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1 GENERAL INTRODUCTION

The main function of the lung is gas exchange. This function is essential for life and optimized
combining a large surface area in contact with air and a thin barrier for gas (0,/CO;) diffusion.
An array of conductive tubes (conductive airways: trachea and bronchi) leads atmospheric air
through convection to the distal (alveolar) side of the lung, where gas exchange happens by
diffusion (through a pressure gradient). The thinnest part of this diffusion barrier (air-blood
barrier) is composed by just three elements: a very thin alveolar epithelial type 1 cell (AE1C)
facing the air; an endothelial cell facing the blood; and the shared basal lamina between both

(1).

This large surface area (around 140m? of alveolar surface) exposed to the environment makes
the lung susceptible, not only to environmental changes (temperature, humidity) but also to
changes in air composition or potential pathogens/particles travelling through the air. The lung
is also exposed to many physical forces to mechanically renew the air inside, pushing out the
CO;-saturated air during expiration and pulling in Oz-saturated air during inspiration. Pressure
is required to make the gas flow through the conductive airways during the breathing cycle.
Therefore during inspiration the breathing muscles and movement of the chest and pleura
creates a slightly negative pressure at alveoli (2). The elastic recoil of the lung ensures deflation
during expiration, where the pressure along the entire tracheobronchial tree to alveoli is equal
to atmospheric pressure. At the alveoli level, many physical forces also play a key role during
the respiratory cycle. To the elastic recoil of the lung, due to the pleura and chest recoil forces,
elastic properties of the connective tissue of the alveolar septa should also be taken into
account. In addition, alveoli should also overcome interfacial forces from the air-liquid
interface they are exposed to. This is mainly the surface tension at the liquid lining layer or
hypophase. This force is mainly counteracted by lung surfactant, a specific mix of lipids and
proteins synthesized and secreted by specialized cells, the alveolar epithelial type 2 cell (AE2C)
(3). These cells are also the progenitor cells of the alveolar epithelium. Changes in either elastic
properties of the lung tissue or surface tension, may lead to impaired lung mechanics and
function.

If surface tension is not properly regulated by deficiency or inactivity of lung surfactant (see
section 1.1 Lung surfactant), lung mechanics may also be compromised. Lung surfactant
deficiency is the main contributing factor to the neonatal respiratory distress syndrome (NRDS)
and leads to collapse of alveoli after birth and death. In this case, the premature neonates are
born before lung surfactant is synthesized in sufficient amounts in the AE2C in the developing
lung, before the 24-26™ week of gestational age (4). In the same direction, changes in either
quantity or type of fibers in the connective tissue of the alveolar septa and peripheral and
peribronchiolar connective tissue have, thus a great impact in lung mechanics. An example of
such a change is lung fibrosis (see section 1.2 Lung fibrosis), where an aberrant wound healing



leads to an abnormal accumulation of collagen fibers (5, 6). Mechanical stress, at the same
time, leads to epithelial injury, contributing to the development of many lung diseases (7, 8).

1.1LUNG SURFACTANT

Even though the lung comprises more than 40 different types of cells, the epithelium covering
the alveoliis simply composed of two types of epithelial cells. The AE1C covers around the 90%
of the alveolar surface and builds the surface through which gas diffusion happens. The AE2C
is specialized in the production of lung surfactant, its degradation and recycling also occurs in
the AE2C and partially in the alveolar macrophage (AM). Lung surfactant is mainly composed
of phospholipids (approx. 80-90%) and proteins (approx. 5-15%) and AE2Cs are enriched in
endoplasmic reticulum (7). In addition, the distinctive feature that characterize an AE2C are
the organelles where surfactant is stored, the lamellar bodies (LB), which form a tightly packed
structure and is secreted into the alveolar spaces (9). LB are secreted after proper stimuli, such
as such as ATP (10, 11), calcium (12) or stretching forces (13). LB bodies unravel in the alveolar
space and lamella are interconnected with the help of the surfactant protein A (SP-A) in a mesh
or network of square tubular arrays, called tubular myelin (TM) (3, 14). TM opens up in
interconnected multilamellar and multilayer structures, which reach the interface, forming the
surface-active interfacial film (15). Surfactant composition shows a high proportion of
dipalmitoyl phosphatidylcholine (DPPC), which has the unique property of higher lateral
packing, when compared to unsaturated acyl chains. The palmitoyl (C16) acyl chains densely
pack at the interface, reducing surface tension of the liquid at the hypophase surface.
However, the process for DPPC to reach the interface is intrinsically energetically not favorable
and proteins, such as surfactant protein B (SP-B) and C (SP-C), help these surface-active
amphiphilic components to reach and stably pack at the interface.

Surface tension is the result of the cohesive forces between water molecules, which are
unbalanced at the interface, creating a net force towards the center of a drop of water. This
means that surface tension tends to minimize the surface of water or liquid exposed to another
face, resulting in a spherical geometry in the case of water drops or the collapsing of alveoli
due to the high adherence of the liquid lining layer.

Modeling an alveolus as a sphere, we can apply LaPlace law. This means that the intra-alveolar
pressure is directly proportional to the surface tension and inversely proportional to its size
(radius). Therefore, at a constant pressure, smaller alveoli, or alveoli at the end of the
expiration, tend to have higher surface tension. This means that the cohesive forces of the
alveolar wall will tend to close or collapse it. The main effect of surfactant is the stabilization
of alveoli, so surfactant is able to “regulate” surface tension depending on alveolar size. This
means that, especially during low lung volumes at the end of expiration, surfactant is able to
lower down surface tension, by highly packing DPPC at the interface, to minimum values,



avoiding alveolar collapse. In this way, surfactant also maintains intra-alveolar pressure almost
constant through the breathing cycle, ensuring surface tension is matched to alveolar size (16).

1.2 LUNG FIBROSIS

Respiratory disease causes an immense worldwide health burden (16). Each year 4 million
people die prematurely from chronic respiratory diseases (17). Healthcare costs for
respiratory diseases are an increasing burden on the economies of all countries. For example,
across the 28 countries of the EU, the total costs of respiratory diseases amount to more than
€380 billion annually (18).

Idiopathic pulmonary fibrosis (IPF) is a severe disease characterized by chronic inflammation,
myofibroblast accumulation, and excessive extracellular matrix deposition, resulting in
the damage of lung structure and respiratory failure. In Europe alone, approximately 40,000
new cases are diagnosed each year; however, its prognosis is overall poor, with a median
survival of 3—4 years (17-19). Even though, two different drugs have been approved for the
treatment of IPF, Nintedanib and Pirfenidone, results from clinical studies showed that they
slow down the progression of the disease (20, 21), leaving lung transplantation as the only
curative treatment. Therefore, this disease remains as incurable due to its complex and not
known etiology (22-24).

Histologically, IPF is characterized by being spatially heterogeneous, meaning that healthy
areas of the lung tissue can be found next to completely remodeled areas (25, 26). In the
remodeled areas, accumulation of extracellular matrix components, such as collagen, and
fibroblast foci are the typical histological feature. Fibrosis is thought to be the result of
abnormal wound repair and tissue remodeling resulting from chronic epithelial injury leading
to chronic inflammation and finally fibrosis (25). Pirfenidone is supposed to have an anti-
fibrotic effect by blocking transforming growth factor beta 1 (TGF-B1), in an unknown
molecular mechanism (27-29). This cytokine plays a key role in the development of fibrosis by
inducing fibroblast migration and differentiation, extracellular matrix deposition and collagen
accumulation (30, 31). However, recent data points to a defective paracrine-lipid cross-talking
between alveolar cells as contributing factor to development and progression of the disease
(32, 33). Moreover, immune cells also play a key role in the progression and development of
the disease, especially in the transition point from inflammation to fibrotic development.
Where, for example, macrophages change from a pro-inflammatory state to a pro-fibrotic
state, which includes the production of TGF-B1 (34-36).

1.3 CONTEXT OF THIS WORK

The influence of lung surfactant in the development of lung fibrosis has not been deeply
studied. Even though, some other research groups have pointed at surfactant dysfunction, in



terms of surfactant protein deficiency, changes in lipid profile, or higher surface tension in
patient samples (37-39), a direct relation to the pathophysiology is still missing. When looking
at human lung material, we should take into account that this material comes from either end-
stage explanted lungs or biopsies directed to highly remodeled areas of the lung. This means
that this material is not appropriate to understand dynamic changes through the development
of the disease. For this purpose, animal models allow us to run time dependent analysis of the
different events/changes happening in the lung, in very early stages throughout the fibrotic
development phase. In this way, we can understand the dynamics and timing of the changes
leading to the end-stage lung in the human. Understanding the order of events and its timing
is also essential to develop targeted therapies.

As explained before, lung surfactant is essential to stabilize alveoli, preventing alveolar collapse
and reducing the work of breathing. Therefore, we hypothesized that surfactant
dysfunction/deficiency may contribute to the pathophysiology of lung fibrosis by inducing
collapse, collapse induration (or permanent collapse) and mechanical stress in the epithelium
triggering or contributing to aberrant wound healing. For surfactant dysfunction to have a
triggering effect it has to occur very early in the development of the disease.

Therefore, in the next chapters we focused on time dependent changes after induction of lung
disease. More specifically, we used animal models of lung fibrosis such as the TGF-B1
adenoviral transfection in mice ((40), see Chapter 2.1), genetically modified SP-C deficient mice
((41), see Chapter 2.2) and the widely used bleomycin induced rat model ((42), see Chapter
2.3). We analyzed early stages in every model, in a time course relevant for each, and focusing
on time dependent changes of the lung surfactant system, immune cells such as alveolar
macrophages, alveolar structure and lung mechanical properties.

Investigating early phases of fibrotic development will help us elucidate the mechanisms
triggering aberrant fibrotic remodeling before the onset of fibrotic non-reversible wounds. This
may be an important step towards early diagnosis of the disease and preventive treatment
development. In addition, we propose a therapeutic strategy targeting lung surfactant
deficiency, by either applying a surfactant replacement therapy (SRT) ((43), see Chapter 3.1) or
directly replacing dysfunctional AE2C by healthy ones, for them to secrete and synthesize new
surfactant ((44), see Chapter 3.2).



2 LUNG SURFACTANT AND LUNG FIBROSIS: COMMON PATHWAYS

2.1 TRANSFORMING GROWTH FACTOR BETA 1 (ORIGINAL WORK 1)

Lopez-Rodriguez E., Boden C., Echaide M., Perez-Gil J., Kolb M., Gauldie J., Maus U.A., Ochs
M. & Knudsen L. “Surfactant dysfunction during overexpression of TGF- B1 precedes
profibrotic lung remodeling in vivo” American Journal of Physiology - Lung Cell and Molecular
Physiology. 2016; 310(11): L1260-71.

Transforming growth factor-beta (TGF-B) is a widely distributed growth factor with multiple
biological functions in different organs, from lung organogenesis and homeostasis to tissue re-
generation, tumorigenesis, and immune response. It is also involved in many respiratory
diseases, such as pulmonary fibrosis but also emphysema, asthma, and cancer (45-47).

In 1985, the first human TGF-f molecular cloning was reported (48) and later its receptors
were discovered (49). Today the TGF superfamily includes the Activin, Nodal, bone
morphogenic proteins (BMPs), growth and differentiation factors (GDFs) and the three
isoforms of TGF-B (TGF-B1, TGF-B2 and TGF-B3), between others with a total of 33 proteins in
mammals (50). TGF-B is involved in a wide range of cellular and molecular mechanisms
including cell proliferation, migration and differentiation, apoptosis, extracellular matrix (ECM)
production and cell fate. Thereby, influencing the above-mentioned biological functions in
multiple organs (45).

TGF-B1 is synthesized as a bigger (391 amino-acid) precursor molecule. After proteolytic
cleavage, a 112 amino acid subunit results of approx. 25 kDa dimeric protein, linked by a sulfide
bond. TGF-B1 is secreted in an inactive form. In addition, this latent (inactive form) is non-
covalently bounded to another peptide, the latency associated peptide (LAP), which is derived
from the N-terminal region of the TGF-B1 precursor, forming the small latent complex (SLC).
The SLC is located in the cytoplasm of its producing cell until it binds to another protein called
latent TGF-B-binding protein (LTBP), which is then secreted. TGF-B1 activation pathway is
currently not well understood. Integrins, pH, reactive oxygen species (ROS) and proteases are
some of the known factors, which have been shown to activate TGF-B1 (51-53). Active TGF-B1
binds and induces the oligomerization of the serine/threonine TGF-B receptor | and Il.
Consequently, a cascade of phosphorylation signals is initiated and the proteins of the Smad
family are activated (phosphorylated). Smad2 and Smad3 are involved in the TGF-B1 pathway,
while Smad1/5/9 in the BMP pathway. Phosphorylated Smads bind to Smad4 and are
translocated to the nucleus. In the nucleus they, together with other co-receptors and
transcription factors, will up-regulate the expression of numerous genes related to cell cycle
arrest, apoptosis, epithelial to mesenchymal transition (EMT) and ECM deposition (54).



The accumulation of ECM in tissue is the histologic hallmark of fibrotic remodeling. Cells
produce and attach to components of the ECM, such as fibronectin, collagen, laminin or elastin
and proteoglycans (31). In addition, different secreted enzymes, such as matrix
metalloproteinases (MMPs) or plasmin, can also degrade the ECM. The balance between
production and degradation of the ECM matrix components is essential for the proper function
of the organs. After injury, cells release plenty of cytokines, such as TGF-B1, to initiate normal
tissue repair. However, both the excess and sustained production and secretion of TGF-f1
stimulates an aberrant tissue repair, resulting in the fibrotic remodeling of the wounded tissue
(31, 55).

In IPF, the origin of the disease or the injury triggering event resulting in aberrant tissue repair
is yet unknown. In addition, how the production of TGF-B1 is chronically sustained in order to
end in a fibrotic remodeling is a question yet to answer. Others proposed that epithelial injury,
either from chronic infection or from mechanical stress, might trigger fibrotic remodeling (56-
59). As explained before, surfactant dysfunction/deficiency may influence mechanical
properties of the lung, therefore potentially contributing to lung fibrosis development.
However, the connection between TGF-f1 and lung surfactant has not been deeply
investigated to date.

The aim of this work was to investigate the potential link between TGF-B1 signaling pathway

and lung surfactant regulation in vivo. For this purpose, we used a well-established animal

model, where TGF-B1 overexpression is induced in the lung by adenoviral vector transfection
(containing the sequence coding for the active TGF-B1 protein) into the lung. As we were
interested in the direct interaction between TGF- B1 and surfactant regulation, we analyzed
the lungs at an early fibrosis development state, during TGF-B1 overexpression (one week after
transfection), and later during fibrosis onset, where TGF-B1 overexpression already
disappeared (two weeks after transfection). In this way, we could observe: 1) if there are
changes in surfactant regulation in the presence of TGF-B1; 2) investigate where in the
molecular pathway, there may be an interaction between both pathways, TGF-B1 signaling and
lung surfactant regulation; 3) if any changes are restored to normal in the absence of
overexpressed TGF-B1. In addition, if lung surfactant is dysregulated early in the induction of
fibrotic remodeling, we also aimed to investigate the potential injury and changes in AE2C.
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Transforming growth factor-B, (TGF-B1) is involved in regulation of
cellular proliferation, differentiation, and fibrogenesis, inducing myofi-
broblast migration and increasing extracellular matrix synthesis. Here,
TGE-B1 effects on pulmonary structure and function were analyzed.
Adenovirus-mediated gene transfer of TGF-B1 in mice lungs was per-
formed and evaluated by design-based stereology, invasive pulmonary
function testing, and detailed analyses of the surfactant system 1 and 2 wk
after gene transfer. After 1 wk decreased static compliance was linked
with a dramatic alveolar derecruitment without edema formation or
increase in the volume of septal wall tissue or collagen fibrils. Abnor-
mally high surface tension correlated with downregulation of surfactant
proteins B and C. TTF-1 expression was reduced, and, using PLA
(proximity ligand assay) technology, we found Smad3 and TTF-1 form-
ing complexes in vivo, which are normally translocated into the nucleus
of the alveolar epithelial type II cells (AE2C) but in the presence of
TGF-B1 remain in the cytoplasm. AE2C show altered morphology,
resulting in loss of total apical surface area per lung and polarity. These
changes of AE2C were progressive 2 wk after gene transfer and corre-
lated with lung compliance. Although static lung compliance remained
low, the volume of septal wall tissue and collagen fibrils increased 2 wk
after gene transfer. In this animal model, the primary effect of TGF-B1
signaling in the lung is downregulation of surfactant proteins, high
surface tension, alveolar derecruitment, and mechanical stress, which
precede fibrotic tissue remodeling and progressive loss of AE2C polarity.
Initial TTF-1 dysfunction is potentially linked to downregulation of
surfactant proteins.

TGF-B1; TTF-1; AE2C polarity; surfactant; pulmonary fibrosis

TRANSFORMING GROWTH FACTOR-(3 (TGF-31) is a cytokine with
a pivotal role in development of lung fibrosis (1, 47). TGF-1
has been previously related to fibroblast migration, extracellu-
lar matrix deposition, and collagen accumulation (22). Molec-
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ular pathways of TGF-B1 start with the activation of two
receptors, followed by numerous signaling cascades, one of
which includes activation of members of the Smad family.
Complexes of Smad2, Smad3, and Smad4 translocate to the
nucleus and are responsible, together with other transcription
factors, for the expression of different genes in the cell (30,
31). Adenoviral transfection of active TGF-B1 has already
been studied in rats and mice, where development of a fibrotic
phenotype after a minor inflammatory phase showed a pro-
longed deposition of collagen and recruitment of myofibroblast
(2, 12, 40, 48). On the other hand, TGF-B1 effects have also
been deeply studied in vitro, especially concerning alveolar
epithelial cells and surfactant regulation. Surfactant proteins B
(SP-B) and C (SP-C) are physiologically important compo-
nents of pulmonary surfactant, playing a key role in the
maintenance of opened alveoli, reducing surface tension, and
avoiding alveolar collapse (45, 62). The effect of TGF-B1
overexpression in the regulation of SP-B has been described in
alveolar epithelial-like cells, NCI H441 and A549 cells (24, 27,
32), but never before in an in vivo model. SP-B is essential for
surfactant activity, and SP-B conditional knockout models
showed increased surface tension leading to abnormal mechan-
ical stress in the alveolar epithelium (36). Moreover, SP-B
levels are reduced in patients suffering different lung diseases
such as lung fibrosis (15). In addition to surfactant impairment,
TGF-B1 has also been directly related to mechanical stress (7,
17) in the lung and closely linked to epithelial-to-mesenchymal
transition (EMT) (6, 21, 28, 35, 57, 59), leading to loss of
epithelial integrity (with deficiencies on cadherins and integ-
rins to maintain proper cell-cell and cell-basal membrane
adhesions) and remodeling of the lung tissue components (such
as increased deposition of collagen) (3, 11, 46). The order of
the events triggering and enhancing remodeling of the lung is
still unclear, but there is growing evidence that surfactant
dysfunction and alveolar collapse may be events preceding
fibrotic remodeling in the lung (29). As a result alveolar
epithelial cells show diverse phenotypes, from cells suffer-
ing endoplasmatic reticulum (ER) stress and apoptosis,
through those migrating and transitioning to a wound-
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IN VIVO EFFECTS OF TGF-B1 IN THE LUNG

healing phenotype, to those displaying a partial EMT-like
process (46). Moreover, since alveolar epithelial type II
cells (AE2C) hyperplasia is a feature of idiopathic pulmo-
nary fibrosis (IPF) (9), of special interest would be to
analyze both the temporal development and the effects of
TGF-B1 on AE2C in vivo. Studying early stages in devel-
opment of fibrotic phenotype, we aim to help elucidating the
mechanisms undergoing changes in AE2C, surfactant func-
tion, mechanical stress, and chronic lung injury, thought to
be one of the triggering events leading to lung fibrotic
remodeling.

MATERIALS AND METHODS

Animals. Eighty male C57BL/6 mice (8 wk old: 20-25 g) were
obtained from Charles River Laboratories (Sulzfeld, Germany). The
study protocol was approved by the authorities of Lower Saxony
LAVES (Niedersiichsisches Landesamt fiir Verbraucherschutz und
Lebensmittelsicherheit, which houses the German equivalent of an
institutional animal care and use committee) following European
Animal Welfare Regulations (approval TVA 12/0799).

Adenoviral transfection and sample collection. We instilled 10%
plaque-forming units of AdTGFB122* 22 (48) or emply control vec-
tor intratracheally. Mice were euthanized 1 wk and 2 wk after
adenoviral transfection.

Invasive pulmonary function testing. Animals were anesthetized
with intraperitoneal (ip) injection of 80 mg/kg ketamine (Anesketin,
Albrech, Aulendorf, Germany) and 5 mg/kg xylazine (Rompun 2%,
Bayer, Leverkusen, Germany), diluted in physiological NaCl. Follow-
ing the cessation of pain reflexes, a cannula was surgically inserted in
the trachea. The animal was then connected to the flexiVent and an
additional ip injection of the same anesthesia solution was applied to
maintain the animal deep in narcosis during the mechanical ventila-
tion. Additionally, 0.8 mg/kg pancuronium bromide (Pancuronium-
Actavis 2 mg/ml, Actavis, Munich, Germany) was ip injected to
prevent spontaneous breathing. Following a 5- to 10-min stabilization
period ventilating the animal at positive end-expiratory pressure
(PEEP) 3 ecmH,0, derecruitability tests were conducted as described
before (29). First two recruitment maneuvers (deep inflation of the
lung consisting of a 3-s increasing ramp to 30 cmH-0 followed by 3-s
pressure hold to standardize the volume history) were applied. Then
forced oscillation technique (FOT), consisting of baseline ventilation
for 5 min with 30-s intervals of 8-s broadband, low amplitude of 17
sinusoidal frequency (0.5-19 Hz) perturbations, was conducted. Re-
spiratory impedance was calculated for each frequency by Fourier
transform and fit to the constant phase model to compute tissue
elastance (/). Tissue hysteresivity (v) is calculated dividing tissue
damping (G) (data not shown) by tissue elastance (/). The Flexiware
software calculates therefore tissue hysteresivity (G/H) values within
the 5 min of FOT. We calculated an average per animal and plotted
the average per group. Finally, three pressure-controlled quasi-static
pressure-volume loops were performed and quasi-static compliance
(Cst) was calculated. The reported H values are the mean value of all
the animals per group, whereas Cst values are mean values from three
measurements in each animal. Inflation of the lung before fixation was
performed by deep inflation of the lung (up to 30 cmH,O) and
subsequently decreased to 10 emH>Q pressure, at which the trachea
was closed. Since mechanical differences between healthy controls
and empty vector controls (EV control) are not recognizable, next
assays were performed with both healthy and EV controls, which are
referred to from now on as control group to reduce the number of
animal experiments.

Tissue preparation and fixation. Vascular perfusion-fixation was
performed right after inflation of the lungs to 30 cmH>O during the
deflation limb at a constant airway opening pressure of 10 cmH>0 by
use of the flexiVent. Perfusion of the lungs was carried out with 0.9%
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NaCl and 0.25% heparin at a constant pressure of 25 cmH>O and
followed by perfusion with the fixation solution (1.5% glutaraldehyde,
1.5% paraformaldehyde in 0.15 M HEPES buffer). Then the whole
lung-heart block was excised and further fixed by immersion in the
same fixing solution for 24 h at 4°C. Afterward all tissue not
belonging to the lungs was eliminated and lung volume was deter-
mined by fluid displacement. Sampling of the fixing lungs was
performed following systematic uniform random sampling as de-
scribed before (52) and lung sections were embedded in Technovite
8,100 (Kulzer Hereaus, Wehrheim, Germany) (43) and further stained
with 0.1% toluidine or 0.2% orceine for stereological analysis at light
microscopy level. Lung cubes were also randomly sampled, embed-
ded in Epon (Serva, Heidelberg, Germany), and contrasted with 1%
osmium tetroxide (EMS, Hatfield, PA) and 4% uranyl acetate (Serva,
Heidelberg, Germany) for stereological analysis under electron mi-
croscopy (19, 34, 37). Following the same procedure, another set of
lungs were instillation-fixed with 10% formalin and sampled before
being embedded in paraffin (Paraplast, Leica, Wetzlar, Germany) and
used for immunohistochemistry and proximity ligand assay (PLA).
Histological sections and staining. Formalin-fixed paraffin-embed-
ded tissue was stained with a Masson-Goldner staining kit (Merck,
Darmstadt, Germany) for visualization of connective tissue (green).
Design-based stereology in light microscopy and electron
microscopy. A list of recommended and determined stereological
parameters (34, 37) is given in Table 1. At the light microscopic level,
a newCAST-system (Viopharm, Horsholm, Denmark) was used to
perform systematic uniform random area sampling and to superim-
pose an appropriate test system on the fields of view. Generally a point
grid was used and points hitting the structure of interest or the
reference volume were counted so that the ratio of the counted points
resulted in the volume fraction of the given structure within the
reference space. Since the volume of the reference space (volume of
the lung) is known, volume fractions were converted to total volumes
in all cases. At light microscopy level from eight animals per group,
six to eight sections each and at least 60 fields of view to obtain
100-200 counting events per lung were analyzed. At electron micros-

Table 1. Stereological parameters determined in this study

Parameter Determination Magnification

Lung volume V(lung)
Volume of septal wall
V(sep. lung)

Fluid displacement
Point counting x5

Total alveolar surface area Intersection counting X20
S(alv, lung)

Thickness of the septal wall V(sep, par) X 2/S(alv, par) X20
T(sep)

Number of alveoli in the lung  Physical disector %20
N(alv, lung)

Volume of collagen in the lung Point counting 8,900
V(collagen, lung)

Volume of alveolar edema in Point counting X8,900

the lung

V(ed, lung)

Volume of AE2C in the lung Point counting % 8,900
V(AE2C, lung)

Volume of LB in the lung Point counting *8.900
V(LB, lung)

Volume density of LB in AE2C Point counting X8,900
Vv(LB/AE2C)

Apical-basal ratio in AE2C Intersection counting X8,900

Sv(apical/AE2C)/Sv(basal/AE2C)
Vv(apical/AE2C) X V(AE2C,
lung)

Total AE2C apical surface in
the lung
S(apical, lung)

AE2C, alveolar epithelial type 2 cells; alv, alveolar: col, collagen; ed,
alveolar edema; LB, lamellar bodies; par, parenchyma; sep, septal wall; S, total
surface area; Sv, surface area density; 7, thickness; V, volume; Vv, volume
density.
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Table 2. List of antibodies used for Western blot analyses in
BAL and lung homogenate samples

Primary Antibody Source Dilution

Rabbit anti-SP-B WRAB-48604 (Seven Hills Bioreagents, 1:1,000
Cincinnati, OH)

Rabbit anti-SP-C WRAB-76694 (Seven Hills Biorcagents. 1:1,000
Cincinnati, OH)

Rabbit anti-proSP-B WRAB-55522 (Seven Hills Bioreagents, 1:1,000
Cincinnati, OH)

Rabbit anti-proSP-C WRAB-9337 (Seven Hills Bioreagents, 1:1,000
Cincinnati, OH)

Rabbit anti-TGF-B1 3709 (Cell Signaling Technology, 1:1,000

(mAB) Leiden, Netherlands)

copy level a transmission electron microscope (Morgagni, Eindhoven,
Netherlands) equipped with a digital camera (Olympus Soft Imaging
Systems, Miinster, Germany) was used to obtain representatives fields
of view from five animals per group. Five (o seven sections per lung
and at least 60 fields of view were analyzed to obtain 100-200
counting events per lung, providing appropriate precision of the
stereological parameters. For superimposing a test system, a
STEPanizer stereology tool (53) was used.

Western blot. For bronchoalveolar lavage (BAL) sample prepara-
tion (n = 5 per group), equal volumes of BAL samples were taken and
mixed with loading buffer [2% SDS, 10% glycerol, 0.1% bromophe-
nol blue, 10% B-mercaptoethanol in 12.5 w1 Tris-HCI (pH 6.8)] and
boiled for 10 min. Then 20 pl of BAL samples were loaded in the
16% polyacrylamide (PA) electrophoresis gel for detection of SP-B
and SP-C and 10% PA gels to detect proSP-B and proSP-C. Proteins
were transferred into Immun-Blot PVDF membrane (Bio-Rad Labo-
ratories, Munich, Germany) and following 2 h of blocking (TBS-0.1%
Tween 20, 5% nonfat milk, pH 7.4) at room temperature (RT),
primary antibodies were incubated overnight at 4°C. Table 2 shows
the list of primary antibodies used for Western blot from BAL
samples.

After washing with TBS-T (TBS-0.1% Tween 20), secondary
antibody (1:2000, polyclonal swine anti-rabbit, DAKO, Glostrup,
Denmark) was incubated for 1 h at RT. Blot membranes were
developed with ECL Prime Western blotting detection reagent (Am-
ersham Bioscience, Buckinghamshire, UK) and band density of ex-
posed films (Amersham Bioscience) was analyzed by densitometry
using Image J (Rasband WS, Imagel, U. S. National Institutes of
Health, Bethesda, MD, http://imagej.nih.gov/ij/).

For lung homogenate samples (n = 5 per group), little pieces of
lung tissue (~15 mg) were mixed with lysis buffer (50 mM Tris-HCl
pH 7.5, 150 mM NaCl, 1% Triton, 0.5% Na-deoxycholate, 5 mM
EDTA and protease inhibitor cocktail (complete mini, Roche, Mann-
heim, Germany). A TissueLyser II (Qiagen, Hilden, Germany) was
used to disrupt the tissue. Soluble proteins were isolated from the
supernatant of the disrupted tissue after centrifugation (10,000 g, 10
min, 4°C). Total protein content was determined by BCA protein
assay (Thermo Scientific, Waltham, MA), and total 20 p.g of proteins
per well in loading buffer were loaded in 12% PA gels. Proteins were
transferred into Immun-Blot PVDF membrane (Bio-Rad Laborato-
ries) and after 2 h of blocking (TBS-0.1% Tween 20, 5% BSA, pH
7.4) at RT, primary antibodies were incubated overnight at 4°C. A list
of primary antibodies is shown in Table 3. After washing with TBS-T
(TBS-0.1% Tween 20), secondary antibodies (1:2,000, polyclonal
swine anti-rabbit-horseradish peroxidase (HRP) or 1:1,000 polyclonal
rabbit anti-goat-HRP, DAKO, Glostrup, Denmark) were incubated for
1 h at RT. Blot membranes were developed with ECL Prime Western
blotting detection reagent (Amersham Bioscience) and band density
of exposed high-performance ECL X-ray films (Amersham Biosci-
ence) was analyzed by densitometry using Image J (Imagel, U. S.
National Institutes of Health).

IN VIVO EFFECTS OF TGF-1 IN THE LUNG

RT-PCR. Total cell RNA was isolated from frozen lung tissue by
use of ISOLATE RNA Mini Kit (Bioline, Berlin, Germany) and
quantified by spectrometry at 260 nm. Reverse transcription was
performed with 1 pg of total RNA and the iScript cDNA Synthesis
Kit (Bio-Rad Laboratories) in a thermocycler (MasterCycler, Eppen-
dorf, Hamburg, Germany). Real-time PCR was performed with iQ
SYBR Green Supermix (Bio-Rad Laboratories) at a final primer
concentration of 100 nm and 50 ng ¢cDNA. Antibody-mediated hot-
start iTaq DNA polymerase was activated after an initial 3-min
denaturation step at 95°C. Denaturation of DNA was performed by
holding further 95°C for 10 s. Annealing and extension temperature
was set to 59°C (30 s) for 40 cycles in a Bio-Rad CFX96 RT-PCR
system (Bio-Rad Laboratories). Primer design was performed with the
GeneFisher software from the University Bielefeld (Bielefeld, Ger-
many) (13) and primer sequences are shown in Table 4. RT-PCR data
are represented as normalized expression (AACq), which corresponds
to the relative quantity of the target gene normalized to the quantity of
the reference gene (GAPDH). Bars correspond to the mean and
standard error of # = 6 animals per group.

Captive bubble surfactometer, Surfactant membranes were iso-
lated from BAL samples and were assayed at 20 mg/ml phospho-
lipid concentration in a captive bubble surfactometer as described
before (44).

Proximity ligand assay and quantification. PLA and quantification
allow us to detect and quantify protein interactions using two specific
primary antibodies for the proteins of interest and two different
secondary antibodies that contain unique DNA strands, which are
ligated, when closed enough (<<40 nm), with the help of a ligase to
form a circular template. This template (anchored to the antibody) is
amplified by use of fluorescently labeled oligonucleotides, which
hybridize to the template and the subsequent rolling-circle amplifica-
tion products (49). The signal is easily visible as a fluorescence spot
and analyzed by fluorescence microscopy. Formalin-fixed paraffin-
embedded sections were processed for PLA by the same protocol
described above for immunohistochemistry until incubation with
primary antibodies. Primary anti-TTF-1 and anti-Smad3 were used as
indicated in Table 5 and incubated overnight at 4°C. After washing
(0.01 M Tris, 0.15 M NaCl, and 0.05% Tween 20), 1 h incubation at
37°C in a wet chamber with PLA anti-rabbit MINUS and anti-goat
PLUS (Duolink kit, OLink Biosciences, Uppsala, Sweden) (1:5 dilu-
tion) was performed. Ligation of the PLA probes minus and plus was
achieved by using ligation solution (1:40 dilution) provided by OLink
Biosciences and incubated for 30 min at 37°C in a wet chamber.
Finally, for amplification, incubation of the samples with amplifica-
tion solution (1:5, containing the fluorescently labeled oligonucleo-
tides) and polymerase (1:80) was done during 100 min at 37°C in a
wet chamber. DAPI was used to counterstain nuclei. Negative con-
trols for cross-reactivity between antibodies showed that no positive
fluorescence signal was detected (not shown). Pictures were taken
with a fluorescence microscope (Leica DM6000B, Leica, Wetzlar,
Germany). Quantification of the complexes was done by counting
single dots and their location relative to the nucleus within one cell.
Enough numbers of fields of view were taken to count a total of 50
cells per animal (n = 3) and data are expressed as relative quantity of
complexes (relative to control), divided by location.

Table 3. List of primary antibodies used for Western blot
and tissue homogenate

Primary Antibody Source Dilution

Goat anti-TTF-1 sc-8761 (Santa Cruz Biotechnology, 1:500
Heidelberg, Germany)

Rabbit anti-Smad3 5¢-8332 (Santa Cruz Biotechnology. 1:1.000
Heidelberg, Germany)

Rabbit anti-B-actin ab8229 (abcam, Cambridge, UK) 1:1,000
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Table 4. List of primers used for RT-PCR

L1263

Gene Protein Accesion Number Forward Primer Reverse Primer

Sttpa SP-A NM_023134.4 TGT CTA AGA AGC CAG AGA ACC A GGG TGG CTG CTA TTA GGT CA
Sfipb SP-B NM_001282071.1 CAA TCC GGA AGT TCC TGG AA TAA TCT GGC TCT GGA AGT AGT CA
Sfipe SP-C NM_011359.2 AGA TGG TCC TTG AGA TGA GCA ATA CAC AAC GAT GCC AGT GGA
Stipd SP-D NM_009160.2 GCC ATA CAG CAA CTC ATC ACA GGA GCC CAA TTA GAA TAG ACC A
Abcal ABCA3 NM_013855.2 TAA GGA CAA GAT GGG CAT CAG A AGA GGC CTG TCA GCA GAG A
Napsa NAPSIN A NM_008437.1 CAC AGG CCA GGA CTA TGT CA AGA CGT CCC CAA GGA TCC A
Tgfbl TGF-bl murine NM_011577.1 AGT GTG GAG CAA CAT GTG GA CGT CAA AAG ACA GCC ACT CA
Tgfbl TGF-B1 porcine NM_214015.1 CGT TGG CTG CTA GTG CTIG A GAGC AGA ATC TGG CCG CGA A
Tgfbrl TGF-bRI NM_009370.2 GTT GAT ACT AGG AGA AGC AGC AA CTA ACT CCA GCA GCA GTG AGA
Smad3 SMAD-3 NM_016769.4 CCT TTG GAG AAG TTG TAA TGG A TCC CGT CTC TCT GCA TCC TA
Nix2-1 TTF-1 NM_009385.3 GCC ACG TTT CAA GCA ACA GA CTT GTA GCG GTG GTT CTG GA
P2ry2 P2Y2 NM_008773.3 GCC TAA CAG AAC TGT GAG GAA GAC ACC TGA CTG AGG TGC TA
P2rxd P2X4 NM_011026.2 CCA CGAT CAA GTG GGA CTG CA ACC TGA AAT TGT AGC CAG GAG A
Sle34a2 IIb Na-Pi NM_011402.3 CTG ATG GCA TAC AGA CCT GGA GTA AGC AAG ATG ATG CCC ACA

Statistical analysis. Statistical tests and data plotting were assessed
with GraphPad Prism 6.0 (GraphPad Software). Data are presented as
means £ SE and analyzed by one-way ANOVA corrected for multi-
ple comparison by Bonferroni test with confidence interval 95%.
Correlation analyses were performed using Pearson’s test and linear
regression. P values <0.05 were considered statistically significant.

RESULTS

Structural and mechanical changes after TGF-[31 transfection.
Structural changes can be observed in Fig. 1, A and B. Masson-
Goldner trichrome staining shows nonaerated areas of lung
parenchyma 1 and 2 wk after transfection of TGF-B1. Al-
though 2 wk after gene transfer an increase in collagen fibers
can be found in these regions, this appears not to be the case 1
wk after gene transfer, when we observe an increased cellu-
larity. Using perfusion-fixed lungs we were able to clearly
identify capillaries usually found in the septal walls of the lung
(Fig. 1B). Alveolar ducts are enlarged and the septal walls
appear to be piled up, manifesting as thickened septal walls
corresponding to microatelectases in the presence of high
surface tension, findings we have previously documented in the
bleomycin model as well. Both alveolar collapse (Fig. 1B,
TGF-B1 1 wk) and the later deposition of collagen fibrils
contribute to the thickening of the septal walls (Fig. 1B,
TGF-B1 2 wk). Further analysis of the tissue hysteresivity (Fig.
1C) shows virtually no change in m-value between controls and
the 1-wk group, suggesting that increase in H 1 wk after
transfection is related to pure derecruitment of distal air space
and therefore impaired alveolar dynamics (4), whereas at later
time points (2-wk group) differences in tissue hysteresivity
suggest the contribution of changes in the rheological proper-
ties of lung parenchyma, which can result from beginning
profibrotic remodeling. In line with this observation, collagen
deposition, quantified by design-based stereology using elec-
tron micrographs (Fig. 1D) within the septal walls is first

Table 5. List of antibodies used for fluorescence
immunhistochemistry

Primary Antibody Source Dilution

Rabbit anti-TTF-1 sc-13040 (Santa Cruz Biotechnology. 1:50
Heidelberg, Germany)
Goat anti-Smad3 sc-6033 (Santa Cruz Biotechnology, 1:50

Heidelberg, Germany)

noticeable 2 wk after TGF-31 transfection (Fig. 1E). Accord-
ingly, 1 wk after TGF-B1 transfection, static compliance dem-
onstrates an increased stiffness of the respiratory system (Fig.
2A): both 1 and 2 wk after transfection groups show decreased
static compliance. Moreover, lung mechanics as seen in tissue
elastance H measured during ventilation at PEEP 3 cmH.O
(Fig. 2B) shows a further increase in lung stiffness 2 wk after
transfection compared with group 1-wk and control groups.
Using pooled data, the thickening of the septal walls (as seen
in Fig. 1, A and B) is statistically significantly correlated with
the decreased static compliance of lungs, independent if it
results from pure derecruitment (week 7) or interstitial remod-
eling with collagen deposition or both of these factors (week 2)
(Fig. 2C). Both lung volume and alveolar surface at an airway
opening pressure of 10 cmH>O are significantly decreased in
1-wk group and show a slight recovery 2 wk after transfection
(Fig. 2, D and E). Although volumes of septal wall and alveolar
edema per lung do not differ from controls at 1 wk, these
parameters increase 2 wk after transfection (Fig. 2, F and G).
In summary, after 1 wk decreased static compliance can be
correlated with pure derecruitment of alveoli without increase
in septal wall tissue per lung. After 2 wk an increase in septal
wall tissue including the volume of collagen fibrils results in an
additional increase in tissue elastance H and hysteresivity
while static compliance is unchanged compared with week 1.

