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Abstract
The complex structure of the lung is developed sequentially, initially by epithelial tube branching
and later by septation of terminal air sacs with accompanying coordinated growth of a variety of
lung epithelial and mesenchymal cells. Groups of transcriptional factors, peptide growth factors
and their intracellular signaling regulators, as well as extracellular matrix proteins are programmed
to be expressed at appropriate levels in the right place at the right time to control normal lung
formation. Studies of lung development and lung repair/fibrosis to date have discovered that many
of the same factors that control normal development are also key players in lung injury repair and
fibrosis. TGF-β family peptide signaling is a prime example. Lack of TGFβ signaling results in
abnormal lung branching morphogenesis and alveolarization during development, while excessive
amounts of TGF-β signaling cause severe hypoplasia in the immature lung and fibrosis in mature
lung. This leads us to propose the “Goldilocks” hypothesis of regulatory signaling in lung
development and injury repair: that everything must be done just right!
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Introduction
The functional mammalian lung has a honeycomb like structure, containing extensively
branched, perfectly matched conduits for air and blood. This configuration maximizes the
gas exchange surface area, supports effective ventilation and gas exchange between air and
blood, and facilitates maximally efficient placement within the chest cavity. In humans, the
gas exchange membrane (about 1 μm thick) consists of alveolar epithelial cells, basement
membrane, and endothelial cells, while the total surface area is about 70m2. This complex
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structure is developed sequentially by early epithelial tube branching and later by septation
of terminal air sacs with accompanying coordinated growth of a variety of lung cells.
Alteration of cell proliferation, differentiation, apoptosis, migration and shape of one or
more cell types will directly and/or indirectly perturb the developmental process, resulting in
abnormal lung structure and hence impairment of gas exchange function. This complexity of
lung structure makes it difficult to restore respiratory units to their original functional state if
severe lung injury and/or inappropriate repair processes occur in the developed lung.
Instead, fibrotic tissues may fill in the damaged spot as a consequence of abnormal wound
healing. Therefore, fundamental knowledge about these basic developmental processes and
the underlying molecular and cell biology is essential to understand the pathobiology of lung
development, repair, and fibrosis, and thus to design novel therapeutic strategies to prevent
and treat the related lung diseases.

Lung Developmental Process
The lung originates from the ventral surface of the primitive foregut at 5 weeks gestation in
human. The “lung anlage” emerges as the laryngo-tracheal groove, located in the ventral
foregut endoderm, which invaginates into the surrounding splanchnic mesenchyme 1;2. The
respiratory tree then develops by branching morphogenesis, in which reiterated outgrowth,
elongation and subdivision of epithelial buds occurs, possibly using proximal-distal domain
branching, planar bifurcation, and orthogonal bifurcation modes, as seen in mouse lung
formation, to generate complicated bronchial trees 3;4. Three lobes on the right side and two
lobes on the left side are formed in human lung with 23 generations of airway branching.
The first sixteen generations of branching are stereotypically reproducible and are completed
by 16 weeks, while the remaining seven generations are random and are completed by about
24 weeks. Alveolarization begins around 38 weeks of pregnancy in human, and is completed
postnatally, continuing up to at least 7 years of age.

Histologically, lung development and maturation has been divided into four stages.

(1) the pseudoglandular stage (5 to 17 weeks of human pregnancy, E9.5-16.6 days in mouse
embryo). This is the earliest lung development stage, in which the embryonic lung
undergoes branching morphogenesis, developing epithelial tubular structures lined with
cuboidal epithelial cells that resemble an exocrine gland. However, this fluid containing
respiratory tree structure is too immature to perform gas exchange.

(2) the canalicular stage (16 to 25 weeks of human pregnancy, E16.6-17.4 days in mouse
embryo). The cranial part of the lung develops relatively faster than the caudal part,
resulting in partial overlap between this stage and the previous stage. During the canalicular
stage, the respiratory tree is further expanded in diameter and length, accompanied by
vascularization and angiogenesis along the airway. A massive increase in the number of
capillaries occurs. The terminal bronchioles are then divided into respiratory bronchioles
and alveolar ducts, and the airway epithelial cells are differentiated into peripheral squamous
cells and proximal cuboidal cells.

