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Preface to ”State of the Art in Idiopathic Pulmonary

Fibrosis”

Idiopathic pulmonary fibrosis (IPF) is a lethal disease of unknown etiology, elusive pathogenesis,

and very limited therapeutic options. The onset and progression of IPF are influenced by

multiple environmental and intrinsic factors such as exposure to harmful substances, aging,

and genetic predisposition; however, the magnitude of the contribution of these factors to IPF

and the chronological order of downstream pathogenic events remain uncertain. The main

hallmarks of IPF are the abnormal activation of lung epithelial cells and the accumulation of

fibroblasts/myofibroblasts, along with the excessive deposition of extracellular matrix proteins. The

aforementioned processes eventually lead to irreversible alveolar scarring, organ malfunction, and

death. Moreover, the incidence and prevalence of IPF are increasing at an alarming rate with the

aging population. Recent technological advances and interdisciplinary approaches have unmasked

the involvement of a broad spectrum of molecular and cellular mediators in the pathogenesis of IPF.

Molecules as diverse as lipids, RNAs, and peptides, along with a plethora of inflammatory, epithelial,

and mesenchymal cell subpopulations, have turned out to drive maladaptive remodeling in the lung.

The multifactorial nature of IPF and the lack of robust translational models represent an enormous

challenge for the development of successful therapeutic approaches. Thanks to the excellent content

provided by the contributing authors, we hope that this reprint will provide a platform for conceptual

and technological innovation in the field of IPF and that it will shed light on new therapeutic strategies

that may become part of future treatment options.

Malgorzata Wygrecka and Elie El Agha

Editors

vii
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Editorial

State of the Art in Idiopathic Pulmonary Fibrosis
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Idiopathic pulmonary fibrosis (IPF) is a form of usual interstitial pneumonia (UIP),
though its origin is unknown. IPF remains one of the most aggressive and lethal forms of
interstitial lung diseases. Extensive basic and clinical research during the past decade has
uncovered critical aspects related to the pathophysiological events that lead to the formation
of fibrotic scars in the lungs of IPF patients. Our current understanding of IPF pathogenesis
includes repetitive/chronic injury to alveolar epithelial type 2 cells (AEC2) that triggers
an aberrant wound healing response associated with the activation of fibroblasts and the
infiltration of immune cells. This leads to the excessive accumulation of myofibroblasts
that deposit extracellular matrix (ECM) proteins, particularly collagen and fibronectin. All
aforementioned processes culminate in detrimental scarring of the lung tissue, loss of AEC2
and AEC1, and respiratory failure [1].

In this Special Issue, Wasnick et al. describe two subsets of AEC2 in both healthy and
fibrotic lungs [2]. Using the lysosomal dye, LysoTracker, to stain lamellar bodies in AEC2,
the authors demonstrate that bona fide AEC2 (Lysohigh) is the predominant AEC2 subset in
the healthy lung, and that this population is largely replaced by an intermediate AEC state
(Lysolow) in bleomycin-induced pulmonary fibrosis and in human IPF. Lysolow cells express,
in addition to typical AEC2 markers, markers of basal cells, thus highlighting epithelial cell
plasticity as a source of cellular heterogeneity in IPF [3–7]. Lysolow cells are also reminiscent
of the tdTomato-low (tdTom)low cells, identified using the AEC2 lineage-tracing mouse line
(SftpcCre-ERT2; tdTomatoflox) [8–10]. Such tdTomlow cells have been shown to expand during
compensatory lung growth following pneumonectomy and were therefore dubbed injury-
activated alveolar progenitors (IAAPs) [8,9]. In this Special Issue, Lv et al. show that upon
bleomycin injury in mice, IAAPs are amplified alongside a loss of mature AT2 cells [11].
They also show that the intratracheal instillation of recombinant fibroblast growth factor 10
(rFGF10) is both preventive and therapeutic against bleomycin-induced pulmonary fibrosis.
These findings accord with previous data that utilized a transgenic approach to overexpress
Fgf10 [12]. Importantly, Lv et al. also demonstrate that therapeutic rFGF10 treatment further
boosts IAAP expansion [11]. In the future, it will be worth comparing the colony-forming
efficiency of human AT2 subsets and their mode of interaction with mesenchymal niche
cells using organotypic co-culture models. In this context, Vazquez-Armendariz et al.
provide a comprehensive review on various three-dimensional (3D) models that can be
used to study cell–cell interactions [13]. These 3D models include hydrogels, precision-cut
lung slices (PCLSs), lung organoids, and lung-on-chip devices. These approaches can be
particularly useful in analyzing intermediate cell states that persist during fibrosis, and in
evaluating molecular signaling pathways which drive lung tissue scarring. The ultimate
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goal of such approaches is to improve our understanding of the events that mediate the
onset, progression, and resolution of lung fibrosis, and to identify novel therapeutic targets
via high-throughput drug screening.

Despite the fact that IPF is considered as a “distal” lung disease, with a central role of
AEC2 malfunction during its pathogenesis, Chakraborty et al. highlight recent develop-
ments that point towards the involvement of airway epithelial cells in IPF pathobiology [14].
The contribution of airway epithelial cells to the development of IPF is supported by multi-
ple lines of evidence, including the cellular composition and morphological alterations of
IPF airways, strong associations between the MUC5B promoter rs35705950 polymorphism
and the risk of IPF, and the bronchiolization of distal airspaces in IPF lungs. The contribu-
tion of airway epithelial cells to IPF pathogenesis is also addressed by Schramm et al., who
discuss the role of the ErbB receptor–ligand system in lung fibrosis [15]. Intriguingly, the
deregulation of the ErbB receptor-ligand axis is mainly observed in the regions of alveolar
bronchiolization. This underlies the pivotal role of ErbB receptors in the reprogramming of
airway epithelial cells, and thereby honeycomb cyst formation and IPF progression. The
authors of this comprehensive review emphasize the dual role of ErbB receptors and their
ligands in lung fibrosis and indicate the need to elaborately characterize the dynamics and
causal flows in the ErbB signaling networks in acute versus chronic lung injury [15].

The cellular heterogeneity of IPF is further discussed by Preisendörfer et al., who
stress the potential role of B cells in IPF pathobiology [16]. The pathological relevance of
B-cell accumulation in the lungs of IPF patients is supported by the presence of circulating
autoantibodies and the increased concentration of B-lymphocyte stimulator factor (BLyS)
in IPF plasma. The authors build upon these findings and show increased levels of FK506-
binding protein 11 (FKBP11), an antibody-folding catalyst, in IPF lungs. Mechanistically,
they demonstrate that FKBP11 expression is elevated following the differentiation of B
cells into antibody-secreting plasma cells and upon the induction of ER stress in A549
cells. The latter may lead to higher susceptibility of A549 cells to ER stress-induced cell
death. Although the authors failed to demonstrate the importance of FKBP11 for antibody
production in the loss-of-function approaches, these results provide further evidence for
the role of auto-immunogenicity in IPF pathogenesis [16].

IPF is also associated with a set of metabolic disorders and targeting cellular metabolism,
particularly in mesenchymal cells, represents an exciting therapeutic avenue [17–21].
Kheirollahi et al. provide a systematic gene expression analysis of insulin-like growth
factor (IGF) signaling components during embryonic murine lung development, as well as
bleomycin-induced pulmonary fibrosis in mice and human IPF [22]. The authors demon-
strate significant upregulation of IGF1 and several IGF binding proteins (IGFBPs) in parallel
with marked downregulation of IGF1 receptor (IGF1R) in lung fibrosis. They also address
the impact of matrix stiffness on the fibroblast response to IGF1 treatment and the intercon-
version to either lipofibroblasts or myofibroblasts [22]. The lipofibroblast–myofibroblast
interconversion was recently shown to be involved in the development and resolution of
experimental lung fibrosis [21,23,24].

One of the factors that contribute to the incurable nature of IPF is the fact that patients
are already in advanced disease stages at the time of diagnosis. As such, treatment mainly
focuses on treating the symptoms and slowing down disease progression rather than
treating early events that initiate downstream pathological signaling cascades. Accordingly,
efforts that seek to find alternative therapeutic agents against IPF are still ongoing.

Current treatment modalities for IPF patients rely on two approved drugs: pirfenidone,
which is believed to act as a transforming growth factor beta 1 and hedgehog signaling
inhibitor [25], and nintedanib, which is a small molecule inhibitor of multiple receptor
tyrosine kinases (RTKs). Although these two medications slightly prolong survival of IPF
patients, they do not halt disease progression. Moreover, they possess a marked side-effect
profile, which may lead to the discontinuation of antifibrotic therapy. In this Special Issue,
Takehara et al. [26] retrospectively analyzed the discontinuation rates of pirfenidone and
nintedanib in a cohort of 261 patients in Japan, 77 of which were excluded because either

2



Cells 2022, 11, 2487

the antifibrotic agent was switched or the observation period was less than a year. Analysis
of the remaining patient data showed that the discontinuation rate was around half within
one year of treatment. Over the entire treatment period, the discontinuation rates were
similar for the two drugs; however, discontinuation due to adverse events was higher
for nintedanib, with diarrhea and liver dysfunction being the more common reasons for
cessation. Discontinuation due to disease progression or hospital transfer was higher for
pirfenidone than nintedanib. The authors associated the adverse effects of nintedanib
with a lower body mass index (BMI) and recommended a reduced starting dose and
closer attention paid to adverse events at the initiation of nintedanib treatment to improve
tolerability, achieve longer treatment, and improve prognosis [26].

Korfei et al. contribute to the Special Issue with a comprehensive review on the
current knowledge regarding IPF pathophysiology, the associated cellular and molecular
mechanisms, clinical management, as well as novel therapeutic targets and therapies
in development [27]. Importantly, the authors draw lessons about histone deacetylases
(HDACs) from the cancer field and highlight the imbalance between increased HDAC
activity in fibroblasts and bronchiolar basal cells, and decreased HDAC activity in AEC2 in
IPF. Such an imbalance leads to fibroblast proliferation, ECM deposition and bronchiolar
basal cell hyperproliferation from one side, and AEC2 endoplasmic reticulum (ER) stress,
senescence, and apoptosis from the other side. All these processes ultimately culminate in
fibrosis development and progression. Accordingly, the authors propose targeting HDACs
as a novel therapeutic option for IPF [27].

Braubach et al. go beyond IPF and provide a broad characterization of fibroelastotic
remodeling (FER), its anatomic distribution, and clinical association [28]. FER is observed
in pleuroparenchymal fibroelastosis (PPFE), which can either be of idiopathic origin or
linked to autoimmune disorders. All PPFE manifestations share a rather poor prognosis
and a similar histological feature of the fibrous obliteration of alveolar airspaces. The
authors stress the need of histological characterization of FER and its clear demarcation
from other interstitial lung diseases, as this may provide the basis for studies addressing
molecular mechanisms underlying PPFE development [28].

In conclusion, we present a collection of articles in this Special Issue that touch on all
aspects of IPF, from the molecular mechanisms driving disease development and progres-
sion, to translational models enabling high-throughput drug screening, finishing on clinical
studies evaluating adverse effect profiles of drugs approved for IPF treatment. Despite
immense improvements in understanding the molecular basis of IPF, further research is
urgently needed to pursue innovative translational studies in order to learn more about
the enormous repertoire of molecular tricks that lung cells use to adapt to stress conditions
and fight against damaging agents.
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Abstract: Idiopathic pulmonary fibrosis (IPF) is a progressive and fatal degenerative lung disease
of unknown etiology. Although in its final stages it implicates, in a reactive manner, all lung cell
types, the initial damage involves the alveolar epithelial compartment, in particular the alveolar
epithelial type 2 cells (AEC2s). AEC2s serve dual progenitor and surfactant secreting functions, both
of which are deeply impacted in IPF. Thus, we hypothesize that the size of the surfactant processing
compartment, as measured by LysoTracker incorporation, allows the identification of different
epithelial states in the IPF lung. Flow cytometry analysis of epithelial LysoTracker incorporation
delineates two populations (Lysohigh and Lysolow) of AEC2s that behave in a compensatory manner
during bleomycin injury and in the donor/IPF lung. Employing flow cytometry and transcriptomic
analysis of cells isolated from donor and IPF lungs, we demonstrate that the Lysohigh population
expresses all classical AEC2 markers and is drastically diminished in IPF. The Lysolow population,
which is increased in proportion in IPF, co-expressed AEC2 and basal cell markers, resembling
the phenotype of the previously identified intermediate AEC2 population in the IPF lung. In that
regard, we provide an in-depth flow-cytometry characterization of LysoTracker uptake, HTII-280,
proSP-C, mature SP-B, NGFR, KRT5, and CD24 expression in human lung epithelial cells. Combining
functional analysis with extracellular and intracellular marker expression and transcriptomic analysis,
we advance the current understanding of epithelial cell behavior and fate in lung fibrosis.

Keywords: IPF; alveolar epithelial cells; intermediate epithelial cells; transitional states; LysoTracker;
flow cytometry; lung transcriptomic profile; CK5; NGFR; CD24

1. Introduction

The human lung is a highly complex organ designed specifically for gas exchange.
In idiopathic pulmonary fibrosis (IPF), chronic epithelial injury leads to excessive depo-
sition of rigid extra-cellular matrix and a progressive decrease in lung compliance and
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gas-exchange surface, causing inevitable and fatal lung failure within 2–5 years after di-
agnosis [1–3]. Although new therapies significantly increased the duration and quality of
life of IPF patients, a therapeutic regimen that can arrest or, even better, reverse disease
progression remains to be discovered [4]. Partly responsible for this situation is our limited
understanding of the cellular states and processes that each of the more than 40 cell types
in the lung undergoes, in an active (causative) or reactive manner in homeostatic and
injury contexts [5,6]. A number of recent studies clearly identified the chronic injury of
the alveolar type 2 epithelial cells (AEC2s) as the initial site of injury in the IPF lung [7–9].
AEC2s are facultative progenitors in the distal lung, which, in a differentiated state, serve
the vital function of surfactant production and secretion, but can also act as progenitors for
other AEC2s and AEC1s in homeostatic and injury-repair situations [10,11].

Pulmonary surfactant is a phospholipoprotein mixture secreted exclusively by AEC2s
which reduces the alveolar surface tension necessary for alveoli reopening during the
respiratory cycle. The protein component is represented by the surfactant proteins (SP) A,
B, C and D, with two of them, SP-B and SP-C, holding tension-active properties. Following
the processing from the pro- forms (proSP-B and proSP-C) to the mature forms (mSP-B
and mSP-C), they are secreted in their mature forms specifically by AEC2s [12–14]. The
processing and assembly of pulmonary surfactant proteins take place in the lamellar bodies
of AEC2s, specialized organelles characterized by very low pH [15].

In IPF, repeated alveolar injury results in the recruitment of the AEC2 progenitors
necessary for the repair process [11,16–18]. In this process, the differentiated function
of bona fide AEC2s, defined as AEC2s which synthesize, process, and secrete alveolar
surfactant, is impaired and leads to increased alveolar surface tension and increased
alveolar collapse, which propagates the injury even further, thus creating a self-propagating
cycle of injury and repair [19–22]. The acute AEC1/2 injury creates a microenvironment
where other reactive cell types, such as alveolar macrophages and fibroblasts, are quickly
activated and recruited to cover the basement membrane and prevent fluid leakage into
the airspace [23]. However, as the AEC2 progenitor pool is exhausted by injury or by
extensive proliferation, the long-term repair after or during the chronic and repeated
injury relies on the recruitment of other local epithelial progenitors, several of which have
already been identified in the mouse lung [17,24–26]. In humans, the profound histological
changes found in the distal IPF lung are consistent with the expansion of a cytokeratin 5
(CK) progenitor, but its origin and differentiating trajectory remain to be determined [27].
Recent landmark papers described the transcriptomic signatures of disease-free (donor)
and IPF epithelial cells at single-cell level, leading to the identification of transcriptomic
signatures for many known epithelial cell types in the lung and the identification of novel
ones (ionocytes and CK17+/CK5- aberrant AEC2s) [16,28–32]. However, it is unclear
how these transcriptomic signatures translate into the stable or transitional cellular states
and processes responsible for the disease phenotype [33]. The repair process in IPF is
ultimately ineffective, underlying the disease progression that leads to organ failure. Thus,
the ability to correlate scNGS data with protein expression and functional behavior would
greatly increase our understanding of these epithelial fates and states and turn this into a
therapeutically actionable process for the benefit of IPF patients.

Here, we ask if the aberrant or intermediate transcriptional programs recently iden-
tified in IPF [29,31] result in functional transitional states that can be identified by the
low/intermediate ability to process and secrete surfactant proteins (SP). To that end, we an-
alyze the size of the surfactant processing compartment in dissociated human donor and IPF
lung epithelial cells, thus defining two functional alveolar epithelial states present in both
donor and IPF lung. Based on known intracellular cell surface proteins and LysoTracker
incorporation, coupled with transcriptomic analysis, we show that the LysoTrackerhigh

population consists of bona fide AEC2s and is drastically diminished in IPF. A second
population of LysoTrackerlow cells, which uniformly expresses and processes surfactant
proteins but bears the transcriptional footprint of a CK5-derived (basal) population, is
increased in IPF.
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2. Materials and Methods

2.1. Animal Studies

Animal studies were performed in accordance with the Helsinki convention for the
use and care of animals and were approved by the local authorities at Regierungspräsidium
Giessen V54-19 c 2015 (1) GI 20/10 Nr. 109/2011 (Bleomycin) or V54-19 c 20 15 h 02 GI
20/10 Nr. A53/2012 (untreated controls).

2.2. Patient Material

The study protocol was approved by the Ethics Committee of the Justus-Liebig-
University School of Medicine (No. 31/93, 29/01, and No. 111/08: European IPF Registry),
and informed consent was obtained in written form from each subject. Explanted lungs
(n = 31 for sporadic IPF, IPFLTX; n = 6 for COPD) or non-utilized donor lungs or lobes
fulfilling transplantation criteria (n = 27; human donors) were obtained from the Dept. of
Thoracic Surgery in Giessen, Germany and Vienna, Austria and provided by the UGMLC
Giessen Biobank, a member of the DZL platform Biobanking. All IPF diagnoses were made
according to the American Thoracic Society (ATS)/European Respiratory Society (ERS)
consensus criteria [34], and a usual interstitial pneumonia (UIP) pattern was proven in all
IPF patients.

2.3. Bleomycin Model of Lung Fibrosis

C57BL/6N mice (Charles River Laboratories, Sulzfeld, Germany) between 10 and
16 weeks old were used. Mice were intubated and bleomycin (Hexal, 2.5U/Kg body weight
in 0.9% saline) was aerosolized using a microsprayer (Penncentury). At each time point,
saline-treated and/or untreated mice were used as controls. Mice were weighed every day
and sacrificed 3, 7, 14, 21 and 28 days later for cell dissociation and flow cytometry analysis.

2.4. Lung Tissue Dissociation

For both mouse and human lung, standard dispase-based dissociation protocols were
used, as previously described [22,35,36] and detailed in the Supplemental Materials.

2.5. Flow Cytometry Analysis and Cell Sorting

Standard [37], previously published methods [22,35,36] were used for sample prepa-
ration and intracellular and extracellular staining in preparation for flow cytometry and
fluorescence-activated cell sorting. Detailed methods and reagents, including all antibodies,
are described in the Supplemental Materials. Single color controls were used to compensate
for spectral overlap. Fluorescence-minus-one (FMO) controls were used whenever possible
for positive/negative population gating. In the case of indirect intracellular staining, no pri-
mary control samples, consisting of the FMO control in the particular channel to which only
the secondary antibody was added, were used for data interpretation and quantification.
Data were acquired on a BD FACSCanto II (BD Biosciences) using BD FACSDiva software
(BD Biosciences). Data were further analyzed using FlowJo vX software (FlowJo, LLC).

2.6. Immunofluorescence Analysis

The staining procedures were based on standard, previously published techniques and
the reagents are listed in the Supplemental Materials and Supplemental Tables S1 and S2.
However, given that both the mature SP-B and proSP-B antibodies were raised in the
same species (rabbit), the standard protocol was modified, as follows. Following standard
deparaffinization and blocking (see Supplemental Materials), slides were incubated with
a mature SP-B antibody at a very low concentration (1:2000, 10 times lower than for
traditional mature SP-B staining) and the fluorescent signal was amplified using the Alexa
Fluor™ 555 Tyramide SuperBoost™ Kit, goat anti-rabbit IgG (Thermo Scientific, Waltham,
MA, USA). This resulted in the covalent attachment of Alexa Fluor 555 Tyramide at the
base of the antigen, which allowed the consequent stripping of the rabbit anti-mature
SP-B antibody using the standard citrate-based antigen retrieval solution, as described in
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the Supplemental Materials. Samples were re-blocked with 5% BSA in PBS solution and
incubated with the rabbit anti-proSP-B antibody, followed by an Alexa Fluor 488-labeled
donkey anti-rabbit secondary antibody. Appropriate controls demostrating the lack of
cross-reactivity were used to ascertain the specificity of the two signals (see Supplemental
Materials). The stained amsples were imaged on a wide-field fluorescence microscope
(Axio Observer.Z1 fluorescence microscope, Carl Zeiss MicroImaging, Jena, Germany) and
a confocal microscope (TCS SP5, Leica Microsystems) and the images were processed and
quantified using the Fiji package of ImageJ image analysis software ((https://imagej.net,
version 20.0-rc-65/1.51w, accessed on 31 January 2018).

2.7. Microarray Analysis

Purified total RNA was amplified using the Ovation PicoSL WTA System V2 kit
(NuGEN Technologies, Bemmel, The Netherlands). For each sample, 2 µg of amplified
cDNA was Cy3-labeled using the SureTag DNA labeling kit (Agilent, Waldbronn, Germany).
Hybridization to 8 × 60K 60mer oligonucleotide spotted microarray slides (Human Whole
Genome, SurePrint G3 Human GE v3 8 × 60K Microarray; Agilent Technologies, design ID
072363) and the subsequent washing and drying of the slides was performed following
the Agilent hybridization protocol in Agilent hybridization chambers with the following
modifications: 2 µg of the labeled cDNA were hybridized for 22 h at 65 ◦C. The cDNA
was not fragmented before hybridization. The dried slides were scanned at a 2 µm/pixel
resolution using the InnoScan is900 (Innopsys, Carbonne, France). Image analysis was
performed with Mapix 8.2.5 software, and calculated values for all spots were saved as
GenePix result files. Stored data were evaluated using the R software (www.r-project.
org, version R3.6.3 GUI1.70 ElCapitan, accessed on 29 February 2020) and the limma
package [38] from BioConductor [39]. Log2 mean spot signals were taken for further
analysis. Data were background corrected using the NormExp procedure on the negative
control spots and were quantile-normalized [38,40] before averaging. Log2 signals of
replicate spots were averaged, and, from several different probes addressing the same gene,
only the probe with the highest average signal was used. Genes were ranked for differential
expression using a moderated t-statistic [38]. Pathway analyses were performed using gene
set tests on the ranks of the t-values [38,41]. Pathways were taken from the KEGG database
(http://www.genome.jp/kegg/pathway.html, accessed on 11 October 2021).

Heatmaps are generated from the normalized log2 spot intensities (I) and show the
gene-wise z-values (where zj =

(

Ij − mean(I)
)

/SD(I) for j = 1 . . . n).

2.8. Data Analysis

2.8.1. Flow Cytometry Data Analysis

The frequency of parent and mean fluorescence intensity (MFI) data were exported
from FlowJo v.10 and analyzed using MicrosoftExcel, R software (www.r-project.org,
version R3.6.3 GUI1.70 ElCapitan, accessed on 29 February 2020) or GraphPad Prism
(GraphPad Software). For the bleomycin experiments, the percentages of Lysohigh and
Lysolow cell populations in control vs. treated samples were first log-transformed and
Student’s T-test was used to determine the statistical significance of their differences at
each time point. To evaluate the dynamic of the Lysohigh and Lysolow populations over
time (Figure 1C), we related the proportion of each Lysohigh or Lysolow population in each
group (bleomycin or saline) to the total LysoTracker-incorporating population in the control
animals at each time point, as follows: each point on the line represents the % change
log10 of the respective Lysohigh or Lysolow at DayX, calculated as log10(Lysohigh or low)
DayXbleo or control/log10(LysohighDayX + LysolowDayX)control. To determine the relative
difference between the Lysohigh and Lysolow populations in each epithelial group at each
time point (Figure 1D), we analyzed the log odds ratio of these two populations using the
R statistical analysis software. A log odds ratio of 0 means that the two populations are
similar, and, therefore, the probability that an epithelial cell is a Lysohigh cell is equal to
that of it being a Lysolow cell. Positive log odds ratios indicate that the two populations
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are different, and, therefore, the probability of a cell belonging to one population is larger
than the probability of it belonging to the other one. Flow cytometry data collected from
human samples were analyzed in a similar manner. Student’s t-tests or two-way ANOVAs
were used, as appropriate (stated in the figure legend), to test the null hypotheses that the
log-transformed MFI of the percentage of parent values were different in each comparison.
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Figure 1. Characterization of AEC2s in a bleomycin model of lung fibrosis. (A–D) Bleomycin or saline
were intratracheally instilled into the lungs of C57B6 mice, which were analyzed after 3 (control n = 4,
bleomycin n = 5), 7 (control n = 3, bleomycin n = 5), 14 (control n = 3, bleomycin n = 5), 21 (control
n = 3, bleomycin n = 4) and 28 (control n = 4, bleomycin n = 4) days. The flow cytometry analysis
of the AEC2s in the epithelial compartment, defined as DAPI− CD45− CD31− PDP− EpCAM+.
(A) Representative panels of LysoTracker uptake (Lysohigh and Lysolow) as a percentage of the parent
epithelial compartment of bleomycin-treated mice. (B) Statistical analysis of the Lysohigh and Lysolow

populations at each time point. Data are presented as the means ± SEM. * p < 0.05, ** p < 0.01,
*** p < 0.001, n.s. = not significant by ANOVA. (C) Time-course analysis of the Lysohigh and Lysolow

populations in control mice (left panel) and bleomycin-treated mice (right panel). (D) Analysis of the
log odds ratio of the Lysohigh vs. Lysolow population (log Lysohigh/Lysolow) during the time course
of bleomycin recovery. Data are presented as the means and 95%confidence intervals.
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2.8.2. Immunoflurescence Quantification and Analysis

Fluorescence intensity was analyzed using the Fiji/Image J (https://imagej.net, version
20.0-rc-65/1.51w, accessed on 31 January 2018) image analysis software and fluorescence
intensity data was exported and statistically analyzed and plotted using Microsoft Excel.

3. Results

3.1. LysoTracker Incorporation Delineates Two Populations of Epithelial Cells in
Bleomycin-Induced Injury

To determine the dynamic behavior of AEC2s during bleomycin injury, C57BL6
mice were treated with bleomycin (2.5U/kg) and analyzed 3, 7, 14, 21, and 28 days post-
administration. Saline or untreated mice (generally termed controls) were used as controls
at each time point. Mice were sacrificed and their lungs were dissociated into a single-cell
suspension whose cellular composition was analyzed by flow cytometry at each time point.
To identify AEC2s, dead cells (PI+ or DAPI+) and AEC1 cells (podoplanin-PDPN+) were
first excluded, and the epithelial compartment was further identified by EpCAM expres-
sion within the CD45− (non-hematopoietic) and CD31− (non-endothelial) population (full
gating path is in Supplemental Figure S1A). The proportion of the DAPI− CD45− CD31−

PDPN− EpCAM+ population (the epithelial cell compartment from here on) was slightly
decreased in bleomycin-treated mice starting on day 14 and reached statistical significance
on day 28 (Supplemental Figure S1B). To identify AEC2s within the epithelial compart-
ment, we took advantage of their specific ability to uptake LysoTracker dyes [12,42]. The
dynamic of LysoTracker uptake was analyzed during the bleomycin recovery time course,
revealing three distinct populations: a LysoTrackerneg (Lysoneg), a LysoTrackerlow (Lysolow)
and a LysoTrackerhigh (Lysohigh) population (Figure 1A). At all time-points analyzed, the
Lysohigh population was decreased in number, with the greatest decrease registered at
days 7 and 14, when AEC2 injury was maximal [43,44]. This was paralleled by a propor-
tional increase in the Lysolow population that reached a maximum increase at the same
time points (Figure 1B). The time-course analysis of the population dynamic showed that
Lysohigh and Lysolow populations behaved complementary to each other, with a maximum
relative change at day 7 and a partial recovery by days 21 and 28. The paired analysis of
the log odds ratio of the Lysohigh and Lysolow populations (log Lysohigh/Lysolow) further
supported our conclusion that the difference between the two populations was maximal
in control samples and early time points but decreased significantly at days 7 and 14 (log
value of zero) (Figure 1D). Of note, LysoTracker uptake was not completely recovered at
day 28, suggesting long-lasting alterations in cellular phenotype (Figure 1B–D).

3.2. LysoTracker Uptake in Human Lung Epithelium

Next, we asked if the behavior of these populations is similar in the distal human
donor and IPF lung. To that end, subpleural tissue from six donor and six end-stage IPF
explanted lungs were dissociated into single-cell suspensions and analyzed by flow cytom-
etry. The gating strategy was similar to that of the mouse lung, where the epithelium was
identified as live CD45− CD31− EpCAM+ cells (Supplemental Figure S2A). Fluorescence-
minus-one (FMO) samples were used for appropriate gating (Supplemental Figure S2B).
There was no statistically different proportion of epithelial cells between the groups
(Supplemental Figure S2D). Similar to the mouse data, the proportion of IPF Lysohigh

cells was dramatically decreased compared to donors, from an average of 50.3% in donors
to 10.1% in IPF. The Lysolow population behaved in a complementary fashion, increasing
from an average of 15.2% in donors to 37.1% in IPF patients (Figure 2A,B). Individual
panels from each patient are shown in Supplemental Figure S2C.
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Figure 2. LysoTracker uptake in the epithelial compartment of the human lung. (A) Representative
panels of flow cytometry analysis of the LysoTracker uptake (Lysohigh and Lysolow) in the epithelial
compartment (DAPI− CD45− CD31− EpCAM+) of human donor (n = 6) and IPF (n = 6) lungs.
(B) Quantification of the Lysohigh and Lysolow populations in donor and IPF samples in (A). (C) Rep-
resentative panels of LysoTracker uptake (y-axis) as a function of HTII-280 reactivity (x-axis) in the
epithelial compartment of donor (n = 6), COPD (n = 7) and IPF (n = 7) lungs. Quadrant gating
identifies four different populations as follows: Q1 (Lysopos/HTII-280neg), Q2 (Lysopos/HTII-280pos),
Q3 (Lysoneg/HTII-280pos) and Q4 (Lysoneg/HTII-280neg). (D) Quantification of the data shown in
(C) showing the relative contribution of the Q1 to Q4 populations to the epithelial compartment
of donor, COPD and IPF lungs. (E) Quantification of Q1 (left diagram) and Q2 (right diagram) as
the frequency of the parent (DAPI− CD45− CD31− EpCAM+) population. (F) Comparison of the
LysoTracker uptake in the LysoTracker-positive populations, Q1 and Q2, in donor, COPD and IPF
patients, as measured by the MFI of the respective populations. (G) Comparison of the LysoTracker
uptake in the Q1 population in donor, COPD and IPF patients, as measured by the MFI of the
respective populations. (H) Comparison of the LysoTracker uptake (left panel) and HTII280 reactivity
(right panel) in the Q2 population in donor, COPD and IPF patients, as measured by the MFI of the
respective populations. Data are presented as the means ± SEM of the percentage of cells from the
parent population. Statistical analysis was performed on log(10) values. ** p < 0.01, *** p < 0.001,
n.s. = not significant by ANOVA.
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To further understand the identity of the Lysohigh- and Lysolow-incorporating cells,
we analyzed the expression of HTII-280, a well-known AEC2 marker, as a function of
LysoTracker incorporation [45]. In addition to donor (n = 6) and IPF (n = 7) samples, COPD
samples (n = 7) were added as non-IPF related controls. Quadrant gating of LysoTracker
versus HTII-280 expression in the epithelial cell population, as in Figure 2A, led to the
identification of four populations: Q1 (Lysopos/HTII-280neg), Q2 (Lysopos/HTII-280pos),
Q3 (Lysoneg/HTII-280pos), and Q4 (Lysoneg/HTII-280neg) (Figure 2C). In donor and COPD
samples, the largest proportion of epithelial cells comprised bona fide AEC2s (Q2: 79.64%
Donor and 67.39% COPD), which were Lysopos/HTII-280pos. In contrast, in the IPF samples,
the proportion of Q2 cells was markedly reduced to an average of 14.33%, consistent
with the well-established chronic injury of AEC2s characteristic of IPF. This decrease
in Q2 was paralleled by a marked increase in Q1, which represents the Lysopos/HTII-
280neg cells, from 5.12% in donor samples and 9.43% in COPD samples to 47.73% in IPF
(Figure 2D,E). Populations Q3 and Q4 were not significantly altered in all comparisons,
with the exception of a slight but statistically increase in Q4 in the comparison of COPD and
IFP samples (Supplemental Figure S2E). The analysis was very consistent from patient to
patient, with some variability noted in the Q4 (Lysoneg/HTII-280pos) population, as shown
in Supplemental Figure S2F.

At a first glance, the gating strategy suggests that the Q2 population consists mostly
of Lysohigh cells, while the Lysolow cells belong to Q1. Thus, we compared the mean fluo-
rescence intensity (MFI) of the LysoTracker-incorporating populations Q1 and Q2, which
showed a constant and statistically significant increase in LysoTracker incorporation in Q2
compared to Q1, demonstrating that Q2 comprises mostly Lysohigh cells and Q1 comprises
mostly Lysolow cells. This difference was maintained in all three groups, regardless of their
disease status (Figure 2F), suggesting that these two parameters define two distinct cellular
states and, in this regard, functionally homogeneous populations (Figure 2G,H). Taken
together, our data suggest the existence of two distinct epithelial populations with distinct
LysoTracker uptake characteristics that vary in an inversely correlated manner, suggestive
of compensatory behavior in IPF patients compared to donors. Moreover, the Lysohigh

population is marked by the well-established HTII-280 antibody, confirming its bona fide
AEC2 identity.

