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The developmental processes that take place during embryogenesis depend on a great number
of proteins that are important for cell-to-cell communication. Platelet-derived growth factors
are known to be important for epithelial-mesenchymal interactions during development
and organogenesis. However, many details are still lacking regarding organ-specific PDGF
expression patterns and detailed cellular functions. This thesis aims to better describe the
contribution of PDGF-A signaling to lung developmental and injury processes.
To study the cell-specific expression patterns of PDGF-A we generated a reporter mouse that
show LacZ expression in all PDGF-A positive cells. This mouse model was used to characterize
PDGF-A expression in embryonic and adult mouse tissues (paper I).
With the use of three different reporter mice, we described the cell type specific expression
patterns of PDGF-A, PDGF-C and PDGFRα in mouse lungs, from embryonic day 10.5 (E10.5)
when development is initiated, until adulthood (Postnatal day 60) when the lung is fully mature
(paper II).
A lung-specific Pdgfa knockout mouse was generated and the impact of the deletion was
studied during lung development and adulthood. Mice lacking Pdgfa expression in the lung
survived until adulthood but exhibited abnormal alveolar development. This phenotype was
caused by the inability of myofibroblasts to assemble alpha smooth muscle actin ring around
the forming alveoli (paper III).
To investigate if PDGF-A is involved in the injury response mechanisms of the adult lung, we
generated inducible lung-specific Pdgfa knockout mice. In homeostasis, adult Pdgfa deletion did
not result in any apparent phenotype, whereas after hyperoxia-induced lung injury, preliminary
data show that mutant mice exhibit substantially more alveolar damage and immune cell
infiltration (paper IV).
In conclusion, this thesis reports novel insights into the expression and role of PDGF-A and
PDGFRα for the lung, both in development and adulthood.
Keywords: Lung, organogenesis, PDGF, signalling pathway, development
Leonor Gouveia, Department of Immunology, Genetics and Pathology, Rudbecklaboratoriet,
Uppsala University, SE-751 85 Uppsala, Sweden.
© Leonor Gouveia 2018
ISSN 1651-6206
ISBN 978-91-513-0291-1
urn:nbn:se:uu:diva-347032 (http://urn.kb.se/resolve?urn=urn:nbn:se:uu:diva-347032)

To Lurdinhas

“Science, my lad, is made up of mistakes, but they are mistakes which it is useful to
make, because they lead little by little to the truth.”
- Jules Verne, A Journey to the Center of the Earth
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Introduction

The human body contains more than thirty trillion cells (1) forming different
organs and tissues. It is fascinating to think that it all starts with a single cell!
The interest in understanding how that single cell -the fertilized egg- gives rise
to so many different cell types, tissues and organs goes back to Aristotle and
it still intrigues developmental biologists nowadays (2).
To create complex multicellular organisms as animals are, the various cells
of the body must interact in a coordinative fashion. During development, cells
communicate with each other through signaling pathways and many of these
pathways act through paracrine factors. This means that one cell secretes a
protein or factor that binds to a receptor on a target cell. This receptor is
activated and this triggers the activation or inhibition of intracellular
molecules that modulate gene expression and/or induce cellular processes
such as proliferation, migration, apoptosis, adhesion, polarity and
reorganization of the cytoskeleton (3).
The signaling pathways involved in the development of different organs
show some level of redundancy, as the same pathway can be involved in the
development of, for example, the brain, the heart and the intestine, but their
spatial and temporal activation may be quite different. Moreover, in most
cases several signaling pathways are usually involved in a single step of the
development of an organ.
Interestingly, signaling pathways that are involved in development play
also a role during adulthood. These pathways may get re-activated during
repair mechanisms after injury. Additionally, abnormal function of
developmental signaling pathways may also be involved in different diseases.
Therefore, a deeper understanding on the mechanisms of action of these
pathways can get us a step closer to understand certain diseases and develop
therapies to cope with them.
This thesis focuses on the importance of the platelet-derived growth factor
A (PDGF-A) signaling pathway for the lung. An introduction to PDGF
signaling and lung development is provided, followed by a description of lung
injury repair mechanisms and the current knowledge on PDGFs roles in lung
development and disease.
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Platelet-derived growth factors

PDGF ligands
Platelet-derived growth factors (PDGFs) were first identified in the 1970’s as
serum factors that stimulated the proliferation of smooth muscle cells (SMCs),
glial cells and fibroblasts in vitro (4-6). PDGFs were characterized after
purification from platelets (7, 8) and two polypeptide chains were first
identified: PDGF-A and PDGF-B (9, 10). Later on, two more peptide chains
were identified: PDGF-C (11, 12) and PDGF-D (13, 14).
PDGFs are encoded by four different genes (PDGFA, PDGFB, PDGFC
and PDGFD) located in different chromosomes both in humans (7, 22, 4 and
11, respectively) and mice (5, 15, 3 and 9, respectively) (15). Structurally, the
four different peptide chains (PDGF-A, PDGF-B, PDGF-C and PDGF-D)
have a conserved cysteine-containing growth factor core domain. However,
PDGF-A and PDGF-B peptide chains have N-terminal retention motifs, while
PDGF-C and PDGF-D have instead a C-terminal CUB domain (Figure 1) (16).
PDGF-A and PDGF-B amino acid sequences are approximately 60%
identic. Both peptides require intracellular proteolytic cleavage to be activated
(10). PDGF-A occurs in two isoforms, that vary in the presence (PDGF-Along)
or absence (PDGF-Ashort) of the retention motif in the C-terminus (17, 18).
PDGF-Ashort is the most abundant of the two isoforms and can freely diffuse,
while PDGF-Along binds to the extracellular matrix (ECM), exhibiting high
concentration pericellularly (19). PDGF-B retention motif is crucial for
pericyte recruitment and normal vascular development (20, 21).
PDGF-A
PDGF-B

Core domain
Retention motif

PDGF-C

CUB domain

PDGF-D

Propeptide
(putative) signal sequence

Figure 1. PDGF ligands peptide chain structure. All four PDGF peptide chains contain
a conserved core domain (green) and a putative signal sequence (yellow). PDGF-A and
PDGF-B contain a propeptide (blue) that is cleaved intracellularly before secretion and
a retention motif domain in the C-terminus (red). PDGF-C and PDGF-D peptides contain
a CUB domain in the N-terminus (orange). Adapted from (16) with permission.
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PDGF-C and PDGF-D share 50% of amino acid sequence identity and
contrary to the other PDGFs, do not require intracellular processing prior to
secretion (11, 14). They are instead secreted as inactive peptides that need to
be activated by the dissociation between the core and N-terminal CUB
domains (22).
Biologically active PDGF ligands dimerize through a disulfide link of two
chains prior to secretion. So far, five different PDGF dimers have been
identified: four homodimers (PDGF-AA, PDGF-BB, PDGF-CC, PDGF-DD)
and one heterodimer (PDGF-AB) (16, 23, 24).

