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Abstract
In human idiopathic pulmonary fibrosis (IPF), collapse of distal airspaces occurs in areas of the lung not (yet) remodeled.
Mice lungs overexpressing transforming growth factor-β1 (TGF-β1) recapitulate this abnormality: surfactant dysfunction
results in alveolar collapse preceding fibrosis and loss of alveolar epithelial type II (AE2) cells’ apical membrane surface
area. Here we examined whether surfactant dysfunction-related alveolar collapse due to TGF-β1 overexpression is linked to
septal wall remodeling and AE2 cell abnormalities. Three and 6 days after gene transfer of TGF-β1, mice received either
intratracheal surfactant (Surf-groups: Curosurf®, 100 mg/kg bodyweight) or 0.9% NaCl (Saline-groups). On days 7 (D7) and
14 (D14), lung mechanics were assessed followed by design-based stereology at light and electron microscopic level to
quantify structures. Compared with Saline, Surf showed significantly improved tissue elastance, increased numbers of open
alveoli, as well as reduced alveolar size heterogeneity on D7. Deterioration in lung mechanics was highly correlated to the
loss of open alveoli. On D14, lung mechanics, number of open alveoli, and alveolar size heterogeneity remained
significantly improved in the Surf-group. Volumes of extracellular matrix and collagen fibrils in septal walls were
significantly reduced, whereas the apical membrane surface area of AE2 cells was increased in Surf compared with Saline. In
remodeled tissue with collapsed alveoli, three-dimensional reconstruction of AE2 cells based on scanning electron
microscopy array tomography revealed that AE2 cells were trapped without contact to airspaces in the TGF-β1 mouse
model. Similar observations were made in human IPF. Based on correlation analyses, the number of open alveoli and of
alveolar size heterogeneity were highly linked with the loss of apical membrane surface area of AE2 cells and deposition of
collagen fibrils in septal walls on D14. In conclusion, surfactant replacement therapy stabilizes alveoli and prevents
extracellular matrix deposition in septal walls in the TGF-β1 model.

Introduction

Idiopathic pulmonary fibrosis (IPF) is a fatal, scarring lung
disease with poor prognosis [1] and limited therapeutic
options. High-resolution computed tomography (HRCT)
usually shows volume loss and the formation of honeycomb
cysts with a typical predominance in basal and subpleural
areas of the lung resulting in an apico-basal gradient of
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lesions [2]. With disease progression, these pathological
alterations usually spread out from basal to more apical and
from peripheral, subpleural to more central regions of the
lung. Histological changes typically include a spatial and
temporal heterogeneity meaning that different stages of the
progressive pathogenesis co-exist in the same lung, a fea-
ture which is also present in end-stage IPF-lung explants
[3]. Fibroblast foci and microscopic honeycombing can be
found in close proximity to areas of the lung, which appear
more or less normal [4, 5]. It is in general accepted that IPF
results from chronic injury of alveolar epithelial cells,
impaired regeneration, and activation of invasive fibroblast
responsible for excessive deposition of extracellular matrix
(ECM) including collagen [6].

The role of increased transforming growth factor β1
(TGF-β1) signaling is well accepted in the context of pul-
monary fibrosis [7]. TGF-β1 is a pleiotropic growth factor
and its effects on fibroblasts encompass activation, migra-
tion, and increased production of ECM components but also
transdifferentiation to myofibroblasts. Hence, adenoviral-
mediated gene transfer of biologically active TGF-β1 to the
lung results in severe pulmonary fibrosis in rats and mice
[8–11]. On the other hand, mice deficient in components of
intracellular TGF-β1 signaling such as Smad3 are protected
against fibrotic remodeling [12, 13]. Activation of TGF-β1
requires its release from a large latent complex usually
located in the ECM, where TGF-β1 is bound to latency-
associated pro-peptide [14]. Mechanical stretch of lung
tissue characterized by a remodeled and stiffened ECM has
been shown to be a potential mechanism of TGF-β1 release
in animal models, but also in human IPF tissue, indicating
that breathing can perpetuate pro-fibrotic signaling in a
remodeled lung [15].

Adenoviral-mediated transfer of a porcine-derived active
mutant of TGF-β1 gene (AdTGF-β1) by means of airway
instillation results in a transient gene expression in the
respiratory tract during the first week. Thereafter, the
expression decreases [8] while the fibrotic remodeling con-
tinues [8, 11, 16]. A previous study showed that severe
surfactant dysfunction and microatelectases represent the
initial pathological findings during expression of active
TGF-β1 and occur in the absence of any fibrotic remodeling
in the early phase [11]. Surfactant dysfunction could be
attributed to TGF-β1-induced downregulation of biophysi-
cally active surfactant proteins (SPs) B and C, and other
components involved in surfactant biosynthesis in alveolar
epithelial type II (AE2) cells [17], most likely due to lack of
activity of thyroid transcription factor-1 in the nucleus [11].
In a second step, an increase in collagen fibrils in inter-
alveolar septal walls was observed on day 14 of this model,
whereas AE2 cells were subject to ultrastructural changes,
characterized by a loss of surface area of the apical plasma
membrane in relation to the baso-lateral plasma membrane

[11]. At electron microscopic level many AE2 cells were
found within and between piled septal walls, completely
surrounded by epithelial basal lamina. From these observa-
tions it was unclear whether these AE2 cells were still
functional in terms of surfactant metabolism, as contact to
airspaces was not visible. Taken together, direct effects on
AE2 cells’ function, which result in high surface tension at
the alveolar air–liquid interface and alveolar collapsibility,
are early events of TGF-β1 gene transfer, a feature that is
shared with other models of lung injury and fibrosis [18–20].

In human IPF there is also some evidence from imaging
studies that collapse of distal airspaces occurs as an early
event, meaning that instability of distal airspaces might pre-
date the remodeling process. Using micro-computed tomo-
graphy (and light microscopy for validation), microatelectases
were observed in human IPF lung explants in the absence of
fibrotic remodeling in areas that also appeared to be not (yet)
remodeled according to HRCT imaging. Hence, alveolar
collapse has been discussed as an important mechanism for
the decline of lung function [21] and as a potential trigger of
fibrotic remodeling [3], providing a possible structural
mechanism for the transition from lung injury to fibrosis.
Comparison of end-inspiratory and end-expiratory HRCT
images from IPF patients revealed that abnormalities became
obvious only under end-expiratory conditions in areas of the
lung, which appeared unaffected at the end of inspiration [22].
These findings can be interpreted as resulting from end-
expiratory loss of air due to collapsibility of distal airspaces in
regions that are, according to HRCT findings, not yet remo-
deled. This also implicates that collapsibility predates the
remodeling process [22]. In line with these observations are
clinical findings that Velcro Crackles, supposedly resulting
from explosive re-opening of distal airspace, predate the
occurrence of chest X-ray abnormalities [23, 24]. In addition,
severe surfactant dysfunctions are typical features of IPF
patients [25]. Recent imaging studies provided evidence that
the disease is active not only in areas of manifest fibrosis.
Gadofosveset-enhanced magnetic resonance imaging suggests
the existence of vascular leakage and therefore ongoing lung
injury in areas of the IPF lung, which did not have visible
fibrosis in HRCT [26].

Based on the observations mentioned above, it can be
speculated that high surface tension-related alveolar col-
lapsibility represents an independent trigger of injury and
pro-fibrotic remodeling in the lung in the TGF-β1 mouse
model and also in human IPF. Hence, using the TGF-β1
mouse model, two questions were addressed in this study:
(1) Is surfactant replacement therapy efficient in stabilizing
distal airspaces during the initial phase of the model, before
the transition to fibrosis? (2) Is the stabilization of distal
airspaces during the early phase linked to reduced pro-
fibrotic septal wall remodeling and AE2 abnormalities
during the later phase, when the fibrosis has developed?
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Here we made use of the TGF-β1 mouse model, in which
effects on AE2 cells, surfactant function, and alveolar
instability have been described recently [11]. As these
described early effects of TGF-β1 gene transfer seem to
recapitulate observations in IPF lung explants characterized
by microatelectases without further obvious signs of acute
lung injury [3] in a realistic manner, it was considered that
in the context of this study the use of the TGF-β1 mouse
model would be more appropriate than other models
including the bleomycin model of acute lung injury and
fibrosis. The latter also demonstrates microatelectases but
these occur in the presence of typical features of acute lung
injury such as influx of neutrophils, inflammation, swelling
of epithelial cells, and vascular leak [18, 27, 28].

Material and methods

Animals

Fifty-six female mice (C57BL6/NCrl), aged 8 weeks, were
purchased from Charles-River Laboratories (Sulzfeld, Ger-
many) and housed in the animal facility of Hannover
Medical School. All experiments were approved by the
authorities of Lower Saxony, Germany (LAVES: Nie-
dersächsisches Landesamt für Verbraucherschutz und
Lebensmittelsicherheit), which houses the German equiva-
lent of an institutional animal care and use committee,
following the regulations of the European Animal Welfare
Act (Approval No.: 16/2092).

The animal model

Animals were anesthetized in a Plexiglas chamber with
4.5% isoflurane in room air combined with subcutaneous
injection of Butorphanol (Turbogesic®: 2 mg/kg body-
weight). Mice were orotracheally intubated using an
Abbocath 16 G Catheter. Dissolved in a volume of 50 µl
0.9% saline, 108 plaque-forming units of adenoviral vector
(AdTGF-β1) expressing biologically active TGF-β1 were
intratracheally instilled as described earlier [8, 9, 11]. The
lungs were extracted 7 or 14 days after AdTGF-β1 vector
instillation. Ten animals served as healthy control group
without vector instillation.