3.3. Surfactant Protein Expression Defines Two Populations of AEC2s in Donor and IPF Lung

Surfactant protein production, processing and secretion is the most defining charac-
teristic of AEC2s. Thus, we asked what the pattern of proSPC expression is in relation to
HTII-280. To that end, following the usual cell surface staining (CD45, CD31, EpCAM, and
HTII-280), the same six donor and six IPF single-cell preparations used in the previous
analysis were fixed, permeabilized, and stained intracellularly with a proSP-C specific
antibody. Because the LysoTracker signal is lost during the fixation process, we relied on
HTII-280 reactivity for the identification of the bona fide AEC2s (DAPIneg CD45neg CD31neg
EpCAMpos HTII-280pos). Analysis of HTII-280 vs. proSPC expression in these samples re-
sulted in four populations: Q1 (proSP-Cpos/HTII-280neg), Q2 (proSP-Cpos/HTII-280pos), Q3
(proSP-Cneg/HTII-280pos) and Q4 (proSP-Cneg/HTII-280neg) (Figure 3A and Supplemental
Figure S3A,B). Similar to the Lyso/HTII-280 analysis (Figure 2), donor bona fide AEC2s
(Q2, proSP-Cpos/HTII-280pos) were the highest represented population (Q2 = 66.7%) and
their proportion was markedly decreased to 6.75% in IPF samples (Figure 3B). Moreover,
a population that was HTII-280neg but expressed lower levels of proSP-C than Q2 was
present in both patient groups, and it was markedly increased in IPF (donor Q1 = 17.31% vs.
IPF Q1 = 33.84%, Figure 3B,C). Confirming previously known data, analysis of the amount
of proSP-C expressed, as measured by the proSP-C MFI of each population, showed that
in IPF the bona fide AEC2s (Q2) expressed significantly less proSP-C compared to donors.
However, the Q1 (proSP-Cpos/HTII-280neg) population, which was increased proportion-
ally in IPF patients, did not differ in the amount of proSP-C expressed (Figure 3B–D).
This suggests that, while in IPF the number and SP-producing function of AEC2s is de-
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creased, the potentially compensatory proSP-Clow HTII-280neg (Q1) population expresses
lower levels of proSP-C. Additionally, there was a statistically significant increase in the
proSP-Cneg HTII-280neg (Q4) population, which suggested the increased presence of non-
AEC2 cells in the distal IPF lung (Figure 3D). The Q3 population, representing proSP-Cneg

HTII-280pos cells was negligible and did not vary significantly with the disease state
(Supplemental Figure S3C).
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Figure 3. Surfactant protein expression in the epithelial compartment of donor and IPF lung. (A) Rep-
resentative flow cytometry panels of proSP-C and HTII-280 expression in the epithelial compartment
(DAPI− CD45− CD31− EpCAM+) of donor (n = 6) and IPF (n = 6) lung preparations. (B) Average
contribution of the Q1–Q4 populations to the epithelial compartment of the samples shown in (A),
showing the change in epithelial composition in IPF lung compared to donors. Left column: donors;
right column: IPF. (C) Quantification of the population frequency of Q1 and Q2 in donor (blue
dot) and IPF (red square) lung samples shown in (A). (D) Quantification of the MFI as a measure
of proSP-C expression level (log10 MFI) in the Q1 and Q2 populations of the samples shown in
(A). (E) Representative flow cytometry panels of mSP-B and HTII-280 expression in the epithelial
compartment (DAPI− CD45− CD31− EpCAM+) of donor (n = 6) and IPF (n = 6) lung preparations.
(F) Average contribution of the Q1–Q4 populations to the epithelial compartment of the samples
shown in (E). Left column: donors; right column: IPF. (G) Quantification of the population frequency
of Q1 and Q2 in donor and IPF lung samples in (E). (H) Quantification of the MFI as a measure of mSP-
B expression level in the Q2 population of the samples in (E). Data are presented as the means ± SEM
of the log10 (MFI) values. * p < 0.05, *** p < 0.001, ns = not significant by Student t-test.
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Although characteristic for the alveolar epithelium, expression of proSP-C and proSP-
B has been previously noted in the non-alveolar compartment of the human lung. However,
only AEC2s have the unique ability to process and secrete the mature forms (mSP-C and
mSP-B). Thus, we analyzed the expression of mature SP-B (mSP-B) by intracellular staining
of the same donor (n = 6) and IPF (n = 6) samples as in the previous analyses in conjunction
with the usual cell surface markers. Similar to the proSP-C data, mSP-B was expressed in
the majority of the bona fide AEC2s (Q2: HTII-280pos mSP-Bpos) in both donor and IPF, and
their proportion was drastically reduced in IPF (Figure 3E,F and Supplemental Figure S3D).
However, the IPF Q1 (HTII-280neg mSP-Bpos) population expressed higher levels of mSP-B
than donor Q1, suggesting an upregulation of the surfactant processing ability in this
population in disease conditions. Of note, the expression level of mSP-B in Q1 of IPF
remained below that of Q2 (HTII-280pos mSP-Bpos), suggesting a distinct functional state of
this population (Figure 3E–H). Similar to the proSP-C data, there was no significant change
in the proportion of the Q3 (HTII-280pos mSP-Bneg) population but there was a significant
increase in Q4 (HTII-280neg mSP-Bneg) cells.

Throughout our analysis, we noticed very consistent similarities among the Lyso-
Tracker, proSP-C and mSP-B expression pattern in relation to HTII-280: the Q1 and Q2 pop-
ulations behaved similarly in all samples in each analysis. The co-staining of LysoTracker
with intracellular markers is technically not feasible because of the loss of LysoTracker
fluorescence during the fixation/permeabilization process necessary for intracellular stain-
ing. However, comparative and concomitant analysis of the Q1–Q4 profile with the three
markers in the same donor (n = 6) and IPF (n = 6) patient samples showed that the propor-
tion of cells belonging to Q1–4 in each population was very similar in the three parallel
analyses (Figure 4A). This suggested, in a correlative manner, that the Q1 population
represents a Lysolow, proSP-Clow, mSP-Blow population of AEC2-like cells while the Q2
population represents the Lysohigh, proSP-Chigh, mSP-Chigh population of bona fide AEC2s.
To confirm the existence of mSP-B expressing cells outside of the LysoTracker-incorporating
compartment, donor and IPF peripheral lung tissue sections were co-stained for mSP-B and
ABCA3, a protein specifically expressed in the lamellar bodies of mature AEC2s. Indeed,
in the donor lung, mSP-B was present in almost all ABCA3-expressing AEC2s, while in
IPF extensive epithelial areas (identified morphologically) were characterized by mSP-B ex-
pression in the absence of ABCA3 (Figure 4B). The expression of LysoTracker and proSP-C
was very consistent within each patient group (Do vs. IPF and Supplemental Figure S4).
However, the intensity of the mSP-B staining was highly variable within the same patient
group, suggesting the existence of a variable mSP-B processing capacity (Figure 4A and
Supplemental Figure S4A). To confirm that the variable processing ability of AEC2 cells
was not an artefact of the cell isolation procedure, donor (n = 4) and IPF (n = 4) paraffin-
embedded tissue sections were co-stained for proSP-B and mSP-B, and the fluorescence
intensity of each was quantified. A linear regression analysis showed that the processing
ability of each sample, represented by the regression’s slope, was variable within each
group, but an overall flattening of the slope was noted between IPF and donor samples.
Moreover, the two values yielded were positively correlated in most donor samples (posi-
tive R2 values), but this correlation was lost in three out of the four IPF samples (R2 = 0,
Figure 4C,D). When analyzing the spatial distribution of the two signals, we noticed that
in donors they were tightly co-expressed (Figure 4D upper panels), but in IPF there was a
heterogeneous distribution of the areas of mature and proSP-B co-localization (particularly
in non-affected areas, Figure 4D panels in rows 2 and 4) and areas where the mSP-B was
low or absent in cells that expressed the pro forms (Figure 4D—panels in row 3). Together,
these data show that while it is variable in donor samples, mSP-B processing ability is
decreased in IPF.
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Figure 4. Comparative expression of LysoTracker, proSP-C and mSP-B expression in donor and
IPF lung. (A) Six donor and six IPF lung preparations were co-stained in parallel with HTII-280,
LysoTracker, proSP-C and mSP-B. Representative flow cytometry panels of LysoTracker (upper),
proSP-C (middle) and mSP-B (lower) vs. HTII-280 expression in the epithelial compartment of
one donor (left column) and one IPF (right column) lung. (B) Representative immunofluorescence
images of mature (red) and ABCA3 (green) in donor and IPF paraffin-embedded lung tissues.
(C) Quantification of the fluorescence intensity of the mature SP-B and proSP-B immunofluorescence
signals in four donor (upper row) and four IPF (lower row) patients, showing the slope (s) of the linear
regression and the correlation index (R2) for each patient. (D) Representative immunofluorescence
images of the mature (red) and proSP-B (green) in donor and IPF tissues shown in (C).
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3.4. Transcriptional Characterization of the IPF Lysolow Population

Given the recent single-cell NGS data that identified the existence of transitional AEC2
states with distinct transcriptomic signatures in normal and IPF lungs [28–31,46], we asked
if the Lysolow population in IPF, which has an intermediate expression profile in terms of
LysoTracker and surfactant protein expression, resembled any of the previously mentioned
intermediate populations. Thus, we used microarray analysis to compare the transcriptomic
profile of eight FACS-sorted donor Lysopos AEC2s, composed, in the majority, of Lysohigh

cells (see Figure 2A), and Lysopos cells from six IPF lungs, consisting, in the majority, of
Lysolow cells (Figures 2A and 5A). Principal component analysis of the data showed the
lack of variance between the two groups (Supplemental Figure S5A), suggesting great
similarities between the two populations. However, in this analysis, 612 genes were upreg-
ulated (LFC > 2) and 1382 genes were downregulated (LFC < −2) in IPF Lysopos compared
to donor Lysopos AEC2s. Interestingly, the first 50 upregulated genes in the Lysopos popula-
tion of IPF patients included several genes known to be upregulated in IPF while several
surfactant-related genes were noted in the 50 most downregulated genes (Figure 5B and
Supplemental Figure S5B). Validating our data, KEGG analysis identified metabolic path-
ways and pathways related to protein synthesis/processing and oxidative phosphorylation
as being the most significantly downregulated pathways in IPF (Figure 5C). To determine
the phenotype of the Lysopos IPF population, we superimposed the transcriptomic sig-
natures of several relevant cell types from two recent publications onto our differentially
expressed gene expression data [29,31]. First, we defined the signatures of all relevant cell
types in each data set using the first 30 most differentially expressed genes for each cell
type: AEC2, signaling AEC2, basal, differentiating and proliferating basal, AEC1, ciliated
and club cells (Travaglini et al.), and AEC2, AEC1, basal, aberrant basal, ciliated and club
(Adams et al.). These signatures were then superimposed onto our Donor/IPF LysoTracker
comparison, showing an overall downregulation of the AEC2 signature in the IPF Lysopos

population. However, a closer look at the surfactant compartment genes revealed the
significant downregulation of several surfactant synthesis and processing genes (NAPSA,
ABCA3, LAMP3, LPCAT1), while the surfactant protein genes SFTPB and SFTPC were
not significantly regulated (SFTPC LFC = −0.25, LOG(p) = 0.24 and SFTPB LFC = −0.30,
LOG(p) = 0.50). This suggested that the two populations, which homogeneously express
proSP-B and proSP-C mRNA (Figure 5D) and protein (Figure 3), differ in the expression of
the processing machinery that would normally commit them to a bona fide AEC2 fate. In
addition, two fundamental regulators of AEC2 fate had opposite patterns of expression: IPF
Lysopos cells expressed markedly decreased levels of ETV5 (LFC =−3.42, LOG(p) = 2.32),
but SOX9 (LFC = 3.25, LOG(p) = 8.93) was one of the top overexpressed genes in our data set
(Figure 5D and Supplemental Figure S5C,D). Further analysis showed the upregulation of
basal, differentiating basal and aberrant basal transcriptomic signatures in IPF, suggesting
the presence of cells belonging to the basal cell lineage. Ciliated, club and AEC1 signatures
did not unequivocally superimpose with any of the up or downregulated transcriptomic
profiles (Figure 5E and Supplemental Figure S5C,D). Taken together, this data demonstrates
that the Lysopos population in IPF most likely represents a heterogeneous population of
basal-derived cells with the common property of surfactant protein B and C expression
but lacking a mature surfactant processing compartment necessary to compensate for the
surfactant defects known to occur in IPF.
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Figure 5. Transcriptomic profiling of the Lysopos population in IPF. Donor Lysopos (n = 8) and IPF
Lysopos (n = 6) epithelial cells were isolated by flow cytometry and their transcriptomic profiles were
determined by microarray analysis. (A) Flow cytometry panels showing the sorting strategy for the
two populations. (B) Heat map of the first upregulated and downregulated genes in IPF Lysopos

vs. donor Lysopos. (C) KEGG pathway analysis showing the first 20 most differential regulated
pathways. (D) The transcriptomic signatures of AEC2 that were identified by Travaglini et al. and
Adams et al. were superimposed on the vulcano plots depicting the upregulated and downregulated
genes in IPF Lysopos compared to donor Lysopos (left and middle plots). The right plot shows the
distribution of surfactant production and processing genes. (E) The transcriptomic signatures of
various populations of donor and IPF basal cells that were identified by Travaglini et al. and Adams
et al. were superimposed on the vulcano plots depicting the upregulated and downregulated genes
in IPF Lysopos compared to donor Lysopos.
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3.5. Basal Cell Marker Expression in Donor and IPF Lung

Our data, in consensus with the existing literature, suggested an increase in basal and
aberrant basaloid cells in the distal lung epithelium of IPF patients, which have, in the past,
been identified by their intracellular expression of cytokeratin 5 (CK5, the protein product
of KRT5 mRNA) or cell surface expression of NGFR [47,48]. First, we determined by flow
cytometry the expression of the CK5 protein in the epithelial compartment of six donor
and six IPF lungs. Of note, CK5 expression as a function of HTII-280 demonstrated that
HTII-280pos cells did not express CK5 in donor or IPF lung, and the CK5 upregulation was
strictly limited to the HTII-280neg compartment (Figure 6A and Supplemental Figure S6A).
Indeed, the number of CK5pos cells was greatly increased in the epithelial compartment of
IPF lung (average Q3 = 37.86%) compared to donor lung (average Q3 = 12.15% Figure 6A,B
and Supplemental Figure S6B). We also determined, in a similar manner, the cell surface
expression of NGFR in six donor and six IPF lung cell preparations (Figure 6C,D and
Supplemental Figure S6C,D). While the number of NGFRpos cells also increased signifi-
cantly in proportion in IPF compared to donor epithelial cells (average 20.1% IPF vs. 3%
donor), their proportion was much lower than that of CK5pos cells in both groups (donor
and IPF), suggesting the existence of a population of CK5pos cells that do not express
NGFR. Of note, in our transcriptomic analysis, NGFR showed levels of expression in both
AEC2 populations below the threshold above which a gene was considered to be expressed
(Figure 6B and Supplemental Figure S6B). We next asked if the expression of the two mark-
ers defines distinctly localized populations of epithelial cells in either donor and/or IPF
lung. Thus, we analyzed by immunofluorescence staining the pattern of expression of CK5
and NGFR together with the AEC2 marker ABCA3 in six donor and six IPF lung samples.
Representative confocal images (Figure 6E) show that, in both donor and IPF lungs, ABCA3-
expressing AEC2s expressed neither CK5 nor NGFR, confirming the flow cytometry data in
Figure 6A,C. Additionally, in donor’s lung, extensive areas of basal cells were labeled with
either CK5 alone or co-expressed with NGFR (CK5pos NGFRpos cells) in a clonal fashion. In
the IPF lung, CK5pos NGFRpos cells were found in either normal-appearing basal cells in
the conducting airways or in the simple or pseudo-stratified epithelium lining epithelial
cysts in distal fibrotic areas. CK5pos NGFRneg cells were present, predominantly as highly
metaplastic areas in the fibrotic distal lung (Figure 6D). Together, these data demonstrate
that NGFR expression can differentiate two populations of CK5pos basal cells with different
behavior in IPF.

3.6. CD24 Upregulation in IPF

CD24 was identified as a cell surface marker highly expressed by aberrant basaloid
cells [31] and in the KRT5-/KRT17+ intermediate cells [32] (Figure 7A and
Supplemental Figure S7A). In our transcriptomic analysis, CD24 was also markedly in-
creased in IPF Lysolow cells (LFC =2.92, LOG(p) = 3.1). To determine which epithelial
cells express CD24, we stained four donor and three IPF lung cell preparations with the
usual cell surface markers in combination with a CD24 antibody, and its expression was
analyzed in the epithelial compartment as a function of LysoTracker uptake. In donor
epithelial cells, the proportion of CD24pos cells was very small (average 1.4% in Lysohigh

and 3.41% in Lysolow population), but its expression was markedly increased in both IPF
Lysohigh and Lysolow populations (average 15.2% and 28.5% respectively, Figure 7B–D;
individual patient data in Supplemental Figure S7B,C). Given the basal/AEC2 profile of
the Lysolow CD24pos population suggested by our transcriptomic data, our cell surface
expression analysis allows us to speculate that the CD24pos Lysolow cells might represent a
sub-population of an IPF-specific intermediate cell type.
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Figure 6. CK5 and NGFR expression in donor and IPF epithelial cells. (A) Representative flow
cytometry panels of CK5 vs. HTII-280 expression in the epithelial cell compartment of donor (n = 6,
left) and IPF (n = 6, right) lungs. (B) Quantification of the CK5pos HTII-280neg (Q3) population shown
in (A). (C) Representative flow cytometry panels of NGFR vs. HTII-280 expression in the epithelial
cell compartment of donor (n = 6, left) and IPF (n = 6, right) lungs. (D) Quantification of the NGFRpos

HTII-280neg (Q3) population shown in (C). Data are presented as the means ± SEM of the percentage
of cells from the parent population. Statistical analysis was performed on log(10) values. *** p < 0.001,
n.s. = not significant by ANOVA. (E) Representative confocal images of proSP-C (white signal), CK5
(red signal) and NGFR (green signal) in different locations of donor (upper images) and IPF (lower
images) lung.
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Figure 7. CD24 expression in donor and IPF lung. (A) Differential expression of CD24 in donor
and IPF scNGS data published by Adams et al. (B), (C) Flow cytometry analysis of donor (n = 4)
(B) and IPF (n = 3) (C) samples of LysoTracker incorporation in the epithelial cell compartment (left
panel). Right panels show the expression of CD24 in the Lysohigh and Lysolow populations shown
in the panels on the left. (D) Quantification of the data in (B,C) showing the difference between
donor and IPF Lysohigh and Lysolow populations. Average donor Lysohigh CD24pos 1.4%, donor
LysolowCD24pos 0.34%; IPF Lysohigh CD24pos 15.2% and IPF Lysolow CD24pos 28.53%. Data are
presented as the means ± SEM of the percentage of cells from the parent population. Statistical
analysis was performed on log(10) values. * p < 0.05, ** p < 0.01, n.s. = not significant by ANOVA.

4. Discussion

Here we provide an in-depth phenotypical analysis of human alveolar epithelial cells
isolated from donor and end-stage IPF explanted lungs. In doing so, we identify two
populations that differ markedly in their ability to process and secrete surfactant, the
defining differentiated function of AEC2s. During bleomycin-induced lung fibrosis, the
two populations vary in complementary directions, suggestive of correlative behavior.
Comparing the transcriptome of the IPF and donor Lysopos populations in human lung,
we determine that the IPF Lysopos population co-expresses markers of basal and AEC2
lineages. We further confirm by flow cytometry and immunofluorescence analysis the
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CK5pos cell expansion in IPF and show that CK5 and NGFR expression define two distinct
basal cell populations with differential behavior in IPF.

CD24 is a widely expressed glycophospholipid (GPI)-anchored cell surface protein
localized to lipid rafts with a versatile signaling ability through cis- and trans-association
with various transmembrane receptors [49]. Its epithelial expression was recently identified
as the core of the ligand-receptor interactome in the development of human lung adenocar-
cinoma [50]. Interestingly, in ovarian and breast cancer, CD24 functions as a checkpoint
inhibitory molecule, mediating macrophage-phagocytosis evasion through its interaction
with Siglec 10 [51]. In IPF, its expression is specifically increased in aberrant epithelial cells,
ionocytes, and pulmonary neuroendocrine cells [30–32]. Our data confirm the increased
cell-surface expression of CD24 in the intermediate Lysolow population in IPF, thus offering
a potential cell surface marker to sub-type, together with LysoTracker incorporation, vari-
ous populations of epithelial cells in donor and IPF lung. A possible correlation between
CD24 expression and the well-documented increase in lung adenocarcinoma development
in IPF patients is intriguing and remains to be addressed experimentally [50].

The emergence of single-cell transcriptomics led to the in-depth profiling of already
known populations of cells and the identification of other novel populations in the mouse
and human lung [27,29–32,52]. Recent landmark papers led to the identification of epithe-
lial populations with an intermediate transcriptomic signature in the IPF lung. First, a
population of cells with an “intermediate phenotype” that resembled the transcriptomic
profiles of both AEC2s and basal cells was identified by Xu et al. [28]. Recently, a similar
population of cells specific for IPF called aberrant basal cells was described by Reyfman
et al. and by Adams et al. [30,31].

Similarly, we find that the Lysopos population in IPF expresses several markers defin-
ing these intermediate populations. Characteristic markers, such as KRT5, 15 and 17,
ITGA2, Sox4, Sox9, and CD24, are expressed at high levels, together with the AEC2 genes
SFTPB and C. Genes involved in surfactant protein processing and secretion are also
expressed in the IPF Lysopos population, although they do not reach the level of expres-
sion of the donor AEC2s, which correlates well with the low and intermediate levels of
LysoTracker incorporation in this population. Interestingly, two genes defining the AEC2
cell fate, ETV5 and SOX9, are also expressed in the IPF Lysopos population, but while
SOX9 is expressed at levels exceeding that of bona fide AEC2s, ETV5 expression is much
lower, suggesting that they regulate different aspects of the IPF alveolar epithelial fate.
Indeed, SOX9 is crucial for mouse and human distal lung epithelium specification [53–56],
while ETV5, acting downstream of SOX9 [56–59] and FGF signaling [60,61], is crucial for
AEC2 fate maintenance and is downregulated in transitional states, such as the AEC2 to
AEC1 transition [61]. Interestingly, a recent paper identified a population with similar
characteristics in the mouse lung [62]. Lineage tracing of alveolar epithelial cells using the
SFTPCcreER/Rosa26TdTomato double transgenic mice revealed a TdTomatolow population
of cells which express low levels of the AEC2 markers proSP-C, etv5 and Fgfr2b that has
progenitor cell properties. This suggests that a similar population with intermediate AEC2
characteristics and progenitor properties exists in the mouse lung, which is supported
by our data showing the maximum expansion of the Lysolow population at the peak of
epithelial proliferation (day 14) following bleomycin injury.

There are multiple circumstances that require the transition through an intermediate
fate. First, it has been shown that multiple progenitors can participate in the repair of
the alveolar epithelium [63]. It is, thus, conceivable that they converge on a common
intermediate state on their way to becoming fully differentiated AEC2s. Second, aberrant
progenitors, that in a normal state do not participate in alveolar repair, can be recruited
when the local progenitor pool is exhausted, as is the case in the IPF lung, converging
towards the same intermediate fate. Third, AEC2 divergent intermediate fates could also
emerge, such as (1) AEC2s differentiating into AEC1s [43], (2) AEC2s de-differentiating
in order to assume a progenitor function [22] or (3) AEC2s that temporarily limit their
differentiated function to allow recovery from injury. Thus, although the Lysolow population
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appears homogeneous from a phenotypic perspective, as seen by the surfactant protein
expression and LysoTracker incorporation, one cannot exclude that it might represent a
lineage-diverse population. Based on our data, we propose that the Lysolow population
represents a stable cellular state on the way to or from a mature AEC2, rather than a
particular cell type. Our population level transcriptomic analysis does not allow us to
draw conclusions about the lineage composition or transcriptomic heterogeneity of the
Lysolow population, but flow cytometry analysis offers a modality of isolating cells in this
intermediate state for further analysis.

In conclusion, we show that LysoTracker incorporation defines two cellular states in
donor and IPF distal epithelial lung, with the Lysohigh state representing bona fide AEC2s
and the Lysolow state characterizing an intermediate cell population displaying both basal
and AEC2 characteristics.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cells11020235/s1, Figure S1: Characterization of lung cells in
bleomycin model of lung fibrosis and human IPF lung (A) Representative panels showing the
gating strategy of dissociated mouse lung: cell-debris discriminated based on size and granularity
(“cells” gate); elimination of PDP+ and PI+ cells (“live PDP-” gate); identification of epithelial cells
(EpCAM+ CD45- CD31-); doublet exclusion in the epithelial population (“single-cell” gate). (B) Flow
cytometry panels of Lysotracker incorporation in a control mouse lung (left) and the corresponding
fluorescence minus one (FMO) gating control. (C) Statistical analysis of the epithelial compartment
(PI- CD45- CD31- PDP- EpCAM+); Figure S2: Lysotracker uptake in the epithelial compartment
of the human lung. (A) Representative panels showing the gating strategy of dissociated human
lung: cell-debris discriminated based on size and granularity (“cells” gate); elimination of DAPI+
cells (“live” gate); identification of epithelial cells (EpCAM+ CD45- CD31-); doublet exclusion in the
epithelial population (“single-cell” gate). (B) Flow cytometry panels of Lysotracker incorporation
in a control human lung (left) and the corresponding fluorescence minus one (FMO) gating control.
Statistical analysis of the proportion of epithelial cells (DAPI- CD45- CD31- EpCAM+) in donor
and IPF samples. Data are presented as the mean ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001,
ns = not significant by Student t-test. (C) Individual panels of Lysotracker incorporation in the
epithelial compartment of each donor and IPF patient. (D) Gating controls for the Lysotracker /
HTII-280 analysis. First two panels correspond to the respective FMO controls for Lysotracker and
HTII-280, the third panel shows the background of the secondary antibody used to detect HTII-280.
(E) Statistical analysis of the proportion of Q3 and Q4 populations in donor, COPD and IPF patients.
Data are presented as the mean ± SEM of Log10 (MFI). Statistical analysis was performed on Log(10)
values. ** p < 0.01, n.s. = not significant by ANOVA. (F) Individual panels of Lysotracker/HTII-
280 distribution in the epithelial compartment of each donor, COPD and IPF patient; Figure S3.
Surfactant protein expression in the epithelial compartment of donor and IPF lung. (A) Staining
controls used to define the gating of the proSP-C and mSP-B vs HTII-280 analysis. First panel shows
the “no primary” FMO control which is shared by the proSP-C and mSP-B, second panel shows
the “no primary” FMO control for HTII-280. (B) Quantification of the population frequency of Q3
and Q4 in proSP-C stained donor and IPF lung samples shown in Figure 3A. (C) Quantification of
the population frequency of Q3 and Q4 in mSP-B stained donor and IPF lung samples shown in
Figure 3E. (D) Analysis of mSP-B expression (histogram) in the bona-fide AEC2s defined as HTII-
280pos cells in donor and IPF epithelial cells (same data set as Figure 3E–H). Upper panels show the
gating strategy of the HTII-280pos population (donor and IPF). Lower left, the overlay histogram
of mSP-B expression in the HTII-280pos population in donor (blue) and IPF (red) is shown. Lower
right shows the quantification of the % of mSP-B cells within the HTII-280pos population in donor
(blue) and IPF (red) patients; Figure S4: Individual flow cytometry panels of Lysotracker, proSP-C
and mSP-B vs HTII-280 expression in the epithelial compartment (DAPI- CD45- CD31- EpCAM+)
of all donor (left column, n = 6) and IPF (right column, n = 6) lung preparations shown in Figure 4;
Figure S5: Transcriptomic profiling of the Lysopos population in IPF. (A) PCA analysis of the IPF
Lysopos (blue triangles) and Donor Lysopos(orange circles). (B) List of the 20 most up-regulated
(left)and down-regulated (right) genes in IPF Lysopos vs donor Lysopos population. (C), (D) The
transcriptomic signatures of AEC2 identified by Travaglini et al. and Adams et al. were superimposed
on the vulcano plots depiction of the up and downregulated genes in IPF Lysopos compared to donor
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Lysopos. (C)Transcriptomic signatures of different epithelial cell populations in donor lung identified
by Travaglini et al. transposed onto our Do/IPF data. (D) Transcriptomic signatures of different
epithelial cell populations in IPF lung identified by Adams et al. transposed onto our Do/IPF data;
Figure S6. CK5 and NGFR expression in donor and IPF epithelial cells. (A) FMO gating control for
CK5. (B) CK5 HTII-280 flow cytometry plots for individual donor and IPF patients shown in Figure 6.
(C) No primary HTII-280 and NGFR FMO controls. (D) NGFR HTII-280 flow cytometry plots for
individual donor and IPF patients shown in Figure 6; Figure S7: CD24 expression in donor and IPF
lung. (A) Differential expression of CD24 in donor and IPF scNGS data published by Habermann
et al. (B), (C)Individual flow cytometry panels of n = 4 donor (B) and n = 3 IPF (C) of Lysotracker
incorporation in the epithelial cell compartment (left panel) shown in Figure 7. Table S1: Important
materials; Table S2: Antibodies used in experiments.
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Abstract: Idiopathic pulmonary fibrosis (IPF) is a devastating interstitial lung disease with dire
consequences and in urgent need of improved therapies. Compelling evidence indicates that damage
or dysfunction of AT2s is of central importance in the development of IPF. We recently identified a
novel AT2 subpopulation characterized by low SFTPC expression but that is enriched for PD-L1 in
mice. These cells represent quiescent, immature AT2 cells during normal homeostasis and expand
upon pneumonectomy (PNX) and were consequently named injury-activated alveolar progenitors
(IAAPs). FGF10 is shown to play critical roles in lung development, homeostasis, and injury repair
demonstrated in genetically engineered mice. In an effort to bridge the gap between the promising
properties of endogenous Fgf10 manipulation and therapeutic reality, we here investigated whether
the administration of exogenous recombinant FGF10 protein (rFGF10) can provide preventive and/or
therapeutic benefit in a mouse model of bleomycin-induced pulmonary fibrosis with a focus on its
impact on IAAP dynamics. C57BL/6 mice and SftpcCreERT2/+; tdTomatoflox/+ mice aged 8–10 weeks
old were used in this study. To induce the bleomycin (BLM) model, mice were intratracheally
(i.t.) instilled with BLM (2 µg/g body weight). BLM injury was induced after a 7-day washout
period following tamoxifen induction. A single i.t. injection of rFGF10 (0.05 µg/g body weight)
was given on days 0, 7, 14, and 21 after BLM injury. Then, the effects of rFGF10 on BLM-induced
fibrosis in lung tissues were assessed by H&E, IHC, Masson’s trichrome staining, hydroxyproline
and Western blot assays. Immunofluorescence staining and flow cytometry was used to assess the
dynamic behavior of AT2 lineage-labeled SftpcPos (IAAPs and mature AT2) during the course of
pulmonary fibrosis. We observed that, depending on the timing of administration, rFGF10 exhibited
robust preventive or therapeutic efficacy toward BLM-induced fibrosis based on the evaluation
of various pathological parameters. Flow cytometric analysis revealed a dynamic expansion of
IAAPs for up to 4 weeks following BLM injury while the number of mature AT2s was drastically
reduced. Significantly, rFGF10 administration increased both the peak ratio and the duration of
IAAPs expansion relative to EpCAMPos cells. Altogether, our results suggest that the administration
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of rFGF10 exhibits therapeutic potential for IPF most likely by promoting IAAP proliferation and
alveolar repair.

Keywords: pulmonary fibrosis; bleomycin; recombinant FGF10; alveolar epithelial progenitors;
AT2 cells

1. Introduction

Idiopathic pulmonary fibrosis (IPF) is the most common form of interstitial lung dis-
ease, which almost inevitably leads to respiratory failure and patient death within five years
after diagnosis [1,2]. IPF-associated respiratory failure results from the aberrant deposition
of extracellular matrix (ECM) and progressive loss of lung architecture and function [3].
Activated myofibroblasts (MYF) and MYF-derived ECM have traditionally been considered
central in IPF pathobiology, and hence the focus of numerous studies aimed at developing
targeted anti-fibrotic therapies [4]. Pirfenidone and Nintedanib, two FDA-approved anti-
fibrotic IPF therapeutics, have been shown to slow the progression of the disease [5–13].
However, accumulating evidence suggest a pivotal role for dysfunctional alveolar epithelial
cells, particularly alveolar type 2 cells (AT2s), in the pathogenesis of several parenchymal
diseases, including IPF [14,15]. In this context, AT2 loss or dysfunction due to chronic or
repetitive injury may lead to the development of a profibrotic phenotype [16,17]. Therefore,
mitigating AT2 loss and dysfunction may prove to be beneficial in combating IPF.

AT2 cells act as prime stem cells in adult lungs for alveolar maintenance, repair,
and regeneration [18–20]. Accumulating studies have indicated that AT2 cells are het-
erogenous [21] and comprise various subpopulations defined based on multiple markers,
including our recently identified AT2-SftpcLow (tdTomLow, aka injury-activated alveolar
progenitors, IAAPs) [22]. In contrast to mature AT2-SftpcHigh (tdTomHigh cells, which
account for the mature AT2s expressing higher levels of Sftpc, Etv5, and Fgfr2b), IAAPs
express lower levels of AT2 differentiation markers such as Sftpc as well as lower levels of
the FGFR2b signaling genes Fgfr2b, and Etv5, but are enriched for the immune checkpoint
programmed death ligand 1 (PD-L1). IAAPs are quiescent during normal homeostasis
but proliferate and are proposed to differentiate into bona fide AT2 following lung pneu-
monectomy (PNX). FACS-based quantification revealed that the ratio of IAAPs to total
EpCAMPos cells was significantly increased upon PNX compared to sham, whereas the
AT2-tdTomHigh to total EpCAMPos ratio remained unchanged, suggesting that IAAPs are,
in fact, the significant contributor to lung regeneration, rather than the previously thought
mature AT2s [22].

Fibroblast growth factor 10 (FGF10) is a multifunctional growth factor that belongs to
the FGF7 subfamily of the FGF family and mainly elicits biological responses through bind-
ing to and activating FGFR2b with heparan sulfate as cofactor [23,24]. In the lung, FGF10
and FGFR2b are expressed in both the mesenchymal and epithelial cell compartments,
respectively, exerting a critical role for FGF10/FGFR2b in mesenchymal–epithelial crosstalk.
In addition, mesenchymal FGF10 is crucial for the lineage commitment and proliferation
of epithelial cells during embryonic and postnatal development and for driving epithelial
cell regeneration after injury [25]. Gupte et al. reported that Fgf10 overexpression during
different stages of the bleomycin (BLM) model resulted in a significantly reduced extent of
lung fibrosis, suggesting that FGF10 may be a potential candidate for treating pulmonary
fibrosis [26].

Recently, we have identified the equivalent of the mouse IAAPs in the human lungs [27].
These cells were amplified in the context of end-stage IPF, concomitant with a significant
decrease in the number of mature AT2s. In addition, an in vitro culture of precision cut
lung slides from donor lungs demonstrated the emergence of HTII-280Neg PD-L1Pos cells
(likely the IAAPs) and HTII-280Pos PD-L1Pos cells (IAAPs differentiating into AT2s) [27].
We also reported recently that in mice, IAAPs are activated upon injury, upregulate Fgfr2b
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expression and proliferate. This was observed following PNX to induce compensatory
growth [22], as well as following Fgfr2b deletion in AT2 cells to robustly ablate the AT2
lineage [28]. In both cases, we observed either no change (for the PNX) or a decrease (for
Fgfr2b deletion in AT2s) in the number of mature AT2s.

In an effort to bridge the gap between promising properties of endogenous Fgf10
manipulation and therapeutic reality, we here investigated whether the administration of
exogenous recombinant FGF10 protein (rFGF10) can provide preventive and/or therapeutic
benefit in a mouse model of bleomycin-induced pulmonary fibrosis. In addition to the
histopathological aspects, we mainly focused on establishing the dynamic profile of IAAPs
following BLM injury. A combination of flow cytometry and genetic lineage tracing
was used to reveal the relationship between IAAPs and mature AT2s during the fibrosis
development and resolution processes and the impact of rFGF10.

2. Materials and Methods

2.1. Animals and Drug Administration

Male C57BL/6 mice and SftpcCreERT2/+; tdTomatoflox/+ mice at the age of 8 to 10 weeks
old were used in this study [22]. According to the “Guide for the Care and Use of Lab-
oratory Animals” prepared by the National Academy of Sciences and published by the
National Institutes of Health (NIH publication 86-23 revised 1985). Mice were housed in a
temperature-controlled facility with a 12 h light/dark cycle and allowed feeding ad libitum.
All animal procedures were approved by the Institutional Animal Care and Use Committee
of Wenzhou Medical University.

For bleomycin (BLM) injury, adult 8- to 12-week-old mice were intratracheally (i.t.)
instilled with BLM (2 µg/g body weight) or saline for the control group. BLM injury
was induced after a 7-day washout period following tamoxifen induction. For tamoxifen
induction, mice were administered tamoxifen in corn oil (200 µg/g) every other day for
a total of 3 intraperitoneal (i.p.) injections. For recombinant FGF10 protein (rFGF10)
treatment, mice were i.t. instilled with rFGF10 (0.05 µg/g body weight) on day 0, 7, 14,
21 after BLM injury as specified, and control group mice were i.t. instilled with the same
volume of saline solution.