PDGF receptors
PDGFs act through two receptors: PDGFRα and PDGFRβ. Each of them is
also encoded by genes located on different chromosomes. PDGFRA gene is
found in chromosome 4 and 5 (human and mouse, respectively), whereas
PDGFRB gene resides in chromosome 5 and 18 (human and mouse,
respectively) (15). PDGFRs are class III receptor tyrosine kinases (RTKs),
containing an extracellular binding domain composed by five
immunoglobulin (Ig) loops and an intracellular tyrosine kinase domain (25).
As typical RTKs, PDGFRs are monomers at the cell membrane in the inactive
state and it is the binding of PDGFs that induces receptor dimerization.
Dimerization can result in three different receptors: PDGFRα, PDGFRβ and
PDGFRαβ (23).
A Interactions demonstrated in vitro
PDGF-A PDGF-C PDGF-AB PDGF-B PDGF-D

PDGFR_

PDGFR_`

PDGFR`

B Interactions demonstrated in vivo
PDGF-A PDGF-C PDGF-AB PDGF-B PDGF-D

PDGFR_

PDGFR_`

PDGFR`

Figure 2. Interactions between PDGF receptors and ligands. (A) Interactions that were
shown through cell culture experiments. (B) The only interactions that have been
confirmed with in vivo studies. Adapted from (16) with permission.
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PDGFR-PDGF interactions were first demonstrated in vitro and revealed
differential interactions between ligands and receptors (Figure 2A). PDGF-A
and PDGF-C bind to PDGFRα, while PDGF-B and PDGF-D bind to
PDGFRβ. All four ligands were shown to bind in vitro to PDGFRαβ, but the
interaction with PDGF-C or PDGF-D was weaker than with PDGF-A and
PDGF-B. So far, only several of these interactions have been proven in vivo
(Figure 2B). Loss of function studies confirmed the interactions of PDGFRα
with PDGF-A (26-30) and PDGF-C (31-33) and the interaction of PDGFRβ
with PDGF-B (34, 35) and PDGF-D (36). Interactions between PDGFRαβ
and ligands are more challenging to confirm with in vivo studies since none of
the ligands bind exclusively to the heterodimeric receptor. Moreover, deleting
any of the receptor chains also deletes the homodimer receptors. It has been
recently shown, however, the first evidence for the presence of PDGFRαβ
heterodimers in vivo and their role for craniofacial development (37).
PDGFRs are activated after the ligand-induced dimerization, resulting in
auto-phosphorylation of tyrosine residues (38). Consequently, the intracellular
domain becomes a docking site for downstream signaling molecules that bind
to the receptor’s phosphotyrosines through their Src homology 2 (SH2)
domains (39), such as phosphatidylinositol 3’ kinase (PI3K), phospholipase
C-γ (PLC-γ), src family tyrosine kinases, Grb2/Sos1 and Nck (16).
Some of the downstream signaling pathways that are activated by PDGFR
activation are known to participate in many cellular responses (40-42). For
instance, when PLC-γ binds to PDGFRs it induces cell migration (43) or when
PI3K is activated by PDGFRs it induces actin reorganization, cell proliferation
and motility stimulation (44).
Even though both PDGFRs induce, in general terms, similar downstream
signaling cascades and intracellular responses, they exhibit distinct cellular
expression patterns and functions (45). This was demonstrated by the deletion
of each receptor gene, which resulted in severe but distinct developmental
defects (29, 34, 46, 47).

Expression and developmental roles of PDGFRα,
PDGF-A and PDGF-C
This thesis work is focused on PDGFRα and its ligands, PDGF-A and PDGFC. Their expression patterns and roles in development have been studied by
loss-of-function mutations, achieved by gene targeting in mice (48). It was
through these studies that PDGF-A and PDGF-C were shown to be PDGFRα
main ligands, since mice with a loss of function mutation in both Pdgfa and
Pdgfc genes phenocopies the PDGFRα null mice (29, 31).
PDGF-A is expressed in diverse epithelial, neuronal and muscular cell
types during development (49-51). The global deletion of PDGF-A in mice
(Pdgfa-/-) is lethal, but the time point of lethality varies, depending on the
16

mouse genetic background (52). The few Pdgfa-/- mice that survive postnatally
display an array of developmental defects in several organs (Figure 3):

Pdgfa+/+

Pdgfa-/-

OPC

CNS
Dermis

Skin

Hair follicle

Leydig
cells

Testis

Intestine

Seminiferous
tubules

Villi

Alveoli

Lung
Figure 3. Schematic representation of the different organs (left column) where PDGFA signaling is important for the developmental processes. The development of the
different organs in wild-type mice (Pdgfa+/+) is shown (middle column) and can be
compared with the abnormal development (right column) observed in knockout mice
(Pdgfa-/-). CNS: central nervous system; OPC: oligodendrocyte progenitors.
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• Central nervous system (CNS): oligodendrocytes are responsible
for myelin formation in the CNS. In Pdgfa-/- mice, oligodendrocyte
progenitors migration and proliferation is affected, resulting in
hypomyelination of neuronal extensions in peripheral areas such as
the cerebellum (28, 53).
• Skin: Pdgfa-/- mice exhibit a thin dermis and defective hair follicle
caused by a progressive disruption of the dermal mesenchyme (54).
• Testis: Leydig cells are the testosterone producing cells in the testis.
Pdgfa-/- mice have smaller testicles most likely caused by the lack
of mature Leydig cells (55).
• Intestine: in Pdgfa-/- mice , less intestinal villi are formed and these
exhibit abnormal shape and length (30).
• Lung: alveoli in the lungs of Pdgfa-/- mice are enlarged and lack
secondary septation, due to the deficit of α-smooth muscle actin (αSMA)-positive cells in the distal lung (26, 52).
PDGF-C is also expressed in epithelial, muscular and neuronal cell types (33,
56). PDGF-C deletion in mice (Pdgfc-/-) also resulted in developmental defects
in several organs, but these differed from the defects observed in Pdgfa-/- mice
(Figure 4):
• Palate: Pdgfc-/- mice die shortly after birth (also depending on the
genetic background) due to problems in breathing and feeding,
caused by a cleft on the secondary palate and failure of the palate
bones to close the oronasal cavity (31).
• CNS: in the C57BL/6 genetic background, Pdgfc-/- mice display
abnormal cerebral ventricle development and the brain vasculature
is affected by aberrant smooth muscle cell coverage (57).
• Skin: Pdgfc-/- embryos form sub-epidermal blisters in the cranium
(31).
• Skeleton: Postnatal surviving Pdgfc-/- mice develop spina bifida
oculta, caused by defects in the vertebra and dorsal spinal cord (31,
33).
PDGFRα is expressed very early in embryonic development, in the
trophectoderm of the blastocyst (58). Later it is expressed by several
mesenchymal progenitors in the embryo and mesenchymal cells postnatally
(29, 51, 58-60). PDGFRα loss of function mutation (Pdgfra-/-) leads to early
embryonic lethality and different developmental defects including incomplete
cephalic closure, spina bifida, apoptosis of the neural crest-derived
mesenchyme, sub-epidermal blistering, cardiovascular and skeletal defects
(29, 58-61). The phenotypes observed in Pdgfra-/- mice were more severe than
the ones observed in either Pdgfa-/- or Pdgfc-/- (29, 31), but some are
phenotypically similar to Pdgfc-/- mice, as in both cases the analysis was
performed in the embryo. Since Pdgfra-/- mice die before E16.5 and the
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published phenotypes of Pdgfa-/- mice were described only postnatally, it has
not been possible to evaluate the similarities.

