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ABSTRACT
Lung development follows a stereotypic program orchestrated by key interactions among epithelial andmesenchymal tissues. Deviations from
this developmental program can lead to pulmonary diseases including bronchopulmonary dysplasia and pulmonary hypertension. Significant
efforts have been made to examine the cellular and molecular basis of the tissue interactions underlying these stereotypic developmental
processes. Genetically engineered mouse models, lung organ culture, and advanced imaging techniques are a few of the tools that have
expanded our understanding of the tissue interactions that drive lung development. Intimate crosstalk has been identified between the
epithelium and mesenchyme, distinct mesenchymal tissues, and individual epithelial cells types. For interactions such as the epithelial–
mesenchymal crosstalk regulating lung specification and branchingmorphogenesis, the keymolecular players, FGF, BMP,WNT, and SHH, are
well established. Additionally, VEGF regulation underlies the epithelial–endothelial crosstalk that coordinates airway branching with
angiogenesis. Recent work also discovered a novel role for SHH in the epithelial-to-mesenchymal (EMT) transition of the mesothelium. In
contrast, the molecular basis for the crosstalk between upper airway cartilage and smooth muscle is not yet known. In this review we examine
current evidence of the tissue interactions and molecular crosstalk that underlie the stereotypic patterning of the developing lung and mediate
injury repair. J. Cell. Biochem. 115: 1469–1477, 2014. © 2014 Wiley Periodicals, Inc.
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The lung is a complex organ comprised of cells derived from all
three germ layers. Beginning in the earliest stage of lung

specification and extending through adult lung injury response,
these diverse cell types coordinate their spatial and temporal
development. Multiple past studies demonstrated that lung epithelial
branching and airway patterning follow a highly stereotypical
program [Weaver et al., 1999; Mucenski et al., 2003; Shu et al., 2005;
Chen et al., 2007; Metzger et al., 2008]. A continuous crosstalk
between the distal epithelium and mesenchyme establishes this
pattern [Bellusci et al., 1997; Park et al., 1998; Weaver et al., 2000].
Concomitant with these epithelial morphogenesis events, mesen-
chymal progenitors that will give rise to the support tissues of the
lung, are being specified and allocated to the proper compartments
through epithelial–mesenchymal and intra-mesenchymal tissue
crosstalk. These support tissues include the upper airway cartilage,
smooth muscle (SM), pulmonary vasculature, lymphatic vessels, and
neurons. Following branching morphogenesis, the proximal and
distal epithelial cells differentiate into specialized cell types; a
process regulated by intra-epithelial signals and mesenchymal to
epithelial crosstalk. Numerous congenital and acquired diseases
originate from tissue imbalances that can arise during lung

development. Therefore, further investigation into the developmen-
tal mechanisms that regulate pulmonary tissue patterning may lead
to novel therapies for these conditions. This review highlights the
importance of tissue crosstalk in the proper formation of the
conducting airways. For additional information on topics not
addressed here including alveologenesis, airway stem cells and
transcriptional control of lung development, please see additional
reviews [Maeda et al., 2007; Morrisey and Hogan, 2010; Rock and
Hogan, 2011;Wansleeben et al., 2013; Herriges andMorrisey, 2014].

EARLY EPITHELIAL–MESENCHYMAL CROSSTALK
DRIVES LUNG SPECIFICATION, BUDDING, AND
BRANCHING

The initial pulmonary cell fate is induced in the endoderm-derived
foregut epithelium by the surrounding mesoderm-derived mesen-
chyme. Ventral mesenchyme expressed signaling molecules FGF,
BMP, and WNT, play key roles in specifying the pulmonary domain
in the ventral foregut endoderm in part through transcriptional
activation of Nkx2-1 [Serls et al., 2005; Que et al., 2007; Goss
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et al., 2009; Harris-Johnson et al., 2009; Domyan et al., 2011].
Nkx2-1 is the earliest marker of the pulmonary lineage and its
expression is induced at approximately embryonic day 9.0 (E9.0).
Genetic loss of Nkx2-1 results in tracheo-esophageal fistula and
severe lung branching defects, although interestingly, the lung
primordium is correctly specified [Lazzaro et al., 1991; Kimura
et al., 1996, 1999Minoo et al., 1999;Yuan et al., 2000]. Exvivo culture
studies have demonstrated that high levels of FGF can induceNkx2-1
expression in endoderm explants, whereas lower FGF concentrations
result in expression of albumin (Alb), a liver specific gene [Serls
et al., 2005]. Fgf1, Fgf2, and Fgf10 are expressed in the ventral
mesoderm adjacent to the foregut epithelium during the time of
pulmonary cell fate specification [Serls et al., 2005; Que et al., 2007].
Thesefindings suggest FGF signals are important for the proper spatial
specification of pulmonary fate along the anterior–posterior axis.