Regulation of surfactant protein expression and function by
TGF-BI. We investigated whether the two associated surfac-
tant proteins B and C suffered changes due to the presence of
TGF-B1. Figure 34 shows SP-B and SP-C partial deficiency 1
wk after transfection of TGF-B1, associated with the presence
of active TGF-B1 in the BAL. Therefore it seems that during
overexpression of active porcine TGF-B1 (1-wk group) the two
most important proteins for activity of surfactant are underex-
pressed (Fig. 3B). To depict whether this deficiency comes
from downregulation of the corresponding genes, we per-
formed RT-PCR of surfactant proteins A-D (Sfipa, Sfipb, Sfipc,
Sftpd) and genes involved in surfactant synthesis (ABCA3) or
surfactant protein processing (napsin A). Figure 3C demon-
strates a downregulation of surfactant-related genes not only 1
wk but also 2 wk after gene transfer with a trend toward
recovery at the time point 2 wk. However, there is a full
recovery of protein level of SP-B and SP-C 2 wk after trans-
fection coinciding with the disappearance of active TGF-R1 in
the BAL. Surprisingly, not only are the BAL levels of mature
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Fig. 1. Structural changes after TGF-B1 transfection. A: Masson-Goldner trichrome staining, showing nonaerated areas in lung parenchyma with increased
cellularity | wk and increased amounts of collagen (green) 2 wk after TGF-B1 expression (scale bar = 100 wm, high-magnification images scale bar = 50 jum).
B: perfusion-fixed and toluidine blue-stained representative pictures showing microatelectases at an airway opening pressure of 10 cmH20 (TGF-B1 1 wk). The
alveolar ducts are enlarged and alveoli are not visible anymore with thickened interalveolar septal walls as sign of high surface tension. C: tissue hysteresivity
before and after TGF-B1 transfection (n = 6). Representative electron microscopic micrographs showing location of collagen fibrils (1), used to quantify volume

of collagen within septal walls [V(collagen, lung); E]. *P < 0.05 vs. control.

SP-B and SP-C recovered but there is also a noticeable aberrant
accumulation of the surfactant protein precursors in the tissue
homogenate (lung homogenate) (Fig. 3D) 2 wk after transfec-
tion, potentially originating from dysfunctional AE2C. Since
the adenoviral vector used contains the porcine sequence of the
active TGF-B1, differentiation between murine (endogenous)
and porcine (exogenous) expression of the protein is possible
(Fig. 3E). In the case of the adenoviral sequence, it appears
overexpressed 1 wk after transfection and disappears with
time, correlated with the level of the active protein in BAL.
Since the vector is given intratracheally, an important source
for intra-alveolar active TGF-R1 are epithelial cells of the
respiratory system whereas endogenous TGF-P1 is produced
by different cell types including interstitial cells. The endoge-
nous murine sequence seems to decrease while the adenoviral
sequence is overexpressed and comes back to slightly in-
creased levels of expression 2 wk after transfection, not affect-
ing surfactant protein levels in the BAL anymore but coincid-
ing with still elevated Smad3 expression in lung homogenate.
Both SP-B and SP-C proteins are essential for surfactant
function; hence we analyzed the activity of lung surfactant with
a captive bubble surfactometer. Figure 3F shows minimal
surface tension reached upon compression during dynamic
cycling of the bubble. Minimal surface tension shows deficient

activity of surfactant 1 wk after transfection of TGF-1 at
normalized phospholipid concentration. Thus minimal surface
tension correlates with the deficiency in SP-B and SP-C during
TGF-B1 expression (Fig. 3, A and B). Moreover, quantification
of the total number of open alveoli shows a marked loss of
alveoli due to alveolar collapse, which is not reversible 2 wk
after transfection (Fig. 3G). Since the complete surfactant
system seems to be impaired by TGF-B1 and the proteins
studied here are regulated by the same transcription factor in
AE2C (Nkx2-1 or TTF-1), we investigated TTF-1 in deeper
detail.

Smad3/TTF-1 complexes during TGF-B1 overexpression. At
the protein level (Fig. 4, A and B) simultaneously to the
upregulation of Smad3, we can observe the downregulation of
TTF-1, which can partially explain SP-B and SP-C deficiency.
RNA expression levels of genes involved in the TGF-B1
signaling pathway can be observed in Fig. 4C. On the other
hand, TTF-1 has already been described to interact with Smad3
and locate to the nucleus (20) in A549 cells. In our in vivo
model we investigated whether these Smad3/TTF-1 complexes
form and whether they locate exclusively to the nucleus of
AE2C. In Fig. 4D, positive red fluorescence dots can be
observed demonstrating the existence of Smad3/TTF-1 com-
plexes in vivo. Moreover, we quantified the location of these
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Fig. 2. Mechanical changes after TGF-B1 transfection. Static compliance (Cst;

A) and tissue elastance (H; B) values measured repetitively after recruitment

maneuver during PEEP 3 ¢cmHO ventilation (n = 6). EV, empty vector. C: statistically significant correlation between Cst and thickness of the septal wall
[T(sep)] P < 0.01, * = 048 (e, controls; m, | wk after TGF-P1 transfection; &, 2 wk after TGF-B1 transfection), by means of design-based stereology. D: lung
volume as measured by fluid displacement in the different groups. Total alveolar surface per lung (S, E) and absolute volume of septal wall in the lung
[V(sep.lung): F] as measured by design-based stereology at light microscopic level. G: absolute volume of alveolar edema in the lung [V(edema.lung)| measured
by design-based stereology at the electron microscopy level. *P << 0.05 vs. controls; #P << 0.05 vs. | wk.

complexes relative to the nucleus (Fig. 4F). Interestingly, in
addition to a reduced total relative number of complexes,
correlating with the partial deficiency of TTF-1, we found
fewer complexes located in the nucleus (red arrows in Fig. 4D)
with the associated increase in complexes located in the cyto-
plasm (white arrows in Fig. 4D) during overexpression of
TGF-B1 (I-wk group). Once overexpression of porcine
TGF-B1 disappears (2-wk group), both the relative amount of
complexes and their nuclear location increases; even though
TTF-1 protein levels are not back to normal (Fig. 4, A and B),
it seems that sufficient amount of TTF-1 is actively translo-
cated to the nucleus. Nevertheless, whereas BAL levels of
SP-B and SP-C as well as the surfactant function recover, the

expression of related genes showed only a tendency for recov-
ery.

Loss of apical surface and polarity on AE2C after TGF-1
transfection. Even though changes in total volume of AE2C are
not that noticeable (Fig. 5E), we observed differences in
morphology and location of these cells between the different
groups. Figure 5, A-D shows different AE2C profiles 2 wk
after gene transfer by electron microscopy. Although AE2C are
mostly classified as such by the existence of lamellar bodies
(LB: white arrows), some of these cells do not show a clear
AE2C morphology and, most importantly, location. Although
some AE2C (Fig. 5. A and B) show LB together with apical
membranes with microvilli in contact with air spaces corre-
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Fig. 3. Regulation of surfactant protein expression and function by TGE-B1. A: representative Western blot of surfactant proteins B and C and TGF-B1 on
bronchoalveolar lavage from mice lungs 1 and 2 wk after transfection of TGF-B1. B: quantification of relative protein content (by band densitometry, n = 5).
C: RT-PCR analysis of different genes related to surfactant function and processing (Sftpa. Sftpb, Sfipe. Sftpd. Abca3, and Napsa). D: representative Western
blot of SP-B and SP-C precursors in lung homogenate from mice lungs 1 and 2 wk after transfection of TGF-B1. E: normalized expression of murine Tgfb/ and
porcine Tgfbl (adenoviral Tgfb1) by RT-PCR. F: surfactant function measured by captive bubble surfactometer (CBS): minimum surface tension (ymin) reached
by surfactant in the different groups at the end of the compression of the bubble in the CBS. G: reduction on total number of opened alveoli due to the effect

of TGF-B1, quantified by design-based stereology. *P < (.05 vs. controls.

sponding to a normal control phenotype, other AE2C-like cells
(Fig. 5, C and D) show also LB, but in a different location,
deep inside in the septal wall, therefore without obvious
contact with the alveolar air spaces and no clear typical apical
membrane. Stereological quantification of the apical-to-basal
membrane ratio (Fig. 5F) in AE2C (or LB-containing cells)
shows a decreasing proportion of apical membrane after trans-
fection of TGF-B1. Further analysis (Fig. 5G) shows a total
decrease in apical surface of AE2C in the lung leading to ~1/3
of the normal total apical AE2C surface. In addition, static
compliance values correlate with total apical surface of AE2C
(Fig. 5H) better than volume of AE2C (Fig. 5E), since the
apical surface of AE2C is the functional surface of these cells.
Moreover, expression of different apical AE2C membrane
proteins showed also to be strongly downregulated (Fig. 5I:
P2ry2, P2rx4, Slc34a2), correlating with total loss of polarity
of AE2C. In addition, LB content in the septal wall (Fig. 5/)
varies after transfection with TGF-B1. Simultaneously to sur-

factant dysfunction, a decrease is found 1 wk after gene
transfer, whereas 2 wk after gene transfer an intracellular LB
accumulation in AE2C coincides with the loss of apical surface
(Fig. 5J).

DISCUSSION

Progressive fibrosis in lung diseases such as IPF is a result
of chronic epithelial injury and cumulative aberrant repair. The
origin and order of events leading to fibrotic remodeling of the
lung is still unknown. Animal models give us the opportunity
to study very early stages of diseases and effects of single
profibrotic agents in vivo. Hence, we investigated short-term
effects (1-2 wk) of the overexpression of TGF-B1 on pulmo-
nary structure and function. Changes in mechanical properties
of the lung such as elastance, hysteresivity, and static compli-
ance lead us to the conclusion that one of the very immediate
effects of the overexpression of TGF-B1 is alveolar collapse in
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the absence of fibrosis as shown by the stereological data (Fig.
2, A-C). Accordingly, the number of open alveoli at an airway
opening pressure of 10 cmH,0 was significantly reduced 1 wk
after gene transfer (Fig. 3G), while volumes of septal wall
tissue and collagen fibrils were not increased in the lung.
Alveolar collapse or intratidal alveolar recruitment/derecruit-
ment has already been described as possible chronic lung
injury trigger (58). Inspiratory crackles as heard during lung
auscultation represent an early sign of pulmonary fibrosis (8).
Inspiratory Velcro crackles have been discussed as resulting
from explosive and energy-rich reopenings of distal air spaces
during inspiration (55). The underlying reason for this behavior
of distal air spaces might be the increased collapsibility of the
alveoli due to major alterations in the surfactant system.
Surfactant proteins SP-B and SP-C partial deficiency has al-
ready been found in patient samples suffering from IPF (14, 15,

26) and other animal fibrosis models (41). Because of the effect
of TGF-B1 on the collapsibility of alveoli, it seems reasonable
to investigate lung surfactant activity and its regulation under
overexpression of this profibrotic cytokine. Downregulation of
SP-B and -C has already been shown and correlated with the
expression of TGF-B1 in vitro (24, 27, 33, 62). It has been
already proposed that SP-B is possibly regulated in vitro by
TGF-B1 through Smad3 interactions with TTFE-1 (thyroid tran-
scription factor 1, part of homeobox domain transcription
factors family, also named NKX2.1) and HNF-3 (hepatocyte
nuclear factor 3, part of forkhead/winged helix transcription
factors, also named FOXA1/FOXA2) (33). Here we demon-
strate for the first time that overexpression of bioactive
TGE-B1 also acts as a negative regulator of SP-B and SP-C in
vivo (Fig. 3), which correlates with impaired surface activity,
structural changes, and impairment of the lung function. SP-B
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Fig. 5. Loss of apical surface and polarity on AE2C after TGF-B1 transfection. A-D: representative images of AE2C 2 wk after transfection of TGF-B1. AE2C
showing typical apical surface with microvilli (/eft) and LB-containing cells (right) in the middle of the interstitial space, with no contact with the air and no
typical apical surface (scale bar = 2 pm). AE2 cells were found in control (A and B), 1 wk (€), and 2 wk (D) after gene transfer. White arrows point at lamellar
bodies; alv, alveolar air space; cap, capillary lumen. E: total volume of AE2C per lung. F: stereological quantification of the apical-to-basal ratio on AE2C 1
and 2 wk after transfection of TGF-B1. G: loss of total AE2C apical surface in the lung. H: statistically significant correlation between loss of total apical surface
and loss of compliance after transfection with TGF-B1, P < 0.05, > = 0.46 (@, controls; W, 1 wk after TGF-B1 transfection; a, 2 wk after TGF-B1 transfection).
I: downregulation of the expression of AE2C apical-specific proteins. J: accumulation of lamellar bodies within the septal wall. quantified by design-based

stereology at electron microscopic level. *P < (.05 vs. control.

and SP-C at equal lipid concentration and composition have
been demonstrated to be of importance for surface tension
reducing properties of synthetic surfactant preparations (44) so
that it seems to be very likely that decreased surfactant protein
levels are at least in part responsible for impaired surface
activity of pulmonary surfactant during TGF-31 overexpres-
sion. Nevertheless, our data cannot rule out that differences in
lipid composition and concentration also contribute to the
TGF-B1 effects on surfactant function, lung structure, and
mechanics. Furthermore, when TGF-1 levels reduce to nor-
mal, lung injuries are not reversible in short term and progress
into a fibrotic remodeling of the lung, including deposition of
collagen. Surprisingly, surfactant impairment occurs simulta-
neously to TGF-31 overexpression and precedes any kind of
fibrotic remodeling in our model in vivo, similar to our previ-
ous findings in the bleomycin-induced lung fibrosis model
(29). As described before (15, 18, 29, 42), abnormally high
surface tension may contribute to mechanical stress due to
collapse and reopening of alveoli. Surfactant isolated from IPF
patients show abnormally high surface tension (15, 26). This

abnormal mechanical stress acting on alveolar epithelium is
described to lead to fibrotic remodeling in various animal
models (7, 17), including bleomycin-induced lung fibrosis
(41). In addition, we found that other surfactant-related pro-
teins were also downregulated such as ABCA3, a lipid trans-
porter essential for correct storage of surfactant in lamellar
bodies. On the other hand, downregulation of other surfactant-
related proteins, such as SP-A and napsin A, led us to inves-
tigate a further upstream pathway in the synthesis of surfactant
components up to TTF-1 (thyroid transcription factor 1), re-
sponsible for the regulation of surfactant synthesis and specific
to lung epithelium. According to previous results (16), in our in
vivo model we observed partial deficiency in TTF-1 (Fig. 3, A
and B) and downregulation of the gene (Nkx2./) during
TGF-B1 overexpression. Interestingly not only the protein
level of TTF-1 but also its location determines its activity,
since TTF-1 protein level remain downregulated (Fig. 3), but
enough TTF-1 seems to be actively translocated into the
nucleus, potentially contributing to enhancement of SP-B and
SP-C BAL levels back to normal 2 wk after transfection (Fig.
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3, A and B). However, the expression of SP-B and SP-C genes
shows only a slight trend for recovery 2 wk compared with 1
wk after gene transfer. These findings indicate that other
TGF-B1-related mechanisms including, e.g., increased degra-
dation of surfactant proteins might also be involved in the
dramatic decline in BAL levels we observed 1 wk after gene
transfer. Many previous attempts tried to show interaction
between TTF-1 and Smad3 (a signaling protein within TGF-B1
pathway) by means of EMSA (electrophoretic mobility shift
assay) (24, 27, 32, 33), coimmunoprecipitation (32) or PLA
(20) in vitro. It has already been proposed that Smad3 is able
to bind directly to the MH1 and MH2 domains of TTF-1,
therefore preventing binding of TTF-1 to SP-B gene promoter
(33). We have shown not only the existence of a direct
interaction between TTF-1 and Smad3, but also the location of
these complexes in the cell in an in vivo model (Fig. 4, D and
E). Since Smad3 plays a key role in fibrosis (6, 59, 60), we
hypothesized that part of the profibrotic effect of Smad3 would
include the downregulation of the surfactant system, contrib-
uting to mechanical stress in lung epithelium and abnormal
alveolar recruitment and derecruitment as indicated by the loss
of ventilated alveoli in the context of high surface tension and
the virtually unchanged hysteresivity. Alveolar derecruitment 1
wk after gene transfer also explains the significant increase in
septal wall thickness in concert with a decrease in alveolar
surface area per lung without an increase in the total volume of
septal wall tissue. The finding that during TGF-1 overexpres-
sion Smad3 and TTF-1 complexes form and, instead of in the
nucleus, are in increased proportion found extranuclearly pro-
vided a potential mechanism by which TGF-B1 interferes with
gene expression of components of the surfactant system, pre-
ceding collagen deposition and progressive loss of polarity of
AE2 cells. A failure of TTF-1 to translocate to the nucleus of
AE2C has been linked to surfactant dysfunction and infant
respiratory distress syndrome in a recent study and is therefore
likely to be of relevance in our model as well (38). Therefore
we could demonstrate for the first time in an in vivo model that
TGF-B1 is able to contribute to the mechanical stress produced
by surfactant dysfunction that lead to fibrotic remodeling of the
lung.

Since TTF-1 is a transcription factor specific for lung epi-
thelium and present in AE2C, we investigated whether there is
anoticeable effect of TGF-B1 in AE2C. AE2C are key cells for
the function of the lung, not only because they are responsible
of surfactant synthesis and secretion, but also as origin of
alveolar epithelial lining cells (54). Injury of AE2C has already
been described to happen during development of a fibrotic
phenotype (63) and includes changes in morphology (hyper-
trophy) and location (45), ER stress, and apoptosis (23, 25, 50,
61). Abnormal or nonfunctional AE2C have already been
found in patients suffering from lung fibrosis, and therefore
therapy strategies have been proposed to regenerate the defi-
cient nonfunctional AE2C (14). Accordingly, we found in our
in vivo model various morphologies and locations of AE2C
within the lung tissue, where some “interstitial AE2C or
LB-containing cells” can also be observed (Fig. 5, A-D).
Interestingly, the only feature to identify these cells as AE2C is
the remaining LB in their cytoplasm. Whether they are still
“AE2C” in terms of metabolism or function is a question yet to
be answered. In addition to the unique feature of synthetizing
and storing surfactant in these particular compartments, AE2C
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are polarized cells showing apical and basolateral membrane
completely different in location and function. These compo-
nents can be clearly identified at the electron microscopic level
since tight junctions separate the apical from the basolateral
membrane. Although the apical membrane of AE2C presents
microvilli and is the surface in contact with the alveolar lumen,
in which surfactant metabolism occurs, the basolateral membrane
is in charge of keeping the cell attached to the basal lamina and to
other cells, as well as the communication with the neighboring
epithelial and interstitial cells. In addition to the quantification of
apical membrane surface area, we studied the expression levels
of specific AE2C apical membrane proteins, such as P2Y2,
P2X4 (10), and 1Ib Na-Pi cotransporter ($lc34a2) (51). In all
cases, downregulation of expression of the proteins can be
correlated with loss of apical surface, representing loss of
polarity of these cells since total AE2C volume is not de-
creased but instead increased (Fig. 5). The effect of TGF- is
noticeable up to 2 wk after transfection in AE2C, and endog-
enous TGF-f is upregulated (Fig. 3) in lung tissue. Further-
more, the total volume of lamellar bodies per lung increases
and this in concert with the occurrence of intracellular precur-
sors of SP-B and SP-C in lung homogenate can be considered
as correlates of dysfunctional AE2 cells.

In conclusion, these findings link for the first time the
TGF-B1 signaling pathway with increased tissue elastance due
to high surface tension and alveolar derecruitment. In this
model, these alterations represent initial etfects of the TGF-B1
signaling and occur without any signs of pulmonary fibrosis
during the first week as evaluated by means of design-based
stereology. During the expression of bioactive TGF-B1, sur-
factant proteins are downregulated by concomitant reduction of
the expression of TTF-1 and potentially a Smad3-mediated
failure of TTF-1 to translocate to the nucleus of AE2C. Hence
the primary effect of TGF-B1 overexpression on lung structure
is surfactant dysfunction, alveolar derecruitment, and associ-
ated mechanical stress. These observations precede and con-
tribute to the loss of AE2 cell polarity and interstitial profi-
brotic remodeling as demonstrated by loss of apical AE2C
surface area 2 wk after gene transfer. At 2 wk after gene
transfer surface tension returned to normal and lung mechan-
ical impairment results from interstitial remodeling with septal
wall thickening and deposition of collagen fibrils.
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RELEVANCE OF THIS WORK

In this paper, we demonstrated for the first time in vivo that TGF-B1 might regulate surfactant
protein expression through Smad3 sequestration of TTF-1 into the cytoplasm. Active
extracellular TGF-B1 binds to its receptor proteins and initiate a cascade of signals that include
the phosphorylation of some members of the Smad protein family. The phosphorylated
complex of Smad2/3, together with other transcription factors, translocate to the nucleus to
regulate the expression of many genes. From our results, we can conclude that the activation
of Smad2/3 prevents the translocation of TTF-1 into the nucleus, which then is not able to
activate the expression of the SP-B and SP-C genes nor to regulate its own expression.
Therefore, we could observe not only SP-B and SP-C deficient gene and protein expression, but
also less TTF-1 gene expression. We observed this effect during TGF-B1 overexpression, one
week after transfection, but not afterwards. However, it seems that the tissue injury caused

during the overexpression of TGF-f1 is not
reversible and aberrant wound healing continues

further during the second week in the study. The

SMAD2/3

initial, potential mechanical stress caused by
surfactant dysfunction, seen in the abnormal

alveolar dynamics and increased surface tension,
seems to induce AE2C damage and alveolar collapse il

that are not resolved in the absence of TGF-B1.

®

G —
AE2C lost their apical membrane and appeared -
embedded in interstitial tissue, where they no 8
longer can secrete new surfactant. Previously,

many reports proposed damage and decrease in

number of AE2C to contribute to lung fibrosis, even 1 s
though the exact mechanisms is not known. Here SEDN W

we conclude that surfactant dysfunction at early
Figure 1: Proposed common molecular pathway for the
regulation of surfactant proteins by TGF-81. Created in
stress and collapse, but also to injury of AE2C. BioRender.com.

stages may be contributing not only to mechanical
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2.2SURFACTANT PROTEIN C (ORIGINAL WORK 2)

Ruwisch J., Sehimeyer K., Roldan N., Garcia-Alvarez B., Perez-Gil J., Weaver T.E., Ochs M.,
Knudsen L. & Lopez-Rodriguez E. “Air Space Distension Precedes Spontaneous Fibrotic
Remodeling and Impaired Cholesterol Metabolism in the Absence of Surfactant Protein C”
American Journal of Respiratory Cell and Molecular Biology, 2020; 62(4): 466-478.

As seen in the previous chapter, TGF-1 interacts with the regulation of surfactant related
genes through one of its transcription factors, TTF-1. TTF-1 is responsible of the transcription
of surfactant genes, including SFTPC, the gene coding for surfactant protein C (SP-C) (60). This
protein is very hydrophobic, small (of only 35 amino acids) and accounts for approx. 1% of lung
surfactant mass. SP-C is highly preserved among species (61), specifically expressed in AE2C
and often used as molecular marker for the differentiation of lung tissue (62). The mature
form of SP-C has a 4.3 kDa size, but it is expressed as a larger precursor, of 21 kDa in the AE2C,
which is enzymatically processed to the mature form.

SP-C structure, rich in valine and leucine amino

m_r Ry acid residues, adopts a metastable a-helix,

which is  normally embedded in the

phospholipid membrane-like structures of lung

surfactant, due to its hydrophobic nature. It
Figure 2: Proposed structure of SP-C (Wikimedia also contains a high proportion of branched
Commons, CCBY5A3.0) residues, which, in more polar or hydrophilic
environments, makes this protein susceptible to adopt more B-sheet structures and
fibrillogenic amyloid-like structures (63, 64). These aggregates are a common feature in
several interstitial lung diseases. It is also palmitoylated in the N-terminal site (not shown in
figure 2) and the two palmitoyl-residues are described to anchor the protein to the
phospholipid membrane-like structures (65, 66). Therefore, SP-C interacts very closely and
stably with phospholipids and has a great influence in the structure and dynamics of the
surfactant membrane structures. More specifically, SP-C is able to alter lipid packing by both
influencing the lipid motion and lateral distribution (67, 68) and membrane permeability in
vitro (69-71). Within the context of the lung surfactant function, SP-C is able to promote
interfacial lipid adsorption and lipid transfer between different lipid membrane-like structures
(72-74). In addition, it also interconnects multilayered stacks that serve as a surfactant
reservoir, storing newly secreted surfactant complexes and surfactant molecules squeezed out
from the interface upon compression to the interfacial film (73, 75). In this way, SP-C may
facilitate the insertion of surfactant material, during surface area expansion (inhalation) and
exclusion of excess material, during the surface area compression (during exhalation).
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Therefore, in the absence of SP-C this recycling of surface-active material into and out of the
interfacial film may be impaired. This has a very important physiological meaning, as not low
enough surface tension may be reached upon compression of small alveoli, the most
susceptible ones to collapse, as explained in section 1.2. This may lead to alveolar instability
and collapsibility of alveoli (76). These alveoli may be re-opened, with higher pressure, but this
may also initiate the response mechanisms to mechanical stress in the alveolar epithelium.
Therefore, triggering aberrant tissue repair and fibrotic remodeling, as explained before.

In addition, many mutations in the SP-C gene have been already reported in familial forms of
interstitial lung diseases (ILD), making SP-C a highly relevant protein in the pathophysiology of
these diseases (recently reviewed in Sehlmeyer et al 2020 (77)).

Variant Reference
L188Q Thomas et al., 2002 (78)
R167Q Tredano et al., 2004 (79)
73T Tredano et al., 2004 (79); Abou Taam et al., 2009 (80); Thouvenin et

al., 2010(81) ; Cottin et al., 2011 (82); Avital et al., 2014 (83); Hevroni
et al., 2015 (84); Salerno et al., 2016 (85)

G100s Ono et al 2011 (86)

Y104H Kuse et al., 2013 (87)
I38F i

_ Avital et al., 2014 (83)

V39L

C121F van Hoorn et al., 2014 (88)
I38F Hevroni et al., 2015 (84)
L188E Chibbar et al., 2004 (89)
E66K Stevens et al., 2005 (90)

Table 1: Most common mutations found in the SP-C gene in human ILD patients (adapted from Sehlmeyer, Ruwisch, Roldan &
Lopez-Rodriguez, 2020 (77)).

The aim of this work was to investigate the structural and functional changes of the lungs of

SP-C deficient mice with age. For this purpose, we bred and aged WT and SP-C KO mice in our

animal facility. To understand the order of events and changes in the lungs with age, we took
animals every 10 weeks, of an age ranging from 10 to 60 weeks old and performed different
analyses in vivo and in the isolated lungs. We hypothesized that: 1) the alveolar instability due
to the absence of SP-C will lead to a mild but chronic alveolar collapse, specially of the smallest
distal alveoli; 2) this chronic alveolar collapse may lead to permanent de-recruitment of the
alveoli with two consequences: 2.1) with less open alveoli, air re-organization may lead to over-
distend alveoli and ductal spaces; 2.2) mechanical stress due to chronic alveolar collapse and
collapse induration may lead to wound fibrotic formation; 3) these chronic but mild events
may lead to the onset of fibrosis remodeling with age in the absence of SP-C.
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Abstract

Surfactant protein (SP)-C deficiency is found in samples from patients
suffering idiopathic pulmonary fibrosis, especially in familial forms of
this disease. We hypothesized that SP-C may contribute to fibrotic
remodeling in aging mice and alveolar lipid homeostasis. For this
purpose, we analyzed lung function, alveolar dynamics, lung structure,

of SP-C results in an age-dependent, complex, heterogeneous
phenotype characterized by a combination of overdistended air spaces
and fibrotic wounds that resembles combined emphysema and
pulmonary fibrosis in patients with idiopathic pulmonary fibrosis.
Addition of SP-C to cholesterol-laden lipid vesicles enhanced the
expression of cholesterol metabolism and transport genes in an
alveolar macrophage cell line, identifying a potential new lipid—protein

collagen content, and expression of genes related to lipid and
cholesterol metabolism of aging SP-C knockout mice. In addition,

in vitro experiments with an alveolar macrophage cell line exposed to
lipid vesicles with/without cholesterol and/or SP-C were performed.
Alveolar dynamics showed progressive alveolar derecruitment with
age and impaired oxygen saturation. Lung structure revealed that
decreasing volume density of alveolar spaces was accompanied by
increasing of the ductal counterparts. Simultaneously, septal wall
thickness steadily increased, and fibrotic wounds appeared in lungs
from the age of 50 weeks. This remarkable phenotype is unique to the
129Sv strain, which has an increased absorption of cholesterol, linking
the accumulation of cholesterol and the absence of SP-C to a fibrotic
remodeling process. The findings of this study suggest that overall loss

axis involved in lung remodeling.

Keywords: surfactant protein C; pulmonary fibrosis; alveolar
dynamics; lipid metabolism; alveolar macrophages

Clinical Relevance

This research enables investigation of the events potentially
occurring before lung fibrotic remodelling, allowing an
understanding of the mechanism of a devastating disease and
the development of therapeutic approaches to preventing it.
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Idiopathic pulmonary fibrosis (IPF) is a
chronic, progredient, restrictive interstitial
lung disease, characterized by increased
collagen deposition with fatal outcome.
Current pathogenelic concepts focus on
the dysfunction of alveolar epithelial cell
(AEC) type 2, stem cell exhaustion, and
aberrant profibrotic wound repair (1). On
high-resolution computer tomography
(HRCT) images, IPF depicts the picture of
usual interstitial pneumonia, characterized
by the presence of heterogeneously
distributed honeycomb cysts with basal
and subpleural predominance (2-4). A
range of 2-20% of patients with IPF present
with a positive familial history classified
as familial pulmonary fibrosis (5-8).
Multiple gene studies have identified a
wide set of genes that seem to drive
fibrogenesis (9-12), including mutations
of genes encoding surfactant proteins (SPs)
(7, 13-16).

Pulmonary surfactant mainly consists
of phospholipids and SP-A, -B, -C, and -D.
SP-B and -C are essential for reducing
surface tension at the alveolar air-liquid
interface (17, 18). The hydrophobic, mature
SP-C peptide has been shown to be crucial
for maintaining surfactant homeostasis
under dynamic conditions. During
surfactant film compression, SP-C provides
film stability at low lung volumes (17, 19,
20). As the respiratory cycle progresses,
SP-C facilitates the reincorporation of
subinterfacial phospholipids into the
monolayer, promoting film expansion
upon inspiration (17, 18, 21). To date,
more than 60 different mutations in the
human SFTPC gene have been associated
with development of acute and chronic
lung disease in infants, children, and
adults (22-24). The SFTPC gene is
exclusively expressed by AEC2 and
encodes the 21-kD precursor protein,
proSP-C (25, 26).

Aging is one of the main common
factors in IPF, mostly affecting patients over
the age of 60 years (2). With increasing age,
the lung is progressively challenged with
harmful biological and physical noxae
(27-29). Multiple hits, such as repeated
exposure to mechanical stress, as occurs
during heterogenous lung ventilation in the
setting of increased surface tension and
alveolar instability, were further shown to
compromise AEC2 integrity (30-33). Aging
lungs themselves show a trend toward
increasing lung stiffness and lower
compliance in combination with lower

surfactant volumes that, in turn, may
contribute to impaired lung function in the
elderly (34, 35).

In addition, impaired lipid metabolism
is related to many different lung diseases,
including pulmonary alveolar proteinosis
and lung fibrosis. Reduced lipid metabolism
has been related to endoplasmic reticulum
stress (36) and as a communication axis
between AE2C and alveolar macrophages
(37), leading to fibrotic remodeling. Even
though limited information exists on the
exact mechanisms of regulation of lipid
metabolism, and more specifically
cholesterol metabolism (38), it may
present a new therapeutic target in lung
fibrosis (39).

In the current study, we aim to
elucidate the role of SP-C in the
development of spontaneous lung fibrosis
as well as the ordering of the events
leading to fibrotic remodeling in the
absence of this protein. To this end,
we studied the alveolar dynamics, lung
structure, and function of SP-C knockout
(KO) mice during 60 weeks of life, as well as
the morphologic and metabolic changes
experienced by alveolar macrophages with
or without SP-C.

Methods

Animal Model

SP-C-deficient mice, bred on the 129Sv
background, were introduced (40) and
obtained with permission from Cincinnati
Children’s Hospital (Cincinnati, Ohio).
Healthy 129Sv mice, which served as the
control group, were acquired from Charles
River GmbH. Details about the animal
groups are presented in the METHODS in the
data supplement.

Lung Mechanical and Function
Measurements

All animals were weighed and anesthetized
via intraperitoneal injection of 80 mg/kg
ketamine and 5 mg/kg xylazine in 0.9%
sodium chloride. After tracheotomy, mice
were connected to a small animal ventilator
(FlexiVent; SCIREQ). Mechanical
ventilation was performed as described
previously (41) and detailed in the MerHODS
in the data supplement. Oxygen saturation
in percentage of functional arterial
hemoglobin was determined during normal
mechanical ventilation at positive end-
expiratory pressure (PEEP) of 3 cm H,0

Ruwisch, Sehimeyer, Roldan, et al.: SP-C Deficiency Leads to Fibrosis during Aging

with the use of a rodent oximeter
(MouseOx Plus; Starr Life Sciences Corp.).
Afterwards, vascular perfusion—fixation was
performed as explained in the METHODS in
the data supplement.

Histological Sections and Staining
Tissue slices were embedded into
hydroxyethylmethacrylate (Technovit 8100;
Kulzer Heraeus). For further design-based
stereology on the light microscope level,
tissue sections were stained with toluidine
blue, as detailed in the MeTHODS in the data
supplement. Simultaneously, lung cubes
were sampled randomly for representative
electron microscope (EM) imaging, as
explained in the MeTHODS in the data
supplement. Remaining tissue slices were
embedded in paraffin and stained with a
Masson-Goldner staining kit (Merck).
Immunostaining of human tissue sections
is detailed in the MEeTHODs in the data
supplement.

Design-based Stereology

Design-based stereology is the gold standard
for quantitative lung structure analysis
based on histological images, enabling
profound mathematical inference of 3D
geometrical structures from 2D sections, as
for example, compartments of the distal
airways (42). All analyzed parameters for
lung structure regarding fibrosis were
chosen according to recommendations
from Miihfeld and Ochs (43) for stereology
in pulmonary fibrosis. A detailed
description of investigated parameters and
corresponding test systems is presented in
Table 1 and in the MEeTHODS in the data
supplement.

Hydroxyproline Assay

Hydroxyproline content was measured in
accordance to the protocol established by
Reddy and Enwemeka (44) and detailed in
the MerHODs in the data supplement.

Real-Time PCR

RNA was isolated from homogenized lungs
after lavage following ISOLATE IT RNA
Mini Kit instructions (ISOLATE RNA
Mini Kit; Bioline GmbH). ¢cDNA synthesis
was performed in a Thermal Cycler
(CFX96TM; Bio-Rad Laboratories).
Subsequent RT-PCR was performed with
iTaq Universal SYBR Green Supermix (Bio-
Rad Laboratories); primer sequences are
shown in detail in Table 2 and in the data
supplement.
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Table 1. Absolute Volumes of Lung Compartments Determined by Design-based Stereology in Surfactant Protein C Knockout

Mouse Lungs

10 wk 20 wk 30 wk 40 wk 50 wk 60 wk

Parameter [ml] Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
V(par, lung) 0.34 0.07 0.35 0.05 0.63 0.1 0.42 0.07 0.53 0.10 0.49 0.10
V(non-par, lung) 0.05 0.02 0.06 0.02 0.09 0.02 0.05 0.01 0.07 0.02 0.08 0.03
V(vent-par, lung) 0.33 0.07 0.34 0.04 0.62 0.10 0.42 0.07 0.51 0.10 0.48 0.10
V(non-vent-par, lung) 0.008 0.006 0.009 0.004 0.010 0.006 0006 0.003 0.013 0.006 0.010 0.006
V(alv, lung) 0.16 0.04 0.15 0.02 0.29 0.05 0.19 0.03 0.21 0.03 0.22 0.06
V(duet, lung) 0.13 0.05 0.15 0.03 0.27 0.05 0.20 0.04 0.26 0.07 0.22 0.04
V(sept, lung) 0.04 0.01 0.04 0.05 0.07 0.11 0.04 0.01 0.05 0.01 0.06 0.01

Definition of abbreviations: V(alv, lung) = absolute alveolar space volume; V(duct, lung) = absolute ductal airspace volume; V(non-par, lung) = absolute non-
parenchyma volume; V(non-vent-par, lung) = absolute non-ventilated parenchyma volume; V(par, lung) = absolute lung parenchyma volume; V(sept, lung)
=absolute septal volume; V(vent-par, lung)=absolute ventilated parenchyma volume.

Absolute stereological lung volumes (ml) are given with mean and SD for every age group.

Cholesterol Assay

Total cholesterol concentration was
quantified following instructions of

Total Cholesterol Assay Kit (Colorimetric)
(Cell Biolabs, Inc.) as explained in the
METHODS in the MEeTHODS in the data
supplement.

Engulfment of Cholesterol-laden Lipid
Vesicles with or without SP-C

Uptake of cholesterol laden with/without
SP-C lipid vesicles by alveolar macrophages
was performed using a fluorescently labeled
cholesterol probe and quantified as the
percentage of cells presenting fluorescence
in a flow cytometer. Further details can

be found in the MerHoDS in the data
supplement.

Statistical Analysis

Graphs and statistical analysis were
conducted with GraphPad Prism 6.0
(GraphPad Software) and detailed in the

MerHobs in the data supplement.

Results

Impaired Alveolar Recruitment Is
Accompanied by Increased Tissue
Stiffness in the Lungs of SP-C KO
Mice

Body weight gain was significantly delayed
in SP-C KO mice in comparison to healthy
129Sv mice up to an age of 40 weeks
(Figure 1A). Likewise, absolute lung volume
was significantly reduced at early ages (10
and 20 wk; Figure 1B). Simultaneously,
inspiratory capacity was significantly
reduced at an age of 10 and 20 weeks in
comparison to healthy mice (Figure 1C).
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Accordingly, static compliance (Figure 1D)
was significantly reduced in comparison to
age-matched healthy 129Sv mice.

Tissue elastance (H) was assessed at
PEEP of 1 cm H,0, 3 cm H,0, and 6 cm
H,O as an indicator of distal parenchymal
stiffness (Figure 1E). At the early ages
of 10 and 20 weeks, lungs of SP-C KO
mice exhibited significantly increased H
compared with healthy controls at every
applied PEEP (Figures 1F-1H), pointing at
stiffer lungs in the absence of SP-C at early
ages. Increasing airway pressure from 1 to 6
cm H,0 may facilitate alveolar recruitment,
resulting in reduced tissue stiffness, as seen
in healthy 129Sv mice (Figure E1A in the
data supplement). However, an applied
PEEP of 6 cm H,O (Figure 1E) failed to
further reduce H at the ages of 10, 50, and
60 weeks compared with low pressure,

such as PEEP of 3 cm H,O in the SP-C
KO group. This pointed at reduced
recruitability of alveolar spaces at older ages
(either due to alveolar collapse, permanent
derecruitment and/or a remodeling
process) as a result of SP-C deficiency
during abnormal lung aging. In addition, a
mixed-effects statistical analysis revealed
that changes were mostly an effect of both
genotype and aging (Table E3).
Accordingly, tissue damping (G),
assessed at PEEP of 3 cm H,0, significantly
decreased from Week 20 to Week 30 in the
SP-C KO group, whereas healthy mice
showed no age-dependent alterations in G
(Figure 1I). Meanwhile, tissue hysteresivity
(m) of SP-C KO mice exhibited only minor
fluctuations in contrast to healthy controls
displaying a continuous increase until
50 weeks of age (Figure 1]). Thus,

Table 2. Statistically Significant Correlations after Spearman Test and Linear
Regression Comprising All Surfactant Protein C Knockout Age Cohorts

Correlating
Parameters Spearman r
Vv(non-vent-par/par), —0.455*
S(alvepi, lung)
Lung volume, Sv —0.445*
IC, Vv(duct/par) 0.2927
Lung volume, mean 0.495*
linear intercept
Septal thickness, G 0.2907
Septal thickness, -0.5632*

Vv(vent-par/par)

Spearman-Sig.
Two Sided n

Linear Regression

0.001 51 Y=-1974X + 260.7
0.001 51 Y=-0.02113X + 0.06102
0.039 50 Y=0.1339X+ 0.3125
0.000 51 Y=37.91X+ 52.61

0.044 49 Y=0.2579X +2.990
0.000 51 Y=-0.02671X+ 0.5584

Definition of abbreviations: G = tissue damping; IC = inspiratory capacity; S(alvepi, lung) = total surface
of alveoclar epithelium per lung; Sv = surface density; Vv(duct/par) = volume density of ductal spaces in
parenchyma; Vw(non-vent-par/par) = volume density of nonventilated parenchyma in parenchyma;
Vv(vent-par/par) = volume density of ventilated parenchyma in parenchyma.