(3) The terminal sac stage (24 weeks to late fetal period in human, E17.4 to postnatal day 5
(P5) in mouse). There is substantial thinning of the interstitium during the terminal sac
stage. This results from apoptosis as well as ongoing differentiation of mesenchymal cells
5;6. Additionally, at this stage, the alveolar epithelial cells are more clearly differentiated
into mature squamous Type I alveolar epithelial cells and secretory rounded Type II alveolar
epithelial cells. The capillaries also grow rapidly in the mesenchyme surrounding the alveoli
to form a complex double network. In addition, the lymphatic network in lung tissue
becomes well developed during this stage. Towards the end of this stage, the fetal lung can
support relatively inefficient gas-exchange, but sufficient to maintain the life of prematurely
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born neonates. Although human premature infants can breathe with lungs that have
developed to the end of the terminal sac stage, the immature lung is nevertheless vulnerable
to hyperoxic injury and barotrauma, resulting in the alveolar hypoplasia phenotypes termed
bronchopulmonary dysplasia. Maturation of surfactant synthesis and secretion is a key factor
in determining whether the newborn lung can sustain gas exchange without collapsing.
Another key factor is the rapid switch from chloride ion driven fluid secretion into the
airway to sodium driven uptake of fluid out of the airway. This switch is driven by the
response of the adrenergic system to cord cutting at birth.

(4) The alveolar stage (38 weeks to childhood in human, P5-P30 in mouse). Alveolarization
is the last step of lung development. The majority of the gas exchange surface is formed
during this stage. Alveolarization can be positively and negatively influenced by many
exogenous factors including inspired oxygen concentration, stretch in fetal airway,
dexamethasone and retinoic acid. Formation of new septa within terminal sacs is the key
step for differentiation of the saccules into alveoli. This involves a complex interaction
between myofibroblasts, adjacent airway epithelial cells, and vascular endothelial cells.
Since the myofibroblasts produce elastin matrix within the mesenchyme, controlled
proliferation and differentiation as well as migration of the myofibroblast progenitors cells
within terminal sac walls are therefore important for formation of new alveolar septa.
Myofibroblasts, which are precursors of smooth muscle cells with the morphology of
fibroblasts, migrate to the proper position within nascent alveolar septa, and synthesize and
deposit elastin 7;8. Two additional processes are necessary in septum maturation for
appropriate morphology and function. One is the thinning out of the septal mesenchyme and
the other is the maturation of the capillary bed. Thinning of the mesenchymal tissue involves
apoptosis of “unwanted” cells in the postnatal lung mesenchyme. There is a substantial
reduction in the number of interstitial myofibroblasts resulting from increased apoptosis
during this phase of rapid alveolarization 9;10. The immature lung contains at least two
morphologically distinct fibroblast populations, lipid-filled interstitial fibroblasts (LFIF) and
non-LFIF (NLFIF). Apoptosis during alveolarization occurs preferentially in the LFIF 11.
This thinning of the previously thickened immature interstitium occurs simultaneously with
the ongoing capillary remodeling from duplicated circuits into a single network. Finally the
new septum epithelial differentiates into a functional respiratory membrane that consists of
type I alveolar epithelial cells, basement membrane and capillary endothelial cells. The
respiratory membrane provides a short distance for gas diffusion and thus facilitates optimal
gas exchange. It is estimated that about 50 million alveoli are present in neonatal lung.
However, by age 7 to 8 years, when the alveolarization is substantially complete, the number
of alveolar units in the lung has grown six times to about 300 million alveoli.

Lung cell lineages and their stem/progenitor cells
More than 40 specific types of cells are differentiated during embryonic lung development.

The composition of the lung epithelium changes significantly along the proximal-distal axis.
In proximal airway epithelium, there are two major cell components, pseudostratified
ciliated columnar cells and mucous (goblet) cells. Both of them derive from basal cells that
express keratins K5/K14, but ciliated cells predominate in number. Goblet cells release
mucus granules into the bronchial lumen to prevent drying of the walls, and trap particulate
matter. Mucous cells begin to mature around 13 weeks gestation in humans, when the
mature ciliated columnar cells are already present. The beating of cilia results in a cephalad
movement of the mucus blanket, thereby cleaning and protecting the airway. There are also
three different types of cells in bronchial submucosal glands. Myoepithelial cells surround
the gland, while mucous cells (pale cytoplasm) and serous cells (basophilic cytoplasm)
produce mucins. Cartilage lies outside the submucosa and decreases in amount as the caliber
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of the bronchi decreases. Cartilage is present in the bronchi, but is not present in the
bronchioles.