Pdgfc+/+

Pdgfc-/-

Palate

CNS

Skin
Skeleton
Figure 4. Schematic representation of the different organs (left column) where PDGFC signaling has been shown to be important for the developmental processes. The
development of the different organs in wild-type mice (Pdgfc+/+) is shown (middle
column) and can be compared with the abnormal development (right column)
observed in knockout mice (Pdgfc-/-). CNS: central nervous system.
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The lung

The lung is part of the complex respiratory system that is essential for one’s
health and well-being. From the first breath and through one’s entire life, the
lung is the responsible organ for providing oxygen to all tissues and
exchanging it for carbon dioxide. The airways and lungs are exposed to
several risks, including dehydration, pathogens, dust particles and pollutants.
Therefore, the respiratory system had to evolve and develop strategies to
overcome these challenges, including mucus secretion (62), innate immunity
(63) and surfactant to maintain surface tension (64). These and other
properties of the lung are achieved by a great variety of cell types that
communicate with each other.
Structurally, lungs exhibit a branched tubular structure of conducting
airways and blood vessels terminating in specialized and highly vascularized
structures named alveoli, where the blood-gas exchange occur. Lungs are
composed by five lobes in both humans and mice, although they differ in
distribution. Human lungs have two left and three right lobes, while mouse
lungs have one left and four right lobes.
The adult lung contains a high number of specialized cells (Figure 5). They
can be classified as epithelial cells, when they originate from the foregut
endoderm or as mesenchymal cells, when they originate in the splanchnic
mesoderm. Epithelial cells form the conducting airways and are the first
physical barrier against the external environment. Different types of epithelial
cells form the airways and have different functions:
• Basal cells: these cells participate in the inflammatory response of
the lung and have the role of attaching the columnar epithelium to
the basal lamina (65). Basal cells are also progenitor cells of
columnar airway epithelium during development and after injury
(66-69)
• Ciliated cells: these cells are responsible for the mucus clearance in
the lung, through chemical or mechanical stimulation of cilia
motility in the apical region of the cell (62, 70). Impairment of the
ciliary functions has been associated with some lung diseases such
as chronic obstructive pulmonary dysplasia (COPD) and asthma
(71, 72).
• Secretory cells: there are two types of secretory cells in the lung,
goblet and club cells. Goblet cells are responsible for mucus
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production and secretion and club cells synthetize bronchiolar
surfactant. Both cells are involved in the injury repair mechanisms
and can both self-renew and differentiate into other airway
epithelial cell types such as ciliated cells (73-75).
• Neuroendocrine (NE) cells: these cells are often observed as
aggregates in the airways and are sensitive to different stimuli, for
example, hypoxia (73). These are the first cells to differentiate
during lung development and are involved in lung maturation (76,
77) NE cells can secrete substances, such as serotonin and
calcitonin, that can influence the blood flow in the lung, immune
responses and the state of contraction of the airway SMCs (78).
• Alveolar epithelial type I cells (AEC1s): these cells occupy 95% of
the alveolar surface. These squamous flatten cells form part of the
air-blood barrier, are essential for blood-gas exchange and acquire
their morphology during the last stage of lung development (79).
Recently, two distinct populations of AEC1s were identified, one
that is terminally differentiated and other that preserve cellular
plasticity (80). Additionally, it has been shown that AEC1s play a
role in alveolar angiogenesis (79) and can differentiate into alveolar
epithelial type II cells after pneumonectomy (81).
• Alveolar epithelial type II cells (AEC2s): these are cuboidal-shape
cells that together with AEC1s form the alveolar wall. AEC2s are
important for surfactant production and secretion to lower the
surface tension and prevent alveolar collapse. AEC2s can selfrenew and differentiate into AEC1s during homeostasis and after
lung injury (82-84).
There are also different types of mesenchymal cells, which are less
characterized than epithelial cells. Nonetheless, different mesenchymal cell
types and their functions have been identified:
• Airway and vascular smooth muscle cells (SMCs): these cells
surround and give structural integrity to the conducting airways and
blood vessels. Deregulation of airway SMCs functions is involved
in the pathology of asthma, as they can contract and cause the
narrowing of the airways (85).
• Fibroblasts: there are multiple populations of fibroblasts in the lung
whose functions are still unknown, however, two populations have
been well described: lipofibroblasts and myofibroblasts.
Lipofibroblasts contain lipid droplets and are located in close
association with AEC2s (86). They are involved in surfactant
production and contribute to the stem cell niche of AEC2s (82, 87,
88). It has been recently shown that lipofibroblasts retain a certain
cellular plasticity, as they can convert to activated myofibroblasts
21

•

•

during fibrosis (89). Myofibroblasts express α-SMA and are
transiently found in the distal lung during alveogenesis. These are
important for the subdivision of the terminal sacs into alveoli (90,
91). Accumulation of myofibroblasts occurs during lung fibrosis
(92) and myofibroblast population reappear after partial
pneumonectomy (93).
Endothelial cells: these are the cells that line the inner wall of blood
and lymphatic vessels. It has been shown that endothelial cells are
involved in branching of the airways during embryogenesis, as
inhibition of endothelial VEGF signaling in vivo resulted in fewer
airway branches (94).
Pericytes: these cells are associated with endothelial cells and
regulate vascular permeability and stability (21, 95). In bleomycininduced fibrosis studies it was suggested that pericytes contribute
to the myofibroblast populations in fibrotic areas (96, 97).

How the different cell types originate in the lung and which signaling
pathways regulate its development are questions that have been studied for
many years. Such knowledge is important for understanding lung diseases
since several of them are associated with developmental arrest due to
premature birth, genetic mutations or intrauterine infections.
Bronchus

Bronchiolus

Ciliated cell

AEC1

Secretory cell

AEC2

Neuroendocrine cell

Lipofibroblast

Smooth muscle cell
Fibroblast

Myofibroblast

Macrophage

Alveolus

Pericyte
Capillary

Capillary of the different cell types in the adult lung.
Figure 5. Schematic representation
Bronchi and bronchioles epithelium is composed by ciliated, secretory and
neuroendocrine cells, surrounded by smooth muscle cells and fibroblasts. The alveoli
are composed by alveolar epithelial type I cells (AEC1s) that occupy most of the
alveolar surface and alveolar type II cells (AEC2s), responsible for surfactant
production. The alveoli are surrounded by capillaries, fibroblasts, myofibroblasts and
pericytes. Alveolar macrophages are present inside the alveoli, separated from the
alveolar wall.
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Lung development
The development of the human and murine lungs begins during the early
embryonic (E) period (week 4 and E9.5, respectively) and it is only completed
postnatally (postnatal day [P]30 in mice and 5-8 years in humans). Lung
development is divided into five stages: embryonic, pseudoglandular,
canalicular, saccular and alveolar (Figure 6). The events that occur at each
stage have been extensively studied in mice (98, 99).
Pseudoglandular

Saccular

Embryonic

Canalicular

Alveolar

E9.5 E12.5

E16.5 E17.5

P5

P30

Wk 4 Wk 6

Wk 17 Wk 25

Wk 36

5-8 Yrs

Figure 6. Lung developmental stages and timeline for humans and mice. E:
Embryonic; P: Postnatal; Wk: week; Yrs: years.