*P < 0.05.
P < 0.01.
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Figure 1. Impaired alveolar recruitment is accompanied by increased tissue stiffness in the lungs of surfactant protein (SP)-C knockout (KO} and healthy
129Sv mice. (4) Body weight (BW), (B) lung volume (ml), (C) inspiratory capacity (IC), and (D) static compliance (Cst) over time. (E) Tissue elastance (H) as
an indicator of distal lung tissue stiffness was obtained during the forced oscillation technique and calculated according to the constant phase model at
positive end-expiratory pressure (PEEP) of 1 cm H,O (dark blue bars), 3 cm H,QO (blue bars), and 6 cm H,O (light blue bars) for each age group,
respectively, n = 8 (black horizontal lines indicate statistically significant differences between the groups they connect P < 0.05). (F) H at PEEP 1 cm H,0
with age. (G) H at PEEP 3 cm H.O with age. (H) H at PEEP 6 cm HoO with age. () Tissue damping (G). (J) Tissue hysteresivity (v) were assessed at 10-60
weeks of age. (K) Volume fraction (Vv) of ventilated parenchyma (top of the graph) and nonventilated parenchyma (bottom of the graph) within lung
parenchyma. Mean =+ SD, n = 6; horizontal black lines with an asterisk (*) represent a statistical difference at P < 0.05 between SP-C KO and healthy mice
within age groups. Statistical differences with age are represented in blue for the SP-C KO group and in gray for the healthy controls. P < 0.05 versus
10 weeks; *P < 0.05 versus 20 weeks; 5P < 0.05 versus 30 weeks; “P < 0.05 versus 40 weeks.

significant differences between both groups  main effect was due to age and not nonventilated parenchyma in the SP-C KO
were found at an age of 10 and 40 weeks,  genotype (Table E3). group in comparison to healthy mice, which
suggesting that altered rheological Stereological analysis revealed an was significant at an ages of 20, 40, 50, and
properties of the lung tissue. However, the  increased volume fraction (Vv) of 60 weeks (Figure 1K). Taken together,
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deficiency of SP-C resulted in loss of ability
on reopening alveoli at higher pressure and
abnormal rheological properties of the
lung tissue, pointing at an ongoing
remodeling process. In addition, a mixed-
effects statistical analysis revealed the
absence of SP-C as a major contributor

to the decrease of ventilated parenchyma
and the increase of nonventilated
parenchyma (Table E3).

Ductal Airspace Overdistension
Precedes Septal Thickening in the
SP-C KO Lung

General lung morphology during aging can
be observed in Figure 2A. SP-C KO lungs
exhibited a slight age-dependent decrease
in alveolar space and an increase in ductal
airspace Vv (Vv[duct/par]), which became
significant at 50 weeks of age (Figures 2B
and 2C). Accordingly, mean linear intercept
length measurements were not significantly
changed in SP-C KO versus healthy

129Sv mice, except at 50 weeks of age
(Figure 2D). Healthy 1295v mouse lungs
did not reveal a major trend toward an
increasing or decreasing alveolar space

Vv (Figure 2B). In addition, volume-
weighted mean volume values varied
around the baseline observed at 10 weeks
(Figure 2E) for healthy controls. In
contrast, volume-weighted mean volume
remained unaltered over the first 20 weeks
in the SP-C KO group, but exhibited a
significant increase at the end of Week 30
(Figure 2E), indicating a rearrangement in
the alveolar architecture and increased
alveolar size heterogeneity.

Alveolar epithelial surface was
significantly reduced at 20 and 50 weeks in
contrast to healthy mice (Figure 2F). In line
with lung volume development, alveolar
surface rose significantly in the lungs of
30-week-old SP-C KO animals, but tended
to decline from Week 30 to Week 50
(Figure 2F). Simultaneously, septal
thickness steadily decreased until Week
40, where a tendency toward thicker alveolar
septa was observed (Figure 2G).
Accordingly, SP-C KO mouse lungs showed
significantly thicker septal walls in head-
to-head comparison with their healthy
counterparts at an age of 50 weeks
(Figure 2G). Significantly, increased
thickness from Week 50 coincided with
the appearance of consolidated lesions,
giving the first indication of fibrotic
remodeling (Figure 2A; micrographs 10
and 12). In addition, overdistended ductal

470

airspaces corresponding to increased
Vv(duct/par) became particularly prominent
in subpleural regions (Figure 2A;
micrographs 3, 5, and 7). These features
were not observed in healthy control lungs
(Figure E2A).

SP-C KO Mouse Lungs Exhibit

Altered Tissue Composition and
Aberrant Connective Tissue Protein
Gene Expression

Masson-Goldner trichrome staining
provided further insight into tissue
composition of observed microscopic
wounds, most prominently in the lungs at 50
and 60 weeks of age. Although thickness of
septa was not accompanied by staining for
collagen from Weeks -20, consolidations in
parenchyma stained positive for collagen
at the age of 50 and 60 weeks (green,
Figure 3A), especially in comparison

to older healthy mice (Figure E3A).
Therefore, increased septal thickness at
early ages seemed to arise from alveolar
collapse, whereas the later onset of
thickening was associated with interstitial
collagen deposition. Quantification of
hydroxyproline showed a tendency

toward higher levels with age, but did not
demonstrate significant differences between
age cohorts or genotypes (Figure 3B and
Figure E3B). Relative Collal, Col3al, and Fn
expression obtained from RT-PCR analysis
was significantly downregulated in the SP-C
KO mice with age (Figures 3C, 3D, and 3F).
Likewise, Col2al and Eln also tended toward
lower expression levels, but were not
significantly different (Figures 3F and 3G).
This represents a different, aberrant
remodeling of fibers in comparison with the
normal redistribution of fibers in healthy,
aging mice (Figures E3C-E3Q).

SP-C Deficiency Alters the Innate
Immune System of the Lung

The total number of cells in BAL of the SP-C
KO cohort declined with age (Figure 4A). In
contrast, the number of cells counted in
healthy BAL remained constant at a
generally lower level than in BAL recovered
from SP-C KO mice (Figure 4A). Statistical
analysis revealed significant differences
between healthy and SP-C KO at 10 and
20 weeks of age, and the effect seemed to be
mainly due to the genotype and not age
(Table E3). Light microscopic analysis

of immune cell subtypes identified
macrophages as the predominant cell

type with a minor, but constant, fraction

of neutrophils in the healthy mice
independent of age (Figure 4B and Figure
E4A). In contrast, the proportion of
neutrophils was increased in SP-C KO mice
at 40 weeks of age and was accompanied by
the appearance of eosinophils at Week 50.
Fibrotic areas of a lung section
validated the presence of electron-dense
clefts in IPF lung tissue (Figure 4C).
Furthermore, ultrastructural phenotype
qualitative analysis of lung macrophages
was performed in the SP-C KO mice for
every age group. At 10 and 20 weeks of age,
macrophages derived from SP-C KO lungs
exhibited numerous electron-dense,
lamellar body-like inclusions in the
cytoplasmic cell compartment. In the
successive 10 weeks, the cells further
accumulated these inclusions and appeared
loaded with various electron-dense clefts
(Figure 4D, micrographs 7-12). Meanwhile,
healthy control mice of the same strain did
not show any cleft accumulation over the
entire study frame (data not shown).
EM micrographs of AEC2 showed no
morphological alterations.

Absence of SP-C Leads to Impaired
Cholesterol Metabolism in Alveolar
Macrophages
Due to the notable appearance of electron-
dense inclusions only in the alveolar
macrophages of SP-C KO lungs, we
investigated the cholesterol metabolism in
these cells. Expression of cholesterol efflux
transporters, such as Abcal (ATP binding
cassette Al) and Abcgl (ATP binding
cassette G1), as well as regulatory elements
of the metabolism of cholesterol, such as the
gene encoding the Ldlr (low-density
lipoprotein) receptor, the Lxra (liver x
receptor alpha), the Ch25 h (cholesterol-25-
hydroxlyase), and the Srebp2 (sterol-
response element binding protein 2) steadily
increased over the first 30 weeks (Figure 5A).
In addition, their expression significantly
dropped from Week 30 to Week 40 and was
hardly detectable at 50 and 60 weeks. At the
same time, total cholesterol amounts relative
to total lung tissue exhibited a significant
and constant increase (Figure 5B) with
advancing age, as well as for the healthy
129Sv mice. In addition, the mixed-effect
statistical analysis revealed that age was the
main contributor to the changes in total
cholesterol (Table E3).

Interestingly, expression rates of
cholesterol-related genes were mirrored by
gene expression of macrophage activator
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Figure 2. Ductal airspace over distension precedes septal thickening in the SP-C KO and healthy 129Sv lung. (4) Representative toluidine blue—stained
micrographs of vascular perfused-fixed murine SP-C KO lungs (inflated with air at airway pressure =5 cm H,O) revealed thickened interalveclar septa as
markers of microatelectasis (pink arrows; panels 1 and 2). This was followed by alveoductal overdistension (green arrow), which coincidences with alveolar
size reduction in the same topographic region at an age of 20 weeks (panels 3 and 4). This process was found to further develop until Week 30 (panels 5
and 6), predominating in the subpleural regions (panels 3 and 5). At 40 weeks of age, enlarged alveolar ducts localized next to prominent septal walls
(green and pink arrows) (panels 7 and 8); 10 weeks later, first fibrotic lesions (yellow arrows) appeared causing tensile stress of the surrounding lung
parenchyma (panels 9 and 10). After 60 weeks, septal wall thickening progressed, whereas alveclar destabilization in sense of collapse induration
continued (panels 11 and 12). Scale bars: 500 pm (left column) and 100 wm (right column). Age-dependent lung structure analysis of (B) volume density of
alveolar space in parenchyma (Vv[alv/par]), (C) ductal airspace density (Vv[duct/par]), (D) mean linear intercept length, (E) mean volume-weighted mean
volume (v [alv]), (F) absolute surface of the alveolar epithelium (S[alvepi]), and (G) septal wall thickness (wm) were quantified within the ventilated
parenchyma (V[vent-par, lung]) with age. Mean = SD, n = 6; horizontal black lines with an asterisk (*) represent a statistical difference P < 0.05 between
SP-C KO versus healthy within age groups. Statistical differences over age are represented in blue for the SP-C KO group and in gray for the healthy
controls. TP < 0.06 versus 10 weeks; P < 0.05 versus 20 weeks; 5P < 0.05 versus 30 weeks; P < 0.05 versus 40 weeks.

chitinase-like-3 (Ym1) (Figure 5A). In
contrast, slight changes in gene expression of
BAL cells from healthy animals were observed
(Figure E5A). In vitro, engulfment ability

of macrophages from SP-C KO BAL was
reduced when exposed to lipid, cholesterol-
laden lipid, and SP-C-laden lipid vesicles
compared with wild-type (WT) macrophages
(Figure 5C). However, the addition of both
cholesterol and SP-C to the lipid vesicles
increased the uptake up to control conditions
(SP-C KO macrophages exposed to lipid

vesicles) and to their WT counterpart for
this condition (WT macrophages exposed
to cholesterol + SP-C-laden lipid vesicles).
In addition, we analyzed the uptake of a
mouse macrophage cell line, MHS-C, in

its ability to uptake lipid vesicles with/without
cholesterol and/or SP-C (Figure 5D) and
changes in cholesterol metabolism and
transport gene expression (Figures 5E-5G).
Interestingly, the addition of SP-C to the
cholesterol-laden vesicles increased not only
the uptake, but also further activated genes

for cholesterol metabolism and transport
(such as Pparg, Sral, Abcal, Abcgl, Lxrb, and
Srebp2).

Structure-Function Relationship in

the Aging SP-C KO Lung

Peripheral arterial oxygen saturation (Spo,)
level was progressively reduced at older
ages. Meanwhile, Spo, in control mice
remained unimpaired up to the age of 60
weeks (Figure 6A). In addition, the mixed-
effect statistical analysis revealed that the
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Figure 3. SP-C KO mice exhibit altered tissue composition and aberrant connective tissue protein gene expression. (4) Masson-Goldner trichrome

staining over age showed the abundance of dense, nonventilated parenchyma areas at 10 and 50 weeks of age. At 50 weeks, these lesions (arrows) were
interspersed with collagen (green interspersed areas are seen in the bottom images), whereas no collagen deposition was visible in lungs from 10-week-
old mice (green arrows). Scale bars: 200 wm (top row) and 100 wm (bottom row). (B) Hydroxyproline level was quantified in representative tissue sections
at 40, 50, and 60 weeks (*P < 0.05, n=5) and. (C—G) RT-PCR gene expression analysis of Col7a7 (collagen 1a1), Col2aT (collagen 2a1), Col3a7 (collagen
3al), elastin, and Fn (fibronectin) in healthy and SP-C KO lungs at the ages of 10-60 weeks showed decreasing expression levels becoming significant for

Fn, Col1ai, and Col3a1. Normalized by Gapdh; “P < 0.05 versus 10 weeks, n=5. Data are presented as mean * SD.

genotype (group) was the main contributor
to these changes (Table E3). microCT
(CT) imaging of a 60-week-old male SP-C
KO mice showed multiple subpleural areas
of consolidated lung tissue (Figure 6B).
Similarly, an analogous thoracic HRCT
image of a 75-year-old patient with IPF
exhibited subpleural reticular septal
thickening adjacent to cystic airspace
enlargement (Figure 6C).

Over the whole study, increasing
fractions of nonventilated parenchyma
correlated with loss of alveolar surface at the
light microscopic level (r= —0.455, P=0.001;
Figure 6D). Furthermore, absolute lung
volume and surface density exhibited an
inverse relationship (r=—0.445, P=0.001;
Figure 6G). Rising inspiratory capacity
correlated significantly with an increase in
Vv(duct/par) (r=0.292, P=0.039;

Figure 6E). An increase in G was significantly
proportional to rising septal thickness
(r=0.290, P=0.044; Figure 6F), indicating
pronounced tissue rigidity in thickened
interalveolar septa. Simultaneously, a
negative correlation was found between
septal thickness and the fraction of ventilated
parenchyma (r= —0.532, P < 0.001;

Figure 6I). A summary of correlation
statistics is provided in Table 2.

472

Discussion

Over a 60-week period, both adaptive

and compensatory mechanisms may be
activated to facilitate the main function of
the lung—gas exchange—in SP-C-deficient
mice. These mice suffered a mild decline in
lung function, with reduced Spo, values
(Figure 6A) during reorganization of air
spaces, but weeks before fibrotic wounds
were detected. Similarly, it could be
hypothesized that patients with IPF may
undergo rearrangement of air spaces years
before symptoms appear and they are
diagnosed. This animal model was first
developed and described by Glasser and
colleagues (19). They demonstrated altered
stability of lung surfactant activity from
SP-C™"" mice compared with SP-C*/*
mice, especially at low bubble volumes

(in vitro) and low lung volumes (in vivo). It
has already been described that SP-C is
critical for the stability of the lipid
surfactant film at the interface (17, 45); the
lack of this protein may lead to collapse of
small alveoli.

Interestingly, it has been reported that
SP-C KO mice did not have any histological
differences from their WT counterparts at
the embryonal age of 18.5 and Postnatal

Day 1 (40). However, we observed lungs of
10-week-old mice showing typically
thickened septal walls and shortened alveolar
septal tips, suggesting a delayed development,
which seems to be normalized at the age of
20 weeks (Figure 2A). In addition, higher
expression of the collagen genes in this
group also points to an ongoing delayed
development of the lung (Figures 3C and
3D). Interestingly, those 10-week-old lungs
also contain a higher number of BAL cells
(mainly macrophages; Figures 4A and 4B),
pointing to an abnormal postnatal innate
immune system. It is possible that SP-C
does not play an important role during
prenatal development, but that it does at
the moment air enters the lung for the first
time and during the first weeks of postnatal
development. This suggests that, without
SP-C, a newly air-breathing lung may suffer
from alveolar instability and collapse (we
could detect higher volume densities of
nonventilated parenchyma in the KO mice
at 10 weeks; Figure 1K) due to lung
surfactant instability. This instability during
compression (expiration) of the alveolar
surface may lead to abnormal mechanical
and physical forces (19, 23, 26). This may
delay the normal postnatal development of
the lung until the 10th week of life, when
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Figure 4. SP-C deficiency alters the innate immune system of the lung. (4) Total BAL fluid (BALF) cell count assessed in SP-C KO and healthy 129Sv mice. (B)

Relative quantification of leukocyte subpopulations in BALF cells of SP-C KO mice. (C) Electron microscopic (EM) micrograph of an idiopathic pulmonary fibrosis
(IPF) lung demonstrates the presence of intraparenchymal macrophages being loaded with electron-dense crystals (pink arrows). (0) Representative EM imaging
of SP-C KO lungs over age demonstrates unaltered alveolar epithelial type 2 cell (AE2C) morphology with physiologically shaped lamellar bodiies (green arrows)
(panels 1-6) and electron-dense intracellular inclusions with cleft formation in lung macrophages (pink arrow) (panels 7-12). Onset of crystal formation starts at
30 weeks of age. Detailed structural morphology of the lamellar body-ike inclusions and electron-dense clefts is provided on high-magnification micrographs
(panels 13-18). Scale bars: 2 um for pictures in the two top panels (AM and AE2C) and 500 nm in the Detail AM panels. Mean + SD, n = 6; horizontal black lines
with an asterisk represents a statistical difference P < 0.05 between SP-C KO and healthy within age groups. Statistical differences over age are represented in

blue for the SP-C KO group and in gray for the healthy controls. “P < 0.05 versus 10 weeks. AM = alveolar macrophage.

we analyzed our animals. In addition, other
animal models, showing SP-C deficiency,
have reported abnormal lung development
(46, 47). However, because a complete
analysis of pre- and postnatal lung
development in these mice is missing, we
could only speculate about the potential
role of SP-C on these processes.

Alveoli seemed to be recruited with high
pressure (such as PEEP of 6 cm H,0) in
normal healthy animals, but somehow
recruitment was impaired in older SP-C KO
mice (Figure 1E). Therefore, these results
suggest that chronic alveolar instability

Ruwisch, Sehimeyer, Roldan, et al.: SP-C Deficiency Leads to Fibrosis during Aging

seemed to lead to permanent derecruitability
of alveoli in 50- and 60-week-old SP-C KO
mice. This permanent derecruitment leads to
changes in H and G with age, resulting in
differences in m at the age of 60 weeks.
Differences in H and G toward progressive
loss of H and G have also been described in
the elastase-induced emphysema mouse
model (48) accompanied by an increase in
7. Increases in m were also related to
increased heterogeneity throughout the
lung (49) in complex disease phenotypes.
Therefore, the evidence from this study
suggests a complex disease phenotype where

overexpansion (emphysema-like phenotype)
of air spaces and consolidated collapsed
(derecruited alveoli) regions coexist within
the lungs of SP-C KO mice. These results are
supported by the lung micrographs in
Figure 2A, and suggest that overdistension
of ductal and alveolar spaces precedes the
consolidation of lung tissue starting at

40 weeks of age. In addition, septal wall
thickness tended to increase in the 40- to
60-week groups (Figure 2G). These changes
were not statistically significant, mainly due
to the increasing heterogeneity in the lungs
(50). Moreover, although fibrotic alterations
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Figure 5. Absence of SP-C leads to impaired cholesterol metabolism in alveolar macrophages. (A) RT-PCR gene expression analysis of Abcal (ATP
binding cassette A1), Abcg? (ATP binding cassette G1), Ch25h (cholesterol-25-hydroxylase), Ldlr (LDL receptor), Lxra (liver X receptor a), Srebp2 (steral
response element binding protein 2), and Chil3 (chitinase like 3 or Ym1) in BALF cells. Normalized by Gapdh. (B) Total cholesterol gquantification in SP-C
KO and healthy 129Sv lungs per microgram lung tissue at Weeks 10-60. (C) Flucrescent-lipid uptake by alveolar macrophages as percentage of
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have been repeatedly linked to elevated lung
stiffness, H in a pulmonary spring model
only substantially increased once a certain
percolation threshold was reached (51).
Projected on the SP-C KO lung, these
findings may explain why H showed only
subtle increases at 60 weeks of age, despite
the presence of multiple fibrotic lesions.

Further analysis of the septal wall
composition confirmed the slight increase in
collagen production at both the protein
(Figure 3B) and mRNA (Figures 3C-3G)
levels. As stated previously, pronounced
phenotypic heterogeneity, with overdistended
air spaces and aberrant wound healing, masks
statistically significant differences. However,
this heterogeneity itself is a common feature,
and resembles human samples of patients
suffering IPF, as shown in the HRCT scans in
Figures 6B and 6C.

During the 60 weeks of the study,
we did not observe any sign of edema or
inflammation. In addition, the total number of
BAL cells in aging SP-C KO mice decreased
progressively, reaching the number of cells in
healthy controls (Figure 4A). Analyzing the
types of cells in BAL, we discovered some
infiltrating cells in older lungs. At 40 weeks of
age, neutrophils appeared in the BAL
samples, but in a moderate proportion
(<{10%). This proportion increased further in
the 50-week group, and eosinophils appeared,
but again in a moderate proportion, not
enough to suspect pulmonary inflammation
or lung injury (Figure 4B). Therefore, the
findings of this study suggest that these
infiltrating cells may contribute to the
remodeling of the tissue rather than a
response to inflammation or infection. This
assumption is supported by previous reports
where both infiltrating cell types have been
related to remodeling processes in the lung
(47, 52-54). In addition, and noteworthy, are
the changes in morphology of alveolar
macrophages in the aging SP-C KO mice in
accordance with findings in samples from

patients with IPF (Figure 4C). As briefly
described before (40), macrophages of SP-C
KO mice contain electron-dense crystals in
their cytoplasm (Figure 4D). Crystals were
first detected in animals at 30 weeks of age.
Although, in human patients, this may be a
hallmark of an eosinophilic pneumonia, in
some cases associated with pulmonary
fibrosis (55) the appearance of crystals before
the infiltration of eosinophils, or any other
infiltrating cell as well as any sign of fibrotic
remodeling in the SP-C KO lungs, leads to
the rejection of the hypothesis. On the one
hand, those crystals are similar to cholesterol
crystals seen in macrophages throughout the
literature in the presence of cholesterol
(56-59). The 129Sv strain exhibits abnormal
absorption of dietary cholesterol (60) and is
widely used in the study of cholesterol
metabolism. Besides, this macrophage
phenotype has not been described in other
SP-C KO strains with BALBc or B6N
background. We observed a notable increase
in cholesterol in the lung tissue of the SP-C
KO mice from 30 weeks of age (Figure 5B).
However, the same pattern was also observed
for their healthy control counterparts
(Figure 5B), but crystals were not found in
alveolar macrophages. In this regard, Romero
and colleagues (37) showed increased
amounts of cholesterol in lung tissue of mice
after bleomycin treatment, and attributed this
to paracrine lipid cross-talk between AECs
and alveolar macrophages. Thus, initial
observations reported here suggest that this
cross-talk may be impaired in the absence of
SP-C in our model. Other lipid transporters
have also been reported to be involved in
development of fibrosis, including ApoE,
ApoAl, and ABCGI1 (61-64). Interestingly,
gene expression of cholesterol metabolism
and transport genes showed biphasic
behavior as well as cholesterol content in the
lung. When the genes under study were
downregulated, cholesterol started
accumulating in the lung, right at Week 30,

where the first crystals appear under EM
(Figures 4F, 5A, and 5B). In addition, in vitro
experiments supplementing cholesterol-laden
lipid vesicles with SP-C enhanced not only
the uptake of those vesicles by MH-S, but also
resulted in an increased expression of genes
related to cholesterol metabolism and
transport (such as Pparg, Sral, Abcal, Abcgl,
Lxrb, and Srebp2). This supports the
assumption that enhanced metabolism and
mobilization of cholesterol in alveolar
macrophages may be regulated by SP-C in
alveolar macrophages.

Cholesterol metabolism has not been
deeply studied in patients with lung fibrosis.
Currently, there is growing evidence that
lipid metabolism is impaired in lung fibrosis
(36, 37, 65), but there are no data specific to
cholesterol. Interestingly, it is not very
surprising that, with the average age of
patients with IPF being around 60 years,
many of them suffer from comorbidities
such as hypercholesterolemia. Kreuter
and colleages (66-68) published some
interesting analyses on the potential effect
of the uptake of statins during the
treatment of IPF with nintedanib. Although
there is much controversy around it, they
concluded that patients under treatment
with statins and nintedanib showed a
slower/delayed loss of forced expiratory
volume, pointing to a potential beneficial
effect of the lowering of cholesterol during
treatment for IPF. No preclinical data as yet
appear in the literature on this effect, so we
could only speculate on the effect of
cholesterol in the progression of the disease.
Nevertheless, this opens up a new field of
future research and new therapeutic
strategies, which should first undergo
preclinical studies.

In conclusion, the findings of this study
suggest that overall loss of SP-C results in an
age-dependent, complex, heterogeneous
phenotype characterized by a combination of
overdistended air spaces and fibrotic wounds

Figure 5. (Continued). engulfment, measured by FACS detection of fluorescent BAL cells from wild-type (WT) or SP-C KO mice. Macrophages were
exposed to 0.25 pg of labeled phospholipid per 10° cells, with/without cholesterol and/or SP-C. Black horizontal lines represents P < 0.05 between WT
and KO using a t test; light blue horizontal lines represents P < 0.05 when comparing different vesicle composition within the SP-C KO group using
ANOVA. (D) MH-S cells, alveolar macrophage—like mouse cell line, were exposed to lipid vesicles laden with fluorescent cholesterol and/or SP-C, and lipid
uptake was measured in FACS as explained previously here. (E) In another set of experiments, macrophages exposed to vesicles with different
composition during 1 hour were collected for RNA isolation and RT-PCR analysis of expression of genes related to cholesterol metabolism and transport.
(F) Representative heat map of relative expression of the different genes using clustering by targets (right) and samples ordered by type (top). The green
rectangle shows different targets upregulated in the samples containing cholesterol and SP-C in comparison to samples containing only cholesterol or
SP-C. (G) Relative gene expression (AACq, normalized by Actb) in the different samples (n =6 per group) of the most interesting upregulated genes from
the heat map: Pparg, Sral, Abcal, Lxrb, Abcg1, and Srebp2. Mean = SD, n = 6; horizontal black lines with an asterisk (*) represent a statistical difference
at P < 0.05 between SP-C KO and healthy within age groups. Statistical differences over age are represented in blue for the SP-C KO group and in gray
for the healthy controls. P < 0.05 versus 10 weeks; *P < 0.05 versus 20 weeks; 5P < 0.05 versus 30 weeks; ~P < 0.05 versus 40 weeks.
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Figure 6. Structure-function relationship in the SP-C KO lung. (A) Peripheral arterial oxygen saturation (Spo,) was measured at PEEP 3 cm H,O before
subsequent ventilation protocol was started in SP-C KO and healthy 129Sv mice. (8) microCT (computed tomography) imaging of a fixed SP-C KO lung
shows distinct parenchymal lesions predominating in the subpleural compartments (pink arrows). Scale bar: 1,000 um. (C) High-resclution computer
tomography imaging of a 75-year-old patient with IPF. The pathology impresses with reticular septal thickening, honeycomb cysts, traction bronchiectasis,
and tissue consolidation (pink arrows) in the means of usual interstitial pneumonia pattern. The pathology predominates in the subpleural regions and localizes
in the direct neighborhood of overdistended lung parenchyma. Statistically significant correlation of structural and mechanical parameters over the whole study
period (black circles, 10 wk; tan squares, 20 wk; brown triangles, 30 wk; inverted red triangles, 40 wk; green diamonds, 50 wk; open circles, 60 wk).

(D) Negative correlations between alveolar surface and nonventilated parenchyma Vv by stereclogical analysis, and (E) surface density and absolute lung
volume. (F) Proportional relationship of ductal Vv and inspiratory capacity acquired by FlexiVent. (G) Positive correlation of mean linear intercept and absclute
lung volume as independently determined structural parameters. (H) G and septal thickness exhibit a positive structure—function relationship, whereas

() ventilated parenchyma Vv and septal thickness correlate inversely. Mean = SD, n = 6; horizontal black lines with an asterisk represents a statistical
difference at P < 0.05 between SP-C KO and healthy within age groups. S{alvepi)=total surface of alveolar epithelium; Sv=surface density; Vwivent-par/par) =
volume density of ventilated parenchyma in parenchyma.

that resembles combined pulmonary fibrosis  of SP-C to a fibrotic remodeling process. Author disclosures are available with the text
and emphysema in patients with IPF. Besides, addition of SP-C to cholesterol-laden ~ ©f this article at www.atsjournals.org.
Interestingly, this remarkable phenotype is  lipid vesicles enhanced the expression of
unique to the 129Sv strain, which was cholesterol metabolism and transport genes
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RELEVANCE OF THIS WORK

In this paper, we concluded that the absence of SP-C in mice lungs leads to an early alveolar
collapse followed by over-distension of ductal and alveolar spaces. The permanent de-
recruitment of alveoli or collapse induration, together with the air re-organization into over
distended ductal spaces may impose an aberrant mechanical stress into the lung tissue leading
to the formation of fibrotic wounds at an age of approximate 50 weeks. The mouse model
presented here represents a spontaneous model of fibrotic development, relevant to the
human disease, as SP-C mutations and dysregulation has already been observed in patients
with familial forms of IPF. In fact, the changes that we observed here may also represent an
adaptive mechanism of the lung to compensate for malfunction. In comparison to other
traditional induced animal models, where the disease development is faster and more acute,
the presented animal model may represent a more relevant and more similar situation to the
human disease, whose onset is around at an age of 65 years.

age. Modified from Ruwisch et al., 2020 (reprinted with permission of the American Thoracic Society).

Alveolar macrophages showed an interesting morphology with crystal accumulation in their
cytoplasm. Even though this event has already been described in human samples and
numerous animal models (91-93), there is a lack of further investigation and description on
which molecular mechanisms may lead to this notable morphology. In this work, we could not
characterize the molecular origin of those crystals, but morphologically they are very similar to
cholesterol crystals and for that reason, we further investigated the cholesterol metabolism in
BAL cells. Very interestingly, cholesterol metabolism was impaired in cells of mice deficient in
SP-C and in vitro experiments demonstrated that SP-C increased the expression of important
metabolic enzymes and transporters of cholesterol.
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2.3 ALVEOLAR MACROPHAGES (ORIGINAL WORK 3)

Kloth C., Gruben N., Ochs M., Knudsen L. & Lopez-Rodriguez E. “Flow cytometric analysis of
the leukocyte landscape during bleomycin-induced lung injury and fibrosis in the rat”
American Journal of Physiology - Lung Cell and Molecular Physiology, 2019; 317(1): L109-
L126.

As explained in the previous chapter, alveolar macrophages show many interesting changes
during the development of lung fibrosis. This has been recently the focus of many reports,
where the importance of these cells in alveolar homeostasis and disease (32, 94-98) are
highlighted. However, the lung specificimmune system is very complex and comprises multiple
cells, cytokines and other signaling molecules.

The lung surface is under constant challenge to the environmental air components, especially
airborne pathogens. For this purpose, the lung requires a fine-tuned and rapidly acting specific
pulmonary immune system that recognizes and protects the gas exchange functional units, the
alveoli (99-101). Resident and recruited cells and secreted innate immune proteins (such as
mucins or collectins (SP-A and SP-D)) interplay in order to orchestrate host-pathogen (or
particle) interactions (102). Epithelial cells (including AE2C), dendritic cells and alveolar
macrophages (AM) are the sentinel system checking constantly for inhaled strange particles or
microorganisms. They are also responsible to trigger the pro- or anti-inflammatory response
as well as the recruitment of further immune cells. This process depends on chemo attractants,
such as lipid mediators (prototypically eicosanoids/leukotrienes), complement factors, and
chemokines (103-106). Some of the most important chemokines for the recruitment of
leukocytes in the airway are the CXC family of chemokines, more specifically, CXCL1-8 and
CXCL12, CCL2, CCL17 and CCL18. At the same time, the influence of these chemokines is
dependent on the local immune status and the presence of different cytokines, such as IL-1a
and IL-1pB, IL-10, IL-17, 1L-23, IL-25 and IL-33. Then, different immune cell populations are
sequentially recruited into the alveolar space or parenchyma compartments. It has been well
described (102), that after an acute inflammatory reaction, neutrophils are the first cells
reaching the alveolar space and quickly engage in the activation of the immune response (107).
For a more sustained/chronic immune system action, monocytes and lymphocytes come then
into play.

In addition, lymphocytes may be organized in tertiary lymphoid organs within the lung tissue,
called bronchus-associated lymphoid tissue (BALT) (108). Recent reports also highlight novel
immune cells and signaling molecules, such as innate lymphoid cells (ILC), mucosal-associated
invariant T cells (MAIT), chitinase-like proteins (CLP), and others (102) in the lung.
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Alveolar macrophages play a central role in immunity, but also in tissue repair (34) and lung
surfactant metabolism (109). These highly plastic cells respond rapidly to changes in their
environment and molecular mediators, resulting in their differentiation into a classically (M1)
or and alternatively (M2) activated phenotype (35, 110, 111). Classically activated
macrophages produce pro-inflammatory cytokines (such as TNFa, IL-1, and IL-6) as response
to LPS and IFNy. In this way, these cells maintain tissue inflammation (112). On the other hand,
alternatively activated macrophages produce pro-fibrotic and anti-inflammatory cytokines in
response to their exposure to IL-4, IL-10, and IL-13. When the initial inflammation is not
resolved but becomes chronic, the pro-inflammatory macrophages convert to a more anti-
inflammatory (pro-fibrotic) phenotype, secreting mediators that promote wound healing (34).
Therefore, anti-inflammatory/pro-fibrotic macrophages are often found in fibrotic wounds (35,
111). These macrophages secrete several growth factors, including TGF-B, platelet-derived
growth factor-a (PDGF-a), fibroblast growth factor (FGF), vascular endothelial growth factor
(VEGF), and insulin-like growth factor 1 (IGF1).In this way, pro-fibrotic macrophages
contribute to the production and accumulation of extracellular matrix components, specifically
to collagen synthesis through up-regulation of the L-arginine metabolism (112).

The bleomycin-induced lung injury and fibrosis in rodents is one of the most widely used animal
models for the study of fibrotic development (113, 114). We have also described that
surfactant dysfunction in this model in rats is an early event (115). While the fate of alveolar
macrophages has been deeply studied in the mouse model, this was not shown in the rat
model. As the rat model is often used to investigate potential therapeutic strategies, to
complete this piece of knowledge is at this point of high relevance.

The aim of this work was to investigate the changes in the myeloid population in alveoli during

the onset and progression of lung injury and fibrosis. For this purpose, we used the widely used

animal model of bleomycin induced lung injury and fibrosis and analyzed the changes in the
myeloid fraction of cells isolated in BAL every 3-4 days up to 21 days after bleomycin
application. In this way, we could observe the changes in terms of recruitment of cells and
activation and gene expression of different macrophage populations early in disease and
before and during the onset of the fibrotic remodeling. We hypothesized that: 1) as shown
previously in mice, bleomycin induces an early inflammatory response characterize by
neutrophil recruitment and apoptosis of alveolar macrophages; 2) this is followed by monocyte
recruitment and activation of macrophages to an anti-inflammatory phenotype; 3) monocytes
are differentiated to mature macrophages, which are partly differentiated to pro-fibrotic
phenotype in rats.
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Flow cytometric analysis of the leukocyte landscape during bleomy-
cin-induced lung injury and fibrosis in the rat. Am J Physiol Lung Cell
Mol Physiol 317: L109-L126, 2019. First published May 1, 2019;
doi:10.1152/ajplung.00176.2018.—Bleomycin-induced lung injury
and fibrosis is a well-described model to investigate lung inflamma-
tory and remodeling mechanisms. Rat models are clinically relevant
and are also widely used, but rat bronchoalveolar lavage (BAL) cells
are not fully characterized with flow cytometry due to the limited
availability of antibodies for this species. We optimized a compre-
hensive time-dependent flow cytometric analysis of cells after bleo-
mycin challenge, confirming previous studies in other species and
correlating them to histological staining, cytokine profiling, and col-
lagen accumulation analysis in rat lungs. For this purpose, we describe
a novel panel of rat surface markers and a strategy to identify and
follow BAL cells over time. By combining surface markers in rat
alveolar cells (CD45 "), granulocytes and other myeloid cells, mono-
cytes and macrophages can be identified by the expression of
CDI11b/c. Moreover, different activation states of macrophages
(CD163™) can be observed: steady state (CD86~MHC-11'%), activa-
tion during inflammation (CD8&6 " ,MHC-11"¢"), activation during re-
modeling (CD86 " MHC-II'""), and a population of newly recruited
monocytes (CD163 ™ a-granulocyte™ ), Hydroxyproline measured as
marker of collagen content in lung tissue showed positive correlation
with the reparative phase (CD163 cells and tissue inhibitor of
metalloproteinases (TIMP) and IL-10 increase). In conclusion, after a
very early granulocytic recruitment, inflammation in rat lungs is
observed by activated macrophages, and high release of IL-6 and
fibrotic remodeling is characterized by recovery of the macrophage
population together with TIMP, IL-10, and IL-18 production. Re-
cruited monocytes and a second peak of granulocytes appear in the
transitioning phase, correlating with immunostaining of arginase-1 in
the tissue, revealing the importance of events leading the changes
from injury to aberrant repair.
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INTRODUCTION

Interest in the function of immune cells in the alveolar
region of the lung, and specifically of alveolar macrophages
during development of lung disease, is increasing exponen-
tially nowadays (5, 38, 41). Besides the amount of data gen-
erated every year describing and characterizing the different
subsets of cells involved in lung injury and repair, most of the
studies focus on human (7, 51, 56, 59) or mouse material (40,
43, 45). Time-dependent studies regarding these cells during
disease are difficult to perform in human material, and there-
fore the use of animal models comes into play. However,
within animal models, rats have the size advantage in provid-
ing enough sample for correlative studies and are necessary to
validate findings in mouse models (25) but are poorly studied
in this regard. Although for different mouse models of lung
injury and fibrosis a complete characterization and description
of the cell subsets of interest by flow cytometry (FACS) can be
easily found, the limited number of studies in rat models makes
evident the lack of information and methodological limitations
of this tool for this species. To date, no complete characteriza-
tion of myeloid cells by means of flow cytometry exists for rat
bronchoalveolar lavage (BAL) cells in the lung of the bleomy-
cin-challenged model. Bleomycin-challenged lungs show an
early phase of acute lung injury characterized by a neutrophilic
inflammatory response followed by a phase of tissue remodel-
ing, with a shift between them around day 9 (24, 37). There-
fore, this model has been widely used to better understand the
pathophysiological mechanisms and functional changes during
inflammation and tissue remodeling (42), and it is also in use
for testing different therapeutic approaches (10, 53, 57, 68, 71,
75). Misharin et al. (40) published a complete set of molecular
markers to identify by flow cytometric analysis the changes
and activation states of macrophages and dendritic cells in the
lung after bleomycin challenge in mice. However, translation
of this panel of mouse molecular markers to the rat model is
limited due to the lack of known molecular markers in this
species and the limited availability of commercially standard-
ized antibodies for this subset of cells. On the one hand, a first
approach on Fischer F344 rats was done by Garn et al. (16),
who characterized alveolar macrophage subpopulations after
NO; exposure mimicking chronic obstructive pulmonary dis-
ease (COPD) remodeling in the lung. They used flow cytom-

L109

Downloaded from journals.physiology.org/journal/ajplung at Charite Universitaetsmedizin (193.175.073.219) on March 30, 2021.

41



L110

etry with nonconjugated antibodies, together with RT-PCR and
cytokine quantitation. On the other hand, Venosa et al. (73)
showed the characterization of alveolar macrophage subpopu-
lations during nitrogen mustard-induced lung injury and fibro-
sis in rats. In this approach, they combined techniques such as
RT-PCR after cell sorting and immunohistochemical analysis
of lung sections. Therefore, we aim here to describe a panel of
rat cellular markers to identify, during a time course of 21 days
after bleomycin challenge, the different cell populations in
BAL by flow cytometry and validate the model with different
molecular markers to correlate the results with previously
generated data on mice and humans. This tool allows fast
analysis of different populations and activation states of the
cells at the alveolar spaces, using membrane molecular mark-
ers, which also allows sorting of living cells, and a deeper
understanding of the changes related to disease through time.
We have selected commercially standardized antibodies, which
can be used by others. In addition, to correlate our findings
with the current knowledge on rat bleomycin-induced lung
injury and fibrosis, we performed standard histological stain-
ing, cytokine profiling, and hydroxyproline quantification,
proving the usefulness of our cytometric analysis in this model.
For the first time, we have confirmed previous results, per-
formed in mice and humans, regarding the activation of alve-
olar macrophages and recruitment of monocytes into the rat
lung (7, 40, 43, 45, 51, 56, 59), providing a novel view of the
rat as useful animal model in the study of lung injury and
fibrosis.

MATERIALS AND METHODS

Rats. Sixty-five male Fischer F344 rats (10 wk old, 200220 g, n =
8 per group) were obtained from Charles River Laboratories (Sulzfeld,
Germany) and maintained in the animal facility of Hannover Medical
School at 21 £ 2°C, 50% = 5% humidity, and a 14-h:10-h light-dark
cycle. They were supplied with autoclaved, acidulated water and fed
ad libitum a standard diet. All animal procedures were approved by
the Lower Saxony State Office for Consumer Protection and Food
Safety (LAVES, 16/2126) and were carried out according to the
guidelines of the German Regulations for Animal Protection.

Bleomycin-induced lung injury and fibrosis. Prior to instillation,
rats were shortly anesthetized (4% isoflurane in a Plexiglas chamber),
intubated orally, and instilled through the catheter with 4.5 U/kg
bleomycin (Bleomedac, Wedel, Germany) dissolved in 0.9% NaCl.
Samples were acquired before (day 0) and 2, 5, 7, 9, 12, 14, and 21
days after the instillation of bleomycin, n = 8 animals per experi-
mental group. Animals exceeding the stress scoring (following the
stress criteria of EU Directive 2010/63/EU) were excluded from the
analysis and accounted for 10% of the total number of animals.
Bronchoalveolar lavage (BAL) was performed using 3 X 4 ml PBS
into the right lung. Individual lung lobes were isolated. The right lung
was weighed and used for hydroxyproline assay, while the left lung
was filled with PBS-octreotide (OCT; 1:1) and immediately frozen for
cryosectioning and histological analysis. A second set of animals were
used to perform BAL on the right lung and prepare single-cell
suspensions after tissue digestion (collagenase type 1), following the
protocol described by Vanlandewijck et al. (71). The left lung was
processed as explained before.

