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Abstract

Rationale: Although type II alveolar epithelial cells (AEC2s) are
chronically injured in idiopathic pulmonary fibrosis (IPF), they
contribute to epithelial regeneration in IPF.

Objectives: We hypothesized that Notch signaling may
contribute to AEC2 proliferation, dedifferentiation characterized
by loss of surfactant processing machinery, and lung fibrosis in IPF.

Methods: We applied microarray analysis, kinome profiling,
flow cytometry, immunofluorescence analysis, western blotting,
quantitative PCR, and proliferation and surface activity analysis
to study epithelial differentiation, proliferation, and matrix
deposition in vitro (AEC2 lines, primary murine/human AEC2s),
ex vivo (human IPF-derived precision-cut lung slices), and in vivo
(bleomycin and pepstatin application, Notch1 [Notch receptor 1]
intracellular domain overexpression).

Measurements and Main Results: We document here
extensive SP-B and -C (surfactant protein-B and -C) processing
defects in IPF AEC2s, due to loss of Napsin A, resulting in
increased intra-alveolar surface tension and alveolar collapse and

induction of endoplasmic reticulum stress in AEC2s. In vivo
pharmacological inhibition of Napsin A results in the
development of AEC2 injury and overt lung fibrosis. We also
demonstrate that Notch1 signaling is already activated early in
IPF and determines AEC2 fate by inhibiting differentiation
(reduced lamellar body compartment, reduced capacity to process
hydrophobic SP) and by causing increased epithelial proliferation
and development of lung fibrosis, putatively via altered JAK
(Janus kinase)/Stat (signal transducer and activator of
transcription) signaling in AEC2s. Conversely, inhibition of
Notch signaling in IPF-derived precision-cut lung slices
improved the surfactant processing capacity of AEC2s and
reversed fibrosis.

Conclusions: Notch1 is a central regulator of AEC2 fate in IPF.
It induces alveolar epithelial proliferation and loss of Napsin A
and of surfactant proprotein processing, and it contributes to
fibroproliferation.
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pulmonary fibrosis
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Idiopathic pulmonary fibrosis (IPF) is a
progressive, devastating, and ultimately fatal

lung disease (1) involving a predisposing
genetic background as well as exogenous
second hits acting in and on the alveolar
epithelium (2, 3).

In the normal human lung, type II
alveolar epithelial cells (AEC2s) exist mostly
in a highly differentiated state and play an
essential role in producing, processing, and
adequately secreting pulmonary surfactant, a
lipoprotein mixture consisting largely of
dipalmitoylated phosphatidylcholine,
phosphatidylglycerol, and two extremely
hydrophobic surfactant proteins, SP-B
(surfactant protein B) and SP-C, both of
which undergo extensive post-translational
processing by proteases such as Napsin A in
the lysosomal compartment (reviewed in
Reference 4). Pulmonary surfactant covers
the alveolar space and greatly lowers alveolar
surface tension, making breathing possible at
normal transpulmonary pressure gradients
(5). In some familial cases of IPF, mutations in
SP-C and SP-A have been disclosed, which
may cause protein misfolding, protein
aggregation, endoplasmic reticulum (ER)
stress, and AEC2 injury (6) (reviewed in
References 7 and 3). Although SPmutations
are only rarely found in sporadic IPF,
increased alveolar surface tension (8), possibly
favoring alveolar collapse (9, 10), has been
described previously, and ER stress is a
common feature (11).

In the injured lung, the facultative
progenitor role of AEC2s becomes evident
and allows them to reenter the cell cycle and
to ensure the homeostatic replacement and
repair of the alveolar epithelium (type I
alveolar epithelial cells [AEC1s], AEC2s)
(12–14). In IPF AEC2s, developmental
pathways such as sonic hedgehog (15),
TGF-b (transforming growth factor-b) (16),
andWnt (17) are known to be reactivated,
and Notch signaling has been suggested to be
activated in response to injury (18, 19).
Notch signaling relies on four receptors
(NOTCH1 [Notch receptor 1] through
NOTCH4) that bind to and are activated by

five ligands (DLL1 [Delta like canonical
Notch ligand 1], DLL3, and DLL4 and
Jagged1 [Jagged canonical Notch ligand 1]
and Jagged2) (20). Upon ligand binding, the
Notch receptor undergoes two cleavage
events mediated by the g-secretase and
Presenilin complex. This results in the release
of the Notch intracellular domain (NICD),
which translocates into the nucleus and
activates transcription of downstream target
genes (20). In the lung,Hes1 (Hes family
BHLH transcription factor 1) is the best
characterized Notch1 downstream
target gene (21). During embryogenesis
and in postnatal airways, Notch
signaling acts as a cell-fate regulator by
modulating cell proliferation and
differentiation (22, 23).

On the basis of a non–hypothesis-
driven transcriptomic analysis of laser-
dissected septa demonstrating differentially
regulated Notch signaling in still normal-
appearing areas in IPF, and in light of
previous studies documenting the
importance of Notch signaling in stem cell
fate specification, we hypothesize that
enhanced Notch signaling regulates AEC2
differentiation status, being characterized by
impaired SP processing mediated by Napsin
A and Cathepsin H.We also hypothesized
that the resultant accumulation of proforms
of hydrophobic SPs may cause additional ER
stress to AEC2s. Indeed, in this study, we
demonstrate widespread loss of SP
processing with consecutive accumulation of
SP intermediates and ER stress, as well as
increased alveolar surface tension and
collapse, most likely contributing to chronic
epithelial injury in IPF.We show that Notch
activation in murine AEC2s is sufficient to
induce lung fibrosis and that Notch blockade
restores the surfactant processing machinery,
thus opening new avenues for therapeutic
interventions in IPF.

Some of the results of these studies were
previously published in preprint form (https://
www.biorxiv.org/content/10.1101/580498v1).

At a Glance Commentary

Scientific Knowledge on the
Subject: Idiopathic pulmonary
fibrosis (IPF) results from permanent
type II alveolar epithelial cell (AEC2)
injury. AEC2s represent an alveolar
epithelial progenitor population, but
their role in epithelial regeneration in
IPF is unclear, as are the underlying
signaling pathways.