2.2. Histology and Immunohistochemistry and Hydroxyproline Measurement

The lungs were embedded in paraffin wax, fixed in 10% formalin, and processed into
sections. The sections were stained either with hematoxylin–eosin (H&E) or subjected to
Masson’s trichrome staining. For immunohistochemistry (IHC) staining, lung sections
were subjected to deparaffinization and antigen retrieval at first, then blocked by using
10% bovine serum albumin (BSA; Solarbio, Beijing, China) at room temperature (RT) for
1 h. After incubating with primary antibodies of collagen (Abcam, Cambridge, UK; 1:100)
and α-smooth muscle actin (αSMA) (Beyotime, Shanghai, China; 1:100) at 4 ◦C overnight,
appropriate secondary antibodies conjugated with HRP were added and incubated at RT.
Finally, sections were visualized using a metal-enhanced DAB substrate kit (Solarbio),
followed by hematoxylin counterstaining. Pulmonary fibrosis was evaluated by measuring
Masson staining and the percentage-positive area was quantified using the ImageJ software.
The hydroxyproline content in the mouse lungs was determined using the Hydroxyproline
assay kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China; A030-2-1) following
the manufacturer’s instructions.

2.3. Immunofluorescence

PBS perfused lung tissue was fixed in 4% PFA and incubated at 4 ◦C for 24 h before
embedding in OCT cryostat medium (Sakura Finetek, Torrance, CA, USA) and storing at
–80 ◦C until sectioning into 10 µm slices. The following primary antibodies were used for
staining the frozen sections: Pro-SFTPC (rabbit, Abcam, 1:100), PDPN (mouse, Santa Cruz
Biotechnology, Santa Cruz, CA, USA; 1:100), PD-L1(rabbit, Abcam, 1:100), Ki67 (mouse,
Invitrogen, Waltham, MA, USA; 1:100), rabbit anti-FGF10 (AP14882PU-N; Acris, Rockville,
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MD, USA; 1:200). The sections were first washed with PBS and incubated with antigen
repair solution (Beyotime) for 5 min at RT and blocked with 5% Bovine Serum Albumin
(BSA) for 30 min at RT. Then the sections were incubated with the above primary antibodies
diluted in 1% BSA at 4 ◦C overnight. The slides were washed in PBS next day and incubated
with the secondary antibodies diluted in 1% BSA for 2 h at RT. Finally, the cell nuclei were
counter stained with DAPI. Images were visualized and captured by using an Olympus
FV3000 confocal microscope. The ImageJ program was used to determine the positive cells.

2.4. Western Blot

Dissected lung tissues were placed in cell lysis buffer freshly supplemented with
protease inhibitor cocktail (Sigma, Alexandria, VA, USA) and phosphatase inhibitors
(Roche, Nutley, NJ, USA) and homogenized for protein extraction. The protein samples
were quantitated with BCA (bicinchoninic acid) protein assay (Beyotime). Protein samples
(20–50 µg) were resolved on a 10% SDS–polyacrylamide gel and transferred onto PVDF
membranes (Roche, 3010040001). The membranes were blocked with 5% skimmed milk
in Tris-buffered saline (TBS) at RT on a shaker for 1h and then incubated with the specific
primary antibodies: Collagen I (Meridian, Beijing, China; no. 1:1000), α-SMA (Abcam,
no. ab9588, 1:1000), and α-tubulin (Beyotime, AF0001 1:10,000) overnight at 4 ◦C. After
washing with TBS-T buffer, the membrane was incubated with proper HRP-conjugated goat
anti-mouse or goat anti-rabbit secondary antibody (1:10,000) at RT for 1h before detection
by ECL reagent (Enhanced Chemiluminescence, Amersham, UK) and image acquisition.

2.5. Lung Dissociation and Preparation of Single Cells

The mice were euthanized with 4% chloral hydrate, and upon proper exposure follow-
ing standard surgical procedures, the lungs were perfused with 5 mL of PBS. A 20G Angio
catheter was used for i.t. instillation, via a tracheal cannula, of 1 mL dispase solution in
DMEM (1 mg/mL). Then, 0.6 mL of 1% agarose was gently administered into the lungs
via the catheter, and the lungs were allowed to cool down on ice for 2 min. Individual
lung lobes were dissected and put in a 50 mL conical tube containing the dispase solution,
incubated at RT for 45 min on a rocker at 150 rpm. Digested lungs were decanted into a
10 cm Petri dish and supplemented with complete DMEM medium containing DNase. The
lung parenchyma was gently teased away from the large airways using sharp tweezers.
The Petri dish was rocked at 60 rpm for another 10 min at RT. The airways were discarded
by straining the lung crude single-cell prep sequentially through 70, 40, and 20 µm strain-
ers. Cells were finally spun down at 300× g at 4 ◦C, and the corresponding pellet was
resuspended in 500 µL complete DMEM.

2.6. Magnetic Cell Sorting (MACS) and Flow Cytometry Analysis

The MACS® Separator Kit was used to deplete CD45- and CD31-positive cells from
lung single cell suspensions prepared above following recommended procedures by the
manufacturers. Briefly, cell suspensions were centrifuged, with the supernatant completely
aspirated before adding 100 µL of CD45 and/or CD31 MicroBeads (Miltenyi Biotec, Ber-
gisch Gladbach, Germany) per 10 million cells in MACS buffer. The cells were gently mixed
and incubated for 15 min at 4 ◦C, then washed in 1 mL of buffer, and resuspended in 500 µL
of MACS buffer before applying on the column. Next, flow-through unlabeled cells were
collected and centrifuged to pellet the cells and resuspended in 500 µL of MACS buffer
containing anti-EpCAM (APC-conjugated, 1:50; Biolegend, San Diego, CA, USA) for 45 min
on ice in the dark. APC-conjugated rat IgG2a (Biolegend, 1:50) was used as the isotype
control. Flow cytometry analysis and data acquisition were carried out using the ACEA
NovoCyte flow cytometer. Data were analyzed using FlowJo software version X (FlowJo,
LLC, Ashland, OR, USA).
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2.7. Quantification and Statistical Analysis

For quantification of immunofluorescence, cells were counted in 10 independent
20× fields per sample. For H&E staining, fibrosis was evaluated by the Ashcroft score. For
Masson and IHC staining, positive areas were isolated and calculated by ImageJ. Statistical
analysis and graph assembly were carried out using GraphPad Prism 8 (GraphPad Prism
Software, San Diego, CA, USA). Unpaired two-tailed Student’s t-tests determined signifi-
cance. Data are presented as mean ± standard error of mean (SEM). Values of p < 0.05 were
considered significant. The number of biological samples (n) for each group is stated in the
corresponding figure legends. *: p < 0.05; **: p < 0.01; ***: p < 0.001; ****: p < 0.0001.

3. Results

3.1. Preventative rFGF10 Delivery Decreases Fibrosis Formation

First, we examined FGF10 expression in tissue sections at three and six weeks after
bleomycin injury. The immunofluorescence results showed that FGF10 expression was
significantly increased in the bleomycin-injured group when compared to the control
group (Figure S1). To determine the effect of exogenous FGF10 on fibrosis formation, we
validated in our experimental conditions in the widely used bleomycin (BLM) model of
lung fibrosis [29]. Our experimental scheme is depicted in Figure 1A. BLM-induced lung
fibrosis is characterized by an acute injury, followed by localized inflammation (0–7 days),
and subsequent fibrosis within four weeks [30]. We could recapitulate critical features
of human IPF by i.t. instillation of BLM in mice and observed that the administration of
rFGF10 at 7 days post-injury (dpi) significantly reduced collagen accumulation and fibrotic
scarring induced by BLM in mice (Figure 1B). Histologic analysis of mouse lungs by H&E
staining showed the gross destruction of normal lung tissue morphology due to chronic
injury and pathologic scarring at 28 dpi in the BLM group. However, when compared with
the BLM alone group, lung tissues from BLM + rFGF10 mice had much less architectural
destruction and fibrosis (Figure 1B). We further analyzed the H&E sections to compare the
extent of fibrosis in BLM + rFGF10 versus BLM lungs according to Ashcroft’s method [31].
As anticipated, rFGF10 treatment reduced the Ashcroft’s fibrosis score in response to BLM
treatment (Figure 1C,D). Treatment with rFGF10 alone had no apparent effects on normal
mouse lung tissue, as visualized by H&E and Masson staining (Figure S3). To further
evaluate the extent of fibrosis, Masson’s trichrome and IHC staining were performed to
determine collagen deposition and α-smooth muscle actin (α-SMA) expression in mouse
lungs. In addition, hydroxyproline, the major constituent of collagen, was also measured.
As shown in Figure 1B,E,F, i.t. instillation of BLM led to a significant increase in collagen
deposition and α-SMA expression, whereas rFGF10 administration significantly attenuated
the BLM-induced damage. Consistent with these findings, the hydroxyproline content was
also found to be markedly increased in BLM-alone mice, but was significantly lowered in
BLM + rFGF10 mice, suggesting that treatment with rFGF10 inhibited the BLM-induced
hydroxyproline accumulation (Figure S2). Furthermore, coadministration of rFGF10 at
day zero also significantly reduced collagen accumulation and fibrotic scarring induced by
BLM in mice (Figure S4), suggesting that i.t administration of rFGF10 at an early phase of
BLM injury attenuates fibrosis formation.
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Figure 1. rFGF10 exhibits preventive efficacy toward BLM-induced injury. (A) Timelines of BLM
and rFGF10 administration with saline as control; all the mice were euthanized 28 days after BLM
administration (designated as Day 0). Histological analysis and quantitative fibrosis scoring of lung
sections. (B) H&E, Masson’s trichrome and IHC staining (α-SMA, collagen) of lung tissue from
control, BLM, and BLM + rFGF10 group mice. (C) Semi-quantitative analyses of lung tissue using the
Ashcroft score (n = 3). Note the significantly decreased score in the BLM + rFGF10 group compared to
BLM alone. (D) ImageJ quantification of fibrotic regions based on Masson’s trichrome staining (n = 3).
(E,F), Quantification of collagen and α- SMA IHC staining in the lung sections of each mouse group
(n = 3). (G) Immunostaining for p-FGFR2 on SftpcCreERT2/+; tdTomatoflox/+ mouse lungs that received
BLM at 2 months of age and were harvested at 7, 28 and 7 dpi with rFGF10 administered for 12 h, as
indicated. (H) Quantification of immunofluorescence, showing the expression of p-FGFR2 in lineage
labeled cells of the indicated groups. Data are presented as mean ± SEM. *: p < 0.05; **: p< 0.01;
***: p < 0.001; ****: p < 0.0001.
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To verify whether the effects of rFGF10 were mediated via FGFR2b activation, we
used the [SftpcCreERT2/+; tdTomatoflox/+] mice to examine AT2-lineage labeled cells across
different groups. In our experimental approach, mice received three i.p. injections of
200 µg tamoxifen/g (body weight) every other day to induce CreERT2 translocation to
the nucleus and subsequent Cre-mediated recombination of the Lox-STOP-Lox-tdTomato
allele located in the Rosa26 locus, thereby leading to constitutive tdTomato expression
in all SftpcPos cells. After one week of washout following tamoxifen induction, BLM in-
jury was performed. Mice were sacrificed at 7 dpi (Sham and BLM group), 7 dpi + 12 h
(BLM + rFGF10 group), and 28 dpi (BLM group). A quantitative analysis of pFGFR2bPos

tdTomPos DAPIPos/tdTomPosDAPIPos by immunofluorescence staining was carried out
(Figure 1G,H). Note that it is not technically possible to distinguish between IAAPs and
AT2s based on tdTomato expression by immunofluorescence [22]. Our results indicated that
in the non-injured lung, around 30% of the lineage-traced cells are positive for pFGFR2b,
indicating that FGFR2b signaling is active during homeostasis. Following BLM administra-
tion, this percentage fell to 15% and 10% at 7 and 28 dpi, respectively, suggesting the loss of
FGFR2b signaling. Interestingly, rFGF10 administration at 7 dpi maintained FGFR2b signal-
ing at close to normal levels in lineage-labeled cells 12 h later. Taken together, these results
suggest that the administration of rFGF10 during the early phase of BLM-induced injury
(0–7 days) prevents the decrease in lineage-labeled cells undergoing FGFR2b signaling and
is associated with decreased fibrosis formation.

3.2. Therapeutic rFGF10 Delivery at 21 dpi Accelerates Fibrosis Resolution

Fibrosis formation is usually observed by day 14 following BLM exposure in the mice,
with the maximal pathological responses around 14–21 dpi. Therefore, to explore the
therapeutic potential of exogenous rFGF10 on BLM-induced pulmonary injury following
fibrosis formation, mice were administered rFGF10 at 21 dpi and sacrificed at 28 dpi, as
depicted in Figure S5A. H&E staining of lung sections revealed that exogenous rFGF10
treatment significantly attenuated the BLM-induced pathological changes, such as the
distortion of lung morphology and fibrotic scarring. This result was further supported by
an improved Ashcroft score, indicating the alleviated severity of fibrosis (Figure S5B,C)
and the reduced area of fibrotic lesions in the BLM + rFGF10 group versus the BLM-only
group (Figure S5B,D). To further evaluate the effects of rFGF10 in pulmonary fibrosis, we
next determined the expression of collagen and α-SMA in different groups by Masson’s
trichrome, IHC, and WB. As expected, collagen and α-SMA expression levels were increased
in the BLM injury group. In contrast, treatment with rFGF10 markedly reduced the BLM-
induced increases in fibrotic markers α-SMA and collagen in vivo (Figure S5B,E–G). These
data suggest a therapeutic potential of exogenous rFGF10 in the treatment of IPF.

3.3. rFGF10 Promotes Alveolar Epithelial Progenitor Cell Proliferation and Alveolar Repair

Using the SftpcCreERT2; tdTomato lineage-traced mice, we recently reported a novel AT2-
IAAP subpopulation characterized by low Sftpc expression but that is enriched for PD-L1
expression [22]. IAAP cells, which represent quiescent and immature epithelial progenitors,
undergo activation and expansion following PNX injury [22]. We recently reported the
deletion of Fgfr2b in SftpcPos cells and demonstrated that FGFR2b signaling is necessary
for the survival of mature AT2s (tdTomHigh). Interestingly, IAAPs were concomitantly
activated and proliferated [28]. Furthermore, IAAPs displayed upregulated Fgfr2b and Etv5
expression, suggesting that these cells not only escaped Fgfr2b deletion by a mechanism that
remains to be identified but responded to FGFR2b signaling. To explore whether IAAPs
can also be activated by rFGF10 to play a progenitor role after BLM injury, SftpcCreERT2/+;
tdTomatoflox/+ mice were used to label the AT2 lineage, rFGF10 was administered at 14 dpi,
and all mice were sacrificed at 28 dpi (Figure 2A). Co-staining for the canonical AT1
marker PDPN and PD-L1 showed that labeled AT2s distributed sporadically throughout
the alveolar region in the control group, as shown in Figure 2B. BLM administration caused
gross damage to both AT1 (PDPN) and AT2 (SFTPC) cells relative to the control group.
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However, rFGF10 administration showed a reparative re-organization effect on both cell
types and alveolar structures. Furthermore, we identified tdTomatoPos cells that co-stained
for PDL1 and PDPN in BLM + rFGF10 mice, suggestive of a PD-L1-positive precursor to
these cells, presumably IAAPs (Figure 2B). Figure 2C shows the ratio of PDPN+IAAPs
in total IAAPs in the BLM group, which remained statistically higher, although in the
BLM + rFGF10 group compared to the BLM group, no statistical significance was observed.
In addition, co-staining of lung sections for tdTomato, PD-L1, and the proliferation marker
Ki67 revealed an increased number of ki67-enriched clusters of PD-L1Pos tdTomatoPos cells
in BLM + rFGF10 mice when compared to BLM-alone and control mice, suggesting that the
clustering may have been a result of a proliferative response. In contrast, under the action
of rFGF10, cells co-expressing SFTPC, PD-L1 and Ki67 were statistically enriched in areas
of alveolar damage (Figure 2D–F). Altogether, these results suggest that in the context of
BLM injury, rFGF10 may promote the proliferation of IAAPs, which will later differentiate
into AT1s.

 

Figure 2. rFGF10 promotes alveolar epithelial progenitor cell proliferation and alveolar repair.
(A) Timeline of tamoxifen, BLM and rFGF10 treatment of SftpcPos lineage-labeled mice. BLM was
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administered in 2-month-old SftpcCreERT2/+; tdTomatoflox/+ mice (n = 3). rFGF10 was administered
14 days after BLM administration in the treatment group (n = 3). Control mice were administered
saline (n = 3). These mice were sacrificed at 28 dpi of BLM or saline administration (designated as
Day 0). (B) Immunostaining of control, BLM, and BLM + rFGF10 groups of mouse lungs for PDPN
(green) and PD-L1 (grey) at 28 dpi of BLM injury. (C) Quantification and ratio of PDPN+IAAPs in
total IAAP cells. (D) Immunostaining of lung sections from mice for KI67 (green) and PD-L1 (grey) at
28 dpi. (E) Magnification of figure D. (F) Quantification and ratio of KI67+IAAPs in total IAAP cells.
**: p < 0.01; ns: no significance.

3.4. Dynamic Alteration of IAAP Population during BLM-Induced Lung Fibrosis and Resolution

Next, we sought to determine whether the mature AT2s and IAAPs are differentially
involved in BLM-induced injury using the SftpcCreERT2/+; tdTomatoflox/+ mice to label the
AT2 lineage (Figure 3A). The lungs of euthanized mice were processed for single-cell
suspensions at 14, 21, and 28 dpi. After removing CD31Pos and CD45Pos cells by MACS to
enrich for the epithelial population, the cells were stained with APC-EpCAM antibodies
and subjected to FACS analysis. We showed that the proportion of EpCAMPos cells as a
percentage of total cells was 32.2%, of which the percentage of tdTomPos cells was 80.2%
in the control mice. IAAPs and mature AT2s represented 24.0% and 75.3%, respectively,
of the overall tdTomPos cells in the control mice (Figure 3B). Interestingly, the relative
ratio of IAAPs to tdTomPos AT2s was increased to 47.0% in the 14 dpi group, and this
ratio decreased to 38.5% at 21 dpi, then 31.7% at 28 dpi, which is still higher than that
of the control group. In contrast, the tdTomHigh AT2 population decreased to 51.0% at
14 dpi, rebounded to 59.6% at 21 dpi, and continued to rise at 28 dpi (66.5%) (Figure 3C).
Our data suggest that, when compared to the tdTomHigh AT2s, IAAPs are more resistant
to BLM injury and are rapidly activated to proliferate. To determine whether this ratio
peaked at 14 dpi and whether it was likely to return to normal ratios over time, we further
sacrificed the post-BLM mice at 10, 16, and 60 dpi (Figure 3C). FACS results showed
the ratio of IAAPs was also increased at 10 dpi (47.0%), peaked at 16 dpi (62.3%) and
returned to normal levels at 60 dpi (18.7%) as shown in Figure 3C,D. Consistent with our
flow cytometry data, immunofluorescence staining for PD-L1 revealed more IAAPs at
16 dpi in the lungs of BLM-treated mice when compared to the control and 28 dpi groups
(Figure 3E,F). Altogether, our data reveal that tdTomHigh AT2 cells represent the majority
of total AT2s during homeostasis. However, the situation changes in response to BLM,
whereby IAAPs become activated and the IAAP/tdTomHigh ratio dynamically changes.

3.5. rFGF10 Administration Triggers Further IAAPs Expansion

Given the potent effect of rFGF10 in promoting alveolar epithelial progenitor cell
proliferation and alveolar repair, whether IAAPs are further activated in the presence of
rFGF10 is a critical question. Post-BLM mice were administered rFGF10 at 14 dpi and
sacrificed 2 weeks later at 28 dpi. The entire lungs were then sectioned for immunostaining
or processed for cell isolation and FACS analysis. Our treatment scheme is depicted in
Figure 4A. Consistent with the beneficial effect of rFGF10 shown in Figures 1B and 2B,
rFGF10 given at 14 dpi similarly attenuated pulmonary fibrosis as indicated by the signif-
icantly lower Ashcroft score (Figure 4B,C). Also, our immunofluorescence staining data
revealed marginally increased IAAPs in BLM-treated mice when compared to the saline
control, as well as the BLM + rFGF10 group compared to the BLM group, albeit no sta-
tistical significance was observed (Figure 4D,F). The ratio of tdTomato+ cells in total cells
shows that BLM administration caused gross damage to AT2 (SFTPC) cells relative to the
control group and rFGF10 administration showed a reparative re-organization effect in the
AT2 cells (Figure 4E). Flow results showed that IAAPs and tdTomHigh-AT2s represented
17.7% and 81.4%, respectively, of the overall AT2 cells in the control group, whereas in the
BLM group, IAAPs and tdTomHigh-AT2s represented 25.7% and 73.2%, respectively, of the
overall tdTomPos-AT2s, reflecting a significant increase in the IAAP subpopulation with a
concomitant decrease of tdTomHigh-AT2s. Additionally, in the BLM + rFGF10 group, out of
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total AT2s, 40.4% were IAAPs and 57.9% were tdTomHigh-AT2s (Figure 4G) which repre-
sents a further and persistent increase in the ratio of IAAPs over tdTomHigh-AT2s in the
post-BLM mice by rFGF10 treatment (Figure 4H). When combined with the histological and
immunofluorescence results, we hypothesized that IAAPs, rather than tdTomHigh-AT2s, are
the significant contributors during lung repair, and rFGF10 has a significant and sustained
impact on the relative and dynamic change between the two subpopulations.

Figure 3. IAAPs are activated in response to BLM. (A) Timeline of tamoxifen treatment of
Figure 3. IAAPs are activated in response to BLM. (A) Timeline of tamoxifen treatment of

SftpcCreERT2/+, tdTomatoflox/+ mice (n = 4). BLM was i.t. administered in 2-month-old SftpcCreERT2/+,
tdTomatoflox/+ mice. Control mice were administered saline. For analysis, these mice were sacrificed
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28 days after BLM (BLM) or saline administration (designated as Day 0). (B) Representative flow
cytometry of EpCAM-positive population selection and the identification of IAAPs and mature AT2s
in the control group. Flow chart shows the percentage of IAAPs and AT2s in total tdTomatoPos

cells. (C) Representative flow cytometry analysis of IAAPs and AT2s populations at 10, 14, 16, 21, 28
60 days after BLM administration. (D) Dynamic ratio change based on the quantification of IAAPs
and AT2s percentages in total tdTomatoPos cells at different times after BLM-induced injury (n = 3).
(E) Immunostaining for PD-L1 on SftpcCreERT2/+; tdTomatoflox/+ mouse lungs that received i.t. BLM at
2 months of age and were harvested at 16 and 28 dpi. (F) Quantification of the immunofluorescence
showing a ratio of IAAPs in AT2 cells at 16 and 28 dpi compared to the control group. Data are
presented as mean ± SEM. **: p < 0.01; ****: p < 0.0001.

 

Figure 4. Further expansion of IAAPs following rFGF10 administration. (A) Timeline of tamoxifen
treatment of Sftpc lineage traced mice (n = 3). BLM was administered in 2-month-old SftpcCreERT2/+,
tdTomato flox/+ mice (BLM). rFGF10 was administered at 14 dpi in post-BLM mice (BLM + rFGF10).
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Control mice were administered saline (Ctrl). For analysis, these mice were sacrificed at 28 dpi. (B)
H&E staining of lung sections (original magnification, ×20) of ctrl, BLM, BLM + rFGF10 group. (C)
Semi-quantitative analyses of lung tissue using Ashcroft score (n = 3). Note the score was markedly
decreased in the BLM + rFGF10 group (p < 0.0001). (D) Immunostaining for PD-L1 on control, BLM,
and BLM + rFGF10 of SftpcCreERT2/+; tdTomatoflox/+ lungs. (E) Quantification and ratio of tdTomato+

cells in total cells. (F) Quantification of the immunofluorescence showing the expression of PD-L1
in lineage-labeled cells for the indicated mouse groups. (G) Representative FACS analysis of IAAP
and tdTomHigh-AT2 populations of ctrl, BLM and BLM + rFGF10 at 28 dpi. (H) The quantification of
IAAPs/tdTomHigh-AT2s ratio of all tdTompos cells. Data are presented as mean ± SEM. *: p < 0.05;
****: p < 0.0001.

3.6. rFGF10 Increases the Duration of IAAP/AT2 Population Ratio

The results shown in Figure 4 indicated that rFGF10 administration enhanced the
magnitude of the IAAPs to tdTomHigh-AT2 cell ratio when compared to the BLM-alone
group, which was not restored to the control level at 28 dpi. We, therefore, further extended
our observation of the potential impact of rFGF10 administration on IAAP and mature
AT2(tdTomHigh) dynamic change to 60 dpi. Our experimental scheme is depicted in
Figure 5A. Histological analysis revealed apparent remaining lung scarring at 60 dpi in the
BLM-alone group. Although these scars were incompletely resolved in the BLM + rFGF10
lungs, the remaining fibrosis was less severe, as evidenced by the significantly lower
Ashcroft score than the BLM-alone group (Figure 5B,C). Furthermore, immunofluorescence
analysis showed that rFGF10 administration at 14 dpi greatly enhanced the duration and
the magnitude of the IAAPs to overall tdTomPos-AT2s ratio when compared to the BLM-
alone control at 60 dpi in the region of injury (Figure 5D–F). Notably, although the relative
proportion of IAAPs over tdTomPos-AT2 returned to normal levels in the BLM-alone group
(19.5%), such ratios in the BLM + rFGF10 group were 35.7% (Figure 5G), which remained
statistically higher than the BLM-alone group suggesting a persistent IAAPs activation
(Figure 5H). Altogether, these results indicate that rFGF10 may exert beneficial effects in
the context of BLM injury via enhancing IAAPs’ proliferation and mediated regeneration.
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Figure 5. rFGF10 leads to a persistent increase in the IAAPs/AT2s ratio. (A) Timeline and treatment
scheme of SftpcPos lineage-labeled mice (n = 3). BLM was administered in 2-month-old SftpcCreERT2/+,

tdTomatoflox/flox mice. For the BLM + rFGF10 group, rFGF10 was administered in post-BLM mice at
14 dpi. For analysis, these mice were sacrificed at 60 dpi after BLM or saline administration (desig-
nated as Day 0). (B) H&E staining of 5-µm-thick lung sections (original magnification, ×20) of ctrl,
BLM, BLM + rFGF10 group. (C) Semi-quantitative analyses of lung tissue using Ashcroft score (n = 3).
Note the markedly decreased score in the BLM + rFGF10 group (p < 0.001). (D) Immunostaining for
PD-L1 on control, BLM, and BLM + rFGF10 of SftpcCreERT2/+; tdTomatoflox/+ lungs. (E) Quantification
and ratio of tdTomato+ cells in total cells. (F) Quantification of the immunofluorescence showing
the expression of PD-L1 in SftpcPos lineage-labeled cells for the indicated mouse groups. (G) Repre-
sentative FACS analysis results of IAAPs and tdTomHigh-AT2s subpopulations at 60 dpi of control
and post-BLM administration. (H) Quantification and ratio of IAAPs/tdTomatoHigh-AT2s ratio in
total tdTomPos cells. Data are presented as mean ± SEM. *: p < 0.05; **: p < 0.01; ***: p < 0.001;
****: p < 0.0001.
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4. Discussion

Herein, we demonstrated that, depending on the timing of administration, exogenous
rFGF10 exhibited robust preventative or significant therapeutical efficacy toward BLM-
induced fibrosis. Therefore, our findings provide fundamental preclinical data for the
potential clinical uses of rFGF10 in IPF. While this work is ongoing, another line of our
research revealed an essential role of FGFR2b signaling in maintaining the AT2 lineage
during adult lung homeostasis. In this model of AT2 injury, we observed a drastic drop
in mature AT2s, which underwent apoptosis upon the targeted deletion of Fgfr2b in the
SftpcPos lineage [28]. On the contrary, IAAPs not only managed to survive and expand
(despite being also targeted for Fgfr2b deletion) but also displayed enhanced alveolosphere
formation in vitro [28]. How IAAPs responded to FGFR2b signaling and escaped Fgfr2b
deletion remains to be further investigated. Our most recent study further identified the
human equivalent of the IAAPs, which were amplified in IPF patients [27]. These findings
are consistent with our initial description of this newly identified AT2 subpopulation as
becoming activated and proliferative in the context of PNX-induced injury [22]. Overall, our
results using rFGF10 as a therapeutic approach are highly consistent with the previously
reported beneficial properties of endogenous FGF10/FGFR2b signaling in promoting
epithelial repair and regeneration from various injuries such as naphthalene, hyperoxia
in neonates (to mimic a bronchoalveolar dysplasia-like phenotype) and BLM-induced
fibrosis [25]. The beneficial effects of rFGF10 likely reflect the net outcome of its impact on
different epithelial cell types and their interplay with the surrounding mesenchymal cells,
as exemplified by AT2/lipofibroblast interactions that we recently reviewed [32].

As a newly identified AT2 subpopulation, the regulation of IAAPs remains to be
further characterized molecularly and functionally. Given the critical importance of AT2s
in injury repair and fibrosis and the progenitor-like properties of IAAPs, we tested the
hypothesis that IAAPs would be responsive and dynamically regulated in the course of
BLM injury. We first attempted to determine whether IAAPs can be mobilized after BLM-
induced injury and, for the first time, established the dynamic profile of IAAPs versus the
canonical mature AT2s in the course of BLM-induced fibrosis development and resolution.
Indeed, contrary to the drastic loss of mature AT2s following BLM injury, the relative
proportions of the IAAPs were markedly amplified, with the ratio of IAAPs/EpCAM
peaking at 16 dpi, reflecting a six-fold increase in the ratio of IAAPs/tdTomHigh-AT2s
when compared to the non-injured controls. BLM injury elicited an initial rise in the
IAAPs/EpCAM ratio, which was apparent at 10 dpi, peaking at 16 dpi before slowly
returning to baseline by 2 months. In contrast, tdTomHigh-AT2 exhibited the opposite trend
concurrently, reflecting the loss of mature AT2s. Significantly, although tdTomHigh-AT2
cells express higher levels of Fgfr2b, rFGF10 administration preferentially enhanced the
duration and extent of the IAAPs/EpCAM ratio. Together with previous studies, the
current data suggest that IAAPs may be the primary source of regenerative activity in
the alveolar region, rather than the previously thought mature bona fide SftpcHigh-AT2s.
Further studies will be required to validate the relative importance of these two distinct AT2
subpopulations. Although our findings reveal a potential therapeutic role for exogenous
rFGF10 in IPF, as well as new insight about IAAP/mature AT2 ratio dynamic alterations
in response to BLM injury, whether the beneficial effects of rFGF10 on BLM-induced
fibrosis are indeed mediated through the enhancement of IAAP proliferation is not entirely
conclusive. It is vital to generate novel lineage-tracing strategies that allow for the specific
labeling of Sftpc/Pd-l1 double-positive cells to address these questions. In this regard, a dual
recombinase-mediated genetic lineage tracing system to specifically track Pd-l1Pos SftpcPos

AT2 subpopulations will be needed to gain deeper insights into the various biological
aspects of IAAPs in the normal and diseased lung.

A puzzling question related to the behavior of IAAPs in end-stage IPF is their lack of
contribution to the mature AT2 lineage. These cells are indeed amplified in IPF but seem
to be stalled in their differentiation status [27]. One possibility explaining this failure to
differentiate could be linked to the high inflammatory status of these lungs. Inflammation
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has been shown to prevent the differentiation of KRT8Pos intermediate AT2s into AT1 in
mice [33]. Similar intermediate populations of human AT2 have recently been reported
upon co-culture with human mesenchymal cells [34]. These cells are defined by the
differential expression of a set of epithelial markers including SFTPC, KRT5, KRT8, KRT17,
as well as TP63, in response to fibrotic signaling. Such a mechanism is proposed to underlie
the functional AT2 loss and expansion of alveolar metaplastic KRT5Pos basal cells, which
are highly pertinent to human IPF pathogenesis. The potential relationship of these human
AT2 intermediate populations with IAAPs in response to lung injuries and whether the
same process is at work in IAAPs remains to be illustrated in the future. Exogenous rFGF10
treatment, which delivered a significant therapeutic efficacy toward BLM-induced fibrosis,
likely accelerated the restoration of AT2 homeostasis, whereas the mobilization of IAAPs,
as indicated by both increased peak ratio and the duration of IAAP expansion relative to
EpCAMPos cells, may contribute to such a process. Additionally, upon in vitro co-culture
with Sca1Pos residential mesenchyme, these IAAP cells displayed enhanced alveolosphere
formation and increased their AT2 signature drastically, suggesting their differentiation
towards mature AT2s [28].

Another puzzling question is whether the IAAPs have a direct impact on fibroblast
behaviors and expansion. The precise nature of the interaction between alveolar epithelial
stem cells (AT2s or IAAPs) and relevant mesenchymal cells during homeostasis is still
largely unknown. In addition, how alveolar epithelial cells impact mesenchymal niches
that have undergone a transition towards the activated myofibroblast phenotype present in
fibrotic foci, to trigger their differentiation towards a benign phenotype, is largely unknown.
In this context, co-culturing IAAPs with lung fibroblasts could be considered. However,
a first difficulty to carry out this experiment deals with the IAAPs themselves. We have
previously isolated IAAPs from non-injured lungs [22] and from lungs displaying deletion
of Fgfr2b in AT2s [27]. The deletion of Fgfr2b in AT2s leads to a situation similar to what we
showed in the context of bleomycin treatment: we observed a significant drop in TomHigh

(mature) AT2s and an increase in IAAPs. An in vitro culture of the IAAPs from the non-
injured lung with Sca1Pos-resident mesenchymal cells (rMC, CD31/CD45/EpCAM triple
negative) from wild-type lungs shows that IAAPs display very low level of proliferative
capability, therefore confirming the results obtained in vivo that these cells are quiescent.
On the other hand, an in vitro culture of the IAAPs from lungs displaying deletion of Fgfr2b
in AT2s with resident Sca1Pos mesenchymal cells from wild-type lungs shows that injured
IAAPs display an enhanced proliferative capability, albeit at a much lower level of what
was expected to compensate for the loss of AT2s. This leads to the question as to whether
the 3D model used (IAAPs with Sca1Pos rMC) is sufficient to capture the full behavior of the
IAAPs. Among the missing components potentially allowing a full response are immune
cells, as well as the damage associated molecular patterns (DAMPs) released by dying AT2
cells. Without these components, any attempt to carry out in vitro co-culture experiments
between IAAPs and lung fibroblasts is bound to be disappointing.

Another challenge linked to the in vitro co-culture experiment deals with the nature
of the fibroblasts to be used. The fibroblasts still constitute a big black box and are made of
many subtypes. The alveolar fibroblasts, and in particular the Fgf10Pos Sca1Pos rMC, which
likely represent the so-called lipofibroblasts, are likely the ones undergoing a transition
towards the activated myofibroblast phenotype present in fibrotic conditions [35,36]. Ideally,
this is the mesenchymal cell subtype that needs to be isolated from bleomycin lungs to
co-culture them with the IAAPs. A major problem is that activated myofibroblasts do not
support the proliferation of non-injured AT2s (or IAAPs for that matter), limiting the use
of this in vitro model. Therefore new in vitro models need to be established. Such models
include, for example, human embryonic lung cell lines as well as primary cultures of human
lung fibroblasts from either donor or IPF lungs to study the impact of signals inducing
their differentiation towards the alveolar fibroblasts/lipofibroblast phenotype, such as
with metformin [37] or towards the activated myofibroblasts phenotype (for example,
upon treatment with TGF-β1). Once the cellular, transcriptional and metabolic readouts
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have been clearly delineated, co-culture experiments with either AT2s or IAAPs can be
carried out.