Isolation of mononuclear cells from blood. We used a density
barrier with OptiPrep (StemCell Technologies, Vancouver, BC, Can-
ada) to layer an enriched fraction of mononuclear rat cells from rat
blood in a 1.077 g/ml density barrier. We collected blood by cardiac
puncture into a syringe containing anticoagulant (EDTA) and diluted
it with an equal volume of 50 mM Tricine and 0.9% NaCl. The
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gradient was created following the manufacturer’s instructions and
centrifuged at 700 g for 20 min at 20°C in a swinging-bucket rotor.
After centrifugation, mononuclear cells form a sharp band between
the plasma layer and the OptiPrep solution. A cytospot was differen-
tially stained to determine the purity of the isolation, finding mostly
lymphocytes and monocytes (Fig. 1B).

Flow cytometry analysis. BAL cells were pelleted at 300 g, and the
remaining red blood cells were lysed. Viability of the cells in the BAL
samples was measured with trypan blue, and cell numbers were
obtained in an Automated Cell Counter (Bio-Rad Laboratories, Mu-
nich, Germany). BAL samples with a minimum of 80% viability were
further processed for FACS analysis, and live/dead exclusion was
performed by size in the first step of the gating strategy. BAL cells
were used for flow cytometric analysis (FACS) using a MACSQuant
Analyzer (Miltenyi Biotec, Bergisch Gladbach, Germany). Cells were
incubated with FcBlock (Miltenyi Biotec), and stained with a mixture
of fluorochrome-conjugated antibodies (table for a list of antibodies,
clones, fluorochromes, and manufacturers is included in Table 1).
Two parallel stainings were performed for identifying either the
activation state of macrophages or the different recruited cells. For the
activation state, BAL cells were incubated with cluster of differenti-
ation 45 (CD45)-PE, CD11b/e-APC-Vio770, CD163-FITC, MHC-II-
VioBlue, and CD86-APC antibodies; for identifying the recruited
cells, BAL cells, we incubated with CD45-PE, CDI1b/c-APC-
Vie770, CD163-FITC, and a-granulocyte-APC antibodies. Data were
acquired using MACSQuantify Software (Miltenyi Biotec). Specific
cell populations were identified using a sequential gating strategy, and
the percentage of cells in the living/singlets gate was multiplied by the
number of live cells per lung to obtain an absolute live-cell count.
Expression of activation markers is presented as mean fluorescence
intensity (MFI). Antibodies included in Table 2 were tested in FACS
or immunofluorescence but did not contribute to reliable results
confirming the final analysis presented here. Single-cell suspensions
were stained following the same protocol as with the first panel of
antibodies.

After surface membrane labeling, as stated before, CD68 staining
was performed after fixation and permeabilization of the cells. Briefly,
cells were fixed with 4% paraformaldehyde in PBS at room temper-
ature for 15 min. After a wash with PBS + 2% FBS, cells were
permeabilized with 0.1% saponin in PBS + 10% FBS at room
temperature for 15 min. Incubation with CD68 antibody was per-
formed in the same saponin buffer for 30 min. Cells were washed
three times before FACS analysis.

Apoptosis of CDI1637" cells. BAL cells were either analyzed di-
rectly after isolation from diseased animals at day [/, 2,or 3 after
bleomycin challenge, or from healthy animals and plated with com-
plete medium and different concentrations of bleomycin in triplicates
and later pooled down into one experimental sample (Bleomedac).
Cells were stained with annexin V-APC in Ca®*-containing binding
buffer (MabTag, Friesoythe, Germany), following the manufacturer’s
instructions, for 20 min, at 4°C, in the dark. Right before analysis of
the cells in the flow cytometer, 10 pl of propidium iodide (PI;
Miltenyi Biotec) were added to the cells. Cells CD163" and double-
positive for annexin-V and PI were quantified as apoptotic cells.

Phagocytosis of CDI1637 cells. BAL cells were plated with Com-
plete medium overnight. On the day of the assay, cells were incubated
with pHrodo Red E. coli Bioparticles (Molecular Probes, Eugene, OR)
for 3 h with Complete medium at 37°C in 5% CO,, following the
manufacturer’s instructions. After a washing in the medium, cells
were resuspended in MACS buffer for analysis by flow cytometry.

Cell sorting for differential staining and gene expression
analysis. BAL cells were processed and stained using the same
protocol as for flow cytometry. Sorting was performed in the Core
Facility Cell Sorting (Hannover Medical School, Hannover, Ger-
many) with a FACSAria (Becton-Dickinson, East Rutherford, NJ).
The different cell populations were sorted, following the same
gating strategy, combining the antibodies CD45-PE, CDI1b/c-
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Fig. 1. Development of a complete immune cell panel in rat lung. A: representative density plots of bronchoalveolar lavage (BAL) from healthy or diseased
animals as well as blood monocytes stained with CD45 and different CD11b/c antibodies (CD11b/c and clones ED7 and OX42). B: cytospot of isolated blood
monocytes (and lymphocytes) after differential staining and staining of macrophages (CD11b/c™, CD45", CD163™) or monocytes (CD1 1b/ct, CD45*, CD163 ",
o-granulocyte ) with intracellular panmacrophage marker CD68 in BAL, lung tissue, and blood monocyte samples. C: representative fluorescence immune
staining of BAL cells, showing positive ciliated epithelial cells (EC, arrow) in pink (fop) and staining of macrophage-like cells with CD163 in green (bottom).

Scale bar, 20 pm.

APC-Vio770, CD163-FITC, MHC-II-VioBlue, and a-granulocyte-
APC, spun down into slides, and differentially stained using the
Diff-Quick kit (Medion Diagnostics, Miami, FL) following the
manufacturer’s instructions. Cells for RNA isolation and gene
expression were isolated, using the same panel of antibodies,
during the days after bleomycin challenge when they peaked as
follow: 1) resident alveolar macrophages (AM) were gated as
CD45", CD11b/c™, CD163 ™, and MHC-IT'Y at day 0; 2) activated
macrophages (aAM) as CD45™%, CD11b/c™, CD163", and MHC-
1128 at day 9; 3) monocytes (Mo) as CD45 ", CD11b/c™, CD163
and a-granulocyte™ at day 9; and 4) granulocytes (G) as CD45%,
CD11b/c*, CD163 7, and a-granulocyte™ at day 2.

Histological stainings. During the BAL procedure, the left lung
was temporarily closed and then reopened for instillation of PBS-OCT
(1:1) and permanently closed. The isolated left lung was then imme-
diately frozen for later cryosectioning.

Masson-Goldner trichromic staining (Merck Millipore, Darmstadt,
Germany) and hematoxylin-eosin (H&E; eosin Y-solution, 0.5% al-
coholic, and hematoxylin solution, modified according to To Gill I,
both Merck Millipore) staining were performed following the manu-
facturer’s instructions. Stained slides were scanned in the Ax-
ioScan.Z1 (Zeiss, Jena, Germany) at X20 magnification, and areas of
interest were processed to images with the corresponding software
(Zeiss lite 2012, Zeiss).
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Table 1. Membrane cell markers and antibodies used in rat bronchoalveolar lavage

Marker Conjugate Source Clone Lymphocyte  Alveolar Macrophage activated Macrophage Granulocyte Monocyte  Concentration, pg/ml
CD45 PE/VioBright-FITC Miltenyi REAS504 + + + + + 0.15
CDI1le/b APC-Vio770 Miltenyi REA325 - + F= + + 0.3
MHC-II FITC/VioBlue Miltenyi I-Ek - Low High = = 0.3
CD86 APC Miltenyi  24F = = +H=E = = 0.3
a-Granulocyte  APC Miltenyi REAS535 = = H = 0.3
CDl163 FITC Bio-Rad ED2 — + + = = 1
CD3 VioBlue Miltenyi REA223 + = = = — 0.3
CD4 PerCP-Vio700 Miltenyi REA489 + + + 2 o 0.3
CD68 APC Miltenyi REA237 = + as = = 0.3
CD90.1 APC Miltenyi His51 = = = = = 0.3

Arginase-1 immunostaining was performed using the anti-argi-
nase-I antibody H-52 (Santa Cruz Biotechnology, Dallas, TX) at a
concentration of 0.4 pg/ml with the ZytoChem Plus AP-Fast Red Kit
(Zytomed Systems, Berlin, Germany).

Cleaved caspase-3 immunostaining was performed using the anti-
cleaved caspase-3 Aspl75 (Cell Signaling Technology, Frankfurt,
Germany) at a dilution of 1:200 with the ZytoChem Plus AP Fast Red
Kit (Zytomed Systems).

Hydroxyproline assay. Hydroxyproline assay was performed fol-
lowing a modified protocol from Reddy and Enwemeka (28). Briefly,
we weighed and sampled the lavaged right lung in pieces. According
to a smooth fractionator sampling protocol (20), 1/8 of the pieces was
taken, corresponding to 1/8 of the total volume of the right lung.
Determination of the amount of hydroxyproline in the sampled tissue,
which was representative of the total organ, allowed calculation of the
amount of hydroxyproline in the complete right lung. The tissue was
then homogenized. After hydrolysis of the proteins in 6 N HCI, at
120°C for 24 h, neutralization of the sample was achieved by adding
the same volume of 6 N NaOH; 20 p.l of sample or standard per well
was then used for the oxidation of hydroxyproline with chloramine-T
(0.056 M) and further development of color with Ehrlich’s reagent (1
M). The plate was read at 570 nm wavelength. Hydroxyproline values
were then referred to the whole right lung.

Multiplex analysis of cytokines. Cytokine analysis was performed
by using a multiplex kit (R&D Systems, Minneapolis, MN) custom-
ized for BAL from rats containing antibodies specific for C-X-C motif
ligand 3 (CXCL3), interferon-y (INF-vy), IL-4, IL-10, IL-18, tumor
necrosis factor-a (TNFa), CXCL2, IL-1B, IL-6, IL-13, and tissue
inhibitor matrix metalloproteinase-1 (TIMP-1), from which only
CXCL3, IL-18, and TIMP-1 showed values within the sensitivity
range of the assay. In addition, ELISA kits for rat IL-10 and IL-6 (BD
Opt EIA, BD Bioscience, Heidelberg, Germany) were used.

Real-time-PCR. Total cell RNA was isolated from frozen sorted
cells using an ISOLATE RNA Mini Kit (Bioline, Berlin, Germany)
and quantified by spectrometry at 260 nm. Cells were sorted from five
animals and pooled down to three to four samples to have enough
RNA to analyze. Reverse transcription was performed using 1 pg of
total RNA and the iScript cDNA Synthesis Kit (Bio-Rad Laborato-
ries) in a thermocycler (MasterCycler, Eppendorf, Hamburg, Ger-
many). Real-time PCR was performed using iTaq SYBR Green
Supermix (Bio-Rad Laboratories) at a final primer concentration of
100 nm and 50 ng of ¢cDNA. Antibody-mediated hot-start iTag DNA

polymerase was activated after an initial 3-min denaturation step at
95°C. Denaturation of DNA was performed by holding at 95°C for 10
s. Annealing and extension temperature was set to 60°C (30 s) for 40
cycles in a CFX96 RT-PCR system (Bio-Rad Laboratories). Primer
design was performed using primer designing tool PrimerBLAST
(https://www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi?LINK _
LOC=BlastHome), and primer sequences are shown in Table 3.
RT-PCR data are presented as normalized expression (AACq), which
corresponds to the relative quantity of the target gene normalized to
the quantity of the reference gene (L32).

Statistics. GraphPad Prism 7.0 (San Diego, CA) was used for
calculation of means and standard deviation, representation, and
statistical analysis. Statistical analysis was performed using one-way
ANOVA throughout all data sets of the paper. Multiplicity-adjusted P
values were reported using the Tukey multiple comparison test fol-
lowing one-way-ANOVA. An adjusted P value is an “exact P value”
reported for each comparison, but its value depends on the number of
comparisons. P values < 0.05 were considered statistically significant
and are labeled in the figures with a straight line connecting the groups
compared or with an asterisk in the tables.

RESULTS

Development of a complete immune cell panel in rat lung.
‘When developing a strategy to identify and follow changes by
flow cytometry in BAL cells from rats, one quickly realizes
two important limitations that are interrelated. The first one is
that the panels already described and standardized for BAL
cells in mice cannot be easily translated into the rat, not only
due to the difference in epitopes or clones but also in molecular
markers. For example, widely used molecular markers for
macrophages in mice, such as F4/80 or SiglecF, have not been
described in rat macrophages; therefore, antibodies do not
exist. Especially challenging are the rat antibodies against
CDI11b and CDllc, as well as the molecular markers for
alveolar macrophages. We have tested different commercially
available antibodies against CD11b or CDI1l1b/c, since no
provider could offer a specific antibody against rat CD11e. We
found no differences in the populations labeled by the clone
ED7 (CD11b), 0OX42 (CD11b/c), or REA325 (CDI11b/c) in

Table 2. Additional membrane cell markers and antibodies tested in rat bronchoalveolar lavage

Marker Conjugate Source Clone Lymphocyte Alveolar Macrophage Activated Macrophage Granulocyte Monocyte
CD43 Alexa 647 BioLegend W3/13 + + + —/+
CD80 PE Ebioscience B7-1 - + + - -
CCR7 Cell applications Inc = + + - =
CDl11b Mouse anti-rat Bio-Rad ED7 = + + + &
CD11b/e FITC Serotec Ox42 = + = + +
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Table 3. Primers used for RT-PCR

L113

Forward Primer Reverse Primer

Gene Protein Reference Sequence
Fzzl Resistin-like-a (Retnla) NM_053333.1
“el2 Chemokine ligand 2 NM_031530.1
Tgfbl Transforming growth factor-p1 NM_021578.2
Argl Arginase-1 NM_017134.3
13 Interleukin-13 NM_053828.1
14 Interleukin-4 NM_201270.1
16 Interleukin-6 NM_012589.2
Nos2 Inducible nitric oxide synthase NM_012611.3
L32 Ribosomal protein L.32 NM_013226.2
Cox2 Cyclooxygenase-2 S67722.1
I12a Interleukin-12A NM_053390.1
Mmp9 Matrix metallopeptidase-9 NM_031055.1
Mmpl0 Matrix metallopeptidase-10 NM_133514.1
ApoE Apolipoprotein E NM_001270681.1
Cen2 CTGF or communication network NM_022266.2
factor 2
Mki67 Marker of proliferation Ki-67 NM_001271366.1

TAAGGAAGACCCTCTCATGCA
TTCTGGGCCTCTTGTTCACA
GACTCTCCACCTGCAAGACC
GGTGGATGCTCACACTGACA
ACGATCCACATCTCCCCCTGT
CGTGATGTACCTCCGTGCTT
GCAAGCAGACTTCCAGCCAGT
TTGCCACGGAAGAGACGCAC
AAGCGAAACTGGCGGAAACC
TCCATTTGTGAAGATTCCTGTGTTC
GGGACAAAACCAGCACACTG
CTCTACACGGAGCATGGCAA
GCGCATGAACTTGGTCACTC
CCGGAGGCTAAGGAGTTGTTT
CACCCGGGTTACCAATGACA

TTCCCAAGATCCACAGGCAA
TTGGGATCATCTTGCCAGTGA
GGACTGGCGAGCCTTAGTTT
AGAATCCTGGTACATCTGGGAA
GTCAGCGTCCACCCTCCATAC
GGTGCAGCTTCTCAGTGAGT
CTGGTCTGTTGTGGGTGGTA
CAGGCACACGCAATGATGGG
CTCGCGTTCGCATTGCTCAC
TCTCACTGGCTTATGCCGAA
GCAGGCAGCTCCCTCTTATT
CACCAGCGATAACCATCCGA
AAAGGCGAATGTTGGCTTGG
CCCCACAGAGCCTTCATCTTCC
GGATGCACTTTTTGCCCTT

GGTTTCCAGACACCAGACCAT GGGTTCTAACTGGTCTTCCTGG

BAL cells of healthy or diseased rats, as well as in isolated
blood monocytes (Fig. 14). The last antibody is commercially
available conjugated to plenty of different fluorophores, and
therefore, it was the chosen antibody for this work. Details
about the antibodies can be found in Tables 1 and 2. However,
the lack of a specific antibody against CD1lc implies that
differentiation between monocytes (CD11b"", CD11¢'**) and
resident macrophages (CD11b'%, CD11b"2") could not rely on
the CD11b/c antibody used, as is normally done in mouse cells.
On the other hand, the mouse panel available to label mem-
brane molecular markers for alveolar macrophages is also
challenging to translate to rat cells. Based on the work per-
formed by Dijkstra and colleagues (3, 5, 12, 18, 560), CD163
(clone ED2) has been characterized to be present in alveolar rat
macrophages; in addition, monocytes, dendritic cells, lympho-
cytes, and granulocytes are negative for this epitope (3). In
contrast, EDI1 is expressed in all subsets of rat monocytes,
macrophages, and dendritic cells (12). Therefore, ED2 shows
more advantages to be used in rat BAL cells and to discrimi-
nate between macrophages and other cells. In addition, CD163
has been described as a cell surface glycoprotein, member of
the scavenger receptor group B. A specific CD68 antibody for
rat cells exists, and our results showed differential expression
between macrophages and monocytes from BAL, lung tissue,
and blood (Fig. 1B), confirming the identity of the different
subset of cells. However, for the staining of CDG68, as a
cytosolic protein, an additional step of fixing and permeabiliz-
ing cells is needed, and it is not suitable for analyzing living
cells. Therefore, we chose CD163 to identify resident macro-
phages.

Cell populations in rat bronchoalveolar lavage after bleo-
mycin challenge: gating strategy and validation of the identi-
fied populations. ldentification of cell subpopulations during
development of a disease is challenging, especially when cells
change in morphology and expression profile, and new popu-
lations may appear. Therefore, to standardize a gating strategy
for the entire time course study, we combined the gating
strategies of healthy states, 7 and 14 days after bleomycin. As
a result, Fig. 2 shows a simple gating strategy using the
membrane cell markers in Table 1. After the exclusion of
doublets and cell debris, CD45- and CDI11b/c-positive cells
were gated as myeloid cells for further analysis. CD45" cells

but not CD11b/c™ cells were identified as lymphocytes and
further characterized as CD3 " cells, whereas CD11b/c™ cells
with no myeloid origin (CD457) were considered contaminat-
ing epithelial cells (ECs) derived from damage of the epithe-
lium during bronchoalveolar lavage (Fig. 1C). For differenti-
ation of the cell subsets within myeloid cells (CD45", CD11b/
¢), resident alveolar macrophages could be readily identified
as CD163" cells and also by higher autofluorescence; they
were additionally identified as CD68 " cells. A subpopulation
of CD163 ™ cells was also present. This latter population can be
further characterized by the use of an a-granulocyte antibody,
showing a positive population (CD45%, CD11b/c*, CD163~
and a-granulocyte "), indicating a clear population of granulo-
cytes (mostly neutrophils, as shown in the sorted cytospot, and
further characterized by expression of IL-1-3, IL-4, and IL-6
by RT-PCR, Fig. 2B), while a negative population of myeloid
origin (CD45%, CD11b/c™) but negative for the macrophage or
granulocyte marker (CD163 " and a-granulocyte ) points to a
population of undifferentiated recruited monocytes (addition-
ally characterized as CD4™ cells). Within CD1637 cells, other
antibodies, such as MHC-II, shows two different populations,
one with low MHC-IT expression (CD45', CDIllb/c”,
CD163", MHC-II'"), identified as resident alveolar macro-
phages, whereas the population showing high expression
(CD45%, CDI11b/c™, CD163 ", MHC-I1M") have been identi-
fied as activated macrophages. Corresponding isotype controls
can be found in Fig. 2C.

Therefore, with this gating strategy, four distinct subpopu-
lations of cells can be identified, changing through time and
expression level in the rat lung alveolar spaces after bleomycin
challenge. To validate our gating strategy, we also sorted the
different cell populations following the same strategy and
performed differential staining to show their corresponding
morphologic features (microscopic pictures next to dot plots).

Overview and quantification of time-dependent changes in
cell subset populations after bleomycin challenge. An over-
view of the changes in the different populations with time is
presented in Fig. 3A. Representative images of the FACS dot
plots are shown dividing the populations in either CD45"
(ECs) or CDI11b/c™ (lymphocytes), CD163™ containing re-
cruited cells (both monocytes and granulocytes), and the
CD163" cell population, containing resident alveolar macro-

AJP-Lung Cell Mol Physiof - doi:10.1152/ajplung.00176.2018 - www.ajplung.org
Downloaded from journals.physiology.org/journal/ajplung at Charite Universitaetsmedizin (l93.175,573,219) on March 30, 2021.

45



L1114 FLOW CYTOMETRIC ANALYSIS OF RAT BAL AFTER BLEOMYCIN

Identification of

A Excluding cell debris "
am; dgoublets I A myeloid cells CD163
# ?l :
3 g .
0 o : 5
w (8] S ~
—b —>
CD11blc CD163 \
n a
S S
\ 4 a-granulocyte MHC-II
Lymphocytes and ‘ ‘
Epithelial Cells Recruited cells Macrophages

[
28
g%
B

Lymphocyles

AN
5 r‘T\Tj \u - granulocytes
CD3 Ty
—_— —
° 55 CD11blc CD11blc CD11blc
age® % E-
.‘.
-
s e _

w
(9]

8 8 8 ;
gﬁ a z‘i : ge *
£ 4 < 4 £ il
-4 S T -
Q Q [*)
EE B b 5 7
Of 0 T i T L AL S
0 ' ‘ —_— e e
AM G AM G AM G APC-Vio770 PE APC FITC

Fig. 2. Cell populations in rat bronchoalveolar lavage (BAL) after bleomycin challenge. Gating strategy and validation of the identified populations. A: after
excluding doublets and cell debris, BAL myeloid cells were identified as CD11b/c" and CD45". Cells negative for CD1Ib/c but positive for CD45 are therefore
identified as lymphocytes. Within myeloid cells, a third molecular marker, CD163, was used to identify the subset of resident alveolar macrophages (CD11b/c™,
CD45%, CD1637) or recruited cells (CD11b/c™, CD45", CD1637). Further characterization includes, on the one hand, use of markers for macrophage activation,
such as MHC-II highly expressed in activated macrophages (CD11b/c’, CD45", CD163", MHC-II"#"); on the other hand, we used an a-granulocyte antibody
to differentiate between granulocytes (CDI11b/c’™, CD45", CDI163 ", a-granulocyte”) and monocytes (CDl1b/c™, CD45", CDI63 , a-granulocyte ).
Corresponding sorted cells can be visualized and morphologically identified next to the dot plots after quick-diff staining and additional specific staining for each
population. Therefore, lymphocytes were also identified as CD3 " cells, monocytes as CD4 ™ cells, and macrophages as CD68* cells. B: RT-PCR gene expression
analysis of 1L-13, IL-6, and IL-4 of granulocytes (G) compared with a nonproducing cell (alveolar resident macrophages, AM). C: isotype controls (in orange)
for APC-Vio770, FITC, PE, and APC directly conjugated antibodies compared to nonlabeled controls (in black).
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phages and activated macrophages. With a fast and simple
gating strategy, the different populations were identified and
monitored during time, allowing further quantification and
characterization. Figure 3, B—E, shows changes in cell number
of the different subpopulations with time, and the correspond-
ing statistical analysis can be found in Table 4. As previously
described, the resident alveolar macrophage population was
notably reduced at very early stages after bleomycin challenge
and increased rapidly again at the end of the time course from

day 12, simultaneously with the disappearance of the monocyte
population (Fig. 3, B and E), which peaked at day 9 and
disappeared at day 12. The granulocyte population peaked as
early as 2 days after bleomycin as a result of the typical
granulocyte inflammatory infiltration and a showed a second
peak at day 9 (Fig. 3C), while the lymphocyte population
showed two small peaks at day 2 and 9 (Fig. 3D), following the
pattern of the granulocytic population. In Fig. 3F a compara-
tive plot between macrophage and monocyte populations is
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Table 4. Statistical analysis of number of cells

FLOW CYTOMETRIC ANALYSIS OF RAT BAL AFTER BLEOMYCIN

Group (day) 0 2 5 7 9 12 14 21

Macrophage number/lung

No. of samples 5 5 5 5 5 5 5 5

Mean 946,201 100,759 49,624 29,393 219,721 92261 622,658 2,024,000

SD 39,5591 25,273 19.831 10,322 53,215 67,199 151,015 1,198,000

Adj. P vs. day O 0.0917 0.0616 0.0523 0.2112 0.0859 0.9436 0.0131*

Adj. P vs. day 2 >0.9999 >0.9999 0.9999 >(.9999 0.6037 <0.0001*

Adj. P vs. day 3 >0.9999 0.9987 >0.9999 0.4898 <0.0001*

Adj. P vs. day 7 0.9973 >0.9999 0.4463 <0.0001%*

Adj. P vs. day 9 0.9998 0.8437 <(.0001*

Adj. P vs. day 14 0.5847 <0.0001%*

Adj. P vs. day 21 0.0006*

Activated macrophage number/lung

No. of samples 5 5 5 5 5 5 5 5

Mean 12,430 80,578 100,208 69,941 398,330 932,63 239,428 137,928

SD 5,127 26,178 71,538 33.034 102,589 32,624 60,554 48,223

Adj. P vs. day 0 0.5731 0.2668 0.7535 <0.0001* 0.3193 <0.0001% 0.0305*

Adj. P vs. day 2 0.9990 >0.9999 <0.0001* 0.9998 0.0014% 0.6997

Adj. P vs. day 5 0.9851 <0.0001* >(.9999 0.0066* 0.9508

Adj. P vs. day 7 <0.0001* 0.9935 0.0006* 0.5041

Adj. P vs. day 9 <0.0001* 0.0029% <0.0001%*

Adj. P vs. day 14 0.0049* 0.9192

Adj. P vs. day 21 0.0931
Lymphocyte number/lung

No. of samples 5 5 5 5 5 5 5 §

Mean 34,004 209313 136,703 110,427 253,700 91,351 167,232 145,142

SD 28,442 99,134 51.472 83,360 132,995 31,380 33,664 115,736

Adj. P vs. day 0 0.0384% 0.5896 0.8198 0.0044°%* 0.9523 02117 0.4194

Adj. P vs. day 2 0.8875 0.5644 0.98883 0.3462 0.9915 0.9166

Adj. P vs. day 5 0.9997 0.4288 0.9906 0.9992 >(.9999

Adj. P vs. day 7 0.1469 >(.9999 0.9545 0.9974

Adj. P vs. day 9 0.0680 0.7134 0.4488

Adj. P vs. day 14 0.8249 0.9659

Adj. P vs. day 21 0.9999
Granulocyte number/lung

No. of samples 5 3 5 5 5 5 5 5

Mean 18,537 1054000 41,9535 302,703 455,292 95,056 105,759 96,885

SD 27,421 505,361 293.009 17,3300 151,672 34,847 39,074 108,143

Adj. P vs. day 0 <0.0001* 0.1299 0.5063 0.0764 0.9994 0.9958 0.9992

Adj. P vs. day 2 0.0023* 0.0002* 0.0046* <0.0001* <0.0001% <0.0001*

Adj. P vs. day 5 0.9909 >0.9999 0.3413 0.3822 0.3481

Adj. P vs. day 7 0.9593 0.8264 0.8611 0.8326

Adj. P vs. day 9 - 0.2244 0.2561 0.2296

Adj. P vs. day 14 - >().9999 >(.9999

Adj. P vs. day 21 >(.9999

Monocyte number/lung

No. of samples 5 it 5 5 5 5 5 5

Mean 32,855 63,528 307.073 302,703 455,292 95,056 105,759 80,759

SD 67,113 31,086 173,651 173,300 151,672 34,847 39,074 90,102

Adj. P vs. day 0 0.9998 0.0146% 0.0096* <0.0001% 0.9836 0.9608 0.9965

Adj. P vs. day 2 0.0409* 0.0294* <0.0001* 0.9998 0.9984 >(1.9999

Adj. P vs. day 5 >0.9999 0.4805 0.1070 0.1442 0.0701

Adj. P vs. day 7 0.3709 0.0842 0.1169 0.0530

Adj. P vs. day 9 0.0003* 0.0004* 0.0002*

Adj. P vs. day 14 >0.9999 >(.9999

Adj. P vs. day 21 >(.9999

Adj.. adjusted: SD, standard deviation. *P << 0.05.

shown in order to highlight the interrelation between them. As
soon as day 2, the population of alveolar macrophages was
drastically reduced, and 3 days later (day 5), a new population
of recruited monocytes appeared, increasing up to day 9. At
day 12, those monocytes seemed to disappear, and macrophage
cell numbers recovered after 14 days. Activated macrophages
appeared also as soon as day 2 and peaked at day 9 and /4.

However, the activation state of these cells is discussed in a
later section of this paper. In addition, samples at day 2/
showed the recovery of the initial populations, but also an
increased number of macrophages. Of note, even though these
numbers point to a complete recovery of the diseased animals,
we should clarify that 20% of the animals with the bleomycin
concentration used (4.5 U/kg) showed an intermediate state
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Fig. 4. Correlation of bleomycin-induced changes in bronchoalveolar lavage (BAL) cell populations with standard early acute lung injury. A: concentration of
interleukin (IL)-10, 1L-6, IL-18, C-X-C motif ligand 3 (CXCL3), and tissue inhibitor matrix metalloproteinase-1 (TIMP-1) in BAL fluid during time (n = 5 per
group). B: comparative plot with changes in time of granulocytic (CD45%, CD11b/c™, CD163 ", a-granulocyte™), activated macrophage (CD11b/c™, CD45%,
CD163*, MHC-II"#") population and IL-6 (n = 5 per group). C: representative micrographs of lung tissue sections (n = 3) stained with cleaved caspase-3 (pink,
arrow) before and at day (d) /, 2, and 3 after bleomycin challenge. D: representative plots of analysis of BAL cells from diseased animals (n = 3) at day I after
bleomycin challenge. FSC, forward scatter: SSC, side scatter. E: apoptosis analysis of in vitro titration of bleomycin in healthy isolated BAL cells.

between day 9 and 2/. However, this population of animals
may represent either the survivors or the animals with the
milder state of the disease phenotype.

Correlation of bleomycin-induced changes in BAL cell pop-
ulations with standard early acute lung injury. A complete
cytokine profile was measured in the BAL supernatants, and
shown in Fig. 4A are the cytokine changes through the time
course of the model, and the corresponding statistical analysis
can be found in Table 5. The granulocyte peak (Fig. 4B)
preceded the increase in IL-6 and IL-10 content in BAL during
the early phase of inflammation. IL-6 was highly released to

the alveolar spaces, with maximum at day 7, while it is
maintained after day 7, as a second peak of granulocytes and a
first peak of activated macrophages appeared (Fig. 4B). IL-6
content was reduced only between day /2 and /4, while other
cytokines, such as TIMP-1, IL-18, and CXCL3 seemed to be
increasing later, from day /2.

Figure 3B shows an early decrease of resident alveolar
macrophage number, which in part could be explained as
induction of apoptosis in these cells by bleomycin, as described
before (21, 50, 79). Figure 4C shows immune staining with
cleaved caspase-3 at 1, 2, and 3 days after bleomycin chal-
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Table 5. Statistical analysis of hydroxyproline and cytokine concentrations

FLOW CYTOMETRIC ANALYSIS OF RAT BAL AFTER BLEOMYCIN

Group (day) 0 2 5 7 9 12 14
Hydroxyproline, pghmg
No. of samples 5 5 5 5 5 5 5
Mean 1.662 1.670 1.378 1.674 1.898 2.560 2.912
SD 0.4531 0.3146 0.1638 0.2513 0.2436 0.5080 0.9081
Adj. P vs. day 0 >(.9999 0.9588 >(.9999 0.9834 0.0683 0.0039*
Adj. P vs. day 2 0.9530 >(.9999 0.0861 0.0724 0.0042%
Adj. P vs. day 5 0.9500 0.5871 0.0070* 0.0003*
Adj. P vs. day 7 0.9873 0.0745 0.0043*
Adj. P vs. day 9 0.3101 0.0281*
Adj. P vs. day 12 0.8928
CXCL3, pg/mi
No. of samples 4 5 2 5 5 5 5
Mean 64.94 72.66 48.43 69.03 46.37 47.99 205.6
SD 13.21 16.69 13.42 17.80 23.70 16.77 133.5
Adj. P vs. day 0 >0.9999 0.9999 >0.9999 0.9988 0.9993 0.0173*
Adj. P vs. day 2 0.9985 >(.9999 0.9892 0.9923 0.0170*
Adj. P vs. day 5 0.9994 >0.9999 >0.9999 0.0412%
Adj. P vs. day 7 0.9951 0.9967 0.0134%
Adj. P vs. day 9 >0.9999 0.0030*
Adj. P vs. day 12 0.0033%*
TIMP-1, pg/ml
Ne. of samples 4 4 2 4 5 5 3
Mean 3572 309.3 186.5 188.2 681.0 605.6 4,190
SD 3448 120.4 114.0 81.02 208.7 553.2 2,859
Adj. P vs. day 0 0.0189* 0.0636 0.0139* 0.0323* 0.0266% 0.9886
Adj. P vs. day 2 >0.9999 >(.9999 0.9993 0.9998 0.0022%
Adj. P vs. day 5 >(.9999 0.9990 0.9996 0.0139*
Adj. P vs. day 7 0.9966 0.9986 0.0016%
Adj. P vs. day 9 >0.9999 0.0034%
Adj. P vs. day 12 0.0027*
IL-18, pg/ml
No. of samples 5 5 4 5 5 5 5
Mean 34.14 87.62 42.43 78.85 83.65 75.74 218.3
SD 24.64 28.02 50.03 21.37 23.81 20.58 147.5
Adj. P vs. day 0 0.8221 >0.9999 0.9134 0.8678 0.9369 0.0014*
Adj. P vs. day 2 0.9298 >0.9999 >0.9999 >0.9999 0.0383*
Adj. P vs. day 5 0.9754 0.9538 0.9837 0.0044%
Adj. P vs. day 7 >0.9999 >0.9999 0.0229%
Adj. P vs. day 9 >0.9999 0.0304*
Adj. P vs. day 12 0.0190*
IL-10, pg/ml
No. of samiples 4 5 2 5 5 5 5
Mean 149.6 126.5 J1.55 177.4 221.0 205.3 105.7
SD 67.44 33.02 2.001 27.58 94.59 66.59 5.130
Adj. P vs. day 0 0.9956 0.7474 0.9881 0.4929 0.7485 0.8974
Adj. P vs. day 2 0.9369 0.7737 0.1466 03157 0.9965
Adj. P vs. day 5 0.3630 0.0668 0.1318 0.9961
Adj. P vs. day 7 0.8725 0.9838 0.4209
Adj. P vs. day 9 0.9993 0.0439%
Adj. P vs. day 12 0.1114
IL-6, pg/ml
No. of samples 4 5 2 5 5 5 ko
Mean 3159 477.9 370.7 1066 802.7 820.6 212.0
SD 302.1 245.8 67.68 130.7 3174 235.7 45.25
Adj. P vs. day 0 0.9308 >0.9999 0.0008* 0.0494* 0.0382* 0.9922
Adj. P vs. day 2 0.9972 0.0061* 0.2949 0.2407 0.5216
Adj. P vs. day 5 0.0173* 0.2894 0.2482 0.9778
Adj. P vs. day 7 0.5321 0.6095 <0.0001%*
Adj. P vs. day 9 =>0.9999 0.0059*
Adj. P vs. day 12 0.0044%

Adj.. adjusted: 11, interleukin; TIMPI, tissue inhibitor matrix metalloproteinasel: CXCL3, CXC motif ligand 3: SD, standard deviation. *P < 0.05.
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lenge. At day I, it was already difficult to find alveolar
macrophages, and they showed a slight upregulation of cleaved
caspase-3. FACS analysis also showed a moderate increase in
apoptosis at day I in alveolar macrophages (CD163%) (Fig.
4D). In addition, in vitro titration of bleomycin in isolated BAL
cells showed a concentration-dependent increase of apoptosis
in these CD163™ cells as early as after 3 h of incubation (Fig.
4E). Samples incubated for 24 h showed reduced apoptosis due
to the increased necrotic population. Therefore, it seems that
bleomycin was able to induce apoptosis in less than 24 h,
which may explain the slight increase observed in our in vivo
data.

Activation of macrophages during bleomycin-induced lung
injury and fibrosis. We also observed that, even when the
number of alveolar macrophages was recovered after 21 days,
those cells differed in expression of MHC-IT and CD86 from
resident alveolar or activated macrophages and may represent
a different population from the initial one. The expression of
CD86 (Fig. 5A) was rapidly induced at day 2, with a peak
around day 7 and was kept constant until the end of the time
course, whereas the expression of MHC-II slowly increased up
to day 9, decreasing to initial values at day 2I. It seems
therefore that the activation of macrophages during day 7-9
was characterized by an increased expression of CD86 and
MHC-II. We could not ditferentiate between classically or
alternatively activated individual macrophages (Fig. 58); it
seemed that some cells differentially expressed one marker, the
other or both at the same time, and this expression varied over
time (Fig. 5C). Therefore, instead of identifying individual
cells we could differentiate expression levels of the different
molecular markers. A further detailed analysis of gene expres-
sion in the different populations of macrophages and mono-
cytes showed differential expression of many genes (Fig. 5D).
Activated macrophages and monocytes were sorted from ani-
mals 7 and 9 days after bleomycin, when those populations
peaked, and the number of cells sorted allowed isolation of
enough RNA to perform RT-PCR. Activated macrophages
(aAM) showed a significant increase in gene expression of
apolipoprotein E (ApoE), chemokine ligand 2 (Cel2), and
matrix metalloproteinase 10 (Mmp10) compared with resident
alveolar macrophages (AM), monocytes (Mo), and macro-
phages from day 14 (AM dl14) and day 21 (AM d21) after
bleomycin challenge. In contrast, monocytes showed an inter-
esting significant increase in the expression of transforming
growth factor-B1 (Tgfb/) and cyclooxygenase-2 (Cox2) com-
pared with resident alveolar (AM) and activated macrophages
(aAM) as well as macrophages from day 2/ (AM d21). The
proliferation marker Ki67 showed a significant increase in
macrophages coming from day 14 after bleomycin. Other
genes, such as resistin like-a (Fzzl), interleukin 12A (//12a),
inducible nitric oxide synthase (Nos2), and matrix metallopro-
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teinase 9 (Mmp9), showed no statistically significant increase
in both activated macrophages and monocytes compared with
the rest of the cells, while arginase 1 (Arg/) and CTGF or
communication network factor 2 (Ccn2) seemed to be ex-
pressed mostly in resident alveolar macrophages coming from
day 14 and 21 after bleomycin. Thus, our described gating
strategy seems to have identified between functionally differ-
ently activated cells in our model. Even though Arg/ and Nos2
showed no clear differential expression between samples, their
expression ratio Arg//Nos2 pointed at alveolar macrophages to
from day /4 as alternatively activated or anti-inflammatory
(Fig. SE).

Fibrotic remodeling and changes in lung tissue. We tested
the same panel of antibodies in single-cell suspensions from
lungs after bleomycin challenge to elucidate whether the
changes observed in the BAL cells were reflected in the
tissue (gating strategy in Fig. 6A). In addition, we investi-
gated the standard molecular markers of fibrotic remodeling.
Identifying the cells in the lung tissue with our simple panel
of antibodies was difficult due to the risk of confounding
cell populations in the tissue. However, this may be an
interesting starting point for further studies. Quantification
of the different cell populations can be found in Fig. 6, B
and C. Of note, recruited CD163™ cells appeared between
day 3 and 5 and peaked between day 5 and 9 (Fig. 6C), in
accord with these cells traveling to the alveolar spaces,
where we found them in BAL (Fig. 3, C and D and Fig. 48).
In addition, we added to this panel a molecular marker for
fibroblast (CD90.1) to follow one of the most relevant cells
involved in fibrotic remodeling. In Fig. 6F, it can be
observed how changes in the CD90.1" population correlated
with the increase in hydroxyproline, as a marker of collagen
accumulation in the lung tissue.

