Chapter 2
Epithelial-Mesenchymal Crosstalk in Lung
Development

David Warburton

Mesenchyme Crosstalk to Epithelium

Alescio and Cassini [1] showed that ectopic branching of the embryonic mouse
trachea can be induced by transplantation of distal lung mesenchyme to a more
proximal location next to the tracheal epithelium, while conversely proximal
epithelium can suppress distal branching. These classic experiments have been
widely repeated by Shannon [2] and others so that the concept that distal lung
mesenchyme can induce and control stereotypic branching morphogenesis of the
airway epithelium has become well established.

Growth Factors in Epithelial-Mesenchymal Crosstalk

Subsequent work by ourselves and many other groups have further established
that mesenchymal—epithelial induction of branching morphogenesis of the lung
epithelium is mediated by peptide growth factors emanating from the mesen-
chyme and stimulating their cognate receptors upon the epithelium and vice versa.
Among these factors BMP4, EGF, FGF7 and 10, HGF, PDGF, Shh, TGFf, VEGF,
and Wnt-f-catenin signaling have been found to play complex interlocking roles
in this process (reviewed in [3-5]). FGF signaling is likewise a highly conserved
branch induction mechanism, which is also inductive in fruit fly tracheal mor-
phogenesis [6, 7].
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Actually, I tend to think of growth factor-mediated branching morphogenesis as
a default mechanism of airway epithelium. For example, FGF10 is capable of
inducing vigorous but randomly directional branching of isolated embryonic lung
epithelium in the absence of lung mesenchyme [8]. Therefore, stereotypy must be
what is conferred by the lung mesenchyme, suppressing branching where it is not
needed.

There are several theories about how this might work. One is that Turing
morphogenetic gradients must exist within the lung mesenchyme, that chemoattract
epithelial tips up the gradient to extend and branch in the direction of the ascending
morphogenetic gradient [9]. This is in fact quite likely to be the case for the first few
rounds of morphogenetic branching, because pools of FGF10 expression in the right
place and at the right time can be identified by in situ hybridization, and ectopic
branching can be induced by FGF10-soaked beads [10]. Moreover, the rate of
branching can be manipulated by Sprouty genes that function as inducible inhibi-
tors of FGF signaling [7]. However, it is not really known exactly how the
subsequent rounds of stereotypic branching (up to 9 in mouse and 16 in human),
let alone the subsequent rounds of non-stereotypic, the so-called fractal branching
(branches 9-11 in mouse, 16-21 in humans). Although we do know that EGF
signaling must have something important to do with it, since EGF null mutation
cuts the rate of branching in half [11]. Whereas, conversely increased luminal
pressure brought on by tracheal obstruction increases branching via an FGF10-
FGF receptor-dependent mechanism [12].

Epithelial-Mesenchymal Clocks

Another very interesting question is how does the epithelial branch timing clock
work? We do now know from our recent experiments that rhythmic calcium waves
within the epithelium that are driven from proximal bronchial epithelial pace-
makers are important, because reversible inhibition of these waves with SERCA
pump inhibitors can reversibly alter the rate of epithelial branching, thus determin-
ing the inter branch length [13]. Substances such as nicotine can also speed up
branching morphogenesis and indeed overall lung maturation [14]. Certainly, there
are important interspecies differences in the timing of stereotypic branching. In
mouse, the branching clock strikes frequently so that interbranch lengths are short.
Of course, the mature mouse lung is also relatively small. Interbranch lengths in
human embryonic lung are much longer than mouse, which raises the question of
why this might be and how interbranch lengths are matched to eventual respiratory
surface area and body size. I wonder how these scaling rules work in whales and
dinosaurs?
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Mesenchyme is Not Boring But Busy

In the same era as Alescio and Cassini [1], when I was at medical school (1967—
1973), the mesenchyme in general, we were taught, is regarded as rather a boring
jelly-like substance in which not much was happening. Now, of course, we realize
that the mesenchyme, particularly in the developing lung, is in fact a very busy
place, with highly dynamic cell movements as well as comprising several essential
tissues including blood vessels, lymphatics, immune cells, smooth muscle cells, and
nerves. Our recent studies show that the tiny nerve axon projections that stereotyp-
ically accompany the developing airways in fact play an essential role in controlling
branching morphogenesis, but not seemingly via parasympathetic neurotransmis-
sion [15]. It remains to be seen exactly how this system works. Likewise, we have
shown that interfering with hemangioblast development into capillary networks by
blocking VEGF signaling has important regional effects, not only on angio- and
vasculogenesis, but also on epithelial branching morphogenesis in the embryonic
lung. In particular, blockade of VEG signaling with a dominant negative decoy
receptor approach impairs the induction of anterior epithelial branches from the
major bronchi, which normally arise from populations of stem and/or progenitor
cells expressing Sox9, which should arise at intervals along the anterior surface of
the major bronchi [16, 17]. These condensations fail to appear in the presence of
VEGF blockade and the absence of a correctly organized capillary vasculature.