Pulmonary neuroendocrine cells (PNEC) are identified by calcitonin gene-related peptide
(CGRP) positive staining on the airway surface next to submucosal glands. A cluster of
PNECs in an innervated location is also referred to as neuroendocrine body (NEB), which
may also be one of the epithelial stem cell niches. PNEC produce a variety of peptide
hormones such as serotonin and calcitonin. Certain lung neoplasms (i.e. small cell
carcinoma and carcinoid tumors) in adult lungs may originate from PNECs. Clara cells are
found in the distal bronchiolar airway epithelium that normally lacks mucous cells,
including NEB and bronchoalveolar duct junction (BADJ). Their most important cellular
marker is Clara cell-specific protein (CCSP). Clara cells begin to mature during the 19th
week in humans, and produce a mucus-poor, watery proteinaceous secretion, and assist with
clearance and detoxification, as well as reduction of surface tension in small airways.
Recently, subsets of CCSP+ cells located within the localized anatomic niches of NEB
(CCSP+) and BADJ (CCSP+/SP-C+) have been reported to possess airway epithelial
regenerative capacity 12.

The majority of the alveolar surface is normally covered by type I alveolar epithelial cells
(AECI). These flat cells are believed to be terminally differentiated cells, expressing several
specific molecular markers, such as T1α and aquaporin 5. AECI account for only 40% of the
total airway epithelial cells, even though 95% of the surface area of the alveolar wall is
covered by this cell type. The other 60% of the alveolar epithelial cells are rounded cells that
cover only 3% of the alveolar surface, named type II alveolar epithelial cells (AECII). The
AECII is plump or cubical and has a finely stippled cytoplasm and surface microvilli. They
manufacture and package surfactant phospholipids and proteins into lamellar bodies, and
secrete them onto the alveolar surface to reduce the surface tension in the lung, therefore,
stabilizing and maintaining the alveoli in an open position despite the variation in alveolar
size. AECII are also capable of regenerating and replacing AECI after lung injury. A
commonly used cellular marker of type II cells is surfactant protein C (SP-C).

Developing lung mesenchyme is comprised of fibroblasts, myofibroblasts, smooth muscle
cells (airways and blood vessels), endothelial cells, vascular pericytes, chondrocytes in large
airways, and a variety of extracellular matrixes. Embryonic lateral splanchnic mesoderm is
considered to be the major source for these lung mesenchymal cells. However, about 30% of
the smooth muscle cells within the blood vessel walls as well as some mesenchymal cells
outside the blood vessel walls are derived from mesothelial cells, as shown in mouse lung
13. In addition, alveolar macrophages constitute a small percentage of the cells in alveoli,
but they represent a major cellular sentinel of the host defense mechanism in the alveolar
space. They are part of the mononuclear phagocyte system and are derived primarily from
blood monocytes.

Respiratory stem and progenitor cells have important functions in repairing damaged
trachea, bronchi, bronchioles or alveoli. However, the precise identification of lung stem/
progenitor cells remains uncertain. The large surface area and highly branched and folded
geography of the lung dictates that there must be several kinds of stem or progenitor cells in
the respiratory system. As mentioned above, in the trachea and bronchi, certain basal cells
and mucus-gland duct cells are believed to be stem/progenitor cells. Subsets of Clara cells
and AECII such as BADJ cells are also thought to function as stem/progenitor cells in
bronchioles and alveoli, respectively. Lung mesenchymal stem/progenitor cells are as yet
relatively poorly characterized, although Summer et al, reported that a candidate
mesenchymal progenitor could be isolated from the adult lung using flow cytometry by
taking advantage of stem cells' capacity to efflux vital fluorescent dyes 14. Finally, whether
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bone marrow derived cells contribute directly to the structure of airways or alveoli after lung
injury is still controversial, but it is likely that circulating bone marrow stem cells may
provide significant support directly or stimulate local progenitor cells by paracrine
mechanisms to repair injured lung structure 15. Research on both systemically derived as
well as resident lung stem or progenitor cells may hold keys to understanding lung
morphogenesis, lung regeneration, and pathogenesis of lung diseases. Moreover, in human
idiopathic pulmonary fibrosis (IPF), bone marrow derived fibrocytes that express collagen I
can be found as a high proportion of the buffy coat in peripheral blood and likely contribute
to ongoing fibrosis. High numbers of these cells in the peripheral blood buffy coat are
associated with exacerbation or poor prognosis in IPF 16;17.