To validate our approach, we also performed staining of
lung sections to observe the time changes in the general lung
structure and elastin and collagen distribution. In Fig. 6D,
representative micrographs can be observed. In H&E-
stained sections, heterogeneity of the pathophysiological
changes was represented as normal, opened alveolar areas
together with areas showing cell infiltration, edematous
material, and fiber deposition. In addition, elastin (in pink,
H&E) and collagen (in green, Masson-Goldner trichrome
staining) were progressively accumulating up to day 74 in
the highly remodeled areas. Very interestingly, arginase-1
was immune detected well in advance, before the previously
described changes. As soon as day 7, we could identify
positive cells for arginase-1, not only in macrophages but
also in other cells in the lung parenchyma, which may
represent a necessary step before collagen deposition. Lungs
at day 21 after bleomycin showed a recovered normal lung
structure; however, as stated before, this group may repre-

Fig. 5. Activation of macrophages (CD11b/c*, CD45", CD163") during bleomycin-induced acute lung injury and fibrosis. A: mean fluorescence intensity (MFI)
time course of MHC-II (black) and CD86 (red) in macrophages (CD11b/c™, CD45%, CD163") (n = 5 per time point). B: representative 2-dimensional plots
showing expression of MHC-II and CD86 in the macrophage population at day (d) 0, 7, 14, and 21. C: representative histograms of CD86 and MHC-II (blue)
compared with their respective negative controls (black) in alveolar macrophages during time. D: RT-PCR gene expression analysis of different sorted
populations of AM [“naive” (nonstimulated) alveolar macrophages; CD1lb/c*, CD45", CD163%, MHC-II'" at day 0], aAM (activated macrophages;
CDI11b/c™, CD457, CD163*, MHC-11"#" at day 9), Mo (monocytes; CD45%, CD11b/c™, CD163~, a-granulocyte ™ at day 9), AM d14 (AM sorted at day 14;
CDl11b/c*, CD45", CD1637, MHC-II'") and AM d21 (AM sorted at day 21; CD11b/c*, CD45", CD163", MHC-II'"%) after bleomycin challenge (n = 3-4
samples per group from n = 5 animals per group). E: arginase-1 to inducible nitric oxide synthase (Argl/Nos2) ratio calculated from RT-PCR data.
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Fig. 6. Fibrotic remodeling and changes in lung tissue. A: representative plots of the gating strategy followed in lung tissue single cell suspensions. FSC, forward
scatter; SSC, side scatter. B: quantification of CD45™ cell populations, both CD11b/c-positive and -negative and CD45*-, CD11b/c™-, and CD163*-positive cells
as percentage of P1 (n = 3 per group). C: quantification of CD45", CDI1b/c", and CD163 " recruited cells, both antigranulocyte positive and negative (n =
3 per group). D: comparative plot with changes in time of the concentration of hydroxyproline (1 = 5 per group) and appearance of CD90.1-positive cells in
tissue (i = 3 per group). E: changes in lung tissue during bleomycin-induced acute lung injury and fibrosis, shown by overview pictures of hematoxylin-eosin
(H&E) staining (scale bar, 100 pm), immunostaining of arginase-1 (scale bar, 100 jum), and trichrome staining (scale bar, 100 pwm). Representative pictures show
highly remodeled areas where elastin (in pink) and collagen (in green) accumulation can be observed; pink stained cells with arginase-1 can be seen in the middle
panel. Red arrows indicate cell infiltration in H&E staining and fiber accumulation in Goldner trichrome staining.
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sent the survivors and healthiest subjects. Therefore, it is
difficult to conclude whether this group represents the
milder form of the altered phenotype or the result of a repair
phase.

DISCUSSION

The development of antibodies for rat is far behind the
availability of antibodies for mouse. Connected to this is the
lack of literature that can be consulted for studies such as this
one. A quick search of literature in PubMed (https:/
www.ncbi.nlm.nih.gov/pubmed/) using the following terms:
flow cytometry analysis AND BAL cells AND mouse (sorted
by best match), gives a result of 91 publications available.
When using the sequence: flow cytometry analysis AND BAL
cells AND rat, the total number goes down to 23 available
publications, of them, 10 from the 90s (vs. 20 of 91 for mouse
literature). Even though the bleomycin model of lung injury
and fibrosis in rats is widely used (10, 24, 30, 52, 53, 57, 67,
68, 71, 74), no complete analysis of BAL cell subsets using
FACS exist. We have described here the first rat membrane
marker panel for flow cytometry characterizing BAL myeloid
cells during the inflammatory and remodeling phase of bleo-
mycin-induced lung injury. Using commercially available an-
tibodies (Table 1) and a simple gating strategy (Fig. 2), this
method can be used by any researcher to isolate and function-
ally characterize the different cell subsets described here. For
validation of our panel, we correlated the different cell subsets
with molecular markers of the inflammatory or remodeling
phase in this model (Figs. 3F, 4B, and 6D) and previously
reported results in both species rat and mouse.

CD163 is a macrophage scavenger receptor from the family
of cysteine-rich type I proteins characteristic of mature resident
macrophages. Even though it has also been described to be
characteristic of human-activated (18, 26) or multinucleated
giant cell (MGC) (48) macrophages, the usefulness of this
molecular marker in our approach is the ability to differentiate
between resident macrophages and recruited monocytes (3).
The evolution of these populations after bleomycin challenge
shows the complexity of myeloid cells in the lung during
disease progression. In accord with previous reports, the short-
time effect of the intratracheal application of bleomycin is the
reduced number of resident alveolar macrophages up to day 2.
It has already been described that bleomycin causes apoptosis
of resident alveolar macrophages (21, 50, 79) and our results
confirm that the induction of apoptosis may take place during
the first 24 h. In our model, this seems to be followed by
increasing numbers of monocytes (from day 2 to 9). The role
of this new population of monocytes (CD45", cdllb/c™,
CD1637, and a-granulocyte™) is not clear, but further func-
tional analysis revealed that these cells may be the main origin
of TGF-B1 and Cox2 expression (Fig. 5D). Elevated levels of
both TGF-B1 (2, 4, 15, 33, 47) and prostaglandin E; (PGE>)
(49) (the product resulting from the enzymatic activity of
Cox2), are directly related to lung remodeling (32). TGF-B1
has been described as regulating the demethylation of the
Cox2 gene (11-13, 32, 78). Fibroblasts (55), injured epithe-
lial cells (76), and alveolar macrophages (29, 64, 77) have
been described as sources of TGF-B1 during the develop-
ment of fibrosis; however our data point to recruited mono-
cytes as another source of this profibrotic cytokine, as sup-
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ported by other data (35, 41), and a potential target in therapy.
It has recently been described that systemic depletion of
monocytes (or immature macrophages) significantly im-
proved the overall survival of a model of interstitial lung
disease (SP-C'*3TEIp™~) in mice (72). Even though alve-
olar macrophages are thought to be long-lived resident and
self-replenishing in the alveolar spaces, under certain condi-
tions, this population of mature differentiated alveolar macro-
phages can be derived from bone marrow-recruited monocytes,
o (31, 39-41). Very interestingly, the population of alveolar
macrophages is recovered 14 days after bleomycin with dif-
ferent activation states, whereas the monocyte population dis-
appears 12 days after bleomycin, pointing to monocytes as the
possible origin of the new macrophages (6, 41, 59). The
proliferation marker Ki67 was shown to be significantly up-
regulated in macrophages at day 14, pointing to both infiltra-
tion and differentiation of recruited monocytes as well as
proliferation of resident alveolar macrophages as origins of the
increased numbers found at day 21.

Right at day 2, the population of granulocytes started in-
creasing according to the granulocytic inflammation of the lung
after bleomycin (1, 9, 14), similarly to LPS-induced inflam-
mation (3), and was followed by release of IL-6, as previously
described (19, 42, 61). At day 7, activated macrophages
(CD45", CDl11b/c*, CD163", MHC-II"#") come into play.
Activation of macrophages is a complex field nowadays and
more challenging to analyze with the limited availability of
antibodies for certain species. We have approached here the
activation state of macrophages with two molecular markers,
MHC-II and CD86. MHC-II molecules are normally found
only on antigen-presenting cells such as dendritic cells, mono-
nuclear phagocytes, and B cells. These cells are important in
initiating immune responses. An increase in expression of
MHC-II in macrophages has been observed as part of the
inflammatory response produced during lung injury by bleo-
mycin in mice (54). And other animal models showed in-
creased MHC-1I expression in activated alveolar macrophages
by different agents (8) as well as activated macrophages in
human patients of asthma (17). Accordingly, we chose this
molecule as a marker of activation during the acute lung injury
phase. CD86, cluster of differentiation 86 also known as B7-2,
together with CD80 (B7-1), work in tandem to activate T cells,
characteristic of a type Il or adaptive immune response and
therefore chosen as a molecular marker of activation during the
remodeling phase of the model. In addition, it has been shown
that CD86 expression increases after bleomycin challenge, and
it is maintained until day 27 in mice (40). Taking into account
the heterogeneity of the disease, we should carefully analyze
the possibility that our described populations may reflect the
fact that injury and fibrosis in this model are not homoge-
necously distributed all over the lung; rather, normal air spaces
can be found coexisting with highly inflamed fibrotic sites or
intermediate states (34). Therefore, even though we could not
clearly differentiate populations of macrophages classically or
alternatively activated, this may mean that both CD86 and
MHC-IT marker expressions are changing in cells, becoming
activated at different lung sites. We approached the identifica-
tion of four different activation states: MHC-TI°CD86 ™, MHC-
°“CD86 ", MHC-II""CD86 ™, and, lately, MHC-I"e"CD86 ",
where evidence on changes from day 0 to day 21 can be seen
(Fig. 5, A-C) but no clear individual populations can be
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identified. Therefore, further membrane molecular markers for
macrophage activation need to be developed to separate those
populations and sort them in the future. Sorted activated
macrophages (aAM) (CD45%, CDIlb/c™, CD163%, MHC-
11"ty showed significant upregulation of ApoE, Ccl2, and
Mmp10 (Fig. 5D), which may be considered molecular markers
of alternatively activated macrophages but, more importantly,
which are related to lung remodeling (36, 58, 62, 65, 70, 73).
Not significant, but anyway interesting is the upregulation in
both monocytes (CD45%, CD1lb/c*, CD163~, a-granulo-
cyte”) and activated macrophages (CD457, CDI1l1b/c™,
CDI163", MHC-I[high) of Fzzl, Ili2a, Nos2, and Mmp9, point-
ing to a mixed population of proinflammatory activated mac-
rophages and intermediate monocytes. Most of these changes
happened before day 9, preceding the appearance of molecular
markers of lung fibrosis, such as accumulation of collagen or
fibroblast, and therefore representing intermediate events
needed and leading to fibrotic remodeling.

Arginase-1 could be immune detected from day 5, not only
specifically in macrophages but also in epithelial cells (Fig. 6E,
middle) according to previous studies (14). Arginase-1 is an
enzyme involved in collagen metabolism, where L-proline
(major amino acid present in this protein) is generated sequen-
tially from r-ornithine and r-arginine. The result of the activity
of arginase-1 is ornithine, therefore the supply of arginine is a
necessary step previous to collagen synthesis and therefore
fibrotic development (44, 75). Moreover, it has been described
that alternatively activated macrophages, expressing high lev-
els of mitochondrial arginase, are implicated in promoting cell
division and deposition of collagen during ontogeny and
wound repair (39). Even though arginase-1 expression was not
statistically significant (Fig. 5D), the notable increase in the
Argl to Nos2 ratio (Fig. S5E) at day [4 is consistent with
macrophages alternatively activated or anti-inflammatory (46,
66, 72). In addition, other cytokines associated with remodel-
ing processes are found to be increased at day 14, such as [L-18
and CXCL3, at the same time that IL-6 and IL-10 are reduced
to normal values. Changes in the secreted concentration of
cytokines may also reflect the appearance/disappearance of
their corresponding producing cells. In this sense, the first peak
of IL-6 may be coming from the first granulocytic infiltration,
while the second points to an additional cell source, such as
damaged/stressed epithelial cells (9). In the case of 1L-10, a
first decline on the concentration of this cytokine in BAL can
be observed, potentially due to the disappearance of the cor-
responding producing cell, such as alveolar macrophages (22),
and a peak between day 7 and 9, where activated macrophages
and monocytes come into the alveolar spaces. In addition, T,
dendritic, and epithelial cells could also be producing IL-10 to
finish the inflammatory phase (1, 69). TIMP-1 also shows a
notable decrease early enough, following the drastic decrease
in number of resident alveolar macrophages and a later in-
crease from day 12, at the same time alveolar macrophages
recovered their initial number. The changes in TIMP-1 may
also reflect the changes in the macrophage population, as main
origin of this factor (60, 63). Chemokine (C-X-C motif) ligand
3 (CXCL3), also known as macrophage inflammatory pro-
tein-2(3 (MIP2B), is thought to control migration and adhesion
of monocytes. Furthermore, both CXCL2 and CXCL3 have
already been correlated to hydroxyproline levels in bleomycin-
induced fibrosis in mice (27). IL-18, also known as interferon-
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v-inducing factor, is recognized as an important regulator of
innate and acquired immune responses. Moreover, it has al-
ready been described that both IL-18 and IL-18 receptor
(IL-18R) expression are enhanced in patients with bleomycin-
induced lung injury. As well, mice lacking IL-18 or IL-18R
developed attenuated bleomycin induced lung injury (23).
Even though no specific literature was found for rat samples,
our results confirm, for the first time, the use of these cytokines
as molecular markers of fibrosis in the rat model of bleomycin-
induced lung fibrosis. The limits of each phase are not clear,
but rather overlapping, this approach seems to offer a compre-
hensive way to understand the different events going on for 21
days after bleomycin. At day 14, a clear fibrotic remodeling
can be seen in amounts of hydroxyproline (Fig. 60) and
Massons-Goldner trichrome staining (Fig. 6£) with the asso-
ciated changes in cytokine profile and activation state of the
immune cells.

In our model, with the specific timing and bleomycin dose
described, lungs from 21 days after bleomycin challenged
showed an apparent recovery. However, due to regulations
regarding animal experimentation, we had to avoid animals
potentially suffering stress from either acute lung inflam-
mation or acute breathing deficiency throughout the 21 days;
thus, we were not able to analyze any of these acute
situations leading to a biased group of animals showing a
milder injury-related phenotype. However, we consider that
this group may represent repair/resolution of the milder state
of the previously described fibrotic phenotype at day 14. In
general, the group at day 2/ shows recovery of the BAL
cells to normal values, except from the increased number of
resident alveolar macrophages, and the slight increase (com-
pared with day 0) in percentage of CD90.1" cells and
hydroxyproline content (Fig. 6D).

Previously published work (3, 16, 21, 31, 40, 43, 45, 50, 51,
59, 61, 74, 79) showed with more or less detail the same results
that we can confirm now here: the population of macrophages
disappearing from the lung after bleomycin injury, and then
recruited monocytes reach the alveolar spaces, potentially
giving rise to new alveolar macrophages (40, 41), which
become activated. Interesting are all the intermediate processes
leading to fibrotic remodeling, such as the appearance of
recruited monocytes or the second peak of granulocytes, cor-
relating with the increasing expression of enzymes critical for
collagen synthesis, such as arginase-1. These processes are still
not well understood but may potentially be important for
therapeutic approaches stopping or reversing remodeling of the
lung tissue.

For the future development and understanding of the mech-
anisms involved in lung injury and fibrosis at different time
points, functional analysis as well as development of new
antibodies should be achieved. This method can also be readily
used in the study of the effect of potential therapies applied in
bleomycin-induced fibrosis in rats targeted to the alveolar
immune system. Another advantage of our approach is that it
allows other researchers to sort the cells, since all the molec-
ular markers are membrane markers, allowing the study of
living cells. After sorting, the different subsets of cells can be
further analyzed by RT-PCR or transcriptomics to characterize
their expression profiles, as recently done by Mould et al. (45).

In conclusion, we performed a comprehensive time-depen-
dent study on bleomycin-induced lung injury and fibrosis in
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rat, which confirmed previous findings obtained in mice. With
a simple strategy, time-dependent events are described and
correlated in time, highlighting the importance of the not-well-
described transitioning events from lung injury to fibrotic
development in a rat model.

ACKNOWLEDGMENTS

The authors thank Carina Vogt, Susanne Fassbender, and Andrea Herden
for excellent technical support.

GRANTS

This work was supported by Biomedical Research in Endstage and Ob-
structive Lung Disease Hannover (BREATH), Member of the German Centre
for Lung Research (DZL), Cluster of Excellence REBIRTH (Regenerative
Biology to Reconstructive Therapy), and the German Research Foundation
(DFG KN 916 1-1).

DISCLOSURES

No conflicts of interest, financial or otherwise, are declared by the author(s).

AUTHOR CONTRIBUTIONS

C.K. and E.L.-R. conceived and designed research; C.K., N.G., and E.L.-R.
performed experiments; C.K., N.G., and E.L.-R. analyzed data; C.K. and
E.L.-R. interpreted results of experiments; C.K. and E.L.-R. prepared figures;
C.K.,M.O., LK., and E.L.-R. drafted manuscript; C.K., N.G., M.O., LK., and
E.L-R. edited and revised manuscript; C.K., N.G., M.O., L.K., and E.L.-R,
approved final version of manuscript.

REFERENCES

. Akbari O, DeKruyff RH, Umetsu DT. Pulmonary dendritic cells pro-
ducing IL-10 mediate tolerance induced by respiratory exposure to anti-
gen. Nat Immunol 2: 725-731, 2001. doi:10.1038/90667.

2. Ask K, Bonniaud P, Maass K, Eickelberg O, Margetts PJ, Warburton
D, Groffen J, Gauldie J, Kolb M. Progressive pulmonary fibrosis is
mediated by TGF-beta isoform | but not TGF-beta3. Int J Biochem Cell
Biol 40: 484-495, 2008. doi:10.1016/j.biocel.2007.08.016.

. Barnett-Vanes A, Sharrock A, Birrell MA, Rankin S. A single 9-colour
flow cytometric method to characterise major leukocyte populations in the
rat: validation in a model of LPS-induced pulmonary inflammation. PLoS
One 11: e0142520, 2016. doi:10.137 1/journal.pone.0142520.

. Bonniaud P, Kolb M, Galt T, Robertson J, Robbins C, Stampfli M,
Lavery C, Margetts PJ, Roberts AB, Gauldie J. Smad3 null mice
develop airspace enlargement and are resistant to TGF-B-mediated pul-
monary fibrosis. J Immunol 173: 2099-2108, 2004, doi:10.4049/
jimmunol.173.3.2099.

. Bosurgi L, Cao YG, Cabeza-Cabrerizo M, Tucci A, Hughes LD, Kong
Y, Weinstein JS, Licona-Limon P, Schmid ET, Pelorosso F, Gagliani
N, Craft JE, Flavell RA, Ghosh S, Rothlin CV. Macrophage function in
tissue repair and remodeling requires IL-4 or IL-13 with apoptotic cells.
Science 356: 1072-1076, 2017. doi:10.1126/science.aai8132.

. Byrne AJ, Maher TM, Lloyd CM. Pulmonary macrophages: a new
therapeutic pathway in fibrosing lung disease? Trends Mol Med 22:
303-316, 2016. doi:10.1016/j.molmed.2016.02.004.

. Carré PC, Mortenson RL, King TE Jr, Noble PW, Sable CL, Riches
DW. Increased expression of the interleukin-8 gene by alveolar macro-
phages in idiopathic pulmonary fibrosis. A potential mechanism for the
recruitment and activation of neutrophils in lung fibrosis. J Clin Invest 88:
1802-1810, 1991. doi:10.1172/JCI115501.

. Chavez-Santoscoy AV, Roychoudhury R, Pohl NLB, Wannemuehler
MJ, Narasimhan B, Ramer-Tait AE. Tailoring the immune response by
targeting C-type lectin receptors on alveolar macrophages using “patho-
gen-like” amphiphilic polyanhydride nanoparticles. Biomaterials 33:
47624772, 2012. doi:10.1016/j.biomaterials.2012.03.027.

9. Crestani B, Cornillet P, Dehoux M, Rolland C, Guenounou M, Aubier
M. Alveolar type IT epithelial cells produce interleukin-6 in vitro and in
vivo. Regulation by alveolar macrophage secretory products. J Clin Invest
94: 731-740, 1994. doi:10.1172/ICT117392.

10. Dik WA, McAnulty R], Versnel MA, Naber BAE, Zimmermann LJI,

Laurent GJ, Mutsaers SE. Short course dexamethasone treatment fol-

%]

F

wn

o

~

o

21.

22.

27.

29,

FLOW CYTOMETRIC ANALYSIS OF RAT BAL AFTER BLEOMYCIN

lowing injury inhibits bleomycin induced fibrosis in rats. Thorax 58:
765-771, 2003, doi:10.1136/thorax.58.9.765.

. Domingo-Gonzalez R, Huang SK, Laouar Y, Wilke CA, Moore BB.

COX-2 expression is upregulated by DNA hypomethylation after hema-
topoietic stem cell transplantation. J Immunol 189: 45284536, 2012.
doi:10.4049/jimmunol. 1201116.

. Domingo-Gonzalez R, Katz S, Serezani CH, Moore TA, Levine AM,

Moore BB, Prostaglandin E2-induced changes in alveolar macrophage
scavenger receptor profiles differentially alter phagocytosis of Pseudomo-
nas aeruginosa and Staphylococcus aurens post-hone marrow transplant.

J Immunol 190: 5809-5817, 2013. doi:10.4049/jimmunol.1203274.

. Domingo-Gonzalez R, Moore BB. Defective pulmonary innate immune

responses post-stem cell transplantation; review and results from one
model system. Front Immunol 4: 126, 2013, doi:10.3389/fimmu.2013.
00126.

. Endo M, Oyadomari S, Terasaki Y, Takeya M, Suga M, Mori M,

Gotoh T. Induction of arginase I and Il in bleomycin-induced fibrosis of
mouse lung. Am J Physiol Lung Cell Mol Physiol 285: L313-1.321, 2003.
doi: 10.1152/ajplung.00434.2002.

. Fernandez IE, Eickelberg O. The impact of TGF-3 on lung fibrosis:

from targeting to biomarkers. Proc Am Thorac Soc 9: 111-116, 2012.
doi:10.1513/pats.201203-023AW.

. Garn H, Siese A, Stumpf S, Wensing A, Renz H, Gemsa D. Phenotyp-

ical and functional characterization of alveolar macrophage subpopula-
tions in the lungs of NOz-exposed rats. Respir Res 7: 4, 2006. doi:10.
1186/1465-9921-7-4.

. Girodet P-O, Nguyen D, Mancini JD, Hundal M, Zhou X, Israel E,

Cernadas M. Alternative macrophage activation is increased in asthma.
Am J Respir Cell Mol Biol 55: 467-475, 2016. doi:10.1165/remb.2015-
02950C.

. Gordon 8§, Taylor PR. Monocyte and macrophage heterogencity. Nat Rev

Immunol 5: 953-964, 2005. doi:10.1038/nr11733.

. Grommes J, Soehnlein O. Contribution of neutrophils to acute lung

injury. Mol Med 17: 293-307, 2011. doi:10.2119/molmed.2010.00138.

. Gundersen HJG. The smooth fractionator. J Microsc 207: 191-210,

2002, doi:10.1046/j.1365-2818.2002.01054.x.

Hamilton RF Jr, Li L, Felder TB, Holian A. Bleomycin induces
apoptosis in human alveolar macrophages. Am J Physiol Lung Cell Mol
Physiol 269: L318-1.325, 1995. doi:10.1152/ajplung.1995.269.3.L318.
Hedrich CM, Bream JH. Cell type-specific regulation of IL-10 expres-
sion in inflammation and disease. Immunol Res 47: 185-206, 2010.
doi:10.1007/512026-009-8150-5.

. Hoshino T, Okamoto M, Sakazaki Y, Kato S, Young HA, Aizawa H.

Role of proinflammatory cytokines IL-18 and IL-1{ in bleomycin-induced
lung injury in humans and mice. Am J Respir Cell Mol Biol 41: 661-670,
2009. doi:10.1165/rcmb.2008-01820C.

. Izbicki G, Segel MJ, Christensen TG, Conner MW, Breuer R. Time

course of bleomycin-induced lung fibrosis. Int J Exp Pathol 83: 111-119,
2002. doi:10.1046/j.1365-2613.2002.00220.x.

. Jenkins RG, Moore BB, Chambers RC, Eickelberg O, Konigshoff M,

Kolb M, Laurent GJ, Nanthakumar CB, Olman MA, Pardo A,
Selman M, Sheppard D, Sime PJ, Tager AM, Tatler AL, Thannickal
VJ, White ES; ATS Assembly on Respiratory Cell and Molecular
Biology. An Official American Thoracic Society Workshop Report: Use
of animal models for the preclinical assessment of potential therapies for
pulmonary fibrosis. Am J Respir Cell Mol Biol 56: 667-679, 2017.
doi:10.1163/rcmb.2017-0096ST.

. Kaku Y, Imaoka H, Morimatsu Y, Komohara Y, Ohnishi K, Oda H,

Takenaka S, Matsuoka M, Kawayama T, Takeya M, Hoshino T.
Overexpression of CD163, CD204 and CD206 on alveolar macrophages in
the lungs of patients with severe chronic obstructive pulmonary disease.
PL0S One 9: e87400, 2014. doi:10.1371/journal. pone.0087400.

Keane MP, Belperio JA, Moore TA, Moore BB, Arenberg DA, Smith
RE, Burdick MD, Kunkel SL, Strieter RM. Neutralization of the CXC
chemokine, macrophage inflammatory protein-2, attenuates bleomycin-
induced pulmonary fibrosis. J fmmunol 162: 5511-5518, 1999.

. Reddy GK, Enwemeka CS. A simplified method for the analysis of

hydroxyproline in biological tissues. Clin Biochem 29: 225-229, 1996.
doi:10.1016/0009-9120(96)00003-6.

Khalil N, Parekh TV, O’Connor R, Antman N, Kepron W, Yehaul-
aeshet T, Xu YD, Gold LI Regulation of the effects of TGF-B1 by
activation of latent TGF-B1 and differential expression of TGF-f recep-
tors (TBR-1 and TRR-11) in idiopathic pulmonary fibrosis. Thorax 56:
907-915, 2001. doi:10.1136/thorax.56.12.907.

AJP-Lung Cell Mol Physiol - doi:10.1152/ajplung.00176.2018 - www.ajplung.org
Downloaded from journals.physiology.org/journal/ajplung at Charite Universitactsmedizin (193.175.073.219) on March 30, 2021.

56



31

32.

33.

34.

35

36.

BT

38.

39,

40.

41.

45.

FLOW CYTOMETRIC ANALYSIS OF RAT BAL AFTER BLEOMYCIN

. Knudsen L, Lopez-Rodriguez E, Berndt L, Steffen L, Ruppert C,

Bates JHT, Ochs M, Smith BJ. Alveolar micromechanics in bleomycin-
induced lung injury. Am J Respir Cell Mol Biol 59: 757-769, 2018.
doi:10.1165/rcmb.2018-00440C.

Landsman L, Jung S. Lung macrophages serve as obligatory intermedi-
ate between blood monocytes and alveolar macrophages. J limmunol 179:
34883494, 2007. doi:10.4049/jimmunol.179.6.3488.

Lappi-Blanco E, Kaarteenaho-Wiik R, Maasilta PK, Anttila S,
Piikko P, Wolff HJ. COX-2 is widely expressed in metaplastic epithe-
lium in pulmonary fibrous disorders. Am J Clin Pathol 126: 717-724,
2006. doi:10.1309/PFGXCLNG2N17PIX9.

Lopez-Rodriguez E, Boden C, Echaide M, Perez-Gil J, Kolb M,
Gauldie J, Maus UA, Ochs M, Knudsen L. Surfactant dysfunction
during overexpression of TGF-B1 precedes profibrotic lung remodeling in
vivo. Am J Physiol Lung Cell Mol Physiol 310: L1260-L1271, 2016.
doi:10.1152/ajplung.00065.2016.

Lutz D, Gazdhar A, Lopez-Rodriguez E, Ruppert C, Mahavadi P,
Giinther A, Klepetko W, Bates JH, Smith B, Geiser T, Ochs M,
Knudsen L. Alveolar derecruitment and collapse induration as crucial
mechanisms in lung injury and fibrosis. Am J Respir Cell Mol Biol 52:
232-243, 2015. doi:10.1165/remb.2014-00780C.

Mathai SK, Gulati M, Peng X, Russell TR, Shaw AC, Rubinowitz AN,
Murray LA, Siner JM, Antin-Ozerkis DE, Montgomery RR, Reilkoff
RA, Bucala RJ, Herzog EL. Circulating monocytes from systemic
sclerosis patients with interstitial lung disease show an enhanced profi-
brotic phenotype. Lab Invest 90: 812-823, 2010, doi:10,1038/labinvest.
2010.73.

Mercer PF, Johns RH, Scotton CJ, Krupiczoje MA, Konigshoff M,
Howell DCJ, McAnulty RJ, Das A, Thorley AJ, Tetley TD, Eickelberg
0O, Chambers RC. Pulmonary epithelium is a prominent source of
proteinase-activated receptor-1-inducible CCL2 in pulmonary fibrosis. Am
J Respir Crit Care Med 179: 414-425, 2009. doi:10.1164/rccm.200712-
18270C.

Mestas J, Hughes CCW. Of mice and not men: differences between
mouse and human immunology. J Immunel 172: 2731-2738, 2004. doi:
10.4049/jimmunol.172.5.2731.

Minutti CM, Jackson-Jones LH, Garcia-Fojeda B, Knipper JA,
Sutherland TE, Logan N, Ringqvist E, Guillamat-Prats R, Ferenbach
DA, Artigas A, Stamme C, Chroneos ZC, Zaiss DM, Casals C, Allen
JE. Local amplifiers of IL-4Ra-mediated macrophage activation promote
repair in lung and liver, Science 356: 1076—1080, 2017. doi:10.1126/
science.aaj2067.

Minutti CM, Knipper JA, Allen JE, Zaiss DMW. Tissue-specific
contribution of macrophages to wound healing. Semin Cell Dev Biol 61:
3-11, 2017. doi:10.1016/j.semcdb.2016.08.006.

Misharin AV, Morales-Nebreda L, Mutlu GM, Budinger GRS, Perl-
man H. Flow cytometric analysis of macrophages and dendritic cell
subsets in the mouse lung. Am J Respir Cell Mol Biol 49: 503-510, 2013.
doi:10.1165/remb.2013-0086MA.

Misharin AV, Morales-Nebreda L, Reyfman PA, Cuda CM, Walter
JM, McQuattie-Pimentel AC, Chen C-I, Anekalla KR, Joshi N, Wil-
liams KJN, Abdala-Valencia H, Yacoub TJ, Chi M, Chiu S, Gonzalez-
Gonzalez FJ, Gates K, Lam AP, Nicholson TT, Homan PJ, Soberanes
S, Dominguez S, Morgan VK, Saber R, Shaffer A, Hinchcliff M,
Marshall SA, Bharat A, Berdnikovs S, Bhorade SM, Bartom ET,
Morimoto RI, Balch WE, Sznajder JI, Chandel NS, Mutlu GM, Jain
M, Gottardi CJ, Singer BD, Ridge KM, Bagheri N, Shilatifard A,
Budinger GRS, Perlman H. Monocyte-derived alveolar macrophages
drive lung fibrosis and persist in the lung over the life span. J Exp Med
214: 2387-2404, 2017. doi:10.1084/jem.20162152.

. Moeller A, Ask K, Warburton D, Gauldie J, Kolb M. The bleomycin

animal model: a useful tool to investigate treatment options for idiopathic
pulmonary fibrosis? Int J Biochem Cell Biol 40: 362-382, 2008. doi:10.
1016/j.biocel.2007.08.011.

. Mora AL, Torres-Gonzilez E, Rojas M, Corredor C, Ritzenthaler J,

Xu J, Roman J, Brigham K, Stecenko A. Activation of alveolar
macrophages via the alternative pathway in herpesvirus-induced lung
fibrosis. Am J Respir Cell Mol Biol 35: 466-473, 2006. doi:10.1165/remb.
2006-01210C.

. Morris SM Jr. Arginine: beyond protein. Am J Clin Nutr 83: 5085-512S,

2006. doi:10.1093/ajcn/83.2.508S.

Mould KJ, Barthel L, Mohning MP, Thomas SM, McCubbrey AL,
Danhorn T, Leach SM, Fingerlin TE, O’Connor BP, Reisz JA,
D’Alessandro A, Bratton DL, Jakubzick CV, Janssen WJ. Cell origin

46.

47.

48.

49.

54.

55.

56.

59.

60.

6

L125

dictates programming of resident vs.recruited macrophages during acute
lung injury. Am J Respir Cell Mol Biol 57: 2943006, 2017. doi:10.1165/
remb.2017-00610C.

Munder M, Eichmann K, Moran JM, Centeno F, Soler G, Modolell
M. Th1/Th2-regulated expression of arginase isoforms in murine macro-
phages and dendritic cells. J Imnumnol 163: 3771-3777, 1999.

Munger JS, Huang X, Kawakatsu H, Griffiths MJ, Dalton SL, Wu J,
Pittet J-F, Kaminski N, Garat C, Matthay MA, Rifkin DB, Sheppard
D. A mechanism for regulating pulmonary inflammation and fibrosis: the
integrin cev36 binds and activates latent TGF B1. Cell 96: 319328, 1999.
doi: 10.1016/S0092-8674(00)80545-0.

Murray PJ, Allen JE, Biswas SK, Fisher EA, Gilroy DW, Goerdt S,
Gordon S, Hamilton JA, Ivashkiv LB, Lawrence T, Locati M, Man-
tovani A, Martinez FO, Mege J-L, Mosser DM, Natoli G, Saeij JP,
Schultze JL, Shirey KA, Sica A, Suttles J, Udalova 1, van Ginder-
achter JA, Vogel SN, Wynn TA. Macrophage activation and polariza-
tion: nomenclature and experimental guidelines. Immunity 41: 14-20,
2014. doi:10.1016/j.immuni.2014.06.008.

Ogushi F, Endo T, Tani K, Asada K, Kawano T, Tada H, Maniwa K,
Sone S, Decreased prostaglandin E2 synthesis by lung fibroblasts isolated
from rats with bleomycin-induced lung fibrosis. /nt J Exp Pathol 80:
41-49, 1999. doi:10.1046/j.1365-2613.1999.00096.x.

. Ortiz LA, Moroz K, Liu J-Y, Hoyle GW, Hammond T, Hamilton RF,

Holian A, Banks W, Brody AR, Friedman M. Alveolar macrophage
apoptosis and TNF-ct, but not p53, expression correlate with murine
response to bleomycin, Am J Physiol Lung Cell Mol Physiol 275: 1L1208—
L1218, 1998. doi:10.1152/ajplung.1998.275.6.L1208.

. Pechkovsky DV, Prasse A, Kollert F, Engel KMY, Dentler J, Lutt-

mann W, Friedrich K, Miiller-Quernheim J, Zissel G. Alternatively
activated alveolar macrophages in pulmonary fibrosis-mediator production
and intracellular signal transduction. Clin Immunol 137: 89-101, 2010.
doi:10.1016/j.clim.2010.06.017.

. Phan SH, Thrall RS, Ward PA. Bleomycin-induced pulmonary fibrosis

in rats: biochemical demonstration of increased rate of collagen synthesis.
Am Rev Respir Dis 121: 501-506, 1980. doi: 10.1164/arrd.1980.121.3.501.

. Pilling D, Roife D, Wang M, Ronkainen SD, Crawford JR, Travis EL,

Gomer RH. Reduction of bleomycin-induced pulmonary fibrosis by
serum amyloid P. J Immunol 179: 40354044, 2007. doi:10.4049/
jimmunol.179.6.4035.

Pittet J-F, Griffiths MJD, Geiser T, Kaminski N, Dalton SL, Huang X,
Brown LAS, Gotwals PJ, Koteliansky VE, Matthay MA, Sheppard D,
TGF-B is a critical mediator of acute lung injury. J Clin lnvest 107:
1537-1544, 2001. doi:10.1172/JCI11963.

Popova AP, Bozyk PD, Goldsmith AM, Linn MJ, Lei I, Bentley JK,
Hershenson MB. Autocrine production of TGF-1 promotes myofibro-
blastic differentiation of neonatal lung mesenchymal stem cells. Am J
Physiol Lung Cell Mol Physiol 298: L735-L743, 2010. doi:10.1152/
ajplung.00347.2009.

Prasse A, Pechkovsky DV, Toews GB, Jungraithmayr W, Kollert F,
Goldmann T, Vollmer E, Miiller-Quernheim J, Zissel G. A vicious
circle of alveolar macrophages and fibroblasts perpetuates pulmonary
fibrosis via CCLI8. Am J Respir Crit Care Med 173: 781-792, 2006.
doi: 10.1164/rcem.200509-15180C.

. Punithavathi D, Venkatesan N, Babu M. Curcumin inhibition of bleo-

mycin-induced pulmonary fibrosis in rats. Br J Pharmacol 131: 169-172,
2000. doi:10.1038/sj.bjp.0703578.

. Rohani MG, McMahan RS, Razumova MV, Hertz AL, Cieslewicz M,

Pun SH, Regnier M, Wang Y, Birkland TP, Parks WC. MMP-10
regulates collagenolytic activity of alternatively activated resident macro-
phages. J Invest Dermatol 135: 2377-2384, 2015. doi:10.1038/jid.2015.
167.

Rosseau S, Hammerl P, Maus U, Walmrath H-D, Schiitte H, Grim-
minger F, Seeger W, Lohmeyer J. Phenotypic characterization of alve-
olar monocyte recruitment in acute respiratory distress syndrome. Am J
Physiol Lung Cell Mol Physiol 279: L25-1.35, 2000. doi: 10.1152/ajplung.
2000.279.1.1.25.

Russell REK, Culpitt SV, DeMatos C, Donnelly L, Smith M, Wiggins
J, Barnes PJ. Release and activity of matrix metalloproteinase-9 and
tissue inhibitor of metalloproteinase-1 by alveolar macrophages from
patients with chronic obstructive pulmonary disease. Am J Respir Cell Mol
Biol 26: 602-609, 2002. doi:10.1165/ajrcmb.26.5.4685.

. Saito F, Tasaka S, Inoue K, Miyamoto K, Nakano Y, Ogawa Y,

Yamada W, Shiraishi Y, Hasegawa N, Fujishima S, Takano H,
Ishizaka A. Role of interleukin-6 in bleomycin-induced lung inflamma-

AJP-Lung Cell Mol Physiol « doi:10.1152/ajplung.00176.2018 » www.ajplung.org
Downloaded from journals.physiology.org/journal/ajplung at Charite Universitactsmedizin (193.175.073.219) on March 30, 2021.

57



L126

62.

63.

64.

65.

66.

67.

68.

69.

70.

tory changes in mice. Am J Respir Cell Mol Biol 38: 566-571, 2008.
doi:10.1165/rcmb.2007-02990C.

S khin AQ, Biihling F, Theissig F, Bromme D. ApoE-deficient mice
on cholate-containing high-fat diet reveal a pathology similar to lung
sarcoidosis. Am J Pathol 176: 11481156, 2010. doi:10.2353/ajpath.2010.
090857.

Selman M, Ruiz V, Cabrera S, Segura L, Ramirez R, Barrios R, Pardo
A. TIMP-1, -2, -3, and -4 in idiopathic pulmonary fibrosis. A prevailing
nondegradative lung microenvironment? Am J Physiol Lung Cell Mol
Physiol 279: L562-L574, 2000. doi:10.1152/ajplung.2000.279.3.L562.
Sheppard D. Transforming growth factor beta: a central modulator of
pulmonary and airway inflammation and fibrosis, Proc Am Thorac Soc 3:
413-417, 2006. doi:10.1513/pats.200601-008AW.

Sokai A, Handa T, Tanizawa K, Oga T, Uno K, Tsuruyama T, Kubo
T, Ikezoe K, Nakatsuka Y, Tanimura K, Muro S, Hirai T, Nagai S,
Chin K, Mishima M. Matrix metalloproteinase-10: a novel biomarker for
idiopathic pulmonary fibrosis. Respir Res 16: 120, 2015. doi:10.1186/
512931-015-0280-9.

Shi JD, Golden T, Guo CJ, Tu SP, Scott P, Lee MJ, Yang CS, Gow AJ.
Tocopherol supplementation reduces NO production and pulmonary in-
flammatory response to bleomycin. Nitric Oxide 34: 27-36, 2013. doi: 10.
1016/j.niox.2013.04.006.

Steffen L, Ruppert C, Hoymann H-G, Funke M, Ebener S, Kloth C,
Miihlfeld C, Ochs M, Knudsen L, Lopez-Rodriguez E. Surfactant
replacement therapy reduces acute lung injury and collapse induration-
related lung remodeling in the bleomycin model. Am J Physiol Lung Cell
Mol Physiol 313: L313-1327, 2017. doi:10.1152/ajplung.00033.2017.
Sugahara K, Iyama K, Kuroda MJ, Sano K. Double intratracheal
instillation of keratinocyte growth factor prevents bleomycin-induced lung
fibrosis in rats. J Pathol 186: 90-98, 1998. doi:10.1002/(SICT)1096-
9896(199809)186:1<90:AID-PATH137>3.0.C0:2-X.

Sun J, Cardani A, Sharma AK, Laubach VE, Jack RS, Miiller W,
Braciale T.J. Autocrine regulation of pulmonary inflammation by effector
T-cell derived IL-10 during infection with respiratory syncytial virus.
PLoS Pathog 7: €1002173, 2011. doi:10.1371/journal.ppat. 1002173
Sun L, Louie MC, Vannella KM, Wilke CA, LeVine AM, Moore BB,
Shanley TP. New concepts of IL-10-induced lung fibrosis: fibrocyte
recruitment and M2 activation in a CCL2/CCR2 axis. Am J Physiol Lung

T,

72.

73:

74.

