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Abstract

Preterm birth is one of the causes of mortality and morbidity in childhood mainly due to lung
immaturity. Glucocorticoids therapy is administered to promote lung maturation. However, recent
studies showed that glucocorticoids promote several side effects, as respiratory and neurological
impairments during child and mostly adulthood. The search for new therapeutic approaches is
necessary to improve life quality of these individuals. Recently, tissue macrophages were described
as fundamental effectors in the modulation of several organs development, mainly in processes
such as branching morphogenesis and vasculature formation. In lung, it is known that they are
present since the beginning of lung embryonic stage (embryonic day (E) 9.5). However, their
function throughout lung development is unknown. Using a macrophage-deficiency mice model
(colony stimulating factor-1 receptor knockout (Csflr #) mice) team unpublished data showed
impairments in lung morphology, with decreased airspaces and increased number of
mesenchyme-like cells at fetal and postnatal saccular lung developmental stage. This stage is
mainly characterized by specification of the terminal sacs, and alveolar and vasculature

differentiation.

Accordingly, we hypothesized that tissue macrophages are involved in regulation of distal
epithelium and vasculature differentiation during the saccular stage. In order to test this, we
investigated lung epithelial markers and vascular mediators’ transcripts and proteins expression in

lung tissues from fetal and newborns Csflr~ mice at saccular stage.

Transcripts relative expression of distal epithelium markers evidenced a disequilibrium at alveolar
differentiation. Protein expression analyses of Sp-c (ATl cell marker) and Agp5 (ATI cell marker)
demonstrated a reduction in alveolar differentiation in Csf1r~ mice at saccular stage. Since the
epithelial-endothelial crosstalk is crucial to a normal lung development, vasculature was also
investigated. Analysis of some vascular mediators showed an unbalance at transcript expression
levels in Csflr- mice lungs. Additionally, protein expression evaluation of two specific endothelial
markers showed impairments in vasculature formation in most of Cs7ir+lungs. However, vascular

defects emerged later in development compared with the alveolar disruption.

In summary, our data demonstrate the influence of fetal tissue macrophages in the modulation of
alveolar epithelium differentiation, with consequently effects on vasculature, probably by the
secretion and/or induction of specific mediators. New therapeutic approaches may rise from these

tissue macrophages mediators to accelerate lung maturation.
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Resumo

O nascimento prematuro é uma das principais causas de mortalidade e morbilidade durante a
idade infantil devido a imaturidade pulmonar. A administracdo de glucocorticoides como terapia
promove a maturacao pulmonar. No entanto, estudos recentes demonstram que a sua
administracdo promove diversos feitos adversos, nomeadamente problemas respiratdrios e
neurolégicos durante uma idade infantil e principalmente na idade adulta. A procura de novas
abordagens terapéuticas € necessaria de modo a melhorar a qualidade de vida destes individuos.
Recentemente, os macrofagos tecidulares foram descritos como células fundamentais na
modulacdo do desenvolvimento de varios orgdos, principalmente nos processos de ramificacdo
morfogénica e na formacao da vasculatura. No pulmao sabe-se que estes estdo presentes desde
0 inicio da fase embrionaria (dia embrionario (E) 9.5). No entanto, a sua funcdo ao longo do
desenvolvimento pulmonar ¢ desconhecida. Utilizando um modelo de ratinho deficiente em
macrofagos tecidulares (colony stimulating factor-1 receptor knockout (Csflr #)), dados nado
publicados da equipa demonstram malformacdes na morfologia pulmonar, com um decréscimo
nos espacos aéreos e um aumento do numero de células do tipo mesenquimatoso durante o
periodo fetal e pos-natal da fase sacular do desenvolvimento pulmonar. Esta fase ¢
maioritariamente caracterizada pela especificacdo dos sacos terminais, e diferenciacdo dos

alvéolos e da vasculatura.

Portanto, a nossa hipotese é que os macréfagos tecidulares estdo envolvidos na regulacdo da
diferenciacao do epitélio distal e da vasculatura durante a fase sacular. De modo a testar esta
hipotese, nds estudamos a expressao dos transcritos de marcadores do epitélio e de mediadores
da vasculatura e a sua expressao proteica em pulmdes provenientes de fetos e recém-nascidos

Csflr~ na fase sacular.

A expressao relativa dos transcritos de moléculas relacionadas com o epitélio distal evidenciou um
desequilibrio na diferenciacdo alveolar. A expressao proteica da proteina surfactante C (marcador
de células alveolares do tipo Il) e da aquaporina-5 (marcador de células alveolares do tipo 1)
demonstraram uma reducao na diferenciacdo alveolar nos ratinhos Csf1r~ na fase sacular. Sendo
a interacao epitélio-endotélio crucial para um normal desenvolvimento pulmonar, a vasculatura foi
também estudada. A analise de alguns mediadores vasculares demonstrou um desequilibrio nos
niveis de expressado destes transcritos nos pulmées dos ratinhos Csflr . Adicionalmente, a

expressao proteica de dois marcadores endoteliais demonstrou deficiéncias na formacao vascular
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na maioria dos pulmdes de ratinhos Csf1r~. No entanto, este distirbio na formacao da vasculatura
foi evidente apenas mais tarde no desenvolvimento em comparacdo com os defeitos epiteliais

alveolares.

Em sumario, os nossos dados demonstram a influéncia dos macrofagos tecidulares na modulacéo
da diferenciacao do epitélio alveolar, com consequentes efeitos na vasculatura, provavelmente
devido a secrecao e/ou inducdo de mediadores especificos. Novas abordagens terapéuticas
poderao surgir dos mediadores produzidos pelos macrofagos tecidulares para acelerar a

maturacao pulmonar.
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1.INTRODUCTION






1.Introduction

Lung development is a complex process that involves cellular, genetic and epigenetic mechanisms
to achieve the maturity necessary to perform its mainly function: breath. Lung immaturity is a
consequence of a preterm birth, and is the major cause of respiratory morbidity in child and
adulthood:. Moreover, bronchopulmonary dysplasia, a chronic lung disease consequence of
respiratory distress in most of preterm births and is one of the major causes of preterm birth
mortality>+. Nowadays, glucocorticoids administration is performed in preterm infants to accelerate
lung maturations. However, glucocorticoids therapy has been associated with several adverse
effects in child and adulthood, as impairments in pulmonary, nervous and cardiovascular
systemsss. To better understand and develop new therapeutic approaches for these situations and
others, firstly it is necessary to unravel more about cellular and molecular mechanisms of lung

development.

1.1 Lung development

Respiratory system is constituted of nose, pharynx, trachea and lung. In lung, particularly in the
alveoli, occur gas-exchange between alveoli and capillaries. Before air flow contact with alveoli, it
passes by primary bronchi composed by basal cells, mucous/secretory cells, ciliated cells,
neuroendocrine cells and dendritic cells (Figure 1). The following is the intralobar bronchi
constituted by clara cells, ciliated cells, neuroendocrine cells, smooth muscle cells, goblet cells
and dendritic cells (Figure 1). The last and peripheral region is the bronchioalveolar duct junction
that opens to the alveoli (Figure 1). It is constituted by ciliated cells and clara cells in proximal
region, and alveolar differentiated cells, fibroblasts, endothelial cells, pericytes and macrophages
in distal region’. Ciliated cells and clara cells are responsible for host defense through
microorganisms and extrinsic particles capture in mucous and consequent elimination by
phagocytic cells (e.g. macrophages). Clara cells are also responsible for surfactant proteins
synthesis and secretoglobulins production, important components of airway fluide. Basal cells
present a structural role in conducting airway structures and are responsible for the interaction
with immune cells present in lung parenchyma’. Goblet cells are the source of mucous important
to homeostasis maintenance and host defense’. Neuroendocrine cells are responsible for
neurotransmitters production such as serotonin and calcitonin (Calca)’. The main function of this
cells is to modulate lung growth and differentiation in fetal periods and are involved in cellular

sensing (e.g. nicotine and hypoxia stimuli)®. Besides, neuroendocrine cells are found in clusters



called neuroepithelial bodiest. Fibroblasts are responsible for extracellular matrix components
synthesis, and smooth muscle cells and pericytes are responsible for mechanistic lung
movements!-2, Macrophages are phagocytic immune cells present in lung since embryonic and
fetal lung development stages and are responsible for host defense, alveoli clearance and
production of pro-inflammatory cytokines. Therefore, lung is a complex organ with a variety of

cellular types, which anticipates highly elaborate regulatory mechanisms to its development.
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| |
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Figure 1- Adult human lung anatomy and cellular composition.

Lung is a complex organ constituted for a variety of cellular types necessary to a correct lung function. Adult
lung is mainly composed by three specialized structures: bronchus, bronchioles and alveolus. Bronchi structure
is composed by basal, ciliated, mucous and neuroendocrine cells. Bronchiole structure is composed by most
cells present in bronchi and in addition with alveolar cells (also known as pneumocytes). Alveoli are mostly
composed by alveolar cells, capillaries and macrophages. Image adapted from Sun et al. 2007,




Lung formation in mammalians is studied mostly using rodent models, such as rat and mouse.
Although some anatomical differences exist between human and rodents, the known molecular
processes in lung development events, as branching morphogenesis and differentiation, are been
demonstrated to be similar between these speciest. Three right lobes and two left lobes compose
human lung, while mouse lung is constituted by one left lobe and four right lobes. Another
anatomical difference is the presence or absence of respiratory bronchioles in humans and

rodents, respectively®.

Lung development begins early in embryonic period and finishes only postnatally and is sub-
divided in five stages: embryonic (embryonic day (E) 9-11.5 in mice; 3-7 weeks (wk) in human),
pseudoglandular (E11.5-16.5; 5-17 wk), canalicular (E16.5-17.5; 16-26 wk), saccular (E17.5-
postnatal day (P) 5; 24-38 wk) and alveolar (P5-28; 38 wk — maturity):s (Figure 2).

Embryonic Pseudoglandular ~ Canalicular Saccular Alveolar
\\
A\ \ \\g
E9.5-11.5 (mice) E11.5-16.5 E16.5-17.5 E17.5-P5 P5-28
3-7 wk (human) 5-17 wk 16-26 wk 24-38 wk 38 wk-maturity

Figure 2- Schematic representation of different lung stages.

Embryonic stage is characterized by lung specification, followed by branching morphogenesis during
pseudoglandular stage. Canalicular stage is characterized by respiratory bronchioles and alveolar ducts
formation. In saccular stage occurs alveolar sacs formation and consequent sub-division to origin primitive
alveolus, followed by alveoli primary septation and maturation. Alveolar stage is characterized by secondary
septation and alveoli full maturation. Image adapted from Rackley et al. 2012,

1.1.1 Airways unit development

The first known molecular regulatory event in respiratory system development is the transcription
factor NK2 homeobox 1 (Nkx2.1) localized expression in the anterior foregut at E97. Nkx2.1
expression is a morphogenic process highly regulated by Wingless-type MMTV integration site

family (Wnt), bone morphogenetic protein (Bmp) and fibroblast growth factor (Fgf) signaling in lung
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endoderm, At embryonic stage occurs two primitive lung buds formation (main bronchi
formation) and division of trachea and esophagus developmentt. Surrounded mesenchyme

originates the cartilage present in trachea and conducting airwayss.