What This Study Adds to the
Field: We show that Notch1 (Notch
receptor 1) signaling is increased in
human IPF AEC2s and in
experimental models of lung fibrosis
and induces AEC2 proliferation in
response to injury and development of
lung fibrosis. In parallel, however,
Notch1 signaling also causes defective
processing of SP-B (surfactant protein
B) and SP-C and, as a result, highly
increased surface tension values at the
alveolar air–water interface in vitro as
well as in vivo. Accordingly, we show a
clear increase in expiratory subpleural
density, suggesting repetitive alveolar
collapse, on high-resolution computed
tomography from patients with IPF,
but not patients with chronic
obstructive pulmonary disease or
control subjects. Finally, experimental
blockade of Notch signaling in human
IPF precision-cut lung slices cultured
ex vivo for several days not only
resulted in restoration of proper
processing of SPs and of regular lipid
synthesis and trafficking in AEC2s but
also reduced markers of fibrosis on
conventional trichrome staining and
immunohistochemistry.
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Figure 1. Expiratory alveolar collapse in patients with idiopathic pulmonary fibrosis (IPF). (A) Representative high-resolution computed tomography
(HRCT) from one patient with IPF during inspiration and expiration. Voxels were color coded according to their density in Hounsfield units (HU;
hyperinflated, 21,000 to 2901 HU [red]; normally aerated, 2900 to 2501 HU [blue]; poorly aerated, 2500 to 2101 HU [yellow]; nonaerated, 2100 to
100 HU [green]). Note the preferentially subpleural increase in green areas in expiration, indicating alveolar collapse. (B) Density distribution in HU in
basal horizontal HRCT sections from pooled IPF (n=24), chronic obstructive pulmonary disease (COPD) (n=5), and control (n=4) groups during
inspiration and expiration (left) and categorical distribution of voxels into nonaerated, poorly aerated, and normally aerated as well as hyperinflated lung
areas (right). Individual sections were hand selected, transferred, and analyzed for HU distribution. All data from all patients per group were pooled
and are given as mean densitogram for the three patient categories and inspiration versus expiration (left). The right panel shows the percentage of
voxels per each density group for the same patient groups in inspiration and expiration. For the nonaerated tissue, differences reached significance for
IPF versus control (P=0.027 at expiration; P=0.057 at inspiration), for IPF versus COPD (P, 0.001 at expiration; P=0.006 at inspiration), but not for
control versus COPD. In the poorly aerated tissue, differences reached significance for IPF versus control (P=0.034 at expiration; P=0.032 at
inspiration), for IPF versus COPD (P,0.001 at expiration; P,0.001 at inspiration), and for control versus COPD (P=0.016 at expiration; P=0.016 at
inspiration; all Wilcoxon-Mann-Whitney test). (C) Quantification of density changes in corresponding subpleural HRCT sections at the basal, tracheal
bifurcation, and apical levels in expiration versus inspiration in the same patients as outlined in B. Data are presented as mean6SEM. *P, 0.05 and
**P, 0.01. n.s.=not significant by ANOVA.
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Figure 2. Loss of alveolar surface activity in idiopathic pulmonary fibrosis (IPF) is based primarily on loss of mature SP-B (surfactant protein B).
(A) Upper panels: western blot analysis for mature SP-B (mSP-B) in the BALF of patients with IPF (n=10) and healthy volunteers (n=8). Lower
panels: western blot analysis for mSP-B, Napsin A, and Cathepsin H in the peripheral lung tissue of subjects with IPF (n=20), subjects with
chronic obstructive pulmonary disease (COPD) (n=9), and human donors (n=12). The ratio of mSP-B to total SP-B in the peripheral lung tissue
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Methods

An extensive and complete description of all
applied methods is provided in the online
supplement. In the following we provide
essential information on patients and novel
methods.

Patient and Control Groups
The study protocol was approved by the
Ethics Committee of the Justus-Liebig-
University School of Medicine (31/93, 29/01,
and 111/08; University of Giessen and
Marburg Lung Center Giessen Biobank and
European IPF Registry/Biobank), and
informed consent was obtained in writing
from each subject (see Table E1 in the online
supplement). Explanted lungs and human
donor lung lobes or pieces resected for size
incompatibilities were obtained during lung
transplantation. Additional IPF lung tissue
samples were obtained during diagnostic
video-assisted thoracic surgery. BAL fluid
(BALF) and blood were collected from
patients with IPF and healthy volunteers.
All IPF diagnoses were made according to
the American Thoracic Society/European
Respiratory Society consensus criteria (1),
and a usual interstitial pneumonia pattern
was consistently shown.

Precision-Cut Lung Slice Generation
and Culture
One segment of each explanted human IPF
lung was filled with 1.5% low-melt agarose at
37�C and allowed to cool on ice for 30
minutes. Blocks of tissue of ~33 33 4 cm
(depth3width3 height) were sectioned (500
μm) using a vibrating-blade microtome and
cultured for 4 days in Dulbecco’s modified
Eagle’s medium/F12 (10% human serum,
1% penicillin/streptomycin, N-[N-(3,5-
difluorophenacetyl-L-alanyl)]-S-phenylglycine

t-butyl ester [DAPT] [10–50 μM]) or DMSO
(1:1,000). Mediumwas changed daily.
Precision-cut lung slices (PCLSs) were then 1)
fixed with 4% paraformaldehyde for 20
minutes, embedded in paraffin, and sectioned
at 3 μm; 2) homogenized in the lysis buffer
used for western blot analysis; or 3)
dissociated using dispase (Corning; 1:10
dilution) for 45minutes at 37�C and
processed for flow cytometry.

Results

Expiratory Alveolar Collapse in
Patients with IPF
Alveolar collapse during expiration was
analyzed on high-resolution computed
tomography scans obtained during
inspiration and end-expiration from patients
with IPF, patients with chronic obstructive
pulmonary disease (COPD), and control
subjects. We observed an increase in
subpleural density during expiration in
individual IPF cases, corresponding to an
increase in nonaerated lung areas
(Figure 1A). We then assessed the density
distribution (in Hounsfield units) in the
entire basal layers of the pooled IPF, COPD,
and control groups in inspiration and
expiration. As evident from Figure 1B,
patients with IPF showed a higher percentage
of lung areas that were poorly aerated or
nonaerated (24, 25) at the end of expiration,
and this was similarly seen when analyzing
the data using a categorical approach
(Figure 1B, right panel). Finally, when
analyzing the total subpleural space of
hand-segmented, transversal computed
tomography layers from the basal,
bifurcation, and apical levels, patients with
IPF showed a significantly higher increase in
subpleural density at the end of expiration

not only at the basal level, where the disease
is usually more prominent, but also in the
most apical levels, where fibrotic changes are
usually less apparent (26) (Figure 1C).