Interestingly, the fact that the IAAPs responded to rFGF10, indicated by the increase in
their Fgfr2b expression following injury, can be translated into increased FGFR2b signaling.
Therefore, FGFR2b signaling likely contributes to compensate for the lost mature AT2s
caused by BLM injury. However, further studies using, for instance, IAAP-specific lineage-
tracing and targeted cell ablation, are needed to determine the causal role of IAAPs in
lung injury/repair, and whether FGF10 is a causal factor in IAAP expansion after injury.
Elucidating the molecular mechanisms underlying IAAPs’ activation, proliferation, and
differentiation into mature AT2s, and their sequential capacity for further differentiation
into AT1 cells, will be critical to promote optimal injury repair. Overall, the present study
suggests that the exogenous administration of rFGF10 as well as harnessing the reparative
capacity of IAAPs holds potential as a future therapeutic strategy in the treatment of IPF.
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Figure S5: rFGF10 exhibits therapeutic efficacy toward BLM-induced fibrosis.
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Abstract: Idiopathic pulmonary fibrosis (IPF) is a progressive and often lethal interstitial lung
disease of unknown aetiology. IPF is characterised by myofibroblast activation, tissue stiffening,
and alveolar epithelium injury. As current IPF treatments fail to halt disease progression or induce
regeneration, there is a pressing need for the development of novel therapeutic targets. In this regard,
tri-dimensional (3D) models have rapidly emerged as powerful platforms for disease modelling, drug
screening and discovery. In this review, we will touch on how 3D in vitro models such as hydrogels,
precision-cut lung slices, and, more recently, lung organoids and lung-on-chip devices have been
generated and/or modified to reveal distinct cellular and molecular signalling pathways activated
during fibrotic processes. Markedly, we will address how these platforms could provide a better
understanding of fibrosis pathophysiology and uncover effective treatment strategies for IPF patients.

Keywords: 3D cultures; IPF modelling; drug screening

1. Introduction

Idiopathic pulmonary fibrosis (IPF) is a chronic progressive interstitial lung disease
associated with ageing and DNA damage that particularly affects adult males between
60 and 70 years old with a history of smoking [1]. While IPF aetiology remains unknown,
environmental exposure to contaminants (e.g., dust or mould) and viral infections have
been shown to increase the risk of contracting the disease [2]. Depending on the method
used, IPF’s reported incidence and prevalence in Europe and North America varies be-
tween three and nine cases per 100,000 people per year [3]. Clinically, IPF is a devastating
disease that displays a progressive lung function decline with a median survival of only
3 to 4 years [1]. Patients present persistent dyspnoea and dry cough while, at a cellu-
lar level, IPF is characterised by epithelial cell hyperplasia, alveolar consolidation, and
myofibroblast activation [4,5].

Current diagnosis relies on typical radiology imaging with high-resolution computed
tomography [6]. Until now, only nintedanib and pirfenidone, both anti-fibrotic medica-
tions, have shown promise in the amelioration of IPF progression [7]. Nintedanib is an
intracellular suppressor of tyrosine kinases that acts as an inhibitor of fibroblast recruit-
ment, proliferation, and differentiation, therefore negatively affecting extracellular matrix
(ECM) deposition [8]. Alternatively, pirfenidone slows fibrosis generation by modulation
of procollagen transcription and reduction of transforming growth factor (TGF)-β-induced
fibroblast activation and differentiation [9].

Despite significant research being conducted, the majority of drug targets shown to
attenuate induced fibrosis in pre-clinical models have failed in human clinical trial phases II
or III [10]. A probable reason for these setbacks may be that animal models of IPF are gener-
ated artificially (e.g., application of bleomycin, silica and asbestos, age-related models, and
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cytokine overexpression) while the direct cause of the disease is still unknown [11]. Conse-
quently, the identification of specific cellular and molecular mechanisms activated during
IPF is essential for the understanding of crucial events that trigger unusual fibroblast out-
growth, progressive tissue scaring, and/or abnormal epithelial repair. Three-dimensional
(3D) cultures have quickly become prominent tools for disease modelling, regenerative
medicine, and drug development. Regarding the lung, hydrogels, precision cut lung slices
(PCLS), lung organoids, and lung-on-chip have shown to be valuable techniques for the
discovery and test of drugs in a variety of pulmonary diseases, including cystic fibrosis
(CF), lung cancer, and chronic obstructive pulmonary disease [12–14].

In this review, we outline current 3D models used to elucidate cellular and molecular
cues involved in IPF. We also discuss how each of these systems recapitulate specific
elements of lung fibrosis and, to which extent, these systems and other cutting-edge in vitro
technologies can be exploited to aid in the discovery of novel molecular targets for the
treatment of IPF patients (Figure 1).

–

Figure 1. Current human 3D in vitro systems used in IPF research. Lung fibroblasts obtained from
healthy donors and IPF patients can be cultured in hydrogels with different stiffness to study cellular
mechanotransduction and drug testing. PCLS obtained from patients are being used for modelling
early fibrosis and drug screening. In addition, lung organoids derived from lung epithelial stem cells
and iPSCs-derived mesenchymal cells have been proven to model IPF pathophysiology, therefore,
potentially aiding personalised medicine. Lastly, lung-on-chip devices recapitulate IPF phenotype
by culture of fibroblasts isolated from donors and IPF lung tissues together with vascular and lung
epithelial cells.

2. 3D Lung Culture Systems

3D culture systems display the cell-to-matrix and cell-to-cell communication lacking in
common two-dimensional (2D) monolayer cultures. Mimicking the lung microenvironment
in vitro enables 3D systems to assess cell structure and function during homeostatic and
pathological conditions. In line with this, hydrogels are defined as water-swollen networks
of polymers that allow cells to grow in a more physiological 3D shape. Hydrogels can be
customised to better simulate the homeostatic or disease microenvironments by modifying
the culture´s stiffness [15]. Another relevant in vitro model is the culture of PCLS obtained
from ex vivo lung explants. PCLS contain nearly all cell types present in the lung, including
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epithelial cells, endothelial cells, smooth muscle cells, and fibroblasts. In culture, PCLS have
a 3D configuration, remain metabolically active, and respond to cell-specific stimuli [16].
Alternatively, organoids derived from embryonic progenitors (ESC), induced pluripotent
stem cells (iPSC), or adult tissue-resident stem cells have the capacity to proliferate and dif-
ferentiate into 3D structures that resemble the organ of origin [17]. Notably, lung organoid
systems have recently become valuable methods for investigating developmental organo-
genesis, disease, and regeneration [18,19]. Lastly, lung-on-chip systems introduce another
level of complexity by implementing microfluidics. This technique recapitulates some of
the organ functions by recreating lung, biochemical, and biomechanical microenvironments
through continuous media perfusion and controlled mechanical stress [20]. In the next
sections, we describe in more detail the applicability of each of these 3D lung in vitro
systems for pulmonary fibrosis modelling and regenerative medicine (Table 1).

2.1. Hydrogels: Modelling of Human Lung Fibroblast Migration and Differentiation

Fibroblast foci and tissue stiffening are considered key pathological markers of IPF [4].
To implement more targeted studies, hydrogels with tunable matrix rigidities that allow
fibroblast migration, myofibroblast differentiation, and ECM deposition have been em-
ployed to model how fibroblast phenotypes deviate in IPF patients. For example, cultures
of human lung fibroblasts in stiff cultures promote upregulation of the transcription fac-
tor megakaryoblastic leukaemia-1 (MKL1) and α-smooth muscle actin (αSMA) expression,
resulting in myofibroblast differentiation and actin polymerisation. In this study, the
mechanotransduction mechanisms that regulate myofibroblast differentiation were investi-
gated by culturing fibroblasts in polyacrylamide (PA) hydrogels with different stiffnesses
to mimic normal and fibrotic lung rigidities [21]. Notably, overexpression of nuclear MKL1
was shown to promote fibroblast differentiation on soft matrixes, suggesting that actin
polymerisation-dependent MKL1 nuclear accumulation is sufficient to override matrix
stiffness-mediated cell differentiation. Furthermore, Asano et al. also showed higher
expression of αSMA in primary human lung fibroblasts when PA hydrogels with higher
stiffnesses were employed. In addition, fibroblasts stimulated with the chemotactic factor
platelet-derived growth factor (PDGF) rapidly migrated and grew with dendritic extensions
when cultured on stiffer gels. Interestingly, blockage of αSMA by short interfering RNA
inhibited PDGF-mediated cell migration, indicating that αSMA is not only involved in
human lung fibroblast differentiation but also regulates cell migration processes [22].

TGF-β is a potent pro-fibrotic cytokine secreted by myofibroblasts involved in the
induction of lung fibrosis, particularly IPF [23]. In this regard, the relation between TGF-β
and matrix stiffness was investigated by the culture of primary pulmonary fibroblasts
isolated from healthy and IPF patients, in collagen-rich hydrogels with diverse rigidities
and in the absence or presence of TGF-β. After culture of control and IPF fibroblasts in
pro-fibrotic rigidities, TGF-β stimulation led to FAK/Akt signalling pathway activation,
initiating collagen deposition by gene upregulation of collagen type I alpha 1 chain (COL1A1)
along with inhibition of matrix metalloproteinase (MMP)-1 expression [24]. The authors’
results corroborate the role of the FAK/Akt pathway in collagen deposition in both normal
and fibrotic environments. Accordingly, prostaglandin E2 (PGE2), a bioactive prostanoid,
has been shown to prevent myofibroblast proliferation and differentiation by reducing
the expression of COL1A1 and αSMA in myofibroblasts [25]. PGE2 is synthetised from
endogenous arachidonic acid through the cyclo-oxygenase (COX) pathway, particularly
via COX2 after inflammatory stimuli such as TGF-β [26]. Remarkably, levels of both
PGE2 and COX2 are considerably reduced in the lungs of patients with IPF compared to
control individuals [27]. In concordance, PGE2 and COX2 expression in fibroblasts was
also reduced when cultured in stiff matrixes, implying a direct correlation between matrix
rigidity and PGE2-COX2 axis modulation [28]. In a recent study, terminal PGE2 synthetic
enzyme prostaglandin E synthase (PTGES) was also reduced in the lungs of patients with
IPF. Notably, human lung fibroblasts cultured in soft collagen hydrogels and spheroids
showed a significant induction of the eicosanoid biosynthetic enzymes COX2, PTGES, and
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cytosolic phospholipase A2 compared to fibroblasts cultured in stiff plastic plates. These
data indicate that lung stiffness in fibrotic regions may negatively affect the expression
of multiple eicosanoid biosynthetic enzymes, halting PGE2 synthesis and, consequently,
supporting fibrosis progression [29].

In another study, IPF-derived lung fibroblasts were shown to overexpress α6-integrin
when cultured on stiff PA matrices. Data showed that upregulation of α6-integrin gene
expression on stiff matrices was dependent on ROCK activation of the c-Fos and c-Jun
transcription complex. Moreover, blockage of c-Fos/c-Jun-dependent α6-integrin-promoter
activation by CRISPR interference technology or pharmacological inhibitors prevented stiff
matrix-induced α6-integrin expression. Interestingly, along with other in vitro and in vivo
models, the authors showed that α6-integrin mediates myofibroblasts invasion and lung
fibrosis after injury, indicating that targeting this pathway might represent an attractive
anti-fibrotic therapeutic strategy [30].

While hydrogels are not suitable in vitro models for the study of cellular interactions
(e.g., epithelial-mesenchymal cell crosstalk), these studies demonstrate that the platforms
are rather useful to recapitulate fibroblast cellular and molecular mechanisms occurring
in vivo during fibrosis and are ideal for driving cell-specific therapeutic strategies.

2.2. PCLS: Uncovering Antifibrotic/Regenerative Pathways to Treat IPF

Besides myofibroblast activation and ECM deposition, it has been proposed that
repetitive lung epithelial cell damage and reprogramming are closely involved in IPF
pathogenesis [31]. In line with this, PCLS models are well-established methods that can be
used to investigate the effect of potential drugs for the treatment of IPF patients [32]. For
instance, Marudamuthu et al. used PCLS to demonstrate that a 7-mer deletion fragment
of calveolin-1 scaffolding domain (CSP7) attenuates fibroblast activation. In vivo, CSP7
delivered systemically or locally improved the overall survival of bleomycin-injured mice
by inhibiting not only the expression of ECM proteins but also by reducing the apoptosis of
alveolar epithelial cells (AEC). Further, human end-stage IPF lung tissues treated with CSP7
showed a clear inhibition of the expression of pro-fibrotic proteins COL1A1 and α-SMA,
supporting the potential use of CSP7 as a therapeutic target for IPF [33].

Given that IPF lung explants are rare and belong mostly to the end-stage of the disease,
there was a need for human PCLS models that represent initial fibrosis to investigate early-
stage pathomechanisms. In this regard, Alsafadi et al. used a cytokine cocktail containing
TGF-β, PDGF-AB, tumour necrosis factor-α, and lysophosphatidic acid to create a model
of early fibrosis using human PCLS derived from donors without IPF [34]. PCLS treat-
ment with the fibrotic media upregulated the expression of pro-fibrotic (i.e., Actin alpha 2
(ACTA2), MMP7, and Serpin family E member 1 (SERPINE1)) and pro-inflammatory markers
(Interleukin (IL-)1β and Wnt Family Member 5A) without affecting cell viability. In addition,
pro-fibrotic treatment-induced ECM deposition while reducing surfactant protein C (SFTPC)
and homeodomain-only protein homeobox expression in AECII and AECI, respectively. In a
follow-up study, 14 days after bleomycin or saline administration, PCLS obtained from in-
jured mice was characterised by upregulation of mesenchymal fibrotic markers, fibronectin
1 (Fn1), and Col1a1, as well as increased secretion of total collagen and Wnt1-inducible
signalling protein 1 (Wisp1). Moreover, treatment of control and bleomycin-treated PCLS
with nintedanib showed increased Sftpc expression in fibrotic PCLS and attenuated Wisp1
expression in both fibrotic and normal PCLS. Notably, pirfenidone treatment did not trigger
Sftpc expression nor reduced Wisp1 secretion. For the human model, PCLS obtained from
tumour-free lung tissue were treated with the mentioned pro-fibrotic cocktail to induce
early fibrosis. Nintedanib treatment restored both Sftpc expression and SPC secretion,
implying that recovery of AECII function might be a relevant feature of the anti-fibrotic
mechanisms of nintedanib [35].

In the pursuit of novel molecular targets for IPF treatment, the role of senescence in
lung epithelial cells after fibrosis was investigated by the measurement of SA-β-galactosidase
activity, a surrogate marker for the detection of senescence cells, on PCLS obtained from
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PBS or bleomycin-challenged mice [36]. The authors showed a higher number of senescent
AECs in fibrotic lungs, while treatment with senolytic drugs, dasatinib, and quercetin, re-
sulted in reduced SA-β-galactosidase activity. In addition, treated AECs displayed a lower
expression of the fibrotic markers, Col1a1 and Wisp1, leading to the decline of the fibrotic
burden and increased AECII marker expression [36]. These findings suggest a potential
role of AEC senescence in the development of lung fibrosis and, if further confirmed in
humans, identify senolytic drugs as possible candidates for IPF pre-clinical trials. Similarly,
it was shown that metformin, an antidiabetic drug and an AMP-activated protein kinase
(AMPK) activator, has a dual anti-fibrotic and lipogenic effect in murine and human models
of IPF [37,38]. For instance, metformin was able to macroscopically attenuate fibrosis in
human PCLS by relaxing the lung structure while increasing the number of lipid-containing
cells and decreasing collagen deposition. These observations imply a transition from my-
ofibroblast to lipofibroblast phenotype in metformin-treated PCLS. In combination with
in vivo murine models, the authors showed that metformin activates AMPK signalling,
which downregulates TGFβ-induced COL1A1 expression. Along with AMPK upregula-
tion, activation of a separate signalling pathway prompts lipogenic trans-differentiation
of myofibroblasts by boosting bone morphogenetic protein 2 expression and peroxisome
proliferator-activated receptor-gamma phosphorylation. These data highlight metformin
as a promising and safe option for therapies that aim to accelerate fibrosis resolution.

In another recent study, the receptor-like protein tyrosine phosphatase eta (CD148/PTPRJ)
mediated by its ligand syndecan-2 (SDC2) has been shown to also have anti-fibrotic effects
in murine and human models of IPF. For instance, CD148-deficient mouse fibroblasts highly
upregulated PI3K/Akt/mTOR signalling, suppressed autophagy, and promoted p62 expres-
sion, leading to nuclear factor kappa B activation and pro-fibrotic markers, Fn1 and Col1a1,
upregulation. Additionally, PCLS obtained from IPF and control individuals and treated with
a pro-fibrotic mix presented an attenuated pro-fibrotic response when SDC2-based mimetic
peptide was added to the media [39]. Furthermore, PCLS obtained from IPF patients, and
bleomycin-injured mouse lungs treated with an inhibitor for the TGF-β regulators, αvβ6 and
αvβ1 integrins, lead to lower COL1A1 and SERPINE1 expression [40]. Future studies will
clarify if therapies focused on targeting CD148 ligands and/or αvβ integrins could become
alternative clinical approaches to halt fibrosis progression in IPF patients.

Even though obtaining lung tissue is challenging, especially from patients, PCLS offers
substantial advantages over traditional 2D cultures by preserving the lung architecture,
harbouring multiple cell types, and being metabolically active in culture. Markedly, PCLSs
support the identification of unknown molecular mechanisms underlying lung fibrosis and
regeneration and aid the screening and discovery of anti-fibrotic/regenerative medications.

2.3. Lung Organoids: Mimicking of Pulmonary Fibrosis Pathophysiology for Personalised Medicine

Over the last decade, major progress has been made in organoid technology to de-
velop structures that closely mimic the cellular and structural complexity of the in vivo
scenario [41]. For instance, Sachs et al. generated human airway organoids (AO) from
non-small cell lung cancer epithelial cells to create a model that could be applied to a
variety of pulmonary diseases such as CF, lung cancer, and respiratory syncytial virus
infection. AO contained polarised pseudostratified airway epithelium comprising basal,
club, multi-ciliated, and secretory cells. Notably, passaged organoids retain similar cell
frequencies independently of the number of passages, thus allowing long-term expansion.
Regarding CF, AO lines obtained from the broncho-alveolar lavage of CF patients were
characterised and proved to have a thicker layer of apical mucus, which was comparable
to the in vivo phenotype [42]. As for translational approaches, Sette et al. described novel
in vitro models, including organoids derived from primary airway epithelial cells obtained
by nasal brushing of CF patients. Following treatment with CF transmembrane conduc-
tance regulator (CFTR) modulators, the drugs´ efficacy was confirmed by downregulation
of CFTR protein expression, while treatment effectiveness was evaluated by Forskolin-
induced swelling functional assays. Given the limited accessibility to patient primary
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airway epithelial cells, these data strongly support the use of this model for CF pre-clinical
studies [43]. In the future, these systems could be adapted to model other types of fibrotic
diseases and provide more opportunities for personalised medicine. In another study, a
lung organoid model was used to investigate the expression of innate immune receptor,
Toll-like receptor 4 (TLR4), and ECM component glycosaminoglycan hyaluronan (HA), are
relevant for AECII renewal and repair by limiting fibrosis progression. In vivo, bleomycin
treatment of TLR4-/- animals or mice with a HA synthase 2 targeted deletion in AECII were
more susceptible to injury when compared with WT mice. For the organoid model, isolated
AECII were co-cultured with mouse lung fibroblasts in Matrigel to generate alveolospheres
that contain SFTPC positive AECII at the periphery and podoplanin-positive AECI in the
interior. Compared to WT alveolospheres, TLR4- and HA-deficient AECII formed fewer
and smaller organoids, suggesting that their AECII renewal capacity was compromised.
Interestingly, treatment of alveolospheres with exogenous HA increased colony formation
efficiency (CFE) in AECII obtained from bleomycin-challenged WT mice. Moreover, 3D
cultures of human HTII-280 positive AECII obtained from IPF patients showed lower cell
surface HA and reduced CFE compared to AECII isolated from healthy individuals. As
with the murine alveolospheres, CFE could be increased by the addition of HA into the
media. Ultimately, these results emphasise HAs role in AECII renewal capacity, inferring
that future studies will focus on dissecting the molecular mechanisms involved in the loss
of HA during pro-fibrotic processes and, if successful, develop strategies for HA restoration
on the AECII of IPF patients [44].

Lung organoids are particularly useful to model epithelial-mesenchymal interactions
occurring during disease [45–49]. Accordingly, Wilkinson et al. developed a method for the
generation of human lung organoids reproducing the distal lung alveolar sac compartment
by scaffolding mesenchymal cells into the interstitial space. In this model, alginate beads
were coated with polydopamine/collagen 1 and inserted in a bioreactor together with
mesenchymal cells allowing an even covering of the epithelial cell types and prompting
organoid formation. Notably, mesenchymal cells were indispensable for organoid forma-
tion due to their ability to form bead-to-bead bridges. To recreate an IPF environment,
TGF-β was added into fetal and iPSC-derived mesenchymal organoid culture. Following
TGF-β treatment, highly condensed and smaller organoids grew and exhibited enhanced
proliferation markers and COL1A1 expression with broader α-SMA patches. All these
findings were representative of activated myofibroblasts, and subsequent fibroblastic foci
formation present in IPF. Importantly, in this study, iPSC-derived mesenchymal cells were
successfully transduced with a lentivirus to express mCherry under the control of an
ACTA2 promoter that would allow better visualisation, modelling, and analysis of the
fibrotic cues occurring during severe fibrosis [50]. In another study, 3D pulmospheres
characterised by the presence of multicellular structures embedded in ECM proteins were
employed for IPF modelling. Pulmospheres were generated from controls or IPF-derived
primary lung cells and contained multiple cell types, including AECII, endothelial cells,
macrophages, vascular smooth muscle cells, and myofibroblasts. The presence of an
IPF phenotype was confirmed by the increase of α-SMA positive cells radiating outward
from the pulmospheres. Interestingly, the extension of invading fibroblasts outside of
the organoids´ core provided the authors with a measurement of injury defined as the
“zone of invasion” (ZOI) percentage. Following treatment with TGF-β, control lung pul-
mospheres showed increased ZOI% while treatment of IPF pulmospheres with nintedanib
or pirfenidone lowered the invasion area, suggesting that the degree of fibrosis can be
modulated using known treatments. Notably, patients with progressive end-stage disease
had higher ZOI%, while patients with non-progressive disease but treated with nintedanib
or pirfenidone exhibited lower ZOI%, indicating that pulmospheres could reflect, at least
to some extent, the in vivo situation [51]. Furthermore, Strikoudis et al. generated a human
lung organoid model of fibrosis, employing CRISPR/Cas9 gene-editing technology. In
this model, human ESC with engineered mutations in several HPS (Hermansky–Pudlak
syndrome) genes caused deformed lysosome-related organelles leading to the development
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of fibrosis. ESC mutations in HPS1, HPS2, and HPS4 genes generate structurally abnormal
organoids characterised by mesenchymal cell aggregation and collagen deposition. Of note,
IL-11 was overexpressed in epithelial and mesenchymal cells obtained from HPS1-/- and
HPS2-/- organoids. Treatment with IL-11 led to a significant increase of the fibrotic mark-
ers, PDGFRα and αSMA, in WT organoids, while deletion of IL-11 in HPS4-/- organoids
displayed a morphology similar to WT organoids, implying that prolonged IL-11 exposure
may have a significant role in fibrosis induction [52].

Overall, lung organoid systems provide a deeper understanding of physiologically
relevant molecular mechanisms of fibrosis that are especially difficult to study in vivo.
Importantly, lung organoids derived from patients could be used for high throughput drug
screening and prompt the generation of effective and affordable personalised medicine for
IPF patients.

2.4. Lung in a Chip: Development of Complex Ex Vivo Systems for Pulmonary Fibrosis Modelling

In the last few years, several advances in micro-bioengineering have been achieved
to create sophisticated organ-on-a-chip devices containing hollow microchannels lined by
living cells. These devices recapitulate certain structural and functional features of tissues
and organs, including cell–cell and cell–matrix crosstalk, physical microenvironment, and
vascular perfusion [53]. Considering that the human lung is one of the most difficult organs
to model in vitro due to its structural and cellular complexity, lung-on-a-chip models are
rapidly becoming powerful tools to mimic human lung physiology and pathology [54–58].
For instance, Barkal et al. developed a microscale organotypic model of a human bronchiole to
assess fungal and bacterial infection. In this model, pulmonary fibroblasts, primary bronchial
epithelial cells, and lung microvascular cells were embedded within a 3D collagen matrix and
cultured in a lung-on-chip device with two adjacent lumens to recapitulate the microvascular
and airway compartment of the in vivo bronchiole. Notably, this model allows the addition
of an interchangeable microbial culture and leucocytes in separate channels that incites an
immune response towards the microbial agents via volatile compounds and enables tracking
of recruited immune cells [59].

Regarding fibrotic disease modelling, a lung-on-chip model called a “CF-airway-chip”
containing primary human CF bronchial epithelial cells, including differentiated ciliated,
basal, club, and goblet cells, and pulmonary microvascular endothelial cells, was developed to
study CF pathology. Compared to devices containing healthy epithelial cells, the CF-airway-
chip recapitulated important features of CF pathology such as increased mucus built-up,
cilia density, and beating frequency. After the addition of polymorphonuclear leukocytes
(PMNs), circulating PMNs adhered to the endothelium and transmigrated into the airway
compartment. In this model, Pseudomonas aeruginosa infection led to IL-6, tumour necrosis
factor-α, and granulocyte macrophage-colony stimulating factor release in both healthy and
CF-airway-chips, while IL-8, a potent PMN chemo-attractant, was significantly higher in
CF-airway-chips. Although this model lacks the fibroblast compartment, this model could be
a valuable system for the study of pulmonary fibrosis pathophysiology [58]. Another fibrotic
model aimed to mimic the human lung upper respiratory airways and model IPF by culturing
small airway epithelial cells (SAECs) in one channel and an endothelial-fibroblast-fibrin gel
mixture in the outer/central channels. This 3D lung-on-chip design permits the culture of
SAECs above a vascular compartment composed of endothelium and fibroblasts. TGF-β
treatment of chips containing the healthy or IPF fibroblasts led to upregulation of αSMA
expression and downregulation of club and ciliated cell markers, recreating an important
component of IPF phenotype. Nevertheless, treatment with the anti-fibrotic agent pirfenidone
failed to reduce the fibrotic phenotype in this model, suggesting that further model adaptations
are still needed to more closely resemble IPF physiology [60,61].

In a more complex approach, Varone et al. developed a flexible “Open-Top Alveolus-
Chip” to mimic the human alveoli by generating a chambered-organotypic epithelium
surrounded by two vacuum channels that allow stretch. The top of the chamber contained
a removable microchannel capable of being perfused with air or liquid, while the bottom
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contained a porous flexible membrane permitting transport diffusion. To build vasculature,
endothelial cells were cultured in the top chamber and formed a tight monolayer expressing
von Willebrand factor, vascular endothelial-cadherin, and platelet and endothelial cell ad-
hesion molecule-1. Epithelial cells (stratified keratinocytes and AEC) could also be cultured
in the top chamber. Upon seeding, AECI and II and microvilli were detected, and when
cultured with fibroblasts under mechanical stretch, AECII produced surfactant protein
C, confirming that exposure to both factors stimulates surfactant production. To study
stromal-epithelial crosstalk, the device was challenged with lipopolysaccharide, resulting
in upregulation of intracellular adhesion molecule-1 on endothelial cells and production
of IL-6, IL-8, and mitochondrial pyruvate carrier-1 on the vascular channel. Notably, this
immune response was only detectable when the stromal, vascular, and epithelial cell layers
were present. While this device has not been proven to reproduce fibrotic processes, given
its complexity and the presence of an alveolar and stromal compartment, it could certainly
represent an attractive approach to studying fibrotic diseases [61].

Since lung-on-chip technology is relatively new, further studies are still needed to fully
evaluate if such models could be employed to model pulmonary fibrosis. Nonetheless,
these devices hold great promise, and it is likely a matter of time until more complex
systems can mimic other main features of IPF pathophysiology.

Table 1. 3D in vivo models employed to study pulmonary fibrosis.

3D Culture
System

Species Source Cellular
Composition

Applicability/
Main Finding

Reference

PA hydrogels
Human Healthy

donors

Lung
fibroblasts

Distal lung epithelial cells,
vascular and mesenchymal

compartment

Cellular
mechanotransduction

Tse et al. [21]

Asano et al. [22]
IPF patients Chen et al. [30]

Mouse Saline/Bleomycin-treated
mice

PGE2-COX2 axis modulation in
stiff matrixes Liu et al. [28]

Collagen-rich
hydrogels

Human

Healthy
donors/

IPF
patients

FAK/Akt signalling pathway
activation promoting collagen

deposition
Giménez et al. [24]

Eicosanoid biosynthetic enzymes
upregulation in

fibrotic conditions
Berhan et al. [29]

PCLS

Mouse
Saline/

Bleomycin-treated
lung tissue

Drug testing:
CSP7

Marudamuthu et al.
[33]

Drug testing:
senolytic drugs Lehmann et al. [36]

Drug testing:
αvβ integrins Tsoyi et al. [39]

Human

Healthy donors/
IPF lung tissue

Disease modelling:
early fibrosis Alsafadi et al. [34]

Drug testing:
metformin Kheirollahi et al. [37]

Drug testing:
SDC2 ligands Decaris et al. [40]

Human
/Mouse

Healthy lung
tissue/Bleomycin-treated

lung tissue

Disease modelling:
early fibrosis Lehmann et al. [35]

Lung
organoids

Human CF patients
broncho-alveolar lavage

Airway organoids:
basal, ciliated, secretory, and

club cells

Disease modelling:
CF pathophysiology Sachs et al. [42]

CF patient nasal brushing
Airway organoids:
basal, ciliated, and

secretory cells

Personalised medicine: discovery
of therapeutic targets and more

effective CFTR modulators
Sette et al. [43].

Healthy
donors

Distal alveolar organoids:
AECII, AECI, iPSC

derived-mesenchymal cells

Disease modelling:
epithelial-mesenchymal

interactions during fibrosis
Wilkinson et al. [50]

Healthy/
IPF lung

tissue

Pulmospheres: AECII,
endothelial cells,

macrophages,
mesenchymal cells

Disease modelling:
myofibroblast

activation
Surolia et al. [51]

Healthy
donors

ESC-derived lung
organoids–epithelial cells

and mesenchymal cells

Disease modelling:
mutation in HPS1,

HPS2 and HPS4 genes
to induce fibrosis

Strikoudis et al. [52]

Mouse/
Human

HA- and TLR4-deficient
mice/ IPF
patients

Alveolospheres: AECI,
AECII,

fibroblasts

Disease modelling:
AECII regeneration

after fibrosis
Liang et al. [44]

54



Cells 2022, 11, 1526

Table 1. Cont.

3D Culture
System

Species Source Cellular
Composition

Applicability/
Main Finding

Reference

Lung-on-chip

Human CF
patients

CF bronchial epithelial cells
and pulmonary

microvascular endothelial
cells

Disease modelling:
CF pathology Plebani et al. [58]

Healthy
Donors/

IPF
patients

SAEC, endothelial cells,
fibroblast

Disease modelling:
IPF phenotype Mejías et al. [60]

3. Conclusions

As shown above, 3D in vitro lung models have advantages as well as disadvantages
that largely depend on the scientific question that needs to be addressed (Figure 1 and
Table 2). Regarding IPF, the most used models rely on mouse experimentation, namely,
bleomycin-induced pulmonary injury. Although this model mimics certain aspects of
IPF pathophysiology, it has been heavily criticized partly due to the presence of inflam-
mation/acute lung injury preceding the fibrotic phase, self-resolution after a few weeks,
number of mice needed, strong age- and gender-dependency, among others [62]. Sev-
eral of these drawbacks can be circumvented or even diminished by the inclusion of 3D
in vitro/ex vivo systems. For example, primary human-derived samples such as fibroblasts,
iPSC-derived mesenchymal cells, and PCLS can be used after patient consent, therefore,
alleviating the ethical concerns of animal experimentation. In addition, these models pro-
vide the opportunity to more accurately dissect the cellular and molecular players involved
in lung fibrosis, as well as the possibility of high-throughput analyses. One interesting
novel and non-invasive approach would be to employ liquid biopsies from IPF patients
to facilitate drug testing [63]. The aim of this method would be to evaluate if circulating
cells or/and soluble mediators added onto lung-on-chip devices could drive a fibrotic
phenotype and then be used to identify specific therapeutic targets.

Table 2. Main strengths and weaknesses of hydrogels, PCLS, lung organoids, and lung-on-chip
systems.

3D Culture System Strengths Weaknesses

Hydrogels

X Tunable matrix stiffness allows mimicking
homeostatic and fibrotic microenvironments

X Fibroblasts can be obtained from donors
and patients

• In most instances, not suitable to study
intercellular interactions

PCLS

X Presence of several lung cell types
X Preservation of native lung architecture,

microenvironment, and metabolic activity
X Patient-derived-PCLS can be used for drug-testing

• Cultures are difficult to maintain
• Analyses involving cell migration

are limited

Lung organoids

X Progenitor cells from donors and patients can
be employed

X Suitable to study mesenchymal-epithelial crosstalk
X High throughput analyses are possible

• Lack vasculature
• Lack immune cells

Lung-on-chip
X Relatively cheap
X Mimic lung biochemical microenvironment
X Vascular and immune cells can be integrated

• Culture and analysis require
special equipment

• Low experimental throughput

Ultimately, as these models advance in cellular and structural complexity, their central
challenge would be to reveal hidden molecular and cellular signals governing pulmonary
fibrosis, which could lead to the discovery and implementation of effective therapies for
the treatment and resolution of fibrotic lung diseases.
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Abstract: Idiopathic pulmonary fibrosis (IPF) is a fatal disease with incompletely understood aetiol-
ogy and limited treatment options. Traditionally, IPF was believed to be mainly caused by repetitive
injuries to the alveolar epithelium. Several recent lines of evidence, however, suggest that IPF equally
involves an aberrant airway epithelial response, which contributes significantly to disease develop-
ment and progression. In this review, based on recent clinical, high-resolution imaging, genetic, and
single-cell RNA sequencing data, we summarize alterations in airway structure, function, and cell
type composition in IPF. We furthermore give a comprehensive overview on the genetic and mecha-
nistic evidence pointing towards an essential role of airway epithelial cells in IPF pathogenesis and
describe potentially implicated aberrant epithelial signalling pathways and regulation mechanisms
in this context. The collected evidence argues for the investigation of possible therapeutic avenues
targeting these processes, which thus represent important future directions of research.

Keywords: basal cells; bronchial epithelium; airway epithelium; lung fibrosis; MUC5B; single cell
RNA sequencing; epithelial populations; IPF

1. Introduction: An Emerging Role of the Airway Epithelium in IPF Aetiology

Idiopathic pulmonary fibrosis (IPF) is characterized by excessive deposition of extra-
cellular matrix (ECM) within the alveolar compartment of the lung, leading to impairment
of gas exchange, increased stiffness and, ultimately, loss of lung function. Despite approval
of the two first effective antifibrotic drugs more than six years ago [1,2] and intensive
sustained efforts in clinical drug development, IPF remains associated with high mortality
rates. Current therapeutic options do not halt disease progression and prevalence of IPF
appears to be rising worldwide [3].

The aetiology of IPF is incompletely understood. Traditionally, IPF was believed to be
mainly caused by repetitive injuries to the alveolar epithelium. A growing body of evidence,
however, based on genome-wide association studies (GWAS), molecular profiling of patient
samples, high-resolution micro-CT imaging, and single cell RNA-Sequencing (scRNA-Seq),
suggests that IPF equally involves an aberrant response of the bronchial and bronchiolar
epithelium, which contributes significantly to disease development and progression. In
this review, we summarize known alterations in airway structure, function, and cell type
composition in IPF. We furthermore give a comprehensive overview on the genetic and
mechanistic evidence pointing towards an essential role of the airway epithelium in IPF
pathogenesis. Potential mechanisms of aberrant airway epithelial regeneration and, finally,
possible therapeutic avenues targeting these processes are discussed.
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2. General Airway Structure

The lung is structurally and functionally categorized into two regions, the conduct-
ing zone and the respiratory zone. The conducting airways consist of the trachea, the
bronchi, and the conducting bronchioles, whereas the respiratory zone contains the areas
of gas exchange, the terminal (respiratory) bronchioles and the alveoli (Figure 1A). The
conducting airways are lined with a pseudostratified epithelium composed primarily of
basal, club, goblet and ciliated cells, which play an essential role in the first-line defence
against inhaled toxins, particles, and pathogens. Structure and cell type composition of
the conducting airway epithelium gradually changes with increasing airway generations
from a pseudostratified appearance with mainly ciliated next to secretory and basal cells
over a simple columnar to a simple cuboidal epithelium, which harbours fewer ciliated
cells and more secretory cells, particularly club cells. In contrast, the alveolar epithelium in
the respiratory airways is lined with alveolar type 1 (AT1) and type 2 (AT2) cells, which,
together with endothelial cells below and the interjacent basement membrane, make up
the blood-air barrier for O2/CO2 exchange [4,5] (Figure 1A). Basal cells are established as
the main human progenitor cells for all cell types in the pseudostratified epithelium lining
the conducting airways [6] while AT2 cells give rise to AT1 cells in the alveoli [7]. More
recently, in the murine lung, the bronchoalveolar duct junction at the transition between
bronchioles and alveoli has been described to harbour additional multipotent stem cells,
the so-called bronchoalveolar stem cells (BASCs). These can give rise to club and ciliated
cells on the one hand and AT1 and AT2 cells on the other hand, in particular in response to
injury [8]. Whether such a population exists in the human lung, however, is unclear to date.