Vascular complex starts to develop at E9 from lung mesoderm. Two different processes occur
during vasculature development in the lung: vasculogenesis and angiogenesis. Vasculogenesis is
the process of blood vessel formation from endothelial progenitor cells, and angiogenesis is the
formation of new blood vessels through the branching of preexisting vessels®. In the last two
decades, pulmonary vasculature formation has been studied and there are different models that
try to explain its formation. In 1997, deMello et a/ described for the firsttime vasculature
development in lung. In this model, the peripheral blood vessels are formed by vasculogenesis,
also called distal or peripheral vasculogenesis, from hematopoietic lakes present in the
mesenchyme®. In this model, angiogenesis (also called central angiogenesis) occurs in the central
region and it is the origin of arteries and veins®. Hall ef a/. suggested that capillary plexus is formed
by distal vasculogenesis through angioblasts differentiation present in lung mesenchyme and not
from hematopoietic lakes». In 2005, Parera ef al. proposed a new concept and model to explain
lung vasculature formation: distal angiogenesis. Pulmonary vasculature origin is based on sprouting
of preexisting vessels in lung periphery, and consequently lung vasculature was formed by
angiogenesis without occurring vasculogenesis?. More recently, it was described the existence of
a cardiopulmonary mesoderm progenitors (CPP), a multipotent cell responsible for vascular and
airways smooth muscle cells and proximal endothelium formation and it is regulated by sonic
hedgehog (Shh) pathwayz. Vascular plexus origin is from pulmonary arteries originated in heart
outflow tractz. Moreover, CPPs are responsible for most of mesodermal cell lineages in lungz.
Distal vasculature arises from vascular endothelial cadherin (Ve-cad) positive cells and not from
CPP, demonstrating a different origin of proximal and distal lung vasculature formationz. Therefore,
pulmonary vasculature formation is a complex process and probably occurs through a mix between

vasculogenesis and angiogenesis processes.

Pseudoglandular stage is mainly characterized by proliferation and sub-division of main bronchi
into a tree-like structure of terminal tubules, namely branching morphogenesis. Lung buds
development is a repetitive cycle of four highly regulated processes: buds elongation, outgrowth
cessation, tip expansion and bifurcation”. Branching morphogenesis occurs through different

bifurcation orientation (domain, planar and orthogonal) to create that lung tree-like structure=.



Mesodermal expression of Fgf10 is the major responsible for branching morphogenesis regulation.
Its expression is highly regulated by Bmp-4, Shh, retinoic acid, Notch and transforming growth
factor 3 (Tgf3), which reveals branching morphogenesis as a highly regulated complex process:.
Moreover, lung endoderm gives arise to two distinct epithelium cell lineages. Proximal epithelium
progenitor cells express Sox2, a sex determining region Y -related HMG-box (Sox) family of
transcription factors, that give origin to bronchiole differentiated cells: neuroendocrine cells, clara
cells, ciliated cells and goblet cellst. Distal epithelium progenitor cells express Sox9 and give rise
to alveolar cells type | and Il (AT1 and AT2, respectively)®. In the end of pseudoglandular stage and

early canalicular stage, the main cellular events are bronchiole differentiation:2:.

The capillary plexus development proceed in concomitance with the airways epithelial branching
development=2, At E14.5 and E16.5, vascular endothelial growth factor (Vegfa) is expressed in
lung epithelial cells=. Moreover, Fgf9 and Shh signaling pathways are responsible for Vegfa
expression in lung mesenchyme, and consequently promoting vascular developmentz,
Impairments in vasculature formation lead to reduced branching morphogenesis in lung,
suggesting a relationship between epithelium and vasculature formation during pseudoglandular

stage?.

In the end of pseudoglandular stage, the mainly events for airways unit formation are almost
complete with the exception of secretory cells differentiation, that only begins during canalicular

stage.

1.1.2 Respiratory unit development

Lungs respiratory unit is primarily composed by respiratory bronchioles and alveolar sacs. The
formation of these structures begins in canalicular stage and mainly occurs at saccular and alveolar
stages. Alveolar cells differentiation begins at canalicular stage, with enlargement of terminal
bronchioles accomplished by respiratory bronchioles and alveolar ducts formation, including
conducting airway cells differentiation (e.g. secretory cells)2:s. Vasculature continue developing
concomitantly with airways expansion through angiogenesis?2. Vegfa expression becomes
restricted to distal epithelium and promotes vasculature expansion concomitantly with epithelial

developmentz. AT2 cells differentiation leads to the beginning of surfactant production®.

At saccular stage occurs an enlargement of airspace areas concomitantly with alveolar sacs
formation and consequent sub-division to origin primitive alveolus. Another main event is the distal

epithelium differentiation (AT1 and AT2 cells differentiation) that has already started in the previous
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phaset. AT2 differentiated cells produce surfactant proteins (Sp) namely Sp-A, Sp-B, Sp-C and Sp-
D. These proteins have different functions in lung, including homeostasis maintenance,
immunological response, and are crucially to prevent alveolar collapse==. AT1 differentiated cells
are responsible for gas-exchange in alveoli and are 95-97% of total peripheral lung area. Alveolar
fluid composition and quantity is also modulated by AT1 cells®. Little is known about the regulatory
mechanisms of alveolar differentiation. Recent studies are disclosing some molecular players in
this cellular process during saccular and alveolar stage. AT1 and AT2 cells arise from a common
bipotent progenitor cell, characterized by Sp-C and podoplanin (Pdpn) expression==. Histone
deacetylase 3 is a key player in AT1 cells spreading and remodeling through inhibition of miR-17-
92. miR-17-92 is responsible for Tgff3 signaling inhibition, which consequently promotes
impairments in distal sacculation and alveolus remodeling®. Type IV collagen is another molecule
involved in alveolar differentiation and epithelial-endothelial interaction, due to regulate
myofibroblasts differentiation, an essential cell population for a correct alveologenesis process=.
Notch signaling in epithelial cells is crucial during later saccular stage (P3) to alveolarization
process. Inhibition of Notch signaling promoted enlarged airspaces, less secondary septation and
decreased proliferative activity in AT2:. Notch?2 is highly expressed in AT2 cells at E18.5, and it is
necessary to AT2 cells maturation in alveoli formation=. Also, Wnt signaling is responsible for
differentiation of a specific set of AT2 cells, the Axin2 positive cells, to mature AT2 cells and not to
mature AT1 cells, suggesting Wnt signaling as a crucial regulator of alveolar differentiation during
late saccular and alveolar stage”. Moreover, keratinocyte growth factor (also known as Fgf7)
promoted AT2 maturation through increasing Sp transcripts expression and surfactant
phospholipids synthesis=. Deletion of forkhead box a2 (Foxa2) promoted respiratory syndrome
distress after 2-3 hours after birth=. No morphological differences are seen in E15.5 or E18.5
FoxaZ - lungs, however alveolar differentiation is affected since E18.5 with decreased mature AT1

cells and an accumulation of AT2 immature-like cells®.

Alveolar stage differs between human and mice because in humans alveolar stage begins before
birth and in mice occurs at P5®. Alveolar stage is mainly characterized by alveolar and distal
vasculature full maturation, and also mucous and basal cells differentiationt. Not all the
mechanisms of lung development are completely clear, and crosstalk between different cell

populations are steel unknown.



1.2 Tissue macrophages during organs development

In the last decades, there is a particularly interest in understanding the function of tissue
macrophages during development, homeostasis and disease. Tissue macrophages are present in
organs since E9 and accordingly to the organ that they populate, they present different
transcriptional profiles®-+, In general, tissue macrophages can be derived from yolk sac, fetal liver
and bone marrow (Figure 3)* and its differentiation signaling is performed mainly through activation
of Csfl receptor (Csflr) via colony stimulating factor-1 (Csf1), or alternatively via interleukin-4 (II-
4)u«4 Moreover, Csfl signaling is responsible for proliferation, spreading, motility and survival of

macrophages*.

1.2.1. Tissue macrophages and organogenesis
The importance of tissue macrophages during embryonic development is already described to
several organs. Most of these studies were associated with tissue macrophages differentiated by

Csf1 signaling pathway.
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Figure 3- Tissue macrophages origins in several organs.

Tissue macrophages are a heterogeneous population present in several organs since embryonic stages
presenting different origins. Bone marrow-derived macrophages are the classical lineage of macrophages
activation throughout circulating blood monocytes differentiation occurring only after birth. Fetal liver and
yolk sac are the major sources of tissue macrophages origin that populate and self-maintain in the different
organs during adult life. Image adapted from Wynn, Chawla and Pollard, 2013+,



Using a transgenic model with enhanced green fluorescence protein (EGFP) associated to Csfir
promoter it was possible to follow tissue macrophages migration from yolk sac to organs in
development, such as brain, kidney and lung. Csflr-positive cells appear firstly at E9-9.5 in yolk
sac, and at E11.5 are present in head’s vasculature development. In kidney, Csflr-positive cells
co-localized with F4/80, a tissue macrophages marker#, closely to ureteric buds. Kidney explants
with Csfl supplementation and low concentrations of lipopolysaccharide (LPS) presented
increasing number of branch tips and nephrons, probably due to an increase in macrophages

number in kidney explantse.

In pancreas, tissue macrophages are present since E12.5 and pancreatic explants showed that
Csfl stimulation promote an increase in macrophages number and in B endocrine cells,
responsible for insulin production. Banaei-Bouchareb et al. also showed the influence of
pancreatic tissue macrophages in 3 endocrine cells development through the use of a homozygous
null mutation of Csf1 (Csf1 »~) mice*. These mice showed decrease in insulin mass cells, probably

due to decrease in insulin cell size and proliferative activity, and to increase in apoptosis®.

Macrophages are present since the beginning of mammary gland development at the terminal end
buds (TEBs)*. Presence of apoptotic bodies in macrophages’ cytoplasm of these areas suggests a
clearance function of death epithelial cells*. Using a homozygous null mutation in Csf1 mice model,
it was demonstrated that absence of tissue macrophages in mammary gland development
promotes a decrease in TEBs formation, with decreased number of ducts and disorganized
orientation®. Administration of CSF1 human recombinant protein rescues normal mammary gland

phenotype®.

Hindbrain vasculature formation is also modulated by tissue macrophages. Absence of tissue
macrophages promotes impairments in vascular anastomosis*. Macrophages are chaperones
between Vegfa endothelial tips fusion, a process called anastomosis, and essential to a correct
vasculature formation®. Moreover, Csflr knockout gene (Csflr #) mice present impairments in
normal hindbrain development, due to a completely absence of microglia (tissue macrophages of
brain)®. Moreover, brain architecture and periventricular zone formation are disrupted in Csflr ~
mice*. In Csfl »» mice, hypothalamic-pituitary-gonadal axis is dysregulated and consequently
induce impairments in luteinizing hormone production, a hormone responsible for testosterone
synthesis in males and for estrogen positive feedback in females, a crucial process to ovulation®:.