5.

76.

77.

78.

79.

FLOW CYTOMETRIC ANALYSIS OF RAT BAL AFTER BLEOMYCIN

Cell Mol Physiol 300: L341-L353, 2011. doi:10.1152/ajplung.00122.
2010.

Thrall RS, McCormick JR, Jack RM, McReynolds RA, Ward PA.
Bleomycin-induced pulmonary fibrosis in the rat: inhibition by indometh-
acin. Am J Pathol 95: 117-130, 1979.

Venosa A, Katzen J, Tomer Y, Kopp M, Jamil S, Russo SJ, Mulugeta
S, Beers MF. Epithelial expression of an interstitial lung disease-associ-
ated mutation in surfactant protein-C modulates recruitment and activation
of key myeloid cell populations in mice. J Immunol 202: 2760-2771,
2019. doi:10.4049/jimmunol. 1900039.

Venosa A, Malaviya R, Choi H, Gow AJ, Laskin JD, Laskin DL.
Characterization of distinct macrophage subpopulations during nitrogen
mustard-induced lung injury and fibrosis. Am J Respir Cell Mol Biol 54:
436-446, 2016. doi:10.1165/rcemb.2015-01200C.

Wang H-D, Yamaya M, Okinaga S, Jia Y-X, Kamanaka M, Taka-
hashi H, Guo L-Y, Ohrui T, Sasaki H. Bilirubin ameliorates bleomycin-
induced pulmonary fibrosis in rats. Am J Respir Crit Care Med 165:
406—411, 2002. doi:10.1164/ajrcem.165.3.2003149.

Wu G, Morris SM Jr. Arginine metabolism: nitric oxide and beyond.
Biochem J 336: 1-17, 1998. doi:10.1042/bj3360001.

Xu YD, Hua J, Mui A, O’Connor R, Grotendorst G, Khalil N. Release
of biologically active TGF-B1 by alveolar epithelial cells results in
pulmonary fibrosis. Am J Physiol Lung Cell Mol Physiol 285: L527-1.539,
2003. doi:10.1152/ajplung.00298.2002.

Yehualaeshet T, O’Connor R, Green-Johnson J, Mai S, Silverstein R,
Murphy-Ullrich JE, Khalil N. Activation of rat alveolar macrophage-
derived latent transforming growth factor B-1 by plasmin requires inter-
action with thrombospondin-1 and its cell surface receptor, CD36. Am J
Pathol 155: 841-851, 1999. doi:10.1016/50002-9440(10)65183-8.
Zasltona Z, Okunishi K, Bourdonnay E, Domingo-Gonzalez R, Moore
BB, Lukacs NW, Aronoff DM, Peters-Golden M. Prostaglandin E»
suppresses allergic sensitization and lung inflammation by targeting the E
prostanoid 2 receptor on T cells. J Allergy Clin Immunol 133: 379-387.¢l,
2014. doi:10.1016/j.jaci.2013.07.037.

Zhao HW, Hu SY, Barger MW, Ma JKH, Castranova V, Ma JYC.
Time-dependent apoptosis of alveolar macrophages from rats exposed to
bleomycin: involvement of tnf receptor 2. J Toxicol Environ Health A 67:
1391-1406, 2004. doi:10.1080/15287390490471569.

AJP-Lung Cell Mol Physiof « doi:10.1152/ajplung.00176.2018 - www.ajplun;

Downloaded from journals.physiology.org/journal/ajplung at Charite U

.org
niversitaetsmedizin (l93.175,573,219) on March 30, 2021,

58



Reprinted with permission

Flow cytometric analysis of the leukocyte landscape during bleomycin-induced lung injury and

»~, fibrosisin the rat

1
'\
w Author: Christina Kloth, Nele Gruben, Matthias Ochs, et al
american Publication: Am | Physiol-Lung, Cellular, and Molecular Physiology

DhVSidogical Publisher: The American Physiological Society

society Date: Jul 1,2019

Copyright © 2019, The American Physiological Society

RELEVANCE OF THIS WORK

In this paper, we concluded that before the onset of lung fibrosis myeloid cells may play an
important role as first response to an injury and remodeling stimuli. We could observe many

changes in the myeloid cell population
recruitment. Within myeloid cells, we
focused on alveolar macrophages,
which are in addition to important
players in the innate immune system,
also responsible of the alveolar
homeostasis, including lung surfactant
metabolism (degradation and
recycling).

Monocyte recruitment may be
important as precursors of alveolar
macrophages. In addition, fibrocytes
are derived from monocytes and these
are precursors of fibroblasts, which
are responsible of producing collagen.
Very interestingly, we found that
recruited monocytes are a source of
pro-fibrotic markers, such as TGF-b1
and Cox2, directly related to the
stimulation of collagen deposition by
fibroblasts and tissue remodeling.
These results point at alveolar
macrophages and recruited
monocytes as new therapeutic
targets for the treatment of lung
fibrosis.
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Figure 4: Top panel: overview of the changes of monocyte and
macrophage populations after bleomycin application (Created with
BioRender.com). Bottom panel: genes upregulated in the different
populations (monocytes, activated macrophages and macrophages at
day 14 or 21 after bleomycin application compared to naive alveolar
macrophages) related to lung fibrotic remodeling and macrophage
activation state.
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3 LUNG SURFACTANT AS TREATMENT FOR LUNG FIBROSIS

3.1SURFACTANT REPLACEMENT THERAPY (ORIGINAL WORK 4)

Steffen L., Ruppert C., Hoymann H.G., Funke M., Ebener S., Kloth C., Mihlfeld C., Ochs M.,
Knudsen L*. & Lopez-Rodriguez E*. “Surfactant replacement therapy reduces acute lung injury
and collapse induration-related lung remodeling in the bleomycin model” American Journal of

Physiology - Lung Cell and Molecular Physiology. 2017; 313(2): L313-L327.

The important role of lung surfactant in helping to regulate some of the physical forces in the
lung has become clearer in the last chapters. In addition, already in 1988, the role of alveolar
collapse in the development of fibrotic remodeling in the lung has been already described by
Myers and Katzenstein (116). The connection between high surface tension and alveolar
collapse is also well described in the acute respiratory distress syndrome (ARDS) and acute lung
injury (ALl) (117, 118). In this field, many studies already showed increased surface tension,
and the associated alveolar instability, in ARDS (119, 120) leading to an acute respiratory
pathology with a high mortality. In addition, patients recovering from ARDS are at higher risk
to develop lung fibrosis after recovery, leading to the hypothesis that both diseases may have
underlying similar mechanisms (6, 121). These mechanisms, alveolar collapse, respiratory
distress, and disease in-homogeneities through the lung have been demonstrated in patients
from both diseases (119, 122, 123).

Repetitive alveolar collapse (or atelectrauma) caused by lung surfactant inactivation has been
directly linked to alveolar wall stretching and ductal air space over-distension (124). During
expiration, the alveolar surface area is reduced by alveolar septal wall folding. In the presence
of an active surfactant, surface tension is theoretically low enough to prevent both walls to
glue to each other permanently. In the absence of an active surfactant, the fluid lining the
alveoli will tend to minimize the area exposed to the air closing the alveolus.

During inspiration, the transpulmonary pressure gradient is normally sufficient to inflate or
open (recruit (R)) the closed alveoli (de-recruited (D)), also called alveolar R/D. Some
physiological alveolar R/D exists in every breathing cycle (125), however it imposes some
mechanical stress in the alveolar epithelium (126). The mechanical axial shear forces needed
to re-open the alveoli may lead to injurious deformation of AE2C. It has been already described
that these cell-damaging forces strongly increase with higher surface tension at the interface
of the lining fluid (127, 128). In addition, AE2C injury reduces epithelial integrity, which may
result in leaking and formation of edematous material at the alveolar spaces, which in turn,
inactivates surfactant. This may trigger a vicious chronic cycle of AE2C injury and surfactant
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dysfunction preceding fibrotic remodeling

(129-131). On the other hand, if the

maximal generated transpulmonary
pressure fails to exceed the intra-alveolar

pressure, the alveolus remains collapsed l

and its alveolar walls stay adjacent to each
other. This may trigger the permanent

closing of the alveolus, permanent de-

recruitment or collapse induration. These
mechanical stress collapse induration
atelectatic areas also impose stretching

forces on the surrounding alveolar walls,
which may experience further mechanical

. .
stress and may over-distend (as seen in
Chapter 2.2). These atelectatic areas, where

the alveolar surface is lost are not
functional in the gas exchange and as two

alveolar walls are “glued” together, this collagen deposition
contributes to the septal wall thickening

(Figure 5), which in turn may stimulate the
Figure 5: “mechanical injuries” due to lung surfactant dysfunction

prOdUCtlon of pro_ﬂbrOtIC cytoklnes and leading to fibrotic development (Created in BioRender.com).

collagen.

As shown before, lung surfactant dysfunction and dysregulation occur in early stages of lung
injury and precedes lung fibrotic remodeling in the bleomycin induced lung injury and fibrosis
animal model (115). Therefore, it seems reasonable to replace surfactant as soon as possible
in the development of the disease, as preventive treatment therapeutic strategy, and later
during the onset of the fibrotic remodeling, in order to understand if the “treatment of the
mechanical injuries” may decrease or slow down the development of fibrosis, as supportive
therapeutic strategy.

The aim of this work was to investigate whether a surfactant replacement therapy may be

beneficial to stop or slow down the development of fibrotic remodeling. For this purpose, we

used the bleomycin induced lung injury and fibrosis rat model. We performed SRT early in the
lung injury phase of the model and analyzed early events (day 3), including inflammation, and
later on the onset of fibrosis (day 7) to analyze fibrotic molecular and structural markers. We
hypothesized that: SRT may stabilize alveoli preventing mechanical injuries during lung injury
and fibrotic development in the bleomycin rat model. To test this hypothesis, we investigated
if: 1) preventing alveolar collapse early in the lung injury phase of the model may decrease the
alveolar R/D and mechanical stress leading to a reduced inflammatory response; and 2)
preventing collapse induration during the onset of lung fibrosis may decrease the septal wall
thickening and collagen deposition delaying the development of a fibrotic phenotype.
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Steffen L, Ruppert C, Hoymann H, Funke M, Ebener S, Kloth
C, Miihlfeld C, Ochs M, Knudsen L, Lopez-Rodriguez E. Surfac-
tant replacement therapy reduces acute lung injury and collapse
induration-related lung remodeling in the bleomycin model. Am J
Physiol Lung Cell Mol Physiol 313: L313-L327, 2017. First pub-
lished April 27, 2017; doi:10.1152/ajplung.00033.2017. —Bleomycin-
induced lung injury leads to surfactant dysfunction and permanent
loss of alveoli due to a remodeling process called collapse induration.
Collapse induration also occurs in acute interstitial lung disease and
idiopathic pulmonary fibrosis in humans. We hypothesized that sur-
factant dysfunction aggravates lung injury and early remodeling
resulting in collapse induration within 7 days after lung injury. Rats
received bleomycin to induce lung injury and either repetitive surfac-
tant replacement therapy (SRT: 100 mg Curosurf/kg BW = surf
group) or saline (0.9% NaCl = saline group). After 3 (D3) or 7 (D7)
days, invasive pulmonary function tests were performed to determine
tissue elastance (H) and static compliance (Cst). Bronchoalveolar
lavage (BAL) was taken for surfactant function, inflammatory mark-
ers, and protein measurements. Lungs were fixed by vascular perfu-
sion for design-based stereology and electron microscopic analyses.
SRT significantly improved minimum surface tension of alveolar
surfactant as well as H and Cst at D3 and D7. At D3 decreased
inflammatory markers including neutrophilic granulocytes, IL-1@3, and
IL-6 correlated with reduced BAL-protein levels after SRT. Numbers
of open alveoli were significantly increased at D3 and D7 in SRT
groups whereas at D7 there was also a significant reduction in septal
wall thickness and parenchymal tissue volume. Septal wall thickness
and numbers of open alveoli highly correlated with improved lung
mechanics after SRT. In conclusion, reduction in surface tension was
effective to stabilize alveoli linked with an attenuation of parameters
of acute lung injury at D3 and collapse induration at D7. Hence, SRT
modifies disease progression to collapse induration.

* L. Knudsen and E. Lopez-Rodriguez contributed equally to this work.

Address for reprint requests and other correspondence: L. Knudsen, Inst. of
Functional and Applied Anatomy, Hannover Medical School, Carl-Neuberg
Str. 1, 30625 Hannover, Germany (e-mail: Knudsen.lars @mh-hannover.de).

http://www.ajplung.org

1040-0605/17 Copyright ©@ 2017 the American Physiological Society

surfactant; collapse induration; lung injury and fibrosis; stereology;
bleomycin

MECHANICAL STRESS is well accepted to contribute to the patho-
genesis of acute lung injury in particular in the context of
ventilator-induced lung injury where mechanical ventilation
can aggravate preexisting early stages of lung injury (11, 50).
Harmful stresses operating on lung parenchyma result from
atelectrauma and volutrauma (63). Atelectrauma is a conse-
quence of instability of distal airspaces with intratidal alveolar
recruitment/derecruitment (alveolar R/D) (59), whereas heter-
ogeneous ventilation with dynamic overstretching of some
distal airspaces during ventilation is the basic concept behind
volutrauma (43). A key mechanism resulting in alveolar R/D
and therefore atelectrauma in acute lung injury is surfactant
dysfunction which fails to stabilize alveoli at low lung volumes
during ventilation (4, 50). Surfactant dysfunction has not only
been linked with acute lung injury but also with diseases
resulting from repetitive or ongoing injury of the alveolar
epithelium such as idiopathic pulmonary fibrosis (IPF) (19).
Although the impact of high surface tension for disease pro-
gression in IPF is currently not clear, animal models suggest a
relevant causal relationship between alveolar epithelial type II
(AE2) cell dysfunction, surfactant dysfunction, high surface
tension with mechanical stress, and profibrotic remodeling (36,
40, 72). Recent studies provided evidence that mechanical
stress in IPF lung tissue results in excessive release of profi-
brotic factors such as TGF-1 (13). However, it is not clear if
mechanical stress due to surfactant dysfunction during sponta-
neous breathing is also an independent trigger of ongoing lung
injury and remodeling. The typical distribution of pathological
lesions, however, suggests a role of mechanical stress as an
aggravating factor for tissue remodeling in the IPF lungs (9).
The effects of IPF on lung structure are complex since it
involves interstitial fibrosis (31, 32) but also alveolar collapse
most likely resulting from high surface tension (32, 35, 46).
Alveolar collapse as such has been shown to contribute to

L313

Downloaded from journals.physiology.org/journal/ajplung at Charite Universitaetsmedizin (193.175.073.219) on March 30, 2021.

63



L314

septal wall thickening, mimicking interstitial remodeling in
acute idiopathic interstitial pneumonia (24). Similar findings
could be reproduced in animal models of lung injury and
fibrosis induced by amiodarone (6) or by bleomycin as early as
7 days after injury (39). Since the alveolar epithelial basal
lamina was absorbed in interstitial tissue, pathologists referred
to the term “collapse induration” or “collapse cirrhosis” mean-
ing that alveoli which are injured and remain collapsed
throughout a longer period will not be able to be reopened due
to remodeling. This remodeling includes overgrowth of the
entrances of collapsed alveoli by alveolar epithelial cells and
an obliteration of their former lumen: opposing denuded basal
laminae are glued together so that the collapsed airspace is
integrated into the thickened septal wall becoming part of the
interstitial tissue (8, 29). Coxson and coworkers performed a
quantitative morphological study in IPF lungs and observed
that the main consequence of IPF on lung structure is a
dramatic decline in surface area of the alveolar epithelium (12)
so that it has been discussed very comprehensively that alve-
olar collapse and collapse induration are extremely important
pathological events in fibrosing lung diseases (35, 46, 67).
Also, micro-CT studies from human IPF suggest that alve-
olar collapse takes place at a very early stage of the discase
in the absence of severe fibrotic remodeling so that it
obviously predates collagen deposition in IPF (41). Struc-
ture-function relationships in the bleomycin model of lung
injury and fibrosis showed that the number of open alveoli
per lung was highly correlated with lung mechanical im-
pairment (39). During the first 3 days after bleomycin
instillation alveoli could be opened with increasing positive
end-expiratory pressure (PEEP) ventilation whereas this was
not the case at day 7, where collapse induration-related
remodeling was seen (28). Similar structural findings were
found in biopsies of patients suffering from acute interstitial
pneumonia (24) or usual interstitial pneumonia (46). In the
bleomycin model the decrease in alveolar number per lung
which ends at day 7 in collapse induration was associated
with severe surfactant dysfunction (39, 60, 66). In this
model, the fate of injured alveoli can be characterized by
initial intratidal alveolar R/D (day 1), permanent alveolar
derecruitment [not yet remodeled but collapsed at physio-
logical pressures (day 3)], and persistent alveolar derecruit-
ment due to remodeling [collapse induration (day 7)]. These
events occur during the first week in this model and during
the same period lung mechanical properties decline to the
worst values. During fibroproliferation including collagen
deposition there is no further loss of alveoli and most
importantly lung function in this model (39). Hence, alve-
olar collapse and collapse induration occurs before collagen
deposition and are highly linked with lung mechanical
degradation. The present study was designed to test the
hypothesis that surfactant dysfunction triggers acute lung
injury with alveolar derecruitment as well as early lung
remodeling resulting in collapse induration. For this pur-
pose, bleomycin-challenged lungs were intratracheally
treated with exogenous surfactant of porcine origin (Curo-
surf), to prevent high surface tension due to endogenous
surfactant dysfunction, or saline. Structural and functional
data were used as primary read-out parameters.

SURFACTANT AND COLLAPSE INDURATION

MATERIALS AND METHODS

Animal model. All animal experiments were approved by the
authorities of Lower Saxony, Germany (LAVES: Niedersichsisches
Landesamt fiir Verbraucherschutz und Lebensmittelsicherheit), which
house the German equivalent of an institutional animal care and use
committee, according to the European Animal Welfare Regulations
(Approval No.: 12/1022). The rat model of bleomycin-induced lung
injury and fibrosis was used in this study as described elsewhere (39).
Male Wistar WU rats (N = 70) at the age of 10 wk were obtained from
Charles River, Sulzfeld, Germany. Animals were anesthetized using
an inhalation narcosis with 4% isoflurane at room air in a Plexiglas
chamber. Animals were intubated with an 18G plastic catheter, and 1
U of bleomycin dissolved in 330 pl 0.9% NaCl was instilled into the
lungs using a Microsprayer aerosolizer (PennCentury). Body weight
and a clinical score were documented daily. Another group of animals
randomized into the healthy control ( = control) group did not receive
bleomycin instillation.

Therapeutic interventions. For surfactant replacement therapy
(SRT), the porcine-derived natural surfactant preparation Curosurf
was used. Curosurf was supplied for research purposes within the
scope of an in-kind donation by Chiesi Pharmaceutics, Parma,
Italy. Animals were anesthetized, intubated, and instilled us-
ing a MicroSprayer Aerosolizer-Model IA-1B (PennCentury,
Wyndmoor, PA) (mass median diameter of the droplet of 25-30
wm) with either prewarmed (37°C) Curosurf in a dosage of 100
mg/kg body wt ( = surf groups) or an equivalent volume of 0.9%
NaCl solution representing the vehicle/solvent of Curosurf ( = sa-
line groups). Provided no differences between bleomycin alone and
bleomycin + NaCl treatment (data not shown), NaCl controls here
serve as therapy controls with the same number of instrumentations
of the animals, by means of intubation and intratracheal instillation
of a volume of liquid into the lungs (37). Treatments were
performed on days [ and 2 after bleomycin challenge for evalua-
tions on day 3 (N = 33) or days 1, 2, 4, and 5 for animals analyzed
atday 7 (N = 26). The control group did not receive any treatment.

Lung mechanical measurements. All animals were anesthetized
with isoflurane, orotracheally intubated, and subjected to invasive
pulmonary function tests during spontaneous respiration to calculate
dynamic compliance from dynamic pressure-volume loops according
to published methodology (21). Afterwards 5-7 of the animals of each
group underwent BAL. In all other animals the depth of anesthesia
was increased to perform invasive pulmonary function tests during
mechanical ventilation followed by fixation of the lung for structural
analyses. Procedures related to measurements of lung mechanics
during invasive ventilation are described in detail in the online
supplement of reference (39). In brief, animals were anesthetized
using 80 mg/kg ketamine and 5 mg/kg xylazine solution in 0.9%
NaCl, tracheostomized, and volume controlled mechanically venti-
lated by means of a FlexiVent rodent ventilator (Scireq, Montreal,
Canada) with a tidal volume of 10 ml/kg body wt, PEEP of 3 or 6
emH-0, and an inspiratory to expiratory (I:E) ratio of 0.67. A muscle
relaxation with pancuronium bromide was attained by intraperitoneal
application. Following a run in phase of at least 5 min, a script was
started, and the following perturbations and measurements were
recorded: 2 recruitment maneuvers consisting of total lung capacity
perturbation for measurement of inspiratory capacity (IC) followed by
repetitive measurements of tissue elastance (H) by means of forced
oscillation perturbation (FOT) every 30 s for 5 min. Tissue elastance
(H) as performed by FOT (forced oscillation technique) and calcu-
lated by fitting to the CPM (constant phase model) is interpreted as
elastic rigidity/stiffness of the lung tissue or the energy conservation
in the alveoli. At the end, three pressure-controlled pressure-volume
loops were performed, and quasi-static compliance was calculated. H
measurements were carried out after recruitment maneuvers ( = total
lung capacity perturbation) during ventilation with both PEEP of 3
c¢cmH>0 and PEEP of 6 emH,0 using the same PEEP pressure during
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the FOT of 3 or 6 cmH>0. Hence, even during FOT the airway
opening pressure did not fall below 3 or 6 cmH>0.

Perfusion fixation and tissue processing for design-based
stereology. After analysis of lung mechanics, a median laparotomy
was performed followed by the preparation of the caudal vena cava
and abdominal aorta. The abdominal aorta was opened for exsangui-
nation. The lungs were slowly inflated to a maximum pressure of 30
emH-0 over a period of 6 s; maximum pressure of 30 cmH-O was
kept stable for 3 s before the lung was slowly deflated to a positive
end-expiratory airway opening pressure of 5 cmH>O. This maneuver
mimicked the total lung capacity recruitment maneuver. At fixed
positive end-expiratory airway opening pressure of 5 cmH-O, the
trachea was ligated. A perfusion fixation was carried out via the
caudal vena cava after opening of the abdominal aorta applying a
hydrostatic pressure of 40 cmH,O. Initially, the pulmonary vascula-
ture was rinsed with 0.9% NaCl until the fluid coming out of the
opened aorta cleared. Afterwards, the fixative consisting of 1.5%
glutaraldehyde, 1.5% paraformaldehyde in 0.15 M HEPES buffer was
perfused through the lung. Finally, the lung was dissected and placed
in the fixative for at least 2 days at 4°C temperature. After fixation of
the lung, structures not belonging to the lung such as the heart were
carefully removed and the volume of the lung [V(lung)] was deter-
mined by means of fluid displacement, which produces comparable
results when compared with the Cavalieri principle (57). Tissue
sampling and embedding in hydroxyethylmethacrylate (Technovit
8100, Haerus Kulzer, Wehrheim, Germany) were performed as de-
scribed elsewhere (61, 68). Six to nine tissue blocks per lung were
sampled and included in this study. Plastic embedded tissue was cut
in 1.5-pm-thick sections, and the first and the fourth of a consecutive
row of sections were mounted on a glass slide and stained with
toluidine blue.

Design-based stereology. Design-based stereology is the gold stan-
dard of image-based morphometry. It results in unbiased quantitative
information on three-dimensional (3D) structures based on measure-
ments on two-dimensional (2D) sections (7, 70).

The stereological analysis was performed with an Axioskop light
microscope DM6000B (Leica, Wetzlar, Germany) equipped with a
digital camera DP72 (Olympus, Hamburg, Germany), a slide scanner
Axio Scan.Z1 (Zeiss, Géttingen, Germany), and a computer equipped
with newCAST stereology software (Visiopharm, Horsholm, Den-
mark).

For volume estimation point probes on single thin sections were
analyzed. The test system design was adjusted with the aim of
100-200 counting events per parameter of interest per animal using
6-9 sections and ~100 fields of view in total. This usually results in
a sufficient precision of the stereological parameter (16, 17). A
counting event is defined as a “hit” on the structure of interest. In the
first step (10X magnification) the parameters parenchyma [V(par,
lung)] and nonparenchyma [V(nonpar.lung)| were determined. Paren-
chyma was defined as all structures taking part in the process of gas
exchange, non-parenchyma as conducting airways, pleura. larger
vessels and associated connective tissue (54). Following a cascade
sampling design, the parenchyma was differentiated into alveolar
space [V(alvair,lung)], ductal space [V(ductair,lung)], alveolar septal
tissue [ V(sep,lung)], and alveolar edema [V(alved,lung)]| in the second
step (20X magnification). Also, the surface area of alveolar walls
covered by air [S(alvair,lung)] or alveolar edema [S(alved,lung)] were
estimated. All parameters of interest were determined according to
current recommendations for structural quantification of lung injury
and fibrosis (48).

Volume fractions, e.g., Vy(par/lung), could be calculated by divid-
ing points hitting lung parenchyma and the total number of points
hitting the reference space corresponding to the total lung (52).

) N > P(par)
Volparflung) = S0 ey
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By multiplying the volume fraction (V) with the total lung volume
[V(lung) = the reference space], the absolute volume of each struc-
ture of interest could be determined.

V., (par/lung) - V(lung)(ml) = V(par,lung)(ml)

Equivalent formulas were used to differentiate the structures of the
parenchyma, e.g., alveolar space:

> P(alvair)
= P(par)
V,(alvair/par) - V(par,lung) (ml) = V(alvair,lung) (ml).

V, (alvair/par) =

Second, line probes were used and intersections between the test
line and the interface of alveolar wall and alveolar airspace or alveolar
edema were used to determine the surface density (S,) of alveolar
walls covered by air or alveolar edema (cm '), respectively. The
surface density represents the area of an interface within a reference
volume: in this case the functional (air-covered) or nonfunctional
(edematous) area of gas exchange surface. By multiplying S, with the
reference volume we calculated the surface area (cm?), an absolute
parameter for the total lung.

2. ¥ I(epiair)
(%) - > P(line par)

S(alvair,lung)(cm?) = S (alvair/par) (¢cm™") - V(par,lung) (cm’).

8, (alvair/par) (ecm™") =

Here, I(epiair) corresponds to the intersections of the test line with
alveolar epithelium covered by air, P(line par) is the number of test
lines hitting lung parenchyma, and I/p is the length of one test line.
Thereupon the septal wall thickness could be calculated:

V,(sep/par)

S, (alvair/par) “#per].

(sep) =

The number of ventilated alveoli per lung [N(alv,lung)] was deter-
mined with a physical disector at the light microscopic level (5, 10)
and the number-weighted mean alveolar volume [v,(alv)] was calcu-
lated as a ratio of total volume of alveolar airspaces and number of
open alveoli. The disector pair consisted of sections from the same
area of the lung, and the distance from the top of one section to the top
of the other section was 4.5 wm ( = disector height). Using a counting
frame with a size of 45,042 um? a volume was generated in which the
numbers of open alveoli could be counted. A counting event was
defined as an alveolus which was open (connected to alveolar duct) on
the one section but closed on the other section. Within the defined test
volume [disector height multiplied by size of the counting frame and
total number of counting frames], the density of alveolar openings per
unit reference space was determined. By multiplication of the numer-
ical density of alveolar openings with the reference space, absolute
numbers per organ were calculated.

BAL fluid and tissue analyses. Six separate animals for each group
were included in this study for analyses of bronchoalveolar lavage
(BAL) fluid and tissue. Animals were tracheostomized, the chest
opened, and the pulmonary vasculature rinsed free of blood cells using
a 0.9% NaCl solution after euthanizing by exsanguination. After-
wards, lungs were washed with 3 aliquots of 5 ml 0.9% NaCl, and ~13
ml of BAL fluid per lung was recovered. BAL fluid was centrifuged;
the supernatant was frozen in liquid nitrogen for further assessments
of surfactant function, measurements of cytokine/chemokines, as well
as protein levels while the cells were directly subjected to FACS
analyses. Briefly, BAL cells were analyzed by flow cytometry using
antibodies recognizing CD45 and CD11b/c (Miltenyi Biotec, Bergisch
Gladbach, Germany) to identify the lymphocytes and the macro-
phages/granulocytes population (M/G-population). Additionally
M/G-population was than first differentiated via «-CD163 (Bio-Rad,
Puchheim, Germany) into activated macrophages (CD163+ cells) and
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granulocytes/monocytes (CD163— cells) and finally CD163— cells
were divided into granulocytes and monocytes using the a-granulo-
cytes antibody from Miltenyi Biotec (clone REAS535). At day 3,
MCP-1, IL1-B, IL-4, IL-6, and II-10 were determined using the
BioPlex magnetic beat-based multiplex immunoassay according to the
manufacturer’s instructions (BioPlex Pro, Bio-Rad, Germany). Bio-
physical properties of BAL derived alveolar surfactant were evaluated
using a pulsating bubble surfactometer as described in detail previ-
ously (5). In brief, BAL-derived large surfactant aggregates (LSA)
were isolated by high-speed centrifugation (48,000 g, 1 h, 4°C,
Sorvall centrifuge), resuspended in saline containing 2 mM Ca* ", and
adjusted to a constant phospholipid concentration of 2 mg/ml. The
surface activity of samples was assessed using the oscillating bubble
technique (Electronetics, Amherst, MA). Following a static measure-
ment of film adsorption over an initial 12-s period (referred to as
-yads), bubble pulsation was started by sinusoidally oscillating the
bubble radius between 0.4 and 0.55 mm at a rate of 20 times/min. The
ymin value given here refers to the minimal surface tension value
obtained after 5 min of pulsation.

Similar to previous publications (10) we evaluated effects of lung
injury from bleomycin with or without SRT by measurement of total
protein concentration in BAL. Protein concentration was determined
according to the method from Lowry (38) using the commercially
available DC Protein Assay Kit, from Bio-Rad (USA) according to the
manufacturer’s protocol. Albumin concentrations in BAL fluid were
assessed with the rat albumin ELISA kit (Bethyl Laboratories. Mont-
gomery, AL) according to the manufacturer’s instructions. Protein and
albumin concentrations in BAL fluid served as indicators of vascular
leak.

Statistical analyses. The loss of body weight with time in surf D7
and saline D7 as well as the derecruitability tests measuring H as a
function of time after recruitment maneuver and treatment were
subjected to a 2-way ANOVA on ranks followed by Bonferroni
correction. According to the hypotheses, data were analyzed for
statistically significant differences at day 3 and day 7 separately since
at day 3 the effects on acute lung injury and at day 7 effects on
collapse induration were in focus. For this purpose, a parametric 7-test
was used to compare saline and surf groups at either day 3 or day 7.
Statistically significant differences are indicated in the figures for surf
vs. saline groups with a P level of =0.05. A P level between 0.05 and
0.10 was defined as a statistical trend. For structure-function relation-
ships pooled data from all study groups were used and a Spearman’s
test for significant correlations applied to determine the P level and
the correlation coefficient. All statistical analyses were performed
using GraphPad PRISM Version 7.

RESULTS

Surfactant replacement therapy improves surfactant
Sfunction. At light and electron microscopy level, assessment of
the intra-alveolar surfactant at a qualitative level in perfusion-
fixed lung tissue was performed. In addition, BAL-derived
alveolar surfactant was functionally assessed (Fig. 1). At light
microscopic level intra-alveolar surfactant forms could not be
detected in controls (Fig. 14) or saline-treated groups at day 3
(Fig. 1B) or day 7 (Fig. 1E). After SRT. however, alveolar
surfactant was seen in diseased and nondiseased areas of the
lung at day 3 (Fig. 1C) and day 7 (Fig. 1F). At electron
microscopic level, active intra-alveolar surfactant subtypes
such as lamellar body-like structures (Ibl) and multilamellated
vesicles (mlv) in surfactant-treated lungs could be observed
after SRT (Fig. 1.). This finding reproduces previous observa-
tions in animal models of acute lung injury or meconium
aspiration syndrome, which also used Curosurf as therapeutic
agent (27, 47, 55). Along with tubular myelin, multilamellated

SURFACTANT AND COLLAPSE INDURATION

vesicles and lamellar body-like structures belong to the active
surfactant components within alveolar space (44). Tubular
myelin was a typical representative of intra-alveolar surfactant
in control lungs (Fig. 1H: tm) whereas lamellar body-like
structures were virtually absent. In saline-treated lungs, neither
tubular myelin nor lamellar body-like surfactant formations
were representative findings whereas unilamellated vesicles
(Fig. 1f: ulv) dominated the intra-alveolar surfactant pool,
being in line with previous quantitative assessments (39).
Using a pulsating bubble surfactometer, the surface tension
adsorption properties (Fig. 1D) as well as the minimum surface
tension after 1 (Fig. 1G) and 5 min (Fig. 1K) of cyclic
pulsations was also determined. BAL-derived intra-alveolar
surfactant demonstrated a significant reduction in minimum
surface tension at day 3 and a trend toward reduction at day 7
(P = 0.06). During the observational period of 5 min the
repetitively measured minimum surface tension declined faster
in BAL derived from surfactant-treated groups compared with
saline-treated groups. On the one hand, a significant decrease
of surface tension after adsorption comparing SRT groups with
their corresponding saline controls could be observed. On the
other hand, even though the equilibrium surface tension (~25
mN/m) after adsorption was not reached in the SRT groups,
surfactant could lower minimum surface tension during com-
pression to values comparable to controls.

Surfactant replacement therapy decreases lung deaeration
by stabilization of alveoli at day 3. In general, perfusion
fixation was successfully performed since in control lungs
distal airspaces were open and capillaries within septal walls
were nearly free of blood cells and well recruited (Fig. 2A). At
a qualitative level, however, it was not possible to definitely
detect beneficial effects of SRT on lung structure at day 3 in all
animals. The bleomycin groups were characterized by col-
lapsed alveoli as indicated by aggregation of piled up interal-
veolar septal walls in both the saline D3 group (Fig. 2, B and
B1) and surf D3 (Fig. 2, C and C/). In addition, small amounts
of alveolar edema fluid were observed, in general as a very thin
leaflet interposing between piled up septal walls (Fig. 2, BI and
CI), but also as a thin leaflet covering alveolar epithelium in
some open alveoli (Fig. 2D). Moreover, inflammatory cells
were occasionally seen in edema-filled alveolar spaces, and
this was in particular true regarding accumulations of AM in
the surfactant-treated groups (Fig. 1, A and B).

In total, four lungs had to be excluded from stereological
evaluation since air leakage and partial lung collapse occurred
during dissection of the lung (control and saline D3. 1 lung
each; and in surf D3, 2 lungs). Design-based stereology at the
light microscopic level was used to quantify volumes of alve-
olar and ductal airspaces (Fig. 2, E-G). The saline group at day
3 was characterized by decreased volumes of acinar airspaces
which were significantly lower compared with the surf D3
group (Fig. 2E). Although there was virtually no difference
regarding the volume of ductal airspaces (Fig. 2F), a significant
increase in the volume of alveolar airspaces was found (Fig.
2G). In line with this finding, the SRT lungs had a larger
surface area for gas exchange compared with the saline group,
since the total surface area of alveoli covered by air (without
edema) was significantly increased reaching similar values as
the control group (Fig. 2H). Nevertheless, this increase in
surface area per lung correlated with an increase in the total
number of open alveoli per lung which was significantly
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Fig. 1. Structure and function of alveolar surfactant. Three (C) and 7 (F) days after bleomycin instillation followed by repetitive SRT, intra-alveolar surfactant
(surf) can be seen in distal airspaces at light microscopic level. Foamy appearing alveolar macrophages (AM) can be seen in close neighborhood of intra-alveolar
surfactant following SRT. No surfactant is visible at light microscopic level in control (A) and saline-treated groups 3 (B) or 7 (E) days after bleomycin challenge.
At ultrastructural level, tubular myelin (tm) was the most abundant intra-alveolar surfactant component in control (H). Bleomycin-injured and saline-treated lungs
show unilamellated vesicles (ulv) as the dominant intra-alveolar surfactant component (). After SRT, however, intra-alveolar surfactant is dominated by lamellar
body like (1bl) and multi-lamellated vesicles (mlv) at electron microscopic level. Small amounts of unilamellated vesicles (ulv) are also present (J). BAL-derived
surfactant was used for biophysical assessments. Both initial adsorption surface tension [D: y(ads)] and minimum surface tension [y(min)] after 1 (G) and 5 min
(K) of cyclic expansion and compression was improved due to SRT at day 3 and day 7. AE2, alveolar epithelial type II cell; cap, capillary lumen, ed, alveolar

edema.

increased in the surf D3 group compared with the saline D3
group but did not reach values found in the control (Fig. 21).
The number-weighted volume of alveoli was increased in both
bleomycin groups but SRT showed a trend (P = 0.06) regard-
ing a reduction of this parameter compared with the saline-
treated lungs (Fig. 2J).

Invasive pulmonary function tests were used to assess lung
mechanics in those lungs which were also subjected to design-
based stereological evaluation, and results are given in Fig. 3,
A—C. In line with the structural parameters, lung mechanical
properties were improved, and compared with the saline D3
group, the surf D3 group demonstrated a significant increase in
quasi-static lung compliance (Fig. 3A) as well as inspiratory
capacity (Fig. 3B). Tissue elastance H after recruitment maneu-
ver during ventilation with PEEP of 3 cmH>O and PEEP of 6
cmH,O did not show any significant time-dependent effects on H
in either of the study groups. However, although no statistically
significant effect of treatment (saline vs. surf) could be observed
during ventilation with PEEP of 3 cmH»O, there was a significant
treatment effect during ventilation with PEEP of 6 cmH,0 show-
ing a decrease in tissue elastance H in the surf D3 group compared
with the saline D3 group (Fig. 3C). Dynamic pressure-volume

loops were used to determine the dynamic compliance of the
respiratory system during spontaneous breathing. At day 3 no
significant differences in Cdyn could be observed between con-
trol, saline D3 and surf D3 (Fig. 3D).

Surfactant replacement therapy reduces inflammatory mark-
ers and edema formation. Surfactant is cleared from alveolar
space by recycling or degradation via AE2 cells but also by
degradation involving alveolar macrophages (56). In some
regions after SRT, accumulations of alveolar macrophages
containing large amounts of lamellar body-like structures
(Figs. 1 and 4A) were observed, indicating that exogenous
surfactant is taken up and accumulated in alveolar macro-
phages, which might modify their inflammatory state. Also,
based on ex vivo experiments, exogenous surfactant therapy
has been suggested to augment biotrauma and thus increases
proinflammatory cytokines (65). Hence, effects of SRT on
inflammatory markers in the distal airspaces were assessed.
Total numbers of cells in BAL fluid were reduced after bleo-
mycin challenge. Differentiation of BAL-derived cells by
means of FACS analyses revealed an increase in neutrophilic
granulocytes in bleomycin-injured lungs. SRT was associated
with a relative and absolute reduction of neutrophilic granulo-
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Fig. 2. Effects of SRT on lung architecture at D3. Representative findings at light microscopic level from control (A) as well as bleomycin-injured lungs at day
3 treated with saline (B and B1) or surfactant (C and CT). Collapsed distal airspaces are characterized by enlarged alveolar ducts (duct) and septal walls which
are piled up and contain their typical capillary network (cap). Small leaflets of alveolar edema (ed) can be seen distinguishing opposing septal walls. In D, small
leaflets of alveolar edema can also be observed in aerated areas with open alveoli, covering the alveolar epithelium 3 days after bleomycin challenge. Stereological
data of total volume of acinar airspace (E), ductal airspace (F), alveolar airspace (G), surface area of air-covered alveolar epithelium (H), total number of open
alveoli (/), and number-weighted mean volume of alveoli (/). Primary magnification in overview images 5X (A, B, C) or 10X (D). Primary magnification for

Bl and CI, 20X. *P < 0.05 vs. saline D3.

cytes in the airspaces whereas the proportion of activated
macrophages was increased toward values found in controls
(Fig. 4B). Using BioPlex measurement of cytokines/chemo-
kines in BAL fluid, a significant reduction in IL-1p3, IL-6, and
IL-10 was found whereas IL-4 was increased toward levels
observed in controls after SRT treatment (Fig. 4, D-G). With
respect to MCP-1, surf D3 demonstrated a trend for a reduction
compared with saline D3 (P = 0.06).

Since lungs were fixed by vascular perfusion, quantification
of the volume of the alveolar edema per lung as well as the
surface area of alveolar epithelium covered by edema fluid was

possible. Figure 2, B-D, illustrates examples of edema fluid in
collapsed and noncollapsed areas which were present in both
the surf D3 and the saline D3 group without obvious differ-
ences between these groups. The mean volume fraction of
alveolar edema fluid within lung parenchyma was 3.6% and
6.0% in surt D3 and saline D3 groups, respectively. Hence, in
both study groups alveolar edema fluid corresponded to a
minor fraction within lung parenchyma. Regarding the total
volumes of alveolar edema fluid per lung, there was a trend
toward reduction in the surf D3 group compared with the saline
D3 group (Fig. 5A, P = 0.07). The total surface area of the
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alveolar epithelium per lung covered with edema fluid was,
however, not significantly reduced (Fig. 5B8). In line with these
observations, a reduced protein concentration in BAL fluid ob-
tained from the surf D3 group compared with the saline D3 group
was observed (Fig. 5C). The albumin level in BAL fluid demon-

strated a trend for reduction due to SRT but failed to reach
statistical significance as a consequence of one outlier (Fig. 5D).