In contrast to FGF, BMP signals have been shown to be essential
for pulmonary fate specification along the dorsal–ventral axis [Que
et al., 2006; Domyan et al., 2011]. A crucial gradient of BMP
signaling develops across the embryonic foregut through the
expression of the BMP antagonist Noggin in the dorsal mesenchyme
andBmp4 in the ventralmesenchyme [Weaver et al., 1999; Que et al.,
2006]. Inactivation of Noggin causes a partially penetrant tracheo-
esophageal fistula where the trachea is specified correctly, but the
esophagus fails to separate [Que et al., 2006]. This defect can be
rescued through the genetic loss of one copy of Bmp4, indicating
that low levels of BMP signaling are necessary for esophageal fate to
be specified in the dorsal foregut. Inactivation of BMP receptors,
Bmpr1a and Bmpr1b (Bmpr1a/b), results in loss of Nkx2-1
expression, expansion in the esophageal Sox2 expression domain,
and subsequent tracheo-esophageal fistula [Domyan et al., 2011].
Interestingly, genetic inactivation of Sox2 in Bmpr1a/b mutants
restores Nkx2-1 expression in the ventral foregut, suggesting that
BMP signaling indirectly promotes Nkx2-1 expression through its
repression of Sox2 [Domyan et al., 2011]. Therefore, proper
mesenchymal BMP levels across the dorsal–ventral axis of the
embryo are essential for proper induction of pulmonary fate in the
foregut epithelium.

In addition to BMP and FGF, canonical WNTs comprise a third
group of signaling molecules necessary for lung specification.Wnt2
and Wnt2b, are expressed in the ventral mesenchyme surrounding
the foregut and genetic inactivation ofWnt2/2b leads to an absence
of foregut Nkx2-1 expression and complete lung agenesis [Goss
et al., 2009]. Similarly, conditional inactivation of b-catenin in the
ventral foregut results in loss of Nkx2-1 expression and lung
agenesis [Goss et al., 2009; Harris-Johnson et al., 2009]. Together
these results indicate that WNT2/2B have additional mediators
beyond Nkx2-1, since the WNT/b-catenin mutants exhibit lung
agenesis, whereas lung specification still occurs in Nkx2-1 null
embryos.

Following pulmonary fate specification, mesenchymally ex-
pressed FGF10 signals to the epithelium through FGFR2 isoform B to
initiate and promote lung bud outgrowth [Bellusci et al., 1997; Abler
et al., 2009]. FGF10 is necessary for bud outgrowth since Fgf10 null
embryos exhibit normal tracheal specification, however the lung
buds fail to emerge [Min et al., 1998; Sekine et al., 1999; Ohuchi
et al., 2000]. Additionally, ex vivo lung culture studies have

demonstrated that FGF10 is sufficient to produce bud outgrowth
[Weaver et al., 2000]. FGF signaling activates epithelial expression of
Spry2, a gene encoding an intracellular negative regulator of
receptor tyrosine kinase signaling [Minowada et al., 1999; Mailleux
et al., 2001; Tefft et al., 2002; Tang et al., 2011]. In culture, a
reduction in Spry2 expression results in greater epithelial branching,
whereas an increase in Spry2 expression inhibits epithelial
branching and proliferation [Tefft et al., 1999; Mailleux et al.,
2001]. Therefore, the FGF-induced increase in SPRY2 at prior bud
tips prevents further outgrowth of the same cells by reducing
epithelial competence to respond to FGF signals [Mailleux
et al., 2001].

In addition to its role promoting bud outgrowth, FGF10 signaling
to the epithelium upregulates expression of genes that will in turn
negatively regulate bud outgrowth and Fgf10 expression. FGF10
induces expression of Bmp4 at the epithelial bud tips [Weaver
et al., 2000]. In culture, exogenous BMP4 inhibits epithelial lung bud
growth toward an FGF10 soaked bead, indicating that BMP4 acts
downstream of FGF10 to negatively regulate budding [Weaver
et al., 2000]. This mechanism allows for branching after budding,
since the cells that previously experienced high FGF10 are inhibited
from growing, whereas the epithelium flanking this BMP4 high site
is able to receive FGF10 and bud out, creating a bifurcation and
subsequent branches. SHH is also expressed by the epithelial bud tips
and numerous in vitro and in vivo studies have demonstrated that
SHH negatively regulates mesenchymal FGF10 expression [Pepicelli
et al., 1998; Lebeche et al., 1999; Chuang et al., 2003]. The continual
crosstalk between the epithelium andmesenchyme in the developing
lung results in the formation of a highly branched stereotypic
structure, with initial buds emerging at E10.0 and completion of the
branching program in late gestation [Metzger et al., 2008].