Development of the smooth muscle cells within the mesenchyme of the lung also
has important functional implications for the subsequent development of wheezing
in childhood and indeed asthma. We have shown that some of the peripheral smooth
muscle cells surrounding the bronchi actually arise from erstwhile FGF10
expressing cells, originally located within the peripheral mesenchyme, which
translocate to surround and invest the distal bronchi [8]. Other populations of
smooth muscle cells appear to originate from Sox9-positive mesenchymal pro-
genitors that surround the distal trachea [18].

Pericytes are another class of mesenchymal cell that invest and maintain the
capillary endothelium during embryonic development. We have recently discov-
ered that pericytes arise from a distinct population of mesenchymal stem/progenitor
cells that express Tbx4 and invade the lung from outside. Tbx4 expression also
marks a subpopulation of smooth muscle cells that arrive in the embryonic
lung [19].

Another important part of the lung where epithelial-mesenchymal crosstalk is
key is the trachea. We and others recently reported that lung mesenchymal expres-
sion of Sox9 is essential for correct induction of the tracheal cartilages as well as for
correct tracheal epithelial development [18].
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An equally fundamental concept in epithelial-mesenchymal crosstalk in lung
development is that timing and location are everything. This has been referred to as
temporo-spatial control of inductive gene expression. Key examples of this include:
retinoic acid signaling, in the absence of which no lung forms [20]; FGF10
signaling, in the absence of which no lung forms distal to the major bronchial
origins [21]; and BMP4 signaling, which controls critical events at the time of
transition to air breathing [22]. TGF beta signaling also plays important compart-
ment and temporo-spatial specific roles in the epithelium versus the mesenchyme
that may become manifest at later stages of lung development such as the alveolar
phase [23].

Conclusion

In summary, temporo-spatial epithelial-mesenchymal crosstalk is essential for the
correct stereotypic organization of the bronchial epithelial tree and subsequently,
although not discussed in detail here, the alveoli. Within the mesenchyme, correct
organization and function of the capillaries and nerves is likewise essential to
achieve a fully functional lung (Fig. 2.1). Dysfunction of epithelial-mesenchymal
crosstalk can lead to respiratory defects from absence of the lung through gross
malformation of the lobes, through alveolar capillary dysplasia. Successful treat-
ment of defects caused by defective epithelial-mesenchymal crosstalk has so far
eluded small molecule approaches because of the exigency of repairing this com-
plex signaling network. Surgical approaches such as controlled tracheal obstruction
have achieved some mixed success, resulting in a large but grossly dysfunctional
lung that is incapable of sustained gas exchange. Thus, significant challenges
remain in fully parsing the mechanisms of epithelial-mesenchymal crosstalk in
lung development. However, the effort may eventually pay off if we can re-entrain
these developmental mechanisms to slow or reverse the decline in lung function
that occurs over the advancing years of the full human life span.
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Fig. 2.1 Epithelial-mesenchymal-endothelial-nerve-matrix crosstalk in early mouse lung. This
concept figure diagrams many of the known interactions between these compartments in lung
morphogenesis. In the proximal lung, Sox9-positive mesenchymal progenitors play a key role in
inducing tracheal cartilage, which in turn plays an inductive role on tracheal epithelial progenitors.
In the first generation of airways, FGF10 signaling from the mesenchyme exerts an inductive and
chemoattractive effect on the lung epithelium, which are both required for the subsequent
induction of the distal epithelial progenitors as well as organization of all the distal lung structures.
In the peripheral epithelium, FGF10 is still an important inductive signal for peripheral progenitors
as well as for branching. FGF10 progenitors in the peripheral mesenchyme also act as progenitors
for distal airway smooth muscle under the influence of Shh and BMP4 signaling. Wnt signaling
from distal epithelium induces fibronectin to be laid down in potential distal clefts and this is
essential for cleft formation. The early pulmonary arteries connect with early distal capillaries that
form from hemangioblasts under the control of VEGF secreted by the epithelium. The formation of
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