Loss of Alveolar Surface Activity
in IPF Is a Result of Defective
Processing of Hydrophobic SP-B
and SP-C
Alveolar collapse may be caused by increased
alveolar surface tension (8). We analyzed
pulmonary surfactant composition in the
BALF of healthy volunteers and subjects with
IPF and in lung homogenates from age-
matched organ donors, patients with COPD,
and those with IPF undergoing lung
transplantation (see Table E1). In IPF
BALF, a prominent loss of mature SP-B
(mSP-B; Figure 2A) andmature SP-C
(mSP-C; see Figure E1A) and appearance of
the 23-kD C-terminal proSP-B intermediate
(Figure 2A) and the 21-kD proSP-C
(see Figure E1A) was encountered. In IPF
homogenates, a comparable loss of mSP-B
(Figure 2A; see quantification in Figure E1B)
andmSP-C (see Figure E1A) was evident and
was accompanied by pronounced tissue
accumulation of the 42-kD SP-B precursor,
the 23-kD C-terminal and 20-kDN-terminal
proSP-B peptides, and smaller C-terminal
processing intermediates of SP-B in the
range of 12–16 kD (Figure 2A; see Figure
E1B), as well as an elevation of proSP-B and
C-terminal proSP-B intermediate in IPF sera
(Figure 2C). As a result, the ratio of mSP-B
to total SP-B was found to be profoundly
decreased in IPF lung tissues (Figure 2B).
In parallel, the peptidases Napsin A and
Cathepsin H, which under normal
conditions are responsible for processing of
SP-B and SP-C proproteins in the lysosomal
compartment, were profoundly reduced
in protein concentration and activity

Figure 2. (Continued ). is shown in the adjacent graph. Data are presented as mean6SEM. (B) NAPSIN A activity in peripheral lung tissue
from patients with IPF (n=9) and COPD (n=9) and from human donors (n=12), as determined with a fluorogenic substrate. Data are presented
as mean6SEM. ***P, 0.001 by Student’s t test. (C) Serum concentrations of proSP-B and CproSP-B in patients with IPF (n=5) and healthy
control subjects (n=5). Data are presented as mean6SEM. ***P,0.001 by Student’s t test. (D) Representative immunofluorescence staining
for HTII-280 (green) and mSP-B (red) in human donor and IPF lung tissue (n=9 donors, n=10 patients with IPF). Scale bars, 20 mm.
(E and F ) Representative histograms of flow cytometry analysis of mSP-B (E ) and LysoTracker incorporation (F ) in the epithelial compartment
of the lung, defined as the EpCAMpos CD45neg CD31neg. The proportions of mSP-Bhigh and LysoTrackerhigh are quantified in the adjacent
graphs (n=6 donors, n=6 patients with IPF). Data presented as mean6SEM. **P,0.01 by Student’s t test. (G) Analysis of surface tension (g)
in large surfactant aggregate pools from healthy volunteers (n=5) and patients with IPF (n=15) at the end of 12 seconds of film adsorption
(static, left graph) and under dynamic film oscillation in the pulsating bubble surfactometer after mSP-B supplementation (n=5 healthy
volunteers and n=15 patients with IPF; percentages are relative amounts of mSP-B in relation to phospholipid, w/w). Given is the minimum
surface tension after 5-minute film oscillation at a rate of 20 times per minute (right graph). Data are presented as mean6SEM. **P,0.01 and
***P,0.001 compared with control; #P, 0.05 compared with IPF without SP-B (by ANOVA). BALF=BAL fluid; CD=cluster of differentiation;
CproSP-B=C-terminal proSP-B intermediate; EpCAM=epithelial cell adhesion molecule; HV=healthy volunteer; Lyso=LysoTracker;
n.s. = not significant.
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(Figures 2A and 2B; see Figure E1B). Tissue
stores of the phospholipids phosphatidylcholine
and phosphatidylglycerol were also significantly
reduced in IPF compared with (age-matched)
subjects with COPD and donors (see Figure
E1E). Genotyping of SP-B, SP-C, andNAPSIN
A did not reveal anymutations in IPF (see
Table E2), confirming that post-translational
processing was altered in patients with IPF.

Using immunohistochemistry, mSP-C
(see Figure E1C) and mSP-B (Figure 2D;
see Figure E1D) were easily detected and
colocalized with the AEC2markers HTII-
280 and ABCA3 (ATP-binding cassette
subfamily Amember 3) in donor tissues and
in normal-appearing areas of IPF lungs.
However, in fibrotic areas of IPF lungs,
expression of mSP-B and mSP-C was
heterogeneous, with areas of adjacent,
hyperplastic HTII-280pos AEC2s expressing
comparable concentrations of mSP-Bmixed
with areas of HTII-280pos AEC2s devoid of
mSP-B or mSP-C (Figure 2D; see Figures
E1C and E1D). Of note, analysis of publicly
available human single-cell RNA (scRNA)
data available through the IPF Cell Atlas
(http://www.ipfcellatlas.com) (27) and of our
previously published AEC2-population
transcriptomic data (28) revealed that neither
SFTPC (surfactant protein C) nor SFTPB
(surfactant protein B) is differentially
expressed in AEC2s of patients with IPF
compared with donors (see Figures E2A and
E2B). However, a small transitional
population of aberrant basaloid cells
expressing low amounts of SFTPC and
SFTPB was identified (see Figures E2A and
E2B). Immunofluorescence detection of
proSP-B and proSP-C in donor and IPF lung
tissues also showed rather elevated
expression of the two proforms of
hydrophobic SP in fibrotic IPF areas
compared with donor lungs (see Figure E2C).
This points to surfactant processing

downregulation and not decreased protein
production as a regulatory mechanism
in IPF.

To further assess the surfactant
compartment at the single-cell level, we
determined using flow cytometry the
amount of intracellular mSP-B and lamellar
bodies (LysoTracker (Thermofisher) uptake
[29]) of AEC2s in the EpCAM (epithelial cell
adhesion molecule)pos CD45 (cluster of
differentiation 45)neg CD31neg live
population (Figures 2E and 2F; see Figure
E3). We observed a striking decrease in the
number andmean fluorescence intensity of
mSP-B–positive and LysoTracker-positive
cells. Analysis of IPF surgical biopsies
obtained at the time of diagnosis revealed
similar defects regarding processing of SP-B
and -C (see Figure E1F), thus excluding a
late-stage phenomenon.

Bleomycin treatment of mice caused
similar changes in the hydrophobic SP
processing machinery as observed in IPF, as
evident from the loss of mSP-B andmSP-C in
BALF (Figures 5F and 5G; see Figure E7A)
and tissue (Figure 5H; see Figure E7B) and
the prominent increase in proforms of SP-B
(Figure 5H; see Figure E7B) seen at Day 7
and having a peak at Day 14 after
bleomycin. Similar to human IPF lungs, a
downregulation of the aspartyl protease
Napsin A was found onmRNA and protein
concentrations in response to bleomycin
exposure, peaking at Day 14, which seemed to
underlie these extensive changes in SP
processing (Figures 5I and 5J). Reanalysis of a
murine scRNA sequencing data set generated
various time points after bleomycin exposure
(30) revealed that neither SFTPC nor SFTPB
is differentially expressed in mouse AEC2s
after bleomycin injury and that a
subpopulation of AEC2s called activated
AEC2s was present at early time points after
bleomycin injury (see Figure E7C). This adds

further evidence to the concept that impaired
surfactant processing, rather than an overall
reduction in SP expression, is responsible for
the observed loss of mature SP in AEC2s in
response to injury. Further down the
differentiation path, an AEC2-to-AEC1
transitional population termed K8 (keratin 8)1

alveolar differentiation intermediate
expressing low concentrations of SFTPC
and SFTPB was also identified (see Figure
E7C).