Hypothalamus impairments are the cause of reproductive defects in these animal models:'.
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Bone development is also influenced by Csflr-positive tissue macrophages, because Csf1r+ mice
are osteoporotic®, with impaired bone remodeling as consequence of failure of osteoclasts, bone
tissue macrophages, to resorb bones. Macrophages ablation using a conditional knockout for
Lysozyme-M (LysM), a protein expressed by myeloid cell lineage including monocytes and
macrophages, promote smaller body size and, smaller and thinner bones®. Moreover,

macrophages are also important in bone injury recovers,

All these evidences highlight these immunological cells as key players in the modulation of

epithelial, endocrine and vasculature formation and differentiation.

1.2.2. Tissue macrophages and lung development

Adult lung presents two major types of tissue macrophages: alveolar macrophages and interstitial
macrophages®“=. Alveolar macrophages are present in alveolar airspaces and are involved in host
defense, alveoli clearance and production of pro-inflammatory cytokines®. Interstitial macrophages
are in the lung parenchyma adjacent to alveolar cells and with constantly interaction with dendritic

cells and interstitial lymphocytes:.

During embryonic development, tissue macrophages migrate to lung in embryonic developmental
stage (E9-10). There are two waves of fetal lung tissue macrophages: the first one arises in the
beginning of lung development, is characterized by high levels of F4/80 expression and derived
from yolk sac#. The second wave appears around E14-15, is defined by low/intermediate levels
of F4/80 expression and high levels of Mac2 expression, and arises from fetal liver. Mac2 is a
galactose-binding lectin present in macrophages* and, F4/80 is a EGF-TM7 member of the
adhesion-GPCR family and a classical macrophage marker=. Adult alveolar macrophages
differentiate from colony stimulating factor - 2 (Csf2) signaling activation in postnatal periods, and
Csf2 full knockout animals did not present any lung formation impairments during fetal period: s,
However, fetal alveolar (Mac2-positive) and “primitive” interstitial macrophages(F4/80r=-positive)

derived from yolk sac and fetal liver, respectively, are Csflr-positive cells®.

Tissue macrophages produce cytokines and chemokines responsible for organs modulation, such
as interleukin (I)-6 and Tgff3=. For example, in lung it is known that -6 modulates branching

morphogenesis at early stages of lung development= and that Tgff3 is an alveolar remodeling and
spreading modulators. Moreover, nuclear factor kappa B (NF-KB) signaling activation in fetal tissue

macrophages disrupt airway morphogenesis®. However, tissue macrophages function during
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normal lung development remains unclear, as well as which processes could be modulated by
these cells. As mentioned before, the main lung developmental events are branching
morphogenesis and epithelium and vasculature differentiation and maturation. Taking in
consideration the influence of tissue macrophages in other organs, our question is: are fetal lung
tissue macrophages orchestrating lung formation and, which processes are they regulating across

lung development?

In our laboratory, lungs of macrophage-deficient mice, Csflr~, presented deep tissue macrophages
depletion in fetal lung, more than 85% decrease in F4/80 positive cells (Figure S1, supplementary

information).

Histological analysis at E15.5, E18.5 and PO evidences lung morphology disruption at E18.5 and
PO (unpublished data) on macrophage-deficient mice lungs. Csflr ~ mice showed reduced
epithelial-like cells and airspace, increased non-epithelial-like cells and thickened septa (Figure S2,
supplementary information). These findings comply us to conclude tissue macrophages are critical

players in lung sacculation and distal epithelium events.
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2.Aims

Preterm birth is associated with high morbidity rates both in child and adulthood, mostly due to
lung immaturity, which causes deficits in alveolar differentiation, a crucial process that occurs
during saccular and alveolar stages of lung development. The available therapy to accelerate lung
maturation has been demonstrated to cause adverse effects in some organs development. In this
way, there is an urgent need to develop new therapeutic approaches to promote lung maturation.
A better understanding of the complexes cellular and molecular processes involved in lung

development can bring important insights to this clinical context.

Tissue macrophages are key regulatory cells in several organs development, probably due to
mediator’s release accordingly to the microenvironment that are inserted. Our unpublished data
showed clear distal epithelial and sacculation impairments in lungs CsfIr ~ mice, which had a
drastic reduction on tissue macrophages. These findings suggest that tissue macrophages are
modulators of lung saccular stage development. In this way, it is fundamental to discover which

lung developmental events are tissue macrophages influencing, namely in the saccular phase.

The main goal for this work was to unravel tissue macrophages function in epithelium differentiation
and vasculature formation during lung development. Through using a tissue macrophage-deficient
mice model (Csflr #), we intended to understand the cellular impairments consequent of tissue
macrophages absence in lung during saccular stage. For the present master thesis work, we aimed

specifically to:

1. Understand the effect of tissue macrophages absence in alveolar differentiation by
evaluation of distal epithelium-related transcripts expression and of protein expression of
AT1 and AT2 markers;

2. Unravel tissue macrophages function in proximal epithelium differentiation through
assessment of proximal epithelium-related transcript expression;

3. Characterize tissue macrophages effect in vasculature formation with transcripts
expression analyses of vascular mediators and protein expression quantification of

endothelial cell markers.
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3.Materials and methods

3.1 Animals, Ethics and Tissue collection

All animal experiments were performed accordingly to the European Union Directive 2010/63/EU,
and approved by the local ethics committee (023/2016). Animals were housed in standard cages
(267 x 207 x 140mm) with 370 cm? floor area and five animals per cage (males and females
separated) with controlled environment (55% of humidity, 22-24°C and 12h lights’ cycle). The food
and water were sterilized and available ad libitum. The colony was maintained in inbreed and the
microbiological state was conventional. In these experiences both animal genders were used. The
mice strain used was Csflrnull (Csflr#), where Csflr gene was inactivateds, in the background
of C57BL/6J:C3Heb/FeJ (supplied by Prof. Richard Stanley, Albert Einstein College of Medicine,
NY, USA). Csflr - males and females were crossed by the end of the day and separated in next
morning, and we considered that day as E0.5. At E16.5, E18.5 and PO, pregnant females were
sacrificed by cervical dislocation, embryos removed and decapitated. Lungs were dissected under
a stereomicroscope and a piece of tissue was collected to perform DNA extraction and genotyping
by polymerase chain reaction (PCR). Lungs for RNA extraction were immediately collected to liquid
nitrogen and stored at -80°C. Lungs for immunofluorescence assays were processed during four
days, first day in 4% paraformaldehyde (PFA) solution and in the followings in sucrose gradient
solutions, and in the end frozen in gelatin-sucrose solution in liquid nitrogen, stored at -20°C and
posteriorly sectioned in cryostat. All analyses were performed in 2 groups of animals, Csfir++and

Csflr+ using a minimal of 5 independent litters containing both animals’ groups.

3.2 DNA extraction and Genotyping PCR

A piece of tissue from fetuses and newborns were incubated in a lysis buffer solution (NaCl 0.2 M,
SDS 0.2%, Tris 0.1 M pH 8.0, EDTA 5 mM) and proteinase K (0.09 mg/ml, Ref:3115879001,
Roche) at 55 °C overnight (ON), followed by centrifugation at 13 000 rpm during 10 minutes.
Supernatant was collected and isopropanol was added in the same volume proportion, followed by
vortex and centrifugation at 13 000 rpm during 5 minutes. Supernatant was discarded and DNA
pellet was dried during 1 hour at room temperature (RT) and was hydrated with H.0 nuclease-free.
PCR for genotyping was performed using Supreme NZYTag 2x Master Mix (Ref:MB05402,
NZYTech); specific ~ primers  for Csflr  gene:  AGACTCATTCCAGAACCAGAGC;
GAATTTGGAGTCCTCACCTTTG; CCGGTAGAATTCCTCGAGTCTA; and 1 pL of DNA (=50 ng/pL).

PCR reaction included the following steps: a first step of 5 minutes at 92°C, 35 cycles of 20
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seconds at 94°C, 45 seconds at 58°C and 1 minute at 72°C, and a last step of 7 minutes at
72°C. PCR products were analyzed by electrophoresis agarose gel and the following sizes were
obtained and used to distinguish the 3 mice groups: Csfir - 385 bp; Csfir+ 385 bp and 308
bp; Csfir-: 308 bp.

3.3 Reverse transcriptase -quantitative PCR

3.3.1 RNA extraction

Lungs at E16.5, E18.5 and PO were immersed in TRIzol reagent (Ref:15596-026, Invitrogen) and
tissue homogenate was obtained by mechanical disruption using microcentrifuge pestle and after
needles with crescent gauge values. Homogenate was incubated at RT during 5 minutes, followed
by chloroform addition (0.2 ml per 1 ml of TRIzol used before) and incubation at RT during 3
minutes. Samples were centrifuged (13 000 rpm during 15 minutes at 4 °C) and aqueous phase
removed, and 100% isopropanol was added 1:1 proportion followed by incubation at RT during 10
minutes and centrifugation (13 000 rpm during 10 minutes at 4 °C). Supernatant was discarded
and RNA pellet was washed with 70% ethanol, followed by centrifugation (8000 rpm during 5
minutes at 4 °C). Supernatant was discarded and RNA pellet let it dry during 15 minutes and was

hydrated with H.O RNase-free.

3.3.2 cDNA conversion

To convert 2 pg of RNA it was used the commercial Maxima First Strand cDNA synthesis kit
(Ref:K1671, Thermo Fisher Scientific), following the manufacturer instructions. Briefly, genomic
DNA residues were eliminated using a reaction solution containing 10x DNase Buffer, dsDNase
and RNA template at 37 °C during 2 minutes. cDNA conversion was performed using a reaction
solution containing 5x reaction mix and Maxima Enzyme, Reverse Transcriptase, followed by 10

minutes at 25 °C, 20 minutes at 50 °C and 5 minutes at 85 °C.

3.3.3gPCR

cDNA was mixed with commercial 2x Maxima Probe/ROX Master Mix (Ref: K0O231, Thermo Fisher
Scientific), containing a Hot Start Tag DNA Polymerase, and TagMan® Gene Expression assay,
specifically Gapdh  (Ref:Mm99999915 g1, Thermo Fisher Scientific), Sox9
(Ref:Mm00448840_m1, Thermo Fisher Scientific), £-cad (Ref:Mm01247357_m1, Thermo Fisher
Scientific), Pdpn  (Ref: MmO01348912_gl, Thermo  Fisher  Scientific),  Agp5
(Ref:Mm00437578_m1, Thermo Fisher Scientific), Hopx (Ref:Mm00558630_m1, Thermo Fisher
Scientific), Abca3  (Ref:MmO00550501_m1, Thermo Fisher Scientific), Sp-B
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(Ref:Mm00455678_m1, Thermo Fisher Scientific), Sp-C (Ref:Mm00488144_m1, Thermo Fisher
Scientific), Sp-D (Ref:Mm00486060_m1, Thermo Fisher Scientific), Sox2 (Ref:Mm03053810_s1,
Thermo Fisher Scientific), Scgbilal (Ref:Mm00442046_m1, Thermo Fisher Scientific), Fox//
(Ref:Mm01267279_m1, Thermo Fisher Scientific), Calca (Ref:Mm00801463_g1, Thermo Fisher
Scientific), Fgf?  (Ref:Mm00433287_ml, Thermo Fisher Scientific), Hif-la
(Ref:Mm01283760_m1, Thermo Fisher Scientific), AngZ (Ref:Mm00456503_m1, Thermo Fisher
Scientific),  Ang?  (Ref:Mm00545822_m]1, Thermo Fisher  Scientific), Ve-cad
(Ref:Mm00486938_m1, Thermo Fisher Scientific), Fk1 (Re:Mm01222421_m1, Thermo Fisher
Scientific), Vegla (Ref:Mm01281449 m1, Thermo Fisher Scientific) and
Cd31(Ref:Mm01242584_m1, Thermo Fisher Scientific). Quantitative PCR (qPCR) thermocycler
program was 10 minutes at 95°C, 40 cycles of 15 seconds at 95 °C and 30 seconds at 60 °C.