 

Figure 1. Schematic overview of airways in healthy lung and idiopathic pulmonary fibrosis (IPF).
(A) Airways in the healthy lung, depicting normal cell type distribution in the proximal and distal
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airways as well as in the bronchioalveolar duct junction. (B) Airways in the IPF lung, depicting
dilated bronchioles, impaired mucociliary clearance and the thickened basement membrane in the
distal airways, two types of honeycomb cysts (HC, mucociliary, basaloid), and accumulation of
extracellular matrix (ECM) in the alveolar region. AT1, alveolar cell type 1; AT2, alveolar cell type II;
ECM, extracellular matrix; SMC, smooth muscle cell. Figure was created with biorender.com.

3. Changes in Airway Morphology in IPF

3.1. Airway Dilation

In recent years, multiple evidence has emerged that strongly argues for consider-
able changes in airway morphology and physiology in IPF, which contribute to disease
progression. For instance, clinical CT findings in IPF patients as well as experimental
micro-CT imaging of explanted IPF lungs demonstrate that proximal and distal airways
are dilated [9–12], which may explain why FEV1/FVC ratios for IPF patients are higher
than expected [13,14]. This is in agreement with aerosol-derived airway morphometry
and capnographic measurements, which equally show increased airway volumes in IPF
patients [15,16]. While changes in conducting airway volumes seem independent of dis-
ease severity [16], they appear to facilitate the distinction between stable and progressive
disease, hence bear prognostic value [9]. The underlying mechanisms for airway dilation
in IPF are not fully understood. Traditionally, traction bronchiectasis and bronchiolectasis,
caused by increased collagen deposition and contraction of the peripheral fibrotic areas,
have been thought to “pull open” the bronchi and bronchioles, respectively [17,18]. This
concept is supported by the observation that the quantity of fibroblast foci correlates with
traction bronchiectasis in high-resolution CT (HRCT) scans [19]. However, considering the
comparatively distant location of fibrotic areas relative to the affected airways in IPF, and
recent findings on emerging proliferative epithelial cell type populations in IPF (discussed
below in Section 4), it has been suggested that the HRCT pattern of traction bronchiectasis
in IPF is rather caused by bronchiolar proliferation than by mechanical traction alone [20].

3.2. Increased Airway Wall Thickness (AWT)

Recent studies report increases in airway wall thickness (AWT). Verleden et al. per-
formed clinical CT and micro-CT of IPF explant and donor lungs, in combination with
matched histological examinations. The authors observed that, due to increased AWT,
more small airways are visible in CT scans of IPF specimens [21], a finding which was very
recently confirmed by Ikezoe et al. [12] (Figure 2A). Additionally, a retrospective analysis
of clinical chest CT images by Miller et al. suggested that lungs of IPF patients display
significant increases in AWT, notably already in early disease stages [22]. Here, the authors
performed so-called Pi10 measurements, which rely on a series of experimental determina-
tions of total airway and luminal airway areas at different luminal perimeters. For each
patient, the airway wall areas are calculated by subtraction of the luminal airway from
the total airway area and the square root of these values is plotted against the perimeter.
Regression analysis allows for the determination of the airway wall thickness of a hypo-
thetical airway with an internal perimeter of 10 mm, the Pi10, a measure, which can then
be directly compared between patients and disease cohorts. Interestingly, and explicitly
mentioned by the authors as a limitation of their study, the way Pi10 is determined implies
that changes in the internal luminal area, e.g., altered mucus layers, may have impacted
the findings. As altered mucociliary clearance and increased MUC5B expression indeed are
important features of IPF airways (discussed in Section 5), this raises the question whether
Pi10 measurements are affected by increased levels of airway MUC5B, for example.
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Figure 2. Airway epithelial abnormalities in IPF. (A) Comparison of airway features in control and IPF
lungs as monitored by computed tomography (CT, adapted from Ikezoe et al. [12] with permission of
the American Thoracic Society). Computed tomography (CT) scans from lungs of a control subject
(upper row) and a case of IPF (lower row). The panels show from left to right: (1) Axial midslice
multidetector computed tomography (MDCT) scans indicating where a random tissue sample was
obtained for microCT (red circles); (2) reconstructed airway tree for the same scan from the lateral
perspective; (3) midslice microCT scans of the tissue sample circled in red; (4) small airway tree
segmentations obtained from the microCT scans visualized in three dimensions, identifying terminal
bronchioles (TB, white arrowheads) and transitional bronchioles (asterisks); (5) representative cross-
sectional image of the terminal bronchiole (TB) highlighted by the yellow arrowhead. This figure
panel is adapted from Ikezoe et al. [12] with permission of the American Thoracic Society. Copyright
© 2022 American Thoracic Society. All rights reserved. The American Journal of Respiratory and
Critical Care Medicine is an official journal of the American Thoracic Society. Readers are encouraged
to read the entire article for the correct context at https://www.atsjournals.org/doi/10.1164/rccm.20
2103-0585OC (last accessed 8 March 2022). The authors, editors, and The American Thoracic Society
are not responsible for errors or omissions in adaptations. (B) Immunofluorescent stainings of serial
lung sections of a representative control subject (upper row) and a case of IPF (lower row) with
mouse isotype control antibody (mIgG1) and antibodies directed towards keratin 5 (KRT5), keratin 14
(KRT14), club cell-specific protein 10 (CC10), α-smooth muscle actin (α-SMA) as a marker for smooth
muscle cells and myofibroblasts, and type I collagen (Coll I). Scale bar 100 µm.
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3.3. Bronchiolar Abnormalities

Bronchiolar lesions involving abnormal bronchiolar proliferation and migration are
typical features of IPF and represent regions of injury and active regeneration [23–25].
While the observed increase in bronchiolar proliferation has been interpreted to result
in an increased number of bronchioles in IPF [14,23], recent evidence based on micro-CT
imaging and histology suggests it more likely leads to dilation and distortion of the small
airways [10–12,21] (Figure 2A). In contrast, the number of terminal bronchioles is even
reduced in IPF [10,12,21]. Importantly, the latter observation was made in areas of mild
fibrosis and the number of terminal bronchioles did not further decline in areas with more
severe fibrosis, indicating that loss of terminal bronchioles is an early event in IPF [21]. In
addition, it was demonstrated in two very recent independent studies that loss of terminal
bronchioles correlates with honeycomb formation and that conducting airways directly
lead into honeycomb cysts [10,12]. In agreement, early studies have demonstrated that
peripheral cystic air spaces are ventilated, but represent physiological dead-space because
they are not perfused [26]. This supports the concept that small airways are the origin of
honeycomb cysts, abnormal peripheral airway spaces that will be discussed in more detail
in the following.

3.4. Honeycomb Formation and Bronchiolization

In thoracic radiology, the term “honeycombing” refers to clustered cystic airspaces
which typically are located in the subpleural region of the lung [27]. While clinical HRCT
only detects honeycomb cysts with a diameter of about 1 mm and bigger, smaller honey-
comb cysts are usually observed in histology [28]. Typical microscopic honeycomb cysts
in IPF are small, subpleural, and localized in vicinity to fibrotic areas. Figure 2B (lower
row, IPF) shows a collapsed honeycomb cyst characterized by KRT5+ KRT14+ CC10−

cells in close proximity to fibroblast foci. On a cellular level, these honeycomb cysts are
characterized by p63+ KRT5+ airway epithelial-like cell types replacing the normal alveolar
epithelium, a process termed bronchiolization [29]. Some honeycomb cysts appear to be
composed of stratified layers of hyperplastic p63+ KRT5+ KRT14+ cells [25] (e.g., Figure 2B),
while others display a pseudostratified mucociliary epithelium, containing ciliated, p63+

KRT5+ basal, and goblet cells expressing MUC5B as the main mucin component [25,30,31].
Whether honeycomb cysts derive from the small airways or from the alveolar epithelium as
a result of ectopic bronchiolar differentiation is still controversially discussed. Considering
the current knowledge about epithelial progenitor cells in the distal lung, bronchiolization
could be a result of AT2 cells committing to an aberrant differentiation program [7], or
derive from migrating basal cells [6] or BASCs [8,32] originating from the small airway
or of bronchoalveolar duct junction, respectively. BASCs, at least in the mouse, can give
rise to AT2 and club cells upon injury [32], but there is, to the best of our knowledge, no
evidence that they can give rise to p63+ KRT5+ basal cell-like populations, which most
frequently line bronchiolized areas in the IPF lung [23,25,30,33]. This, in contrast, has been
unambiguously demonstrated for airway stem cells in distal lung regeneration after injury:
After influenza infection of mice, for example, p63+ cells emerge in the bronchioles and
form extra-bronchiolar parenchymal clusters of p63+ Krt5+ basal cells, despite of little
TP63-expression in normal murine bronchioles [34,35]. Lineage tracing experiments per-
formed in independent laboratories have demonstrated that these cells derive from a rare
population of SOX2+ p63+ Krt5+/− progenitor cells, but not from alveolar epithelial cells
or BASCs [34,36,37]. Hence, studies in mouse models of lung injury have argued against
an alveolar origin of bronchiolized areas in IPF and rather suggested that bronchiolization
may originate from the airways.

However, it is important to mention in this context, that studies in human organoid
culture systems have provided compelling evidence that, in contrast to mouse AT2 cells,
human AT2 cells can give rise to Krt5+ basal cells. This differentiation capacity into KRT5+

basal-like cells was strictly dependent on adult human lung mesenchymal cells (AHLM) as
feeder cells. The resulting Krt5+ basal cells expressed canonical basal cell markers (SOX2,
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TP63) in addition to genes typically associated with aberrant basal epithelial populations
in IPF [38]. Interestingly. scRNA-Seq analysis of AHLM further revealed that during
organoid culture mesenchymal subpopulations emerge that resemble such enriched in
IPF lung tissue [38]. Collectively, these findings indicate that pathological mesenchymal
cells in IPF generate a niche that is supportive of aberrant differentiation of human AT2
cells into KRT5+ basal cells. Whether this is what happens in IPF, too, remains elusive,
but it is plausible that aberrant basal cells in IPF derive from both airway and alveolar
epithelial cells.

In summary, airways are drastically altered in IPF, with changes that (1) include macro-
scopic morphological changes visible by clinical and experimental CT imaging (airway
dilation, increased airway wall thickness, honeycomb cysts), (2) manifest in physiologi-
cal parameters like increased dead-space ventilation and higher FEV1/FVC ratios, and
(3) involve repopulation of the injured alveolar region with basal-like epithelial cells, which
may be both airway- and alveolar-derived (Figures 1B and 2). On a cellular level, recent
scRNA-Seq analyses of IPF lungs have provided even more weight to the importance of
airway-like cells in IPF and will be discussed in the following chapter.

4. Recent Insights from Single Cell RNA-Sequencing (scRNA-Seq) Studies

Since the advent of single-cell RNA sequencing (scRNA-Seq), several studies in the
past five years have revolutionized the concept of epithelial cell populations in IPF. In the
earliest study, Xu et al. isolated Epcam+/HTII-280+ cells from peripheral regions of control
and IPF lung and subjected that cell population to scRNA-Seq. Initially, they found that
the yield of Epcam+/HTII-280+ cells, classically reflecting AT2 cells, drastically decreased
in IPF lungs. However, more interestingly, in IPF, Epcam+/HTII-280+ subpopulations
emerged which expressed transcripts typically associated with conducting airways and
extracellular matrix-expressing cells, at the expense of genes typically associated with
AT2 function [39]. Overall, the authors identified four subpopulations of Epcam+/HTII-
280+ cells in IPF including (1) normal AT2 cells, (2) cells which expressed Goblet cell-
specific markers, (3) cells which expressed basal cell-specific markers, and (4) indeterminate
cells, which expressed multi-lineage markers including such for AT2, AT1, conducting
airway cells and mesenchymal cells, and could thus not unambiguously be assigned to
one cell type. Remarkably, the latter often co-expressed SOX2 and SOX9, genes that
typically define proximal airway progenitor and distal airway progenitor cells in the
adult lung, respectively, thus indicating a loss of proximal-distal patterning in the IPF
lung. Notably, SOX2+/SOX9+ progenitor cells otherwise only emerge in human lung
development during the pseudoglandular stage in the distal epithelium but are already
lost in the canalicular stage [40]. In addition, a more recent study suggests that surfactant
processing is lost in these newly emerging epithelial cell populations, adding an important
functional outcome of these changes [41]. Hence, in summary, in IPF a drastic loss of normal
AT2 cells is paralleled by an increase of conducting airway characteristics in peripheral
alveolar epithelial cells and an activation of aberrant differentiation programs or possibly
reactivation of early lung developmental programs.

While the study above analyzed sorted Epcam+/HTII-280+ cells, isolated from a
limited number of control and IPF lungs (n = 3), four more recent studies analyzed sin-
gle cell suspensions from more specimens, without prior experimental enrichment for
epithelial cells [42–45]. For visualization of the most important and consistent findings
regarding epithelial cell populations in IPF/interstitial lung disease (ILD), we generated an
integrative data set comprising all four studies (Figure 3A–C) using the Scanpy package
(v1.8.0) [46]. To address potential batch effects, the integration was performed as described
in Mayr et al. [43]. Briefly, the publicly available raw count matrices were re-processed
data set wise with the same procedure. To mitigate effects of background mRNA con-
tamination, the matrices were corrected by using the function adjustCounts() from the R
library SoupX [47]. The expression matrices were normalized with scran’s size factor based
approach [48], log transformed via scanpy’s pp.log1p() and finally scaled to unit variance
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and zero mean before concatenating them. A shared set of variable genes was selected by
calculating gene variability patient-wise (flavor = “cell_ranger”, n_top_genes = 4000) and
excluding known cell cycle genes. The intersection of the variable genes across all data
cohorts was used as input for principal component analysis (1311 genes). After subsetting
to the epithelial cell populations, the BBKNN method [49] was used to generate a batch
balanced data manifold (Munich: ILD = 7, controls n = 12; Chicago: ILD n = 9, controls n = 8;
Nashville: ILD n = 20, controls n = 10; and New Haven: ILD = 32, controls n = 22). Cell
type identities from the original publication were retained and harmonized across studies.
All four studies consistently confirmed the concept of an emerging diverse repertoire of
epithelial cell types in ILD including IPF, most strikingly an increase in cells with features
of conducting airways at the expense of classical alveolar epithelial cells (Figure 3D).

 

Figure 3. Single cell RNA-Sequencing has revealed drastic changes in epithelial cell populations
in ILD. (A) Uniform Manifold Approximation and Projection (UMAP)-based dimension reduction
of single cell transcriptomic data to delineate epithelial cell types, labelled by cell type. (B) Same
UMAP visualization labelled by ILD cohort. Data used for visualization was derived from in
total four datasets [42–45] of control and interstitial lung disease (ILD) samples: New Haven [45],
Nashville [44], Chicago [42], and Munich [43]. (C) Same UMAP visualization labelled by disease.
(D) Relative frequencies of epithelial cell populations demonstrate a consistent increase in conducting
airway cell populations in ILD at the expense of alveolar type 1 (AT1) and 2 (AT2) cells. ab., aberrant.

In more detail, up to 10 distinct clusters of epithelial cells were defined in these studies.
While all identified most classical epithelial cell types, i.e., AT1, AT2, basal, ciliated, and
secretory cells by similar expression signatures (Figure 4), there are some differences in sub-
categorization of the described cell type clusters. For instance, while Habermann et al. [44]
distinguished between ciliated cells and differentiating ciliated cells, such a distinction
was not made in the other studies [42,45]. Furthermore, categorization of secretory cells
differs significantly between these reports. Reyfman et al. categorized club cells based
on SCGB1A1 (also termed CC10 or CCSP) expression and did not report goblet cells but
MUC5B-expressing cells within their cluster of club cells [42]. Adams et al. distinguished
between club and goblet cells, but in their report SCGB1A1 expression is a characteristic of
both cell types and club and goblet cells are differentiated from each other by SCGB3A2 and
MUC5B expression, respectively [45]. Published and unpublished results from our lab have
shown that SCGB1A1 is expressed by a subpopulation of MUC5AC+ goblet cells, too [50];
so indeed, SCGB1A1 should rather be considered a more general marker for secretory cells
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than specifically for club cells. Possibly reflecting similar considerations, Habermann et al.
refrained from the attempt to distinguish between club and goblet cells and instead defined
several secretory cell type clusters based on expression of SCGB1A1, SCGB3A2, and MUC5B
and combinations thereof. Collectively, these studies show that, at least based on single cell
transcript analysis, there is a continuum of secretory cells with overlapping gene expression
patterns, which are not easily sorted into club and goblet cells without information on
cell shape, spatial distribution within the bronchial tree, and protein expression patterns.
Therefore, here, we also refer to those as secretory cells, without further distinction into
goblet and club cells (Figures 4 and 5). Independent of secretory cell subcategorization,
all studies consistently demonstrate an increase in secretory cells including MUC5B+ cells.
This was equally observed in an independent scRNA-Seq study where the authors refer to
SCGBB1A1+ MUC5B+ cells as club cells, which, as explained above, may not be entirely
accurate due to the ambiguity of SCGBB1A1 as a marker in that context. Still, also this study
clearly demonstrates an increase of secretory cells in IPF relative to the healthy lung [51].
Furthermore, beyond quantitative alterations in epithelial cell populations, all IPF/ILD
airway subpopulations displayed many significantly upregulated genes in their expression
signatures when compared to their healthy counterparts (Figure 5B).

Figure 4. Cell type-specific markers for epithelial cell populations in ILD derived from scRNA-
Seq data. Using the data set described in Figure 3, the top 5 specific markers for the described
epithelial populations are plotted, (A) ranked by adjusted p-value or (B) ranked by log fold changes
of relevant cell type vs. all other epithelial cell types. pct., percentage; avg. expr., average expression;
ab., aberrant.

Basal cells appear to be particularly important in the context of IPF aetiology and
progression for several reasons. For instance, a basal cell signature detected in the bron-
chioalveolar lavage transcriptome in IPF patients was predictive of mortality, strongly
suggesting that basal cells play a central role in IPF progression [31]. Basal cell numbers are
drastically increased in ILD (Figure 3D) and novel basal cell subpopulations and character-
istics have already been demonstrated before the scRNA-Seq era. In 2015, Jonsdottir et al.
reported that p63+ KRT14+ cells overlay fibroblastic foci in IPF (see also Figure 2B) and
displayed characteristics of epithelial-to-mesenchymal transition (EMT) [52]. Shortly after,
using immunofluorescence studies, Smirnova et al. quantified KRT5+ and KRT14+ basal
cell population in healthy and IPF lungs and equally observed a drastic increase of basal
cell populations in the distal IPF lung and proposed KRT14+ as a marker for an aberrantly
differentiating progenitor cell pool [25]. The above-mentioned scRNA-Seq studies confirm
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these findings, showing that KRT14 is overexpressed in basal cells in ILD, and also a marker
of aberrant basaloid cells, which will be described below [42,44,45].

last accessed 22/12/2021

−

Figure 5. Epithelial cell populations show distinct expression changes in ILD. Using the data set
described in Figure 3, differential gene expression analysis was performed with diffxpy (https:
//github.com/theislab/diffxpy, last accessed 22 December 2021) while accounting for number of
transcripts per cell and patient cohort. The top 50 deregulated genes in specific subpopulations of
epithelial cells are given, ranked by log2 fold change. (A) Top 50 genes induced in aberrant basaloid
cells relative to gene expression of all other healthy epithelial cell types. (B) Top 50 genes increased
in ILD in other airway epithelial cell populations. pct., percentage; avg. expr., average expression;
ab., aberrant.

A recent scRNA-Seq study focussed on changes in basal cell plasticity in IPF and
defined basal cell heterogeneity in the normal and IPF lung in greater detail [53]. Ac-
cording to this study, basal cells in the healthy lung can be subdivided in at least four
subpopulations, namely classical multipotent basal cells (MPB), proliferating basal cells
(PB), secretory-primed basal cells (SPB), and activated basal cells (AB). Based on scRNA-Seq
data, surface marker screening, as well as bronchosphere assays, the authors established
CD66 as a surface marker for SPBs and demonstrated an increase of CD66+ KRT5+ SPBs in
IPF. With the importance of MUC5B and thus secretory airway cells in disease aetiology,
these observations put forward modulation of basal cell priming as a novel therapeutic
strategy in IPF [53].

Interestingly, Habermann et al. as well as Adams et al. identified a novel epithelial cell
population with features of basal cells, which exclusively emerged in pulmonary fibrosis,
namely KRT5−/KRT17+ epithelial cells [44], or aberrant basaloid cells [45]. These cells
are comparably rare (Figure 3D) and characterized by expression of basal cell markers
like TP63, KRT17, LAMB3, and LAMC2 (but not KRT5, see Figure 4), in combination with
mesenchymal markers like COL1A1, VIM, TNC, and FN1, and markers of senescence like
CDKN1A (Figure 5A) [44,45]. Expression of SOX9 and other markers of a distal differentia-
tion program suggested that these cells also display characteristics of alveolar epithelial
cells. Furthermore, these cells also showed the highest expression levels of MMP7, encoding
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matrix metallopeptidase 7, the probably best-validated peripheral blood biomarker for
IPF (Figure 5A). Using RNA in situ hybridization, KRT17+/COL1A1+ basaloid cells were
shown to cover fibrotic foci in IPF lungs but were not detected in non-fibrotic controls [44].
Given that these cells display characteristics of conducting and respiratory airways, the
cellular origin is not clear. ScRNA-Seq-based pseudo-time analysis has raised the possibility
that both transitional AT2 and SCGB3A2-expressing secretory cells may act as precursors
for aberrant basaloid cells [43,44], a hypothesis which still requires experimental validation.
Notably, studies in mouse models of lung fibrosis and injury have identified similar con-
verging differentiation pathways, namely from club cells on the one hand and AT2 cells on
the other to a population called Krt8+ alveolar differentiation intermediate (ADI) cells. This
cell population is highly similar to the aberrant basaloid cells in IPF [54], but of transient
character in bleomycin-induced lung fibrosis: Krt8+ ADI cells peak in the fibrotic phase
and gradually disappear during resolution of fibrosis. Importantly, lineage tracing using
Sox2- and Sftpc-Cre drivers has confirmed the dual, conducting airway and alveolar, origin
of Krt8+ ADI cells. Collectively, this supports a model where an intermediate cell type,
transiently emerging during a normal repair process, accumulates and persists in IPF.

In summary, scRNA-Seq studies have consistently demonstrated drastic changes in
epithelial subpopulations in ILD, which strongly argue for an essential role of airway
epithelial cells in disease development and progression. These include: (1) A dramatic
decrease of normal alveolar cell types of the respiratory zone and their replacement by
diverse conducting airway cell populations (Figure 3D). (2) The emergence of a novel
ILD-specific cell type reminiscent of an intermediate cell involved in normal alveolar repair,
which probably derives from both proximal and distal precursors and persists in lung
fibrosis (Figures 3D and 4). (3) Considerable changes in overall gene expression patterns in
epithelial cell types (Figure 5).

5. Changes in Airway Function

5.1. Mucociliary Clearance

The discovery of the MUC5B polymorphism (see below, Section 6) has drawn a lot
of attention to dysregulated mucociliary clearance as a major aetiological mechanism in
IPF [29]. IPF is characterized by increased expression of MUC5B in the distal airways
and honeycomb cysts. Increased expression is often driven by the minor allele (T) of
the risk single nucleotide polymorphism (SNP) rs35705950, which is overrepresented in
IPF patients. Consequently, the mucin MUC5B accumulates in airways of the distal lung
where even mucous plugs can be observed within microscopic honeycomb cysts [55].
From other lung diseases, most prominently cystic fibrosis, it is very well known that
overproduction of mucus impairs mucociliary clearance, leads to accumulation of particles
and pathogens in the airways and increases the risk for chronic injury and inflammation.
Indicating that this likely applies to lung fibrosis as well, MUC5B overexpression in distal
airways has been shown to significantly impair mucociliary clearance and aggravate lung
fibrosis in the mouse model of bleomycin-induced lung injury [56]. Importantly, in the
same model, mucolytic treatment led to clearance of inflammatory cells from the lungs
and counteracted the production of fibrillar collagen, providing proof-of-concept that
restoring impaired mucociliary clearance may be beneficial in prevention and treatment of
pulmonary fibrosis [56].

A potential key role of impaired mucociliary clearance for lung fibrogenesis is further
emphasized by an independent study, where the issue of mucociliary clearance was ap-
proached from a very different angle. The E3 ubiquitin-protein ligase NEDD4-2 targets
the epithelial Na+ channel (ENaC, encoded by SCNN1A) for intracellular degradation and
thus plays a key role in limiting the levels of active ENaC at the cell surface. ENaC in
turn is a critical regulator of epithelial surface hydration and consequently affects mucus
properties. Overexpression of SCNN1A and activation of ENaC increases transepithelial
transport of salt and water leading to dehydration of the apical epithelial mucous layer and
thus impaired mucociliary clearance [57]. NEDD4-2 levels are decreased in IPF airways.
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With NEDD4-2 representing an antagonist of ENaC, conditional deletion of NEDD4-2 from
airway epithelial cells in mice, as expected, increased ENaC activity and significantly im-
paired mucociliary clearance. A striking long-term consequence of this NEDD4-2 deficiency
in murine airways, however, was the development of patchy lung fibrosis, bronchiolar
remodelling, and increased MUC5B production in the peripheral airways, all features
strongly reminiscent of IPF and actually reflecting IPF pathology more accurately than the
most commonly used bleomycin-induced mouse model of lung fibrosis [58]. Collectively,
these findings strongly indicate that mucociliary dysfunction is a major aetiological factor
in IPF and, even though the minor risk allele within the MUC5B promoter will probably
remain the most important cause, may have multiple origins including, e.g., dysregulation
of epithelial surface hydration properties by NEDD4-2/ENaC.

5.2. Epithelial Barrier Dysfunction in IPF Pathogenesis

The bronchial epithelial barrier plays an important role in protecting the airways
against environmental insults not only via mucociliary clearance and production of antimi-
crobial substances to eliminate inhaled pathogens, but also by tight junctions that maintain
the cell–cell contact and regulate paracellular permeability [59]. Even if this has not been
comprehensively assessed, some reports suggest that epithelial barrier function is altered
during IPF pathogenesis. Zou et al., for instance, have demonstrated by immunohistochem-
istry (IHC) stainings for several tight junction proteins, that specifically levels of claudin-2
were elevated in IPF bronchiolar regions [60]. Others have found that levels of protein
kinase D (PKD), a negative regulator of airway barrier integrity [61], were increased in IPF
bronchiolar epithelium relative to normal lung tissue sections [62].

5.3. Other Changes in Airway Function

In a study designed to investigate the pathogenesis of cough in IPF, authors found
increased levels of nerve growth factor and brain-derived neurotrophic factor in induced
sputa of IPF patients compared to healthy control subjects [63]. These results indicated
functional upregulation of sensory neurons in the proximal airways of IPF lungs.

6. Genetic Evidence Indicating Involvement of Bronchial Epithelium in IPF

IPF is a multifactorial disease where the interplay between environmental exposure
and genetic susceptibility plays a central role in disease pathogenesis. Genome-wide
association studies (GWAS) on large cohorts of various ethnical backgrounds have provided
interesting insights into genetic susceptibility for IPF development and have linked specific
genetic variants to poorer outcomes in sporadic IPF and familial pulmonary fibrosis [64]. In
this context, single nucleotide polymorphisms (SNPs) conferring a higher risk for IPF were
discovered in several genes reported to be expressed in airway epithelial cells, strongly
suggesting a role for bronchial and bronchiolar epithelial cells in IPF aetiology [65,66]. These
include mucin-5B (MUC5B), toll interactive protein (TOLLIP), desmoplakin (DSP), family
with sequence similarity 13 member A (FAM13A), and A kinase anchor protein 13 (AKAP13).
For all but TOLLIP, which seems comparably little expressed in airway epithelial cells,
scRNA-Seq data confirms variable expression of these genes in bronchial, bronchiolar, and
aberrant basaloid cells (Figure 6). While MUC5B and FAM13A are particularly expressed
by secretory cells and ciliated cells, respectively, DSP is expressed by all bronchial and
bronchiolar epithelial cell types including aberrant basaloid cells, where it is one of the
top overexpressed genes relative to all other healthy epithelial cell types (Figure 5A). In
contrast, except for AKAP13, expression of which is enriched in AT2 and aberrant basaloid
cells, alveolar epithelial cells show relatively little expression of these genes (Figure 6).
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Figure 6. Expression of selected risk factor genes in epithelial cell populations. Using the data set
described in Figure 3, expression of selected genes harbouring IPF risk-associated SNPs is given.
Selection was based on previous reports on their expression in airway epithelium (see text for more
details). pct., percentage; avg. expr., average expression; ab., aberrant.

6.1. MUC5B

A common promoter SNP in the airway gene MUC5B on chromosome 11, rs35705950,
is the strongest risk factor for IPF, accounting for 30–35% of the overall risk to develop
IPF [29,55]. MUC5B encodes mucin-5B, a mucin protein predominantly expressed in serous
cells of submucosal glands in healthy lungs, and normally little expressed in airway surface
epithelium [67]. In contrast, in IPF lungs, MUC5B is overexpressed in secretory cells within
honeycomb cysts as well as in bronchioalveolar regions [29,30,39]. A series of elegant
in vivo work has demonstrated that overexpression of MUC5B, both in proximal and distal
airways, aggravates bleomycin-induced lung fibrosis in mice, while MUC5B-deficient mice
are protected from the development of lung fibrosis. Interestingly, increased mortality was
particularly observed when MUC5B was overexpressed in the distal murine airways [56].

6.2. TOLLIP

The gene TOLLIP encodes a ubiquitous protein with essential functions in the innate
immune response, epithelial survival, defence against pathogens and further biological
processes [68,69]. The TOLLIP gene is located adjacent to MUC5B and evidence regarding
linkage disequilibrium between the MUC5B SNP rs35705950 and TOLLIP SNPs suggests
that TOLLIP and MUC5B SNPs may not be passed on independently [68]. Three common
variants within the TOLLIP locus (rs111521887, rs5743894, rs574389) have been shown to
associate with higher susceptibility for IPF [66]. The minor alleles for all TOLLIP SNPs
result in reduced expression by 20–50%, with rs111521887 and rs5743894, which are in high
linkage disequilibrium, having stronger effects on expression than rs5743890 [66]. Interest-
ingly, even though all result in reduced expression, the clinical effects of the rs111521887
and rs5743894 minor alleles are opposite to the rs5743890 minor allele: Individuals who
carry the minor allele for rs111521887 and rs5743894 are more susceptible to developing
IPF, while the minor allele rs5743890 is associated with less susceptibility. However, de-
spite this initial protective effect, mortality in IPF patients with this variant is actually
increased [66,68]. In the integrative scRNA-Seq data set that we examined, TOLLIP overall
was comparably little detected (Figure 6). However, a recent study focusing on TOLLIP
expression in the lung has demonstrated TOLLIP expression in AT2 cells, basal cells, and
aberrant basaloid cells, but at the same time reported a global downregulation of TOLLIP
expression in the IPF lung [70].

6.3. DSP

Linking intermediate filaments to the plasma membrane, desmoplakin, encoded by
DSP, is a critical intracellular component of desmosomes, cell–cell adhesive junctions,
which are critical for tissue integrity [71]. In the lung, DSP is primarily expressed in bronchi
and bronchioles, with comparably little expression in alveoli [72]. The latter is also reflected
by the scRNA-Seq data shown here (Figure 6). GWAS have linked at least two genetic
variations in DSP with risk for IPF development, namely the minor alleles of rs2076295 and
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rs2744371 [65,72]. Among those, the minor allele of the intronic SNP rs2076295 (intron 5)
is established as the strongest causal factor and is associated with an increased risk for
IPF development, while the minor allele of rs2744371 confers a protective effect against
IPF onset. Paradoxically, while DSP expression is increased in IPF lungs, the risk allele
rs2076295 correlates with lower DSP expression. Some well-designed in vitro experiments
using CRISPR/Cas9 gene editing in human bronchial epithelial cells have shown that
deletion or disruption of the DNA region spanning rs2076295 as well as introduction of
the minor allele (G) led to decreased expression of DSP, in agreement with an enhancer
function of this region in intron 5 [73]. Decreased DSP expression in turn resulted in
reduced barrier integrity, enhanced cell migration, and increased expression of markers for
EMT and of ECM genes [73].

6.4. FAM13A

FAM13A encodes a so far uncharacterized protein with largely unknown function.
Amino acid sequence homology suggests that FAM13A contains a Ras homologous (Rho)
GTPase-activating protein (GAP) domain and hence a function in Rho GTPase signalling [74].
In the lung, FAM13A is primarily expressed in bronchial epithelial cells, but also by AT2
cells, and macrophages [75,76]. GWAS have identified a genetic risk variant within this
gene, intronic rs2609255, that increases susceptibility for COPD and IPF with opposite
risk alleles [65,77]. For IPF, this risk variant appears not to be associated with expression
changes on transcript level [65]. Owing to its association with COPD and IPF disease risk,
experimental studies have been performed in both disease contexts. These studies suggest
that, on the one hand, FAM13A, protein levels of which are increased in COPD, may protect
from cigarette smoke-induced disruption of airway integrity and neutrophilia [75], but
at the same time promote β-catenin degradation, thus inhibit β-catenin signalling and
associated repair processes, and increase susceptibility to emphysema [76]. On the other
hand, FAM13A deficiency has been reported to exacerbate bleomycin-induced lung fibrosis
in the mouse, possibly via induction of EMT-related gene expression [78]. Overall, FAM13A,
even though its exact function remains unclear, appears to play an important role in airway
epithelial barrier integrity and repair.

6.5. AKAP13

AKAP13, encoding A kinase anchor protein 13, is another gene with a genetic variant,
rs62025270, conferring increased risk for development of IPF [79], expression of which is
largely confined to the airway epithelium [80]. AKAP13 is overexpressed in IPF where
it localizes to aberrant epithelial regions [79] and functions as a Rho guanine nucleotide
exchange factor regulating activation of RhoA [81], known for its involvement in profi-
brotic pathways.

7. Implicated Mechanisms

The precise pathogenesis of IPF is still not entirely understood, but the current knowl-
edge on environmental and genetic risk factors strongly suggests epithelial injury-triggered
reactivation of developmental pathways which, ultimately, leads to aberrant repair and
regeneration resulting in drastic changes in lung structure and function. Therefore, in
the following we will recapitulate these processes with a focus on what is known for the
contributions of the bronchial and bronchiolar epithelium.

7.1. Types of Epithelial Injury

The airway epithelium represents the first line defence against inhaled particles,
pathogens, and toxicants. Environmental and occupational triggers like cigarette smoke,
wood dust, metal dust, pesticides, and herpesvirus infection are established risk factors
for IPF [82,83]. Additionally, inhalation of traffic-related air pollutants has been linked to
increased incidence of IPF [84]. Furthermore, gastroesophageal reflux (GER) is an overrep-
resented comorbidity of IPF, suggesting that microaspiration of stomach acids increases
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risk for IPF. Moreover, treatment of GER in IPF patients decelerates IPF disease progression
and improves survival, indicating that GER also influences disease progression [82,83].