Pooled large surfactant aggregates from
IPF BALF reconfirmed (8) an extensive loss
of surface activity in IPF and supplementation
of IPF large surfactant aggregates with mature
bovine SP-B (0.5–8% w/w) alone was
sufficient to greatly improve surface activity at
a physiological relative SP-B concentration of
2–4% (5) (Figure 2G). Taken together these
results demonstrate defective processing of
SP-B at early disease stages, ultimately
resulting in increased surface tension and
cyclic alveolar collapse.

Inhibition of SP-B Processing
Recapitulates All Features of
Lung Fibrosis
We next investigated the cellular
consequences of intracellular accumulation
of proSP-B, as encountered in IPF. siRNA-
mediated downregulation of napsin A in
murine lung epithelial 12 (MLE12) cells
resulted in accumulation of 42-kD proSP-B
and proSP-C intermediates and induction of
ER stress, as indicated by XBP-1 (X-box
binding protein 1) splicing and increased
ATF6 (activating transcription factor 6)
expression and cleavage (Figures 3A–3C).

Daily transbronchial administration of
the Napsin A inhibitor pepstatin A into the
lungs of C57BL/6Nmice for 28 days (n=4
per group) resulted in a marked increase in
proSP-B but not proSP-C (see Figure E4).
Pepstatin A treatment resulted in reduced

Figure 3. (Continued ). (C) Napsin A activity in MLE12 cells 2 days after transfection with Napsa siRNA. Data are presented as mean6SEM.
*P,0.05 by Student’s t test. (D) Representative images of low-field magnification of lung tissue sections stained with HE (upper panel) and
Masson’s trichrome (lower panels) from mice treated with Pep A for 28 days or control animals (n=4 per group). Scale bars, 1 mm. (E )
Morphometric analysis of lung sections from mice described in D. Morphometry data are shown as mean values of septal thickness and alveolar
mean linear intercept from individual sections and as a probability density estimate function. The displayed curves represent pointwise mean
values from individual densities within a group, and the shaded area indicates the SEs. (F ) Representative images (left) and mean fluorescence
intensity quantification (right) of immunofluorescence staining for Abca3 (ATP-binding cassette subfamily A member 3; green) and Chop (C/EBP
homologous protein; red) in tissue sections from the mice described in D. ***P, 0.001. (G) Representative images (left) and mean fluorescence
intensity quantification (right) of immunofluorescence staining for Abca3 (green) and c-Casp3 (cleaved caspase-3) (red) in tissue sections from
the mice described in D. Scale bars, 50 mm in Chop/ABCA3 images and 20 mm in c-Casp3/Abca3 images. ***P, 0.001. Actb=actin beta;
Atf6= activating transcription factor 6; Ctrl = control; Ctsh=Cathepsin H; HE=hematoxylin and eosin; MG=Masson Goldner; MLE12=murine
lung epithelial 12; MW=molecular weight; Nkx2.1=NK2 homeobox 1; Npro SP-B=N-terminal proSP-B; n.s. = not significant; Pep A=pepstatin A;
RFU= relative fluorescence units; s = spliced; Scr = scrambled; Sftpb=surfactant protein B; Sftpc=surfactant protein C; u= unspliced;
Xbp1=X-box binding protein 1.
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survival (pepstatin A, 70%; control, 100%)
and significant loss of pulmonary compliance
(4.96 0.5 vs. 7.36 0.6 ml/kg body weight;
P=0.0002). Patchy and peribronchial lung
fibrosis developed (Figure 3D), together with
increased tissue content and loss of airspace
(Figure 3E). In parallel, in AEC2s of
pepstatin-treated mice, induction of Chop
(C/EBP homologous protein), alternative
splicing of Xbp-1, and increased cleavage of
Caspase 3 (see Figures E4C and E4D; Figures
3F and 3G) suggested a corresponding
induction of ER stress and apoptosis.

Reactivation of Notch Signaling in IPF
Transcriptome analysis was performed on
laser-microdissected and captured normal-
appearing, as well as fibrotic, IPF septa,
which were compared with donor lung
septa. Notch signaling was found to be
differentially regulated in normal-appearing
septa of the fibrotic lung (Figure 4A; see
Table E3) still populated by bona fide
AEC2s. This was underscored by a
reanalysis of a published transcriptomic
data set of sorted AEC2s (CD45neg CD31neg

EpCAMpos LysoTrackerpos cells) from n=8
donors and n=6 IPF lungs (28), showing
differential regulation of Notch signaling.
Here, upregulated genes were involved
mostly in Notch activation, while many of
the pathway inhibitors were downregulated,
resulting in an upregulation of the
downstream target genes HES1, HES5, and
PTCRA (pre T cell antigen receptor alpha)
(Figure 4B; see Figure E5A). In line with
these data, analysis of the NICD and Notch
ligand expression showed significantly
increased concentrations of NICD1
(Figure 4C; see Figure E5B) and DLL1
(see Figures E5B, E5C, and E5E) at the
protein but not mRNA level; all other
receptors and ligands were unchanged

(Figure 4C; see Figures E5B, E5D, and E5E).
Immunofluorescence showed significantly
increased nuclear expression of NICD1 and
Hes1 in ABCA3- or HTII-280–expressing
AEC2s in IPF lungs and, to a certain extent,
also in other cell types (e.g., myofibroblasts;
Figures 4D and 4E). In donor lungs,
NICD1 was found in the nuclei of the
bronchial epithelium and rarely and at
much lower concentrations in AEC2s
(Figure 4D and data not shown). DLL1
staining was predominantly found in
IPF AEC2s (see Figure E5C). Finally,
colocalization of the proliferation marker
phospho-HistoneH3 with Hes1 indicated
that some AEC2s undergoing active
Notch signaling are also proliferative
(see Figure E5F).