Therapeutic interventions

After adenoviral-mediated gene transfer, mice were rando-
mized to the surfactant replacement therapy group (Surf
group) or the Saline group for therapeutic interventions 3
and 6 days after gene transfer. The Surf group received
intratracheal instillation of the porcine-derived surfactant

preparation Curosurf®, which was a gift from Chiesi Phar-
maceutics (Parma, Italy) within the frame of an in kind
donation. The dosage of Curosurf® per treatment was 100
µg/kg bodyweight. Animals in the Saline group were treated
intratracheally with an equivalent volume of 0.9% sodium
chloride (NaCl). The intubations were performed as out-
lined in the previous section. The control group did not
receive any treatment.

Lung mechanical assessment

All animals were anesthetized via intraperitoneal (i.p.)
injection of 80 mg/kg bodyweight ketamine (Anesketin,
Albrech, Aulendorf, Germany) and 5 mg/kg xylazine
(Rompun 2%, Bayer, Leverkusen, Germany). After pain
reflexes disappeared, a tracheotomy was performed and a
14-G cannula of 8 mm length was placed into the trachea.
The cannula was then connected to the FlexiVent venti-
lator (SCIREC, Montreal, Quebec, Canada) followed by
an additional i.p. injection of the same dosage of anes-
thesia as mentioned above, to verify a deep sedation of the
animal during the lung mechanical measurements. Base-
line ventilation parameters were as follows: tidal volume
10 ml/kg, respiratory rate 150 breaths per minute, and an
inspiration to expiration ratio of 1:1.5. The positive end-
expiratory pressure (PEEP) was 3 cmH2O. After a 5–10
min run-in phase of stable ventilation, derecruitability
tests were performed during PEEP= 3 cmH2O ventilation
as described before [18]. The recruitment maneuver con-
sisted of two deep inflations (= total lung capacity per-
turbations) to normalize volume history: during a ramp of
6 s the pressure increased to 30 cmH2O and was kept
stable for 3 s. Next, the mice were ventilated with baseline
settings for 5 min during which mechanical properties of
the lungs were measured repetitively every 30 s by
applying the forced oscillation technique. The resulting
impedance spectra were fitted to the constant phase model
to determine tissue elastance (H), tissue dampening (G),
and Newtonian Resistance (Rn) [29]. For each individual
the mean of ten tissue elastance measurements was cal-
culated and reported in the results. Finally, quasi-static
compliance (Cst) was calculated from pressure controlled
pressure–volume loops [30]. The mean of three Cst mea-
surements per individual is given in the results section.
During lung mechanical measurements, the heart rate was
monitored. In case of heart arrest before or during lung
mechanical assessments, data were excluded, as lack of
perfusion of the lung has a direct impact on lung
mechanical parameters. Nevertheless, these lungs were
immediately extracted for fixation and stereology or bio-
chemical measurement of collagen content as outlined
below.
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Fixation and tissue processing

After measurements of lung mechanics, animals were
divided into two groups and processed either for design-
based stereology or biochemical assessment of the
hydroxyproline level. Lungs assigned to design-based
stereology were subjected to a median sternotomy. The
airway opening pressure was adjusted at 5 cmH2O on
expiration after a deep inflation and the trachea was
ligated at a stable airway opening pressure of 5 cmH2O.
Afterwards, the left atrium was incised and a cannula was
placed in the right ventricle. Before the perfusion fixation
with a solution of 1.5% glutaraldehyde, 1.5% paraf-
ormaldehyde, and 0.15 M HEPES buffer at a constant
perfusion pressure of 40 cm H20 was started, the lung was
flushed with 0.9% NaCl until it became white. Lungs were
dissected and stored in the fixative for at least 24 h. Lung
volumes were determined by means of fluid displacement
based on buoyancy [31]. Lungs were then subjected to a
systematic uniform random sampling for both light and
electron microscopy as described previously [32]. Tissues
sampled for light microscopy (5–8 pieces) were embedded
in glycol methacrylate (Technovit 8100, Kulzer, Harnau,
Germany) according to established protocols to minimize
tissue deformation [33]. For light microscopic evaluation,
embedded tissue was cut into sections with a thickness of
1.5 µm. Disector pairs were generated by collecting the
firstand fourth section of a consecutive series of sections.
For electron microscopic analysis, at least 6–10 tissue
blocks were sampled per lung and embedded in epoxy
resin (Epon) according to established methods [34].
Ultrathin sections of a thickness of approximately 60 nm
were used for design-based stereology at electron micro-
scopic level. Regarding the stereological parameters it
was of utmost importance to avoid any leakage of air, e.g.,
as a complication of the dissection after fixation. There-
fore, the lung volume as measured by fluid displacement
was compared with the air displaced into the lung at the
end of the fixation perturbation, corresponding to a stable
end-expiratory airway opening pressure of 5 cmH2O. If
the lung volume was below the volume of air displaced
into the lung by the ventilator, the tissue had to be
excluded from stereological analyses.

Staining

For light microscopy, sections were stained with 0.1%
toluidine blue dye (1 g toluidine blue diluted in 100 ml of
distilled water plus 2.5 g of sodium hydrogen carbonate),
whereas samples for transmission electron microscopy were
stained with uranyl acetate and lead citrate.

Hydroxyproline

Fourteen days after AdTGF-β1 exposure, as well as in the
healthy control group, the hydroxyproline content per lung
was quantified. The pulmonary vessels were flushed with
0.9% NaCl. A smooth fractionator sampling design fol-
lowed [35], resulting in a fraction of 1/4 of the total lung in
which lung hydroxyproline was measured. This sampling
process allowed calculation of the total amount of hydro-
xyproline per lung by determining the total amount of
hydroxyproline in the sampled tissue and multiplication
with the inverse of the fraction [35]. A representative set of
7–10 tissue pieces per lung was sampled accordingly. The
hydroxyproline measurement was based on a published
methodology [36]. In brief, lung tissue was homogenized
using a mechanical tissue lyser and dried at 65 °C for 24 h.
Proteins were hydrolyzed using 37% hydrochloric acid
(HCl) at a temperature of 110 °C for 24 h. Finally, hydro-
xyproline was oxidized by means of chloramine T and color
was developed with p-dimethylaminobenzaldehyde for
photometric quantification. Multiplication of the hydro-
xyproline in the sampled tissue with the inverse of the
fraction resulted in the total amount of hydroxyproline in
the lung.

Design-based stereology at light microscopic level

Design-based stereology represents the current gold stan-
dard for quantitative assessment of three-dimensional (3D)
structures by using two-dimensional sections and has been
advocated as the method of choice by the European
Respiratory Society/ American Thoracic Society recom-
mendations on quantitative morphometry [37, 38]. Light
and electron microscopical examinations were performed
by a blinded observer. Applying the newCAST stereology
software (Visiopharm, Horsholm, Denmark) equipped with
the light-microscope DM6000B (Leica, Wetzlar, Germany)
and a digital camera DP72 (Olympus, Hamburg, Germany),
a systematic random area sampling was performed. An
appropriate unbiased test system was superimposed on each
field of view. Point and intersection counting were used to
determine volumes and surfaces, respectively, whereas the
physical disector was used to determine alveolar number.
Stereological parameters including test system and primary
magnification are defined in Tables 1 and 2. Determined
parameters include those that were recommended in this
disease area [39]. A cascade sampling design was followed
[40].

In a first step the volume fraction of lung parenchyma
(VV(par,lung)) was determined using a × 5 primary magni-
fication. Parenchyma was defined as fine lung structures
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directly involved in gas exchange including alveolar and
ductal airspaces, and septal walls (sep= parenchymatous
tissue). Non-parenchyma consisted of conducting airways,
blood vessels, or pleura, as well as associated perivascular
and peribronchiolar connective tissue. Subsequently, the
parenchyma was differentiated into alveolar airspace
(alvair), ductal airspace (ductair), and alveolar septal walls
(sep= parenchymatous tissue) using a × 20 magnification
to determine corresponding volume fractions within lung
parenchyma (par) such as VV(alvair/par), VV(ductair/par),
and VV(sep/par). Alveolar and ductal airspaces taken toge-
ther were defined as acinar airspaces (VV(acinair/par). The
density of alveolar surface area covered with air was
determined by a combined point/intersection counting and a
primary magnification of × 20. In general, at least 100–200
counting events per parameter and per lung were counted
distributed on 5–8 sections and 100–200 fields of view
generated during a systematic uniform area sampling pro-
cess. This has been shown to result in a reasonable precision
of stereological parameters [41].

Different volume fractions [e.g., VV(sep,par): volume
fraction of septal walls within parenchyma] were calculated
by dividing counting events for the structure of interest
[e.g., P(sep): points on septal walls] by all counting events
in the reference space [e.g. P(par): points on parenchyma]:

Vv
sep
par

� �
¼

P
P sepð ÞP
PðparÞ

The absolute volume of each component was calculated
by multiplying its volume fraction with the volume of the
reference space (e.g., total lung volume or total lung par-
enchyma):

VV
sep
par

� �
� V par; lungð Þ cm3

� � ¼ Vðsep; lungÞðcm3Þ

Next, the surface area density (Sv) of air covered alveolar
walls (SV(alvair,par)), representing the surface area within
unit of reference space, was calculated by dividing the
counted intersections (I(alvair)) of the test line with air-
covered alveolar surface by the total length of the test line
located in the reference space, which is the number of test
line points on reference space (P(line par)) multiplied with
the length per point (l/p):

SV
alvair
par

� �
cm2

cm3

� �
¼ 2 �P I alvairð Þ � 10; 000P

Pðline parÞ � l=p

Multiplication of Sv with the reference volume resulted in
the surface area for the complete lung.