ENDOTHELIAL–EPITHELIAL CROSSTALK
ESTABLISHES THE PROPER BRANCHING
PATTERN OF THE EPITHELIUM AND VASCULATURE

Concurrent with the epithelial branching program, the pulmonary
vasculature is established within the lung mesenchyme. Various
studies employing distinct methodologies have suggested that both
angiogenesis and vasculogenesis play a role in forming the primitive
vascular plexus; however, the extent that each contributes remains
contested. Pulmonary angiogenesis initiates when new vessels
sprout from the aortic sac (subsequently the pulmonary artery).
Located anterior to the developing lung, this sprouting begins at
E10.0 and parallels the outgrowth of the buds [Schachtner
et al., 2000]. Vasculogenesis occurs in the distal mesenchyme as a
result of angioblast differentiation. Angioblast-like structures are
located in themesenchyme surrounding the developing foregut prior
to lung bud outgrowth and past studies have differentiated lung
mesenchyme-derived cell lines into endothelium [deMello et al.,
1997; Akeson et al., 2000]. Lineage labeling studies at E10.5 using
Kdr (also known as Flk1 and Vegfr2) promoter driven LacZ (Kdr-
LacZ) expression identified thin, lumen-less vessels in the distal
mesenchyme that form via vasculogenesis as well as the proximal
lumen-containing pulmonary artery that originate via angiogenesis
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[Schachtner et al., 2000]. Both types of vessels appear to be
continuous with each other at E10.5, however the distal vessels do
not develop a definitive lumen until after E11.5. Circulating
hematopoietic cells are not present in the distal vascular plexus
until E12.5. More recent lineage studies using Tek-LacZ (also know
as Tie2-LacZ) suggest that distal vessels are always continuous with
the proximal vessels, implying that the pulmonary vasculature forms
through angiogenesis of a vascular plexus which surrounds the
foregut prior to bud outgrowth [Parera et al., 2005]. For more
information regarding the formation of the early pulmonary
vasculature, please see additional recent reviews [Park et al.,
2013; Peng and Morrisey, 2013].

The nascent pulmonary vascular network maintains a close
spatial juxtaposition with the lung epithelium as they both undergo
elaborate morphogenesis. These temporal and morphological
parallels suggest an intimate crosstalk occurs between these
structures during development. A variety of studies have provided
evidence to support this notion. Ex vivo experiments demonstrated
that E13.0 mesenchyme recombined with E13.0 epithelium develops
a proper vascular plexus, whereas the mesenchyme cultured alone
contains few disorganized endothelial cells [Gebb and
Shannon, 2000]. This result suggests that the epithelium provides
cues to promote angiogenesis of existing vessels. Recently this
epithelial requirement was demonstrated in vivo using a lung
agenesis model of a conditional b-catenin knockout [Peng
et al., 2013]. In these mutant embryos, the pulmonary vasculature
fails to progress from a primitive plexus to a branched network in the
absence of lung buds, indicating the essential role of the lung
epithelium in promoting vascular growth and branching.

Vascular endothelial growth factor (VEGF) has been identified as
the key signal responsible for epithelial to endothelial communica-
tion and it is sufficient to promote angiogenesis in ex vivo lung
culture [Healy et al., 2000]. From E12.5 until E14.5, Vegfa is
expressed by both the epithelium and mesenchyme, however, after
E14.5 its expression becomes restricted to the epithelium [Gerber
et al., 1999; Gebb and Shannon, 2000; Ng et al., 2001]. Epithelial
expression of FGF9 and SHH has been shown to promote the
mesenchymal expression of Vegfa [White et al., 2007]. FGF9 and
SHH are therefore necessary to establish the proper vascular density
in the developing lung. An additional link between epithelial
branching and angiogenesis was made when it was shown
that mesenchymal FGF10, acting through SPRY2, activates
mTOR1 and consequently HIF-a, upregulating VEGF expression at
distal epithelial tips [Scott et al., 2010]. In addition to VEGF,
angiopoietin-1(ANG-1) is another angiogenic cytokine produced
by the airway epithelium that binds TEK receptors on endothelial
cells to regulate their growth [Grzenda et al., 2013]. ANG-1 along
with FGF2, can increase endothelial branching in Shh deficient
lungs, which exhibit significantly reduced epithelial branch number,
providing further evidence that epithelial signals coordinate
endothelial growth and branching [van Tuyl et al., 2007].