Transcript levels were normalized to endogenous control Gapdh and transcripts expression levels

analysis was performed accordingly to 242°" methods'. Gene expression data was presented in %

relative transcript expression based on: 242" (individual value) / average (244°T (Csflr - group)) *

100. Statistical analysis was performed using % relative transcript expression (Csf1r * group) vs %
relative transcript expression (Csfir~ group). E16.5: N (Csflr+) = 13; N (Csfir) = 9; E18.5: N
(Csflr+) =12; N (Csflr+) = 12; PO: N (Csflr ~) = 10; N (Csflr+) = 8.

3.4 Immunofluorescence

3.4.1 Immunofluorescence of alveolar epithelial cells markers

To analyze alveolar differentiation during saccular stage (E18.5 and PQ), protein expression of
aquaporin-5 (Agpb) and precursor Sp-C (proSp-C) were assessed by immunofluorescence. Lung
frozen section slides (around 20 um) were defreeze during 30 minutes and were fixated with 4%
PFA during 20 minutes. Permeabilization was performed with 0.3 % Triton X-100 (Ref:93420,
Thermo Fisher Scientific) and 1% bovine serum albumin (BSA) (Ref:A7906, Sigma-Aldrich) in
phosphate buffer solution (PBS) 1x solution during 1 hour. Antigen retrieval was performed using
citrate buffer 10 mM pH=6 during 15 minutes (5+5+5) in microwave at 600 W. Unspecific antigen
binding blocking was performed with normal horse serum (1/10, Ref:H0146, Sigma-Aldrich) and
normal donkey serum (1/5, Ref:D9663, Sigma-Aldrich) in PBS 1x during 1 hour. ProSp-C rabbit
anti-human primary antibody (1/1000, Ref.ab3786, Sigma-Aldrich) was incubated ON at RT,
followed by biotinylated horse anti-rabbit secondary antibody during 2 hours (1/250, Ref:BA-1100,
Vector Labs) and Streptavidin-Alexa Fluor® 568 conjugate during 1 hour (1/200, Ref:S11226,
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Invitrogen). Next, Agp5 rabbit anti-mouse primary antibody (1/250, Ref:ab78486, Invitrogen) was
incubated ON at RT, followed by DyLight™ 488 Donkey anti-rabbit secondary antibody (1/250,
Ref:YC2.406404, Biolegend) incubation during 2 hours. Nuclear staining was performed next using
4' 6-Diamidine-2"-phenylindole dihydrochloride (DAPI) (1/1000, Ref:D1306, Invitrogen) by 5
minutes incubation at RT. Slides were mounted with PermaFluor™ Aqueous Mounting Medium
(Ref:TA-O06-FM, Invitrogen). E18.5: N (Csfir ) = 12; N (Csflr-) = 9; PO: N (Csfir ) = 10; N
(Csflr~) = 8.

3.4.2 Immunofluorescence of endothelial cells markers

To analyze vasculature formation during saccular stage, protein expression of platelet endothelial
cell adhesion molecule (Cd31) and Ve-cad was assessed by immunofluorescence. Lung frozen
section slides defreeze during 30 minutes, followed by antigen retrieval was performed using citrate
buffer 10 mM ph=6 during 15 minutes (5+5+5) in microwave at 600 W. Unspecific antigen binding
blocking was performed with normal horse serum (1/10, Ref:H0146, Sigma-Aldrich) and normal
donkey serum (1/5, Ref:D9663, Sigma-Aldrich) in PBS1x during 1 hour. Cd31 goat anti-mouse
(1/250, Ref:sc-1506, SantaCruz) were incubated ON at RT, followed for biotinylated horse anti-
goat during 2 hours (1/500, Ref:BA-9500, Vector Labs) and Streptavidin-Alexa Fluor® 568
conjugate during 1 hour (1/200, Ref:S11226, Invitrogen). Next, Ve-cad goat anti-mouse (1/250,
Ref:ab78486, Invitrogen) was incubated ON at RT, followed by Alexa Fluor® 488 Donkey Anti-Goat
(1/500, Ref:A11055, Invitrogen) incubation during 2 hours. Nuclear staining was performed using
DAPI (1/1000, Ref:D1306, Invitrogen) during 5 minutes at RT. Lung slides were mounted with
PermaFluor™ Aqueous Mounting Medium (Ref:TA-006-FM, Invitrogen). E18.5: N (Csfir ) = 12;
N (Csfir#) = 9; PO: N (Csflr+) = 10; N (Csflr+) = 8.

3.4.3 Confocal microscopy and quantitative analysis

To quantify protein expression area of Agpb, proSp-C, Cd31 and Ve-cad, representative images
from lung tissue sections (20% of total lung tissue) were taken using Olympus FluoViewTM FV1000
confocal microscope at 60x oil objective. Protein positive areas and all lung parenchyma area (DAPI
positive) were quantified using ImageJ 1.50i software. Using threshold function available on
Imagel, it was possible to measure the different areas in the different filters (red, green and blue)
in a grey scale image (RGB stack option). Area quantification values were measured in an arbitrary

unit. Positive expression area was presented as positive protein area/ DAPI positive area.
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3.5 Tissue culture

3.5.1 Lung slices culture

Wild-type males and females (C57BL/6J:C3Heb/Fel background) were crossed by the end of the
day and separated in next morning, and it was considered that morning as E0.5. At E16.5, pregnant
females were sacrificed by cervical dislocation, embryos removed and decapitated. Lungs were
dissected under a stereomicroscope inside of a sterile vertical flow chamber. Left lung slices were
obtained using a n°11 blade (0.5-1Imm:) and a slim scissor, and cultured in Dulbecco's Modified
Eagle Medium: Nutrient Mixture F-12 (DMEM/F12) (Ref:733-1668, Lonza), penicillin/streptomycin
(1%, Ref:P4333, Sigma-Aldrich), 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid, N-(2-
Hydroxyethyl)piperazine-N'"-(2-ethanesulfonic acid) (HEPES) (15 mM, Ref:H4034, Sigma-Aldrich)
over a isopore membrane filter 0.4 um (Ref:HTTPO1300, Merck), previously hydrated with
DMEM/F12 (733-1668, Lonza) for at least 1 hour. Different conditions were tested: ascorbic acid
supplementation (0.2 mg/ml, Ref:A92902, Sigma-Aldrich); and slices derived from different lung
regions, all left lobe lung and distal lung, as schematized in figure 4. Lung slices were cultured
during 24 and 48 hours at 37 °C with 5 % of CO.. N (all left lobe with ascorbic acid) = 4; N (all left
lobe without ascorbic acid) = 4; N (distal lung with ascorbic acid) = 3 and N (distal lung without

ascorbic acid) = 5.

All lung slices
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Figure 4- Schematic representation of lung slices cutting to test culture of two different fetal lung regions:
all lung and distal lung
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3.5.2 Tissue processing, microscopy and cell death analysis

After 24 or 48 hours of culture, lung slices were collected in 4 % PFA, incubated ON at RT, and
processed to formalin-fixed paraffin-embedded tissue. Next, lungs slices were sectioned (3 um)
and submitted to hematoxylin and eosin (H&E) staining. To quantify apoptotic bodies in lung slices
stained with H&E, representative images from lung tissue sections (20% of total tissue) were taken
using an Olympus DP70 photographic camera linked to Olympus BX 81 microscope at 20x and
40x objectives. Apoptotic bodies were identified accordingly to specific histologic characteristics
(small vesicles with dark purple coloration)s. Apoptotic bodies areas and lung parenchyma areas
were quantified using selection function of ImageJ 1.50i software. Area quantification values were
measured in an arbitrary unit. Apoptotic bodies area was normalized to lung parenchyma area:

apoptotic bodies area / lung tissue area.

3.6 Statistical analysis

All data was presented as mean + standard error mean (SEM). Simple comparisons between Csir
+and Csflr~+ and simple comparisons between different lung culture conditions were performed
using Two-tailed Student’s t-test: *p < 0.05, **p < 0.01 and ***p < 0.0001 in GraphPad Prism

version 5.0.
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4 RESULTS

Tissue macrophages are involved in the modulation of several organ developmental processes (kidney*,
bone®, brain*®, pancreas”, and mammary gland®), particularly in branching morphogenesis and
vasculature formation. In lung, fetal tissue macrophages activation through NF-kB signaling disrupted
fetal airways morphogenesis®. However, it is unknown the contribution of fetal tissue macrophages to
normal lung development. In this work, we used a knockout animal for Csflr gene, that is a membrane
receptor responsible for tissue macrophage differentiation throughout Csfl signaling#+#, in order to
understand which are the mainly cellular alterations modulated by tissue macrophages across lung

development.

Unpublished data from the group show that Cs7ir~ fetal lungs at saccular stage (E18.5 and PO) exhibit
decreased alveolar airspaces area and increase of non-epithelial-like cells, being this phenotype even
more pronounced after birth (PO) (Figure S2, supplementary information). Moreover, these analyses show
the existence of different levels of lung phenotype severity, with the majority of Csflr~ fetal lungs with a
high severity degree of the mentioned impairments and some with a mild to moderate degree. The lung
tissue macrophage deficiency of this model was confirmed by immunofluorescence using a classical
macrophage marker, F4/80. The deficiency in the fetal saccular lungs was confirmed by a reduction of
more than 85% in F4/80+ tissue macrophages in Csflr ~ lungs (unpublished data) (Figure S1,
supplementary information). However, it is unknown which cellular and molecular processes are

modulated by fetal tissue macrophages in lung formation.

4.1 Tissue macrophages involvement in alveolar differentiation

Tissue macrophages were involved in the modulation of epithelial pancreatic tissue, specifically B-cells
proliferation and differentiation*. Lung development occur through bronchial-tree branching, as occur in
kidney and mammary gland, and its function is dependent on the correct development of the epithelium
(bronchial and alveolar cells differentiation). So, we hypothesized that tissue macrophages are involved
in alveolar epithelial differentiation. To confirm this, we decided to investigate alveolar differentiation

throughout canalicular (E16.5) and saccular stage (E18.5 and PO) in lung tissue of Csf1r-mice.

Initially, we assess transcript expression levels of cell type-specific markers: progenitor distal cells (Sox9),
epithelial cells (£-caq), AT1 (Pdpn, Agp5 and Hopx) and AT2 (Abca3, Sp-B, Sp-C and Sp-0) cells by RT-
gPCR. Since, alveolar differentiation is a process that initiates in the canalicular stage, and mainly occurs

during saccular stage?, we will perform this analysis at E16.5 (begin of canalicular stage), E18.5 (early
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saccular stage) and PO (saccular stage). All the transcripts relative expression levels of Csf1r~ mice were

compared to Csflr ++ mice at the same timepoint.