S
alvair
lung

� �
cm2
� � ¼ SV

alvair
par

� �
cm2

cm3

� �
� Vðpar; lungÞðcm3Þ

Finally, disector pairs were used to determine the density
of open alveoli per volume parenchyma. The distance from
the top of the first section to the top of the forth section
resulted in a disector height of 4.5 µm. Using an unbiased
counting frame with a certain area, a test volume was
generated and within this test volume newly appearing
alveolar openings were counted that was an alveolus, which
was closed on the one section but open (= connected to
alveolar duct) on the other or the other way round [42]. The
density of alveoli was multiplied with the reference volume
to get the total number of open alveoli per lung (N(alv,
lung)). The ratio of the total volume of the alveolar air-
spaces and the number of open alveoli resulted in the
number-weighted mean volume of alveoli (νN(alv)). In an
additional step, point-sampled intercepts were used to
determine the volume-weighted mean volume of alveoli (νV
(alv)) [43]. The volume-weighted mean volume and the
number-weighted mean volume are related to each other via

Table 1 Stereological
parameters measured at light
microscopic level

Parameter Determination Primary magnification

Volume of parenchyma V(par,lung) Point counting × 5

Volume of septal wall V(sep,lung) Point counting × 20

Volume of ventilated alveoli V(alvair,lung) Point counting × 20

Volume of ductal airspace V(ductair,lung) Point counting × 20

Total air-covered alveolar surface area S(alvair,
lung)

Combined point/intersection
counting

× 20

Arithmetic mean thickness of septal walls τ(sep) = 2 * V(sep,sep)/S(alvair,
lung)

Total number of open alveoli N(alv,lung) Physical disector × 20

Number-weighted mean volume of alveoli νN(alv) = V(alv,lung)/N(alv,lung)

Volume-weighted mean volume of alveoli νV(alv) Point sampled intercepts × 20

Coefficient of variation of intraindividual alveolar
size distribution CV 2(νX(alv))

= νV(alv)/νN(alv)− 1

Standard deviation of intraindividual alveolar size
distribution SD(νX(alv))

=CV(νX(alv)) * νN(alv)
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the coefficient of variation (CV) [44]. These data were used
to calculate the intra-individual variability of alveolar size,
in this case the SD of alveolar sizes within each individual
(SD(νX(alv)).

Design-based stereology at electron microscopic
level

Electron microscopic examinations were performed by a
blinded observer with a FEI Morgagni 268 transmission
electron microscope (FEI, Eindhoven, Netherlands), a
Veleta-Camera Side-Mount, 2 × 2 K (Olympus Soft Ima-
ging Solutions, Münster, Germany), iTEM-Software for
image capturing (Olympus SIS, Münster, Germany), and
the STEPanizer online tool [45]. For the image sampling,
a systematic uniform area sampling was used [32] based
on the XY-coordinate system of the stage to get an
unbiased set of fields of view from six tissue blocks per
lung. The systematic uniform area sampling resulted in
100–300 images of septal wall tissue which was now,
following the cascade sampling strategy, the reference
space for quantification of the composition of septal walls/
parenchymatous tissue. Point counting and intersection
counting were used for the measurements. In the first step,
the volume of alveolar type I (AE1) and type II (AE2)
epithelial cells, collagen fibrils (defined by ultrastructural
criteria), interstitial cells, capillary lumen, and ECM other
than collagen fibrils such as basal lamina or elastic fibers
was determined by point counting. The surface area of the
capillary endothelium was determined by intersection
counting. In the next step of the cascade sampling design,
the total volume of AE2 cells in the septum represented
the reference space. Images of all AE2 cells per section
were captured on the six slices and the volume of the
lamellar bodies and the surface of the apical and

basolateral (including tight junctions) membranes of AE2
cells were determined by point and intersection counting,
respectively.

Scanning electron microscopy array tomography
and 3D reconstruction AE2 cells

The samples were stained en bloc by using the
rOTO protocol (rOTO: reduced osmium tetroxide–
thiocarbohydrazide–osmium tetroxide) to get enough con-
trast of the biological structures and a good conductivity of
the sample in the scanning electron microscopy (SEM).
Tissue was embedded in DurcupanTM ACM resin (Sigma-
Aldrich, St. Louis, USA). The protocol used is based on
Deerinck et al. [46], here in brief including adaptions:
fixation in 0.15M HEPES buffer with 1.5% glutaraldehyde
and 1.5% paraformaldehyde, pH 7.35 for about 2 h at room
temperature and overnight at 4 °C; the samples were washed
2 × 5 min with HEPES buffer (0.15M, pH 7.35) and
4 × 5 min with cacodylate buffer (0.1 M, pH 7.35); incu-
bated in 1% reduced osmium tetroxide (0.1 M cacodylate
buffer pH 7.35 with 1.5 % potassium hexacyanoferrate(II)
trihydrate) 30 min in the dark; rinsed 3 × 5 min with ddH2O,
followed by 20 min thiocarbohydrazide solution (TCH, 1%
in ddH2O); rinsed again 3 × 5 min with ddH2O and incu-
bated in 1% osmium tetroxide in ddH2O for 30 min in the
dark, rinsed 5 × 5 min with ddH2O and incubated overnight
in half-saturated water-uranyl acetate solution (freshly pre-
pared from 8% stock solution) at 4 °C in the dark; after
washing 3 × 5 min with ddH2O samples were stained en
bloc with Walton’s lead aspartate for 30 min at 60 °C
and washed again 3 × 5 min with ddH2O, followed by a
dehydration series: 70%, 80%, 90% acetone (each step
2 × 5 min), 3 × 100% dried acetone (each 10 min); samples
were infiltrated in Durcupan resin (25%, 50%, 75%

Table 2 Stereological parameters measured at electron microscopic level

Parameter Determination Primary magnification

Volume of alveolar epithelial type 1 cells in septal walls V(AE1,sep) Point counting × 11.000

Volume of alveolar epithelial type 2 cells in septal walls V (AE2,sep) Point counting × 11.000

Volume of collagen fibrils within septal walls V(col,sep) Point counting × 11.000

Volume of the residual extra- cellular matrix within septal walls V(rECM,sep) Point counting × 11.000

Volume of interstitial cells within septal walls V(IC,sep) Point counting × 11.000

Volume of capillary lumen within septal walls V(caplumen,sep) Point counting × 11.000

Volume of endothelial cells within septal walls V(endo,sep) Point counting × 11.000

Surface area of capillary endothelia within septal walls S(cap,sep) Combined point-/ intersection counting × 11.000

Volume of lamellar bodies within the lung V(lb,lung) Point counting × 8.900

Surface area of apical membrane of AE2 cells S(apicalAE2,lung) Combined point-/ intersection counting × 8.900

Surface area of basolateral membrane of AE2 cells S(blAE2,lung) Combined point-/ intersection counting × 8.900

Apical/basal ratio S(apicalAE2,lung)/S(blAE2,lung)
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Durcupan in dried acetone for 2 h each, 1 × washed in 100%
resin, then 100% resin overnight and fresh resin for 2 h on
the next day) and were polymerized at 40 °C overnight,
followed by 48 h at 80 °C.

For 3D analysis of the mouse lung samples by array
tomography, 300 nm sections were cut and serial section
ribbons of about 25 sections were collected on glass
microscope slides (microscope slides were incubated 24 h in
ddH2O before use), and incubated on 60–65 °C ddH2O
to remove wrinkles. Sections were dried on a warm plate at
45 °C and finally fixed at 80 °C for 30 min. About
665 sections on 26 microscopy slides were analyzed by
light microscopy using phase contrast. For array tomo-
graphy, the microscope slides with the identified region of
interest (ROI) were mounted for SEM analysis on SEM
stubs (12.7 mm diameter) with conductive carbon tape,
treated with conductive silver (encircling the sections), and
coated with a thin carbon layer. The ROI was imaged with
the Zeiss ATLAS System combined with a Zeiss Cross-
beam 540 (Carl Zeiss Microscopy GmbH, Jena, Germany).
ROI on 75 sections were recorded with the BSD4 detector
at 3.5 kV acceleration voltage and 0.5–2 nA current with a
pixel size of 5 nm. Fiji software was used for image pro-
cessing (https://fiji.sc/). Segmentation was performed with
Microscopy Image Browser (http://mib.helsinki.fi) and
visualized with 3D Slicer (http://slicer.org).

Statistical analyses

The hypotheses were that surfactant replacement therapy
keeps alveoli open at D7 and reduces pro-fibrotic remo-
deling at D14. Therefore, a one-way analysis of variance
followed by Sidak´s adjustment of the p-value was per-
formed at D7 and D14 separately. Correlation analyses were
performed using a Spearman’s test. Statistically significant

differences were accepted for p < 0.05, whereas a non-
significant trend was described with p < 0.1. Adjusted
p-values are provided only for p < 0.1 between Surf and
Saline at the corresponding time point D7 or D14. Statistical
tests were performed using SPSS statistic software package
Version 25.0 (IBM Corp., Armonk, NY). For graphical
illustration of data Prism Graphpad version 7.0 (GraphPad
Software, La Jolla, CA, USA) was used.

Results

Lung mechanical data

Figure 1 illustrates individual data as well as groups’
mean of tissue elastance H and quasi-static compliance
Cst of healthy controls and Saline vs. Surf on D7, as well
as on D14. Tissue elastance demonstrated a slight but
statistically significant decrease on D7 in Surf compared
with Saline (Fig. 1a), whereas on D14 there was at best a
trend (p= 0.073) in favor of the Surf group. The findings
regarding Cst did not show any effects of surfactant
replacement therapy on D7, whereas on D14 a significant
increase was detected in the Surf group compared with
the Saline group (Fig. 1b). Of note, on D14 there was a
remarkable variability in the Saline group regarding H
and Cst with some data in the range of values, which can
be found under healthy conditions. In the Saline group on
D14, however, quite a large proportion of measurements
was clearly worse than the level found in healthy con-
trols. This was not the case in the corresponding Surf
group. In other words, the distributions of H and Cst in
the Surf group were on D14 more similar to the control
group than the distributions of the data points in the
Saline group.