Recent studies have also identified an epithelial dependence on
the vasculature for proper airway branching. Treatment of cultured
lungs with antisense oligonucleotides against HIF-a or VEGF,
inhibits angiogenesis and subsequently stalls epithelial branching
[van Tuyl et al., 2005]. Additionally, exogenous VEGF increases

epithelial branching and FLK-1 positive cells when added in culture,
whereas treatment with antisense oligonucleotides for FLK-1
decreases epithelial Bmp4 expression and branching [Del Moral
et al., 2006]. In vivo overexpression of a decoy VEGF receptor
(sVEGFR1) suppresses VEGF signaling, reduces the vascular plexus,
and decreases epithelial branching [Lazarus et al., 2011]. Interest-
ingly, switching off sVEGFR1 expression at E12.5 can restore
epithelial branching and vascular development. Secreted endotheli-
um-derived signals mediate this effect on epithelial branching
because endothelial cell-conditioned media can partially rescue the
epithelial branching defects in sVEGFR1-cultured lungs. sVEGFR1
lungs exhibit an upregulation of FGF10 in the mesenchyme at E12.5,
which is preceded and accompanied by an increase in epithelial
Spry2 expression. As Spry genes are negative regulators of FGF
signaling, this result suggests that endothelium-derived signals
make the epithelium less competent to receive FGF signaling,
thereby regulating branching [Lazarus et al., 2011]. An additional
example of epithelial dependence on the vasculature for proper
development is observed at a later stage of lung maturation in
platelet endothelial cell adhesion molecule 1 (Pecam1)-deficient
mice. Pecam1 null mice exhibit a primary endothelial cell migration
defect and a subsequent decrease in alveolarization [DeLisser
et al., 2006]. These results demonstrate that the growth and
patterning of the epithelium and endothelium are coordinated
through a crosstalk of molecular signals.

INTRA-MESENCHYMAL CROSSTALK ESTABLISHES
EXTRAPULMONARY AIRWAY STRUCTURES

The trachea and main bronchi are surrounded by a variety of
mesenchymal structures including the cartilage, smooth muscle
(SM), vasculature, lymphatic vessels, and neurons. These mesenchy-
mal tissues of the extrapulmonary airways are specified and spatial
patterned during the same time that the intrapulmonary airways
undergo branching morphogenesis. Cartilage and airway SM
develop in spatial and temporal juxtaposition to establish upper
airways that possess a balance of rigidity and elasticity [Hines
et al., 2013]. The tracheal vasculature and lymphatics develop in a
stereotypical spatial arrangement with regard to the cartilage rings
[Ni et al., 2010]. The cell bodies of neural crest-derived intrinsic
neurons line up along the midline of the SM domain [Langsdorf
et al., 2011]. Emerging evidence suggests that crosstalk between
extrapulmonary mesenchymal tissues exists and that it is important
for their establishment and patterning.

The lung mesenchyme originates from cardiac mesoderm
surrounding the anterior foregut. A recent study demonstrated
that WNT2þ/GLI1þ/ISL1þ cardiac-pulmonary progenitor cells
(CPPs) contribute to airway SM, vascular SM, and proximal
endothelium of the lung [Peng et al., 2013]. While the cartilage
progenitors were not specifically addressed in this study, it is likely
that they originate from the broader ISL1þ cell population
surrounding the anterior foregut. A subset of these mesenchymal
cells surrounding the developing trachea and bronchi begin to
express Sox9, a transcription factor required for cartilage develop-
ment. Shortly after lung budding at E10.5, these cartilage precursors
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become localized to the ventral trachea and lateral main bronchi. By
E11.5, these cartilage precursors differentiate into cartilage cells and
express differentiated marker Col2a [Hines et al., 2013]. In parallel,
by E10.5, airway SM differentiates from a SRFþ/MYOCARDINþ
precursor population. The earliest cells to express differentiated SM
marker ACTA2 (also termed smooth muscle actin) are found at the
carina (intersection of the trachea and main bronchi) [Hines
et al., 2013]. SM differentiation then proceeds anteriorly up the
dorsal side of the trachea and posteriorly along the medial main
bronchi, developing in juxtaposition with the ventral/lateral
cartilage cells. Beginning around E13.0, the sheet of COL2Aþ
cartilage cells morphs into segmented C-shaped rings by a
mechanism that is currently unknown. In mice, airway cartilage is
only present in the non-branching regions of the lung and distal to
the main bronchi, SM surrounds the airway circumference. In
humans, cartilage extends into the branching regions of the lung and
the C-shaped rings transition to flattened plates in the more distal
airways. These plates rest atop a layer of airway SM that encircles the
intrapulmonary airways [Fraser, 1999].

