FGF9 is another FGF family member that is expressed in the mesothelium from the pseudo-glandular stage (week

5 to 17) onwards, regulating the local activation of Wnt signaling to promote mesenchymal cell proliferation 

(Figure 2). FGF9 also plays a critical role in lung development, as indicated by the finding that Fgf9  mice die at

the neonatal stage due to lung hypoplasia caused by very reduced mesenchymal cell expansion .

2.1.2. Bone Morphogenic Protein 4 (BMP4)

BMP4 belongs to the transforming growth factor superfamily. Bmp4  mice die early during development, mainly

due to an absence of mesoderm differentiation . During lung development, BMP4 expression is detected in the
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distal epithelium buds and in the adjacent mesenchyme already at the pseudo-glandular stage (week 5 to 17) 

. Conversely, BMP type I receptor (BMPR1) is expressed in both epithelium and mesenchyme (Figure 1B) .

In association with sonic hedgehog (SHH), BMP4 antagonizes FGF10 that is expressed in the surrounding

mesenchyme . Conditional knock-out of Bmpr 1a, the gene encoding the BMP4 receptor in the epithelium, leads

to abnormal lung development with reduced cell proliferation, increased apoptosis and abnormal lung

morphogenesis. This indicates that BMP4 plays important roles in lung development . Moreover , in cultured

mouse embryonic lung, reduction of gremlin expression, a BMP4 antagonist, using antisense oligonucleotides

promotes epithelial cell proliferation and abnormal lung formation/function. Finally, BMP4 overexpression in the

distal bud tips leads to lung hypoplasia, reduction of AT2 cells, and enlargement of the terminal buds . However,

the exact role of this signaling pathway during lung development remains debated, because mathematical models

to mimic the FGF10-SHH interaction accurately model bronchial branching independently of BMP4 expression 

.

2.1.3. Sonic Hedgehog

SHH also is part of a key developmental signaling pathway. It is implicated in central nervous system patterning,

and limb, digit and lung development . In Shh  mice, a single lobe, lung hypoplasia with absence of left and

right asymmetry, enhanced cell death and decreased lung mesenchymal cell proliferation are observed . SHH is

expressed with BMP4 in the distal bud epithelium during lung development. It binds to and activates its receptor

Patched 1 (PTCH1) that is localized in the adjacent mesenchyme. Patched 1 activation downregulates FGF10

expression . Indeed, in Shh  mice, FGF10 expression in the mesenchyme immediately adjacent to the

epithelium is increased . In addition, BMP4 is overexpressed and wingless-related integration site family

member 2 (WNT2) is downregulated in the mesenchyme. In 2013, Peng et al.  identified a cardiopulmonary

mesoderm progenitor population that is defined by the expression of WNT2, glioma-associated oncogene 1 (Gli1)

and Islet 1, and gives rise to the lung mesenchyme and cardiac lineage in the mouse. This population is regulated

by Hedgehog signaling because Gli proteins are the main transcriptional effectors of this pathway, and start to be

expressed at the lung organogenesis step . This suggests that SHH is broadly involved in mesenchymal

signaling in the developing lung.

2.1.4. Epidermal Growth Factor (EGF)

EGF and its tyrosine kinase receptor EGF-R are expressed in the epithelial and mesenchymal compartments

during lung development. EGF stimulates lung branching in fetal mice . In agreement, in Egfr  mice, neonatal

lethality is high and epithelial cell development is impaired in several organs, including the lung . Importantly,

lung branching is reduced and alveolarization and septation are deficient in Egfr  mice . Similarly, mouse lung

branching can be inhibited in ex-vivo cultures using antisense oligonucleotides against EGF . Furthermore,

the interplay between retinoid acid (RA) and EGFR during fetal lung development stimulates lung branching .

2.1.5. Retinoic Acid (RA)
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RA is essential for normal embryo development, including lung development . In the mouse, retinoic acid

receptor (RAR) double knock-out (RARα-/-/RARβ2-/-) leads to agenesis of the left lung and hypoplasia of the right

lung . RA is produced by the mesenchyme surrounding the lung primordia, and also by the epithelial

compartment of the proximal bronchi . Importantly, a RA-transforming growth factor (TGF)-β-FGF10 interaction

has been described during lung bud induction, where RA downregulates TGF-β to allow FGF10 expression .