Fig. 1 Lung mechanics. Tissue elastance (a) and quasi-static com-
pliance (b) were used to characterize the lung mechanical properties in
the study groups on day 7 (D7) and day 14 (D14). Surf groups were
treated with intratracheal surfactant (poractant alpha) on days 3 and 6

after adenoviral-mediated gene transfer of active TGF-β1 (AdTGF-β1),
whereas saline groups received 0.9% sodium chloride solution. The
control group demonstrates healthy conditions for comparison. n.s.:
not significant
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Surfactant replacement therapy reduces
abnormalities in lung microarchitecture on D7

At light microscopic level, distal airspaces were inflated in
healthy controls and most of the capillaries in the septal
walls were free of blood cells, indicating that perfusion
fixation at the given airway opening pressure of 5 cmH2O
was successful. Microatelectases were completely absent
under healthy conditions (Fig. 2a). In some areas of the
lung, microatelectases were observed in Saline D7 (Fig. 2b)
as well as Surf D7 (Fig. 2c). Such findings were accom-
panied by enlarged ductal airspaces and occasionally small
amounts of alveolar edema fluid while inflammatory infil-
trates were uncommon. At a qualitative level, no clear

differences could be discerned between Surf and Saline at
this time point and pathological alterations were present in
both groups.

Hence, a design-based stereological analysis was per-
formed and data characterizing alveolar microarchitecture
are given in Fig. 2d–i. Comparing Saline and Surf on D7
demonstrated a significantly larger lung volume (V(lung)) in
the Surf group (Fig. 2d). However, no significant differ-
ences between Saline and Surf were observed regarding
total volumes of acinar airspaces per lung (V(acinair,lung)),
which encompass both alveolar and ductal airspaces taken
together [mean (SD): 0.24 (0.07) cm3 vs. 0.28 (0.02) cm3,
p= 0.273]. Nevertheless, the Surf group demonstrated a
nonsignificant trend of an increase in the total surface area

Fig. 2 Alveolar microarchitecture on D7. Representative light micro-
scopic images of healthy control (a), Saline D7 (b), and Surf D7 (c).
The arrows in b and c point to microatelectases. Microatelectases are
absent in a. The following parameters are illustrated: total lung volume
(d), total surface area of alveoli per lung (e), total number of open
alveoli per lung (f), volume-weighted mean volume of alveoli (g), total

volume of septal walls per lung (h), and arithmetic mean thickness of
septal walls (i). Data in d to i show individual data and mean of
stereological parameters determined at light microscopic level.
AdTGF-β1: adenoviral vector-mediated gene transfer of active TGF-
β1. Scale bar in a–c: 100 µm
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of air covered alveolar walls (Fig. 2e, S(alvair,lung)), a
finding that was in line with the observation that the number
of open alveoli was significantly increased in Surf compared
with Saline at D7 (Fig. 2f, N(alv,lung)). Using the total
volume of alveolar airspaces per lung and the number of
open alveoli, the number-weighted mean volume of alveoli
was calculated corresponding to the mean of the intra-
individual size distribution of alveoli. The number-weighted
mean volume of alveoli (νN(alv)) did not demonstrate a
significant difference between Saline D7 and Surf D7 [mean
(SD): 57.7 (11.8) 103 µm3 vs. 52.0 (4.6) 103 µm3;
p= 0.388]. In addition, the point sampled intercept method
was used to determine the volume-weighted mean volume

of alveoli (νV(alv)), where significantly higher values could
be found in Saline D7 compared with Surf D7 (Fig. 2g).
Using the point-sampled intercept method, larger alveoli
have a higher probability of being measured so that the
volume-weighted mean volume over-represents larger
alveoli and therefore is not only dependent on the “real”
mean of the alveolar size distribution within an individual
(= number-weighted mean volume) but also depends on
the size variability. In other words, the larger the alveolar
size variability the larger the volume-weighted mean
volume. Hence, the increased volume-weighted mean
alveolar volume in Saline D7 compared with Surf D7
results from an increased alveolar size variability (= SD of

Fig. 3 Composition of lung parenchyma on D7. Electron microscopic
images are presented from healthy control (a), Saline D7 (b), and Surf
D7 (c). Stereological data obtained at electron microscopical level are
given in d to i and show total volume of collagen fibrils within septal
walls (d), total volume of extracellular matrix components other than
collagen fibrils within septal walls (e), total volume of interstitial cells
within septal walls (f), total volume of alveolar epithelial type 2 cells
within septal walls (g), total volume of lamellar bodies per lung (h),

and the ratio of the surface area of the apical and baso-lateral mem-
brane of alveolar epithelial type 2 cells (i). Individual data and mean
are presented. Scale bar in a–c: 2 µm. Abbreviations: air: distal air-
space; col: collagen fibrils; rECM: extracellular matrix other than
collagen fibrils; AE2: alveolar epithelial type 2 cell; ery: erythrocyte;
cap: capillary lumen; IC: interstitial cells; tm: tubular myelin. AdTGF-
β1: adenoviral vector mediated gene transfer of active TGF-β1
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the distribution of alveolar sizes, SD (νX(alv))). Using
number and volume-weighted mean volume of alveoli, the
CV and at the end SD (νX(alv)) for each lung were calcu-
lated. The group’s mean and SD of control, Saline D7, and
Surf D7 were 30.6 (4.5) 103 µm3, 41.6 (7.2) 103 µm3 and
33.7 (7.5) µm3, respectively. Saline D7 had significantly
higher values compared with control (p= 0.029), whereas
Surf D7 showed a nonsignificant trend for reduced SD (νX
(alv)) values compared with Saline D7 (p= 0.062). Con-
sidering the septal walls, neither their total volume per lung
(Fig. 2h, V(sep,lung)) nor their arithmetic mean thickness
(Fig. 2i, τ(sep)) differed between Saline and Surf on D7.

At electron microscopic level, the impression from light
microscopic imaging that alveolar walls were piled up due
to microatelectases was supported. In both Saline D7 and
Surf D7, AE2 cells and epithelial cells of the opposing
septal wall were often nearly touching so that it appeared
that AE2 cells were completely surrounded by capillaries
without contact to the airspace (Fig. 3b and c). In the Surf
group, intra-alveolar surfactant components such as tubular
myelin or lamellar body-like structures were frequently
observed, in particular in the corners of alveoli (Fig. 3c). In
a further step, the composition of the septal walls was
quantified by design-based stereology and data are sum-
marized in Fig. 3d–i. Regarding the interstitial tissue, the
volume of collagen fibrils within alveolar septa was slightly
but significantly increased in Surf D7 compared with Saline
D7 (Fig. 3d, V(col,sep)). In addition, within septal walls the
volume of ECM components other than collagen fibrils (=
residual ECM, rECM) were also increased in Surf D7
(Fig. 3e, V(rECM,sep)). However, within the septal wall
tissue, no differences between Saline and Surf groups
regarding the volumes of interstitial cells (Fig. 3f, V(IC,
sep)), the endothelial cells [V(endo,sep), mean (SD): 28.4
(3.9) mm3 vs. 30.1 (9.9) mm3, p= 0.939] or the capillary
lumen [V(caplumen,sep), mean (SD): 64.4 (18.7) mm3 vs.
84.3 (16.8) mm3, p= 0.077] were observed. Of note, the
volumes of endothelial cells and the capillary lumen taken
together (= capillary network of septal walls) contributed
with more than 50% to the septal wall volume in all study
groups. As AE2 cells are involved in the de novo bio-
synthesis and recycling of surfactant and TGF-β1 has been

shown to have major effects on AE2 ultrastructure, a more
detailed investigation of this cell type was performed. Fol-
lowing surfactant replacement therapy, the total volume of
AE2 cells within septal walls was significantly increased in
the Surf as compared with the Saline group on D7 (Fig. 3g,
V(AE2,lung)). This increased volume of AE2 cells in Surf
D7 was, compared with Saline D7 group, at least in part a
consequence of a significantly increased volume of lamellar
bodies per lung, which is the storing organelle of surfactant
exclusively found in AE2 cells (Fig. 3h, V(lb,lung)). As
TGF-β1 has been shown to reduce the apical membrane
surface area in relation to the baso-lateral membrane surface
area of AE2 cells, the effect of surfactant replacement
therapy on this alteration was investigated. The ratio of the
apical to baso-lateral membrane surface areas was sig-
nificantly larger in the Surf D7 group compared with the
Saline D7 group and was in the range of healthy controls
(Fig. 3i, Apical/ Basal ratio).

Taken together, on D7 surfactant replacement therapy
was effective in preventing alveolar collapse and reducing
alveolar size variability. Within the septal walls there was a
slight increase of ECM components due to surfactant
replacement therapy. Moreover, the volumes of AE2 cells
and lamellar bodies were increased and the ratio of the
apical to basolateral membrane surface area of AE2 cells
was normalized.