Embryonic stage (4-6 weeks in human; E9.5-E12.5 in mice)
The development of the lung starts with the ventral expression of the
transcription factor Nkx2.1 in the endoderm derived from the anterior foregut.
The two primordial lung buds appear at this time as the foregut tube divides
into two, creating the esophagus and the trachea. At this initial stage, the lung
buds grow caudally through the invasion of the mesoderm by the endoderm.
This requires the crosstalk between endoderm/mesoderm to coordinate
positioning and migration of cells. Many signaling pathways are important for
the formation of the primordial lung buds, such as Fgf10, Fgfr2b, Wnt2/2b,
Gli2/Gli3, and BMP as their disruption results in the complete absence of
lungs (100-104).
Pseudoglandular stage (Week 6-17, human; E12.5-E16.5, mouse)
After the initial lung buds are formed, they start divide into branches. It is at
this stage that the lungs acquire their tree-like structure by a process named
branching morphogenesis. The branching is a highly regulated stereotypical
process in which lung buds go through a repetitive series of events consisting
of elongation, tip expansion and bifurcation in either planar or orthogonal way
(105). During this stage, the lung endoderm starts to acquire distinct proximal
and distal identities. The proximal endoderm progenitors express Sox2 and
will give rise to neuroendocrine, secretory and ciliated cells, while the distal
endoderm progenitors express Sox9 and Id2 and will give rise to AEC1s and
AEC2s (99, 106-109).
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Canalicular stage (Week 17-25, human; E16.5-E17.5, mouse)
During the canalicular stage, as the same time the branching continues, distal
tubes dilate and form the terminal sacs that will give rise to the alveoli later
on (106). At this stage, the distal epithelium is composed by one type of
bipotent cells that express markers of both AEC1s and AEC2s (84, 110). In
the proximal region, the epithelium starts to differentiate into neuroendocrine,
ciliated and secretory cells (111, 112). The lung vasculature is detected in
earlier developmental stages, but it is during the canalicular stage that the
number of capillaries increases dramatically. It is also at this stage that the
blood vessel expression of arterial/venous markers is first detected (113, 114).
Saccular stage (Week 26-36, human; E17.5-P5, mouse)
In mice this stage occurs before and after birth and therefore the lung has to
be ready to support air exchange. The mesenchyme becomes thinner and the
terminal saccules increase in number and size. The endothelial plexus gets
closer to the saccules and the primary septa are formed. Moreover, the
differentiation of epithelium in the developing saccules is more accentuated.
AEC1s become flatten elongated cells, with a thin wall associated with the
capillaries in the primary septa and AEC2 assume their cuboidal morphology
and can already produce surfactant.
Alveolar stage (Week 36-5 or 8 years, human; P5-P30, mouse)
This is the last and the longest stage of the lung development. The saccules
formed in the previous stage are able to perform blood-gas exchange but, as
the body grows, there is an increasing demand for oxygen. In order to increase
the surface area for the gas exchange, the terminal sacs need to be further
divided. For that, the saccular wall undergoes a secondary septation, and the
sacs are further divided into alveoli. This is achieved by the formation of septal
ridges that are composed by myofibroblasts that express α-SMA and form a
fishnet-like structure surrounding the saccules. This network formed by the
myofibroblast constricts the expansion of the ridges, while the parts of the
saccule which are not constricted bulge and form the alveolus. The process of
alveogenesis is dependent on epithelial-mesenchymal interactions and an
array of signaling pathways have been shown to regulate this step of lung
development (115).

Mechanisms of injury and stem/progenitor cells in the
lung
In homeostasis, the adult lung has low levels of cell proliferation and
regeneration, but upon injury it has the capacity to rapidly respond and
regenerate. Pulmonary diseases arise when the repair and regeneration
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pathways fail to proper repopulate the injured areas, resulting in abnormal
remodeling. COPD and lung fibrosis are examples of injuries where the proper
repair signaling has failed. In the recent years, there has been an increasing
interest in studying the repair mechanisms of the lung since it can provide
information for therapy development and improve disease prognosis.
The model of lung injury can be divided into several steps and these are
illustrated in figure 7. Various types of injuries can cause damage to the lung
epithelium. Dying or stressed cells produce signals that activates progenitor
cells to proliferate and/or transdifferentiate, regenerate and repopulate the
epithelium. Failure in reepithelization can lead to defective remodeling, such
as scar tissue formation (in case of fibrosis), apoptosis and necrosis, resulting
in pathological conditions.

Lung injury

Apoptosis

Stress

Failure of repair
mechanisms

Progenitor/
stem cell
Repair
+
Regeneration

Remodeling
+
Disease

Figure 7. Model of epithelial lung injury and repair. Many types of injury can damage
the lung epithelium. As a result, epithelial cells get stressed and release signals that
can induce inflammatory responses. Continuous cell stress can lead to apoptosis and
reduced number of epithelial cells. To restore the epithelium, reepithelialization
occurs through the proliferation/transdifferentiation of resident progenitor/stem cells.
When the repair mechanisms fail, remodeling is initiated leading to disease.

In the adult lung stem/progenitor cell populations are present in the
different regions of the airway epithelium that contribute to the repair and
regeneration of the lung.
In the trachea and bronchi, basal stem cells (BSCs) are able to rapidly
regenerate the secretory and ciliated cells populations after lung injury (116).
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In addition, in vitro analysis has shown that after influenza infection, BSCs
were able to differentiate into alveolar epithelial cell types (117).
In the bronchiolar region of the lung, several cell types have been shown to
maintain the capacity to self-renew and give rise to other cell types after injury
(118). One example is the Secretoglobin1a1-positive (Scgb1a1+) club cells
that are capable of self-renewal and give rise to ciliated cells in the steady state
over a long period of time. (74). However, after naphthalene-induced lung
injury this cell population is depleted and regenerated by another
subpopulation of club cells resistant to this type of injury and located in close
proximity to NE cells (78, 119-121). One population of cells that are located
in the bronchioalveolar duct junction (BADJ) has been described as potential
stem cells. These cells, so-called bronchioalveolar stem cells (BASCs),
express both Scgb1a1 and surfactant protein C (Spc) and can proliferate after
naphthalene injury (121). BASCs have been shown to have the capacity to
differentiate in vitro (122) but this has not yet been observed in vivo.
Progenitor/stem cells are also present in the alveolar region. Early studies
demonstrated that AEC2s can differentiate into AEC1s after nitrogen dioxide
(NO2) exposure (123). More recently, lineage tracing studies have shown the
capacity of AEC2s to differentiate into AEC1s during homeostasis (82, 84)
and have also confirmed their stem cell capacity through bleomycin,
hyperoxia and diphtheria-induced lung injuries (82-84). There is evidence that
only a small percentage of AEC2s have stem cells capacity after hyperoxiainduced lung injury (84) and recently another sub population was identified as
Wnt-responsive alveolar epithelial progenitor (AEP) cells to be able to
regenerate both AEC2s and AEC1s after influenza virus lung injury (124).
Furthermore in the alveoli, AEC1s which had been for a long time considered
terminally differentiated, have been shown to differentiate into AEC2s after
partial pneumonectomy (81).
Mesenchymal progenitor cells in the lung are still poorly understood.
Several distinct niches of mesenchymal progenitors have been identified
during embryonic development through linage traces studies (125) but it is not
clear whether these niches are maintained in adulthood.
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PDGFs and lung