Regulatory mechanisms of lung development
Normal lung development is controlled by many genes as well as by physical and chemical
factors, including intraluminal hydraulic pressure, relative hypoxia, and calcium
concentration. Genetic factors include (1) transcription factors that directly modulate gene
expression in the cell nucleus; (2) peptide growth factors and cytokines as well as their
related intracellular signaling components that mediate cell proliferation, differentiation,
migration, and cell-cell interaction; (3) extracellular matrix that provides important
environmental cues for developing lung cells to differentiate. The specifics of all these
integrated regulatory mechanisms are still being explored, but the interaction between
epithelium and mesenchyme compartments has long been known to play a critical role
during airway branching morphogenesis and lung maturation (Fig. 1).

Transcription factors
Transcription factors are a group of nuclear proteins that are directly involved in regulation
of gene expression. Both lung developmental and lung injury repair processes are mediated
by dynamic changes in gene expression through modulating and coordinating transcription
factor activities. Details on transcription factors in regulating lung development have been
reviewed elsewhere 18. Nkx2.1 and some members of the forkhead box family will be
briefly discussed herein. Gli will be discussed under the Sonic Hedgehog (SHH) pathway.

NKX2.1 (or thyroid-specific transcription factor, TTF1), is one of most important genes in
lung development 19;20. Abrogation of Nkx2.1 in mice results in full absence of distal
airway branches, while two main bronchial stems are still formed, suggesting lung
development is arrested at a very early stage 21. In contrast, increased expression of Nkx2.1
causes dose-dependent morphological alterations in postnatal lung. For example, modest
overexpression of Nkx2.1 causes type II alveolar epithelial cell hyperplasia and increased
levels of SP-B. Higher expression level of Nkx2.1 disrupts alveolar septation, causing
emphysema due to alveolar hypoplasia. The highest overexpression of Nkx2.1 in transgenic
mice causes severe pulmonary inflammation, fibrosis, and respiratory failure, associated
with eosinophil infiltration as well as increased expression of eotaxin and IL-6 22. Nkx2.1
expression can be activated by other transcription factors such as FOXA2 and GATA-6
during lung morphogenesis 23;24.

FOX (Forkhead box) proteins are a family of transcription factors sharing a winged helix
DNA binding domain, and play important roles in regulating the expression of genes
involved in cell growth, proliferation, differentiation. Members of FOX proteins have
differential expression patterns in lung during development. For example, FOXA1 and
FOXA2 are co-expressed in developing lung epithelia, while FOXF1 is expressed in lung
mesenchyme 25. Blockade of both FOXA1 and FOXA2 disrupts mouse lung branching
morphogenesis, resulting in hypoplastic lung formation with severe defects in epithelial and
smooth muscle cell differentiation 26. Interestingly, SHH expression in epithelial cells is
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also downregualted in FOXA1/FOXA2 double knockout lung, while SHH from lung
epithelial cells is required for formation of bronchial and vascular smooth muscle.
Therefore, FOXA1/FOXA2 may be important factors in mediating epithelialmesenchymal
cell interaction through regulating several pathways such as SHH. In addition, reduced
FOXF1 expression levels in FOXF1 heterozygous knockout mice result in pulmonary
hemorrhage and peripheral microvascular defects, with downregulation of many genes
including Notch-2 receptor and Notch downstream target hairy enhancer of split-1 (HES-1).
Moreover, reduced FOXF1 in surviving heterozygous FOXF1 knockout mice makes the
lung more susceptible to injury in adulthood 27.

Peptide growth factors that regulate lung development
Experiments in vitro and in vivo indicate that the embryonic lung mesenchymal and
epithelial cells interact through autocrine or paracrine factors. Peptide growth factors and
their signal pathways play important regulatory roles in controlling lung morphogenesis 28.
Many of them, including Wnt, FGF, TGF/BMP, SHH, PDGF, also play important roles in
adult lung injury repair and related lung pathology, such as pulmonary fibrosis. Wnt signals
are transduced through seven-transmembrane-type Wnt receptors encoded by Frizzled (Fzd)
genes to activate canonical β-catenin-TCF pathway, and JNK or Ca2+-releasing non-
canonical pathways. In mice, null mutation of Wnt7b, a ligand for Wnt canonical pathway,
results in markedly hypoplastic lung and perinatal lethality accompanied by reduced cell
replication in both epithelial and mesenchymal cells. Effects on vascular smooth muscle cell
differentiation are controversial 29;30. In contrast, deletion of Wnt5a, a ligand for Wnt non-
canonical pathway, causes overexpansion of distal airways and thickened intersaccular
interstitium, with increased cell proliferation in both epithelial and mesenchymal cells 31. In
addition, blockade of Wnt-canonical signaling by specifically deleting β-catenin in lung
epithelial cells alone disrupts proximal-distal axis of the lung 32, while abrogation of β-
catenin in lung mesenchyme also reduces early lung epithelial branching and mesenchymal
growth 33. Interestingly, constitutive activation of Wnt canonical pathway in embryonic
lung epithelium makes these cells transdifferentiate into intestinal epithelial lineages 34.
Therefore, an appropriate level of Wnt signaling in the right place at the right time is
essential for normal lung organogenesis.