Structure–function relationship on D7

On D7, both static compliance and tissue elastance differed
significantly in the Saline group compared with the healthy
control, indicating that the gene transfer was efficient and
induced abnormalities in lung structures. To understand
which structural alterations were linked with lung
mechanical abnormalities, pooled structural and lung
mechanical data from healthy controls, Saline D7, and Surf
D7 were used for correlation analyses, in order to investi-
gate structure–function relationships during an early phase
of the model (Table 3). Total volume of alveolar airspaces
(V(alvair,lung)), surface area of air covered alveoli (S(alvair,
lung)), and number of open alveoli (N(alv,lung)) demon-
strated strong positive correlations with quasi-static

Table 3 Structure–function relationship at D7

V(alvair,
lung)

V(sept,
lung)

S(alvair,
lung)

τ(sep) N(alv,
lung)

νN(alv) νV(alv) V(col,
sep)

V(rECM,
sep)

V(IC,sep) V(alved,
sep)

Apical/ basal
ratio

Cst r 0.613 0.017 0.666 − 0.620 0.749 − 0.202 − 0.436 − 0.119 − 0.016 − 0.484 − 0.377 0.472

p 0.002 0.939 0.001 0.002 0.000 0.356 0.038 0.590 0.943 0.019 0.076 0.023

H r − 0.679 0.047 − 0.640 0.637 − 0.693 0.121 0.376 0.043 − 0.084 0.508 0.303 0.449

p < 0.001 0.830 0.001 0.001 < 0.001 0.584 0.077 0.844 0.703 0.013 0.159 0.032
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compliance (Cst) and inverse correlations with tissue ela-
stance (H). The ratio of apical to baso-lateral membrane
surface area of AE2 cells (apical/ basal ratio) showed a
weaker but significant correlation to Cst and an inverse
correlation to H. The other way round, the arithmetic mean
septal wall thickness (τ(sep)), volume-weighted mean
alveolar volume (νV(alv)), and the total volume of inter-
stitial cells within septal walls (V(IC,sep)) demonstrated
significant inverse correlations to Cst and positive correla-
tions to H. It was noteworthy that the volumes of the ECM
components within the septal walls and the volume of
alveolar edema did not correlate to lung mechanical
impairments on D7.

Taken together, surfactant replacement therapy stabi-
lized alveoli. Structural parameters reflecting stable alveoli,
in particular the number of open alveoli, showed the
strongest correlations with lung mechanical properties on
D7.

Surfactant replacement therapy prevents alveolar
collapse and alveolar size heterogeneity on D14

Compared with healthy controls, both Saline and Surf
demonstrated in some areas of the lung thickened septal
walls and also signs of persisting microatelectases at light
microscopic level at D14 (Fig. 4a–c). However, a clear

Fig. 4 Alveolar microarchitecture on D14. Representative light
microscopic images of healthy control (a), Saline D14 (b), and Surf
D14 (c). The arrows in b and c indicate areas of thickened par-
enchymatous tissue. The following parameters are illustrated: total
volume of septal walls per lung (d), arithmetic mean thickness of
septal walls (e), total number of open alveoli per lung (f), volume-

weighted mean volume of alveoli (g), number-weighted mean volume
of alveoli (h), intraindividual SD of the distribution of alveolar sizes
(i). In d to i stereological data are presented as individual values and
mean. AdTGF-β1: adenoviral vector mediated gene transfer of active
TGF-β1. Scale bar in a–c: 200 µm
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difference between the Saline D14 and Surf D14 could not
be discerned (Fig. 4b and c). The stereological data did not
show statistically significant differences regarding volumes
of acinar airspaces per lung [V(acinair,lung), mean (SD):
0.29 (0.03) cm3 vs. 0.32 (0.05 cm3), p= 0.333] or septal
wall tissue (Fig. 4d, V(sep,lung)), as well as arithmetic mean
thickness of septal walls (Fig. 4e, τ(sep)) between Saline
and Surf. However, although there was no difference

regarding the total surface area of air covered alveolar walls
between Saline and Surf [S(alvair,lung), mean (SD): 346
(34) cm2 vs. 341 (26) cm2, p= 0.683], there was a slight
and significant increase in the number of open alveoli in the
Surf compared with the Saline group (Fig. 4f, N(alv,lung)).
Also, the volume-weighted mean volume of alveoli differed
significantly between Saline and Surf with lower values
found in Surf (Fig. 4g, νV(alv)). The differences in the

Fig. 5 Surfactant replacement therapy and septal wall remodeling. In
a, representative ultrastructural findings regarding the composition of
septal walls are depicted. In both Saline D14 and Surf D14, the amount
of collagen fibrils (*) and residual ECM (+ ) seem to be higher as
compared to the healthy control in Fig. 3a. In the center of the septa
and surrounded by capillaries, profiles of lamellar body containing
cells are visible (AE2). In b, further examples of AE2 cells are illu-
strated and the size and number of lamellar bodies (LB) appear to be
higher in the Surf D14 example. Of note, lamellar body containing
cells within the alveolar septa are often colocalized with increased
volumes of ECM components (*collagen fibrils+ rECM). The fol-
lowing parameters are visualized: total volume of collagen fibrils

within septal walls (c), total volume of extracellular matrix compo-
nents other than collagen fibrils within septal walls (d), the hydro-
xyproline level per lung (e), total volume of interstitial cells within
septal walls (f), the total volume of capillary lumen within septal walls
(g), and the total volume of alveolar fluid/edema (h). With the
exception of e, electron microscopically obtained stereological data
characterizing the composition of the septa are given in c–h. Individual
data and mean are given in c–h. AdTGF-β1: adenoviral vector medi-
ated gene transfer of active TGF-β1. Scale bar in a and b: 2 µm.
Abbreviations: air: distal airspace, cap: capillary lumen, AE2: alveolar
epithelial type 2 cell, LB: lamellar body
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number-weighted mean volume of alveoli were, however,
not significant (Fig. 4h, νN(alv)). As the volume-weighted
mean volume depends on both the number-weighted mean
volume as well as the intra-individual size variability, the
intra-individual SD of alveolar sizes (νX(alv)) was calcu-
lated. The SDs of intra-individual alveolar volumes were
largest in Saline D14 and were significantly reduced in Surf
D14 (Fig. 4i, SD νX(alv)).

In essence, surfactant replacement therapy during the
first week after TGF-β1 gene transfer resulted in a persisting
increase in alveolar number with decreased alveolar size
heterogeneity at D14, a time point at which fibrotic remo-
deling can already be detected. Hence, in a further step, the
composition of the interstitial tissue of the septal walls was
investigated.

Surfactant replacement therapy and septal wall
remodeling on D14

At electron microscopic level, a lot of interstitial cells and
components of the ECM including collagen fibrils could be

observed in Surf as well as Saline (Fig. 5a and b), whereas
in healthy controls collagen fibrils and interstitial cells
represented a minor fraction of the septal walls (Fig. 3a). In
analogy to D7, AE2 cells completely surrounded by lung
parenchyma could still be found at D14 in particular in the
Saline group (Fig. 5a and b). Such profiles of AE2 cells
embedded in tissue and completely surrounded by the basal
lamina were often seen in colocalization with areas showing
deposition of abundant collagen fibrils (Fig. 5a). However,
whereas no differences of total septal wall volumes per lung
as well as the arithmetic mean thickness of septal walls
could be observed between Surf and Saline (Fig. 4d and e),
unbiased stereological analyses of the septal walls demon-
strated significant differences regarding the composition of
septal walls. The absolute volume of ECM within the septal
walls (V(ECM,sep)) was significantly higher in Saline
compared with Surf at D14 [mean (SD): 16.5 (2.5) mm3 vs.
11.2 (2.6) mm3, p < 0.001]. At ultrastructural level, the
ECM could be separated into collagen fibrils and the resi-
dual ECM (other than collagen fibrils). The rECM encom-
passed elastic fibers, epithelial and endothelial basal

Fig. 6 3D analysis of an AE2 cell showing no contact to alveolar
airspace in a 2D section (d). Correlative light microscopy with SEM
array tomography was used to locate and reconstruct a region of
interest in 3D. About 665 sections were analyzed by light microscopy
and the identified ROI was scanned with SEM at high resolution (a:
sections on microscope slide; b–d ascending magnifications and
resolutions of ROI). Image D: AE2 cell of interest in 2D (asterisk;
scale bar: 5 µm). Model of reconstructed AE2 cell is depicted with

tissue context in three z-layers (e); asterisk indicates the same position
in d and e; baso-lateral plasma membrane (beige), apical plasma
membrane (green), nucleus (blue), lamellar bodies, and lamellar-body
like structures (red). The AE2 cell had no exposure to the air space—
only contact with edema fluid was existent. The AE2 cell model is
shown in different orientations (f). Abbreviations: air: distal airspace,
cap: capillary lumen, AE2: alveolar epithelial type 2 cell, ed: alveolar
edema fluid
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laminae, and amorphous ECM. Both the volume of collagen
fibrils and the volume of residual ECM demonstrated a
highly significant reduction in Surf compared to Saline
(Fig. 5c, d). In line with this observation, the hydroxypro-
line level per lung demonstrated a nonsignificant trend for
lower values in Surf compared with Saline (Fig. 5e).
However, the extent of differences between Surf and Saline
was not that obvious based on the hydroxyproline, which
showed a reduction of the mean from approximately 90–70
µg per lung compared with the structural data of collagen
fibrils, which were reduced from approximately 5–2 mm3

per lung (Fig. 5c). The stereological analyses concentrated
on the collagen fibrils in the septal walls and did not take
structures into account, which usually contribute most of the
lung collagen such as walls of conducting airway or larger
blood vessels, and the perivascular and peribronchiolar
connective tissue. All these structures that usually con-
tribute lung collagen, however, are not part of fine lung
parenchyma in which gas exchange takes place. Within
lung parenchyma, the collagen fibrils contribute only 0.5%
to the volume of septal walls. The hydroxyproline level,
however, does not distinguish between lung parenchyma
and non-parenchyma so that changes occurring in the septal
walls might be blurred. Unlike collagen content, there were
no significant differences regarding the volumes of inter-
stitial cells (Fig. 5f, V(IC,sep)), endothelial cells [V(endo,

sep, mean (SD): 26.3 (2.6) mm3 vs. 30.6 (3.9) mm3] or the
capillary lumen (Fig. 5g, V(caplumen,sep)) between Saline
and Surf on D14. The mean and SD of the surface area of
endothelial cells within septal walls (S(endo,sep) were 1133
(152) cm2 vs. 1186 (175) cm2 vs. 1253 (92) cm2 for healthy
control, Saline D14, and Surf D14, respectively, without
significant differences between study groups. The absolute
volume of alveolar edema fluid per lung demonstrated a
nonsignificant trend in favor of the Surf D14 in comparison
with Saline D14 (Fig. 5h, V(alved,lung)).