Notch1 Signaling Activation in
Bleomycin-induced Fibrosis
Accordingly, we could not detect meaningful
changes of Notch receptors and ligands in the
bleomycin lung fibrosis model at themRNA
level (Figures 5A and 5B), but we did observe
upregulation of NICD1 andHes1 proteins in
lung homogenates during the proliferative
(Day 14) and fibrotic (Day 21) phases
(Figure 5C). At Day 14, AEC2s near fibrotic
regions expressed high concentrations of
Notch1 andHes1, contrasting their exclusive
expression in the bronchial epithelium of
control lungs (Figure 5D; see Figure E6A). An
increase inHes1 and nuclearization of
NICD1were also observed in AEC2 of
pepstatin A–treatedmice (see Figure E4E),
suggesting that activation of Notch represents
amore common feature of lung fibrosis.
Finally, bleomycin treatment of PCLSs
derived from one human donor lung for
48 hours led to a significant increase in
nuclearization of NICD1 in AEC2s,
suggesting that Notch activation is an

early event in the repair after injury
(see Figures E6B and E6C).

Impact of Notch Signaling on Alveolar
Epithelial Cell Proliferation In Vitro
Time-dependent microarray analysis of
NICD1-overexpressingMLE12 cells
identified a large number of differentially
regulated cell cycle genes (see Figure E8A).
Interestingly, 5 of the 10 pathways identified
here (see Table E4) were also differentially
regulated in IPF septa (CAMs, Jak [Janus
kinase]–STAT [signal transducer and
activator of transcription], C/CR interaction,
ErbB, and TGF-b; Figure 4A), suggesting
that Notch signaling is upstream of these
pathways. Moreover, overexpression of
NICD1 inMLE12 cells significantly
increased their proliferation (see Figure E8B),
whereas inhibition of Notch signaling by
either siRNA-mediated downregulation of
POFUT1 (proteinO-fucosyltransferase 1) or
DAPT treatment resulted in a significant
suppression of proliferation inMLE12 cells
(see Figures E8C and E8D). Isolated primary
AEC2s from bleomycin-treated mice at
Day 14 showed increased proliferation
(see Figures E8E and E8F) in parallel
with increased NICD1 expression
(see Figure E8E). Notch inhibition by the
g-secretase inhibitor DAPT decreased their
proliferation (see Figure E8G).

AEC2-Specific NICD1 Overexpression
In Vivo Leads to Lung Fibrosis
To study the consequences of Notch1
activation in AEC2 fate, we used doxycycline
(Dox)–inducible, AEC2-specific NICD1–
IRES (internal ribosomal entry site)–nEGFP
(nuclear-localized enhanced green
fluorescent protein) overexpressing
transgenic mice (termed NICD1mice) (31).
Transgene induction was variable, leading to

Figure 4. (Continued ). presented as mean6SEM of log-transformed densitometric values. ***P, 0.001 by unpaired Student’s t test. (D and E )
Immunofluorescence localization of HTII-280 (green), ABCA3 (red), NICD1 (Notch intracellular domain 1) (white in D), HES1 (white in E ), in
representative sections of donor (n=4) and IPF (n=4 for NICD1 and n=5 for Hes1) tissue samples. DAPI represents the nuclear counterstain.
Scale bars, 20 mm. Quantification of the NICD1- and Hes1-expressing cells is shown in the adjacent graph. **P, 0.01 and ***P,0.001.
ABC=ATP-binding cassette; ABCA3=ATP-binding cassette subfamily A member 3; ADAM17=ADAM metallopeptidase domain 17;
AMPK=AMP-activated protein kinase; APH1B=Aph-1 homolog B, gamma-secretase subunit; CIR1=corepressor interacting with RBPJ, CIR1;
CTBP1=C-terminal binding protein 1; DLL1=Delta like canonical Notch ligand 1; DTX2=Deltex E3 ubiquitin ligase 2; DVL1=Dishevelled
segment polarity protein 1; EP300=E1A binding protein P300; HDAC2=histone deacetylase 2; JAG1=Jagged canonical Notch ligand 1;
Jak= Janus kinase; LFNG=LFNG O-fucosylpeptide 3-beta-N-acetylglucosaminyltransferase; MAML3=Mastermind like transcriptional
coactivator 3; MAPK=mitogen-activated protein kinase; NCOR2=nuclear receptor corepressor 2; NCSTN=nicastrin; NF-kB=nuclear factor-kB;
NLR=nucleotide-binding domain, leucine-rich repeat containing; n.s. = not significant; NUMBL=NUMB like endocytic adaptor protein;
PI3K=phosphatidylinositol-3-kinase; PSEN2=presenilin 2; PSENEN=presenilin enhancer, gamma-secretase subunit; PTCRA=pre T cell antigen
receptor alpha; RBPJ= recombination signal binding protein for immunoglobulin kappa J region; STAT=signal transducer and activator of
transcription; TGFb= transforming growth factor-b; TNF= tumor necrosis factor.
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Figure 5. Notch1 (Notch receptor 1) signaling is upregulated in bleomycin (Bleo)–induced lung fibrosis. (A and B) Expression of Notch
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various concentrations of Cre and NICD1
(nEGFP) after 2 and 4 weeks of Dox
treatment. Thus, only mice with robust
expression of both Cre and NICD1 (nEGFP)
transgene (see Figure E9A, asterisk) were
used for further analysis. These mice also
displayed increased Hes1 expression in
AEC2s in a Dox-dependent manner
(see Figure E9B).

Histological assessment of NICD1mice
killed after 2 and 4 weeks of Dox treatment
revealed an obvious fibrotic phenotype:
patchy subpleural or hilar histological
appearance of septal thickening, intra-
alveolar infiltrates, and increased matrix
deposition (Figure 6A). In fibrotic areas of
Dox-treated NICD1 transgenic mice, the
septal thickness and the alveolar mean linear
intercept were increased compared with
untreated control animals (Figure 6B).
Further immunofluorescence staining
revealed increased collagen and vimentin
expression as well as Ki67 staining in these
fibrotic areas of Dox-treated NICD1mice
(Figure 6C). In lung homogenates,
extracellular matrix and proliferation
markers were significantly increased after 2
(collagen 1, aSMA [a-smooth muscle actin])
and 4 (vimentin, PCNA [proliferating cell
nuclear antigen]) weeks of Dox treatment
(Figure 6D).

NOTCH Activation Causes Altered
SP Processing
In Dox-treated NICD1 transgenic mice, we
observed the very same pattern of surfactant
abnormalities as in IPF: reduced mSP-B
concentrations and accumulation of proSP-B
forms (Figure 6F), resulting in a significant
decrease in the ratio of mSP-B to total SP-B
(see Figure E9C). Immunofluorescence

analysis revealed the absence of mSP-B in
fibrotic areas but normal expression in
nonfibrotic areas of Dox-treated NICD1
mice (Figure 6E). To activate Notch signaling
in human AEC2s isolated from donor lungs,
these were treated for 16 hours with
recombinant DLL1, which caused a marked
loss of Napsin A activity (Figure 6G),
suggesting a direct involvement of Notch
signaling in SP processing.