The regulatory functions of fibroblast growth factor (FGF) ligand family members during
respiratory organogenesis are very well conserved from Drosophila to mammals 35;36.
Based on their protein sequence homology, FGFs have been divided into several subgroups.
Similarly, their cognate transmembrane protein tyrosine kinase receptors are classified into
several different types, contributing to the specificity of FGF ligand binding 37. Heparin or
heparan sulfate proteoglycan, an extracellular matrix protein, has been reported to be
essential for FGF ligand-receptor binding and activation 38-40. FGF10 is expressed in the
mesenchyme of E11-12 mouse lungs, adjacent to distal epithelial tubules. These sites of
expression change dynamically in a pattern that is compatible with the concept that FGF10
appears in the mesenchyme at prospective sites of bud formation 41. Blockade of FGF10
function results in complete absence of distal embryonic lung, despite the formation of
larynx and trachea 42. Therefore, FGF10 is believed to be a major growth factor that induces
lung epithelial branching. FGF10-mediated activity can also be negatively regulated through
several antagonists including Spry2/4. Murine Spry2 is expressed in the distal tip of
embryonic lung epithelial branches, but is down regulated between the sites of new bud
formation. Overexpression of Spry2 or Spry4 can inhibit lung branching morphogenesis
through reducing epithelial cell proliferation 43-45;45. Another FGF family member FGF9
also regulates branching morphogenesis. In E10.5 mouse lung, FGF9 is expressed in the
visceral pleural membrane that lines the outside of the lung bud as well as in the epithelium
of the developing bronchi. At E12.5 and E14.5, FGF9 expression persists in the
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mesothelium of the visceral pleura, but is no longer detected in airway epithelium 46. FGF9
null mice exhibit reduced mesenchyme and decreased branching of the airways, but show
significant distal airspace formation and alveolar epithelial cell differentiation. The
reduction in the amount of mesenchyme in FGF9 knockout lungs limits expression of
mesenchymal FGF10 47, which in turn affects lung epithelial cells.

The transforming growth factor-β (TGF-β) superfamily comprises a large number of
structurally related polypeptide growth factors including TGF-β, bone morphogenetic
protein (BMP), and activin subfamilies. TGF-β ligands bind to their cognate receptors on the
cell surface, and activate downstream Smad proteins, which translocate into the nucleus and
modulate target gene expression 48;49. There are three TGF-β isoforms in mammals, TGF-
β1, 2, 3, which play unique and nonredundant roles during embryonic development. Mice
lacking TGF-β1 develop severe pulmonary inflammation 50, whereas TGF-β2 null mutation
results in embryonic lethality around E14.5 with abnormally developed lung 51. TGF-β3
null mutant mice display cleft palate, retarded lung development, and neonatal lethality
52;53. However, overexpression of TGF-β1 in embryonic lung epithelium also results in
arrest of embryonic lung growth and epithelial cell differentiation, as well as inhibition of
pulmonary vasculogenesis 54;55. Thus, the activity of TGF-β signaling is regulated
precisely at multiple levels. For example, integrin β6, latent TGF-β binding proteins
(LTBPs), and thrombospondin are involved in regulating the release of TGF-β mature
signaling peptide, while betaglycan/endoglin or decorin influence the affinity of TGF-β
receptor binding. Mutation of the above genes results in phenotypes similar to those seen
with altered TGF-β signaling. For example, null mutation of LTBP-3 or LTBP-4 causes
profound defects in elastin fiber structure and lung alveolarization, similar to the phenotypic
changes observed in Smad3 knockout mouse lung 56-58. In addition, TGF-β signaling in
mesenchymal cells versus epithelial cells of developing mouse lung regulates lung
branching morphogenesis and alveolarization in vivo, respectively. Selective blockade of
endogenous TGF-β signaling in embryonic lung mesenchymal cells results in retarded lung
branching after midgestation, while abrogation of epithelial cell-specific TGF-β signaling
causes abnormal postnatal lung alveolarization, but does not appear to have a significant
impact on prenatal lung development 59.