7.2. Epithelial Apoptosis

Apoptosis of alveolar epithelial cells is a well-established phenomenon in IPF and
clearly reflected by the above discussed scRNA-Seq data showing a drastic decrease in
normal alveolar type I and II cells in IPF relative to control lung tissue (Figure 3D). Im-
munofluorescent stainings of pro- and anti-apoptotic proteins in combination with terminal
deoxynucleotide transferase-mediated deoxyuridine triphosphate-biotin nick end-labeling
(TUNEL) stainings for DNA strand breaks have revealed that bronchiolar epithelial cells,
hyperplastic epithelial cells and epithelial cells lining honeycomb cysts in the lungs of IPF
patients show distinct signs of ongoing apoptosis [85–88]. While such cells in the past have
often been referred to as “hyperplastic AT2 cells” [88], our recently gained more detailed
understanding of the arising epithelial subpopulations in IPF, thanks to the above-described
scRNA-Seq studies, strongly suggests that these cells also include epithelial cells of a bron-
chiolar origin like activated hyperplastic basal cells. Moreover, strengthening a potential
role of apoptotic SCGBB1A1+ secretory cells in IPF, a recent report has demonstrated that
ablation of programmed cell death 5 (PDCD5) expression in these secretory cells, but not in
AT2 cells protects from experimental lung fibrosis [89].

7.3. Endoplasmic Reticulum (ER) Stress as Trigger for Epithelial Apoptosis

ER stress is a well-established trigger of alveolar epithelial apoptosis in IPF [85,90],
but has received less attention for bronchial or bronchiolar epithelial cells. Many types of
epithelial injury linked to an increased IPF risk, as, e.g., herpesvirus infection, cigarette
smoke, and particulate matter, have been shown to cause ER stress and induce the unfolded
protein response (UPR), also in cultured bronchial epithelial cells [90–92]. An elegant
recent study has provided an intriguing link between the MUC5B promoter polymorphism
(see Section 6) and ER stress in secretory airway epithelial cells. Chen et al. not only
demonstrated that central components of the UPR induced MUC5B expression in secretory
airway epithelial cells in pulmonary fibrosis, but also were able to show that this induction
is dependent on sequences within the promoter variant rs35705950 region which harbours
the IPF risk variant. Notably, in a luciferase reporter assay, the minor risk allele T alone
increased expression of MUC5B by almost two-fold. This study provides another piece of
evidence that ER stress and induction of the UPR in bronchiolar cells likely also contributes
to expression of MUC5B, impaired mucociliary clearance, and the development of IPF [93].

7.4. Ageing and Epithelial Senescence

IPF predominates in the elderly and is characterized by increased senescence in many
cell types, presumably because of replicative exhaustion and/or repetitive injuries to the
epithelium [94]. It is by now well established that epithelial cells covering fibroblast foci are
positive for senescence-associated β-galactosidase activity, nuclear p16 and p21 [95–99]. In
agreement, recent scRNA-Seq-based studies have demonstrated that the above-described
basaloid cells as well as hyperplastic basal cell population in bronchiolized regions express
genes related to growth arrest and senescence [44,45,100]. This has also been observed for
the transient population of Krt8+ ADI cells in mouse models of lung injury [54]. Collectively,
these observations put forward an attractive hypothesis where a specific population of
epithelial cells, normally committed to repair an injury of the lung mucosa followed by
clearance, persists “locked in repair” in IPF [101]. Notably, senescent epithelial cells from
fibrotic tissue have been shown to secrete proinflammatory and profibrotic molecules as
components of their senescence-associated secretory phenotype (SASP) [97], suggesting
that they may be a direct driver of disease pathogenesis.
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7.5. Reactivation of Developmental Pathways

Reactivation of molecular signalling pathways such as the transforming growth factor-
β (TGF-β), WNT, sonic hedgehog (SHH), and Notch pathways are critical players during
the developmental stages of lung, remain largely inactive in the postnatal lung except for
the maintenance of progenitor cell niches, but can become aberrantly reactivated during an
injury repair response and then trigger chronic disease [102]. In the following, the induction
and regulation of these developmental pathways during IPF pathogenesis is discussed
with a focus in bronchial and bronchiolar epithelial cells.

7.5.1. Transforming Growth Factor-β (TGF-β) Signalling

All three TGF-β isoforms (β1, β2, β3), their receptors TGF-β receptors (TGFBR) I,
II, and III, and their signalling mediators SMAD-2, -3, -4, -5, -6 and -7 are involved in
embryonic lung development where they regulate branching morphogenesis and alveolar-
ization [102]. TGF-β ligands act by binding to their cognate receptors on target cells, where
they trigger intracellular signalling pathways including the canonical SMAD-mediated
pathway but also non-canonical signalling pathways [103].

TGF-β is synthesized as an inactive precursor homodimer with N-terminal prodomains,
which, after cleavage by the intracellular protease furin, remain non-covalently bound
to the TGF-β homodimer as latency-associated peptide (LAP), collectively forming the
small latent complex (SLC). Only if this complex is bound to the latent TGF-β-binding
protein (LTBP), it will be secreted to the extracellular matrix as a complex called large
latent complex (LLC) [104]. Hence, TGF-β is always secreted in a latent form and requires
activation in situ by additional triggers.

Out of the three isoforms, TGF-β1 plays a well-recognized central role in IPF patho-
genesis [105–107]. Activation of latent TGF-β1 implies the release of active TGF-β1 ligands
from the ECM by proteolysis or deformation of their LAP portion. Many potential mech-
anisms have been observed in vitro, but for many the physiological relevance remains
unclear. In vivo activation has been clearly shown for several αv integrins in the context of
fibrosis, e.g., avβ1, avβ3, avβ5, and avβ6 [108]. Even though the underlying mechanisms
are not fully understood, it appears that cells carrying these integrins can exert a pulling
force on the LLC which “unwraps” the LAP and releases active TGF-β1 from the ECM.
Other reasonably well-established activators are thrombospondin-1 (TSP1), pregnancy
specific glycoproteins, and tenascin X. Additionally, activation by unspecific physico- or
biochemical factors like low pH and reactive oxygen species has been described, which
may also be physiologically relevant. Finally, proteolytic activation has been described for
a variety of proteases, including, e.g., several matrix metalloproteinases (MMPs), calpain,
plasmin, kallikrein, and cathepsin D. Interestingly, while deficiency of integrin subunits
like αv, β6, and β8 in mice phenocopies the TGF-β1 knockout mouse, this has not been
observed for any protease-deficient mouse so far, indicating considerable redundancy in
proteolytic activation of TGF-β1 in vivo [108–110].

Bronchial epithelial cells potentially may contribute to TGF-β1-mediated mechanisms
in IPF by at least three mechanisms. First, bronchial and bronchiolar epithelial cells ex-
press TGF-β1 [111,112], implying that the underlying ECM likely harbours latent TGF-β1.
Second, bronchial epithelial express many of the suggested activating factors in fibrosis:
Airway epithelial cells express both αvβ6 and αvβ8 integrin heterodimers, and expression
of αvβ6 is dramatically increased after injury [113]. Notably, the ITGAV transcript for
the αv integrin monomer is clearly enriched in aberrant basaloid cells relative to all other
healthy epithelial cell types (Figure 5A). Second, airway and aberrant basaloid epithelial
cells also have been shown to express activators of latent TGF-β1 in IPF, including MMP-
8 [114], MMP-3, MMP-13, MMP14, calpain, and cathepsin D in IPF [44,45] (ipfcellatlas.com),
all representing proteases previously proposed to activate latent TGF-β1 [108]. ScRNA-Seq
data also demonstrates expression of the thrombospondin 1 precursor by bronchial epithe-
lial cells [44,45] (ipfcellatlas.com). Third, bronchial epithelial cells themselves are reactive
to TGF-β1 and have been shown to undergo partial epithelial-to-mesenchymal transition
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(pEMT) in response to TGF-β1 [115,116]. Whether EMT contributes to the myofibroblast
population in IPF is controversially discussed, as conflicting results have been reported
in in vivo models of pulmonary fibrosis—so far neither lineage-tracing experiments nor
scRNA-Seq data have provided unambiguous evidence for a complete EMT as a source for
myofibroblasts in the lung [117,118]. However, the resulting cell phenotype after pEMT is
partly reminiscent of the aberrant basal-like cell phenotype observed in IPF—following
pEMT, human bronchiolar epithelial cells lose epithelial morphology and polarity and
upregulate mesenchymal markers like type I collagen and fibronectin. On the other hand,
downregulation of expression of typical epithelial markers such as E-cadherin and up-
regulation of vimentin is not evident in the scRNA-Seq data sets published so far [44,45]
(ipfcellatlas.com). These discrepancies may reflect the crosstalk between variously activated
profibrotic pathways and the complex cellular and ECM environment in end-stage IPF,
parameters frequently not considered in studies of EMT. Clearly, further work is warranted
to elucidate the role of TGF-β1 in the emergence of aberrant basaloid cells, and how this
process relates to pEMT.

7.5.2. WNT Signalling Pathway

Wingless/integrase-1 (WNT) signalling pathways are fundamentally important for
tissue morphogenesis including all stages of lung development [119]. The WNT ligand
family comprises 19 human members which are characterized by strictly controlled spa-
tiotemporal expression in various organs during development and tissue homeostasis
and associated with a constantly growing number of human diseases by upregulation,
genetic polymorphisms and mutations [120]. It is well-established that the WNT signalling
pathway is reactivated in IPF [119,121] and expression of WNT ligands (WNT1, WNT3a),
intracellular downstream inducers (β-catenin, GSK-3β), as well as extracellular inhibitors of
canonical WNT signalling (Dickkopf proteins DKK1, DKK4 and the interacting transmem-
brane receptor Kremen 1) has been demonstrated in bronchial and bronchiolar epithelium
in IPF [122,123]. Studies in various models of lung injury have put forward WNT signalling
as a critical component for stem cell maintenance, lung regeneration, and repair [119].
WNT signalling is activated during repair after proximal lung injury and dynamically
regulates submucosal gland progenitor maintenance, proliferation, and differentiation to
other airway epithelial cell types [124–128]. Furthermore, in mice, expression of Wnt7b by
basal cells in the proximal airways generates their own stem cell niche via induction of
fibroblast growth factor 10 (Fgf10) in adjacent smooth muscle cells [129]. Airway injury
induces Wnt7b in the more distal airways, generating new Fgf10-expressing mesenchymal
cells and allowing for recruitment of basal cells and/or differentiation of lineage-negative
progenitors into the basal progenitor cell lineage [129,130]. Collectively, these studies imply
an important role of WNT signalling in aberrant bronchial and bronchiolar repair in IPF.

7.5.3. Sonic Hedgehog Signalling (SHH) Pathway

During lung development, sonic hedgehog (SHH) is expressed in the respiratory
epithelium in a gradient with higher levels in the branching tips, presumably providing
polarization during branching morphogenesis in the embryonic and pseudoglandular stage.
Furthermore, SHH is essential for the coordination of epithelial-mesenchymal compartment
growth, also during the alveolarization phase [131,132]. Bolaños et al. systematically
assessed expression of SHH signalling pathway components in control lung tissue and IPF
and found that expression of all SHH signalling components was induced or drastically
increased in IPF. They observed expression of the ligand SHH exclusively in bronchial,
bronchiolar, and alveolar epithelial cells, but expression of the receptors transmembrane
receptor Patched-1 and the G-protein coupled receptor Smoothened mainly in fibroblasts
and inflammatory cells. While the SHH signalling transcription factor glioma-associated
oncogene homolog (GLI) 1 was expressed ubiquitously, including in fibroblasts, nuclear
GLI2 was confined to distal epithelial cells [133]. Furthermore, the authors could show that
recombinant SHH increased proliferation, expression of ECM components, and migration
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of primary human lung fibroblasts and at the same time inhibited fibroblast apoptosis [133].
These results indicate that SHH generated by distal, bronchiolar and alveolar, epithelial cells
activates fibroblasts, which indicates an important profibrotic contribution of epithelial-
derived SHH in IPF pathogenesis. Interestingly, a more recent study provided evidence that
a profibrotic feed-forward mechanism may exist in this context: Gli+ mesenchymal stromal
cells promote differentiation of airway progenitors into aberrant metaplastic Krt5+ basal
cells by antagonizing activation of the bone morphogenetic protein (BMP) pathway [134].
Overall, this suggests that upregulation of epithelial SHH may be an early event in IPF
pathogenesis and trigger reciprocal epithelial-mesenchymal interactions that propagate
lung fibrogenesis.

7.5.4. Notch Signalling Pathway

In lung development, Notch signalling determines ciliated versus secretory cell fate
in conducting airways [135,136]. Following bleomycin injury or influenza infection in
mice, Notch signalling has been shown to activate proliferation and migration of a KRT5+

progenitor cell lineage in the context of repair after injury while blockade of Notch signalling
induced an alveolar cell type faith. Importantly, active Notch signalling was detected in
IPF honeycomb cysts [130], indicating a role for Notch signalling in aberrant epithelial
repair and honeycomb cyst formation. Interestingly, overexpression of Notch can also
induce EMT [137]; so, Notch signalling may not only promote aberrant cyst formation,
but also contribute to the emergence of the above- described aberrant basaloid cells. In
mice, Dlk1-mediated temporal regulation of Notch signalling is required for differentiation
of AT2 to AT1 cells during repair [138]. Interestingly, deletion of Dlk1 in AT2 cells led
to the accumulation of an intermediate cell population. We may speculate that a similar
Notch-dependent mechanism might drive the appearance of aberrant basaloid cells in IPF.

In summary, bronchial and bronchiolar epithelial cells including airway-cell derived
disease-specific lineages contribute to the reactivation of developmental pathways in IPF,
including central pathways like the TGF-β1, WNT, SHH, and Notch signalling pathways.
The collective evidence clearly demonstrates that, via autocrine and paracrine mechanisms,
conducting airway epithelial-derived factors induce and modulate developmental pro-
grammes in IPF and drive major pathological outcomes in this disease like excessive ECM
deposition and honeycomb cyst formation.

7.6. Epigenetic Mechanisms

Epigenetics traditionally comprises DNA methylation and histone modification, molec-
ular alterations in chromatin which serve as marks for transcriptional activation or repres-
sion without affecting the DNA sequence per se. Epigenetic regulation mechanisms are
typically persistent, can be inherited, and have the potential to translate environmental
exposures into regulation of gene transcription at the level of chromatin structure [139,140].
This applies particularly to the airway mucosa, which represents a direct interface between
environment and human body [141,142]. As IPF development seems to be orchestrated
by genetic predisposition and environmental risk factors, epigenetic mechanisms may
provide important mechanistic links and novel targets for therapy. Indeed, a number of
studies have established that epigenetic signatures are changed in IPF, including DNA
methylation and expression of DNA methyl transferases [143,144] as well as single histone
modification marks [140] and expression of histone modifying enzymes [145]. To the best
of our knowledge, genome-wide histone modification studies in IPF are lacking to date.

Our knowledge on epigenetic marks in IPF and their cell type-specific contribution to
disease pathogenesis and progression is still very limited. However, it is well-known that
IPF risk factors like cigarette smoke or particulate matter, for instance, induce epigenetic
alterations in bronchial epithelial cells [146–148], indicating that such changes may be
frequent in IPF. Furthermore, increased expression and activity of histone deacetylases
in IPF has been localized to myofibroblasts, but also to aberrant basal cells in IPF [145].
Clearly, the role of epigenetic changes in airway epithelial cells requires more attention and
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detailed mechanistic studies, and such investigations may ultimately provide interesting
novel therapeutic intervention opportunities for early therapy.

7.7. Non-Coding RNAs

Non-coding RNA (ncRNA), i.e., RNA which is not translated to proteins, constitutes
approximately 98% of the total transcribed RNA in humans [149]. NcRNAs include house-
keeping RNAs, such as ribosomal, spliceosomal, or transfer RNA, expression of which
is constitutive, but also regulatory RNAs, such as long noncoding RNAs (lncRNA) or
microRNAs (miRNA), which are expressed in a cell type- and tissue-specific manner and
often altered in disease. LncRNA molecules are arbitrarily defined as >200 nucleotides
in length and can regulate gene expression by transcriptional interference, chromatin re-
modelling, promoter inactivation, activation and transport of accessory and transcription
factors, epigenetic silencing, and as precursors for small interfering RNAs [150,151]. In
contrast, miRNAs are short, approximately 22 nucleotides long, RNA molecules which
suppress protein translation by non-perfect complementary binding to regions in the 3′UTR
of their target mRNAs.

Even though our knowledge on function and regulation of lncRNAs in general is still
very limited, several studies support the concept that lncRNAs contribute to profibrotic
cellular mechanisms in IPF [152,153]. While some studies in this context focussed on
the function of specific lncRNAs in lung fibroblasts [154], other recent reports highlight
altered lncRNA expression and function in bronchial epithelial cells. For instance, increased
expression of lncRNA MEG3 was observed in atypical KRT5+ p63+ basal cells in IPF relative
to normal donor lung tissue. In vitro studies showed that MEG3 induced basal cell gene
transcription (KRT14, TP63) in bronchial cell lines, but also fundamental events of EMT,
including increased cellular migration and downregulation of CDH1 (E-cadherin) [155].
MEG3 may thus cause or at least contribute to the emergence of the aberrant basal-like
cell populations in IPF described above (see Section 4). In contrast, loss of the terminal
differentiation-induced lncRNA (TINCR), a lncRNA normally expressed in the bronchial
epithelium, but decreased in IPF, has been described to, among others, induce basal cell
markers and ECM genes [156,157], reminiscent of gene expression signatures of aberrant
basal and basaloid cells in IPF [42,44,45]. Studies in mouse models of lung fibrosis and
primary human cells have proposed additional lncRNAs as regulators of EMT in bronchial
epithelial cells, but localization in the IPF lung has, to the best of our knowledge, not yet
been demonstrated. These include lncRNAs uc.77 and 2700086A05Rik [158] and lncRNA
H19 [159]. Collectively, these studies support the concept of bronchial epithelial cell-specific
lncRNA expression as an emerging driver in IPF pathogenesis.

To date, few studies have addressed the function of airway epithelial miRNAs in
IPF pathogenesis. A pioneering study has globally assessed expression of miRNAs in
bronchoscopy-assisted bronchial brushes from fibrotic airways of bronchiolitis obliterans
syndrome (BOS) and found that miR-323a-3p was drastically downregulated (>18-fold)
in airways of BOS patients relative to control lung transplant patients. The authors also
examined miR-323a-3p expression in isolated AT2 cells from IPF lung explants and from
fibrotic mouse lungs after bleomycin injury and observed significant downregulation, indi-
cating general downregulation in lung epithelium during fibrogenesis [160]. Furthermore,
miR-323a-3p mimics and miR-323a-3p antagomirs suppressed and exacerbated lung fi-
brogenesis, respectively, in the bleomycin mouse model. In vitro studies suggested that
miR-323a-3p directly targets central mediators of TGF-α and TGF-β signalling as well
as caspase 3, thereby attenuating key profibrotic mechanisms and epithelial cell apopto-
sis [160]. Given that miRNA therapeutics are coming of age and, in the case of the lung,
can be easily delivered to the epithelium by inhalation, more such studies are warranted to
identify further epithelial-specific miRNA-based profibrotic mechanisms.
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8. Summary, Conclusions, and Emerging Questions

The last decade has transformed our understanding of IPF pathogenesis and set forth
multiple evidence that strongly argues for a critical role of conducting airway epithelial
cell populations in IPF aetiology and disease development (summarized in Figure 7). The
discovery of the MUC5B promoter polymorphism as the strongest causative factor for
IPF onset drew attention from the alveolar department to bronchial and bronchiolar cell
contributions to lung fibrogenesis. IPF airways are drastically distorted, and alveolar areas
are repopulated by airway-like epithelial cells in a process termed bronchiolization. In
agreement, several recent scRNA-Seq analyses of IPF lungs have consistently revealed
drastic alterations in epithelial subpopulations including the replacement of alveolar ep-
ithelial cells by various airway-like cells that are either directly distal airway-derived or the
result of alveolar epithelial cell transdifferentiation or a combination of both. Emerging
new evidence suggests that specific mesenchymal niche environments in the IPF patient
may promote plasticity of the alveolar epithelium that leads to full transdifferentiation
towards airway-like states [38]. Another line of evidence shows that persistent alveolar
repair generates intermediate cells, which display features of senescence and p53 activation.
In mice, inducing senescence in AT2 cells and thereby shifting them to a state that resembles
injury-induced alveolar differentiation intermediates [54,161] and the aberrant basaloid
cells [42,44,45] leads to progressive pulmonary fibrosis as seen in IPF patients [162]. Future
work needs to leverage histopathological disease grade staging to further clarify the cel-
lular origins of these intermediate cell populations and the natural evolution of epithelial
metaplasia and bronchiolization in IPF disease progression.

Figure 7. Hypothetical contributions of the airway epithelium to IPF pathogenesis. Summarizing
scheme linking established environmental and genetic risk factors via the bronchial and bronchiolar
epithelium to IPF-specific disease mechanisms and outcomes like bronchiolization and interstitial
scarring. Figure was created with biorender.com.

Critical airway functions like mucociliary clearance and epithelial barrier integrity
are also affected in IPF. Genetic risk factors beyond the MUC5B promoter polymorphism,
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in particular the DSP and FAM13A risk SNPs, argue for airway epithelial cells as central
culprits in disease onset. Finally, evidence is accumulating that bronchial epithelial cells di-
rectly trigger central profibrotic mechanisms like the reactivation of multiple developmental
programmes in an aberrant injury response.

The balance between epithelial proliferation, trans-differentiation, apoptosis and cellu-
lar senescence is drastically disturbed in IPF airway epithelial cells. Impaired mucociliary
clearance may be a key disease-initiating feature in this context. However, we still under-
stand very little about the mechanisms that trigger the balance to tip from normal alveolar
repair towards this aberrant, airway epithelial cell-driven repair process leading to the
emergence of epithelial metaplasia and aberrant basaloid cells in the lung periphery. Simi-
larly, the sequence of events that ultimately lead to IPF development remains ill-defined.
For instance, is bronchiolization an epiphenomenon and characteristic of end-stage disease,
or may pEMT of airway epithelial cells actually precede activation of fibroblasts? What are
key mechanisms that can be safely and effectively employed to target profibrotic epithelial-
mesenchymal cross-talk and regenerate normal stem cell niches? In particular epigenetic
mechanisms, the role of epithelial non-coding RNAs, how these affect profibrotic and
disease-perpetuating mechanisms, and whether they can be targeted for therapy remains a
largely unexplored area. Additionally, the contributions of immune cells to the described
processes remain little understood. Evidently, more mechanistic studies are needed to
decipher these processes in molecular detail. It is becoming increasingly clear that, for this
aim, we need to develop novel animal lung fibrosis models, which recapitulate impaired
mucociliary function and environmental exposure. The above-described mouse model
derived by conditional deletion of NEDD4-2 from airway epithelial cells represents a great
opportunity to study in more detail the mechanisms that trigger fibrosis as a result of
impaired mucociliary clearance. The good news about airway epithelial cells as emerging
central culprits in IPF pathogenesis is that, finally, targeting airway epithelial cells is a
more straightforward task than targeting fibroblasts, because, given that fibrotic areas are
ventilated, the inhalatory route would deliver the drug directly and specifically onto the
aberrant epithelium.
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Abstract: In this review article, we will first provide a brief overview of the ErbB receptor–ligand
system and its importance in developmental and physiological processes. We will then review the
literature regarding the role of ErbB receptors and their ligands in the maladaptive remodeling of
lung tissue, with special emphasis on idiopathic pulmonary fibrosis (IPF). Here we will focus on the
pathways and cellular processes contributing to epithelial–mesenchymal miscommunication seen
in this pathology. We will also provide an overview of the in vivo studies addressing the efficacy of
different ErbB signaling inhibitors in experimental models of lung injury and highlight how such
studies may contribute to our understanding of ErbB biology in the lung. Finally, we will discuss
what we learned from clinical applications of the ErbB1 signaling inhibitors in cancer in order to
advance clinical trials in IPF.

Keywords: epidermal growth factor; epidermal growth factor receptor; ErbB-signaling; pulmonary
fibrosis; idiopathic pulmonary fibrosis; lung fibrosis; tyrosine kinase inhibitor; TGF-α; TGF-β;
amphiregulin; neuregulin 1

1. Introduction

The epidermal growth factor (EGF) receptor (EGFR), belongs to the family of the ErbB
tyrosine kinase receptors [1,2]. EGFR is also known as ErbB1 or HER1. Other members
of this family are ErbB2 (HER2) [3], ErbB3 (HER3) [4] and ErbB4 (HER4) [5]. Following
ligand binding, ErbB receptors form homo- or heterodimers that are autophosphorylated
on tyrosine residues by intrinsic tyrosine kinase activity and mediate signal transduction
to the nucleus [6]. Several ErbB ligands have been identified thus far, including EGF [7,8],
transforming growth factor-α (TGF-α) [9], amphiregulin (AREG) [10], heparin-binding
EGF-like growth factor (HB-EGF) [11], betacellulin (BC) [12], epiregulin (EREG) [13], epigen
(EPG) [14] and neuregulins (NRGs) [15]. All ErbB ligands exist as membrane-anchored
precursors that are released in an active form by enzymatic cleavage to the extracellular
milieu. Matrix metalloproteinases (MMPs) and A disintegrin and metalloproteinases
(ADAMs) were found to be responsible for the shedding of ErbB ligands [16–18]. The main
sheddases of ErbB ligands are ADAM-10 and -17. ADAM-10 was reported to release EGF
and BC [18], whereas ADAM-17 to cleave TGF-α, AREG, HB-EGF and EREG. In addition,
MMP-3 was described to release HB-EGF from rat ventral prostate epithelial cells [17].

EGF is a prototype member of the ErbB ligand family. This polypeptide was originally
identified in the submaxillary glands of mice and the urine of humans. EGF was discovered
by Stanley Cohen while working with Rita Levi-Montalcini on nerve growth factors. For
these discoveries, Stanley Cohen and Rita Levi-Montalcini were awarded the Nobel Prize in
Physiology or Medicine in 1986 [19]. EGF, TGF-α, AREG and EPG only interact with ErbB1,
while EREG, BC and HB-EGF bind to ErbB1 and ErbB4. A heterogeneous group of ligands
called neuregulins (NRG) interacts with ErbB3 and ErbB4 [15] (Figure 1). The NRG family is
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composed of NRG1 isoforms, NRG2 (also known as neural- and thymus-derived activator
for ErbB kinases (NTAK)) [11,20], NRG3 [21] and NRG4 [22]. The different NRG1 isoforms
can be categorized into three smaller groups: type I NRG1, which includes heregulins
(HRGs) [23], neu differentiation factor (NDF) [24,25] and acetylcholine receptor-inducing
activity (ARIA) [26]; type II NRG1, which contains the glial growth factors (GGFs) [24] and
type III NRG1, which comprises the sensory and motor neuron-derived factor (SMDF) [27].
While NRG1 and NRG2 bind to ErbB3 and ErbB4, NRG3 and NRG4 only interact with
ErbB4 [15] (see Figure 1).

 

TGFα α; 

PLCγ, phospholipase Cγ.

Figure 1. ErbB receptors and their ligands. ErbB2 has no known ligand, while ErbB3 lacks intrin-
sic kinase activity (indicated by a cross). Following ligand binding, the receptors activate several
downstream signaling pathways thereby regulating cell growth, proliferation, and survival. These
processes play an important role in development, wound healing and tissue regeneration. EGF, epider-
mal growth factor; TGFα, transforming growth factor-α; EPG, epigen; AREG, amphiregulin; EREG,
epiregulin; BC, betacellulin; HB-EGF, heparin-binding EGF-like growth factor; NRG1-4, neuregulin
1-4; STAT, signal transducer and activator of transcription; MAPK/ERK, mitogen-activated protein
kinase/extracellular signal-regulated kinase; PIK3/Akt, phosphoinositide 3-kinase/protein kinase B;
PLCγ, phospholipase Cγ.

So far, there is no known ligand for the ErbB2 receptor [28], however, ErbB2 is a
preferred partner when forming heterodimers with other ErbB receptors [29]. For instance,
binding of EGF to ErbB1 may induce phosphorylation of ErbB2 [30] and thus marked
amplification of a signal. Furthermore, binding of NRG1 or NRG2 to ErbB3, which lacks
intrinsic catalytic activity, can trigger ErbB3 phosphorylation by the kinase-active partner
ErbB2 and thus transduction of a potent mitogenic signal [31].
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Upon ligand binding, ErbB receptors trigger phosphorylation of diverse effector
proteins and activation of multiple downstream signaling pathways. There is a num-
ber of excellent reviews describing downstream signaling pathways initiated by ErbB
receptors for those interested in this topic [8,15]. Here, only some of the major ErbB
downstream signaling pathways are listed. These include: mitogen-activated protein ki-
nase (MAPK)/extracellular signal-regulated kinase (ERK) pathway [32], phosphoinositide
3-kinase (PIK3)/protein kinase B (Akt) pathway [33], phospholipase Cγ (PLCγ) pathway [34],
or signal transducers and activators of transcription (STAT) pathway [8]. Activation of
the ErbB receptors regulates cell growth, proliferation, and survival and it is associated
with a number of biological processes such as organ development, tissue regeneration, and
wound healing [35]. The importance of the ErbB-mediated signaling for organogenesis
is underscored by the studies showing that inhibition of ErbB1 impairs the development
of epithelia in almost every organ including the heart [36], skin [37], lung, brain, kid-
ney and liver [38,39], leading to mouse death shortly after birth [37,39]. Deficiency in
single ErbB ligands results in similar pathological changes as the lack of the receptors
themselves [40,41].

Besides its role in many developmental and physiological processes, overactivation
of ErbB signaling has been widely described in many forms of cancer, including glioblas-
toma [42] and lung [43], breast and ovarian cancer [44–46]. These findings led to the
development of ErbB signaling inhibitors for the treatment of the aforementioned patholo-
gies [47,48]. Emerging interest in the ErbB signaling and its function during carcinogenesis
brought attention to the role of the ErbB receptors and their ligands in other hyperprolifera-
tive diseases including lung fibrosis [49].

In this review, we will focus on the ErbB signaling in lung fibrosis, with special
emphasis on idiopathic pulmonary fibrosis (IPF). We will discuss the implications of the
ErbB signaling in processes that are hallmarks of the maladaptive remodeling of lung tissue.
Lastly, we will critically discuss recent advances and future perspectives in targeting the
ErbB signaling for lung fibrosis therapy.

2. Idiopathic Pulmonary Fibrosis

Idiopathic pulmonary fibrosis (IPF) is one of the most common forms of diffuse
parenchymal lung diseases and is characterized by excessive deposition of extracellular
matrix proteins in the lung [50]. IPF is an age-related disease, and with the human popu-
lation aging worldwide, the economic burden of IPF is expected to constantly increase in
the future. The pathomechanism of IPF remains elusive, with preferred concepts of dis-
ease pathobiology involving recurrent microinjuries to a genetically predisposed alveolar
epithelium, followed by an abnormal activation of mesenchymal cells ((myo)fibroblasts),
their expansion and massive accumulation of collagens in the lung. Aggregates of active
(myo)fibroblasts, so-called fibroblastic foci, are typical histological features of IPF [50].
Fibroblastic foci are often covered by aberrant basaloid cells [51] and MUC5B-producing
airway secretory cells [52]. Repopulation of alveoli by abnormal airway epithelial cells
is associated with the formation of honeycomb cysts, which are indicators of advanced
fibrosis and poor prognosis [50]. Active involvement of airway epithelial cells in the
pathogenesis of IPF is reinforced by the fact that the gain-of-function MUC5B promoter
variant rs35705950 is the dominant risk factor for disease development [53]. Although, it
is not entirely clear how increased expression of MUC5B contributes to IPF pathobiology,
the study by Hancock et al. [52] linked MUC5B overexpression to impaired mucociliary
clearance accompanied by progressive lung tissue scarring.

Increased expression of several cytokine/growth factors have been considered to
drive profibrotic processes in the lung, including transforming growth factor-β1 (TGF-β1),
platelet-derived growth factor-BB (PDGF-BB), connective tissue growth factor (CTGF),
vascular endothelial growth factor (VEGF), and tumor necrosis factor-α (TNF-α). These me-
diators contribute to lung tissue scarring by deregulating activation, survival, proliferation,
and differentiation of a variety of cells, including mesenchymal and epithelial cells [54,55].
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For instance, TGF-β1, which is stored in the ECM in a latent form and activated by cell
contractile forces, drives the conversion of fibroblasts to matrix-producing myofibroblasts.
Excessive deposition of ECM and its stiffening lower the threshold for TGF-β1 activation
thereby creating a self-amplifying loop that promotes the expansion of myofibroblasts and
fibrosis development [56]. These processes may be enhanced by factors such as interleukin
(IL)-6, IL-1β, or TNF-α, which potentiate TGF-β1 expression and activation of the TGF-
β1 signaling pathway [57,58]. All these changes are aggravated by the resistance of IPF
(myo)fibroblasts to apoptosis [59].

Despite the approval of pirfenidone [60] and nintedanib [61], IPF has a very poor
prognosis with a life expectancy of 3–5 years once diagnosed [54]. Thus, lung transplan-
tation still remains the only treatment option that markedly improves the quality of life
and survival of IPF patients [50]. Both pirfenidone and nintedanib delay disease pro-
gression by exerting pleiotropic effects, which range from the inhibition of inflammatory
processes to the blockage of fibroblast proliferation and ECM production. Although the
pirfenidone mode of action remains elusive, several studies demonstrated the direct im-
pact of this drug on the Hedgehog and TGF-β signaling pathways [60,62]. In contrast to
pirfenidone, nintedanib is a tyrosine kinase inhibitor (TKI) of PDGF, VEGF, and fibroblast
growth factor (FGF) receptors. In addition, it also inhibits a narrow range of other targets
at pharmacologically-relevant doses including the Src family and Flt-3 kinases. Ligands of
PDGF, VEGF, and FGF receptors are known to have potent profibrotic effects [61]. While
the approval of pirfenidone and nintedanib was a milestone in the care of IPF, there is still a
high and unmet clinical need in this patient group. A multi-targeted approach, potentially
with combination therapies and the identification of subsets of IPF patients who may
respond more favorably to specific agents, are likely to dominate future clinical studies.

Targeting ErbB receptors and their ligands may serve as a potential therapeutic option
for IPF, in particular, that different elements of the ErbB signaling can be pharmacologically
targeted. However, a complex ligand–receptor network and the involvement of the ErbB
signaling in the tissue regenerative process may encounter some unexpected surprises,
thus further studies critically evaluating the role of ErbB receptors and their ligands in
adaptive versus maladaptive remodeling of lung tissue are urgently needed.

3. ErbB Receptor–Ligand System in Lung Fibrosis

ErbB receptors and their ligands are expressed in a large variety of human tissues
including the epithelial cells of the lung [63]. Under physiological conditions, ErbB1–4
are expressed in bronchial epithelial and alveolar type II (ATII) cells [64,65], whereas ErbB
ligands, such as TGF-α, AREG, and HB-EGF, are expressed in bronchial epithelial cells [65].
Furthermore, TGF-α, AREG, HB-EGF, BTC, and EGF are produced in serous acinar cells
from submucosal glands beneath the respiratory epithelium [64]. In cell culture, naïve lung
fibroblasts were found to express TGF-α, HB-EGF, HRG and AREG but not BTC [66].

Increased expression of various ErbB ligands is associated with fibrosis development
in multiple organs, including, lung, liver, or pancreas. For example, overexpression of
HB-EGF and AREG causes pancreatic fibrosis [67,68], while high levels of AREG alone are
sufficient to trigger liver fibrosis [69]. Furthermore, increased expression of EPG results in
the fibrosis of the nerve system, and overexpression of TGF-α is associated with fibrosis
of the lung [70]. Interestingly, deficiency of HB-EGF is linked to liver fibrosis [71], thus
pointing towards a dual and organ-specific role of the ErbB receptor–ligand system in the
tissue scarring processes. Below, we provide evidence for a dual (“good” versus “bad”)
role of ErbB receptors and their ligands in lung fibrosis and, in particular, in IPF.