Taken together, although the septal wall thickness and
the total volume of septal walls per lung did not differ
significantly between Surf and Saline on D14, the compo-
sition of the septal walls demonstrated effects of surfactant
replacement therapy; although interstitial cellular compo-
nents were unaffected in this model, the total volume of
ECM and in particular the collagen fibrils were significantly
reduced.

Ultrastructure of AE2 cells on D14

Data regarding the electron microscopic assessment of the
alveolar epithelium are illustrated in Figs. 5–7. Within
thickened septal walls, profiles of AE2 cells were observed
in Saline-treated fibrotic lungs but also in the Surf group
(Figs. 5a, b and 6). Quite often, these AE2 cells did not

Fig. 7 Stereological data of AE2
cell alterations at D14. The
following parameters are
visualized: total volume of AE2
cells within septal walls (a), total
volume of lamellar bodies
within septal walls (b), total
surface area of the apical
membrane of AE2 cells per lung
(c), and the ratio of the surface
area of the apical and baso-
lateral membrane of AE2 cells
(d). Mean and individual data
are illustrated in a–d. AdTGF-
β1: adenoviral vector mediated
gene transfer of active TGF-β1
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appear to have contact to the lumen of the airspaces and
were entirely surrounded by the basal lamina so that no
apical cellular membrane was visible. In order to understand
whether these cells were still in contact with the airspace, a
3D reconstruction, based on SEM array tomography, was
performed (Fig. 6 and video in the Supplementary Materi-
als). The 3D reconstruction revealed that such cells had a
complex structure. The apical membrane was in contact
with three to four slender lacunae which were completely
filled with electron dense edema fluid and most likely
represent collapsed distal airspaces. Within the edema-filled
lacunae, lamellar-body-like structures were observed, indi-
cating that exocytosis took place. However, the lamellar-
body-like structures were far away from the airspaces of
un-collapsed alveoli and tubular myelin, which usually
develops when the lipid membranes of the lamellar-body-
like structures unwrap in the hypophase [47]. Taken toge-
ther, these 3D reconstructions illustrate that there are AE2
cells that are not functional, as they do not have any
contact to the airspace, and that the secreted surfactant
seems to be trapped in collapsed alveoli that form edema-
filled lacunae.

The stereological data regarding AE2 cells are illustrated
in Fig. 7. Compared with Saline, the total volume of AE2
cells per lung was significantly larger in the Surf group
(Fig. 7a, V(AE2,sep)). The total volume of intracellular
surfactant, defined as the total volume of lamellar bodies per
lung (V(lb,lung)), demonstrated a nonsignificant trend to
increased values in Surf D14 compared with Saline D14
(Fig. 7b). The total volume of tubular myelin, which usually
represents the reservoir of surfactant in the hypophase of the
alveolar space, was significantly lower in Saline D14 [mean
(SD): 0.80 (0.63) mm3] compared with Surf D14 [mean
(SD): 2.44 (0.41) mm3, p < 0.001]. Moreover, the surface
area of the apical membrane of AE2 cells per lung was
larger (Fig. 7c, S(apicalAE2,lung)) and the ratio of the
surface area of the apical membrane and the basolateral
membrane of AE2 cells was normalized in Surf compared
with Saline (Fig. 7d, Apical/basal ratio).

Taken together, abnormal loss of apical membrane sur-
face area of AE2 cells could be attenuated and the volume
of tubular myelin, an active component of intra-alveolar

surfactant, increased by surfactant replacement therapy
during the first week.

Structure–function relationship on D14

Quasi-static compliance (Cst) was significantly inferior
in the Saline D14 group compared with the healthy control
(p= 0.001), whereas tissue elastance H showed at best a
non-significant trend (p= 0.10). On the other hand, Cst
(p= 0.584) and H (p= 0.981) did not differ between
healthy controls and Surf D14. In order to understand which
structural components might be linked to the lung
mechanical properties, correlation analyses were performed.
Data are summarized in Table 4. Unlike the situation at D7,
components of the interstitial tissue had a much stronger
correlation to lung mechanical impaiment at D14. Hence,
the total volume of collagen (V(col,sep)), rECM (V(rECM,
sep), and interstitial cells (V(IC,sep)) within the septal walls
demonstrated strong inverse correlations to Cst and positive
correlations to H. The apical membrane surface area of AE2
cells per lung (S(apicalAE2,lung)) demonstrated the other
way round a strong positive correlation to Cst and an
inverse correlation to H. Structural parameters related to the
light microscopic lung architecture such as arithmetic mean
septal wall thickness (t(sep)), number of open alveoli per
lung (N(alv,lung)), number (νN(alv)) and volume-weighted
(νV(alv)) mean volume of alveoli also correlated sig-
nificantly with lung mechanical properties.

Alveolar collapse: effects on lung mechanics and
septal wall remodeling?

Microatelectases and therefore the loss of alveoli due to
collapse is a very prominent observation in animal models
of lung injury and fibrosis including the TGF-β1 model
analyzed in the present study. Taking all five study groups
into account, the number of open alveoli strongly inversely
correlated with tissue elastance H (Fig. 8a) and positively
correlated with quasi-static compliance Cst (Fig. 8b).
Hence, alveolar instability is crucial for lung mechanical
degradation in this model. Moreover, as microatelectases
have been suggested as representing initial triggers for

Table 4 Structure–function relationship at D14

V(alvair,
lung)

V(sept,
lung)

S(alvair,
lung)

τ(sep) N(alv,
lung)

νN(alv) νV(alv) V(col,
sep)

V(rECM,
sep)

V(IC,sep) V(alved,
sep)

S(apical,
AE2)

Cst r 0.185 − 0.376 0.095 − 0.469 0.525 − 0.550 − 0.582 − 0.865 − 0.687 − 0.565 − 0.513* 0.800**

p 0.435 0.102 0.691 0.037 0.018 0.012 0.007 > 0.001 0.001 0.009 0.021 > 0.001

H r − 0.077 0.391 − 0.125 0.468 − 0.605 0.672 0.556 0.785 0.621 0.561 0.444 − 0.702

p 0.748 0.088 0.600 0.038 0.005 0.001 0.011 0.000 0.003 0.010 0.050 0.001
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fibrotic remodeling, correlation analyses of data from D14,
a time point at which fibrotic remodeling has been docu-
mented, were performed, in order to describe a relationship
between alveolar microarchitecture analyzed at light
microscopic level and septal wall remodeling characterized
at electron microscopic level. The results are illustrated in
Fig. 8. Among parameters describing alveolar micro-
architecture, the number of open alveoli demonstrated the
strongest inverse correlations with fibrotic septal wall
remodeling characterized by an increase in collagen fibrils
(Fig. 8c) and rECM (r=− 0.579, p= 0.007). Also, chan-
ges in the ultrastructure of AE2 cells, such as loss of surface
area of apical membrane (Fig. 8d) and volumes of lamellar
bodies per lung (r= 0.654, p= 0.002), demonstrated cor-
relations with the total number of open alveoli. In this
model alveolar instability is linked with alveolar size het-
erogeneity reflected by the increased volume-weighted
mean volume of alveoli (νV(alv)). Accordingly, the

volume-weighted mean volume of alveoli demonstrated
convincing correlations to the volume of collagen fibrils
(Fig. 8e) and the rECM (r= 0.651, p= 0.002). An inverse
correlation could be established between the volume-
weighted mean volume of alveoli and alterations of AE2
cells such as the apical membrane surface area of AE2 cells
per lung (Fig. 8f) and the volume of lamellar bodies per
lung (r= 0.729, p < 0.001).

Taken together, in the TGF-β1 mouse model of fibrosis,
the degree of alveolar collapse and alveolar size hetero-
geneity is highly linked to pro-fibrotic interstitial remodel-
ing in alveolar septa as well as alterations of AE2 cells.

AE2 cells in IPF

In the TGF-β1 mouse model, AE2 cells were observed
within remodeled and collapsed areas of lung parenchyma
and did not have contact to the alveolar airspace. In order to

Fig. 8 Correlation analyses between alveolar microarchitecture, lung
mechanics, and remodeling. Abnormal alveolar microarchitecture is
linked with lung mechanical impairment regarding tissue elastance (a)
and quasistatic compliance (b). At D14, abnormal alveolar

microarchitecture [alveolar number (c, d); volume-weighted mean
alveolar volume (e, f)] was correlated to the deposition of collagen
fibrils in septal wall tissue (c, e) and the decline of the apical mem-
brane surface area of AE2 cells per lung (d, f)
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investigate whether such findings could be reproduced in
human IPF lungs, tissue from healthy and IPF explants of
previous studies was re-analyzed [18, 42]. In healthy human
lungs, individual interalveolar septa were detected and AE2
cells had direct contact to alveolar airspaces (Fig. 9a and b).
In IPF diseased lungs, however, profiles of AE2 cells were
observed quite frequently between thickened and fibrotic
alveolar walls (Fig. 9c–e). The identification of these cells
was based on the existence of lamellar bodies, microvilli,
tight junctions, and a basal lamina. In some cases, these
AE2 cells were in contact with edema-filled lacunae
(Fig. 9c). Hence, the TGF-β1 model seems to reflect
alterations of AE2 cells, which can be observed in a similar
way in the IPF lung.