PDGF signaling involvement in lung development was first observed through
the analysis of lungs from Pdgfa-/- mice. As abovementioned, the few Pdgfa-/mice that survived after birth showed lung developmental defects (52). The
lungs of these mice had enlarged alveoli that lacked secondary septation,
caused by the absence of PDGFRα-positive myofibroblasts and deficient
elastin deposition (26). Later on, the study of embryonic development in
PDGFRα null lungs revealed a growth retardation that did not affect
branching morphogenesis (27). On the other hand, overexpression of either
PDGF-A or PDGF-C under the Spc promoter resulted in developmental arrest
at the canalicular phase and mesenchymal hyperplasia (126, 127). Taken
together these findings demonstrated that correct dose and timing of
expression of PDGFRα and its ligands were essential for normal lung
development.
PDGFs are involved in several lung pathologies such as bronchopulmonary
dysplasia (BPD), pulmonary fibrosis, pulmonary arterial hypertension (PAH)
and lung cancer.
BPD is a common chronic respiratory disorder in premature babies,
characterized by impaired alveolarization and microvasculature development.
Premature babies that develop BPD are more susceptible to pulmonary disease
in the early years of life and have poorer lung function in adulthood (128).
Mesenchymal cells isolated from tracheal aspirates of BPD infant patients
showed decreased expression of PDGFRα and PDGFRβ (129).
Pulmonary fibrosis is characterized by the excessive accumulation of ECM,
tissue remodeling and over proliferation of mesenchymal cells. This results in
an increase in tissue stiffness, less compliance of the lung and decreased gasexchange capacity. Both PDGF-A and PDGF-B expression is increased in
several human and animal models of lung fibrosis (130, 131). PDGF-C
expression is also increased in the bleomycin-induced lung fibrosis model
(132).
PAH is caused by the narrowing, obstruction or destruction of pulmonary
arterioles and capillaries. PAH symptoms lead to high blood pressure and,
consequently, thickening of the heart’s right ventricle wall. Pulmonary
arterioles from PAH patients show increased mRNA levels of PDGF-A,
PDGF-B, PDGFRα and PDGFRβ (133).
Abnormal PDGF signaling, overexpression of either the receptors or the
ligands and point mutations in PDGFR genes have been associated with
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several types of cancer (134, 135). In non-small cell lung cancer (NSCLC) a
higher expression of PDGF-A, PDGF-B, PDGFRα and PDGFRβ was
detected in a cohort of 335 tumor samples (136, 137).
These previous studies indicate that PDGF signaling participate in many
lung diseases and consequently targeting PDGF signaling for therapeutic
purposes has been evaluated in recent years. Several drugs that target RTKs
activity are now in clinical trials (138, 139) and therefore more detailed
knowledge about PDGFR/PDGF signaling can provide useful information for
therapeutic advances.
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Methods

Mouse models
Model organisms are often used to study development since there is a
certain level of conservation in its mechanisms across the animal kingdom.
Mus musculus, the house mice, is one of the most common experimental
organisms used to understand human biology and disease (140), due to the
high genomic homology between humans and mice (141). Additionally, other
physiological advantages such as the small size, high breeding rates and easy
genetic manipulation make mice a very advantageous model organism.
Nevertheless, it is important to keep in mind that both species are very
different in many aspects as they diverged more than 85 million years ago
(142).
The work included in this thesis is based on experimental work using the
following transgenic mouse models:
• Pdgfatm1Cbet (Pdgfa global knockout): These mice contain a targeted
mutation in the Pdgfa gene. The exon 4, which encodes the Nterminal portion of the mature protein, was replaced by a neomycin
cassette, creating a null allele. Very few homozygous mice survive,
while the heterozygous mice are fertile and apparently healthy (52).
Heterozygous mice (Pdgfa+/-) were used in paper III and IV in the
breeding strategy employed to ensure that at least one allele of
Pdgfa is null while the other allele is inactivated upon Cre
recombinase activity.
• Pdgfatm1Vlcg (Pdgfa conditional knockout): The Pdgfa gene of these
mice was modified by inserting a cassette containing the inverted
lacZ gene flanked by lox sequences into its exon 4. This cassette is
inverted and inactive, but in the presence of Cre recombinase it is
flipped, activating the lacZ gene and inactivating Pdgfa (143).
Generation and characterization of these mice (Pdgfafl/fl) were done
in paper I. Afterwards, these were used in paper III and IV to
generate the lung-specific Pdgfa knockouts.
• Pdgfaex4-COIN-INV-lacZ (PdgfaLacZ): These were generated from the mice
described above. However, the lacZ gene was irreversibly inverted
thus the lacZ is always activated. This results in a truncated form of
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Pdgfa. No homozygous mice survives after birth, therefore only
heterozygous were used (143). These mice were used in this thesis
to examine the expression patterns of Pdgfa in several organs
(paper I) and in the different stages of lung development (paper II).
• Pdgfctm1Nagy (Pdgfc global knockout): These mice contain a targeted
mutation on the Pdgfc gene, where a cassette containing lacZ was
inserted into the exon 2 of the Pdgfc (31). Heterozygous mice
(PdgfclacZ/+) were used in paper II to examine the expression
patterns of Pdgfc during the different stages of lung development.
• Pdgfratm11(EGFP)Sor (Pdgfra GFP reporter mice): A H2B:GFP fusion
protein was inserted into the Pdgfra endogenous locus in these
mice. Therefore, nuclear GFP expression is detected in cells that
express PDGFRα (58). Homozygosity is embryonic lethal so we
used only heterozygous mice (PdgfraGFP/+). In papers II, III and IV
these mice were used to analyze the expression patterns of
PDGFRα during lung development (paper II) and the effect of
Pdgfa deletion in PDGFRα positive cells (papers III and IV).
• Sftpc-cretm1Blh: Surfactant protein C (Spc) is expressed in the lung
endoderm and in these mice the cre recombinase expression is
controlled by the Spc promoter (144). This means that cells that
express Spc also express Cre recombinase, a type I topoisomerase
that is responsible for sequence specific DNA recombination. It
recognizes lox sequences and can be used to activate, repress, delete
or insert genes. In this work it was used to generate the lung-specific
deletion of Pdgfa in both paper III and IV.
• Sftpctm1(cre/ERT2)Blh: These mice also express cre recombinase under
the control of the Spc promoter (83). However, the enzyme in these
mice is a modified version of the cre recombinase where hormone
binding domains of the estrogen receptor were fused to the enzyme.
In this case, cre is inactive and can be activated by tamoxifen, a
synthetic estrogen receptor ligand (145). This allows to control the
time of induction of the deletion. We used these mice to delete
Pdgfa postnatally in papers III and IV.

Systemic perfusion
Fixation is used to preserve biological samples from decaying and to keep the
tissues and cells intact for histological analysis. In paper I, systemic perfusion
of mice with formaldehyde was performed to ensure the fixation of most
organs in the body. First HBSS was injected through the left ventricle of the
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heart, while an incision was made in the right atrium. This is required in order
to prevent blood clot formation that may result in inefficient fixation of the
tissue. Afterwards 4% formaldehyde was injected through the same needle
and organs were dissected for further fixation through immersion.