Inhibition of Notch Signaling Restores
AEC2 Differentiation and Reverses
Lung Fibrosis
To better understand if blocking Notch
signaling could prevent defective surfactant
processing in AEC2s, we followed an ex vivo
and in vitro approach usingMLE12 cells
and human PCLSs. MLE12 cells treated
with the Notch inhibitor DAPT showed a
dose-dependent, significant increase in
LysoTracker fluorescence intensity, a
surrogate of the epithelial surfactant
compartment (32), and reduced Hes1
andNICD1 protein concentrations compared
with vehicle control (see Figures E10A–E10C).
After determining the optimumDAPT
concentration (50 μM; see Figure E10D),
human IPF PCLSs were treated for 4 days
with 50 μMDAPT versus DMSO. DAPT-
treated IPF PCLSs showed 1) a decrease in
Hes1 expression (Figure 7A); 2) an increase
in LysoTracker uptake (Figure 7B); 3) an
increase in mean fluorescence intensity
(Figure 7C; see Figure E10E), but not in the
number (see Figure E10F) of LysoTrackerpos

cells in fluorescence-activated cell sorter–
sorted epithelia (EPCAMpos CD45neg CD31neg

live); 4) an increase in Napsin A (Figure 7D)
protein expression; 5) more prominent
staining for mSP-B (but not SP-C; Figure 7E;

see Figure E10H); and 6) an increase in
the number of HTII-280 andmSP-B
dual-positive cells as assessed by fluorescence-
activated cell sorter (Figure 7F; see Figure
E10G). Finally, treatment of human IPF
PCLSs with DAPT also resulted in a
remarkable loss of trichrome staining
(see Figure E10I) and collagen 1 expression
(Figure 7G) compared with DMSO treatment
alone.

DAPT- versus DMSO-treated human
IPF PCLSs were also subjected to peptide-
based kinase activity profiling of serine/
threonine and tyrosine kinases (Figures 7H
and 7I; see Figure E11). DAPT treatment
resulted in an overall increase in the activity
of most kinases. We identified 23 DAPT-
responsive kinases (bar graph illustration in
Figure 7H; see overview in Figure E11)
including Jak1 and Jak2. Interestingly, these
two are key members of the Jak-STAT
signaling pathway that we identified to be
likewise differentially regulated in IPF septa
(Figure 4A; see Table E4). Moreover,
pathway analysis of predicted substrates of
Notch-modulated kinases demonstrated a
statistically significant impact on cell cycle
genes and pathways that are of crucial
importance for AEC2 identity and function:
Wnt, MAPK (mitogen-activated protein
kinase), IL-6 (Jak-STAT), and TP53 (tumor
protein P53) (Figure 7I) (33, 34).

Discussion

Surfactant alterations have been described in
IPF (8, 35) and in experimental lung fibrosis
(36, 37), but the underlying reasons have
remained obscure. Here we show that the
pronounced increase in alveolar surface

Figure 5. (Continued ). group, n=2–4 for quantitative PCR analysis according to sample availability). Mean delta cycle threshold (DCt)
(Cthousekeeping2Ctgene of interest) values6SD are given. *P,0.05 by unpaired Student’s t test. Application of a nonparametric test (aligned rank
transformation) for data in B produced similar results, with two changes: Notch3 lost significance at d21, and JAG2 reached significance
(asterisk) at d14. (C) Western blot analysis and densitometric quantification of NICD1 and Hes1 (Hes family BHLH transcription factor 1) in
saline- and Bleo-treated C57BL/6N mice at d7, d14, d21, and d28 (n=4 per group and time point). b-Actin was used as the loading control.
(D) Immunofluorescence analysis of Abca3 (in green) and Notch1 or Hes1 (in red) in d14 saline-treated (control, upper panel) or Bleo-treated
(lower panel) mice (n=4). DAPI was used as nuclear counterstain. Scale bars, 20 mm. (E ) Quantification of the number of Hes1-expressing
(Hes1pos) AEC2s in saline- versus d14 Bleo-treated mice shown in D. (F and G) Densitometric quantification of western blot analysis of mSP-B
(F ) and mSP-C (G) in the BALF of saline control animals and Bleo-treated mice. (H ) Analysis of western blot densitometric quantification
showing the amount of processed mSP-B as the ratio of mSP-B to total SP-B in the lung tissue homogenates of saline control animals and Bleo-
treated mice. b-Actin was used as the loading control. (I) Western blot analysis (left) and densitometric quantification (right) of Napsin A
expression in the lung homogenates of saline control animals and Bleo-treated mice. b-Actin was used as the loading control. (J) Quantitative
PCR analysis of Napsa gene expression in the lung homogenates of control and Bleo-treated mice. Actb served as the reference gene. The
relative changes in transcript amount with treatments are given by DDCt values and are expressed as mean6SD. Data in C and E–I are
presented as mean6SEM of log-transformed densitometric values. *P,0.05, **P, 0.01, and ***P, 0.001 by unpaired Student’s t test.
Abca3=ATP-binding cassette subfamily A member 3; Actb=actin beta; AEC2= type II alveolar epithelial cell; BALF=BAL fluid; mSP-B=mature
surfactant protein B; NICD1=Notch intracellular domain 1; n.s. = not significant; SP-B=surfactant protein B.
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Figure 6. Type II alveolar epithelial cell (AEC2)–specific NICD1 overexpression in vivo leads to lung fibrosis. (A) Representative images of H&E
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linear intercept of mice as described in A. Fibrotic areas (F) and nonfibrotic areas (NF) were analyzed separately. Data are presented as
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tension in IPF, and the resulting alveolar
collapse during expiration, is caused largely
by a massive processing defect of SP-B and
-C. Such increase in alveolar surface tension
most likely contributes to the loss of
pulmonary compliance (as suggested in
experimental models of lung fibrosis
[38–40]) and to the impaired gas exchange
(as evident fromV/Q assessment in human
IPF [9] and from blood gas analyses in
experimental models [10, 39] of lung
fibrosis), although we cannot completely rule
out a contribution of increased matrix
stiffness to alveolar emptying during
expiration. It therefore remains an intriguing
thought that therapeutic correction of the
alveolar surface tension in IPF could help
improve lung mechanics, gas exchange, or
both, as in infant or acute respiratory distress
syndrome (41, 42). Using an opposite
approach, experimental inhibition of
surfactant processing leading to profound
loss of mSP-B in the mouse lung was
sufficient to cause overt lung fibrosis. This is
reminiscent of the very rare cases of inherited
SP-B deficiency with partial defects in SP-B
production, in which affected children
survive beyond the neonatal period and
develop interstitial lung disease (43). Possible
explanations for interstitial lung disease
development could be enhanced AEC2
injury via ER stress (as shown in here in vitro
and in vivo) or via enhanced stretch of AEC2
due to repetitive alveolar collapse (44) or
stretch-induced, avb5 integrin–mediated,
direct activation of TGF-b in the neighboring
mesenchyme (45). Following this concept, it
is intriguing to consider the subpleural, basal
onset and predominance of reticulation in
IPF (26) as a result of one or more of the
following processes: 1) a permanent and
global elevation in alveolar surface tension,

as shown herein; 2) lower retractive forces of
neighboring tissue in the subpleural space;
and 3) a higher transpulmonary pressure
gradient in the subpleural and basal lung
regions.