Recent work by our laboratory demonstrated that spatial and
temporal juxtaposition of cartilage and SM is necessary for the
proper development of these tissues [Hines et al., 2013]. Utilizing
conditional mutants for upstream transcription factors for cartilage
(Sox9) and SM (Srf) specification, we genetically prevented each
tissue’s formation during development and assessed its effect on the
remaining tissue type. Airway SM loss increases the cartilage cell
number in both the trachea and the bronchi. We observed similar
compensatory changes in our cartilage mutants; SM cells are
increased in both the trachea and main bronchi. Interestingly, in
both mutants, the cell number increase corresponds with an increase
in airway coverage in the bronchi, but not in the trachea. These
experiments presented the first evidence for cartilage and SM
crosstalk in upper airway development. The molecular nature of
the communication remains unknown, however future studies
comparing gene expression profiles of developing cartilage and SM
may identify the possible pathways.

In the trachea, the vascular and lymphatic systems develop in a
stereotypic pattern through a process of growth and remodeling [Ni
et al., 2010]. By E16.5, a primitive vascular plexus has formed in the
trachea, with arterioles, venules, and lymphatic vessels preferential-
ly located in the inter-cartilage space, and the capillaries extended
over the cartilage rings. Beginning around P1, the capillaries regress
from the cartilage region, creating a striated vascular pattern in the
trachea. This pattern is transient; at around P4, the capillaries regrow
over the cartilage rings and form the mature vascular network that
persists through adulthood. This vascular regrowth process is
dependent on VEGF signaling because treatment with a VEGFR2
antagonist prevents capillary regrowth [Ni et al., 2010]. It is possible
that the cartilage rings are responsible for this capillary regression
and regrowth since cartilage has been shown to express HIF-a and
VEGF during limb growth plate development [Schipani et al., 2001],
however, this crosstalk mechanism has not been elucidated in the
trachea. Conversely, it is also possible that alterations in epithelial
expression of angiogenic factors are responsible for this remodeling.
Recent evidence has demonstrated that lymphatic vessels respond to
inflammatory cues, suggesting a potential role for vessel remodeling

in disease remediation. For example, overexpression of cytokine IL-
1B induces abnormal lymphatic vessels sprouting over the cartilage
rings in a similar pattern to the vascular capillaries, an abnormality
since lymphatic vessels are normally limited to the inter-cartilage
regions [Baluk et al., 2013]. The exact mechanism that patterns the
vascular and lymphatic systems with regard to tracheal cartilage
remains to be elucidated.

Two types of neurons innervate the developing lung, extrinsic,
and intrinsic neurons [reviewed in Aven and Ai, 2013]. Extrinsic
neurons’ cell bodies are located in ganglia outside of the lung
whereas neural crest-derived intrinsic neurons’ cell bodies are
situated in the lung [Langsdorf et al., 2011]. A recent study found
that the cell bodies of intrinsic neurons become localized to the
dorsal trachea, adjacent to the airway SM, beginning by E13.5 and
persisting to adulthood. These neurons innervate the trachealis
muscle and are likely involved in its contraction. Additionally
intrinsic neurons extend to the ventral inter-cartilage regions. The
GDNF family member Nrtn is expressed diffusely around the trachea
including the SM region, andNRTN receptors GFRa1/2 are expressed
by neurons and airway SM. In culture, NRTN can promote intrinsic
neurogenesis [Langsdorf et al., 2011]. These findings support the
existence of a crosstalk mechanism between the airway SM and
intrinsic neurons to establish the proper upper airway innervation.

EPITHELIAL–MESENCHYMAL CROSSTALK REGU-
LATES CELL DIFFERENTIATION AND AIRWAY
PATTERNING

Early tissue recombination studies demonstrated that the mesen-
chyme is responsible for specifying the proximal versus distal cell
fate in the adjacent epithelium [Shannon et al., 1998]. Recombina-
tion culture of tracheal epitheliumwith distal lungmesenchyme, and
distal lung epitheliumwith tracheal mesenchyme, demonstrated that
the mesenchyme is instructive and imposes its regional identity on
the epithelium. This didactic role of the mesenchyme becomes
prominent in the injured adult lung. Following SO2 airway injury,
epithelial cells in the sub-mucosal glands located in the inter-
cartilage regions of the upper trachea and near the edge of cartilage
rings in the lower trachea, proliferate to repopulate the denuded
airway. When labeled with BrdU, these cells retain the marker
months after, suggesting that tracheal cartilage may serve as a niche
for progenitor cells [Borthwick et al., 2001]. Interestingly, these
inter-cartilage regions also contain a high density of endothelial
vasculature and lymphatic vessels, raising the possibility that these
mesenchymal structures may also provide a niche environment.