Lung perfusion and inflation
To perfuse the lung effectively it is necessary to use the pulmonary circulation
rather than systemic circulation. Additionally, it is necessary to inflate the
lungs with fixative in order to maintain a good morphology and avoid the
collapse of the alveolar walls. In this work a modified version of the protocol
published by Arlt, et al (146) was employed to perfuse and inflate the lungs.
After the mouse was anesthetized and no reflexes were observed, the skin,
peritoneum and thorax cavity were open avoiding rupture of blood vessels.
Afterwards, the vena cava caudalis was cut under the liver to allow the blood
to drain out. Using a gravity perfusion system, 5-20 ml of PBS (according to
the mouse age and size) were injected into the right ventricle of the heart until
the lungs were completely white and the heart was no longer beating
(asystole). Next, the blood vessels above the liver and diaphragm were
pinched (to keep the fixative solution in the pulmonary circulation only). In
case tissue was required for RNA extraction, an ethilon filament was tied
around the conducting airway of the lung lobe that was removed for RNA
extraction. Then 4% formaldehyde was injected to the heart’s right ventricle,
followed by the injection of 4% formaldehyde through the trachea. The
trachea was tied off and after 10 minutes the lungs were carefully dissected
out together with the heart and immersion-fixed in 4% formaldehyde for a
longer period (20-180 minutes).

X-gal Staining
When using transgenic mouse lines that contain the bacterial gene lacZ
coupled to the gene of interest, it is possible to use histochemical methods to
detected the expression of that gene at the single cell resolution. The lacZ gene
encodes for an enzyme called β-galactosidase that hydrolyzes β-galactosides.
X-gal (5-bromo-4-chloro-3-indolyl-beta-D-galactopyranoside) is an organic
compound that is cleaved by β-galactosidase, forming galactose and 5-bromo4-chloro-3-hydroxyindole. The latter, upon oxidation, becomes 5.5’-dibromo4.4’dichloro-indigo which exhibits a strong blue color (147). In this work, the
x-gal staining technique was used to detect the expression of PDGF-A (papers
I-IV) and PDGF-C (paper II) on the transgenic mouse models described
previously.
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Tissue sample preparation
After collecting the tissues, it is necessary to further process them before they
are sectioned. Three different methods for tissue sectioning (Paraffin, cryo and
vibratome) were used. Each of them required a different processing strategy
of the samples:
• Paraffin sections: samples were dehydrated in a series of ethanols
and xylene prior being embedded in paraffin blocks, owing to
paraffin’s hydrophobicity. Samples were cut with a microtome into
thin sections (5-10 μm). This technique often results in good
histological morphology of the tissues that can be further used for
counter-stains (hematoxylin/eosin and nuclear fast red) or
immunohistochemistry.
• Cryosections: These were mostly used for immunofluorescence, as
they required less tissue processing (that may mask the antibodies’
epitopes) than paraffin embedding. However, the quality of the
sections is considerably lower than in paraffin sections in terms of
morphology (148). Samples were dehydrated in 30% sucrose (to
avoid ice crystals to form) prior to embedding in Optimal cutting
temperature (OCT) medium. Samples were sectioned with a
cryostat at negative temperatures and usually cut into thicker
sections (10-20 μm).
• Vibratome sections: This method was used to obtain even thicker
sections of the samples (50-150 μm). To cut thick sections of the
lungs, it was necessary to modify the method of inflation of the
lung, as the vibration of the blade together with the properties of the
tissue resulted in poor quality sections. Therefore, lungs for
vibratome sections were inflated with 2% low-melting agarose at
40°C (instead of 4% formaldehyde), that after solidifying gave the
tissue enough sturdiness for high quality sectioning.

RNA extraction and quantitative PCR
Quantitative polymerase chain reaction (qPCR) consists in the amplification
and detection of targeted DNA sequences. It is based on the use of probes that
bind to a specific DNA sequence, so that when the sequence is amplified,
fluorescence is emitted. The fluorescence can be detected by a thermal cycler
equipped with an illuminator and detector. This technique was used in papers
I to IV to compare the expression level of several genes between samples. The
results obtained were analyzed using a relative quantification method comparative Ct method (149) - that is based on the calculation of how much
(fold-change) the expression of a target gene is changed in a sample, when
compared to a control.
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Histology and immunofluorescence (IF)
Much of the analysis performed in this work was based on histological
examination of tissue samples. In paper I and II, histological analysis allowed
us to explore the cell anatomy of different organs and appreciate the
expression patterns of PDGF-A. In paper III and IV, histological comparisons
were made to detect anomalies in lung tissues from Pdgfa knockout lungs.
Tissues were stained either with hematoxylin and eosin (to visualize both
nuclei and cytoplasm) or nuclear fast red (to visualize just the nuclei).
IF was used in papers I-IV to detect the presence and pattern of expression
of different proteins in tissue sections. This technique is based on the binding
of antibodies to specific antigens in the tissue. Monoclonal or polyclonal
antibodies are used as primary antibodies that bind to the target protein in the
tissue sample. Afterwards, secondary antibodies containing a fluorophore
bind to the primary antibody. A fluorescence microscope is then used to
visualize the distribution patterns of the target protein in the sample.

Microscopy
Microscopy represents a major part of the work included in this thesis. To
document and analyze histological sections, bright-field microscopy was
used. This is the simplest type of microscopy and it works by illuminating the
sample with a white light, usually from a halogen lamp. The image is then
captured by a chromatic camera that catch all the transmitted light that passes
from the lamp, through the sample. Bright-field microscopy is useful due to
its simplicity but it allows only to image thin sections because in thick sections
the light cannot pass well through the sample, resulting in strong shadowing
and low quality of the image.
Fluorescence micrographs in this work were obtained through laser
scanning confocal microscopy (LSCM). In LSCM the sample is illuminated
by a point-by-point laser at specific wavelengths, exciting the fluorophores
present in the sample. The fluorophore’s emitted light is captured by the
microscope and directed to the detector that amplifies its electrical signal. This
signal is then converted from analogue to digital and the resulting image
displayed in the computer. The major feature of LSCM is the use of a pinhole
that excludes all the out of focus light from the sample, which means that the
signal that reaches the detector comes from a single focal plane. This allows
for high-resolution images as well as 3D reconstruction of multiple optical
sections in the z-axis.

Image analysis
In biological research it is necessary to perform measurements in order to
support empirical observations with mathematical and statistical analysis. In
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this thesis, several methods were used to quantitatively analyze microscopic
images.
• Mean linear intercept (MLI): MLI is used to measure the size of
distal airspaces in lung sections. In this work it was calculated using
the direct method (150), in which random horizontal lines were
overlaid on a sample image and the interception points between the
distal airspace’s walls and the lines were counted (blood vessel and
conducting airways were excluded). This method presents several
limitations, i.e., the obtained values depend on the inflation state of
the lung and it cannot be used to measure only alveoli area, as both
alveoli and alveolar ducts are quantified. However, it is a simple
and efficient way to quantify enlargement of the distal airspaces. In
paper III and IV, the MLI was used to quantify the enlargement of
the distal airspaces observed in mutant mice.
• Cell quantification: During this work it was necessary to quantify
the number of cells expressing PGDFRα (papers II-IV), the number
of proliferative cells (papers III and IV), the total number of cells
per field image (papers III and IV) and cells expressing Spc (paper
III). For these quantifications, at least ten images from each sample
were obtained through confocal microscopy and analyzed using the
software Imaris. Imaris calculates the number of nuclei in an image
by combining thresholding the pixel intensity and a given expected
diameter of the nuclei. When the staining analyzed was not nuclear,
the quantification was performed by counting the number of
positively-stained cells manually using ImageJ.
• Alpha smooth muscle actin (α-SMA) ring dimensions: in paper III
the volume and diameter of α-SMA rings in the distal area of the
lung were measured in 3D reconstructed images of confocal optical
sections. Single complete rings of α-SMA were isolated in each
image and the voxels (pixel + volume) transformed into surfaces
using the same threshold method and value between samples. The
volume and diameter of the rings were than calculated and
compared between samples.
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Present investigations