Importantly, we identified Notch
signaling as a major pathway differentially
regulated in IPF and demonstrate that
Notch1, in particular, is activated in AEC2s
of patients with IPF and bleomycin-injured
mouse lungs, which is in line with recent
single cell–based analyses of IPF epithelia
(46, 47). As the Notch signature was evident
in (still) normal-appearing septa in human
IPF and early after bleomycin treatment
(this study), or after Pseudomonas
aeruginosa application in a lung injury model
(19), it can be postulated that the Notch
response occurs early in response to injury
and does not represent a late-stage
phenomenon.

Notch1 activation in vitro and in vivo
also resulted in decreased Napsin A activity
and defective SP-B processing, providing a
possible explanation for the surfactant
defects encountered in subjects with IPF.
This was reinforced by the observation that
blockade of Notch signaling in IPF PCLS ex
vivowas sufficient to augment and restore
surfactant storage and processing. Notch
signaling plays a major role during lung
development (23, 48), and it deeply affects
the differentiation of epithelial-specific
lineages in the airway epithelium (49–52)
and alveolar cell fate decisions (23, 53).
Although further work is necessary to
decipher the precise mechanism by which
Notch regulates AEC2 proliferation and
surfactant processing, our study proposes
Jak-Stat signaling as an important
downstream effector of Notch signaling in
the injured alveolar epithelium in IPF.

Jak-Stat is a well-known regulator of
surfactant secretion (54), but little is known
about its role in surfactant synthesis and
processing (34). Hence, loss of differentiation
of AEC2may be the price to be paid for
Notch-induced proliferation (and
regeneration) of this cell pool.

Moreover, AEC2-specific
overexpression of NICD1 in the mouse lung
resulted in irregular, patchy, and in part
subpleural and aberrant collagen deposition,
and blocking of Notch signaling in human
IPF PCLS resulted in a clear reduction in
collagen deposition. However, lung fibrosis
was not described in a similar NICD1
overexpression study (53), which may be due
to the different degree and spatial localization
of NICD1 expression inherent to the
transgenic mouse models used. We therefore
believe that there is a threshold degree and
spatial distribution of Notch activation
beyond which lung fibrosis, either via the
aforementioned disturbances in the
surfactant system or by paracrine activation
of mesenchymal cells, develops. In this line of
reasoning, it appears desirable to better
understand the mutual interaction between
the Notch system and the most important
meditator of fibrosis, TGF-b. Activation of
the TGF-b pathway has been shown in this
study in response to NICD1 overexpression
(see Table E4), but it is also known that active
TGF-b signaling may cause Notch activation
(reviewed in Reference 55).

Recent single-cell transcriptomic data in
mouse and human lung identified several
populations of alveolar epithelial cells with
intermediate transcriptomic signatures,
suggestive of transitional states between
different cell fates (27, 30, 56, 57). In IPF,
transitional AEC2s found between AEC2s
and AEC1s (56), as well as cells bearing

Figure 6. (Continued ). mean6SEM of log-transformed densitometric values. *P,0.05 and **P, 0.01 by unpaired Student’s t test.
(C) Immunofluorescence analysis of collagen I, vimentin, and Ki67 expression in normal (i.e., NF) areas and F areas in NICD1 mice exposed to
Dox for 2 weeks. DAPI was used as nuclear counterstain. Scale bar, 50 mm. (D) Lung homogenates from mice as in A were subjected to
western blot analysis (left) for collagen 1, vimentin, PCNA, and aSMA. b-Tubulin served as the loading control. Data are presented as
mean6SEM of log-transformed densitometric values. *P,0.05 by unpaired Student’s t test. (E ) Immunofluorescence staining of mature
surfactant protein B (mSP-B; green signal) was performed on lung tissue from mice as in A. DAPI was used as a nuclear counterstain. Scale
bar, 50 mm. (F ) Western blot analysis of lung tissues and BAL fluid (BALF) from NICD1 transgenic mice unexposed (n=3) or exposed to Dox
for 2 weeks (n=3) using antibodies against proSP-B and mSP-B. b-Tubulin served as the loading control. For BALF analysis, equivalent
volumes were loaded. Data are presented as mean6SEM of log-transformed densitometric values. *P,0.05 by unpaired Student’s t test.
(G) Napsin activity of fluorescence-activated cell sorter–isolated human AEC2s (n=3) cultured for 12–16 hours in the presence (below) or
absence (above) of 3 mg/ml recombinant human DLL1 (Delta like canonical Notch ligand 1). Right graph represents quantification of the mean
fluorescence intensity in DLL1- and control-treated cells. Scale bars in untreated control, 50 mm; scale bars in DLL1 treated, 25 mm. Data were
paired per patient. *P,0.05 by paired Student’s t test. 2w=2 weeks; aSMA=a-smooth muscle actin; Cpro SP-B=C-terminal proSP-B
intermediate; H&E=hematoxylin and eosin; NICD1=Notch intracellular domain 1; Npro SP-B=N-terminal proSP-B intermediate; n.s. = not
significant; PCNA=proliferating cell nuclear antigen.
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Figure 7. Inactivation of Notch signaling restores type II alveolar epithelial cell (AEC2) differentiation and reverses lung fibrosis. (A) Densitometric
quantification of Hes1 western blot analysis in three N-[N-(3,5-difluorophenacetyl-L-alanyl)]-S-phenylglycine t-butyl ester (DAPT) (50 mM) versus
three DMSO (controls; 4 days) treated precision-cut lung slice (PCLSs) from one patient with idiopathic pulmonary fibrosis (IPF). b-Tubulin served
as the loading control. Statistical analysis was performed on log10 densitometric values. *P,0.05 by unpaired Student’s t test. (B) Live
fluorescence imaging of human IPF PCLSs cultured in DMSO or DAPT (50 mM) for 4 days in the presence of LysoTracker Green. Representative
overlaid phase contrast and LysoTracker Green images (n=4 patients with IPF) at Day 0 and 4 days are shown. Scale bars, 500 mm. (C) Flow
cytometry analysis of LysoTracker incorporation in the DAPIneg, CD45neg, CD31neg, EpCAM (epithelial cell adhesion molecule)pos population of
IPF PCLSs (three PCLSs per condition per patient, n=7 patients) cultured for 4 days in the presence of DMSO or DAPT. Graph shows
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Figure 7. (Continued ). quantification of log10(mean fluorescence intensity) of DAPIneg, CD45neg, CD31neg, EpCAMpos, LysoTracker Greenpos