Surfactant replacement therapy modulates collapse indura-
tion-related remodeling at day 7. Having demonstrated that
SRT is efficient to recruit alveoli at day 3, the effects of SRT
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Fig. 4. SRT and markers of inflammation. At day 3, inflammatory markers in controls ( = healthy) and saline- or surfactant-treated bleomycin challenged lungs
were assessed. At electron microscopic level, foamy appearing alveolar macrophages (AM) were observed in D3 surf (A). In this example, AM were found in
neighborhood to alveolar edema (ed), some erythrocytes (ery) and lamellar body like structures (Ibl). Differential cell counts (B), and levels of cytokines/
chemokines (C-G) demonstrated a shift toward healthy situation due to SRT in the surf D3 group. *P < 0.05 vs. saline D3.
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on collapse induration and related remodeling were studied.
Compared with the saline group, a significant deceleration in
body weight loss in SRT group was found (Fig. 6A). On a
qualitative basis, no obvious differences in lung structure could
be detected at the light microscopic level between the bleomy-
cin-challenged study groups. In line with a previous study (39)
a beginning remodeling process in particular in areas which
were characterized by microatelectases or alveolar collapse in
both the surf D7 (Fig. 6B) and the saline D7 (Fig. 6C) group
could be observed. Interposing the capillaries of the piled up
alveolar septal walls in collapsed areas, cell-rich consolidations
were observed (Fig. 6, B and C). In addition, little amounts of
alveolar edema and inflammatory cells were seen. On a quan-
titative level, no significant differences in volumes of acinar
airspaces and surface area of alveolar epithelium covered with
air or volume of alveolar edema fluid per lung were found.
Compared with the time point D3 the total volume of alveolar
edema as well as the total surface area covered by alveolar
edema was at time point D7 not progressive. In line with these
stereological data were the data from BAL showing mean
protein concentration of 1.25 mg/ml (SD: 0.15 mg/ml) and
1.35 mg/ml (SD: 0.20 mg/ml) in surf D7 and saline D7 groups,
respectively, which did not differ significantly from each other.
Also, albumin concentration in BAL did not differ between
these two study groups at day 7 [surf D7 0.177 (0.04) vs. saline
D7 0.173 (0.033) mg/ml]. However, in both bleomycin groups
there was an increase in the total volume of septal wall tissue
per lung which was significantly less pronounced in the surf D7
group compared with the saline D7 group (Fig. 6D). Moreover,
the arithmetic mean thickness of parenchymatous/septal wall
tissue was significantly decreased in the surf D7 group in
comparison to the saline D7 group (Fig. 6E). Although no

significant differences with respect to the total volumes of
acinar airspaces or surface arca of air covered alveolar epithe-
lium were observed, a significant increase in the number of
open alveoli per lung in the surf D7 group compared with the
corresponding saline group was detected (Fig. 6F). The mean
difference between the study groups amounted to ~900,000
alveoli. In line with the structural data, the lung mechanical
properties revealed slight but significant increases in static
compliance (Fig. 7A), inspiratory capacity (Fig. 7B), and a
clear decrease in tissue elastance H both during PEEP of 3
cmH>0O and PEEP of 6 cmH,O ventilation (Fig. 7C) in the surf
D7 group compared with the saline D7 group. However, during
spontaneous respiration the dynamic compliance showed only
a trend (P = 0.075) for improvement in surf D7 at this time
point (Fig. 7D). Hence, during mechanical ventilation, the lung
was more compliant ( = higher Cst) and less stifl ( = reduced
H) in the surf D7 group which could not convincingly be
confirmed during spontaneous respiration.

Structure-function relationships: which structural changes
correlate with lung mechanical improvement in this model? At
the structural level SRT led to a decrease in alveolar edema and
an increase in alveolar number per lung at day 3, whereas at
day 7 there was, aside from an increase in alveolar number,
also a decrease in septal wall thickness without any effects
on alveolar edema volume. Alveolar derecruitment (loss of
open alveoli), septal wall thickening, fibrosis, and alveolar
edema are structural parameters leading to an increase in tissue
elastance (26, 39). To better understand by which structural
improvement SRT leads to an attenuation of lung mechanical
properties, correlation analyses of lung functional parameters
static compliance (Cst) and tissue elastance (H) during PEEP
of 6 emH>O ventilation with structural data were performed
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Fig. 6. SRT reduces body weight loss and modifies tissue remodeling at D7, After bleomycin challenge (day (), body weight was determined daily. A illustrates changes
of body weight (BW) in percent (%) from baseline (deay 0) (mean and SD) of n = 12 in saline D7 and n = 15 in surf D7. Characteristic findings at day 7 from surf
D7 group (B) and saline D7 group (C). There are piled septal walls in both groups characterized by the densities of the septal wall-associated capillary network (cap).
As a typical feature of collapse induration, epithelial cells covering these piled septal walls can be observed. Moreover, between the capillaries, cell rich consolidations
can be found. All these structures are underneath the epithelium. For quantification, total volume of septal walls per lung which corresponded to the total volume
of parenchymatous tissue (1), arithmetic mean thickness of septal walls/parenchymatous tissue (£), and total number of open alveoli (F) are illustrated. *P <

0.05 vs. saline D7.

(Fig. 8). Among the structural data, the number of open alveoli
in fixed lungs correlated best with both static compliance and
tissue elastance (Fig. 8A). Second, also a good correlation
between septal wall thickness and lung mechanical parameters
could be established (Fig. 8B). Alveolar edema volume per
lung (Fig. 8C), however, did hardly show a correlation with
lung functional parameters using pooled data from all study
groups until day 7.

DISCUSSION

Alveolar instability resulting in alveolar R/D, permanent
alveolar derecruitment, and collapse induration with corre-
sponding tissue remodeling has been shown to be of relevance
in both acute and chronic human lung diseases (14, 24, 31, 46,
67) and in animal models mimicking lung injury and subse-
quent fibrotic remodeling (6, 39). Moreover, quantitative data
of lung microarchitecture from patients diagnosed with IPF are
suggestive for alveolar collapse as an important pathomecha-
nism, since the primary effect of IPF on lung structure is loss
of alveolar surface area without a relevant increase in tissue
volume (12, 41). IPF is considered to be the consequence of
repetitive minor injuries of the alveolar epithelium, impaired
regeneration capacity, and at the end a fibrotic remodeling (2,
15). Injurious events also hit the alveolar epithelial type II
(AE2) cells which are in charge of regeneration of the alveolar
epithelium as well as surfactant homeostasis. Functional sur-

factant reduces surface tension and thereby prevents alveolar
collapse at low lung volumes as well as the development of
alveolar edema (49, 53). It has been shown that in IPF, AE2
cells are subject of apoptosis, endoplasmic reticulum, and
lysosomal stress (18) in line with the demonstrated impaired
activity of lung surfactant (19). In this regard it has been
demonstrated in animal models that an isolated injury of AE2
cells or disruption of the surfactant system is either sufficient to
induce a fibrotic lung remodeling (40, 51, 62, 71, 72) or results
in a higher susceptibility for injury and fibrotic remodeling
(69). Although the role of mechanical stress resulting from
alveolar R/D and volutrauma is appreciated as an aggravating
factor of lung injury in the context of ventilator-induced lung
injury (11, 50, 63), the relevance for disease progression from
acute lung injury to tissue remodeling and fibrosis during
spontaneous breathing is less clear and therefore represents a
gap of knowledge in the context of human diseases character-
ized by high surface tension, ongoing lung injury, and remod-
eling (20). In the present study we tested the hypothesis
whether surfactant dysfunction is involved in aggravating/
triggering lung injury and remodeling processes such as col-
lapse induration during the time course of disease progression.
The bleomycin model represents a useful approach regarding
this question since during the course of the disease surfactant
dysfunction is initially associated with intratidal alveolar R/D
(days 1-3) which progresses to permanent derecruitment at day
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3, meaning that alveoli cannot be opened by physiological
pressures (28). At day 7 tissue remodeling starts and collapsed
alveoli are subjected to collapse induration meaning that their
opposing, denuded basal laminae are glued together and their
former entrance is overgrown by epithelial cells. This contrib-
utes to septal wall thickening, before deposition of collagen
can be observed (8, 39). Hence surfactant dysfunction, high
surface tension, and impairment in alveolar micromechanics
predate the development of lung remodeling and are rather the
cause than the consequence. In an attempt to reduce high
surface tension-related remodeling we started SRT already at
day I after bleomycin challenge and continued treatment until
day 3 (effect on permanent derecruitment) or day 7 (effect on
collapse induration). Early treatment with exogenous surfac-
tant was efficient to improve function of intra-alveolar surfac-
tant until day 7 as demonstrated by ultrastructural appearance
and surface tension (Fig. 1). During the early phase of pro-
gressive acute lung injury SRT led to a significant reduction of
inflammatory markers such as numbers of neutrophilic granu-
locytes as well as cytokines levels in BAL including IL-13 and
IL-10, both of which have also been shown to be profibrotic
(Fig. 4) (22, 30). These reduced levels of inflammatory mark-
ers were linked with slight anti-edematous effects as shown by
reduced protein concentration in BAL (Fig. 5C). As BAL
protein can also be increased by vascular leak, we analyzed
albumin, which is more specific for vascular leak. The in-
creased albumin levels in BAL fluid provide clear evidence for
vascular leak following bleomycin challenge (Fig. 5D). How-
ever, the albumin assay could not convincingly confirm that
SRT reduces vascular leak. Although a strong trend for a
reduction of albumin at day 3 was observed, the difference was
not statistically significant. Taken together the data demon-

strate that SRT attenuates highly relevant markers of acute lung
injury at this early stage of the model (42).

Of note, alveolar edema was predominantly observed in
areas where alveoli were not inflated. The surfactant-treated
lungs contained more air in distal airspaces, in particular in the
alveolar compartment at a defined end-expiratory positive
airway pressure of 5 cmH;0. This increase in alveolar airspace
was a result of an increase in the total number of open alveoli
which was escorted by a near normalization of the surface area
of alveolar epithelium and therefore surface area available for
gas exchange (Fig. 2, H-J). These findings were in line with
lung mechanical properties demonstrating normalization of the
inspiratory capacity and attenuation of the loss of static lung
compliance. The improvements in lung functional data repro-
duced previous observations in the bleomycin-induced lung
injury model using an SP-C analog containing synthetic sur-
factant preparation for dry powder inhalation leading to nor-
malization in blood oxygenation within a short period of <1 h
(58). Also, instead of an anti-inflammatory environment, pre-
vious studies have suggested an increase in biotrauma charac-
terized by pro-inflammatory markers in an ex vivo model of
ventilator-induced lung injury due to SRT (65), findings which
were not reproduced in our experimental setup showing a
decrease in, e.g., IL-1pB and IL-6. Although more profiles of
alveolar macrophages could be observed after SRT in our study
(Fig. 44), there was no increase in MCP-1 (Fig. 4C) and cell
numbers in BAL (Fig. 4B), arguing against a more pronounced
attracting microenvironment for inflammatory cells in the con-
text of SRT. In other words, although we observed in areas
with increased surfactant deposition aberrant, foamy appearing
alveolar macrophages full with surfactant material, we did not
find an aggravation of the inflammatory response— both cyto-
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of alveolar edema (C).

kines linked with inflammation (classical activation: e.g., 1L-
1) and reparative (alternative activation: e.g., IL-4, 1L-10)
polarization of macrophages (33) were either unchanged or
shifted toward normal values in the BAL of surfactant-treated
animals.

The “anti-inflammatory™ action of surfactant seems to be
related to reduction of mechanical stress and as a consequence
amelioration of lung injury, since stabilization of alveoli after
early SRT treatment is associated with reduced inflammatory
markers. The increased number of open alveoli per lung
suggests decreased dynamic mechanical stress due to atelec-
trauma (Fig. 2/). This correlates with the finding that mere high
surface tension was sufficient to induce inflammation in a
conditional surfactant protein B knockout mouse model (23).
In addition, it is well known that high surface tension as such
has edematous effects in the lung (49). Thus SRT is expected
to normalize surface tension and reduce the accumulation of
edematous material. The SRT model proved direct anti-edem-
atous effects in concert with a reduction in mechanical stress
due to less alveolar derecruitment and less stress forces attrib-
utable to the normalization of biophysical properties. Although
natural surfactant preparations like the one used in the present

study do not contain the strongest immunomodulatory compo-
nents known to be present in surfactant, namely hydrophilic
surfactant proteins A and D, it might be possible that unknown
or less known immunomodulatory factors in the phospholipid
fraction also contributed to reduction in acute lung injury via
reduction of lung inflammation (25, 45).

A very convincing effect of SRT in the context of acute lung
injury is the increase in the total number of open alveoli per
lung which was associated with a concomitant improvement in
lung functional parameters, in particular static compliance and
inspiratory capacity. Opposed to tissue elastance during PEEP
of 6 cmH>0O ventilation, tissue elastance during PEEP of 3
cmH>O ventilation did not show significant differences at day
3 (Fig. 3). It has been shown for acute lung injury that increase
in aeration of the lung, e.g., by alveolar recruitment, is respon-
sible for the decrease of elastance at the organ scale with
increasing PEEP ventilation (3, 64). The treatment etfect dur-
ing ventilation with PEEP of 6 ¢cmH->O in concert with the
missing effect during PEEP of 3 cmH>O suggests that in the
surf group ventilation with increasing PEEP values is able to
recruit alveoli more efficiently compared with the saline D3
group. Therefore, surfactant-treated lungs compared with sa-
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line-treated lungs showed significantly reduced stiffness by
more efficient stabilization of alveoli. Hence, the recruitability
of alveoli is increased as a consequence of higher PEEP
ventilation and SRT. Anti-edematous effects of SRT were
present, but all together limited or even absent at day 7. Alveoli
remained collapsed in some areas where small amounts of
edema could be detected between opposing septal walls of
collapsed alveoli indicating that such alveoli are glued together
by edema fluid. Therefore, some lung areas are still prone to
derecruitment and finally collapse induration even if SRT is
performed. In addition alveolar lipoproteinosis has also been
shown to be associated with an increase in tissue elastance in
animal models and in our study, we occasionally observed
alveoli which were filled with alveolar surfactant due to SRT.
The viscoelastic properties of surfactant itself might, in concert
with edema formation, mask the positive impact on lung
functional parameters such as tissue elastance in particular at
PEEP of 3 cmH-0.

At day 7 beneficial effects of SRT in comparison to saline
treatment in lung mechanical and structural parameters were
observed, although the effects can at best be characterized as
modest. At day 7 we could convincingly find remodeling
processes in areas with collapsed alveoli; epithelial cells now
covered areas of aggregated septal walls belonging to collapsed
distal airspaces with infiltrating cells, likely fibroblasts be-
tween capillaries (Fig. 6, B—C) (34). Invading fibroblasts have
been shown to be attracted into provisory matrix very effec-
tively by diverse mediators as early as at day 7 after bleomycin
challenge (1). Regarding stereological counting, these regions
of collapsed alveoli covered by epithelial cells and invaded by
cells such as fibroblasts were now counted as one “septal wall”
since all structures were engulfed in the tissue underneath an
epithelium. The fact that in the SRT group both the total
volume of parenchymatous tissue ( = remodeled alveolar sep-
tal walls) as well as the mean thickness of such septal walls
were reduced compared with the saline-treated group demon-
strates that SRT modifies these remodeling processes (Fig. 6, D
and E). Alveolar number was significantly improved suggest-
ing that stabilization of alveoli by SRT reduces collapse indu-
ration and interferes with the remodeling process at least in part
(Fig. 6F). However, compared with the data obtained at day 3,
there was a considerable decline of lung functional properties
and alveolar number per lung in both study groups at day 7 so
that SRT is able to decelerate but not to abrogate degradation
of lung structural and mechanical parameters in this model. Of
note, the described remodeling process appears before collagen
deposition can be detected, e.g., by hydroxyproline level, and
is therefore independent of collagen deposition. Accordingly,
the hydroxyproline levels were not statistically different be-
tween saline D7 and surf D7 (data not shown) so that the
differences in the thickness of septal walls cannot be explained
by excessive collagen deposition but rather by collapse indu-
ration. Observations from human material support the exis-
tence and relevance of remodeling processes involving alveolar
collapse and collapse induration in the absence of noticeable
collagen deposition, which is usually used to define fibrotic
remodeling (24, 41). In an ultrastructural study of human lung
tissue from patients with idiopathic interstitial pneumonia,
Katzenstein (24) described collapsed alveoli which were over-
grown by alveolar epithelial cells and discussed this mecha-
nism as the cause for septal wall thickening questioning the
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relevance of interstitial fibrosis in this context. Such observa-
tions were reproduced in the animal model used in the current
study and SRT had a clear impact on this mechanism: septal
wall thickening was reduced and the number of open alveoli
increased even before an increase in hydroxyproline levels can
be expected. Also, Mai and coworkers used IPF explants for
correlative imaging studies (41). Since IPF is characterized by
temporal heterogeneity, different stages of disease progression
from initiation to end-stage remodeling can be observed in the
same lung. The authors also found convincing evidence for
alveolar collapse which could be detected in regions which
were obviously not (yet) subject to fibrotic remodeling. Hence,
Mai and coworkers discuss alveolar collapse as a trigger of
fibrotic remodeling. These observations provide evidence for
alveolar collapse and collapse induration as early events in
human diseases but also in the bleomycin model predating
collagen deposition. These events can at least in the animal
model be modified by reducing surface tension. SRT is able to
stabilize alveoli at day 3, but it can save only a minor fraction
of alveoli from collapse induration at day 7 as demonstrated by
the pronounced decline in alveolar number between day 3 (Fig.
2J) and day 7 (Fig. 6F). The reason for this might be a limited
effect on alveolar edema formation (Fig. 5, A and B) in this
model so that at the end the septal walls of collapsed alveoli are
glued together independent of surfactant substitution. Accord-
ing to correlation analyses the effects on alveolar number were
nevertheless highly correlated to the observed beneficial effects
on lung mechanical properties (Fig. 8), indicating that the
therapeutic goal in diseases resulting in ongoing lung injury
should be the stabilization of alveoli. The relevance of these
findings in the context of human diseases is, however, debat-
able since the bleomycin model has several limitations. Also, it
is not entirely clear which protocol serves best as control for
surfactant replacement therapies. We decided to use a saline-
treated group which was subjected to the same procedures and
volume challenge as the surfactant-treated group. This decision
was based on previous findings that saline challenge after
bleomycin instillation did not further aggravate lung mechan-
ical impairment (38).

In summary, SRT seems to stabilize alveoli, by reducing
acute lung injury, and demonstrates beneficial effects on me-
chanical and structural parameters related to collapse indura-
tion and tissue remodeling in the bleomycin model. Hence,
surfactant dysfunction seems to be partially responsible or
contributing to tissue remodeling resulting in the functionally
relevant loss of alveoli. The beneficial effects of SRT on lung
mechanical properties are linked with an increase in the num-
ber of open alveoli and a reduction in the thickness of paren-
chymatous (septal wall) tissue. Although the so-called open
lung concept has been followed for treatment of acute lung
injury by means of mechanical ventilation already for a long
time, we pursued this concept for the first time in a more
chronic model of ongoing lung injury during spontaneous
breathing by means of SRT. The data provide evidence that the
open lung concept might also be of relevance for tissue
remodeling in diseases resulting from ongoing lung injury with
a more subacute or chronic time course.
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RELEVANCE OF THIS WORK

In this paper, we concluded that the SRT beneficial effect probably relies on the stabilization
of alveoli, thus the prevention of alveolar collapse and mechanical stress in the alveolar
epithelium. Firstly, SRT improved surfactant biophysical function by means of decreased
surface tension in vitro. Normalized surface tension seemed to help in maintaining alveoli
opened, avoiding alveolar collapse and the associated mechanical stress in the alveolar
epithelium. Interestingly the stabilization of alveoli had a positive effect in not only the
mechanical properties of the lung but also “anti-inflammatory” properties. In summary SRT
before day 3, increased the structural markers of stabilized opened alveoli (volume of acinar
air spaces, alveolar air spaces, alveolar surface and number of opened alveoli) as well as
improved mechanical parameters, such as static compliance, inspiratory capacity and
elastance. In addition, most of the inflammatory cellular and biochemical markers were
notably decreased (such as number of granulocytes and activated macrophages, as well as IL4,
IL-6, IL10 and IL-1B). This

demonstrated that SRT could

prevent alveolar collapse and the e e e st v sk
associated inflammation l

response, resulting from the -
alveolar R/D

mechanical stress in the alveolar

malecular markers of inflammation

T mechanical alveolar parameters

SRT
eplthehum App|y|l’]g repetitive ‘Lsep:alwa | volume and thickness

SRT before the onset of fibrosis
mechanical stress collapse induration
led to a reduction of the septal

wall volume and thickness,

increased number of opened T

septal wall thickening
alveoli and improved mechanical
parameters. Taking all together,
SRT may help slowing down the
progression of fibrotic
remodeling in the lung, serving

as a supportive treatment for Figure 6: effects of SRT at the application points and beneficial effects in the
rat model of bleomycin induced lung injury and fibrosis (Created in

lung fibrosis. BioRender.com).
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3.2 ALVEOLAR EPITHELIAL TYPE Il CELL TRANSPLANTATION (ORIGINAL
WORK 5)

Lopez-Rodriguez E.*, Guy-Jordi G.*, Knudsen L., Ochs M. & Serrano-Mollar A. “Improved
alveolar dynamics and structure after alveolar epithelial type Il cell transplantation in
bleomycin induced lung fibrosis” Frontiers in Medicine 2021; 8: 640020

As seen in the previous chapter the application of one dose of surfactant as preventive or
supportive treatment seems to be very promising in delaying the fibrotic remodeling onset and
reducing the inflammation. Another interesting therapeutic strategy may be to replace not
only surfactant but also the injured AE2C, which may act as the source of new freshly secreted
surfactant.

AE2C injury during fibrotic remodeling has already been involved in the development of lung
fibrosis. AE2C are subjected to apoptosis, endoplasmic reticulum stress and lysosomal damage
during the development of lung fibrosis (131-134). As explained before, changes in the
mechanical forces in the lung parenchyma lead to epithelial stress and alveolar epithelial cell
(AEC) injury. It has been demonstrated, that strain forces induced by pressure over 40cmH20
are enough to cause membrane blebbing and induce cellular apoptosis (135). Plasma
membrane injury of AEC is seen under normal healthy conditions. In fact, AEC are able to repair
their membrane to prevent cellular damage in a Ca?*- and lysosome-dependent mechanism.
However, if the mechanical stress induce a membrane defect larger than 1um, aberrant wound
healing mechanisms are activated (136). In addition, lysosomal stress may also impair cellular
repair, as seen in Hermansky-Pudlack Syndrome (HPS) patients. This leads to aberrant wound
repair and release of profibrotic cytokines ending in the development of unusual interstitial
pneumonia (UIP) (137, 138).

In addition, AEC response to mechanical stress activates the signaling of a number of mechano-
transduction pathways, which includes the TGF-B1, Wnt B-catenin, sonic hedgehog (Shh) and
the Notch-midkine pathways. Moreover, mechanical injury also induces endoplasmic
reticulum (ER) stress. All of these pathways have been related to aberrant wound healing and
the activation of profibrotic genes, epithelial-to-mesenchymal transition (EMT) and increased
ECM deposition. In addition, ER stress has been shown to impair the secretory function of the
AE2C, impairing surfactant secretion and metabolism, therefore initiating a vicious cycle that
contribute to alveolar instability and mechanical stress (136). In a murine model of surfactant
depletion, induced by hydrochloric acid (HCl) intratracheal application, the lung mechanics was
notably impaired, showing an increase in tissue elastance (or increased stiffening of the lung
tissue). This was accompanied by an increase in mesenchymal markers, such as a-smooth
muscle actin (a-SMA) and vimentin in AE2C. At the same time, AE2C markers, such as proSP-
B, were notably decreased (56, 139). Therefore, EMT seems to contribute to fibrotic
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remodeling by impairing AE2C 2 most important functions, surfactant metabolism and
regeneration of AEC.

On the one hand, both AECs as well as resident inflammatory cells like AM (45) express TGF-
B1. On the other hand, the increase in epithelial injury results in increased expression of
epithelial aVB6-integrins, which further stimulate the production of TGF-1 by mechano-
transduction (140). In this regard, the increased expression and release of TGF-B1 in IPF
fibrotic lungs have been already described, along with parenchymal stiffening (141).
Nevertheless, the role of collapse-induced parenchymal stiffening in the context of
extracellular TGF-B1 release to date has not been clarified. As shown in Chapter 2.1, TGF-f1
treated mice have been shown to develop surfactant dysfunction and high surface tension (40)
including down-regulation of SP-C expression, by interfering with its transcription factor
activity.

As explained in the previous chapter, lung surfactant dysfunction is an early event in the
development of the lung fibrosis in the bleomycin induced lung fibrosis rat model. More
specifically surfactant dysfunction has been seen to happen 3 days after bleomycin application
(115). Therefore, we can hypothesize that mechanical stress in this model may be initiated as
soon as surfactant function is impaired. In addition, in this model, TGF-B1 is elevated in alveolar
macrophages, epithelial cells, endothelial cells and interstitial fibroblasts (142), which will
further contribute to collagen deposition changing the elastic properties of the tissue and thus,
the mechanics and alveolar dynamics.

The aim of this work was to investigate whether a pulmonary AE2C transplantation therapy

may be beneficial to stop or slow down the development of fibrotic remodeling. For this

purpose, we used the bleomycin induced lung injury and fibrosis rat model, as before. We
performed pulmonary AE2C transplantation early in the lung injury phase of the model (at
day3) and analyzed early events (at day 7). In addition, we performed the transplantation of
AE2C later during the onset of fibrosis (at day 7) and analyze fibrotic remodeling (at day 14).
We hypothesized that replacing injured AE2C in the bleomycin rat model by healthy AE2C may
lead to a reduced lung injury and fibrosis, partly through the production of new surfactant. To
test this hypothesis, we assessed if: 1) after transplantation in the injury phase the healthy
AE2C are able to reduce inflammation, normalizing the alveolar dynamics, including tissue
elastance and structural parameters, such as edema; 2) after transplantation in the fibrotic
remodeling phase, healthy AE2C are able to reduce the fibrotic remodeling, normalizing
structural, such as septal wall thickness, and alveolar dynamics of the lung parenchyma, and;
3) the potential beneficial effect may be due to the secretion of fresh surfactant, thus replacing
the endogenous surfactant.
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Idiopathic pulmonary fibrosis (IPF) is a progressively and ultimately fatal lung disease.
Previously it has been shown that intratracheal administration of alveolar epithelial type
II cells (AE2C) in the animal model of bleomycin-induced pulmonary fibrosis is able
to reverse fibrosis and restore surfactant protein levels. However, to date, it has not
been evaluated whether these changes involve any improvement in alveolar dynamics.
Consequently, the aim of the present work was to study lung physiology after AE2C
transplantation at different time points during the development of injury and fibrosis.
Lung fibrosis was induced by intratracheal instillation of bleamycin (4U/kg) in rat lungs.
The animals were transplanted with AE2C (2.5 x 10° cells/animal) 3 or 7 days after
bleomycin instillation. Assessments were done at day 7 and 14 after the induction
of fibrosis to plot time dependent changes in lung physiclogy and mechanics. To
assess the pressures and rates at which closed alveoli reopens invasive pulmonary
tests using a small-animal mechanical ventilator (Flexivent®, Scireq, Canada) including
de-recruitability tests and forced oscillation technique as well as quasi-static pressure
volume loops were performed. Afterwards lungs were fixed by vascular perfusion and
subjected to design-based stereclogical evaluation at light and electron microscopy
level. AE2C delivered during the lung injury phase (8 days) of the disease are only
able to slightly recover the volume of AE2C and volume fraction of LB in AE2C.
However, it did not show either positive effects regarding ventilated alveclar surface
nor any increase of lung compliance. On the other hand, when AE2C are delivered at
the beginning of the fibrotic phase (7 days after bleomycin instillation), an increased
ventilated alveolar surface to control levels and reduced septal wall thickness can
be observed. Moreover, transplanted animals showed better lung performance, with
increased inspiratory capacity and compliance. In addition, a detailed analysis of
surfactant active forms [mainly tubular myelin, lamellar body (LB)-like structures and
multilamellar vesicles (MLY)], showed an effective recovery during the pro-fibrotic phase
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due to the healthy AE2C transplantation. In conclusion, AE2C transplantation during
fibrogenic phases of the disease improves lung performance, structure and surfactant
ultrastructure in bleomycin-induced lung fibrosis.

Keywords: lung fibrosis, alveolar epithelial type 2 cells, lung surfactant, cell therapy, bleomycin, alveolar dynamics,

lung structure

INTRODUCTION

Idiopathic pulmonary fibrosis (IPF) is a progressive and severe
disease with no known cause and with a limited response to
currently available therapies, ultimately IPF is a fatal lung disease
(1-3). The median survival time is 3-5 years from the time
of diagnosis (1). The classic features of the disorder include
progressive dyspnea and a non-productive cough. Pulmonary
function tests usually reveal decreased lung volumes (especially
decreased forced vital capacity, total lung capacity, and functional
residual capacity) and diminished carbon monoxide diffusing
capacity. During the course of the disease patients show a
progressive decline in pulmonary function leading to respiratory
failure and death.

The pathogenesis of IPF is characterized primarily by
epithelial cell damage and inadequate regeneration. In normal
physiological conditions, the renewal of alveolar epithelial cells
occurs through the specific proliferation and differentiation of
alveolar epithelial type 2 cells (AE2C) into alveolar type 1 cells.
However, IPF is characterized by the loss of both alveolar cell
types leading over time to epithelial necrosis, the appearance of
fibroblast foci and persistent alveolar collapse (4, 5). In addition
to AE2C dysfunction (5-7), IPF is also characterized by impaired
surfactant function (8). In this sense, it is important to note
that AE2C are also the cells responsible for synthesizing, storing,
secreting and recycling the components of surfactant (9, 10)
and therefore also play a crucial role in pulmonary mechanics
by stabilizing alveolar dimensions and surface throughout the
respiratory cycle (11, 12). During fibrosis development the
surfactant dysfunction and edema increase the degree of alveolar
recruitment and de-recruitment (alveolar R/D). The localized
mechanical stresses imparted on the alveolar epithelium during
R/D aggravate lung injury (13) leading to fibrotic remodeling
(14, 15). The surface tension in some collapsed alveoli may
become so high that recruitment is impossible. Eventually,
collapse induration can occur whereby chronically collapsed
alveoli effectively disappear by being reabsorbed into the
surrounding interstitial tissue increasing the damage (5, 16, 17).

Since AE2C seem to be key cells in the fibrotic development, it
has been proposed that re-generation or replacement of AE2C
may be an alternative for the therapy of lung fibrosis patients
(18-20). In this context, transplanting healthy donor AE2C in
fibrotic lungs is a promising tool to explore. Previously, our
research group has shown that intratracheal administration of
AE2C in the animal model of bleomycin-induced pulmonary
fibrosis was able to reverse fibrosis and restores surfactant protein
levels (18, 19). Although our research group pioneered the
development of this cell therapy, our results have also been
corroborated by other research groups. They have also observed
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that both AE2C and stem cells derived to AE2C have also
been able to reverse pulmonary fibrosis (20-24). Moreover, in
a clinical study performed with IPF patients, the intratracheal
administration of heterologous AE2C was safe, well-tolerated,
with no relevant side effects, and was able to stabilize disease
progression, improving health-related quality of life throughout a
1-year clinical follow-up (25). Those astonishing results obtained
in humans were assessed by means of non-invasive pulmonary
function tests, however to date it has not been evaluated whether
these changes are related to any improvement in lung dynamics
and structure. Consequently, the aim of the present work was
to study lung physiology after AE2C transplantation at different
time points during the development of fibrosis.

METHODS

Animals

Fischer 344 rats, weighting 200-225g at the beginning of
the experiment, were used, in accordance with the European
Community (Directive 2010/63/EU) for experimental animals
and it was approved by the local authorities of Lower
Saxony (Nidersichsisches Landesamt fiir Verbraucherschutz und
Lebensmittelsicherheit, LAVES, Lower Saxony, Germany) with
number TVA 15/1890.

Bleomycin-Induced Lung Fibrosis

Lung fibrosis was induced by intratracheal instillation of a single
dose of BLM (4U/kg) (Sigma, USA) dissolved in 200 pl of sterile
saline under isoflurane anesthesia. Control animals received the
same volume of saline. The animal body weights were recorded
every day during the course of the experiment.

Isolation of Alveolar Epithelial Type Il Cells

Fresh alveolar epithelial type II cells (AE2C) were isolated from
healthy donor animals. The protocol for purification has been
described by Richards R] group (26). Briefly, to isolate AE2C,
the lungs were removed from the animal and lavaged with 5
x 10ml saline. The lungs were digested by filling with 0.25%
trypsin dissolved in saline (100ml) (T8003, Sigma, Missouri,
USA) and suspended in 0.9% NaCl at 37°C for 30 min, with
the trypsin constantly topped up to expand the parenchyma
for 30min, suspended in a saline solution at 37°C. Following
digestion, the lungs were chopped into 1-2 mm? cubes, treated
with 75 U/ ml DNase dissolved in saline and filtered through
nylon meshes ranging from 150 to 30 pm. The resulting cell
suspension was centrifuged (250 x g, 20 min at 10°C) through
a sterile Percoll gradient and the AE2C rich band was removed.
A second DNase treatment of 20 U/ml was administered, and the
cells were recovered as a pellet by centrifugation at 250 x g for
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Bleomycin AE2C Cell therapy Endpoint

FIGURE 1 | Scheme of the experimental design. The animals were randomly distributed into four experimental groups and two different time points during the
inflammatory phase (Group 7d) and fibrotic phase (Group 14 d) (7 = 5-8 in each group).

20 min. These cells were resuspended in 5 ml DCCM 1 (Biological
Industries, Kibbutz Beit Haemek, Israel) completed with a 2%
(w/v) L- Glutamine and subjected to differential attachment on
a plastic Petri dish. Non-adherent AE2C were collected after 2h
and counted to establish the final cell yield of freshly purified cells.
The AE2C viability was assessed by Trypan Blue (Sigma,
Missouri, USA), showing >95% viability. Cell yield, purity and
characterization of freshly isolated AE2C were established by the
presence of intracellular alkaline phosphatase (Sigma, USA).

Transplantation Procedure

At day 3 or 7 after intratracheal BLM, recipient animals were
transplanted with AE2C by intratracheal instillation (2.5 x
108 cells/animal suspended in 400 I of sterile saline) under
isoflurane anesthesia. The control group received the same
dose of cells 3 or 7 days after saline instillation. The animals
were sacrificed at day 7 and 14 after the induction of lung
fibrosis to plot time dependent changes in lung physiology
and functionality.

Experimental Groups

The animals were randomly distributed into four experimental
groups and we studied two different time points (n = 5-8 in
each group): Healthy Control: Saline instillation; Healthy Control
+ AE2C (3 days after saline instillation); Bleomycin control:
Bleomycin instillation + saline (3 or 7 days after bleomycin
instillation); Bleomycin 4 AE2C: Bleomycin instillation +
alveolar type II cell transplantation (3 or 7 days after bleomycin
instillation). Figure 1 shows a scheme of the experimental design.

Frontiers in Medicine | www.frontiersin.org

Invasive Pulmonary Function Test

To assess the pressures and rates at which alveoli in the injured
lungs closed, de-recruitability tests at different PEEP (positive
end-expiratory pressures) as well as quasi-static pressure volume-
loops using a Flexivent ventilator (SCIREQ, Canada) were
performed (27). The de-recruitability tests consist of two
recruitment maneuvers (up to 30 cmH>O followed) followed
by 5min of low-tidal volume ventilation (10 ml/kg body
weight) interspersed with 8s multi-frequency forced oscillation
perturbations at 30s intervals. Tissue elastance (H), tissue
damping (G) and tissue hysteresivity (G/H) were calculated by
fitting the constant phase model to impedance spectra. After each
de-recruitability test, 3 quasi-static PV loops were recorded, and
quasi-static compliance was calculated according to the Salazar-
Knowles equation.

Perfusion-Fixation of Lungs and Sampling
Procedures for Light and Electron

Microscopy

Fixation and sampling were conducted according to standards on
quantitative morphology of the lung (28). The lungs were fixed
by vascular perfusion at an airway pressure of 13cm H,0 on
expiration. The volume of the lungs was determined and followed
by a systematic uniform random sampling. Seven to 9 tissue slices
per lung were randomized for light microscopy and 5-6 tissue
blocks per lung for electron microscopic evaluation. Slices for
light microscopy were embedded in Technovite resin and stained
with toluidine blue. Lung blocks for electron microscopy were
embedded in Epon resin and contrasted with uranyl acetate and
lead citrate.
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Design-Based Stereology

At the light microscopic level, a newCAST-system (Visiopharm
A/S, Denmark) was used to perform systematic uniform
random area sampling and to superimpose an appropriate
test system on the fields of view. A transmission electron
microscope (FEI Morgagni, Netherlands) equipped with a digital
camera (Olympus Soft Imaging Systems, Germany) was used
to obtain representative fields of view. The parameters useful
to characterize the pathology of fibrotic development were
volume of lungs, volume of parenchyma, volume of ventilated
parenchyma, thickness of the septal wall, volume fraction
of AE2C cells, volume of lamellar bodies per AE2C cell,
volume of intra-alveolar surfactant, lamellar body like structures,
multilamellar vesicles, tubular myelin, and unilamellar vesicles. A
stereology tool (STEPanizer®, Bern, Switzerland) was employed
for definitive stereological morphometry. A point grid was
chosen as a test system for volume estimation. Securing sufficient
stereological precision, the number of test points was adjusted to
a minimum of 200 to 300 counting events per parameter per lung
(29). A counting event was defined as a match of a structure of
interest (SOI) with the test probe. At 5x magnification, volume
fractions of parenchyma [Vv(par/lung)] and non-parenchyma
[Vv(non-par/lung)] were obtained. Parenchyma was defined
as lung tissue enabling gas exchange, comprising septa and
airspaces, and was differentiated in ventilated [Vv(ventpar/par)]
and non-ventilated parenchyma [Vv(non-vent/par)]. Pleura,
conducting airways and large vessels with the surrounding
connective tissue were defined as non-parenchyma. Volume
densities of ductal airspaces [Vv(duct/par), alveolar airspaces
(Vwv(alv/par) and alveolar septa (Vv(sept/par)] were determined
at 20x magnification within ventilated parenchyma. Herein, an
additional test system consisting of 4 line-pairs was utilized for
counting intersections of test probes and alveolar surface. All
analyzed parameters for lung structure regarding fibrosis were
chosen according to recommendations from Ochs and Miihlfeld
(29) for stereology in pulmonary fibrosis and (30) for stereology
in bleomycin induced lung injury and fibrosis.

Volume fractions [e.g., Vv(par/lung)] were calculated by
dividing the number of points (P) hitting the SOI (structure of
interest) by the number of points hitting the reference space, e.g.,
total lung.

Vv(par/lung) = Z[Ppar]/Z[Ppar + Pnon—par]

Multiplication of the volume fraction with total lung volume
provided total volumes of each SOI [eg, V(parlung)]:
V(parlung) = Vv(par/lung)*V(lung),

Analogous calculations were performed for parenchymal
components, e.g., alveolar airspaces, LB in AE2C and TM fraction
in total intra-alveolar surfactant:

Vv(alv/ven—par) = Z[Palv]/Z[PvenK—par]

V(alv, vent—par) = Vv(alv/vent—par)*V(vent—par, lung),

Intersection (I) countings were utilized in combination with the
length per point of the test system (I(p)) to estimate the alveolar
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surface density of ventilated parenchyma. The calculated absolute
volume describes the alveolar surface contributing to pulmonary
gas exchange:

Sv(alv/vent—par)

(@*3 [1)/((p)* ) _[Pvent—par]

Salv Sv(alv/(vent—par))*V(vent—par, lung),

Septal thickness was computed as follows:
Vv(sept/par)/Sv(alv/par)*2.

T (sep) =

Statistical Analysis

Data are expressed as mean values for each subject, horizontal
bars represent the mean of the group. In bar graphs, data is
represented as mean and SD in error bars. Statistical analysis
was carried out by a non-parametric analysis (Kruskal-Wallis
test) followed by appropriate post hoc tests, Dunn’s multiple
comparisons test when differences were significant (GraphPad
Software Inc, USA). A p <0.05 was considered significant.