Paper I.
Characterization of platelet-derived growth factor-A expression in
mouse tissues using a lacZ knock-In approach
PDGF-A is expressed in a broad range of tissues in mice, both during
development and adulthood. Several studies on the expression patterns of
Pdgfa upon its discovery revealed a variety of roles in developmental
processes. However, adult expression patterns and possible roles were not
described due to high perinatal mortality of Pdgfa knockout mice. Moreover,
the used methods to detect both gene and protein expression presented several
limitations and lack of validation.
In paper I we reported the generation and characterization of a Pdgfa transgenic mouse line (Pdgfatm1Vlcg), created to curb the detection limitations of
older techniques. A cassette containing the lacZ gene was inserted in the exon
4 of Pdgfa using the conditional by inversion method (151). Thus, in the
presence of Cre recombinase the Pdgfa gene is knocked out while the LacZ
gene is activated (Pdgfaex4COIN-INV-LacZ) and regulated by Pdgfa endogenous
elements.
We assessed the functionality of Pdgfatm1Vlcg and detected neither
phenotypes connected to Pdgfa deficiency nor viability problems. The
recombined mice (Pdgfaex4COIN-INV-LacZ) were only viable as heterozygous, as
expected.
Using qPCR analysis, we were able to prove that in heterozygous mice
(Pdgfaex4COIN-INV-LacZ/+) LacZ and Pdgfa gene expression correlated well in
different organs. Through x-gal staining of Pdgfaex4COIN-INV-LacZ/+ embryos we
were able to confirm previously reported expression patterns of PDGF-A in
several organs. In adult tissues we found large and wide expression of Pdgfa
mainly in epithelial, neuronal and muscular cell types.
Our analysis suggested that Pdgfaex4COIN-INV-LacZ is a reliable Pdgfa reporter
mouse which has the potential to disclose the importance of PDGF-A in
different tissues and time points.
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Paper II
Expression analysis of platelet-derived growth factor receptor alpha and
its ligands in the developing mouse lung
Several studies have been analyzing the expression patterns of PDGFRα in
the lung. However little attention has been dedicated to the ligands, PDGF-A
and -C, and their expression patterns in the developing and adult lungs. In
paper II we took advantage of the reporter mouse described in paper I and
together with two other reporter mice, PdgfraH2B:GFP and PdgfcLacZ, we mapped
the expression pattern of PDGFRα and its ligands in all the different stages of
the lung development.
Lungs were dissected from PdgfaLacZ, PdgfcLacZ and PdgfraH2B:GFP mice at
10 different time points and the expression patterns were studied in lung
sections using light microscopy and the gene expression was analyzed in lung
homogenates by qPCR.
Receptor and ligands were expressed at all the different time points. Some
of the observed patterns were in accordance with previous reports but we also
found novel unreported patterns, both during development and adulthood. We
found expression of both ligands in epithelial and SMCs, but their patterns
differed on the level and time point of expression. PDGF-C was mostly found
on airway SMCs, showing high expression during early embryonic time
points. Additionally, its expression was weakly found in epithelial cells at
postnatal time points. On the other hand, PDGF-A was mainly expressed by
epithelial cells and transiently expressed by aSMCs during specific embryonic
time points.
PDGFRα expression was confined to mesenchymal cells and its expression
was widely distributed during embryonic time points, while in the postnatal
time points expression was observed in specific cell types, namely
myofibroblasts and lipofibroblasts.
With this study we were able to create a more descriptive model of the
expression patterns of PDGFRα and its ligands during lung development.
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Paper III
PDGF-A signaling is required for secondary alveolar septation and
controls epithelial proliferation in the developing lung
In the initial study of the lung in full PDGF-A knockout mice several
hypotheses were generated for the specific role of PDGF-A for alveolar
formation. These hypotheses were never formally tested and the low birth rate
of Pdgfa-/- mice posed as an obstacle to further investigate them. Therefore, in
paper III we generated a lung-specific knockout of Pdgfa, using an epithelial
specific Cre transgenic mouse (Spc-cre) and better characterized the lung
phenotype caused by Pdgfa deletion. Mutant lungs (Pdgfafl/-; Spc-cre) were
compared to controls before, during and after the peak of the alveogenesis at
histological and gene expression levels. We observed a decrease in Pdgfa and
Pdgfra expression, together with a significant enlargement of the alveolar
airspace area in mutant lungs, which was only detected after the onset of
alveogenesis. The observed phenotype was not caused by an effect of
embryonic deletion of Pdgfa as we observed the same phenotype when the
deletion was induced after birth.
The expression of PDGFRα in Pdgfafl/-; Spc-cre mice was studied using the
PDGFRα reporter mice (PdgfraH2B:GFP). Image analysis revealed a significant
decrease in the number PDGFRα-positive cells in Pdgfafl/-; Spc-cre; PdgfraGFP
lungs, compared to controls. Myofibroblasts were detected in both mutant and
control lungs, but the small α-SMA rings that surround the forming alveoli
were only detected in control lungs. Additionally, PDGFRα positive cells
showed also a decreased expression of the lipofibroblast marker perilipin
(ADFP), indicating that several fibroblast populations were affected in
Pdgfafl/-; Spc-cre; PdgfraGFP mice.
Analysis of the proliferation marker Ki-67 in lungs at P7 showed a
significant decrease in the proliferation of PDGFRα-positive cells, whereas a
significant increase was observed in the proliferation Spc-positive cells.
Moreover, gene expression of Hbegf and Kras was increased in Pdgfafl/-; Spccre mice.
Taken together, our results demonstrate that myofibroblast differentiation
is not dependent on PDGF-A, but rather their capacity to assume the proper
position around the forming alveoli and constrict epithelial growth.
Furthermore, our results suggest that the alveolar defects in Pdgfafl/-; Spc-cre
mice may also be caused by an overgrowth of the alveolar epithelium, as the
number and proliferation of AEC2s were increased in the absence of PDGFA expression.
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Paper IV
Exploring the effect of PDGF-A deletion in the adult lung: implications
in homeostasis and injury
In both paper I and II we showed evidence for PDGF-A expression in the adult
lung in the airway epithelia and AEC2s. Due to the high mortality associated
with global Pdgfa deletion, a possible role for PDGF-A in the adult lung has
never been examined. Therefore, in paper IV we investigated the role of
PDGF-A in the adult lung.
First, we analyzed adult mice with a constitutive lung-specific deletion of
Pdgfa (Pdgfafl/-; Spc-cre). Mutant mice survived until adulthood and exhibited
enlarged alveolar airspaces, less PDGFRα-positive cells and a significant
decrease in the total number of proliferative cells. Histological analysis of
Pdgfafl/-; Spc-cre lungs at both P60 and P360 showed that enlargement of the
alveolar airspaces did not increase with age, demonstrating a stabilization of
the phenotype.
Next, we investigated the effect of Pdgfa deletion during adult homeostasis.
For that, an inducible lung-specific knockout of Pdgfa was generated using
the Spc-creERT2 mice. Tamoxifen was administered to mutant and control mice
at two different time points (P30 and P60) and analysis was performed one
week and 1 month after induction. In both time points of analysis, Pdgfafl/-;
Spc-creERT2 mice showed no apparent phenotype in the lung, as lungs were
histologically indistinguishable from controls. Therefore, we concluded that
PDGF-A is not required during lung homeostasis.
As PDGF-A is expressed by AEC2s and these are involved in the alveolar
injury repair response, we hypothesize that PDGF-A signaling may have a role
in injury repair mechanisms. To test this hypothesis, a hyperoxia-induced
injury model was used. Control and mutant mice were given tamoxifen and
exposed to 95% oxygen (O2) for 72h and compared to tamoxifen-treated mice
of the same genotypes kept at normoxia. Preliminary results showed alveolar
damage in both control and mutant lungs exposed to hyperoxia, when
compared to normoxia controls. Histological analysis of lung sections showed
a more accentuated area of damage in Pdgfafl/-; Spc-creERT2 mice exposed to
hyperoxia, when compared to hyperoxia-exposed controls. These results point
towards an effect of PDGF-A in the lung’s reaction to injury.
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Future Perspectives