Discussion

Effects of active TGF-β1 on AE2 cells include the down-
regulation of SPs B and C, and other factors involved in

surfactant biosynthesis [11, 17]. During the expression of a
porcine-derived active TGF-β1, the surface tension low-
ering capacity of broncho-alveolar lavage-derived surfactant
has therefore been shown to be severely impaired. As a
result, high surface tension and alveolar collapse dominated
the early phase following TGF-β1 gene transfer, and pre-
dated fibrotic remodeling of lung parenchyma and ultra-
structural abnormalities of AE2 cells such as decline in the
surface area of the apical membrane [11]. In the presented
study, the relevance of the TGF-β1-induced surfactant
dysfunction for alveolar collapse, fibrotic remodeling, and
AE2 cell alterations was investigated using design-based
stereology up to the ultrastructural level in combination
with lung mechanical evaluation and hydroxyproline mea-
surement. The data illustrate that surfactant replacement
therapy during the first week after adenoviral-mediated gene
transfer of TGF-β1 to mice lungs was effective in stabilizing
alveoli and reducing alveolar size heterogeneity on day 7
(Fig. 2f) and day 14 (Fig. 4f) after gene transfer. In addition,
the deposition of collagen fibrils (Fig. 5c) and other

Fig. 9 Ultrastructure of lung tissue from a healthy human (a and b) and
human IPF lung explants. Human tissue was taken from previous
studies [18, 42]. In a, an overview of a healthy interalveolar septa is
shown separating three airspaces from each other. The AE2 cell has
contact to two neighboring airspaces. At the junction of three septa, a
corner vessel (cap) is visible. In b, a healthy AE2 cell is shown at
higher magnification, demonstrating tightly packed lamellar bodies
(LB), microvilli (mv), and tight junctions (tj). The mitochondria are
not swollen. Within severely remodeled parenchymatous tissue from
the IPF lung explant (c–e), lamellar body (LB) containing cells/
alveolar epithelial cells can be identified without contact to the

airspace on two-dimensional sections. C1–E1 show overviews. Cor-
responding C2–E2 depict detail images of these cells. In C1–E1, the
rectangle gives an orientation where corresponding detail images were
taken from. Besides LB, microvilli (mv) can also be observed in C2. In
D2, the AE2 cell forms a tight junction (tj) with an alveolar epithelial
type 1 (AE1) cell. The apical membrane can be identified by the
presence of microvilli (mv), directed to a space which contains dense
edema fluid (D2, ed). In E1, the AE2 cell also contains LB and forms
tight junctions (tj) with neighboring cells. The airspace (air) is visible
in E1 at the bottom. The AE1 cell is severely injured so that the basal
lamina (bl) is denuded (asterisk). cap.: capillary lumen
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components of the ECM (Fig. 5d) in the interstitium of
alveolar septa was markedly prevented at ultrastructural
level at day 14 after gene transfer. Regarding the AE2 cells,
surfactant replacement therapy increased the total surface
area of the apical membrane of AE2 cells in the lung
(Fig. 7). Moreover, strong correlations between the degree
of alveolar collapse or alveolar size heterogeneity on the
one hand and fibrotic remodeling of septal walls could be
established (Fig. 8).

To the best of our knowledge, this is the first report
demonstrating that preventive surfactant replacement ther-
apy reduces the establishment of interstitial fibrosis of lung
parenchyma in an animal model of pulmonary fibrosis.
Also, the presented study demonstrates for the first time a
linkage between the degree of alveolar collapse and the
degree of collagen deposition in the septal walls. Although
the correlations provide no proof of a causal relationship
between the impaired alveolar microarchitecture and col-
lagen deposition, it can be concluded that both TGF-β1-
induced pathologies are dependent on the same factors.
Surfactant dysfunction is responsible for alveolar collapse
and also involved in collagen deposition. Hence, restoring
the surfactant function at the very beginning had positive
effects on alveolar microarchitecture and interstitial
remodeling.

The central role of intra-alveolar surfactant is to reduce
the interfacial surface tension in the alveoli at low lung
volumes, e.g., at the end of expiration, so that the alveolar
surface area for gas exchange remains roughly constant
throughout the respiratory cycle [48]. In addition, by
minimizing and at the same time harmonizing interfacial
surface tension of alveoli of different sizes [49], surfactant
is important to prevent intra-pulmonary pressure gradients,
which would result in abnormal alveolar dynamics [50].
These include the phenomenon of “pendelluft”, meaning
that during the end-expiratory equilibrium and zero flow at
the airway opening there is nevertheless flow within in the
lung between different alveoli [51]. These two important
aspects of surfactant function are also reflected in the ste-
reological data. In the saline-treated TGF-β1-challenged
lungs, there is a decline in the number of open alveoli and
an increase in the volume-weighted mean alveolar volume
attributable to alveolar size heterogeneity (Fig. 4f, i). The
fact that surfactant replacement therapy was able to
attenuate alveolar collapse and alveolar size heterogeneity
therefore provides strong structural evidence that the treat-
ment was successful. This conclusion is supported by the
increase in the volume of tubular myelin, an active subtype
of the intraalveolar surfactant pool, observed after surfactant
replacement therapy. An increase in the amount of tubular
myelin has also been shown to be linked to an improvement
of functional parameters in an animal model of ischemia/
reperfusion injury before [52]. Among structural

parameters, the number of open alveoli per lung had the
strongest correlation to lung mechanical parameters during
the early phase of the model. Hence, it can be concluded
that initially high surface tension and its effects on lung
structure are decisive for lung mechanical impairments.
These observations are in line with previous studies
demonstrating a strong link between the numbers of open
alveoli and lung mechanical properties in animal models of
lung injury and fibrosis [18, 20, 27].

During the respiratory cycle, the lung is continuously
subjected to deformation both at macro- and micro-
mechanical level. The driving force for volume changes and
therefore deformation of the lung results from the trans-
pulmonary pressure gradient, which is the difference
between the pleural pressure and the pressure at the airway
opening, and this is independent of whether the lung is
spontaneously breathing or mechanically ventilated [53].
The transpulmonary pressure gradient includes the elastic
recoil pressure, which is the pressure drop along the tissue,
or, in other words, the gradient between the pleural pressure
and the alveolar pressure [54, 55]. The elastic recoil pres-
sure strongly depends on the interfacial surface tension in
the alveoli and tissue factors. Tissue factors include above
all an economically designed network of axial and septal
wall fibers of collagen and elastin, which in the mouse lung
contribute less than 1% to the volume of the septal walls
[56]. Evidence exists that there is little stretch of septal
walls in a healthy lung during the physiological range of
breathing involving lung volumes approximately between
40% and 80% of total lung capacity [50]. The normal or
quiet breathing-related strain at the alveolar level has been
estimated as 4% in linear dimension [57]. In the presence of
high surface tension, alveolar collapse, and heterogeneous
ventilation of the lung, however, some areas of the lung are
excessively stretched and therefore prone to injury and pro-
fibrotic remodeling [20]. In their spring model of alveolar
interdependence, Mead et al. [54] illustrated that in a net-
work of interdependent airspaces, heterogeneities in
mechanical properties can have detrimental effects on lung
parenchyma. Non-ventilated airspaces, e.g., due to high
surface tension, function as stress concentrators and impose
tethering forces on the walls of surrounding, ventilated
airspaces. These forces have been estimated to reach
dimensions of up to 16 times the average stress con-
centration [58]. This implicates that even in the range of
normal tidal volumes at the organ scale, the existence of
local mechanical stress, resulting in locally pronounced
deformation of alveoli, is very likely to occur in the pre-
sence of microatelectases [20, 54, 58]. Lung injury and
activation of endoplasmic reticulum (ER) stress followed by
apoptosis of alveolar epithelial cells have been observed as
a consequence of increased cellular strain, which corre-
sponded to tidal volumes cyclically passing 80% of total
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lung capacity [59]. In this context, ER stress and apoptosis
are features also observed in lung epithelial cells of IPF
patients [60]. Based on the reasoning mentioned above, it
might therefore be possible that there is a causal link
between high surface tension, alveolar collapse, and
mechanical stress, and at the end increased deposition of
collagen fibrils within the alveolar septa. The established
correlations between parameters of alveolar micro-
architecture (e.g., alveolar number and size) and the
deposition of ECM in the septal walls are in line with this
concept (Fig. 8).

In the context of ventilation-induced lung injury and
fibrosis, the causal relevance of alveolar collapse, volu-
trauma, and mechanical stress for disease progression
including the generation of a pro-fibrotic milieu are well
accepted [61–63]. Alveolar collapse due to high surface
tension leads to redistribution of air within the lung and
heterogeneous ventilation inducing volutrauma. Hence,
mechanical ventilation of a pre-injured lung can augment
the deposition of collagen [62, 64]. In addition, the forces
acting on lung parenchyma generated during spontaneous
breathing can potentially be harmful. Fine lung parenchyma
must withstand the elastic recoil pressure, which is the
pressure gradient between the alveolar airspace and the
pleural space [53]. Increased effort during spontaneous
breathing can result in higher pressure gradients along fine
lung parenchyma due to higher negative pressures within
the pleural space [65, 66], so that in principle spontaneous
breathing can also aggravate lung injury and fibrosis due to
abnormally increased deformation of interalveolar septa
[67, 68].