BMPs, with more than 20 family members, have been shown to regulate many
developmental processes including lung development 60. Transgenic overexpression of
BMP4 in the distal endoderm of fetal mouse lung, driven by a 3.7 kb human surfactant
protein C (SP-C) promoter, causes abnormal lung morphogenesis with cystic terminal sacs
61. In contrast, SP-C promoter-driven overexpression of either the BMP antagonist Xnoggin
or Gremlin to block BMP signaling, results in severely reduced numbers of distal epithelial
cell phenotypes and increased proximal cell phenotypes in the lungs of transgenic mice
62;63. Interestingly, blockade of endogenous BMP4 in embryonic mouse lung epithelial
cells using a gene conditional knockout approach results in abnormal lung development with
dilated terminal sacs, similar to those seen in the BMP4 transgenic mouse lung 64,
suggesting that an appropriate level of BMP4 is essential for normal lung development.
Among three cognate BMP type I receptors (Alk2, Alk3, and Alk6), Alk3 expresses
predominantly in distal airway epithelial cells during mouse lung development. Abrogation
of Alk3 in mouse lung epithelium starting from either early organogenesis or late gestation
resulted in similar neonatal respiratory distress phenotypes, accompanied by collapsed lungs
65. Early-induction of Alk3 knockout in lung epithelial cells causes retardation of early lung
branching morphogenesis, and reduced cell proliferation and differentiation, while late
gestation induction of Alk3 knockout also causes significant epithelial apoptosis
accompanied by lack of surfactant secretion 65. Furthermore, canonical Wnt signaling is
perturbed, possibly through reduced WIF-1 expression in Alk3 knockout lungs 65.
Therefore, deficiency of appropriate BMP signaling in lung epithelial cells results in
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prenatal lung malformation, neonatal atelectasis and respiratory failure. In addition, BMP
signaling is also important in lung vasculogenesis and angiogenesis. Mutations of BMP type
II receptor (BMPRII) and changes in the expression level of BMP antagonist Gremlin are
associated with primary pulmonary hypertension 66;67.

Sonic hedgehog (SHH) is a vertebrate homolog of hedgehog (HH), a gene that patterns the
segment, leg, wing, eye and brain in Drosophila. Hh binds to patched (Ptc), a
transmembrane protein, and thus releases the inhibitory effect of Ptc on downstream
smoothened (Smo), which is a G protein-coupled 7-span transmembrane protein. This leads
to the activation of cubitus interruptus (Ci), a 155KD transcription factor that is usually
cleaved to form a 75KD transcription inhibitor in cytosol. Elements of the Drosophila HH
signaling pathway and their general functions in the pathway are highly conserved in
vertebrates, albeit with increased levels of complexity. Gli1, 2, and 3 are the three vertebrate
Ci gene orthologues 68. The SHH signal transduction pathway plays important roles in
mesenchyme-epithelium interaction. Null mutation of SHH produces profound lung
hypoplasia and failure of trachea-esophageal septation, although proximal-distal
differentiation of epithelial airway is still preserved 69;70. Lung specific SHH
overexpression results in severe alveolar hypoplasia and a significant increase in interstitial
tissue caused by increased proliferation of both epithelium and mesenchyme 71. Defective
hedgehog signaling may lead to esophageal atresia and tracheoesophageal fistula 72. HIP1, a
membrane-bound protein, attenuates HH signaling by directly binding all mammalian
Hedgehog (HH) proteins 73. Targeted disruption of HIP1 results in neonatal lethality with
respiratory failure. The initial stereotyped branching from the two primary buds is absent in
HIP1 knockout lungs, although asymmetry in their growth was conserved. Moreover, null
mutation of Gli2 plus Gli3 genes results in total absence of lung. Mice with Gli3 deficiency
only are viable, but lung is smaller and the shape of the lung is also altered 74. In Gli2 null
mutant mice, the right and left lungs are not separated but exist as a single lobe with a
reduced size, and the primary branching in right lung is defective. In addition, both trachea
and esophagus are hypoplastic, though they are separated from each other, and proximal-
distal differentiation is normal 75. Therefore, Gli2 plays an important role in the asymmetric
patterning of the lung.