At E16.5, Sox9 expression was not affected in Csflr~animals (101.2+3.48 vs 100.0+2.16, p=0.7503)
(Figure 5). The epithelial compartment showed a statistical increase in £-cad transcript expression (14%;
113.9+4.741 vs 100.0+£1.38, p=0.0029) (Figure 5). Pdpn is a mucin-type transmembrane protein
expressed in alveolar bipotential progenitor cells and AT1 mature cells®, and its transcript expression was
statistically slight increase in Csf1r~ mice (7%; 106.5+2.19 vs 100.0+1.48, p= 0.0195) (Figure 5). Agpb
is a member of aquaporin family and it is expressed in apical plasma membrane of AT1 cells. Agp5
transcript levels were not altered (102.8+5.04 vs 100.0+5.642, p=0.7279) (Figure 5). Hopx is a member
of homeodomain-containing protein family=, and it is expressed in AT1 cells since E15.5%. Hopx was
statistically increased (22%; 121.7+8.547 vs 100.0+2.68, p=0.0088) (Figure 5). Most of AT2 transcripts
presented higher transcript expression levels in Csfir-lungs (Abca3 (25%): 124.8+8.01 vs 100.0+1.29,
p=0.0023; Sp-B (44%): 143.7+17.14 vs 100.0+2.33, p=0.0062; Sp-C (28%): 127.9 + 10.68 vs
100.0+4.63, p=0.0146), except Sp-D transcript, which did not present statistical differences
(105.1+12.21 vs 100.0+4.11, p=0.6485) (Figure 5). Interestingly, Sp-D transcript levels presented two
distinct expression patterns in Csflr~ group that divided it in two. A sub-group, designated as Csfir+ up,
showed a significant augment in Sp-Dtranscript levels (34%; 134.1+10.86 (N=4) vs 100.0+4.11(N=12),
p=0.0026), and another subgroup, denominated Csflr-down, a decreased expression of this transcript
expression levels (24%; 76.21+4.50 (N=4) vs 100.0+4.11 (N=12), p=0.0078). As already mentioned,
different lung morphological severities were observed in Csflr+ lung phenotypes, so it was not a surprise
that different expression patterns could occur. At E18.5, a first analysis showed that CsfIr + transcript
expression patterns were very heterogeneous (Figure 6A) with 2 sub-groups for almost all the genes
(Figure 6B), as observed in Sp-D transcript expression levels at E16.5. Only Sp-C transcript levels
presented a statistically increase in all Csfir ~ group (31%; 131.3+9.78 vs 100.0+2.43, p=0.0061)
(Figure 6A). A detailed analysis of Csfir+ sub-groups was performed in the remaining genes. In Csfir~
up sub-group, Sox9 was 74% (173.7+17.32 (N=4) vs 100.0+4.23 (N=10), p<0.0001) and £-cad 54%
increased (153.9+20.30 (N=6) vs 100.0+5.20 (N=10), p=0.0046) (Figure 6B).
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Figure 5- Distal epithelium transcripts expression analysis at canalicular stage (E16.5).

Distal progenitor cell (Sox9), epithelium (£-cad) and alveolar epithelium (Pdpn, Agps, Hopx, Abca3, Sp-B, Sp-
Cand Sp-D) transcripts were assessed in Csflr~and Csflr~lungs by qPCR. Gapdh transcript expression
was used as housekeeping gene. (*p < 0.05, **p < 0.01 and ***p < 0.0001)

In the same group, AT1 related transcripts demonstrated a 35-50% augment in Csf1r~lungs (Pdpn (37%):
136.8+5.10 (N=7) vs 100.0+0.48 (N=10), p<0.0001; Hopx (41%): 140.6+8.53 (N=7) vs 100.0+3.52
(N=10), p=0.0002 and Agp5 (50%): 150.3+18.10 (N=7) vs 100.0+3.62 (N=11), p=0.0039) and AT2
markers a 25-65% increase (Abca3 (64%): 163.6+10.48 (N=4) vs 100.0+4.04 (N=11), p<0.0001; Sp-B
(33%): 133.1+7.60 (N=7) vs 100.0+4.44 (N=11), p=0.0009 and Sp-D (26%): 125.6+8.09 (N=5) vs
100.0+2.98 (N=10), p=0.0028) (Figure 6B). In Csflr ~ down sub-group, Sox9 and E-cad were 26%
decrease (74.5+4.20 (N=6) vs 100.0+4.23 (N=10), p=0.0013; 73.6+6.22 (N=6) vs 100.0+5.20 (N=11),
p=0.0069, respectively) (Figure 6B). AT1 transcripts presented a reduction of 20-30% in expression levels
(Pdpn (25%): 74.7+6.43 (N=5) vs 100.0+0.48 (N=10), p<0.0001; Agp5 (23%): 77.5+8.06 (N=5) vs
100.0+£3.62 (N=11), p=0.0099 and Hopx (23%): 77.1+6.87 (N=5) vs 100.0+3.52 (N=10), p=0.0055)
and AT2 transcripts were 25-35% diminish (Abca3 (34%): 65.7+5.68 (N=5) vs 100.0+4.04 (N=11),
p=0.0003; Sp-B(26%): 74.2+7.24 (N=5) vs 100.0+4.44 (N=11), p=0.0070 and Sp-D (35%): 65.0+9.70
(6) vs 100.0+2.97 (10), p=0.0009) (Figure 6B).
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Figure 6- Distal epithelium transcripts expression analysis at saccular stage (E18.5).

(A) Distal progenitor cell (Sox9), epithelium (£-cad) and alveolar epithelium (Padpn, Aqpb, Hopx, Abca3, Sp-B,
Sp-C and Sp-D) transcripts were assessed in Csflr~and Csflr+lungs by gPCR. (B) Heatmap representation
of distal epithelium related transcripts differentially expressed in Csflr +lungs compared with Csfir -
demonstrating two distinctive expression patterns (Csflr ~ up (red) and down (blue)). Gapdh transcript
expression was used as housekeeping gene. (*p <0.05, **p <0.01 and ***p < 0.0001)



Our unpublished data showed lung morphological impairments at this lung developmental stage but also
at postnatal saccular stage. To understand whether alveolar differentiation state of newborn (PQ) Csfir~
is disturbed, we performed a similar quantitative analysis of the relative transcript levels at this time point
(Figure 7). Distal epithelium transcript analysis demonstrated statistical and higher increase in Sox9 of
148% (247.8+66.70 vs 100.0+4.58, p=0.0240) and E£-cad of 28% (127.5+10.52 vs 100.0+3.43,
p=0.0120) (Figure 7). Most of AT1 transcripts were augmented in Csf1r~lungs (Agp5(31%): 130.9+9.58
vs 100.0+£7.61, p=0.0228 and Hopx (41%): 140.6+19.73 vs 100.0+1.83, p=0.0464) (Figure 7). Pdpn
transcript had distinct expression levels (Csfir~up 24% increased; 123.6+15.44 (N=4) vs 100.0+0.496
(N=8), p=0.0463; and Csflr ~ down 25% decreased (75.08+6.28 (N=3) vs 100.0+0.496 (N=8),
p<0.0001). Towards AT2 related transcripts, only Abca3 transcript expression was changed with an

increase of 31% (131.0+13.76 vs 100.0+4.80, p=0.0278) (Figure 7).
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Figure 7- Distal epithelium transcripts expression analysis at saccular stage (PO).

(A) Distal progenitor cell (Sox9), epithelium (£-cad) and alveolar epithelium (Papn, Aqps, Hopx, Abca3, Sp-B,
Sp-C and Sp-D) transcripts were assessed in Csflr++and Csflr+lungs by gPCR. Gapadh transcript expression
was used as housekeeping gene. (*p < 0.05, **p < 0.01 and ***p < 0.0001)
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Accordingly, qPCR analysis of E18.5 showed a clear dysregulation in distal epithelium transcripts
expression in Csflr~ lungs. This phenomenon seemed to begin at E16.5, and it was maintained during
saccular stage in Csflr~ newborns (PO). Although, AT?2 transcripts seemed to present a recovery in the
expression levels, AT1 transcripts maintained a dysregulated expression in Csflr~lungs. Altogether these
results suggest that absence of tissue macrophages promote a clear dysregulation in the transcript levels
of most distal epithelial markers studied, and consequently point out a possible failure in alveolar

differentiation in Csf1r- mice during lung formation.

To assess if the alveolar differentiation was disturbed at E18.5, AT1 and AT2 markers expression, Agpb
and Sp-C respectively, was investigated by immunofluorescence staining. A first observational analysis

suggested decreased Agp5 and proSp-C expression levels in Csflr~ mice (Figure 8A).

Both Agp5 and proSp-C proteins expression area was 22% reduced in CsfIr - lungs (0.0349+0.00448
vs 0.0449+0.00127, p=0.0395 and 0.0668+0.00462 vs 0.0856+0.00339, p=0.0044, respectively)
(Figure 8B). This result confirmed that distal epithelium differentiation is disrupted in tissue macrophage-

deficient lungs, as suggested by gPCR results.

To confirm if the alveolar differentiation impairments visualized in early saccular stage is also present in
newborn Csflr ~ mice, we evaluated AT1 and AT2 markers protein expression at PO. Observational
analysis suggested a decrease in Agpb expression, and no effect on proSp-C protein expression in Csfir
#lungs (Figure 9A). At PO, proSp-C protein expression area quantification showed no differences in Csfir
#lungs (0.1048+0.00887 vs 0.0943+0.00385, p=0.2300) (Figure 9B). On the other hand, Aqp5 protein
expression exhibited a significantly decrease (18%) in AT1 cell marker (0.0851+0.00539 vs
0.1032+0.00367, p=0.0112) (Figure 9B). Impairments in the alveolar differentiation were corroborated
in both transcript and protein expression analysis performed in CsfIr ~ lungs, indicating Csflr-positive

macrophages as key players in the regulation of alveolar differentiation during saccular stage.
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Figure 8- Agp5 and proSp-C expression in Csflr~+ lungs at saccular stage (E18.5).

(A) Representative images (60x) of Agp5 (green) and proSp-C (red) protein expression pattern in Csflr » in
comparison with CsfIr ~ lungs by immunofluorescence. Nuclear staining was performed using DAPI (blue).
(B) Quantification of Agp5 and proSp-C positive expression areas per lung parenchyma area (DAPI positive
area). (*p <0.05, **p <0.01 and ***p < 0.0001)

33



Csflr”

Csflr”

B

0.15-
g . 93 s
Eﬂlc - R s
O W lu-
=5
—
&
i8]
2 0.054
:‘g
o

0.00 T T

W of

Figure 9- Aqp5 and proSp-C expression in Csflr~lungs at saccular stage (P0).