Recent genetic studies have identified a novel role for tracheal
cartilage in epithelial cell differentiation during embryonic
development [Hines et al., 2013; Turcatel et al., 2013]. At prenatal
stages within the wild type trachea, basal cells are present at greater
density in the ventral epithelium adjacent to the cartilage domain
compared with the dorsal epithelium adjacent to the SM. In mutants
devoid of tracheal cartilage, overall basal cell density is decreased to
a density comparable to the wild type dorsal (SM) side of the trachea.
Interestingly, a precocious differentiation of club cells (formerly
Clara cells) accompanies this decrease in basal cells. These in vivo
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data demonstrate that mesenchymal structures can impact the
development of the airway epithelium and they suggest a
mesenchyme to epithelial communication may be at work.

Recent results suggest that FGF10 is a strong candidate for the
mesenchyme to epithelium signal that regulates basal cell density. At
E14.5 when basal cells are beginning to differentiate, Fgf10 is
expressed in the inter-cartilagemesenchymal cells [Sala et al., 2011].
Additionally, while cartilage is still present in the Fgf10 mutant
tracheas, they do contain significantly fewer basal cells than control
tracheas, suggesting FGF10 is required for establishing or main-
taining proper basal cell density [Volckaert et al., 2013].

SM surrounding the intra-pulmonary airways is innervated and
thus the neuronal axons must continue to grow and establish new
connections as the epithelium branches and the SM expands to
surround the lengthening airways. The intra-pulmonary airway SM
cells are innervated by extrinsic neurons, since these neuronal
projections persist in Ret mutants that lack intrinsic neurons
[Langsdorf et al., 2011]. The growth of these extrinsic neurons is
regulated by brain derived neurotrophic factor (BDNF), since Bdnf
mutant lungs lack neuronal projections to the airway SM
[Radzikinas et al., 2011]. Bdnf is expressed in the mesenchyme
surrounding the epithelium beginning around E11.5 and continuing
through E15.5, the same temporal and spatial window as airway SM
is being established. BDNF was found to be regulated post-
transcriptionally by miR-206, which is itself transcriptionally
regulated by epithelial-derived SHH [Radzikinas et al., 2011]. These
results demonstrate that an elegant signal relay from epithelium to
airway SM to extrinsic neurons is responsible for proper innervation
of the developing lung.

INTRA-EPITHELIAL COMMUNICATION AMONGST
DIFFERENTIATING CELLS DIRECTS AIRWAY
PATTERNING

Differentiated airway epithelium is composed of a variety of cell
types including club cells, ciliated cells, pulmonary neuro-endocrine
cells (PNECs), and goblet cells. Notch signaling, which acts in a cell–
cell contact dependent manner, plays crucial roles in coordinating
the differentiation and spatial placement of these cells types. The
Notch1-3 receptors along with their ligands, Jagged1 Jagged2, Dll1,
and Dlk1, are expressed in the lung epithelium and mesenchyme
at various levels during development [Post et al., 2000; Taichman
et al., 2002; Kong et al., 2004]. A series of studies utilizing both gain-
of-function and loss-of-function approaches have demonstrated
that an epithelial–epithelial communication is essential for the
proper differentiation and distribution of each cell type [Ito et al.,
2000; Guseh et al., 2009; Tsao et al., 2009, 2011; Morimoto et al.,
2010, 2012; Zhang et al., 2013]. Epithelial loss of Notch signaling
components, Pofut1and Rbpjk, prevents club cell differentiation,
increases ciliated cell and PNEC differentiation prenatally, and
expands goblet cell differentiation postnatally [Tsao et al., 2009,
2011; Morimoto et al., 2010]. Similar results are observed in Jagged1
loss-of-function mutants, and when Notch signaling is inactivated
in culture by pharmacological g-secretase inhibitor [Tsao et al.,
2009; Zhang et al., 2013]. Consistent with these findings, null