Platelet-derived growth factor (PDGF) consists of four different peptides. PDGF-A and
PDGF-B can form either homodimers (AA or BB) or heterodimers (AB). Two types of
PDGF receptors, α and β, are present in embryonic mouse lung, and are differentially
regulated in fetal rat lung epithelial cells versus fibroblasts 76. PDGF-A homozygous null
mutant mice are perinatally lethal. The pulmonary phenotypes include lack of lung alveolar
smooth muscle cells (SMC), reduced deposition of elastin fibers in the lung parenchyma,
and hence alveolar hypoplasia due to complete failure of alveogenesis 7;77. Moreover,
PDGF-B and its receptor are crucial for vascular growth and integrity during the alveolar
phase 8.

Extra cellular matrix and lung development
Extracellular matrix (ECM) includes the interstitial matrix and the basement membrane,
which has multiple functions, such as providing support and anchorage for cells, forming a
tissue scaffold, and regulating intercellular communication. Interstitial matrix is composed
of polysaccharides and fibrous proteins filled in the intercellular spaces, while basement
membranes are sheet-like depositions of ECM on which various epithelial cells rest. The
protein components of basement membrane, laminin, entactin/nidogen, type IV collagen,
perlecan, SPARC and fibromodulin, are important in mediating cell-cell and cell-
extracellular matrix (ECM) interaction during fetal lung morphogenesis. These structural
proteins may not only provide the support for tissue architecture, but may also play an active
role in modulation of cell proliferation and differentiation during lung development 78.
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Absence or inhibition of the interaction of epithelial cells with the basement membrane
results in failure of either normal lung development or lung injury repair 79.

Laminin is a group of glycoproteins involved in cell adhesion, migration, proliferation and
differentiation during tissue development and remodeling. Laminin is composed of three
chains, one central (α) and two laterals (β and γ) that are linked by disulfide bonds to form a
cross-shaped molecule 80. To date five α, four β and three γ chain isoforms have been
identified, which suggests that their combination can lead to many variants of laminin 81.
Expression of laminin α1 is restricted to the first trimester, and found mainly in epithelial
cells 82. Laminin α2 and α4 are produced by mesenchymal cells, while laminin α3 and α5
are produced by epithelial cells 83. In lung explant culture, laminin α1 has been shown to be
important for lung branching morphogenesis and bronchial smooth muscle cell formation
84;85. Moreover, studies using laminin α5 mutant mice suggest that laminin α5 is essential
for normal lobar septation in early lung development, and alveolarization and maturation in
late lung development 86;87.

Nidogen (150 kDa) is a constituent of the basement membranes that binds to the γ1 and γ3
chains of laminin, and forms a link between laminin and collagen IV 88-90. Although
blocking the interaction of Nidogen with laminin affects the progression of lung
development in vitro 88;91;92, null mutation of Nidogen does not have significant impact on
lung formation 93

Fibronectin also plays important roles in branching morphogenesis, in which repetitive
epithelial cleft and bud formation create the complex three-dimensional branching structures
in several organs. For example, fibronectin is essential for cleft formation during the
initiation of epithelial branching in salivary gland. Fluorescent immunostaining of
fibronectin during early branching of lung and kidney also shows an accumulation of
fibronectin at sites of epithelial constriction and indentation 94, supporting possible roles for
fibronectin in branching morphogenesis 95. Direct examination of the role of fibronectin, by
treatment of developing lung rudiments with anti-fibronectin antibody or siRNA, inhibited
branching morphogenesis, while fibronectin supplementation promoted branching of lung
94. The EIIIA segment of fibronectin is one of the major alternatively spliced segments and
modulates the cell proliferative potential of fibronectin in vitro. The EIIIA-containing
fibronectin isoform localized to both the epithelium and mesenchyme. Its expression
gradually decreases from the pseudoglandular stage to the saccular stage and then slightly
increases from the saccular stage to the alveolar stage. This change in expression pattern of
EIIIA-containing fibronectin correlates well with the numbers of distal pulmonary PCNA-
positive cells throughout lung development 96.

Lung injury repair and fibrosis
The lung, with its vast surface area and unique gas exchange function, is the frontline of
defense against harmful environmental challenges including physical, chemical, and
biological factors. Therefore, injury to large conducting airways through to terminal air
exchange alveoli is frequent throughout life, and related repair and remodeling processes are
key steps to restore normal lung function.