(A) Representative images (60x) of Agp5 (green) and proSp-C (red) protein expression pattern in Csflr » in
comparison with CsfIr~ lungs by immunofluorescence. Nuclear staining was performed using DAPI (blue).
(B) Quantification of Agp5 and proSp-C positive expression areas per lung parenchyma area (DAPI positive
area). (*p <0.05, **p <0.01 and ***p < 0.0001)

34



4.2 Tissue macrophages modulation of bronchiole differentiation

During pseudoglandular stage (E11.5-16.5) occurs epithelial conducting tubes division, a process called
branching morphogenesists. During this process occurs bronchi, bronchioles and alveoli formation.
Bronchi and bronchioles are constituted by Clara cells, basal cells, ciliated cells, neuroendocrine cells,
goblet cells, smooth muscle cells and others’. Morphological analysis in Csflr ~lungs at saccular stage
(E18.5 and PO) did not present differences in bronchiole-like structures. However, £-cad expression was
already assessed in alveolar epithelium analyses and showed dysregulation in transcript expression during
canalicular and saccular stage, indicating that lung epithelium was affected in Csfir+lungs. So, to confirm
if the proximal conducting airways epithelial differentiation were correctly developed in Csfir lungs,
transcript expression analysis was assessed throughout lung development (E16.5, E18.5 and PO lungs).
To assess proximal epithelium differentiation, we quantified Sox2 (proximal progenitor cells), Foxj!

(ciliated cells), Scgblal (Clara cells) and Calca (neuroendocrine cells) transcript levels by gPCR.

Sox2 and Scgblal expression were not changed in Csflr-lungs at E16.5 (110.5+7.73 vs 100.0+4.39,
p=0.2152 and 116.8+15.24 vs 100.0+6.99, p=0.2641). Foxjl and Calca transcripts, ciliated and
neuroendocrine cell markers respectively, were statistically increased, 31% (131.4+15.59 vs 100.0+3.42,

p=0.0442 and 130.6+10.88 vs 100.0+3.92, p=0.0071; respectively) (Figure 10).

At E18.5, Calca was highly increased (69%) in Csflr+(169.4+18.00 vs 100.0+3.42, p=0.0018) (Figure
11A). On the other hand, SoxZ, Scgblal and Foxjl presented a heterogeneous expression patterns
(Figure 11B). In Csflr ~ up sub-group, Sox2 expression was 33% increase (133.7+7.60 (N=7) vs
100.0+4.44 (N=11), p=0.0009), Scgblal expression increased 43% (143.0+9.81 (N=6) vs 100.0+4.93
(N=11), p=0.0002) and FoxjI 25% (124.4+4.30 (N=5) vs 100.0+3.62 (N=11), p=0.0014) (Figure 11B).
In Csflr~down sub-group SoxZexpression was 26% decreased (74.2+7.24 (N=5) vs 100.0+4.44 (N=11),
p=0.0070), Scgblal expression decreased 36% (64.3+11.40 (N=5) vs 100.0+4.93 (N=11), p=0.0042).
Foxj1 expression was decreased but without statistical difference (89.1+3.56 (N=6) vs 100.0+3.62
(N=11), p= 0.0704) (Figure 11B).
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Newborn (P0O) Csfir~lungs did not present differences in Sox2 expression (100.0+6.77 vs 105.7+7.94,
p=0.5919) and Scgblal expression (121.3+10.93 vs 100.0+4.64, p=0.0708) (Figure 12). Foxjl
transcripts levels were statistical 17% increase (116.8+7.98 vs 100.0+£1.66, p=0.0262) (Figure 12).
Calca expression levels exhibited a Csflr ~ up sub-group with 32% increase (100.0+3.48 (N=9) vs
132.0+7.29 (N=4), p=0.0008) and a Csfir+ Csfir-like sub-group (100.0+3.48 (N=9) vs 93.60+2.71
(N=4), p=0.2783). These results show a possible dysregulation in bronchiole transcripts expression,

although no morphological changes were observed in this lung epithelial compartment due to tissue

macrophages.
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Figure 10- Proximal epithelium transcripts expression analysis at canalicular stage (E16.5).

(A) Proximal progenitor cell (Sox2), epithelium (£-cad) and proximal epithelium markers (Scgblal, Foxjl and
Calca) transcripts levels were assessed in Csflr - and Csflr+ lungs by qPCR. Gapdh transcript expression
was used as housekeeping gene. (*p < 0.05, **p <0.01 and ***p < 0.0001).
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Figure 11- Proximal epithelium transcripts expression analysis at early saccular stage (E18.5).

(A) Progenitor cell (Sox2), epithelium (£-cad) and proximal epithelium markers (Scgblal, Foxjil and Calca)
transcripts levels were assessed in Csflr - and Csflr -~ lungs by qPCR. (B) Heatmap representation of
proximal epithelium related transcripts, demonstrating two distinctive expression patterns (Cs71r~ up (red)
and down (blue)). Gapdh transcript expression was used as housekeeping gene. (*p < 0.05, **p < 0.01
and ***p < 0.0001)
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Figure 12- Proximal epithelium transcripts expression analysis at saccular stage (PO).

(A) Proximal progenitor cell (Sox2), epithelium (£-cad) and proximal markers (Scgblal, Foxjl and Calca)
transcripts were assessed in Csflr »- and Csflr+ lungs by qPCR. Gapdh transcript expression was used as
housekeeping gene. (*p < 0.05, **p < 0.01 and ***p < 0.0001)

4.3 Impact of tissue macrophages in lung vasculature formation

So far, morphological, transcription and protein analysis revealed that tissue macrophages are involved
in alveolar and suggested a possible dysregulation on bronchiole differentiation during lung development.
However, it is unknown if tissue macrophages are involved in vasculature formation during lung

development.

Vasculature development starts during the beginning of pseudoglandular stage and develops
concomitantly with branching morphogenesist*». Moreover, epithelial cells produce growth factors
essentials to vasculature formation and maturation, such as Vegfaz, indicating a obviously interaction
between epithelial and endothelial morphogenesis. Interestingly in hindbrain, macrophages are indicated
as modulators of vascular anastomoses formation®. Taking these evidences in consideration an obvious
question arises: it is vascular compartment firstly affected and, consequently occur an impairment in
epithelium formation or alveolar impairments induce vascular defects during lung development. To
investigate these, we evaluated vasculature formation through quantification of vascular mediators’
transcripts relative expression and endothelial protein cell markers by gPCR at E16.5, E18.5 and PO. On
this way, we expect to understand which of the systems is firstly affected by tissue macrophages absence,

but also when it occurs.
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At E16.5, most of the vascular mediators’ transcripts expression levels in Csflr - lungs did not show
statistical differences in comparison with Csf1r + lungs, except Hifla and Ang-1. These two transcripts
were slightly increased, 8-10% (HiFla: 107.5+3.27 vs 100.0+1.36 and Angl: 109.8+ 3.87 vs
100.0+1.98, p=0.0234) (Figure 13).
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Figure 13- Vascular mediators’ transcripts expression analysis at canalicular stage (E16.5).
Vascular mediators’ transcripts were assessed in Csflr »+ and Csflr ~ lungs by qPCR. Gapdh transcript

expression was used as housekeeping gene. (*p < 0.05, **p < 0.01 and ***p < 0.0001)

In early saccular stage, E18.5, it was possible to observed a significantly decrease of 21% in Fgf?
expression (79.0+3.56 vs 100.0+1.50, p<0.0001) (Figure 14A). Moreover, a detailed analysis
demonstrated the distinction of two Csflr~ sub-groups (Csf1r~up and Csfi1r+down), as already identified
in epithelial analysis) in some vascular mediators: Ve-cad, Flki, Vegfaand Cd31. In Csflr- up sub-group
of mice a 30-50% increase was showed (Ve-cad 40%, 140.0+£9.20 (N=7) vs 100.0+5.03 (N=11),
p=0.0007); Flk148% (147.9+9.83 (N=5) vs 100.0+4.18 (N=11), p=0.0001); Vegfa 33% (132.9+10.86
(N=6) vs 100.0+3.52 (N=11), p=0.0027); Cd31 39% (139.2+10.95 (N=7) vs 100.0+2.57 (N=10),
p=0.0009) (Figure 14B). In Csflr ~ down lungs, Ve-cad was 33% decreased (67.5+7.09 (N=5) vs
100.0+5.03 (N=11), p=0.0025), FlkI was 38% (62.3+7.35 (N=5) vs 100.0+4.18 (N=11), p=0.0003),
Vegfa was 15% (85.1+5.80 (N=5) vs 100.0+3.52 (N=11), p=0.0383) and Cd37 was 22% decreased
(77.8+8.09 (N=5) vs 100.0+2.57 (N=10), p=0.0052) (Figure 14B).
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At PO, Csfir+lungs showed impairments in the transcript expression of AngZ, Hif-1o and Fik1. In specific,
a decrease of 17% in AngZ expression (82.6+6.80 vs 100.0+2.84, p=0.0218), increase of 15% in Hif-ia
(114.7+6.69 vs 100.0+1.76, p=0.0317) and 19% increase in FlklI expression (119.2+5.58 vs
100.0+4.62, p=0.0182) (Figure 15A). A more detailed analysis concerning the presence of Csflr+ sub-
groups showed changes in Angl expression: Csflr ~ up with 21% increase (121.1+£3.11 (N=4) vs
100.0+3.41 (N=10), p=0.0035) and Csflr ~ down 32% decrease (68.0+5.84 (N=3) vs 100.0+3.41
(N=10), p=0.0008). AngZexpression exhibited a 34% decrease (66.1+4.24 (N=4) vs 100.0+2.84 (N=10),
p<0.0001) in a half of Csfir+lungs (Csflr~down) and the other half presented similar expression levels
to Csflr - lungs (99.2+3.92 (N=4) vs 100.0+2.84 (N=10), p=0.8785) (Figure 15B). Vegra expression
was 72% increase in majority of Csflr ~up sub-group (172.2+25.22 (N=5) vs 100.0+2.79 (N=8),
p=0.0038) and the others Csflr~mice showed expression levels like Csflr+lungs (95.0+1.37 (N=3) vs
100.0+2.79 (N=8), p=0.3226) (Figure 15B). Shortly, dysregulation of vascular mediators’ transcript

expression by tissue macrophages was evident only at saccular stage (E18.5).

To assess whether these transcript expression impairments is traduced in a change in the vasculature
formation morphology, IF staining was performed to specific endothelial markers, Ve-cad and Cd31 at
E18.5 and PO (Figures 16A and 17A). At early saccular stage E18.5, Ve-cad marker did not present
statistical differences between Csflr ++ and Csflr -~ lungs (0.1129+0.00646 vs 0.1103+0.00400,
p=0.7324) (Figure 16B). Cd31 marker in Csflr ~ mice was decreased in 12% (0.0890+0.00479 vs
0.1011+0.00294, p=0.0337) (Figure 16B).

At PO, Vecad and Cd31 markers showed a 22 and 27% decreased expression (0.1743+0.01546 vs
0.2229+0.01295, p=0.0323 and 0.828+0.01814 vs 0.2502+0.01728, p=0.0218, respectively) (Figure
17B). Impairments in vasculature maturation were corroborated in both transcript and protein expression

analysis performed in Csfirlungs.

Taking in consideration the influence of alveolar epithelium during vasculature differentiation, we cannot
suggest that the vascular formation defects was a direct consequence of tissue macrophages absence,
because alveolar compartment was firstly affected as transcript analysis at canalicular phase suggests.
So, disruption of vasculature formation at saccular stage could be a consequence of alveolar

differentiation dysregulation and not directly a consequence of tissue macrophages absence.
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Figure 14- Vascular mediators’ transcripts expression analysis at early saccular stage (E18.5).