mutants for Hes1, the downstream target of Notch signaling, have
more PNECs than controls [Ito et al., 2000]. In contrast to these loss-
of-function results, mutants with gain-of-function Notch signaling
(Sftpc-cre driven expression of the Notch intra-cellular domain
[ICD]) exhibit decreased ciliated cells and increased mucous
producing cells [Guseh et al., 2009]. Transcriptionally, Notch has
been shown to promote club cell marker Scgb1a1 expression and
inhibit postnatal transcription of goblet cell markerMuc5ac through
HES5 [Tsao et al., 2011; Guha et al., 2012], providing a mechanism
by which the above described phenotypes manifest. Three Notch
receptors are expressed in the lung, and until recently the individual
role for each receptor was not understood. A recent study utilizing
conditional inactivation of Notch1 and Notch2 along with a null
allele forNotch3, assorted these roles [Morimoto et al., 2012].Notch2
was found to be expressed by club cells and be the primary regulator
of the club/ciliated cell fate decision in lung development.
Additionally, each Notch receptor contributes to the patterning
and regulation of NEB size and number because the subsequent loss
ofNotch alleles reduces NEB number, increases PNEC number within
each NEB, and increases Cgrp expression stepwise. Notch2 and
Notch3 are expressed in the SSEA1þ variant club cells adjacent to
NEBs and epithelial overexpression of Notch2 ICD promoted
SSEA1þ cell differentiation without producing more SCGB1A1þ
(also known as CC10þ) club cells [Morimoto et al., 2012]. Formation
of Scgb3a2 andUpk3a expressing cell clusters in the lower airways is
dependent on Asc1 expression, NEB formation, and consequentially
Notch [Guha et al., 2012]. In vitro, Notch signaling together with
NKX2-1, promotes transcription of variant club cell genes Scgb3a2,
Upk3a, and Scgb1a1 [Guha et al., 2012]. The cumulative results from
a variety of mutants propounds that Notch signaling is an essential
component of the intra-epithelial crosstalk regulating epithelial cell
differentiation.

EPITHELIUM TO MESOTHELIUM COMMUNICATION
INDUCES EMT

In addition to the epithelium andmesenchyme, a third layer of tissue,
the mesothelium, serves as the external wrapping of the lung lobes.
This cell population undergoes an epithelial-to-mesenchymal
(EMT)-like transition to contribute to various mesenchymal
structures in the lung [Que et al., 2008; Dixit et al., 2013].
Mesothelium-derived cells however, do not comprise a significant
portion of the total lung mesenchyme. For example, at E14.5, only
around 5% of lung mesenchyme is mesothelium-derived [Dixit
et al., 2013]. Expression of Wilm’s tumor-1 (Wt1) marks this
mesothelial cell population during early lung development and
analysis of WT1 expression reveals that the lung mesothelium
differentiates between E9.5 and E10.5 in an anterior to posterior
manner [Que et al., 2008].Wt1 expression peaks at E11.5 and then is
progressively down-regulated until birth, with few WT1þ cells
present in adult lungs [Que et al., 2008; Dixit et al., 2013]. Wt1
expression is also down-regulated in mesothelial cells undergoing
EMT. Lineage tracing of mesothelial cells using an inducibleWt1-cre
demonstrated that these cells move interiorly between E10.5 and
E17.0 where they contribute to airway SM, vascular SM, and alveolar
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fibroblasts [Dixit et al., 2013]. This time period coincides with when
the epithelium expresses Shh and recently HH signalingwas found to
be necessary for mesothelial EMT [Dixit et al., 2013]. HH signaling
antagonist cyclopamine inhibited EMT ofmesothelial cells in ex vivo
culture of Wt1-creERT2; Rosa-tmRed lineage-labeled lungs. Addi-
tionally, conditional inactivation of downstream HH signaling
component Smo prevented mesothelium EMT. Since HH signaling
becomes up-regulated following adult lung bleomycin injury, it
would be interesting to examine if this increase in signaling
corresponds with a reactivation of mesothelial EMT [Liu et al., 2013].
These results provide the first evidence for epithelial SHH as the
regulator of mesothelial EMT.

TISSUE CROSSTALK FOLLOWING AIRWAY DAMAGE

Following injury, developmental programs are often reactivated to
repair tissue damage and return the organ to homeostasis. This
paradigm holds true in the lung and a variety of signaling pathways
including FGF, Notch, and WNT are up-regulated following airway
injury. These signals are the basis for communication and crosstalk
between distinct cell types, either within the epithelium or between
epithelial and mesenchymal cells. Additionally, resident or infiltrat-
ing immune cells can signal to the lung epithelium to disrupt airway
development and repair.