3.1. ErbB1/EGFR Receptor

Besides being overexpressed in many types of cancer, ErbB1 is also upregulated in
lung epithelial cells from patients with different forms of pulmonary fibrosis [72]. In
IPF, abundant ErbB1 immunostaining was found in the hyperplastic alveolar epithelium
surrounding areas of fibrosis and inflammation. In addition, increased ErbB1 protein
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levels were reported in IPF fibroblastic foci and in fibroblasts isolated from IPF lungs [73].
Furthermore, IPF lung fibroblast (LF)-derived culture supernatants were found to stim-
ulate expression of ErbB1 in donor LF in an FGF-dependent manner [73]. In addition, a
negative correlation between ErbB1 mRNA levels and the indicators of IPF progression,
such as forced vital capacity (FVC) and diffusion capacity of the lung for carbon monoxide
(DLCO) [72], was reported.

After the introduction of ErbB1 TKI to cancer therapy, the discussion on their repurpos-
ing and usage in the treatment of other hyperproliferative diseases, including lung fibrosis,
began. Quickly, first studies demonstrated that tyrphostin AG1478 reduces proliferation
of LF and attenuates pulmonary fibrosis caused by intratracheal instillation of vanadium
pentoxide in rats [74]. Another ErbB1 TKI, gefitinib, suppressed proliferation of LF and
diminished pulmonary fibrosis in the bleomycin-treated mice [75,76]. In contrast, Suzuki
et al. [77] demonstrated that gefitinib aggravates bleomycin-induced lung fibrosis in mice
by reducing the regenerative potential of alveolar epithelial cells. Although the reasons for
these contradictory findings are unknown, differences in mouse strains, dosages, intervals
and mode of drug application could have played a role.

Development of acute lung injury and ILD in non-small cell lung cancer (NSCLC)
patients receiving gefitinib demonstrates possible deleterious effects of the ErbB1 signaling
inhibition [78,79]. Interestingly, similar harmful effects were also observed in NSCLC
patients treated with another ErbB1 TKI, erlotinib [80,81]. The incidence of ILD in TKI-
treated NSCLC patients is ~1% worldwide [82]. In the Japanese population, it is significantly
higher at ~2%. Despite this observation, the EGFR polymorphism leading to the genetic
susceptibility to the treatment with ErbB1 TKI in the Japanese was not observed [82]. Pre-
existing lung disorders, such as interstitial pneumonia or pulmonary fibrosis, male sex
and history of smoking, were identified as risk factors for the development of gefitinib-
associated ILD [83,84]. Considering the chemical and pharmacological similarities between
gefitinib and erlotinib, the same risk factors may apply to the erlotinib-trigger ILD. In
addition, radio- and chemotherapy, both used to treat cancer, seem to aggravate ErbB1 TKI-
induced ILD [85]. Currently, it is not known what mechanisms lead to the development
of ILD in NSCLS patients receiving gefitinib or erlotinib. However, it is increasingly
recognized that the border between adaptive and maladaptive repair of the lung tissue is
thin and the clue to success is maintaining the balance between all the factors involved [86].

3.2. Transforming Growth Factor-α

Among all ErbB1 ligands, TGF-α is the one with a well-described function in pul-
monary fibrosis. TGF-α was found to be overexpressed in ATII cells, endothelial cells and
fibroblasts in the lungs of IPF patients [87]. In addition, its levels were reported to be in-
creased in IPF bronchoalveolar lavage fluid (BALF) [88]. The profibrotic potential of TGF-α
was demonstrated in several studies, in which lung-specific overexpression of TGF-α in
mice was conducted. For example, chronic production of TGF-α in surfactant protein-C
(SP-C)-expressing cells disrupted alveolar and vascular development and caused pul-
monary fibrosis and pulmonary hypertension in mice [85]. Similarly, chronic conditional
expression of TGF-α driven by the doxycycline-regulatable Clara cell secretory protein (dox-
CCSP) promoter triggered progressive vascular adventitial, peribronchial, interstitial, and
pleural fibrosis, which was independent of inflammation and TGF-β activation [89]. Fur-
ther studies demonstrated transcriptional similarities between dox-CCSP-TGF-α-induced
lung fibrosis and IPF, thus pointing towards an essential role of the ErbB1–TGF-α axis in
the development of IPF. In the rat bleomycin model, increased immunoreactivity for TGF-α
and ErbB1 was observed in macrophages, alveolar septal cells and respiratory epithelial
cells. Both proteins were predominantly detected in foci of cellular proliferation and in
areas of intra-alveolar fibrosis [90]. Accordingly, TGF-α-deficient mice showed reduced
hydroxyproline levels and partially preserved lung structure following bleomycin appli-
cation as compared to wild-type littermates [91]. Interestingly, overexpression of TGF-α
under the control of SP-C promoter protected mice against acute lung injury was caused
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by inhalation of polytetrafluoroethylene (PTFE; teflon) fumes. Histological hallmarks of
this model are pulmonary hemorrhage and inflammation. Indeed, SP-C-TGFα-transgenic
mice exhibited reduced levels of IL-6 and macrophage inflammatory protein 2 in lung ho-
mogenates and decreased total protein levels and neutrophil numbers in BALF as compared
to non-transgenic controls. Altogether, these findings demonstrate the etiology-dependent
role of TGF-α in lung pathologies.

In line with these observations, ErbB1 TKI, gefitinib, partially reduced collagen levels
and improved lung compliance, tissue and airway elastance, and airway resistance in
mice overexpressing TGF-α under tetracycline-inducible CCSP (rtTA-CCSP) promoter [89].
These changes were supported by the decreased expression of several genes associated
with lung parenchymal and vascular remodeling. It is worth mentioning here that gefitinib
neither induced chronic lung injury nor exacerbated pulmonary fibrosis, thus supporting
further studies to determine the role of ErbB1 in human lung fibrotic diseases [85,92]. Fur-
thermore, the same group demonstrated that blockage of the ErbB1 downstream signaling
mediator, PI3K, by the PX-866 pan-inhibitor reduced total lung collagen content and im-
proved pulmonary mechanics in rtTA-CCSP-TGF-α overexpressing mice [93]. These results
were recapitulated when another ErbB1 signaling pathway, MAPK/ERK, was targeted.
Administration of an allosteric MEK inhibitor, ARRY-142886, prevented the progression
of established lung fibrosis in rtTA-CCSP-TGF-α overexpressing mice [94]. To sum up, a
growing body of evidence suggests that TGF-α-driven activation of the ErbB1 signaling
pathways may play an important role in the development of lung fibrosis and that TGF-α
might be amenable to targeted therapy.

3.3. Amphiregulin

Amphiregulin, another ErbB1 ligand, was discussed in the context of maladaptive
remodeling of the liver and lung. In this respect, AREG-deficient mice were found to be
protected against liver fibrosis induced by chronic administration of carbon tetrachloride
(CCl4) [69]. To decipher the underlying molecular mechanism, several studies focused on
the link between AREG and a master regulator of fibrogenesis, TGF-β1. Zhou et al. [95]
reported that stimulation of fibroblasts with TGF-β1 elevates AREG production, which in
turn increases cell proliferation and the expression of profibrotic genes, such as α-smooth
muscle actin, collagen 1-α1/α2, fibronectin and tenascin. These effects were reversed by the
treatment of TGF-β1-stimulated fibroblasts with AREG siRNA or ErbB1 inhibitors, AG1478
or gefitinib [95]. Consistent with these in vitro findings, AREG expression was markedly
increased in the lungs of dox-CC10-TGF-β1 overexpressing mice and administration of
AREG siRNA or AG1478 reduced collagen content and attenuated lung fibrosis in these
animals. Besides AREG, the increased expression of other ErbB1 ligands, such as EREG
and HB-EGF following exposure of fibroblasts to TGF-β1, was reported [96,97]. Andrianifa-
hanana et al. [97] documented that TGFβ-induced AREG, EREG, and HB-EGF production
requires the integration of an autocrine signal from a PDGF receptor and engages a positive
feedback loop through ErbB1. The same authors demonstrated the pathological relevance
of PDGFR-ErbB1 cooperation in the bleomycin model of lung fibrosis. Namely, they ob-
served that simultaneous application of imatinib (a PDGF receptor inhibitor) and lapatinib
(an ErbB1/2 inhibitor) is more effective than either treatment alone. Although, there is no
evidence that pirfenidone and nintedanib directly interfere with the ErbB1, their ability to
inhibit TGFβ and VEGF/PDGF/FGF receptors, respectively, might influence the overall
ErbB1 activity in lung fibrosis. Accordingly, Shochet et al. reported that ErbB1 expres-
sion in donor LF triggered by IPF LF-culture media depends on FGF and can be reversed
by nintedanib [73]. Interconnections of ErbB1 with other signaling pathways have to be
considered when designing future IPF therapies.

The complexity of AREG cellular effects is underscored by the recent publication by
Stancil et al., who showed the role of the AREG–ErbB1 axis in the jamming–unjamming of
airway epithelial cells in IPF. Jamming transition describes a process of epithelial cell trans-
formation from migratory (unjammed) to non-migratory (jammed) status in the absence of
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wounding or cell-type changes. This transition is believed to play an important role during
embryogenesis, in processes such as axis elongation and tissue development [98–100]. It
was also associated with the pathogenesis of carcinomas [101] and asthma [102]. Stancil
et al. [103] demonstrated in vitro that the unjammed phase is extended in distal airway
epithelial cells of IPF patients and is associated with increased activity of the ErbB-YAP
(Yes-Associated Protein) signaling pathway. YAP is a transcriptional co-activator, which
was found to regulate epithelial progenitor cell proliferation in the lung [104] and epithelial–
mesenchymal transition in lung cancer cells following exposure to TGF-β [105]. These
findings are supported by the increased levels of AREG in IPF distal airway epithelial
cells and its ability to induce jammed to unjammed transition in controlling distal airway
epithelial cells in vitro [103]. Interestingly, the AREG-triggered extended unjammed phase
of distal airway epithelial cells correlated with activation of the fibroblasts lying under-
neath [103], thus providing ample evidence for the contribution of airways epithelial cells
repopulating distal parts of IPF lungs to the disease progression. The association between
the AREG-driven prolonged unjammed status of distal airway epithelial cells and the
gain-of-function MUC5B promotor variant underscores this assumption.

Besides its “bad” role in lung fibrosis, AREG was also found to contribute to the
restoration of tissue homeostasis after acute lung injury driven by infection. Minutti
et al. [106] showed that macrophage-derived AREG promotes TGF-β1 activation and
subsequent differentiation of pericytes into collagen-producing myofibroblasts leading to
restoration of vascular integrity in injured tissue and wound healing. Thus, not only TGF-β1
may regulate AREG expression but vice versa AREG can control the levels of active TGF-β1.
It seems that the first scenario operates in fibrosis and the second under inflammatory
conditions. Thus, the function of AREG may depend on its source, concentration and
cellular and molecular landscape of the surrounding area. Although further research is
needed to decipher the function of AREG in acute versus chronic pathological conditions, it
becomes clear that identification of dynamics and causal flows in complex AREG signaling
networks is crucial for its use as a therapeutic target. This assumption is supported by
the study demonstrating attenuation of bleomycin-induced lung fibrosis upon AREG
application during the late inflammatory phase [107]. This observation is in sharp contrast
to the lung fibrosis reports mentioned above but it may be explained by the findings
of Minutti et al. [106], namely, the AREG effects on blood vessel regeneration and thus
epithelial cell survival in acute lung injury [95]. Overall, it seems that AREG properties may
depend on the genetic background and the immune system condition, thus preselecting
the potential responders prior to the treatment may raise the possibility of the success of an
anti-AREG therapy in IPF.

3.4. ErbB2 and ErbB3 Receptors and Their Ligands

Another ErbB receptor that was linked to pulmonary fibrosis is ErbB2. Besides being
an important oncogene in breast and ovarian cancer [44], ErbB2 was found to be involved in
epithelial cell recovery upon acute lung injury. While ErbB2 was detected on the basolateral
side of airway epithelial cells, HRG-α was only found in the apical membrane of these
cells and in the overlying mucus film [108]. When epithelial integrity is disrupted, HRG-α
translocates to Erb2 and enables a rapid response to injury. Thus, the Erb2-HRG-α systems
sense changes in the extracellular environment and ensure restoration of barrier function
that may be critical for survival. As there is no known ligand for ErbB2, this receptor is able
to transduce intracellular signaling only upon forming a complex with other ErbB receptors.
In pulmonary epithelial cells, ErbB2 is the preferred binding partner for ErbB3. Besides
being engaged in the HRG-α-triggered intracellular signaling, the ErbB2–ErbB3 complex
also responds to NRG1. Using a dominant-negative mutant of ErbB3 expressed under the
SP-C promotor, Nethery et al. [109] demonstrated that SP-C-ErbB3 transgenic mice exhibit
reduce collagen levels in the lung and better survival following bleomycin administration.
The effect was associated with the inability of NRG1 to signal via the nonfunctional ErbB2–
ErbB3 complex. These findings are corroborated by Faress et al. [110], who reported
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preserved lung structure and diminished lung collagen content upon administration of an
anti-ErbB2 antibody (2C4) to bleomycin-treated mice.

The important role of ErbB2 in bronchial epithelial cell differentiation and proliferation
was shown by Vermeer et al. [66]. These authors demonstrated that treatment of airway
epithelial cells with an anti-ErbB2 antibody, trastuzumab, induces their de-differentiation
associated with an increase in the numbers of non-ciliated and metaplastic, flat cells. By
contrast, the exposure of the cells to HRG-α preserved normal differentiation of airway
epithelial cells. Most interestingly, co-culturing of airway epithelial cells with fibroblasts
potentiated epithelial cell differentiation comparable to that achieved following treatment
with HRG-α, pointing towards the ability of fibroblasts to produce ErbB ligands. Indeed,
further studies demonstrated that normal human LF express TGF-α, HB-EGF, EREG, AREG,
and HRG-α [66]. These observations were in line with the clinical case report describing
reversible changes in airway epithelial cell differentiation of a breast cancer patient that
coincided with the initiation and discontinuation of a trastuzumab therapy [66].

The ErbB3–NRG1-α axis was also discussed in the context of alveolar bronchiolization
seen in the lungs of IPF patients. In these patients, NRG1-α was detected in epithelial cells
lining honeycombing areas, as well as in normal submucosal glands [111]. In addition,
elevated levels of this molecule were measured in IPF BALF [112]. Given the ability
of NRG1-α to regulate airway mucus cell differentiation and MUC5B expression, it is
worth speculating about its pivotal role in airway epithelial cell reprogramming and thus
honeycomb cyst formation in IPF [113].

Taken together, it seems that ErbB2–ErbB3 activation is essential for the differentiation
of airway epithelial cells and their integrity. Overactivation of this receptor complex
system may induce abnormal behavior of airway epithelial cells thereby contributing to the
honeycomb cyst formation and fibrosis progression. Because of the risks associated with
the ErbB2–ErbB3 complex inhibition, close patient monitoring and patient categorization
have to be taken into account when considering an anti-ErbB2–ErbB3 therapy in IPF.

4. Conclusions

A growing body of evidence suggests the pivotal role of the ErbB-ligand system in
irreversible lung tissue scarring (Figure 2). The ErbB receptors and ligands were found
to be overexpressed in IPF lungs and a number of preclinical studies demonstrated their
pro-fibrotic properties in the loss-of-function and gain-of-function approaches. In addition,
the therapeutic application of ErbB receptor/ligand inhibitors was often associated with
favorable outcomes in lung fibrosis models (see Table 1). However, in view of the multi-
functionality of the ErbB receptor–ligand system and its role in tissue regeneration, concern
remains. Identification of dynamics and causal flows in the ligand–ErbB signaling network
in acute versus chronic lung injury will be a prerequisite to maximize the chance of success
of anti-ErbB/ligand agents in the clinical trials for IPF.

In addition, a lesson has to be also drawn from the remarkable progress in understand-
ing the ErbB biology in cancer. It is now clear that the results of clinical trials can only be
improved by taking into account a number of important issues. First, the effects of the
targeted therapy may be weakened because of differences in etiology and heterogeneity.
Furthermore, stratification of the patients according to a predominant disease mechanism
have to be considered. Molecular endotyping should be integrated into the protocols of
clinical trials. This strategy may promote the prudent use of novel targeted therapies.
Finally, identification of the factors that can predict drug response or resistance will play a
fundamental role to tailor individual ErbB-based therapy regimens.
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Figure 2. Overview of the in vitro, in vivo and clinical findings for the role of the ErbB/ligand

system in lung fibrosis. LF, lung fibroblasts; TGFα, transforming growth factor-α; HB-EGF, heparin-
binding epidermal growth factor-like growth factor; EREG, epiregulin; AREG, amphiregulin; HRG-α,
heregulins; TGF-β, transforming growth factor-β; CCSP, Clara cell secretory protein; SP-C, surfac-
tant protein-C; PI3K, phosphoinositide 3-kinase; MEK, mitogen-activated protein kinase kinase;
IPF, idiopathic pulmonary fibrosis; ATII cells, alveolar type II cells; NRG1α, neuregulin-1α; BALF,
bronchoalveolar lavage fluid; FVC, forced vital capacity; DLCO, diffusion capacity of the lung for
carbon monoxide; ILD, interstitial lung disease; NSCLC, non-small-cell lung cancer.
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Table 1. Anti-ErbB/ligand approaches in preclinical models of lung fibrosis.

Targeted Molecule Inhibitor/Antibody Animal Model Outcome Reference

ErbB1 AG1478 Vanadium
pentoxide Favorable Rice et al., 1999 [73]

ErbB1 Gefitinib Bleomycin Favorable Ishii et al., 2006 [75];
Wang et al., 2010 [74]

ErbB1 Gefitinib Bleomycin Harmful Suzuki et al., 2003 [76]
ErbB1 Gefitinib rtTA-CCSP 4-TGF-α 5 Favorable Hardie et al. 2004 [88]
PI3K 1 PX-866 rtTA-CCSP-TGF-α Favorable Hardie et al., 2010 [92]
MEK 2 ARRY-142886 rtTA-CCSP-TGF-α Favorable Madala et al., 2012 [93]

AREG 3 AREG siRNA dox-CC10 6-TGF-β1 7 Favorable Zhou et al., 2012 [94]
ErbB1 AG1478 dox-CC10-TGF-β1 Favorable Zhou et al., 2012 [94]

ErbB1/2 Lapatinib Bleomycin Favorable Andrianifahanana et al., 2013 [96]

ErbB2 anti-ErbB2
antibody (2C4) Bleomycin Favorable Faress et al., 2007 [109]

1 PI3K, phosphoinositide 3-kinase; 2 MEK, mitogen-activated protein kinase; 3 AREG, amphiregulin; 4 rtTA-
CCSP, tetracycline-inducible Clara cell secretory protein; 5 TGF-α, transforming growth factor α; 6 dox-CC10,
doxycycline-regulatable Clara cell 10-kDa protein; 7 TGF-β, transforming growth factor β1.
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Abstract: Antibodies are central effectors of the adaptive immune response, widespread used thera-
peutics, but also potentially disease-causing biomolecules. Antibody folding catalysts in the plasma
cell are incompletely defined. Idiopathic pulmonary fibrosis (IPF) is a fatal chronic lung disease
with increasingly recognized autoimmune features. We found elevated expression of FK506-binding
protein 11 (FKBP11) in IPF lungs where FKBP11 specifically localized to antibody-producing plasma
cells. Suggesting a general role in plasma cells, plasma cell-specific FKBP11 expression was equally
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observed in lymphatic tissues, and in vitro B cell to plasma cell differentiation was accompanied
by induction of FKBP11 expression. Recombinant human FKBP11 was able to refold IgG antibody
in vitro and inhibited by FK506, strongly supporting a function as antibody peptidyl-prolyl cis-trans

isomerase. Induction of ER stress in cell lines demonstrated induction of FKBP11 in the context
of the unfolded protein response in an X-box-binding protein 1 (XBP1)-dependent manner. While
deficiency of FKBP11 increased susceptibility to ER stress-mediated cell death in an alveolar epithelial
cell line, FKBP11 knockdown in an antibody-producing hybridoma cell line neither induced cell
death nor decreased expression or secretion of IgG antibody. Similarly, antibody secretion by the
same hybridoma cell line was not affected by knockdown of the established antibody peptidyl-prolyl
isomerase cyclophilin B. The results are consistent with FKBP11 as a novel XBP1-regulated antibody
peptidyl-prolyl cis-trans isomerase and indicate significant redundancy in the ER-resident folding
machinery of antibody-producing hybridoma cells.

Keywords: antibody folding; immunophilin; lung fibrosis; interstitial lung disease; ER stress;
tacrolimus; FK506-binding protein; peptidyl-prolyl isomerase

1. Introduction

Plasma cell-secreted antibodies are ultimate effectors of the adaptive immune response
and fundamentally important for the neutralization of pathogenic virus and bacteria [1].
Their activity relies on high-affinity binding to their cognate antigen, which requires correct
folding into the functional three-dimensional structure in the endoplasmic reticulum (ER).
This process is strictly dependent on an ER-resident protein folding machinery consisting of
molecular chaperones, peptidyl-prolyl cis-trans isomerases (PPIases), disulfide isomerases,
and glycosyl transferases [2,3]. During B-cell to plasma cell differentiation, components of
this machinery are increased in the course of the so-called unfolded protein response (UPR)
to accommodate the increasing burden of incoming nascent immunoglobulins and avoid
accumulation of misfolded proteins in the ER [4,5]. X-box-binding protein 1 (XBP1) is a
central transcription factor orchestrating the UPR by induction of chaperones and other
protein folding catalysts during late-stage plasma cell differentiation [6–8].

Peptidyl-prolyl cis-trans isomerization often represents a rate-limiting step in protein
folding. Prolines make up 5–10% of an antibody’s primary sequence and facilitate the
formation of turns connecting the β-strands in each immunoglobulin (Ig) fold. Two protein
families collectively termed immunophilins exert PPIase activity in the ER, namely the
FK506-binding proteins (FKBPs) and the cyclophilins [9]. Until now, limited evidence
suggests that two PPIases may directly participate in antibody folding including peptidyl-
prolyl cis-trans isomerase B (PPIB, also termed cyclophilin B, CypB) [10–13] and FKBP1A
(also termed FKBP12) [14]. The latter, however, typically resides in the cytosol [15] and
thus is unlikely to play a role in antibody folding in vivo.

FKBP11 (also termed FKBP19) was first described as predominantly expressed in
secretory tissues including pancreas [16] and recent studies have suggested a role in
beta cell survival under conditions of ER stress [17–19]. In addition, FKBP11 appears to
play a role in osteoblasts and bone formation where it has been observed to associate
with interferon-inducible transmembrane protein 5 (IFITM5) [20–22]. Other studies have
proposed FKBP11 as a prognostic marker for hepatocellular carcinoma [23,24]. Many of the
studies mentioned above point towards a role in the context of ER stress. Interestingly, gene
expression profiling studies show upregulation of FKBP11 during differentiation from B
cells to antibody-secreting plasma cells and indicate that, in this context, FKBP11 expression
may be regulated by XBP1 [25,26]. Finally, overexpression of FKBP11 in murine splenic
B cells has been reported to increase initiation of plasma cell differentiation [27]. These
observations suggest that FKBP11 may be involved in the plasma cell UPR and/or antibody
folding but, to date, function and substrate of this protein have remained largely obscure.
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Importantly, a profound understanding of mechanisms of plasma cell differentiation
and antibody production may be beneficial for targeting autoimmune diseases where au-
toantibodies play a crucial pathogenetic role. Current treatment options include antibodies
specifically targeting the B-cell lineage, the most prominent example being rituximab, a
monoclonal antibody directed towards CD20, a pan B-cell surface protein [28], but B cell
depletion shows a limited impact on the plasma cell population [29]. Other therapeutic
options than complete B-cell depletion have proven successful in murine models of autoim-
mune disease, e.g., extracellular cleavage of autoantibodies [30]. Clearly, elucidation of the
specific antibody folding machinery in plasma cells may contribute to the development
of further therapeutic strategies. Notably, FKBP11 is overexpressed in B-cells of patients
suffering from Systemic Lupus Erythematosus, a chronic inflammatory autoimmune dis-
ease [27].

Idiopathic pulmonary fibrosis (IPF) is a fatal disease with median survival rates rang-
ing from 3–5 years, increasing incidence worldwide, and limited treatment options [31,32].
Even if it is currently believed that IPF pathogenesis originates from micro-injuries to the
airway and alveolar epithelium, the etiology of IPF is incompletely understood [33,34]. In
contrast, it is well-known that many autoimmune diseases manifest in lung fibrosis [35]
and studies in experimental mouse models have shown that autoantibodies can cause
and promote lung fibrosis [36–39], while B-cell depletion is protective [40–42]. Notably,
evidence is accumulating which also argues for significant autoimmune features in IPF:
A recent proteomic study has revealed increased numbers of MZB1-positive plasma cells
and higher IgG levels in tissue of patients suffering from various interstitial lung diseases
(ILD) including IPF [43]. In blood of IPF patients, higher levels of circulating plasmablasts,
several soluble factors that promote B cell growth and differentiation, and various au-
toantibodies towards lung antigens have been reported [44,45]. Finally, distinct (human
leukocyte antigen (HLA) class II alleles are overrepresented in patients with IPF, thus
equally supporting a role of autoimmunity in IPF aetiology [46,47].

Here, we report that FKBP11 is a novel antibody folding catalyst, levels of which are
strongly increased in IPF, specifically produced by human plasma cells, and induced by the
UPR in an XBP1-dependent manner.

Some of the results of these studies have been previously reported in the form of
conference abstracts [48,49].

2. Materials and Methods

2.1. Patient Samples

Patient lung tissue and blood samples were obtained from the CPC-M bioArchive at
the Comprehensive Pneumology Center (CPC) and from the UGMLC Giessen Biobank,
member of the DZL platform biobanking. For samples from the CPC-M BioArchive and
the biobank of the Institute of Clinical Neuroimmunology, the study was approved by the
local Ethics Committee of Ludwig-Maximilians University of Munich, Germany (333-10,
382-10, and 163-16, respectively). Biomaterial collection by the UGMLC/DZL biobank was
approved by votes from the Ethics Committee of the Justus-Liebig-University School of
Medicine (111/08, and 58/15). Informed consent was obtained from each subject. The
tissue microarray (Multi-normal human tissues, 96 samples, 35 organs/sites from three
individuals) was from Abcam (ab178228) and contained only healthy specimens except for
tonsils which were inflamed (tonsillitis).

2.2. Gene Expression Data

Gene expression data for FKBP genes in normal histology control (n = 43) and IPF lungs
(n = 99) was extracted from microarray data generated by us on lung samples obtained
from the National Lung, Heart, and Blood Institute-funded Tissue Resource Consortium
(NLHBI LTRC), as described previously [50,51]. Gene expression microarray data (Agilent
Technologies, Santa Clara, CA, USA) are available under accession number GSE47460 in the
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data set repository Gene Expression Omnibus (GEO). Significance was calculated using t
statistics, and multiple testing was controlled by the false discovery rate method at 5% [52].

2.3. Cell Culture, Induction of ER Stress and Transfection

For details on culture, treatment, and transfection of A549 and Raji cells, see the
online supplement. The mouse myeloma cell line P3X63-Ag8.653 (AG8) and mouse/rat
hybridoma cell lines were maintained in the same manner as described for Raji cells (see
online supplement).

Delivery of scrambled, anti-FKBP11, and anti-PPIB siRNA into the hybridoma cell
line H3 was achieved by electroporation largely as described [53]. Briefly, hybridoma
cells at a culture density between 3 × 105–5 × 105 cells/mL were spun down at 300× g
and resuspended in fresh RPMI-1640 medium (Life Technologies, Carlsbad, CA, USA)
without supplements at a concentration of 6 × 107 cells/mL. After addition of anti-FKBP11
siRNA (s82617, Life Technologies, targeting both rat and mouse FKBP11), anti-PPIB siRNA
(s72031), or negative control siRNA No. 1 (Life Technologies) at a final concentration of
3 µM, 200 µL of the mixture were transferred to a 96-well electroporation plate (Bio-Rad,
München, Germany). Electroporation was then carried out with a Gene Pulser (Bio-Rad,
München) by application of a single exponential decay pulse at a capacity setting of 950 µF
and a voltage of 300 V. Subsequently, cells were transferred to prewarmed full medium,
incubated at 37 ◦C and cells and supernatant harvested after 48 h.

2.4. Plasma Cell Differentiation

PBMCs were isolated from blood of healthy volunteers using density gradient cen-
trifugation (described in detail in the online supplement). PBMCs were transferred to pre-
warmed RPMI medium (Thermo Fisher Scientific, Schwerte, Germany) supplemented with
10% FBS, L-glutamine, sodium bicarbonate and non-essential amino acids and once washed.
Afterwards, PBMCs were seeded in a cell culture dish at a concentration of 1 × 106 cells/mL
and stimulated by 1000 U/mL of recombinant IL-2 (Roche) and 2.5 µg/mL TLR 7 + 8 ligand
R848 (InvivoGen, San Diego, CA, USA), an established procedure for the induction of
plasma cell transdifferentiation [54,55]. As a control, same volumes of diluents were added
to PBMCs. After 7 days of incubation at 37 ◦C, supernatants were collected to determine
IgG concentrations, cytospins were prepared, and RNA and protein was extracted from
remaining cells.

For flow cytometric analysis of cell populations following stimulation, activated and dif-
ferentiated cells were stained using anti-human CD3-Alexa Fluor 700 (OKT3; eBioscience, San
Diego, CA, USA), CD19-APC/Fire 750 (HIB19; BioLegend, San Diego, CA, USA), CD27-Brilliant
Violet 605 (O323; BioLegend), CD38-eFluor 450 (HB7; eBioscience), FcR blocking reagent (Mil-
tenyi Biotec, Bergisch Gladbach, Germany) and TO-PRO-3 (Invitrogen, Eugene, OR, USA).
Subsequently, cells were pre-gated on live and singlet cells and further gated on CD3− and
CD19+ B cells as described in Winklmeier et al. [56]. Plasmablasts (CD19+CD27highCD38high)
and non-plasmablast B cells (CD19+CD27lowCD38low) were bulk sorted using FACSAria Fusion
(BD, Franklin Lakes, NJ, USA. In some experiments, CD3+ T cells were removed before the
FACS sorting using magnetic beads (EasySep™ Human CD3 Positive Selection Kit II, STEM-
CELL Technologies, Vancouver, Canada). Cells were lysed in RLT Plus buffer containing DTT
according RNeasy Plus Mini Kit (QIAGEN, Hilden, Germany). Analysis of flow cytometry data
was performed with FlowJo (V10.6.1, BD).

2.5. RNA Isolation and Real-Time Quantitative Reverse-Transcriptase PCR (qRT-PCR) Analysis

For details on isolation of RNA from cell cultures, reverse transcription and PCR
analysis, see the online supplement.

2.6. Protein Isolation and Western Blot Analysis

For details on protein isolation and Western Blot analysis, see the online supplement.
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2.7. Flow Cytometry Analysis

To assess the number of circulating plasma cells in blood of IPF patients in comparison
with healthy donors, plasma cells from whole blood of IPF patients and healthy donors
were sorted and identified as CD20−/CD3−/CD27+/CD38+ cells. First, venous blood
from IPF patients or healthy individuals was collected in EDTA-coated vacutainer tubes
(Sarstedt, Nümbrecht, Germany). For each staining, 100 µL of blood was incubated with
antibodies (listed in Table S3) used to gate for plasma cells (see Figure S3 for gating strategy)
for 20 min at 4 ◦C protected from light. In parallel, blood from the same specimen was
stained with appropriate isotype controls. Next, lysis of erythrocytes was performed with
a Coulter Q-Prep working station (Beckman Coulter, München, Germany) followed by
data acquisition in a BD LSRII flow cytometer (Becton Dickinson, Heidelberg, Germany).
FlowJo software (TreeStart Inc., Ashland, OR, USA) was used for data analysis. Data was
presented as ratio CD20−/CD3−/CD27+/CD38+ cells of live cells. Negative thresholds for
gating were set according to isotype-labelled controls.

2.8. Immunofluorescent Stainings

For details on immunofluorescent stainings of tissue sections and cytospins, please
refer to the online supplement.

2.9. Unfolding and Refolding of Immunoglobulin G

Antibody refolding was performed essentially as described [14,57]. A monoclonal
mouse anti-fibrillin-1 antibody [58] was denatured using 3 M guanidinium chloride pH 7.0,
0.1 M Tris, 0.005 M EDTA) for 24 h at an antibody concentration of 80 µg/mL at 4 ◦C. For
initiation of refolding, the denatured antibody solution was diluted 10-fold under manual
shaking in PBS containing a PPIase or a control protein (RNAse 45 µM, Sigma-Aldrich) at
10 ◦C, resulting in an antibody concentration of 8 µg/mL. Recombinant PPIases used were
either PPIB (5 µM, positive control) or FKBP11 (45 µM) [59]. At given time points, aliquots
of the refolding mixture were withdrawn and diluted 12-fold under vigorous stirring in a
trypsin solution (300 U/mL trypsin, 5% milk, PBS) and kept on ice to stop further refolding.
Final antibody concentrations were 0.66 µg/mL. After completion of the final time point,
the amount of correctly refolded antibody was determined by ELISA (see below).

For experiments involving inhibition of PPIase activity, FKBP11 was preincubated for
one hour with either FK506 (180 µM, Sigma-Aldrich, St. Louis, MO, USA) or DMSO (Sigma-
Aldrich, St. Louis, MO, USA) as a negative control at +10 ◦C. Subsequently, antibody
refolding was performed as described above.

2.10. ELISA

To assess the rate of correctly refolded IgG, a high binding ELISA plate was coated
with recombinant fibrillin (fragment rf11) [58] overnight. After washing one time with TBS-
Tween (0.025% Tween 20), the coated wells were blocked with 5% milk in PBS for one hour.
Then, aliquots from the refolding experiment were incubated for one hour. The plate was
washed once, followed by one hour of incubation with an HRP-linked anti-mouse antibody
(Bio-Rad, Hercules). After rinsing the plate 5 times, 3,3′,5,5′-Tetramethylbenzidine (TMB)
substrate (Sigma-Aldrich) was incubated for 20 min and the signal was read at 650 nm. In
the graphs, values shown represent the optical density measured at 650 nm minus blank
values (derived from incubation with trypsin solution without primary antibody).

For determination of yield and functionality of antibodies secreted from scr siRNA,
FKBP11 siRNA or PPIB siRNA-transfected hybridoma H3 cells, ELISA plates were coated
with a mixture of anti-κ LC (TIB172, ATCC) and anti-λ LC (mAb LA1B12 [60], both 5 µg/mL
in 0.2 M carbonate buffer pH 9.5), the cognate antigen-GST fusion protein, or the untagged
cognate antigen (each 10 µg/mL in 0.2 M carbonate buffer pH 9.5, in-house generated)
overnight at 4 ◦C. After washing one time with PBS, the wells were blocked with PBS/2%
fetal calf serum for 15 min. After blocking, a serial 2-fold dilution of supernatants (starting
dilution 1:10) from siRNA-transfected hybridoma cells were added for 30 min. The plate
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was washed once, followed by 30 min of incubation with an HRP-linked mouse-anti-rat
IgG2a, which is the IgG subclass of the antibody produced by this hybridoma cell line. After
rinsing the plate 5 times with PBS, 3,3′,5,5′-Tetramethylbenzidine (TMB) substrate (Thermo
Scientific/Pierce) was added, followed by incubation for 5 minutes and monitoring of
absorbance at 650 nm.