(A) Vascular mediators’ transcripts were assessed in Csflr -+ and Csflr + lungs by gPCR. (B) Heatmap
representation of vascular mediators related transcripts, demonstrating two distinctive expression patterns
(Csflr+ up (red) and down (blue)). Gapdh transcript expression was used as housekeeping gene. (*p < 0.05,

**p <0.01 and ***p < 0.0001)
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Figure 15- Vascular mediators’ transcripts expression analysis at saccular stage (PO).

(A) Vascular mediators’ transcripts were assessed in Csflr ++ and Csflr -~ lungs by gPCR. (B) Heatmap
representation of vascular mediators related transcripts, demonstrating two distinctive expression patterns
(Csfl1r+up (red) and down (blue)). Gapdhtranscript expression was used as housekeeping gene. (*p < 0.05,

**p <0.01 and ***p < 0.0001)
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Figure 16- Vecad and Cd31 expression in CsfIr+lungs at early saccular stage (E18.5).

(A) Representative images (60x) of Ve-cad (green) and Cd31 (red) protein expression pattern in Csflr~in
comparison with Csf1r - lungs by immunofluorescence. Nuclear staining was performed using DAPI (blue).
(B) Quantification of Ve-cad and Cd31 positive expression areas per lung parenchyma area (DAPI positive
area). (*p <0.05, **p <0.01 and ***p < 0.0001)
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Figure 17-Ve-cad and Cd31 expression in Csflr~lungs at early saccular stage (P0).

(A) Representative images (60x) of Ve-cad (green) and Cd31 (red) protein expression pattern in Csflr + in
comparison with CsfIr~ lungs by immunofluorescence. Nuclear staining was performed using DAPI (blue).
(B) Quantification of Ve-cad and Cd31 positive expression areas per lung parenchyma area (DAPI positive
area). (*p <0.05, **p <0.01 and ***p < 0.0001)
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4.4 Establishment of E16.5 lung slices in culture

A commonly culture technique used to perform functional assays to study cellular and molecular
processes during lung saccular developmental stage, such as alveolar differentiation or vasculature
formation, is the culture of lung explants, the also called lung slice cultures. Different approaches have
been applied in the culture optimization such as left lobe region of cut or ascorbic acid
supplementation=s, Ascorbic acid, also known as vitamin C, is an antioxidant and can scavenge free
radicals, protecting cells from oxidative damage®’, and it has been associated with increase in viability of
tissue culture. Since we intend to validate that tissue macrophages are involved in alveolar differentiation
and/or vasculature formation, we decided to optimize lung slice culture to perform the inhibition of Csflr-
positive macrophages and evaluate lung morphology, and consequently assess alveolar and vasculature

formation.

In this work, we intend to optimize the best conditions to decrease tissue death on lung slices culture.
Different conditions were considered: culture of different lung regions and culture in medium
supplemented with ascorbic acid. Different lung regions were tested to understand if different left lobe
areas (proximal or distal areas) were more viable in culture and if ascorbic acid supplementation increase

lung slices survival. To assess viability, we quantified apoptotic bodies areas in lung slices H&E stained.

Lung slices performed in the distal area did not demonstrate differences in tissue viability between the
culture medium with (Figure 18A) or without ascorbic acid during 24 hours (Figure 18B) (0.115+0.0158
vs 0.105+0.0159, p=0.7017) (Figure 18G). However, when all lung cuts were cultured in supplemented
(Figure 18C) and non-supplemented (Figure 18D) medium, non-ascorbic acid supplementation showed
a statistical 42% decrease in apoptotic bodies areas in comparison with ascorbic acid supplementation
(0.190+0.0247 vs 0.111+0.0158, p=0.0351) (Figure 18D). Furthermore, we compared distal and all
left lobe slices with and without ascorbic acid supplementation to understand if lung zone could influence
lung culture viability. All left lobe slices showed no differences in apoptotic bodies when compared to
distal slices, both with ascorbic acid supplementation (0.190+0.0247 vs 0.115+0.0158, p=0.0654)
(Figure 18G). In non-ascorbic acid supplementation, no differences were seen in apoptotic bodies areas
between distal and all left lobe slices (0.105+0.0159 vs 0.111+0.0158, p=0.8102). Additionally, we
performed distal (Figure 18E) and all left lobe slices (Figure 18F) culture without medium supplementation
during 48 hours. Apoptotic bodies areas were quantified and no statistical differences were seen in

comparison with the same conditions at 24 hours (distal: 0.105+0.0159 vs 0.167+0.0440, p=0.2232;

45



and all left lobe: 0.111+0.0158 vs 0.130+0.1715, p=0.4447) (Figure 18G). Ascorbic acid seemed to

augment tissue viability in all left lung slices, but without influencing distal lung slices 24h culture.
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Figure 18- Different lung region slices and ascorbic acid supplementation affect tissue viability in culture.
Representative H&E staining images from lungs slices of all left lobe with (A", A"") and without (B', B"”") ascorbic
acid, and lungs sliced from distal area with (C’, C"’) and without (D', D’) ascorbic acid supplementation at 24
hours. Distal slices (E’, E”") and all left lobe slice (F’, F”’) culture without ascorbic acid supplementation during
48 hours. (G) Tissue viability was evaluated by apoptotic bodies area quantification normalized to lung
parenchyma. The photos were taken at * 20x and ' 40x objectives. Red asterisks(*) are indicatives of apoptotic
bodies. (*p < 0.05, **p < 0.01 and ***p < 0.0001). Scale bars of (A'-F’) images:300 um; (A”-F*'): 50 pum.
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5.DISCUSSION






5.Discussion

In the last 20 years, tissue macrophages are being considered as key regulatory agents in several
organs developments##4ss. However, molecular and cellular processes mediated by tissue
macrophages in organ development are unknown. In lung, little is known about tissue macrophages
contribution to fetal and postnatal development. In inflammation context, fetal tissue macrophages
activation disrupt airways morphogenesis probably due pro-inflammatory cytokines release®. In
adult lung are known three distinct types of tissue macrophages: alveolar macrophages, interstitial
macrophages and bronchial macrophages®. This classification was performed accordingly to the
lung region where they are present. Alveolar macrophages are present in alveolar airspaces and
are responsible for the phagocytic activity against pathogens inhaled and to maintain lung
clearance through surfactant catabolism®. Interstitial macrophages are present in lung
parenchyma, near to alveoli and interact with dendritic cells and interstitial lymphocytes. Bronchial
macrophages are present in lung bronchioles and were mostly involved in host-defenses. Moreover,
interstitial macrophages, have origin in the bone-marrow postnatally and under specific biological
conditions*¢. Other studies demonstrated that alveolar macrophages differentiate through Csf2
during postnatal period (first week after birth), also known as granulocyte/ macrophage stimulating
factor (Gm-csf), signaling activation®==, Gm-csf + lungs did not present any impairments in
morphology, suggesting that alveolar macrophages were not players in lung development
modulations”. Additionally, it is also described that Csflr-positive progenitor cells came from yolk
sac and present higher expression levels of F4/80%, suggesting that interstitial macrophages arise
from yolk sac and differentiate through Csfl pathway. Recently, a work showed that during
development, there are two distinct populations that arise to lung: Mac2-positive fetal macrophages
and F4/80-positive embryonic macrophages*. F4/80-positive embryonic macrophages originate
“primitive” interstitial macrophages and populate lung at early stages of development (E10-12),
and Mac2-positive fetal macrophages give rise to alveolar macrophages and appear latter (E14)
during tissue development, both with origin from yolk sac during embryonic and fetal development,

respectively, and preserved throughout adult lifes,

In the present work, we used a mice model deficient in tissue macrophages (Csfir~), promoting a
disruption in macrophage differentiation via Csfl. No studies were performed to unravel tissue
macrophages function during lung development using Csf1r ~ mice model. Histological and

morphometric studies measurements performed by our team in Csf1r+ lungs in comparison with
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Csflr ++showed a disruption in lung morphogenesis, specifically decreased airspaces area and
increased non-epithelial-like volume density at saccular stage (E18.5 and PO) (Figure S2,
supplementary information). Although the majority of Csf1r~lungs presented severe disruption on
lung, some of them were similar with Csf1r++ group, being designated by us as Csflrlike. These
data indicate a possible disruption on sacculation and distal epithelial differentiation due to tissue
macrophages deficiency (Figure S1, supplementary information). Recently, some molecules were
described as important lung modulators during fetal development, specifically in alveolar
differentiation, and they present morphological defects similar to that of our Csfir » mice.
Conditional knockout of histone deacetylase-3 showed impairments in alveolarization with
decreased airspace areas*. Full knockout of sorting nexin-5 lungs showed respiratory failure and
perinatal lethality, and also decreased airspace areas™. Therefore, we decided to evaluate alveolar
epithelium differentiation state in Csflr ~ lungs mice, by assessment of transcript and protein
expression of AT1 and AT2 cell markers. Classical AT1 markers used to assess differentiation state
are Pdpn, Agp5 and Hopx:t=. Pdpn is a progenitor and mature AT1 marker, but its function in lung
is unknown’'. Papn ~ mice died at birth, and showed respiratory difficulties, and were cyanotic’.
Additionally, Papn~lungs presented increased levels of proliferation and surfactant accumulation.
Another AT1 marker studied was Hopx transcript expression. Loss of Hopx expression leads also
to an increase of surfactant production accomplished with alveolar formation disruption’. Aqp5 is
a mature AT1 cell marker® and it is responsible for the regulation of alveolar fluid composition:'.
Agp5  did not present impairments in lung formation:. However, in Pdpn - lungs occurred a
decrease in Agp5 mRNA and protein expression’. Our data showed impairments in transcript levels
expression of these AT1 cell markers since canalicular stage (Figure 5-7), and protein analysis of
Agpb protein expression was diminished at saccular stage (E18.5 and PO) (Figure 8 and 9). These

findings evidence that fetal lung tissue macrophages modulate AT1 cell differentiation.

The classical model of alveolar differentiation was based on AT2 as a source of AT1 cells®. On the
other hand, disruptions in AT1 related molecules could lead to impairments in AT2 cells
differentiation as seen in Pdpn ~ and Hopx ~ phenotypes’”. Literature was described crucial
molecules involved in AT2 cellular function such as Abca3 and surfactant proteins’. Absence of
Abca3 promote impairments in AT2 cellular function because disrupts lamellar bodies formation
and lipid metabolism, both processes needed to a correct lung surfactant synthesis». Sp-5 +
showed impairments in lamellar bodies formation and also in correctly synthesis of Sp-A and Sp-

C=. SpA and Sp-D are surfactant proteins associated with host defense, particularly in the
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interaction between immune cells and apoptotic cells, microorganisms and virus®. In our model,
although AT2 transcripts and protein expression were dysregulated at E16.5 and E18.5, at PO this
phenotype was almost rescued, with similar protein expression of Sp-C. Thus, our results
demonstrate that the absence of tissue macrophages leads to disturbance of alveolar
differentiation, particularly in AT1 cells. However, Sp-C is also a progenitor alveolar cell marker. In
this way, the question that remains is if there is a really rescue in the phenotype in Csfi1r+newborns
or if it is occurring an accumulation of alveolar progenitor cells Sp-C positive, and consequently an
impairment in AT1 cells. Sp-C co-localize with Pdpn at early stages of alveolar differentiation=.
Treutlein et al.® described the transcript profile of early progenitor and bipotent progenitor alveolar
cells, and showed that these two progenitor populations co-express Sp-C and Pdpn: A way to clarify
whether alveolar epithelial progenitors are being maintained in this state, and consequently AT1
and AT?2 differentiation impairments, is to do an immunofluorescence using Pdpn and Sp-C and
quantify the number of positive cells for both markers (early progenitor and bipotent progenitor

alveolar cells).