An epithelial–SM crosstalk mechanism was recently demonstrat-
ed to regulate intra-pulmonary airway re-epithelialization after
naphthalene injury [Volckaert et al., 2011]. Wnt7b expression was
re-activated in the remaining epithelial cells 3 days post-injury. This
Wnt7b expression corresponded to an increase in TOPGAL (WNT
signaling readout) expression in the airway SM and variant
(naphthalene-resistant) club cells. A WNT ligand-dependent upre-
gulation of Fgf10 expression was observed in airway SM cells 3 days
post-injury. Overexpression of secreted FGFR2 (sFGFR2) caused a
significant decrease in both FGF10 signaling and in the ability of the
airways to re-epithelialize. Additionally, FGF10 signaling was found
to up-regulate Notch signaling in variant club cells 3 days post-
injury. Interestingly, a recent study demonstrated that Notch1 is
required for proper club cell regeneration post-naphthalene injury
[Xing et al., 2012]. This WNT-FGF10-Notch signaling relay from the
epithelium to the mesenchyme and back to the epithelium illustrates
a tissue crosstalk mechanism important for airway re-epithelializa-
tion post-injury.

Tracheal epithelial repair following SO2 injury requires Notch
signaling for basal cell differentiation and re-epithelialization [Rock
et al., 2011]. Tracheal basal cells express Notch pathway components
Notch1, Jag1, and Dll in homeostasis. However, Notch signaling and
consequentially downstream target gene (Heyl andHey1) expression
becomes up-regulated in the basal cells that remain following SO2

injury. Notch ICD overexpression in basal cells can promote their
differentiation into secretory and goblet cells but not into ciliated
cells. Additionally, inhibition of Notch signaling blocks the
differentiation of basal cells into secretory cells and impedes the
proper re-epithelialization of the damaged airway. Despite this,
Notch is not required for basal cell maintenance in the tracheal
epithelium. This demonstrates that basal cells communicate with

each other via Notch signaling to coordinate repair the airway
following injury.

Bronchopulmonary dysplasia (BPD) is a lifelong lung condition
diagnosed in approximately 60% of infants born before 28 weeks of
age [Stoll et al., 2010]. One of the causes of BPD is believed to be the
exposure of the premature lung to high oxygen concentrations,
which results in lung inflammation and disrupted development. Past
studies have demonstrated that the inflammatory trigger, Escher-
ichia coli lipopolysaccharide (LPS), can inhibit branching in lung
culture studies in the absence of the circulatory system and immune
cells [Prince et al., 2005]. A recent study has provided evidence that
when activated, resident lung macrophages inhibit epithelial
branching morphogenesis [Blackwell et al., 2011]. In E15 lung
explant culture, LPS activates NF-kb signaling and increases
expression of Il-1b and Tnf-a in resident macrophages. Depletion
of lung macrophages both in culture using clodronate and in vivo
usingmacrophage specific Ikkb deletion, provides a protective effect
on airway branching following LPS exposure. Additionally,
macrophage Ikkb overexpression in vivo inhibits saccular airway
branching and decreases epithelial expression of Bmp4 and Wnt7b.
In some lethal BPD cases, Fgf10 expression is decreased [Benjamin
et al., 2007]. When this is modeled in LPS-treated primary fetal
mesenchymal cell culture, NF-kb, IL-1b, and TNF-a can all reduce
Fgf10 expression [Benjamin et al., 2010; Carver et al., 2013]. Ex vivo
lung cultures studies demonstrate that activation of Toll-like
receptors 2 and 4 (TLR2/4) decreases Fgf10 expression and disrupts
sacculation [Benjamin et al., 2007]. Together these results demon-
strate that immune cell signaling in the developing lung can
influence epithelial development and future studies elucidating this
mechanism may reveal new therapeutic targets for the treatment of
BPD.

CONCLUSION

Here we examined the evidence for crosstalk and communication
between tissues and cell types in the lung during development and
injury. In some cases, such as in lung bud specification and
branching, the molecular players in the tissue crosstalk have been
identified. However, in others, such as upper airway cartilage and SM
patterning, the molecular mediators are currently unknown. While
most factors are secreted, including FGF, BMP, WNT, VEGF, GDNF,
and BDNF, other transmembrane molecules such as Notch are also
involved. In the future, it is likely that other modes of tissue crosstalk
will be investigated. One possibility for this new crosstalk
mechanism may be mechanical forces. Work in a tracheal occlusion
model has demonstrated that greater luminal pressure during lung
branching morphogenesis can increase the number of airways
branches and upregulate Fgf10, Spry2, Shh, and Vegf expression
[Unbekandt et al., 2008]. This pressure driven increase in branching
is dependent on FGF10 signaling in the epithelium. Additionally,
mechanical stretch can increase neurotransmitter release in a PNEC
tumor derived cell line [Pan et al., 2006]. Future studies into the role
of mechanical forces in the lung may identify the tissues that are
exerting and receiving forces as well as the effect forces have on cell
behavior and gene expression. Understanding the types of cellular
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crosstalk and tissue communication that occur during normal
development and injury repair will likely inform the design of novel
treatments for acute and chronic lung diseases.
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