2.1.6. TGF-β

TGF-β, a pleiotropic growth factor and a key EMT inducer, is another modulator of epithelium–mesenchyme

interactions in the developing lung . Its three isoforms play a crucial role during lung organogenesis . Their

expression is well characterized in the mouse where TGF-β1 is expressed in the mesenchyme, TGF-β2 in the

distal epithelium, and TGF-β3 in the proximal mesenchyme and pulmonary mesothelium . In Tgf-β2  mice,

the distal airways are collapsed and the proximal airways are dilated , whereas in Tgf-β3  mice lung

development is delayed, causing their death . Conversely, Tgfr-β2 ablation in mesodermal tissue results in

abnormal lung branching and lung development, while its ablation in epithelial cells that produce surfactant protein

C results in a decrease of alveolar type I (AT1) epithelial cells during post-natal alveolarization . TGF-β also

plays a role in FGF10 regulation by RA  as illustrated by the finding that ectopic TGF-β1 expression inhibits

FGF10-induced lung morphogenesis in cultured embryonic lung endodermal explants .

2.1.7. The Hippo Pathway

The Hippo pathway and its downstream targets Yes-associated protein (YAP) and transcriptional coactivator with

PDZ-binding motif (TAZ) play major roles in tissue homeostasis, organ development, and organ size  by

regulating various processes, such as cell proliferation/survival, the response to mechanical stress and cell

geometry. This pathway involves a kinase cascade and adaptors that ultimately regulate YAP/TAZ activities. The

name comes from the Drosophila kinase Hippo, the mammalian orthologs of which are the kinases MST1/2. Upon

activation of the Hippo signaling pathway, MST1/2 phosphorylates LATS1/2, thereby activate these kinases that in

turn phosphorylate YAP and TAZ. Phosphorylated YAP and TAZ are retained in the cytoplasm or degraded by the

ubiquitin system. Conversely, when the Hippo pathway is inactive, YAP and TAZ shuttle to the nucleus where they

bind to TEA domain (TEAD) transcription factors and regulates the transcription of many downstream genes .

Taz knockout mice show abnormal alveolarization, leading to airway enlargement that mimics human emphysema

. Conditional Yap knockout in lung epithelium causes disruption of bronchial morphogenesis . During

alveologenesis, YAP/TAZ inactivation by cell crowding orients NKX2.1 activity towards AT2 cells, a mechanism

thought to be a negative feedback to limit AT1 cell expansion . In bronchia, YAP is activated in distal airways,

and its induction prevents multi-ciliated cell differentiation . These observations suggest a general role of

YAP/TAZ in favoring the stem cell compartment at the expenses of terminal differentiation. In line, YAP

overexpression in adult tracheal cells results in basal cell hyperplasia and stratification . Interestingly, injury in

airway epithelial cells leads to downregulation of hippo signaling that increases the concentration of nuclear YAP

, and induces FGF10 secretion by the adjacent mesenchymal cells . Moreover, in the absence of Yap,

epithelial progenitors cannot respond to local TGF-β signaling . Overall, the Hippo pathway plays a critical role in
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lung development and response to injury directly in epithelial cells or indirectly through epithelium/mesenchyme

signaling.

Other factors also are involved in lung development, such as components of the vascular endothelial growth factor

(VEGF) and WNT signaling pathways. Their expression is highly regulated in space and time, allowing optimal lung

development, at least partly through epithelium-mesenchyme interactions. Single-cell transcriptomic analyses will

help to identify all the factors involved in lung development.

3. Extracellular Matrix Compounds

The ECM exerts functions of support, structure and stabilization that are essential for organ development and

homeostasis. By directly binding to growth factors, it can also modulate the activity of secreted factors . At the

end of the human pseudo-glandular stage, proteoglycans, such as decorin and lumican, are located between the

epithelium and the mesenchyme compartments, along with collagen type I, III and VI . In ex-vivo cultures of

mouse embryonic lungs, decorin binds to and neutralizes exogenous TGF-β with high affinity, thus inhibiting TGF-β

signaling . Furthermore, heparan sulfates present in the EMC can stabilize the interaction between growth

factors and receptors. For example, Izvolsky et al.  showed that endogenous gradients of heparan sulfates,

especially highly sulfated heparan sulfates, help lung budding induced by FGF10.
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