It has been many years since the discovery of PDGFs and a great amount of
valuable research has contributed to expand the knowledge regarding their
biochemistry and function during development. It has been also demonstrated
that PDGFs are involved in certain diseases such as fibrosis (152), cancer
(153, 154) and atherosclerosis (155). Moreover, in the last years, targeting
PDGFR signaling for cancer therapy through RTK inhibitors, such as
imatinib, has shown promising results (156, 157). Therefore, it is crucial to
have a detailed understanding about PDGF signaling and there are still a lot
to explore in their roles in development, adult homeostasis and disease. The
work presented in this thesis sheds new light on PDGFRα signaling in the
lung and opens new windows for further investigation.
The mouse model characterized in paper I is a powerful tool to elucidate
PDGF-A expression patterns and functions during development and
adulthood. This mouse model was crucial to the following work presented in
this thesis (papers II-IV), as it allowed us to analyze in greater detail the role
of PDGF-A in the lung. All other developmental abnormalities observed in
PDGF-A null mice can now be explored using this mouse model and organspecific Cre recombinases. For example, this mouse model has been recently
used to explore the role of PDGF-A in skin adipocyte self-renewal (158). But
there are still a lot to discover on the role of PDGF-A in other tissues, for
instance, intestinal villi formation and oligodendrogenesis in the brain.
In paper II, the newly discovered patterns of expression of PDGF-A/PDGFC in the lung opened some questions that remain to be answered. PDGF-C is
highly expressed in the lung mesenchyme in the early lung development, but
it is not known if PDGF-C is necessary for early embryonic lung formation.
The fact that PDGF-C mutant mice exhibit an enlargement of the airspaces
points to a role for this ligand for lung development (33), but since the
phenotype of PDGF-A mutants is much stronger, little attention has been
given to the role of PDGF-C. It would be interesting to understand if PDGFC null mice lung phenotype is only apparent after the alveolar stage has started
(as it is the case in PDGF-A null mice) or if it manifests earlier during
development.
PDGF-A expression in the lung was detected in other cell types, besides
AEC2s. We observed high PDGF-A expression in airway epithelial cells both
during development and in the adult lung (paper II). There may be a role for
PDGF-A in airway epithelial cells in the adult and this could be explored by
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deleting PDGF-A using, for example, Scgb1a1-CreERT mice (74).
Furthermore, the analysis of the vascular transcriptome of the adult lung (159)
revealed that pericytes also express PDGF-A. PDGF-B signaling is known to
be important for pericyte recruitment during blood vessel formation (21, 34),
but it is still unknown if PDGF-A is required for pericyte biology. This could
be explored by pericyte-specific deletion of PDGF-A.
Generation of the lung-specific knockout of Pdgfa in paper III allowed us
to have a broader picture on the effects that PDGF-A exert in the lung during
alveolar formation. We show that myofibroblast differentiation occurs in
mutant lungs but these cells fail to occupy proper position and assemble αSMA multicellular rings that surround the expanding alveolar epithelium. It is
still unclear, however, if the lack of ring formation in mutant lungs is caused
by inability of cell-to-cell contact between the myofibroblast, by deficient
migration of the myofibroblasts to the correct position or because these cells
are not able to withstand the tension force caused by the expansion of the
alveoli. In vivo imaging of the alveogenesis process could help answer this
question, but there are still technical challenges regarding live imaging of
lungs.
In this study we used PdgfraH2B:GFP mice to evaluate the effect of Pdgfa
deletion on PDGFRα positive cells in the lung. This mouse model is very
useful due to the high GFP expression that PDGFRα positive cells show.
However, the expression is restricted to the nuclei as GFP is coupled to the
histone 2B protein and does not allow the visualization of cell body
morphology. In addition, it is not possible to appreciate how many cells form
the α-SMA rings surrounding both alveolar ducts and alveoli. The generation
of another PDGFRα reporter mouse that would enable the detection of the
receptor at the cell membrane and therefore show the cell shape could be
useful to further study the myofibroblasts and their morphology during
alveogenesis.
In paper III we showed a decrease in the total number of PDGFRα-positive
cells in the alveolar region of Pdgfafl/-; Spc-cre lungs. Different fibroblasts in
the lung express PDGFRα and it is still unclear how many different
populations exist and which are affected by Pdgfa deletion. Single-cell RNA
sequencing of PDGFRα positive cells in both control and knockout lungs
could be used to understand how many different populations of PDGFRα
positive fibroblasts exist in the control lung and understand if all or only
certain populations are affected by Pdgfa deletion in mutant lungs.
Recent studies show that only a small percentage of the AEC2s have stem
cell capacity (84, 124) and it has been hypothesized that these can suppress
the nearby AEC2s to also assume stem cell characteristics. We discovered that
in the Pdgfafl/-; Spc-cre lungs AEC2s were more proliferative than in controls
and perhaps this is due to the loss of this neighboring repression between stem
cell and non-stem cell AEC2s. More studies are needed to address this
hypothesis. In addition, it is unclear how PDGF-A controls AEC2s
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proliferation. Autocrine effects are unlikely since there is no evidence for the
expression of PDGFRs in AEC2s. Since PDGFRα is expressed in the recently
described mesenchymal alveolar niche cell (MANC) that closely interacts
with AEC2s, it is likely that it is through the interaction of these two cells that
PDGF-A indirectly affects AEC2s proliferation. Analysis of the secretome
and receptome between these two cell types has been described (87) and
would be interesting to compare it with the secretome/receptome of Pdgfadeficient lungs.
Pdgfafl/-; Spc-cre mice survive until adulthood but the alveolar
simplification in their lungs led us to hypothesize that lung physiological
conditions may be altered. Through a collaboration with Prof. Norbert
Weissmann in the Excellence Cluster for Cardio-Pulmonary System at the
University of Giessen we are starting to measure physiological properties of
the lung, such as airway compliance, tidal volume and airway resistance.
In this work we only touched the surface of PDGF-A’s importance for
injury repair mechanisms of the lung. Preliminary but promising results in
paper IV point to a more extensive injury in the absence of PDGF-A signaling
in mice exposed to hyperoxia. More work needs to be done, especially since
the analysis of the mice was done a few days after the end of the exposure to
hyperoxia. A longer period between hyperoxia exposure and analysis will be
more significant to understand to what extent injury mechanisms are affected
in Pdgfa-deficient lungs.
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