RESULTS

Alveolar Dynamics of Bleomycin Induced
Lung Injury (d7) and Fibrosis (d14) After

AE2C Transplantation

After isolation of healthy AE2C, the purity of the cells measured
by positive staining with alkaline phosphatase was 87 % 2%.
After transplantation of AE2C, we performed a complete alveolar
dynamics analysis by means of Forced Oscillation Technique
(FOT) in a small animal ventilator. Figures 2A,B shows the
elastance (H) of the lungs 7 days after bleomycin application
and 4 days after AE2C transplantation in the corresponding
treatment and control groups. As already described, elastance is
significantly increased after bleomycin application at both PEEP
of 3 (Figure 2A) and 6 cmH20 (Figure 2B) compared to healthy
controls. In addition, after AE2C transplantation, no changes
in elastance could be observed compared to bleomycin control.
In accordance, the application of bleomycin reduced static
compliance (Figure2C) and AE2C showed no improvement
of this value. Tissue hysteresivity (G/H) was also significantly
reduced in the groups with application of bleomycin with ne
changes after AE2C transplantation (Figure 2D).

When analyzing the alveolar dynamics 14 days after
bleomycin application, and 7 days after AE2C transplantation,
an improvement on elastance (Figures 2E,F) and compliance
(Figure 2G) could be observed. The group that received an AE2C
transplantation after bleomycin application showed significantly
lower elastance values than the bleomycin control group, between
those of the bleomycin control group and the healthy groups.
This could be related to a beneficial effect of the newly
transplanted AE2C in the mechanical properties of the lung.
Accordingly, static compliance was also significantly higher
in the disease group that received the AE2C transplantation
than the bleomycin control group. Tissue hysteresivity was
also affected by AE2C transplantation, showing a significant
reduction (Figure 2H).
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FIGURE 2 | Alveolar dynamics of bleomycin induced lung injury (d7) and fibrosis (d14) after AE2C transplantation. (A-D) Alveclar dynamics of bleomycin induced lung
injury (7 days after bleomycin application) and AE2C transplantation (3 days after blecmycin application). (A) Tissue elastance (H) at a positive end-expiratory pressure
(PEEP) of 3cmH20 aver the 5min forced oscillation technique (FOT) at day 7 after bleomycin application. (B) Tissue elastance (H) at a PEEP of 6cmH20 at day 7 after
bleomycin application. (C) Static compliance (ml/cmH20) at day 7 after bleomyein application. (D) Tissue histeresivity (G,H) at day 7 after bleomycin application.
(E=H) Alveclar dynamics of bleomycin induced lung fibrosis (14 days after bleomycin application) and AE2C transplantation (7 days after bleomycin application).
(E) Tissue elastance (H) at a positive end-expiratory pressure (PEEP) of 3cmH20 over the 5min forced oscillation technique (FOT) at day 14 after bleomycin
application. (F) Tissue elastance (H) at a PEEP of 6cmH20 at day 14 after bleomycin application. (G) Static compliance (ml/emH20) at day 14 after bleomycin
application. (H} Tissue histeresivity (G,H) at day 14 after bleomycin application. "o < 0.05 vs. healthy controls, #p < 0.05 vs. bleomycin control.

Lung Structure of Bleomycin Induced Lung
Injury (d7) and Fibrosis (d14) After AE2C

Transplantation

In order to understand if the mechanical parameters are a
reflection of changes in lung structure, we immediately inflated
and fixed the lungs of the animals after performing the alveolar
dynamics in the small animal mechanical ventilator. Figure 3
shows representative micrographs of the lungs from the animals
at light (two upper panels, micrographs 1-12) and electron
microscopy (two bottom panels, micrographs 13-24) level to
illustrate the quantitative results shown in the following figures.
As expected from stiffer and less compliant injured lungs
(d7), the lung volume measured by fluid displacement and
the volume of air used for inflation at constant pressure, is
reduced in the bleomycin groups with and without AE2C
transplantation (Supplementary Figures 1A,B). Looking closely
at the parenchymal tissue, we also observed a significant decrease
in ventilated (Figure4A) and an increase of non-ventilated
(Figure 4B) parenchyma total volume (Figure 3, micrographs
3 and 9). In addition, we also observed a significant increase

Frontiers in Medicine | www.frontiersin.org

in septal wall thickness (Figure4C) and a decrease in total
alveolar surface (Figure 4D) in the bleomycin treated with and
without AE2C transplantation (Figure 3, micrographs 3-4 and 9-
10). Within ventilated parenchyma, the alveolar spaces seemed
to be the most affected by bleomycin application (Figure 4E
and Supplementary Figures 2A-C). While there was a trend to
increase in ductal volume density (Figure 4E), the total volume of
ductal spaces remained unchanged (Supplementary Figure 2B),
leading us to think that the air lost in the alveolar side is due to
collapse and is not over-distending alveolar ducts.

On the other hand, the AE2C transplantation in lungs
undergoing fibrotic remodeling showed more promising
results (Figure 3, micrographs 5-6 and 11-12). According to
the mechanical parameters presented above, the decrease in
elastance and the increase in compliance in the transplanted
group compared to the bleomycin group, was accompanied
by an increase in ventilated parenchyma (Figure4F) and
a decrease in non-ventilated parenchyma (Figure4G). In
addition, there was a significant reduction of the septal wall
thickness (Figure 4H) and increased alveolar surface (Figure 41).
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FIGURE 3 | Representative light and electron microscopy pictures of bleomycin induced lung injury (d7) and fibrosis (d14) after AE2GC transplantation. Upper panels
(micrographs 1-12): toluidine blue stained tissue at 5 and 20X magnification of the different experimental groups. Bottom panels (micrographs 13-24): electron
microscopy pictures at 8.8 and 14Kx magnification of the different experimental groups.

Blm d14 Blm + AE2C 14d

Im + AE2C 7d

As for the treatment during lung injury, within ventilated
parenchyma, the alveolar spaces seemed to be the most affected
ones by the bleomycin application and the transplantation
treatment (Figure4] and Supplementary Figures 2D-F). In
this case, a significant increase in total volume of alveolar
spaces (Supplementary Figure 2D) was observed in the
bleomycin treated and transplanted lung compared to the
bleomycin control.

Taking all together, the improved mechanics shown by the
fibrotic lung treated with AE2C seemed to be supported by an
improved lung structure by means of increased opened alveolar
spaces and surface with thinner septal walls.

Lung Surfactant Ultrastructure of
Bleomycin Induced Lung Injury (d7) and
Fibrosis (d14) After AE2C Transplantation

In order to dissect the fine structure and composition of
the alveolar parenchyma, we further analyzed the lung
ultrastructure by means of quantification using electron
microscopy micrographs (Figure 3, micrographs 13-24). This
analysis allowed us to look closely at AE2C total volume
in the alveolar parenchyma, as well as the total volume
of edema and extracellular matrix. In addition, we have
quantified the volume fraction of lamellar bodies (LB) in

AE2C, to understand if surfactant synthesis is influenced by the
AE2C transplantation.

As described before (30), the application of bleomycin reduces
the volume of AE2C and the transplantation of AE2C slightly
changed this (Figure 5A). However, the volume fraction of
LB inside AE2C showed a trend to increase (non-statistically
significant) in the transplanted injured group compared to
the bleomycin group (Figure 5B). Also according to previous
reports, bleomycin induced the formation of alveolar edema
and its volume was unchanged after transplantation (Figure 3,
micrograph 15 and 21, Figure 5C). Since the volume of ECM
was not changed in any group (Figure 5D), the increase in
septal wall thickness reported above (Figure 4C) is likely due
to the alveolar edema and not to a remodeling process in
the ECM.

When looking at fibrotic lungs (d14), the decrease in volume
of AE2C after bleomycin was not significant compared to
control groups, but the AE2C transplantation resulted in an
increased total volume of these cells over the values of the
controls (Figure 5E). The volume fraction of LB in AE2C also
showed the same pattern, non-statistically significant against the
bleomycin control (Figure 5F). Even when the volume of edema
in bleomycin treated lungs was still significantly higher than
in controls (Figure 5G), the values are much lower than the
lung injured (d7) groups (Figure 5C). However, the volume of
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FIGURE 4 | Lung structure of bleomycin induced lung injury {d7) and fibrosis (d14) after AE2C transplantation. (A-E) Lung structure of bleomycin induced lung injury
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ECM was notably increased in the bleomycin group 14 days
after application, and significantly reduced after transplantation
(Figure 5H). Therefore, the increase in septal wall thickness
described above (Figure 4H) could be mainly related to aberrant
accumulation of ECM components.

As AE2C are responsible for surfactant synthesis and
secretion, we investigated whether the volume fraction of
surfactant in alveolar spaces was affected by the AE2C
transplantation. In addition, we were also interested in describing
if the surfactant present in the alveolar spaces presented different
fractions of active (tubular myelin (TM), lamellar body-like
(LBL) and multilamellar vesicles (MLV) or inactive (unilamellar
vesicles (ULV)) forms (9, 31) within the different disease stages
or treatments.

For both experimental settings, the application of bleomycin
significantly reduced the volume fraction of intra-alveolar
surfactant and its active forms (Figure 6). AE2C transplantation
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of volume fraction of intra-alveolar surfactant (Figure 6A)
compared to the bleomycin group. In addition, the
transplantation did not change the reduction of TM and
LBL induced by bleomycin, and inversely the increase on ULV
(Figure 6B). On the other hand, AE2C transplantation in the
lungs undergoing fibrotic remodeling showed a promising, but
not significant, increase of volume fraction of intra-alveolar
surfactant, accompanied by a statistically significant increase in
TM and LBL active forms of surfactant (Figure 3, micrograph
24, Figures 6C,D).
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Lung Structure-Mechanics Relationships
of Bleomycin Induced Lung Injury (d7) and
Fibrosis (d14) After AE2C Transplantation

Lastly, in order to investigate which structural parameters may
impact the mechanical properties of the lungs after the different
treatments and potential causal relationships, we systematically
correlated the mechanical and structural data. In Figure 7,
the most interesting correlations are presented for either the
bleomycin induced lung injury (Figures 7A-D) and fibrosis
(Figures 7E-H) after transplantation. Even though we found a
significant correlation between tissue elastance and thickness of
the septal wall (Figure 7A) and elastance and volume fraction
of intra-alveolar surfactant (Figure 7B), there is no effect of
the therapy in the bleomycin induced lung injury model (d7).
In addition, the increase in septal wall thickness previously
described here is not significantly correlated with the total
volume of extracellular matrix (Figure 7C), but with the volume
fraction of edema (Figure 7D). Therefore, it seems that edema is
the main structural change induced in this model and preventing
the transplantation treatment to have a positive effect. On the
other hand, when the treatment is performed during the fibrotic
remodeling phase, the correlation of tissue elastance and septal
wall thickness (Figure 7E) and tissue elastance and volume
fraction of intra-alveolar surfactant (Figure 7F) were statistically
significant and showed the transplanted group to be between
the control and disease groups. In addition, in this experimental
setting, the main structural component change in the septal
walls was the increase in total volume of extracellular matrix

February 2021 | Volume 8 | Article 840020

87



Lopez-Redriguez et al.

AE2C-Transplantation Effect in Alveolar Dynamics

A B
1.0 ” 0.5 -
T 08 0.4
’g 0.6 ® i ﬁ 0.3 .
i o < 7 v
e O A S 2
o4 o m A SLES cid
< = k7Y > ¢ ey
502 b 0.1
A A
0.0 T T T T 0.0 { T ‘\. ‘(
S o & 8 G S
a‘\é Vi& SO o& ‘,_0 & 00
o x & < o x X
& & & T & & & 5
& &£ ¢ & & & ¢ &
) ﬂoé‘" & &
Q’e" & & <
E F
1.09 - 0.5 .
E 0.8 ", 0.4 v
Eocq o 1 g . ol
3™ L A y <03 N
-G [ : v o hst 1‘:‘ vy
NO04q o 9w 2 Joz{ % " 5
E m LAa 2 . i
5 0.24 0.1
0.0-1— . . r 0.0-— v —
é‘} &0 W S@s &0 <»,’i'° S
& W o & ST & F
DI R S
& & " & & & &
& & G
S 3 &
,&’@ & & &°
& 3¢ E <@

*p < 0.05 vs. healthy contrals, #p < 0.05 vs. bleomycin control.

o] D
1.5 * * 0.5
£ £ 04
= v =
1.0
5 203+ A
® a =
A = - &
§ o5 L B e e
w v 5 = 18 ", Ixr
s aha ¥ 01 e o : aha Y
°
O-O'M T T 0.0 T T T T
> (¢} A A > (¢} A A
& & Lo
<.°°‘ _?’@ ¢t Q‘)’o d’({k :& g Q}o
& & ST & @& O T
& o(é & & & & & &
X o & X 4 &
& & & &
QPQ Q Cd <
G H
1.5+ 0.5 . #
= *
E E 04 A
2 1.01 S L.
E] g 0.3 i
= = v
E = 0.2
2 0.5 o .

& gl ws
5 A >011 e e ® Y
° T xey L]

DAO-—M—f-JT— 0.0 T T T T

S G N S O W
& & j’b
> ) >
& & R
¥ & _xé}o S _f}“
& & N E;)<°
7 &° o K

FIGURE 5 | Lung ultrastructure of bleomycin induced lung injury (d7) and fibrosis (d14) after AE2C transplantation. (A-D) Lung ultrastructure of bleomycin induced
lung Injury (7 days after bleomycin application) and AE2C transplantation (3 days after bleomycin application). (A) Total volume of AE2C In alveolar parenchyma at day
7 after bleomycin application. (B) Yolume fraction of lamellar bodies (LB) in AE2C at day 7 after bleomycin application. (C) Total volume of edema in alveolar
parenchyma at day 7 after bleomycin application. (D) Total volume of extracellular matrix (ECM) in alveolar parenchyma at day 7 after bleomycin application. (E=H)
Lung ultrastructure of bleomyein induced lung injury (14 days after bleomycin application) and AE2C transplantation (7 days after bleomycin application). (E) Total
volume of AE2C in alveolar parenchyma at day 14 after bleomycin application. (F) Volume fraction of LB in AE2C at day 14 after bleomycin application. (G) Total
volume of edema in alveolar parenchyma at day 14 after bleomycin application. (H) Total volume of ECM in alveolar parenchyma at day 14 after bleomycin application.

(Figure 7G). Edema was not statistically significantly correlated
to septal wall thickness (Figure 7H). Therefore, remodeling and
aberrant accumulation of extracellular matrix seemed to be
the main component of the increase of septal wall thickness.
Very interestingly, the transplantation with AE2C seemed to
prevent this aberrant accumulation of extracellular matrix and
consequently the septal wall thickness was not increased.

DISCUSSION

Damage/injury and apoptosis of AE2C (32-34) is a well-
described process contributing to lung remodeling. AE2C are
essential cells for the proper functioning of the lung and
surfactant homeostasis (8, 35). Therefore, a therapeutic strategy
to replace the injured AE2C may help to improve the disease
outcome. Previously, Serrano-Mollar et al. demonstrated, in
preclinical studies, that AE2C intratracheal transplantation

was able to reduce fibrosis and restore pulmonary surfactant
proteins levels (18, 19). They also observed that the induced
pluripotent stem cells (iPSCs) derived AE2C reduce fibrosis by
inhibiting TGF-$ and a-SMA expression (23). Furthermore, in
a clinical study performed with IPF patients, the intratracheal
administration of heterologous AE2C was safe, well-tolerated
and with no relevant side effects. Furthermore, this cell therapy
was able to stabilize disease progression and improve health-
related quality of life throughout a 1l-year clinical follow-up
(25). The functionality tests evaluated in that clinical study were
DLCo and FVC (25), although these results provide information
regarding lung capacity and performance, to date it has not
been assessed whether these changes involve any improvement
in lung structure functionality. Here, we studied the mechanical
and structural changes induced by bleomycin and changed by the
AE2C transplantation in order to contribute to understanding
the effect of the replacement of injured AE2C as a therapeutic
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approach. Interestingly, we can conclude that when performing
the treatment early during the lung injury phase of the bleomycin
model, mainly edema and edematous material seem to impose
a barrier to the potential beneficial effect of the transplanted
cells. As already described (36), the formation of alveolar
edema is one of the earliest events induced by the intratracheal
application of bleomycin. Lutz and colleagues (30) also showed
that already at day 3 after bleomycin application, the presence of
edema and inactivation of surfactant, showing abnormally high

FIGURE 6 | Lung surfactant ultrastructure of bleomycin induced lung injury (d7) and fibrosis (d14) after AE2C transplantation. (A,B) surfactant ultrastructure of
bleomycin induced lung injury (7 days after bleomycin application) and AE2C transplantation (3 days after bleomycin application). {A) Volume fraction of intra-alveolar
surfactant in alveolar parenchyma at day 7 after bleomycin application. (B) Proportion of different surfactant ultrastructures, tubular myelin (TM, black bars), lamellar
body-like (LBL, light gray bars), multilamellar vesicles (MLV, dark gray bars) and unilamellar vesicles (ULV, white bars) at day 7 after bleomycin application. (C,D)
Surfactant ultrastructure of bleomycin induced lung fibrosis (14 days after bleomycin application) and AE2C transplantation (7 days after bleomycin application).

(A) Volume fraction of intra-alveclar surfactant in alveolar parenchyma at day 14 after bleomycin application. (B) Propertion of different surfactant ultrastructures,
tubular myelin (TM, black bars), lamellar body-like (LBL, light gray bars), multilamellar vesicles (MLV, dark gray bars) and unilamellar vesicles (ULV, white bars) at day 14
after bleomycin application. *p < 0.05 vs. healthy conirols, #p < 0.05 vs. bleomycin control.
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surface tension, lead to a decreased number of opened alveoli.
Accordingly, we found that 7 days after bleomycin application,
the volume of ventilated parenchyma (Figure 4A) as well as total
alveolar surface (Figure 4D) was reduced. In addition, there was
an increase in septal wall thickness, mainly due to the formation
of alveolar edema (Figures 4C, 5C, 7D), rather than a remodeling
process with ECM accumulation (Figure 7C).

We found a non-statistical significant increase in the volume
fraction of intra-alveolar surfactant in the transplanted group
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FIGURE 7 | Alveolar dynamics and structure correlations in bleomycin induced lung injury (d7) and fibrosis (d14) after AE2C transplantation, (A-D) Alveclar dynamics
and structure correlation of bleomycin induced lung injury (7 days after bleomyein application) and AE2C transplantation (3 days after bleomycin application). (A)
Correlation between tissue elastance at PEEP 3 cmH20 and septal wall thickness (r) at day 7 after bleomycin application. (B) Gorrelation between tissue elastance at
PEEP 3 cmH20 and volume fraction of intra-alveclar surfactant in alveolar parenchyma at day 7 after bleomycin application. (C) Correlation between volume fraction
of ECM and septal wall thickness at day 7 after bleomycin application. (D) Correlation between alveolar edema and septal wall thickness at day 7 after bleomycin
application. (E-H) Alveolar dynamics and structure correlation of bleomycin induced lung injury (14 days after bleomycin application) and AE2C transplantation (7 days
after bleomycin application). (A) Correlation between tissue elastance at PEEP 3cmH20 and septal wall thickness (r) at day 14 after bleomycin application. (B)
Correlation between tissue elastance at PEEP 3cmH20 and volume fraction of intra-alveolar surfactant in alveclar parenchyma at day 14 after bleomycin application.
(C) Correlation between volume fraction of EGM and septal wall thickness at day 14 after bleomycin application. (D) Correlation between alveolar edema and septal
wall thickness at day 14 after bleomycin application. *p < 0.05 vs. healthy controls, #p < 0.05 vs. bleomycin control.

compared to the bleomycin diseased group (Figure6A) in
accordance with the increased volume fraction of LB in AE2C
(Figure 5B). However, when analyzing the ultrastructure of
this surfactant, we found an increased amount of ULV, as in
the bleomycin control group, which seems to be the result
of an inactivating process of surfactant by the edematous
material, as previously reported (37-41). As surfactant remained
inactivated, and edema was still present, we could not observe any
improvement in alveolar dynamics. Therefore, freshly isolated
and transplanted AE2C could not help in resolving edema and/or
activating/replacing surfactant.

On the other hand, when transplanting the AE2C during the
fibrotic remodeling phase, we can observe a promising beneficial
effect of the therapy in improving alveolar dynamics and lung
structure. At day 14 after bleomycin application, tissue elastance
is further increased (Figures2E,F) as a consequence of a
statistically significant reduced volume of ventilated parenchyma
and total alveolar surface, with the associated increase in non-
ventilated parenchyma and septal wall thickness (Figures 4A-I).
Interestingly, at this stage the total volume of edema is
minimally increased (Figure 5G) compared to d7 (Figure 5C),
whereas the volume of ECM is statistically significantly increased
(Figure 5H), as previously described (30, 36). Therefore, in this
case, the increase in septal wall thickness may be mainly due
to the aberrant accumulation of ECM (Figure 7G), rather than
alveolar edema (Figure 7H). In addition, bleomycin application
also impacted the volume fraction of intra-alveolar surfactant

Frontiers in Medicine | www.frontiersin.org
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(Figure 6C) and induced the conversion of active to inactive
structures of lung surfactant (Figure 6D), as previously shown
(30). The transplantation of AE2C at day 7, prevented the
accumulation of ECM (Figure 5H), and therefore the increase
in septal wall thickness (Figure 4H), resulting in a statistically
significant reduction of elastance and an increase in compliance
in alveolar dynamics (Figures 2E-H). A higher PEEP during
forced oscillation perturbation was linked with a reduced tissue
elastance in healthy controls but an increase in untreated
bleomycin challenged lungs at day 14. The AE2C transplantation
could convert this PEEP-dependent behavior of tissue elastance
to normal - a higher PEEP resulted in a reduction in tissue
elastance. In healthy lungs, the increase in the PEEP level from 3
to 6 cmH, 0 results in a recruitment of folds in the alveolar walls
and probably also alveolar shape changes without overdistension
which would place ventilated airspaces to the upper non-linear
portion of their pressure volume relationship. In bleomycin
challenged lungs with their heterogeneous ventilation due
to higher fraction of non-ventilated lung parenchyma and
thickened septa those distal airspaces which are still ventilated
become overstretched between PEEP 3 and 6 cmH,0 so
that tissue elastance increases. Such an overdistension of lung
parenchyma which occurs already at quite low airway opening
pressures might represent an additional trigger for fibrotic
remodeling even during spontaneous breathing e.g., by release
of active TGF-B1 as demonstrated by (14). AE2C transplantation
at day 7 results in a more homogenous ventilation of the lung
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as indicated by the reduced fraction of non-ventilated lung
parenchyma, reduced septal wall thickness and improved alveolar
surface area so that the reduction in tissue elastance at PEEP 6
compared to PEEP 3 cmH,O can be interpreted by recruitment
of folding or even complete alveoli without overdistension of
distal airspaces so that at the organ scale the pressure-volume
relationship does not reach the upper non-linear portion. Hence,
in this range of airway opening pressures there is no hint for
overdistension and therefore pro-fibrotic mechanical stress. The
improvement in homogeneity of ventilation within the lung
after AE2C transplantation might be a consequence of improved
regeneration and/or reduction in surface tension.

Of note, the transplantation of freshly isolated healthy AE2C
at day 7, induced the increase in total volume of AE2C
and volume fraction of LB in AE2C, which persisted 7 days
later (day 14) compared to the bleomycin control group. This
seems to be related to the secretion of functional surfactant,
as the volume fraction of intra-alveolar surfactant recovered
to healthy levels (Figure 6C) and the most active structures
of surfactant (mainly TM and LBL) were also similar to the
controls (Figure 6D). Therefore, we can conclude that the
transplantation of AE2C showed to be very effective in recovering
the healthy status of lung surfactant, contributing to prevent
ECM accumulation and septal wall thickening, resulting in softer
lung tissue.

Taking all together, even though the treatment with AE2C
shows no effect in the treatment of lung injury, this treatment
is able to prevent the main features of lung fibrotic remodeling,
mainly aberrant accumulation of ECM and thickening of the
septal wall. Whether this effect is a direct consequence to
the newly secreted active surfactant deserves further research.
However, it has already been described that mechanical stress,
for example, due to surfactant dysfunction and increased
surface tension, may contribute to the fibrotic remodeling
(42). Preventing this mechanical stress by the production and
secretion of active surfactant may be one of the mechanisms of
action in this therapeutic model.
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RELEVANCE OF THIS WORK

In this paper, we concluded that the pulmonary transplantation of AE2C showed a beneficial
effect during the lung remodeling phase. Whereas, during the lung injury phase, the AE2C
transplantation was only able to normalize the volume of secreted surfactant, this surfactant
seemed to be inactivated, most probably by the protein components of the edema resulting
after epithelial damage. Surfactant inactivation by edematous components has been
previously well described and includes molecules such as albumin, fibrinogen, C-reactive
protein, hemoglobin, and immunoglobulins (143-154).

However, during fibrotic remodeling, this intervention was able to not only normalize
surfactant and AE2C volumes in the treated lungs, but also prevent the accumulation of
collagen and the thickening of septal walls. This is also reflected in the reduced tissue elastance
at both PEEP of 3 and 6 cmH;0, indicating improvement in the structure and dynamics of the
alveolar spaces after the

AE2C injury/surfactant dysfunction

treatment. In addition, we also
observed an increase in the

volume of AE2C, potentially

coming from the engrafting of

AE2C Tx T lamellar body per AEZC
the healthy transplanted cells or § extracellulr surfactant

N reraton, —and o
. ) . mechanical siress collapse induration
proliferation, and higher

alveolar surface, AE2C per lung

volumes of not only alveolar AE2C Tx and extracellular surfactant

surfactant. but also the most $septalwalivofumeandihickr\ess
,

active forms of surfactant, TM,
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newly secreted and functional.

These findings may represent cxllaggr kil

the beneficial effect of newly

secreted surfactant in Figure 7: AE2C transplantation (Tx) experimental schema with beneficial effects

normalizing mechanical forces, (Created in BioRender.com).

preventing mechanical stress and further fibrotic remodeling of the lung tissue.
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4 DISCUSSION AND OUTLOOK

Lung surfactant discovery was considered a scientific breakthrough in bioscience (155), when
the development of SRT helped to cut down neonatal mortality (156-158). Lung surfactant
importance is highlighted in the neonatal respiratory distress syndrome (NRDS), where
premature babies are born before surfactant synthesis or secretion has started in the
developing lung. Therefore, these premature babies are born with a lack of surfactant that
leads to failure in stabilizing the lung and collapse of alveoli. NRDS mortality was calculated to
be around the 80% by the 80-90"s (159, 160).

The death of the second child of the US president, JF Kennedy due to NRDS (at that time known
as hyaline membrane disease, HMD) in 1963 awaked the interest and research investment in
the field, not only to understand the origin of the disease, but also to look for potential
treatments. Already in 1959, Avery and Mead described for the first time the relation between
NRDS and surfactant deficiency, by measuring the surface tension of lung extracts, as Clemens
described in the very first experiments where surface tension was measured in a handmade
surface balance (161). Soon enough, Fujiwara in US (162) and Robertson and Curstedt (163) in
Europe, isolated surfactant from animal lungs and tested it in animal models of RDS. In the
early 90’s the first commercial surfactant formulations where tested and available for the
treatment of NRDS, reducing notably the mortality of premature babies (158).

The pathophysiology of NRDS is characterized by an acute surfactant deficiency, which leads
to: alveolar collapse, lung injury, edema formation and surfactant inactivation/dysfunction
(164). In the same direction, acute dysfunction/deficiency of surfactant due to lung injury and
edema formation contributes to the pathophysiology of ARDS (acute respiratory distress
syndrome). As well as for the NRDS, many clinical trials tested SRT for the treatment of ARDS
in adult patients. However, it is hypothesized that surfactant inactivation of the exogenously
applied surfactant in the SRT led to the failure of those clinical trials (165-167).

These two acute respiratory syndromes highlight the importance of lung surfactant in the
normal or healthy physiology and the stabilization of the opened lung. However, one can
imagine that surfactant dysfunction/deficiency in a mild but chronic modality, may also
influence lung health and function.

4.1 LUNG SURFACTANT METABOLISM IN ALVEOLI DURING FIBROTIC
REMODELING
Surfactant down-regulation has previously been shown in patients suffering lung fibrosis (37-

39), as well as dysfunction/alteration in AE2C (133, 168). Therefore, it seems reasonable to
hypothesize about the influence and contribution of lung surfactant in the development of
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lung fibrosis. Through Chapters 2.1-2.3, we have described that surfactant dysfunction is an
early event contributing to fibrotic remodeling of the lung tissue. Stablished either as genetic
deficiency (such as in the SP-C deficient mouse model) or resulting from lung injury, edema
formation and inactivation (such as in the bleomycin-induced rat model), lung surfactant
seemed to play an important role in keeping the alveoli open and preventing collapse and the
associated mechanical stress in alveolar epithelial cells.

Even though the lung is not considered as a lipid metabolic organ, it does sustain an active lipid
metabolism that is key for the proper lung surfactant homeostasis and function of the alveolar
space and ultimately gas exchange. In this regard, not only the synthesis and release of
surfactant, uniquely performed by the AE2C is important, but also the recycling and degrading
of surfactant should be taken into account. Lipid recycling and catabolism is thought to happen
not only in the AE2C but also in the AM. Traditionally, it was thought that lipid catabolism only
takes up to 20-30% in AM (169-171) and most of the clearance may take place by recycling in
AE2C (172). However, it is important to understand not only what happens in healthy
conditions, where the AE2C may predominantly be in place to be in charge of the lipid
homeostasis, but also under pathological conditions, where either AE2C or AM may be
impaired, dysfunctional or no longer active. Recent advances in the study of AM in pulmonary
alveolar proteinosis (PAP) have been decisive in elucidating the involvement of AM in lipid
catabolism. Many genes have been found to be impaired in AM in PAP, leading to accumulation
of lung surfactant and protein complexes in the alveoli, impairing alveolar dynamics. Mutation
or deficiency in ABC transporters Al (ABCA1), G1 (ABCG1) and peroxisome proliferator-
activated receptor gamma (PPARy) are related to inefficient surfactant catabolism in AM,
which leads to the PAP phenotype (173-175). Very interestingly, ABCG1 deficient mice showed
crystal accumulation in their cytoplasm, described as cholesterol crystals (91, 92) very similar
to the crystals present in the AM of SP-C deficient mice presented here. Altogether, this
highlights the importance of healthy AM in surfactant metabolism regulation. Therefore, the
guestion is what would happen with surfactant proper homeostasis if AM are impaired or
activated with the purpose to actively participate in the immune response.

The amount of surfactant in the alveolar spaces is tightly regulated. Interestingly, the pool size
of surfactant does not change through life (176), except during the perinatal period, where on
average the surfactant pool is 5 to 10 fold higher (177). It has already been described that de
novo synthesis of PCis rather slow (178), so the recycling and re-use of surfactant components
in AE2C and AM may play an important role in the regulation of the surfactant pools. Therefore,
it seems that regulation mechanisms may exist in order to adapt surfactant pools to changes
in the environment or pathological conditions. However, very little is known about these
regulatory mechanisms or how both AE2C and AM may sense the amount of surfactant in the
alveolar spaces in order to meet the requirements of either synthesizing, degrading or
recycling the components.
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In order to understand recycling mechanisms of lung surfactant components in the lung, we
may need to have a look at the common pathways shared between AE2C and AM. For example,
both cells express ABC transporters for lipid transport, such as ABCA1 and ABCG1, transporters
responsible of the inverse cholesterol transport from the alveolar spaces back to the circulation
(179-181). This may represent a mechanism of cholesterol recycling. SP-A has been reported
to enhance surfactant recycling. On the one hand, SP-A is able to bind to phospholipids from
surfactant. On the other hand, both AE2C and AM express a high affinity receptor for SP-A
(182, 183). SP-A is endocytosed in a clathrin-dependent mechanism by AE2C (184, 185). Lipids
endocytosed this way seem to be recycled and not degraded, whereas in the absence of SP-A
they are degraded, comprising therefore a specific potential recycling mechanism (170). AM
are also able to endocytose SP-A (186), but whether this is part of a recycling or degrading
pathway is still unknown. Lastly, since TGF-B1- and ITG-B6-deficient mice showed impaired
phospholipid catabolism in AM (187, 188), it has been proposed that both TGF-f1 and B6-
integrin play a key role in maintaining surfactant pool levels and macrophage function (189).

The interesting finding in the SP-C deficient mice model also points at AM playing an important
role not only in surfactant metabolism but at the same time in the development of lung fibrosis.
The finding of cytosolic crystal accumulation leads to think that in the absence of SP-C these
AM have some metabolic problems (41), which in turn may convert them in a more pro-fibrotic
phenotype contributing to the development of the disease. This is still a gap of knowledge to
fill in and probably, more factors and signaling molecules are involved in surfactant recycling
and lung homeostasis.

Even though, lung fibrosis is to date considered an interstitial lung disease and the fibroblast
has been for long in the center of the pathophysiology, this may be of relevance when analyzing
end-stage fibrotic lungs. However, in this work we focused on the early events, which may
trigger or contribute to develop fibrotic remodeling, before recruiting and activation of
fibroblasts and deposition of collagen. One should consider that with such a big surface
exposed to the environment, most of the challenges that may trigger disease would come from
the environment and affect the alveolar side and alveolar epithelium in the first line. This is
clear in case of lung infection induced diseases (such as pneumonias or infections of the lower
respiratory tract, (190-192), smoking related obstructive disease (193, 194) or other diseases
triggered by aspiration of particles such as silica or asbestos (195-198). We can conclude, from
our animal models, that epithelial damage, both acute and chronic, may lead to an aberrant
wound healing in the epithelium, triggering a fibrotic remodeling response in the interstitium.
Therefore, lung fibrosis may be initiated by factors impairing proper lung mechanics, including
proper lung surfactant function, in the alveolar side of the lung parenchyma.

Even though, animal models have a number of limitations, regarding similarities or disparities

in the induction and progression of the disease in comparison to the human disease, they also
contribute with important advantages. In the case of lung diseases, more specifically in lung
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fibrosis, with the possibility to analyze time dependent changes, especially at very early stages.
In this way, animal models allow us to understand what may have happened before the onset
of and during fibrotic remodeling, in order to understand how and why an end-stage lung looks
like it is. The bleomycin-induced lung injury and fibrosis animal model is very widely used to
investigate molecular mechanisms and potential therapeutic strategies. However, this model
shows a lung injury phase that is not properly resolved resulting in an aberrant lung
remodeling. Whether patients suffering lung fibrosis underwent a phase of lung injury and
inflammation has been intensively discussed and is still unknown. The most important scientific
evidence against this is the failure of the clinical trials, which tested anti-inflammatory
(corticosteroids) drugs for the treatment of lung fibrosis (199, 200). However, new findings
related to higher risk of developing lung fibrosis after ARDS (201, 202) or Covid-19 (203, 204)
recovery might point at inflammation as another early event triggering aberrant wound
healing. This will also mean that potential anti-inflammatory treatments should be given with
the right timing, meaning early in the development of the disease, before the onset of the
fibrotic wounds.

In conclusion, as shown in Chapter 2.1-2.3, both AE2C and AM change during lung fibrosis
development, impairing surfactant function and metabolism. Therefore, lung surfactant
dysfunction may be considered as an important pathophysiologic event, which seems to
happen early in the disease, contributing to the development of lung fibrosis. Taking this into
consideration, it may be reasonable to propose to replace the dysfunctional surfactant by fresh
functional surfactant as a therapeutic strategy. In addition, AE2C and AM should be considered
of high importance in the development of targeted therapies since they are key players in the
regulation of surfactant homeostasis and development of lung fibrosis.

4.2 LUNG SURFACTANT AS THERAPEUTIC STRATEGY FOR THE TREATMENT
OF LUNG FIBROSIS

In order to treat lung surfactant dysfunction, two options come into play. On the one hand,
there is the option of directly replacing the dysfunctional surfactant by an exogenous
functional one, as in the treatment of NRDS. On the other hand, the source of surfactant, the
AE2C, may also be replaced in order to aim for a long-term effect of the newly secreted
surfactant by the healthy transplanted cells. In both cases, the timing of the application is key
in order to understand what changes are expected to be seen.

On the one hand, in chapter 3.1 we have shown that surfactant may have anti-inflammatory
activity by means of preventing the inflammatory response resulting from epithelial
mechanical stress. The anti-inflammatory properties of surfactant have been already studied
and related to some of its phospholipid components (205). However, in chapter 3.2, the
inflammation caused by bleomycin lung injury and the consequent edema formation
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prevented transplanted AE2C to show a beneficial effect. This discrepancy between treatments
may be explained by the fact that in an edema filled alveoli the exogenous surfactant (applied
as SRT) may be placed on top of the albumin layer occupying the interface, there surfactant
may exclude albumin and lower down surface tension. However, in the AE2C treatment, we
observed individual cells surrounded by edematous material, if they are able to secrete
surfactant, this surface active material has to travel all the way up to the interface and exclude
the albumin from there. This means that surfactant has to compete with albumin for a place
at the interface. This has been shown to be the most efficient inhibitory mechanism of albumin,
preventing surfactant to reach the alveolar interface (206).

In order to counteract this inhibitory effect, the possibility to enrich or pre-treat surfactant
with fortifying agents or increase its resistance to inhibition has already been proposed and
studied. For example, the mixing of surfactant with different polymers, such as hyaluronan
(207, 208), dextran (209) or PEG (210) resulted in a surfactant able to overcome the inhibitory
effect of albumin in vitro. The pre-treatment of surfactant with HA (207) showed that
conformational and compositional changes may convert surfactant into a highly active state,
able to overcome inhibition in vitro. These strategies may be useful to counteract the inhibition
of surfactant in the presence of edematous material in vivo, increasing the anti-inflammatory
efficacy of surfactant at this stage of the disease development.

Very interestingly, the SRT showed to be beneficial lowering down the production of ECM and
collagen in both the bleomycin-induced (43) and TGF-B1 overexpression-induced lung fibrosis
models (211).This points at surfactant stabilizing the alveoli, preventing mechanical stress and
as a consequence, slowing down the progression of the disease.

In addition, in can also be proposed to use lung surfactant to target those important cells for
surfactant function and metabolism, mainly AE2C and AM. In this way, negative effects may
also be prevented. In a step further, one may think about using SRT not only to treat surfactant
dysfunction but also as carrier to deliver different molecules to targeted cells. Nowadays SRT
has been proposed and is under investigation for the treatment of lung infection, alone or in
combination with antibiotics (212-214) or the treatment of bronchopulmonary dysplasia (BPD)
in combination with glucocorticosteroids (215, 216). In addition, recently many authors
proposed, and some clinical trials already started, the use of SRT in the treatment or as
supportive therapy for Covid-19 patients (217). However, the non-invasive application of lung
surfactant in adults probably constitutes the biggest challenge for current medicine to adopt
SRT for the treatment of adult lung diseases. For this purpose, many researchers and
companies are trying to aerosolize surfactant with the hope to bring surfactant in the alveolar
spaces without the need of an intratracheal intubation (218, 219).

On the other hand, in chapter 3.2 we showed the beneficial effect of AE2C transplantation in
the alveolar dynamics and recovery of active surfactant. Previously, this therapeutic strategy
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was proposed as approach to treat IPF (220-222), initially in an animal model, and later in 16
patients with moderate and progressive IPF (221). Results from this clinical study suggested
that the beneficial effects observed might be related to the replacement of surfactant by the
transplanted AE2C. The treatment in the IPF patients consisted in 4 intratracheal
administrations of halogenic AE2C by a fiber-optic bronchoscopy with 15 days between cell
instillations. After 12 months, 13 IPF patients did not show any progression of the disease, by
means of stabilization of functional pulmonary test, high-resolution computed tomography,
increased distance in the 6-min walking test and improvement on health related quality of life
parameters. The authors stated that during the first 2 months, all patients remained stable,
even the three non-responders. Given that these 2 months correspond to the period when
patients were receiving AE2C, the authors speculated that this observation could be related to
the capacity of AE2C to restore pulmonary surfactant. Surfactant from transplanted AE2C could
help to open up collapsed but still functional alveoli, thereby enhancing breathing capacity
(109, 221). Our animal experiments confirmed this hypothesis, as we were able to measure
higher fractions of intra-alveolar surfactant and comprising highly active forms, such as TM and
LB in the treated groups. Alternatively, other options have also been proposed, such as iPSC-
derived AE2C (223) or MSC-derived AE2C (224-226) as the availability of pure isolated AE2C
from healthy donor lungs may be limited and difficult to standardize.

However, the most noteworthy result of both therapeutic strategies presented in here
(chapter 3.1 and 3.2) is the reduction of fibrosis or delay of the fibrosis onset in the animal
models. Either by replacing surfactant or the cellular source of surfactant, it seems that the
restoration of surfactant levels is influencing fibrotic remodeling. This could only be explained
by surfactant normalizing the aberrant physical and mechanical forces acting in the diseased
alveoli.

In conclusion, understanding the pathophysiological changes preceding fibrotic development
will help understand many of the mechanisms triggering and contributing to the disease. An
important patho-mechanism seems to be the dysfunction of lung surfactant, with the
associated induced mechanical stress due to abnormally high surface tension. This can be
potentially treated by either SRT or AE2C transplantation as therapeutic strategies. The
transplantation of AE2C or SRT (alone or in combination with other drugs as drug delivery
system), open the concept of targeted and directed therapy, versus systemic application, to
the alveolar spaces. This will contribute to a new field of research and potential advance of
pulmonary medicine, where SRT could be used beyond neonatal/perinatal medicine.
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