As described above, a variety of epithelial cells lining the airway and alveolar surfaces act as
the first line of defense in protecting the lung from external deleterious agents. The
protective strategies include mucus secretion, ciliary movement, electrolyte and fluid
transportation across respiratory surface membranes, detoxification, surfactant production,
etc. During lung injury, damaged epithelial cells are shed from the lining surface, which
leaves a denuded epithelial surface with disrupted barrier function. To restore its functions, a
regeneration process starts immediately after the lesion has occurred. In distal lung, resident
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progenitor cells inherited from developing lung cell lineages and/or recruited circulating
stem cells migrate, proliferate, and differentiate to re-epithelialize the surface, and restore
original cell types and functions if the structural scaffold is not severely damaged. Integrity
of underlying ECM may be of primary importance in directing repair of injury, which may
provide niches for appropriate cell expansion and differentiation. Studies in lung injury-
repair have revealed changes in cell behavior and gene expression that are reminiscent of
specific developmental processes in the lung. For example, FGF10, BMP4, TGF-β, PDGF,
and Wnt signaling are all involved in certain lung repair processes. However, lung repair has
its own unique features in addition to these growth factors, such as involvement of
pulmonary inflammation and the secretion of cytokines/chemokines related to the process.
Lung fibrosis may be regarded as an abnormal healing process related to failure of
resolution of lung damage and restoration of normal structure.

After tissue injury, alpha-smooth muscle actin (αSMA)-positive myofibroblasts are derived
from a variety of cell lineages, filling the wound and possibly relieving local mechanical
stress. On the other hand, myofibroblasts and excessive ECM production from these cells
impair organ structure and function. Activated TGF-β, presence of specialized ECM
proteins, and intense extracellular stress are thought to be the driving force for myofibroblast
generation 97. As mentioned above, TGF-β-mediated signaling is required for normal
embryonic lung mesenchymal and postnatal lung epithelial growth. However, excessive
TGF-β signaling in transgenic mouse models also results in hypoplastic lung formation.
Therefore, an appropriate level of TGF-β signaling is essential for lung development.
Conversely, excessive TGFβ signaling in mature lung is associated with aggressive and
progressive fibrosis 98. Moreover, in postnatal lung injury, excessive amounts of activated
TGF-β can be released from ECM, alveolar macrophages and other infiltrating inflammatory
cells, which in turn up-regulates fibronectin and its integrin receptor in alveolar fibroblasts,
stimulating them to differentiate into myofibroblasts. Perivascular and peribronchiolar
adventitial fibroblasts, and circulating fibrocytes are also reported to contribute to the
myofibroblast population during lung injury 16;17;99;100. In addition, lung myofibroblasts
may originate from epithelialmesenchymal transition (EMT) 101, although the relative
contribution of EMT remains unclear. Local and transient TGF-β1 overexpression in the
pleural cavity induces active pleural fibrosis with extension into lung parenchyma, possibly
through a mechanism of mesothelial-fibroblastoid transformation 102. Interestingly, certain
lung mesenchymal cells are also found to be derived from mesothelial cells during lung
development 13. Therefore, the pathogenic mechanism of myofibroblast expansion during
lung fibrosis varies greatly depending on the type of lung injury.

Why is understanding lung development important for unhderstanding the
mechanisms of lung repair/fibrosis?

Studies of lung development and lung repair/fibrosis to date have discovered that many of
the same factors that control normal development are also key players in fibrosis, with TGF-
β family peptide signaling being the prime example. Appropriate amounts of TGF-β
signaling are essential for many aspects of normal lung development as well as correct
immune function in the lung. However, excessive amounts of TGF-β signaling cause severe
hypoplasia in the immature lung, a disease known as bronchopulmonary dysplasia in human
prematures, while in the mature lung severe and progressive fibrosis is the pathological
hallmark. This leads us to propose the “Goldilocks” hypothesis of signaling in lung
development and injury repair: that everything must be done just right! The evolutionary
pressure to achieve Goldilocks homeostasis in the TGF-β pathway alone must be massive,
when one considers the highly redundant, multilayered regulation that controls latent ligand
activation and bioavailability as well as signal amplification. The challenge remains to re-
entrain developmental lung processes to quickly achieve epithelial closure, repair and
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resolution of lung injury, without inducing an excessive damage reaction mediated by excess
TGF-β signaling, which culminates in lung hypoplasia or fibrosis.
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Figure 1.
Lung development is regulated by epithelial-mesenchymal cell interaction. Solid line:
regulatory processes between cells; Dot line: molecular cross talks at multiple levels.
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