Surfactant is a mixture of lipids (mainly phospholipids)
and SPs A–D so the observed effects of surfactant repla-
cement therapy might not exclusively be a consequence of
decrease in surface tension. The porcine-derived surfactant
poractant ɑ used in the present study contains the hydro-
phobic SP-B and SP-C, which are essential for biophysical
properties, e.g., the surface tension reducing characteristics.
However, poractant ɑ does not contain SP-A and SP-D,
which are primarily part of the innate immune system [69].
Nevertheless, there is emerging evidence that SP-C and
bioactive lipids, which are derived or even part of the sur-
factant system, have effects on immune cells [70]. Hence,
unrecognized pharmacological effects of components of
poractant ɑ, which are independent of the biophysical
properties, might also have influenced the outcome
observed in the present study. However, the exact
mechanism needs further investigation.

On day 7, stereological data demonstrate an increase in
collagen and ECM in the group treated with exogenous
surfactant, in spite of an increased number of open alveoli.
The reason for this observation is unclear but might be due
to augmented acute inflammatory response in the lung,

which has been reported after surfactant replacement ther-
apy in an ex vivo model [71]. Also, the high viscosity of
poractant ɑ could result in an initial deterioration of het-
erogeneity of ventilation incipiently after airway instillation
so that in some regions of the lung stretch of the alveolar
septa might initially even increase. Stretch has been shown
to be a stimulus for increased ECM deposition in the con-
text of ventilation-induced lung injury. Of note, although
between day 7 and day 14 the volume of ECM components
in septal walls remained stable in the surfactant-treated
group, there was a marked increase of ECM in the saline-
treated lungs. It seems that surfactant replacement can
acutely augment ECM deposition, but has then beneficial
effects on a longer time scale.

In the TGF-β1 model, severe alterations of AE2 cells
have been observed before [11], which were reproduced in
the present study in the Saline groups. At ultrastructural
level, AE2 cells were found within thickened interalveolar
septa in areas of microatelectases, often co-located with
focal accumulation of collagen fibrils (Fig. 5a and b). These
AE2 cells were characterized by the presence of lamellar
bodies and a basal lamina, which in some cases completely
surrounded the profile of the AE2 cell, so that is was not
apparent whether or not all AE2 cells demonstrated a
polarity and had contact to the alveolar airspaces. Three-
dimensional modeling revealed that AE2 cells were con-
structed in a polar manner with apical membranes (Fig. 6
and Supplementary Materials). However, AE2 cells did not
have any contact to the alveolar airspace. Instead, they had
contact to slender lacunae filled with small amounts of
edema, which corresponded to collapsed alveoli. Therefore,
the occurrence of AE2 cells within thickened septal walls is
rather a direct consequence of alveolar collapse and not an
indication of epithelial-to-mesenchymal transition, as the
latter would require a loss of polarity and the basal lamina.
Due to limitations in spatial resolution, such AE2 cells
illustrated in Figs. 5, 6 or 9 could easily be misinterpreted as
interstitial cells at light microscopic level, although they are
not part of the interstitium. Instead they are part of collapsed
alveoli degraded to edema-filled small lacunae, which might
later on become subject to collapse induration, a mechanism
described in the context of usual and acute interstitial
pneumonia [72, 73]. In the present study, stereological data
demonstrated in this regard a reduction of the surface area
of the apical membrane of AE2 cells in relation to the baso-
lateral membrane, whereas the volume of intracellular sur-
factant in AE2 was reduced (Fig. 7). Surfactant replacement
therapy could increase both the surface area of the apical
membrane of AE2 cells and the intra- and extracellular
surfactant pool after TGF-β1 gene transfer. At day 14, a
high correlation between the surface area of the apical
membrane of AE2 cells and the number of open alveoli, as
well as the alveolar size heterogeneity, was established
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(Fig. 8d/ f), illustrating that AE2 cell changes and altera-
tions in the alveolar architecture are linked. During exocy-
tosis of lamellar bodies, the limiting membrane of the
lamellar body fuses with the apical membrane of the AE2
cell so that the apical membrane increases its surface area
[74]. Alveolar expansion represents an important stimulus
for exocytosis of lamellar bodies[75], but this stimulus is
abolished when alveoli collapse. Hence, alveolar collapse as
such can at least in part explain the loss of the apical
membrane surface area of AE2 cells per lung in the TGF-β1
model. Based on these findings, it seems reasonable to
assume that in the TGF-β1 model a significant proportion of
AE2 cells is not functional in terms of surfactant metabo-
lism due to a lack of access to the airspace. Surfactant
replacement therapy could have the potential to restore this
functionality by stabilizing alveolar airspaces.

In previous studies, the existence of alveolar collapse and
collapse induration has also been reported in human IPF
samples [6, 18, 72]. Furthermore, in the present study
profiles of lamellar bodies containing cells were observed
surrounded by severely remodeled lung parenchyma in IPF
(Fig. 9). Hence, the observation of AE2 cells or lamellar
bodies containing cells “buried” within tissue and without
contact to the airspace is a feature that the TGF-β1 model
shares with human IPF samples. In both cases, this abnor-
mal location of AE2 cells is a consequence of alveolar
instability, remodeling, and at the end collapse induration.
At the ultrastructural level, Myers and Katzenstein [72, 73]
were the first to describe the features of collapse induration
in usual interstitial pneumonia and acute interstitial pneu-
monia, and as pure fibroproliferation could not entirely
explain the degradation of lung function they introduced
alveolar collapse as an additional factor. Quantitative mor-
phological evaluations of IPF lungs described a dramatic
decline in the surface area of alveolar epithelium as a key
feature of IPF, whereas there was astonishingly no increase
in the volume of tissue in the lung, which the authors also
discussed in the context of alveolar collapse [76]. Recent
imaging studies provided further evidence that instability of
distal airspaces is present in non-remodeled lung par-
enchyma and might precede the development of pulmonary
fibrosis in IPF, so that authors discussed the role of alveolar
collapse as a trigger for fibrosis [3]. In line with this sug-
gestion are observations of increased vascular leakage in
IPF lungs in areas that are not yet remodeled, indicating that
the disease shows activity outside the fibrotic areas detect-
able by HRCT [26].

The presented study has several limitations. As a control
for the surfactant replacement therapy group, a saline-
treated group was included. Saline instillation into the lung
simulated the same volume challenge, although the viscous
property of saline was much different from that of the
surfactant. However, as poractant ɑ is dissolved in NaCl

solution, it seemed reasonable to use saline as a control
despite differences in viscosity. In addition, repetitive oro-
tracheal intubation and instillation of saline might have
aggravated the pathology induced by TGF-β1 over-
expression. However, a comparison of the structural data of
the saline-treated TGF-β1 mice from the present study and
our previous study where no saline was instilled after TGF-
β1 gene transfer does not provide any evidence that intra-
tracheal saline instillation had an effect on our primary read-
out parameters [11]. In line with this observation is the fact
that repetitive intubations to perform broncho-alveolar
lavages did not result in a worsening of the pulmonary
elastance in guinea pigs [77]. Compared with previous
studies [16], the phenotype of the model was quite mild in
the present study, which became in particular apparent
considering the discrete (but still significant) increase in the
hydroxyproline level (Fig. 5e). Nevertheless, the animals
were clinically sick so that although performed by experi-
enced experimenters, some animals died during the ther-
apeutic intervention. Therefore, the dosage of the AdTGF-
β1 was not increased in the present study. Moreover, based
on the hypotheses, very early time points including the
transition phase from pure microatelectasis (= lung injury)
stage to fibrosis were studied. Thus, the therapeutic inter-
vention was used as a preventive strategy during a phase at
which surfactant dysfunction was present to evaluate its role
in the pathogenesis of fibrosis. However, this study design
does not “model” the human patient suffering from estab-
lished fibrosis [78]. From these observations, it remains
unclear whether surfactant replacement therapy is efficient
in treating a lung with already established fibrosis as is
usually the case at the time point IPF is diagnosed in a
patient. Previous analyses of the surfactant system showed
that surfactant function recovered as soon as the TGF-β1
overexpression declined in this animal model [11]. There-
fore, it appears unlikely that surfactant replacement therapy,
at least by its biophysical properties, is effective in the
advanced stage of the TGF-β1 model at which fibrosis is
already established. Hence, the efficiency of surfactant
replacement therapy via its biophysical properties is likely
to be limited to the transition phase from injury to fibrosis.
Nevertheless, in view of the fact that in human IPF the
pathology demonstrates a temporal heterogeneity, the tran-
sition from initiation of the disease toward fibrosis also has
a role in clinically progressed stages with progressed
symptoms and lung functional impairments. This is sup-
ported by recent imaging studies, suggesting that the disease
is active in lung regions not yet remodeled [3, 22, 26].
Hence, preventive treatment strategies seem to be not only
of relevance for clinically very early or not yet manifest
stages of this disease.

In summary, this study for the first time demonstrates
that a surfactant replacement therapy induces an alveolar
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stabilization and reduced interstitial ECM deposition in an
animal model of pulmonary fibrosis. Preventive reduction
of surface tension was efficient in stabilizing alveoli as well
as reducing alveolar size heterogeneity, which is potentially
combined with reduced local mechanical stress and strain
within the lung. An inverse correlation between the number
of open alveoli and the degree of deposition of ECM in
alveolar septa could be established, illustrating a clear link
between these two pathologies. Although providing no
definitive proof, these observations support the hypothesis
that instability of distal airspaces, as observed in IPF lungs,
might represent a potential trigger for a pro-fibrotic
remodeling.
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