During pseudoglandular stage, epithelium cellular fate is defined accordingly to the expression of
Sox2 (proximal epithelium) and Sox9 (distal epithelium). Sox9 transcript expression was also
assessed in Csflr~lungs and showed a heterogenous expression pattern at E18.5 (Figure 6), but
a clear increased expression at PO (Figure 7). Sox9 expression occurs across almost lung
developmental stages, and its expression balance is a crucial factor for lung correct formation.
Indeed, overexpression of Sox9 decreased proliferation rates in distal and proximal epithelium at
E14.5, and decreased expression of distal and proximal protein markers at E18.5 and PO,
Mechanism underlying Sox9 expression regulation in lung is still unknown. Wnt/-catenin pathway
was already known that it is not the signaling that regulates Sox9 expression in lung’. Okubo et
al.” studied N-myc function, a proto-oncogene involved in cell proliferation, differentiation,
apoptosis and growth. They find out that Nymc overexpression in lung induce Sox9 protein
expression at E18.5, suggesting that Nmyc is involved in Sox9 expression regulation during lung
development. Sox9 is also an important key player in ovarian and testis development in mice.
Sox9 expression could influence the sex determination, and consequently ovarian or testis
development. miR-124 was proposed as a candidate responsible for Sox9 regulation ovarian or
testis development. So far, in lung it is unknown how Sox9 expression is regulated, however in
tissue macrophages deficiency, Sox9 expression showed disequilibrium at E18.5 and a highly-

increased expression at PO suggesting that Sox9 balance is compromised and consequently
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alveolar epithelial differentiation. Interestingly, macrophages have the capacity to synthetize and
release extracellular vesicles containing mRNA or miRNA”. Microvesicles release/absorption is a
way of cellular communication. These vesicles are carriers of complex messages, including
proteins, lipids, and nucleic acids and are key players in cellular communication®. Therefore, we
speculate that tissue macrophages modulate Sox9 expression through miRNA-containing
extracellular vesicles release taking to Sox9 expression inhibition or other molecules involved in

Sox9 expression regulation (e.g. Nmyc) and consequently alveolar epithelial differentiation.

E-cad is a classical epithelial cells marker, and it is present in lung since pseudoglandular stage
with expression in pseudostratified epithelium of primitive lung budse. At canalicular stage, E-cad
is expressed in bronchial epithelial cells and followed by bronchial epithelium and primitive alveoli
expression at saccular stage®. £-cadtranscript analyses showed increased levels during canalicular
stages, a clear dysregulation at E18.5 and an augment at PO in Csflr » lung. Although
morphological analyses in Csflrlung did not showed differences in conducting airway structures,
E-cad transcript dysregulation could indicate a proximal epithelial impairment. Moreover, in Sox9
overexpression, lungs presented decreased levels of clara and ciliated cells differentiation.
Additionally, Nmyc overexpression lead also to Sox9 expression in saccular stage lungs, where
Sox9 co-localize with Scgblal, a secretoglobulin highly expressed in mature clara cells”. In fact,
Csflr+lungs showed transcript dysregulation of proteins related with ciliated and neuroendocrine
cells at canalicular stage (Figure 10). Besides heterogeneity expression pattern of progenitor and
mature proximal epithelium related molecules at E18.5 (Figure 11), in newborn Csfir ~ ciliated
and neuroendocrine cells maintain increased expression of their related molecules (Figure 12).
Consequently, protein expression analyses should be performed in order to assess impairments in

proximal epithelial cells differentiation’.

As mentioned before, epithelium and vasculature development were two processes that occur
concomitantly and interdependent during lung development. Epithelial cells release growth factors
responsible for vasculature formation, such as Vegfa. Moreover, E11 lung explants cultured with
Vegfa supplementation presented an increase in branching morphogenesis®, suggesting as a
morphogen of endothelial and epithelial formation at early stages of lung development. Inhibition
of Cd31 promote impairments in alveolar differentiation postnatally=. Interestingly, recently it was
demonstrated that this AT1 cells, the cells which differentiation was diminished in Csfir - lungs,

are a Vegfa source to angiogenic alveolar developments. Altogether, these evidences lead us to
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investigate vasculature maturation during canalicular and saccular stages since it was already

showed impairments in distal epithelium differentiation.

To assess vasculature maturation, we assessed transcript expression analysis of some vascular
mediators involved in vasculature modulation. Fgf2 is a fibroblast growth factor involved in
angiogenic developments. Angl (agonist of Ti2 receptor), Ang2 (antagonist of Ti2 receptor) and
Vegfa (ligand of fetal liver kinase, Flkl) are vascular mediators responsible for a correct
angiogenesis process that regulate vasculature formation across lung developmentss. Furthermore,
endothelial progenitor cells were only Ve-cadherin-positive cells and endothelial mature cells were
Ve-cadherin and Cd31-positive cells®, allowing the assessment of vasculature differentiation. Our
findings showed that vasculature was affected at transcript and protein expression levels only and
slightly at saccular stage (E18.5), with more severity in most of Cs71r+ newborns (Figures 14 to

17).

Our findings indicate that alveolar epithelium is affected by fetal tissue macrophages since
canalicular stage, whereas slight vascular defects start to be observed only at saccular stage,
suggesting that epithelial compartment is firstly affected by tissue macrophages absence, and
consequently later vasculature formation is disturbed due to distal epithelium differentiation

impairment.

One way to validate that tissue macrophages modulate alveolar differentiation during saccular stage
is through inhibition of Csflr /n vitro in fetal lung slices culture at canalicular stage (E16.5). The
use of this in vitro approach will also be very useful to investigate which regulatory pathways are
being regulated by these cells (e.g. Wnt or Notch signaling). Based on published protocolss+ssss,
optimization of lung slices culture was performed testing two culture conditions: different lung
regions slices and culture medium with ascorbic acid supplementation. Conducting airways
development begins in pseudoglandular stage with neuroendocrine and ciliated cells differentiation
and at canalicular stage begins secretory cell differentiation. Distal epithelium differentiation only
starts in the end of canalicular stage and occurs throughout saccular and alveolar stages until
alveoli full maturation®. Different lung region slices were performed to evaluate if different regions
of lung could present differential survival rates. Slices cultured of all left lobe contain bronchiole
structures differentiated and immature distal epithelium. Instead, lung distal slices were performed
in most distal region of left lobe, and most of the tissue were composed by immature distal

epithelium. The main goal for this approach is to be able to study different epithelial sub-
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compartments, since different lung regions slices could give us different inputs of information. The
viability differences between all and distal lung slices were null, and supplementation with ascorbic
acid increased cell death of all left lobe slices. Additionally, it was performed distal and all left lobe
slices culture without ascorbic acid during 48 hours and no differences were seen in apoptotic
bodies area in comparison to 24 hours of culture in the same conditions. Moreover, an
observational analysis suggested that lung slices in culture for 48 hours were developing in culture
with increase of airspaces and reduction of lung parenchyma thickening (data not shown).
Howeuver, it is needed to increase the number of experiments in the different conditions and perform
the same culture with ascorbic acid supplementation. The increase of apoptotic bodies area in all
left lobe slices cultured with ascorbic acid supplementation it is not in agreement with ascorbic
acid expected function. Ascorbic acid promotes oxidative protection to cells avoiding reactive
oxygen species accumulation and inhibiting apoptosis mechanism activations. Furthermore,
rodents had the capacity to synthetize ascorbic acid and its function in lung was associated to
collagen synthesis®’. Geng et a/s and Wang et a/*, on contrary of Sanford et a/s, did not use
ascorbic acid supplementation and culture were performed during 72 and 48 hours, respectively.
So probably, ascorbic is not needed to lung slices culture in order to increase tissue viability during

culture.

To conclude which of these conditions are the best to perform functional assays, more experiments
should be performed to reinforce the result obtained, and other conditions tested (e.g. different
culture mediums, ascorbic acid concentrations, increased time of culture). Lung morphology,
alveolar differentiation, vasculature formation and apoptotic markers should be analyzed in cultured

lung slices to confirm viability and development of fetal lung tissue explants in culture.
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6.Conclusion and Future perspectives

The main goal for this work was to unravel tissue macrophages function during lung development,
specifically during epithelium differentiation and vasculature formation. Using a tissue macrophage-
deficient model, we were capable to unravel some biological processes that were affected during
lung formation fetal tissue macrophages, and speculated how the processes were correlated across
temporal specification. Morphological analyses showed impairments in lung formation during
saccular stage (E18.5 and PQ), however transcriptional analyses of epithelium showed a
dysregulation in distal epithelium markers transcripts expression levels since canalicular stage.
Vascular mediators’ transcripts expression levels were only affected later at saccular stage,
suggesting a primary alveolar epithelium compartment failure and consequently vasculature
development disruption due to tissue macrophages deficiency during saccular stage. Moreover,
bronchiolar epithelium markers transcripts expression was also deregulated, and protein analyses
should be performed to confirm transcript phenotype dysregulation. Tissue macrophages were
involved in epithelium and vasculature modulation in several organs#+ = and in lung are involved
in epithelium differentiation modulation, more specifically in alveolar epithelium differentiation.
Additionally, Sox9, transcript factor responsible for distal epithelium differentiation fate, was
clearly increased in Csflr -+ lungs, evidencing that absence of tissue macrophages leads to Sox9
overexpression in Csflr~at saccular stage, suggesting an interruption on progenitor distal epithelial
cells fate. In this way, results from this work suggest that tissue macrophages could be key
mediators, probably by release of regulatory factors, as soluble factors and miRNA, in Sox9

expression regulation during lung development.

In the future, Sox9 protein expression across lung development should be analyzed to confirm
progenitor cells accumulation and/or dysregulations in proximal-distal epithelium transition.
Moreover, bioinformatic analyses should be performed to indicate potential miRNA Sox9-target and
perform functional assays using lungs slices cultures to answer whether that predicted miRNA is

the Sox9 regulatory mechanism mediated by tissue macrophages.
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8.SUPPLEMENTARY INFORMATION






Csflr+/+ Csflr”-

Figure S1- Drastic reduction of tissue macrophages in CsfIr+lungs.
F4/80 protein expression was evaluated by immunofluorescence and F4/80+ cells counted. F4/80 positive
cells were more than 85% decrease in Csflr-lungs.
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Figure S2- Tissue macrophages disrupt lung morphology at fetal and post-natal saccular stage.

(A) Histological lungs sections stained H&E at E15.5, E18.5 and PO of Csfilr+ and Csflr-mice. (B) Stereological
analysis of lung morphology. Mesenchyme-like, epithelial-like and air space volume densities (VD) were measured
in glutaraldehyde-fixed and methacrylate-embedded tissues. N= 4-6 mice per group from at least 3 independent

litters.
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