cells. **P,0.01 by paired Student’s t test. (D) Densitometric quantification of Napsin A western blot analysis in three DAPT (50 mM) versus
three DMSO (controls; 4 days) treated PCLSs from one patient with IPF. b-Tubulin served as the loading control. Statistical analysis was
performed on log10 densitometric values. (E ) Immunofluorescence staining with an antibody specific for mature surfactant protein B (mSP-B;
red) in DAPT- versus DMSO-treated human IPF PCLSs (three PCLS from four patients); shown is a representative image. AEC2s were identified
by ABCA3 immunoreactivity (green signal). Scale bars, 20 mm. (F ) Flow cytometry analysis of mSP-B intracellular expression in three DAPT
(50 mM) versus three DMSO (controls; 4 days) treated PCLSs from one patient with IPF. Graph shows quantification of log10 frequency of parent
(%mSP-Bpos HTII-280pos of CD45neg CD31neg EpCAMpos). *P, 0.05 by unpaired Student’s t test. (G) Human IPF PCLSs cultured for 4 days
(three PCLS per condition per patient, n=5 patients) in the presence of DMSO or DAPT (50 mM) were analyzed using immunofluorescence
staining for collagen 1 (Col1; red) and HTII-280 (green). DAPI was used for nuclear counterstain. Scale bars, 50 mm. Col1 staining intensity is
quantified in the adjacent graph. Data are presented as mean6SEM of log-transformed mean fluorescent intensity. *P, 0.05 by paired
Student’s t test. (H and I) Upstream kinase analysis on the basis of differential peptide phosphorylation of DMSO- and DAPT-treated human
PCLS (4 days). (H ) Bioinformatically assisted prediction of upstream kinase activity on the basis of the DAPT-specific pattern of substrate
peptide phosphorylation yields 23 significantly deregulated kinases for which increased predicted kinase activity (given in arbitrary units) and a
specificity score of approximately 1.3 (negative log10[P value] with P=0.05) due to DAPT exposure can be anticipated. (I) Pathway analysis of
predicted substrates of Notch-modulated kinases. ABCA3=ATP-binding cassette subfamily A member 3; ALK=ALK receptor tyrosine kinase;
AU=arbitrary units; BLK=BLK proto-oncogene, Src family tyrosine kinase; Brk=protein tyrosine kinase 6; CD=cluster of differentiation;
CHEK1=checkpoint kinase 1; CHK1=checkpoint kinase 1; CK=casein kinase; CSNK1E=casein kinase 1 epsilon; CSNK2A1=casein kinase
2 alpha 1 DAPK1=death associated protein kinase 1; DDR1=discoidin domain receptor tyrosine kinase 1; DVL=Dishevelled segment
polarity protein; DYRK1A=dual specificity tyrosine phosphorylation regulated kinase 1A; FDR= false discovery rate; FER=FER tyrosine
kinase; Freq.= frequency; GM-CSF=granulocyte macrophage colony-stimulating factor; Hes1=Hes family BHLH transcription factor 1;
JAK=Janus kinase; KIT=KIT proto-oncogene, receptor tyrosine kinase; LTK= leukocyte receptor tyrosine kinase; MAPK=mitogen-activated
protein kinase; NuaK1=NUAK family kinase 1; p70S6Kbeta= ribosomal protein S6 kinase beta; PFTAIRE1=cyclin dependent kinase 14;
PFTAIRE2=cyclin dependent kinase 15; PKG2=protein kinase G2; PRKG1=protein kinase CGMP-dependent 1; PTK6=protein tyrosine kinase
6; RPS6KB2= ribosomal protein S6 kinase B2; SCF= stem cell factor; TP53= tumor protein P53; YES1=YES Proto-oncogene 1, Src family
tyrosine kinase.
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Figure 8. Summary of the data. In homeostatic conditions, type II alveolar epithelial cells (AEC2s) process and secrete SP (surfactant protein),
which is responsible for maintaining low BAL fluid surface tension, allowing optimal alveolar function during the respiratory cycle. To replace
damaged or aging AEC2s, rare AEC2s downregulate their surfactant-related function through activation of Notch signaling, allowing them to
exert their progenitor function. However, in IPF, vicious cycles of alveolar epithelial injury and repair, governed by widespread Notch activation,
lead to a generalized decrease in mature SP, increased alveolar surface tension and collapse, and stretch-induced additional alveolar injury.
For details see DISCUSSION. AEC1= type I alveolar epithelial cell; BALF=BAL fluid; IPF= idiopathic pulmonary fibrosis.
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combined basal and AEC2 signatures, have
been shown to be expanded (27). Our group
recently showed that such intermediate
AEC2s are characterized by
underrepresented surfactant processing
compartment, as identified by LysoTracker
incorporation (28). The data presented
here suggest that Notch signaling might play
an important role in regulating these
transitional states. Supporting this idea, Finn
and colleagues demonstrated that Notch
signaling is activated in AEC2s during the
early phase of repair after P. aeruginosa–
induced injury, but its downregulation is
necessary to allow full differentiation toward
AEC1s (19). Interestingly, reanalysis and
cross-species integration of scRNA data also

identified Notch signaling as a regulator of
AEC2s to KRT5 (keratin 5)2/KRT171
intermediates (58). However, further single-
cell transcriptomic analysis in human PCLS
in low- or high-Notch conditions is
necessary to firmly establish Notch as a
regulator of AEC2 transition and understand
its precise role in the heterogeneity of this
population.

Conclusions
We propose a model in which Notch1
regulates the balance between the
proliferative and differentiated functions of
AEC2s in the human lung (Figure 8):
temporally and spatially limited injury to the
alveolar compartment may result in transient

Notch1 activation and dedifferentiation of
AEC2s, hence allowing the activation and
proliferation of their progenitors and
replacement of the alveolar epithelium.
Persistent and global alveolar injury, as
observed in IPF, however, will result in
massive proliferation and dedifferentiation
of AEC2s by Notch1 activation, with
severe consequences on the surfactant
system and alveolar homeostasis and
induction of a vicious cycle of increased
alveolar surface tension, recurrent alveolar
epithelial injury, and repair leading to lung
fibrosis.�

Author disclosures are available with the
text of this article at www.atsjournals.org.
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