3. Results

3.1. FKBP11 Expression Is Increased in IPF Lungs

As we had previously observed increased FKBP10 expression in IPF [61], we set out to
assess expression of other members of the FKBP family in IPF in microarray data of 99 IPF
samples and 43 normal histology control samples [50,51]. With a false discovery rate of
5% [52], we found four more FKBPs to be significantly differentially expressed, namely
FKBP11, FKBP1A, FKBP5, and FKBP6. FKBP11 and FKBP5, but not FKBP1A and FKBP6,
were expressed at comparably high abundance and altered more than two-fold, namely
FKBP11 with a Fold Change of +2.2 and FKBP5 with a Fold Change of -3.4 (Figure 1A).
Focusing on these two FKBPs, we found that, in contrast to transcript levels, FKBP5 protein
levels were not decreased (Figure S1). However, immunoblot analysis demonstrated
increased FKBP11 protein in IPF relative to healthy donor lung samples (Figure 1B,C).

Taking advantage of data available in the NLHBI LTRC data set [62], we correlated
FKBP11 expression with demographic and clinical parameters including age, sex, lung
function, several readouts of quality of life and physical fitness as well as smoking history.
We observed a significant (p = 0.02) but weak negative correlation with FVC (% of predicted)
and a similar relationship with DLCO which, however, just failed significance (p = 0.06;
Figure S2).

3.2. FKBP11 Localizes Mainly to CD27+/CD38+/CD138+/CD20−/CD45− Plasma Cells

We initially assessed whether FKBP11, like FKBP10, was expressed in primary human
lung fibroblasts (phLF) and contributed to collagen synthesis and secretion [61]. Even if
we detected FKBP11 in the microsomal fraction of phLF, in agreement with ER residence
(Figure S3A), FKBP11 was significantly less expressed in phLF than FKBP10 (Figure S3B)
and siRNA-mediated downregulation of FKBP11 did neither affect myofibroblast differen-
tiation (as assessed by protein levels of α-smooth muscle actin, Figure S3C) nor collagen
secretion from these cells (Figure S3D).

Immunofluorescent stainings of IPF lung tissue sections for different markers of the
hematopoietic lineage revealed that FKBP11 specifically localizes to CD27+/CD38+/CD138+

/CD20−/CD45− plasma cells in IPF lungs (Figure 2A,B). Our results further supported
expression of FKBP11 predominantly by IgG-producing plasma cells, but we also observed
IgA/FKBP11 double-positive cells (Figure 2B). Elevated cell counts of FKBP11+/CD38+

plasma cells (Figure 2C) confirmed overexpression of FBKP11 in IPF lungs and suggested
that upregulation of FKBP11 in IPF lung tissue is mostly due to increased prevalence of
tissue-resident plasma cells. In agreement, FKBP11 expression very strongly correlated with
MZB1, an established marker of plasma cells [43], in IPF lung tissue, and not or only weakly
with typical fibrotic markers such as ACTA2, COL1A2, and COL3A1 (Figure S4). In contrast,
proportions of CD38+/CD27+ cells in fresh whole blood samples analyzed by FACS analysis
did not significantly differ between IPF and donor samples (Figure 2D, for gating strategy
refer to Figure S5). We took advantage of a tissue microarray and observed that FKBP11
was also expressed by CD38+ plasma cells in primary and secondary lymphatic organs
including thymus, spleen, tonsils and small intestine, suggesting that FKBP11 expression is
a common property of plasma cells (Figure 2E). We also found FKBP11+/CD38− cells in
pancreatic and gastric glands (Figure S6), in line with an important function of FKBP11 in
secretory cells in other tissues. In contrast, on the same tissue microarray we did not detect
neither FKBP11 nor CD38 in healthy human tissues such as muscle and lung (Figure S6).
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Figure 1. FKBP11 is upregulated in idiopathic pulmonary fibrosis (IPF). (A) Scatter plot for FKBP

gene expression data extracted from microarray data of normal histology control (n = 43) and samples
from patients with IPF (n = 99) [50,51]. (B) Western blot analysis of total lung tissue homogenate
showed upregulation of FKBP11 in patients with IPF (n = 8) relative to donor samples (n = 5).
(C) Densitometric analysis of the Western blot from (B). For Western Blot analysis, data shown are
mean ± SEM, and a two-tailed Mann-Whitney test was used for statistical analysis (* p < 0.05).
ACTB = β-actin as loading control.

3.3. FKBP11 Is Upregulated during Plasma Cell Transdifferentiation

Isolation and subsequent 7-day treatment of peripheral blood mononuclear cells
(PBMCs) from three independent healthy donors with a combination of IL2 and R848 led
to transdifferentiation of memory B cells to IgG producing plasma cells (Figure 3A,B), as
demonstrated before [43,54,55]. Upon treatment, immunofluorescent stainings of cytospins
showed more IgG+ cells than control (Figure 3A). In addition, transcript levels of PR domain
zinc finger protein 1 (PRDM1, also termed BLIMP-1), a marker of B-cell activation [63],
were significantly increased (Figure 3B). At the same time, B cell to plasma cell transdiffer-
entiation was accompanied by an upregulation of FKBP11 on both transcript (Figure 3C)
and protein level (Figure 3D). Upregulation of the ER chaperone HSPA5 (also termed BiP or
GRP78) confirmed induction of the unfolded protein response (UPR) during differentiation
to plasma cells (Figure 3D). In order to verify that upregulation of FKBP11 indeed was due
to B cell to plasmablast differentiation, we used flow cytometry to select the CD3−CD19+ B
cell population from IL2/R848-activated cells, sorted those into plasmablasts (CD27high

CD38high) and non-plasmablast B cells (CD27low CD38low), and directly compared FKBP11
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and PRDM1 gene expression in these B cell populations (Figure 3E,F). Similar to PRDM1,
FKBP11 was highly enriched in the CD27highCD38high plasmablast population.

Finally, single cell-RNA-Seq analysis of healthy mouse lungs extracted from
Angelidis et al [64] confirms plasma cells as the major source of Fkbp11 in the lung
(Figure S7), similar to Mzb1, which was previously reported by us as a plasma cell-specific
protein upregulated in human lung fibrosis [43]. This data also showed marginal expression
of Fkbp11 in interstitial fibroblasts and alveolar epithelial cells, which is in agreement with
our qRT-PCR and immunoblot results in phLF (Figure S3) and A549 (Figure 4). Notably,
PPIB, typically stated to act as antibody peptidyl-prolyl isomerase [2], did not show similar
specificity to plasma cells (Figure S7).

 

Figure 2. FKBP11 is expressed by CD27+/CD38+/CD138+/CD20-/CD45- plasma cells. (A) Immu-

Figure 2. FKBP11 is expressed by CD27+/CD38+/CD138+/CD20−/CD45− plasma cells. (A) Im-
munofluorescent stainings in control (Ctrl, upper panel) and IPF lung tissue sections (lower panel)
demonstrate expression of FKBP11 in CD38+ plasma cells. Stainings are representative for n = 5 (Ctrl)
and n = 3 (IPF). Scale bar 40 µm. (B) Immunofluorescent stainings in IPF lung tissue sections further
demonstrate that FKBP11+ plasma cells are positive for CD138, CD27 (upper panel), but negative
for CD20 and CD45 (lower panel) and produce mainly IgG (upper panel, far right), but also IgA
(lower panel, far right). Note, that secondary antibody dyes for FKBP11 differ in upper and lower
panel. Stainings of IPF lung sections are representative for n = 2 (CD138, CD27, CD20, CD45) and
n = 3 (IgG, IgA). Scale bar, 40 µm. (C) Quantification of CD38/FKBP11 immunofluorescent stainings
(A), based on lung sections from normal histology controls (n = 5) and IPF patients (n = 3, observer
blinded to diagnosis), where FKBP11+/CD38+ cells from ten randomly selected images sized 1.5 mm2

were counted and added up for all 10 images (p = 0.0357, two-tailed Mann-Whitney (D) Numbers of
circulating CD20−/CD27+/CD38+ plasma cells were not significantly changed (p = 0.2680, two-tailed
Mann-Whitney test) between healthy subjects (n = 20) and IPF patients (n = 13). (E) Immunofluores-
cent stainings of a human tissue array demonstrated FKBP11+/CD38+ cells in other tissues than lung,
namely spleen, tonsils, thymus, and small intestine. Scale bar 20 µm. * p < 0.05; n.s., not significant.
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Figure 3. In vitro plasma cell differentiation is accompanied by an increase of FKBP11 expression.

PBMCs from blood of three healthy volunteers were treated with interleukin-2 (IL2) and R848 to
induce differentiation of memory B cells to antibody-producing plasma cells. (A) Increased IgG
expression upon treatment was observed using immunofluorescence analysis of cytospins showing
cells positive for intracellular IgG. Scale bar 50 µm. (B) IL2/R848 treatment led to increased levels of
the B cell activation marker PR domain zinc finger protein 1 (PRDM1). (C,D) Expression of FKBP11

at transcript (C) as well as protein (D) level was increased in the course of B cell to plasma cell
differentiation. (D) Upregulation of the ER chaperone HSPA5 confirmed induction of the unfolded
protein response (UPR) during B cell differentiation to plasma cells. (E) PBMCs of healthy donors
were stimulated for 7 days with IL-2 and R848. Subsequently, the activated and differentiated cells
were pre-gated on live and singlet cells and further gated on CD3− and CD19+ B cells (left panel).
Plasmablasts (CD19+CD27highCD38high) and non-plasmablast B cells (CD19+CD27lowCD38low) were
bulk sorted using FACSAria Fusion (right panel). Flow cytometry panels are displayed from one
representative donor of three independent experiments. (F) Expression of FKBP11 and PRDM1

were analyzed by qPCR of the sorted cell fractions. ACTB = β-actin as loading control. For IgG
concentrations and qPCR results, data shown are mean ± SEM, and a paired t-test was used for
statistical analysis (* p ≤ 0.05; exact p-values: B: p = 0.0474; C: p = 0.0194; F top panel (FKBP11):
p = 0.0180; F bottom panel (PRDM1): p = 0.0495).
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Figure 4. FKBP11 is induced by ER stress in an XBP1-dependent manner and protects from ER-

stress induced cell death. (A,B) Treatment of A549 with the synthetic ER stress inducer tunicamycin
led to a dose-dependent increase of FKBP11 expression both on transcript (A) and on protein level
(B). Upregulation of the ER chaperone HSPA5 confirmed induction of ER stress. ACTB = β-actin
as loading control. (C) Knockdown of XBP1 in A549 cells treated with 0.1 µg/mL tunicamycin
was efficient as assessed by qRT-PCR (left, p = 0.0007, paired t-test) and led to a drastic decrease of
FKBP11 transcript (right, p = 0.0026, paired t-test). (D) Knockdown of XBP1 equally led to loss of
FKBP11 protein (p = 0.0014, paired t-test). This result is shown in comparison to FKBP11 knockdown
under similar conditions (p < 0.0001, paired t-test); top panel, representative Western Blot; bottom
panel corresponding densitometric analysis). (E) Combining FKBP11 knockdown with different
concentrations of tunicamycin ranging from 1 ng/mL to 1 µg/mL and assessing cell viability by
trypan blue exclusion showed that FKBP11 knockdown leads to higher susceptibility to ER stress-
induced cell death (Exact p-values: 0.01 µg/mL: p = 0.0414; 0.1 µg/mL: p = 0.0068; paired t-test.)
(F) Knockdown of FKBP11 in A549 cells was highly efficient in absence and presence of tunicamycin.
For (A,E) data shown is based on three and four independent experiments, respectively, and given
as mean ± SEM. (B,F) is representative for three independent experiments. For (C,D), data shown
is based on five independent experiments and given as mean ± SEM. A paired t-test was used for
statistical analysis (* p < 0.05; ** p < 0.01; *** p < 0.001).
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3.4. Expression of FKBP11 Is Induced by the Transcription Factor X-Box Binding Protein 1 (XBP1)
and Protects an Alveolar Cell Line from ER-Stress Induced Cell Death

Plasma cell differentiation requires the activation of the unfolded protein response
(UPR) [65], an ER stress-induced signaling pathway, and FKBP11 has been described as an
ER-resident peptidyl prolyl isomerase [59]. We therefore assessed, using treatment with
the ER stress inducer tunicamycin and subcellular fractionation, whether FKBP11 localized
to the ER and was upregulated by ER stress in the B lymphocyte cell line Raji (derived
from Burkitt’s lymphoma) and in A549 cells (derived from lung adenocarcinoma). In both
cell types, the subcellular fractionation pattern of FKBP11 protein was consistent with ER
residence, as judged by predominance in the microsomal fraction and colocalization with
PDIA3 (Figure S8A, see also Figure S3A in phLF). The ER stress inducer tunicamycin upreg-
ulated FKBP11 expression in a dose-dependent manner, in parallel to the well-established
UPR target protein HSPA5 (A549, Figure 4A,B; Raji, Figure S8B,C). In A549, a tunicamycin
concentration of 0.1 µg/mL was sufficient to reproducibly induce the UPR (Figure 4A,B).
Therefore, subsequent experiments for regulation of FKBP11 expression in A549 were con-
ducted in presence of 0.1 µg/mL tunicamycin to induce ER stress. The transcription factor
X-box binding protein 1 (XBP1), a critical regulator of the UPR which governs late events of
plasma cell differentiation [7,8,66], has been described to regulate expression of a subset of
protein folding catalysts in this context [67]. Hence, we assessed whether also FKBP11 is
regulated in an XBP1-dependent manner. Indeed, siRNA-mediated knockdown of XBP1
in A549 cells after induction of ER stress by tunicamycin treatment, resulted in significant
downregulation of FKBP11 expression on transcript and protein level (Figure 4C,D). In
agreement with a protective role under conditions of ER stress, knockdown of FKBP11 in
A549 resulted in a higher susceptibility to tunicamycin-induced cell death (Figure 4E,F).

3.5. Recombinant FKBP11 Folds IgG Antibody In Vitro

Given ER residence and expression of FKBP11 in antibody-producing plasma cells, we
hypothesized that FKBP11 functions as an antibody foldase. To address this hypothesis, we
took advantage of an in vitro antibody refolding assay, where, after full denaturation of
IgG with guanidinium chloride, refolding kinetics in absence and presence of the purified
recombinant FKBP domain of human FKBP11 was monitored by an IgG ELISA. As antigen-
antibody binding strictly relies on the native three-dimensional structure, ELISA readouts
are a measure of correctly folded IgG [14,57]. Recombinant PPIB, commonly accepted as
antibody peptidyl-prolyl isomerase (PPIase) [2], was used as positive control. Addition
of the recombinant FKBP domain of FKBP11 (amino acids Gly28 - Ala146 as described in
Ishikawa et al. [59], for FKBP11 domain structure see Figure 5A) to denatured IgG resulted
in an increase of both rate of refolding and total yield of refolded IgG as compared to
negative controls (RNase and PBS, Figure 5B). This effect was inhibited by tacrolimus
(FK506), a known inhibitor of many FKBPs, which binds to the PPIase activity-bearing
FKBP domain [68] (Figure 5C). In comparison to the established antibody PPIase PPIB,
considerably higher concentrations of FKBP11 (45 µM FKBP11 in comparison to 5 µM PPIB,
see Figure 5B) were needed to demonstrate similar refolding activity.
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Figure 5. Recombinant FKBP11 folds IgG antibody in vitro. (A) Schematic representation of
FKBP11 domain structure. For these experiments, the purified FKBP domain of FKBP11 (amino acids
G28 - A146) without the N-terminal signal peptide (SigP) and the C-terminal transmembrane region
(TM) was used. (B) In vitro antibody refolding kinetics in absence and presence of FKBP11 and
recombinant PPIB as positive control. (C) Antibody refolding by FKBP11 was inhibited by tacrolimus
(FK506). Data shown is based on three independent experiments and given as mean ± SEM; error
bars are missing when they were smaller than the size of the data symbols.

3.6. Neither Knockdown of FKBP11 Nor Knockdown of Cyclophilin B Affects IgG Yield of an
Antibody-Producing Hybridoma Cell Line

The fusion of splenocytes from immunized mice or rats with a mouse myeloma
cell line, the hybridoma technology, is a well-established method to generate cell lines
for reproducible production of specific monoclonal antibodies, also at large-scale. In
efforts to screen for a suitable hybridoma cell line for loss-of-function experiments, we
first determined levels of FKBP11 and rat IgG in three hybridoma cell lines created by
fusion of the mouse myeloma cell line P3X63-Ag8.653 (AG8) with splenocytes of differently
immunized rats (H1-H3, Figure 6A). We verified expression of Fkbp11 in all of these cell
lines, but observed the highest protein levels of FKBP11 and rat IgG in the hybridoma cell
line H3. We therefore chose H3 for loss-of-function experiments. ER residence of FKBP11
in H3 was confirmed by colocalization with concanavalin A using confocal microscopy
(Figure 6B) and by subcellular fractionation, where FKBP11 showed the same enrichment
pattern as the ER marker calreticulin (CALR, Figure 6C). While the subcellular fractionation
results also indicated a nuclear localization of FKBP11, this could not be confirmed by
confocal microscopy (no colocalization with DAPI in Figure 6B). Therefore, enrichment of
FKBP11 and CALR in the nuclear fraction probably represent some contamination of the
nuclear fraction by ER-resident proteins.
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Figure 6. Knockdown of FKBP11 or PPIB does not reduce antibody yield of a hybridoma cell line.

(A) Protein levels of FKBP11 and rat IgG in three different rat/mouse hybridoma cell lines (H1–H3)
and the mouse myeloma cell line P3X63-Ag8.653 (AG8) used for fusion. H3 was chosen for subse-
quent experiments. (B) Confocal microscopy demonstrated colocalization of FKBP11 with the ER
marker concanavalin A. Scale bar 20 µm. (C) Subcellular fractionation showed a similar enrichment
pattern for FKBP11 as for the ER-resident protein calreticulin (CALR), with main localization in the
microsomal (ME) and the nuclear extract (NE), but little to no detection in the cytosolic extract (CE)
and the chromatin-bound fraction (CB). (D) Representative Western Blot analysis showing levels of
FKBP11, the known antibody folding catalyst PPIB, loading control β-actin (ACTB), intracellular IgG
antibody heavy (HC) and light chain (LC), and ER chaperone HSPA5, following siRNA-mediated
knockdown of FKBP11 or PPIB in hybridoma cell line H3. (E) Mean FKBP11 knockdown efficiency
in the rat hybridoma cell line H3 was 78 ± 3% (n = 6; paired t-test; **** p < 0.0001), mean PPIB
knockdown efficiency in the same cell line was 60 ± 1% (n = 3; paired t-test; *** p < 0.001). (F) Knock-
down of FKBP11 (n = 6) or PPIB (n = 3) did not affect cell viability relative to scr siRNA control.
(G) Quantification of immunoblot band intensities (see representative immunoblots for intracellular
protein in panel D, for secreted IgG in panel H) following FKBP11 or PPIB knockdown revealed
no significant changes except for the siRNA targets FKBP11 and PPIB; data for the latter two is
identical to panel E; intrac., intracellular; secr., secreted. (H) Representative Western Blot analysis
showing levels of secreted IgG antibody heavy (HC) and light chain (LC), following siRNA-mediated
knockdown of FKBP11 or PPIB in hybridoma cell line H3. Quantification is given in panel G (secr.
IgG, LC, HC). (I) ELISA-based IgG quantification showed no significant effect on antibody secretion
from FKBP11-, PPIB- or scr siRNA-transfected H3 cells (n = 3).
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Delivery of Fkbp11- and Ppib-specific siRNA into H3 by electroporation resulted in ac-
ceptable knockdown efficiencies (Figure 6E), without affecting cell viability in comparison
to non-targeting scrambled siRNA (scr, Figure 6F). Neither Fkbp11- nor Ppib-specific siRNA
affected levels of intracellular IgG heavy (HC) or light chain (LC, Figure 6D, quantified
in Figure 6G). Also levels of the ER stress marker HSPA5 were not altered by reductions
in Fkbp11 or Ppib expression (Figure 6D, quantified in Figure 6G). While we observed a
small non-significant trend for decreased transcript for IgG HC in response to PPIB knock-
down, the same remained unchanged in response to FKBP11 knockdown (Figure S9A).
Furthermore, knockdown of FKBP11 did not alter the subcellular fractionation pattern
of IgG chains, which could have indicated accumulation of misfolded protein in the ER
(Figure S9B). Western Blot analysis of the hybridoma supernatants suggested a weak re-
duction of secreted IgG antibody chains for FKBP11 knockdown which, however, failed to
reach significance (LC, p = 0.1203; HC, p = 0.2650; paired t-test; Figure 6H, quantified in
Figure 6G, secreted LC/HC). For a more rigorous quantification of IgG in the hybridoma
supernatants, we compared IgG levels after transfection of hybridoma cells with control,
FKBP11 and PPIB siRNA by ELISA using serial dilutions of the hybridoma supernatants.
Here, we observed no differences of IgG concentrations relative to control siRNA (Figure 6I).
Finally, using a similar ELISA approach, we also assessed whether knockdown of FKBP11
or PPIB affected binding of secreted IgG to the cognate antigen and again found that there
was no difference relative to control siRNA (Figure S9D,E).

4. Discussion

A profound understanding of mechanisms of plasma cell differentiation and antibody
folding is beneficial not only for the development and production of antibody-based thera-
peutics but also for targeting autoimmune diseases. In the current study, we identified the
immunophilin FKBP11 as a novel plasma cell-specific antibody folding catalyst. Expression
of FKBP11 was increased in lungs with IPF, a fatal fibrotic disease with autoimmune fea-
tures [43–45], and localized specifically to tissue-resident plasma cells in IPF lung as well as
primary and secondary lymphatic organs. FKBP11 was upregulated upon differentiation of
B cells into antibody-secreting plasma cells and upon induction of ER stress in an XBP1-
dependent manner in vitro. The purified FKBP domain of human FKBP11, which carries
the PPIase activity, catalysed antibody refolding. While FKBP11 knockdown resulted in
higher susceptibility to ER stress-induced cell death in A549 cells, viability and antibody
yield of a hybridoma cell line was not affected relative to control siRNA.

Antibody function is strictly dependent on correct folding of the three-dimensional
structure and peptidyl-prolyl isomerization is the rate-limiting step in the process of IgG
folding [2]. However, the knowledge on PPIases catalysing this step is much based on
circumstantial evidence and PPIases in the human plasma cell have not been well-described.
In our study, we provide strong in vivo and in vitro evidence that human FKBP11 is a novel
plasma cell-specific antibody PPIase. To date, two other PPIases have been proposed in the
context of antibody folding, namely FKBP1A (FKBP12) and PPIB. Lilie et al. [14] provided
the first conceptual evidence that immunophilins of the FKBP family may contribute to
antibody folding, showing that purified FKBP1A acts as antibody PPIase in vitro. The
authors used the recombinant protein and an IgG Fab fragment refolding assay [14], very
similar to the one that we used (Figure 5B,C). However, FKBP1A is a cytosolic protein [15]
and therefore unlikely to contribute to antibody folding in the ER in vivo.

PPIB is commonly accepted as antibody PPIase [2], a concept which, however, is
still based on relatively few key indications: First, purified PPIB has been shown by
Feige et al. [11] to catalyse immunoglobulin folding in vitro, a finding which we confirm in
our study (Figure 5B). Second, using a chemical crosslinking approach in mouse lymphoma
cell lines followed by mass spectrometry-based identification, PPIB was found to reside
in a complex associated with unassembled, incompletely folded immunoglobulin heavy
chains [10]. More recently, using a combination of ER-specific pull-down and a yeast-two
hybrid system, Jansen et al. were able to map multiple interactions between ER foldases,
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and identified a novel complex between PPIB and the oxidoreductase ERp72 (encoded
by PDIA4) [13]. In a folding assay which monitored disulphide bond formation between
the constant parts of the IgG heavy and light chain, a CH1-CL assembly assay [11], the
authors could show that PPIB potentiates disulphide isomerase activity of Erp72 [13].
However, PPIB is a general ER-resident folding catalyst, for instance with an established
role in collagen triple helix formation [69]; indeed sc-RNA-Seq data from mouse lungs
(Supplementary Figure S7) confirms that PPIB is abundantly expressed in almost all cell
types. In the present study, by contrast, we not only show that FKBP11 directly catalyses
antibody folding, but provide multiple evidence for plasma cell-specific upregulation
in patient material and human test systems and demonstrate that FKBP11 expression is
induced by the UPR in an XBP1-dependent manner, a pathway crucial for late events in the
course of B cell differentiation to antibody-producing plasma cells. Notably, our findings
are backed up by previous transcriptomic studies on UPR-induced gene expression in
the lymphoma cell line Raji and in fibroblasts, which also show upregulation of FKBP11
transcript [70,71]. In addition, we confirm ER residence of FKBP11 [72] and show that
FKBP11 colocalizes in plasma cells with at least two major immunoglobulin classes, namely
IgG and IgA. Our observations thus support a critical and specific function of FKBP11 in
general plasma cell biology. In agreement, in work using a lentiviral transgenic mouse
model, Ruer-Laventie et al. have provided evidence that FKBP11 overexpression initiates
plasma cell differentiation and results in higher serum levels of basal IgG3 [27]. Also,
FKBP11 expression in peripheral B cells from Systemic Lupus Erythematosus (SLE) patients,
a severe and prototypic autoimmune disease, has been found to correlate with increased
numbers of peripheral plasmablasts [27].

While our results of the IgG refolding assay establish FKBP11 as a novel plasma cell
antibody foldase, knocking down FKBP11 in a hybridoma cell line was not sufficient to
affect antibody yield or functionality. Notably, in our hands, the same was true for the
established antibody foldase PPIB. We believe that this observation does not contradict a
function as antibody foldase for FKBP11, but may rather reflect considerable redundancy in
the antibody folding capacity in hybridoma cell lines. Overall, this underlines the general
importance of the UPR, inducing a plethora of chaperones and folding catalysts, which
collectively protect unfolded proteins from aggregation. Furthermore, it is important to
acknowledge that, while PPIases typically accelerate folding kinetics, their absence does
not much affect overall yield of correctly folded antibody fragments after denaturation
and refolding in vitro [11,73], indicating considerable, albeit slow, auto-catalysis. Hence,
therapeutic application of our findings for treatment of autoimmune disease may require
additional targets for the depletion of plasma cells, but, given the comparably high level
of plasma cell specificity, FKBP11-directed drugs could be used to specifically target the
ER-resident folding machinery in plasma cells.

Our finding that PPIB knockdown was not sufficient to decrease antibody yield is
in part contradictory to a previous study, which reported that knockdown of PPIB, with
similar knockdown efficiency as shown here, in murine hybridoma and primary B cells
impaired IgG synthesis [12]. Unfortunately, the authors did not assess secreted IgG in
that assay and the robustness of the latter findings remains unclear as only representative
results without statistical analysis are given.

FKBP2 (also termed FKBP13) is another immunophilin that recently has received
attention in the context of plasma cell biology and IPF. While a direct antibody folding
activity has to date not been reported, findings reported by Jeong et al. suggest that FKBP2
is also regulated by XBP1, directly interacts with immunoglobulins in the ER, but targets
them for proteasome-mediated degradation and thereby reduces the overall level of ER
stress [74]. Similar to PPIB, however, expression of FKBP2 is not restricted to plasma cells,
at least not in the lung (Figure S5) [64,75]. FKBP2 was enriched in fibrotic regions in IPF
lungs, while, in the bleomycin-induced mouse model of lung fibrosis, deficiency of FKBP2
aggravated fibrogenesis and impaired resolution of fibrosis [75]. Overall, these findings
rather point towards a protective role of FKBP2 in the context of fibrosis.
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As FKBP11 was exclusively expressed by CD3−/CD20−/CD38+/CD27+ plasma cells
in IPF lung tissue, we quantified this cell population in plasma of IPF patients. Here, in
contrast to other studies [27,44], we did not gate for CD19+ cells and normalize to the total
B cell population, as it has been reported that a significant proportion of plasma cells lose
CD19 expression [76,77]. Therefore a direct comparison of our results with the published
ones [27,44] is not possible. With an average of around 0.3% of all live cells, the resulting
population was very small and we did not observe an increase as compared to healthy
control blood samples (Figure 2C). This suggested that the majority of plasma cells in IPF
lungs did not derive from peripheral organs but differentiated from local B cells within the
fibrotic lung tissue.

Several studies have indicated the presence of circulating autoantibodies and increased
levels of B-lymphocyte stimulator factor (BLyS) in plasma of IPF patients [44,78]. In a recent
proteomic study, we could show that upregulation of the plasma cell-specific protein
MZB1 is a common feature of fibrotic lung diseases including IPF and, notably, also
FKBP11 was among the significantly upregulated proteins in this study [43]. Even if
our study provides circumstantial support for the autoimmune hypothesis in IPF, it still
remains unclear at present whether these observations represent epiphenomena or actually
reflect disease-causing autoimmune mechanisms. Our correlations of FKBP11 transcript
abundance with lung function and transcript abundance of typical fibrotic markers in
IPF lungs suggest that there is no strong direct relationship between the level of scarring
and the presence of FKBP11+ plasma cells (Figure S4), but a time- and space-resolved
analysis of interstitial scarring and lung-resident plasma cell differentiation would be
necessary to draw robust conclusions in terms of cause or consequence. Auto-antibody-
targeted treatments, including therapeutic plasma exchange, have been beneficial in acute
exacerbations of IPF [79] and a clinical phase II study is currently ongoing to evaluate
the potential therapeutic efficacy of rituximab, a CD20 antibody which specifically targets
B lymphocytes (ClinicalTrials.gov Identifier NCT01969409), in IPF patients. Our study
suggests that it may be beneficial to evaluate the potential of more plasma cell-specific
treatments, e.g., by use of CD38-specific antibodies some of which are currently in clinical
trials for treatment of multiple myeloma [80].

Our study has several limitations. First, we used a mouse/rat hybridoma cell line
as model for antibody secretion and not human plasma cells or an antibody-secreting
plasmacytoma cell line. This was primarily due to the well-known technical challenges of
electroporation/nucleofection of B-, plasma and myeloma cells [81]. While we, after multi-
ple rounds of optimization, succeeded to achieve an acceptable and consistent knockdown
efficiency for both FKBP11 and PPIB in the hybridoma cell line, we failed doing so for
the plasma cell myeloma cell line JK-6L. Unfortunately, while the yield of our plasma cell
differentiation assay (Figure 3) was sufficient for subsequent FACS sorting and qRT-PCR
analysis of the resulting subpopulations, it did not allow for testing downstream genetic
manipulation assays and effects on antibody yield. We considered using a Crispr-Cas9
approach in the hybridoma cell line for a clean knockout of FKBP11, which ultimately may
have led to more conclusive results on the role of FKBP11 in antibody synthesis and secre-
tion. But as CrisprCas9 approaches are a challenging task in polyploid cells, we ultimately
decided against that, given the polyploid nature of the hybridoma cell line [82]. As to
in vivo models, the FKBP11 knockout mouse is, to the best of our knowledge, not yet com-
mercially available. Future studies using more efficient genetic manipulation approaches,
human cells, and animal models are needed to further elucidate the role of FKBP11 in
plasma cells.

Second, our study does not establish whether FKBP11 is protective from fibrosis or
contributes to disease development. Our observation that knockdown of FKBP11 increases
susceptibility to cell death in the alveolar epithelial cell line A549, raises an important
concern when considering FKBP11 inhibition as a therapeutic target in IPF. ER stress-
induced apoptosis of alveolar epithelial cells is believed to be a triggering profibrotic event
in IPF [83–85] and scRNA-Seq data demonstrate—comparatively weak, but detectable-
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expression of FKBP11 in type I and II alveolar epithelial cells (type I and II pneumocytes).
Targeting FKBP11 may therefore increase susceptibility to ER stress in remaining alveolar
type II cells, perpetuating disease progression rather than halting it.

Of note, there is increasing evidence of involvement of multiple FKBPs in human
disease. While FKBP10 [61], FKBP11 (this study), and FKBP2 [75] have been reported
in the context of IPF, others have demonstrated a role of FKBP11 in autoimmune dis-
ease [27]. Additional FKBPs have been put forward as potential drug targets in steroid
hormone-associated cancer and psychotic disorders (FKBP4, 5, 8), and Alzheimer’s disease
(FKBP1A, 4, 5) [15,72,86]. Overall, it is becoming increasingly clear, that a systematic and
detailed analysis of FK506 and FK506 analogues and their relative contribution to FKBP
inhibition is warranted for the development of multiple novel therapeutic agents including
the development of agents that lack FKBP1A-binding and calcineurin-inhibiting T cell
suppressive activity.

5. Conclusions

Using a combination of patient material, human cell culture systems, and an in vitro
refolding assay, the present study has identified FKBP11 as an XBP1-driven UPR gene,
which is highly expressed by plasma cells and encodes a peptidyl prolyl isomerase, which
folds antibodies in vitro. Neither knockdown of FKBP11 nor PPIB in an antibody-producing
hybridoma cell line affected antibody yield and functionality, indicating considerable
redundancy in antibody folding mechanisms. Finally, the results also strengthen the
underappreciated concept of autoimmune features in IPF.
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Abstract: Insulin-like growth factor (IGF) signaling controls the development and growth of many
organs, including the lung. Loss of function of Igf1 or its receptor Igf1r impairs lung development
and leads to neonatal respiratory distress in mice. Although many components of the IGF signaling
pathway have shown to be dysregulated in idiopathic pulmonary fibrosis (IPF), the expression pattern
of such components in different cellular compartments of the developing and/or fibrotic lung has
been elusive. In this study, we provide a comprehensive transcriptional profile for such signaling
components during embryonic lung development in mice, bleomycin-induced pulmonary fibrosis
in mice and in human IPF lung explants. During late gestation, we found that Igf1 is upregulated
in parallel to Igf1r downregulation in the lung mesenchyme. Lung tissues derived from bleomycin-
treated mice and explanted IPF lungs revealed upregulation of IGF1 in parallel to downregulation of
IGF1R, in addition to upregulation of several IGF binding proteins (IGFBPs) in lung fibrosis. Finally,
treatment of IPF lung fibroblasts with recombinant IGF1 led to myogenic differentiation. Our data
serve as a resource for the transcriptional profile of IGF signaling components and warrant further
research on the involvement of this pathway in both lung development and pulmonary disease.

Keywords: IGF1; IGF1R; lung development; bleomycin-induced pulmonary fibrosis; idiopathic
pulmonary fibrosis

1. Introduction

The insulin-like growth factor (IGF) family consists of two ligands (IGF1 and IGF2),
two receptors (IGF1R and IGF2R), six IGF-binding proteins (IGFBP1-6) and one IGFBP-
related protein (IGFBP-rP1 or IGFBP7). IGFBPs regulate the bioavailability of IGF ligands
in the blood stream. As the name suggests, IGF shares structural homology with insulin
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and can therefore bind to and activate the insulin receptor, albeit with lower affinity than
insulin. Although it is expressed in most tissues, IGF1 is mainly produced by the liver upon
growth hormone (GH) stimulation. In fact, IGF1 functions as a growth hormone and IGF1
deficiency is linked to dwarfism in mice and humans [1–4]. IGF1 is regarded as the natural
ligand for IGF1R, and therefore transduces mitogenic and survival signals by activating
MAPK, PI3K/AKT and mTOR signaling pathways [5]. On the other hand, IGF2 binds to
IGF1R and IGF2R, with the latter functioning as a clearance receptor for IGF2 [6].

IGF signaling has been shown to be involved in murine lung organogenesis. Igf1-
knockout newborn pups suffer from disproportional lung hypoplasia and die due to
respiratory distress [1,7]. These mutants display thickened mesenchyme, alterations in
extracellular matrix (ECM) protein deposition, thin smooth muscle and dilated blood
vessels, indicating delayed lung development [1,7]. Using a hypomorphic Igf1rneo allele
that yields an 80% reduction in Igf1r expression, it was shown that reduced expression
of Igf1r does not lead to an obvious phenotype [8]. On the other hand, Igf1r-knockout
mouse embryos suffer from general organ hypoplasia including severe lung hypoplasia
and underdeveloped diaphragms. These mutants die shortly after birth due to respiratory
distress [1,8]. Histological analysis during late gestation showed that Igf1r-knockout mouse
lungs display thickened intersaccular mesenchyme and delayed development [8]. Igf2-
kockout pups also display delayed lung development at the end of gestation [9]. These pups
display lower plasma corticosterone levels, and supplementing pregnant mice carrying
Igf2-knockout pups with corticosterone rescues delayed lung development [9].

IGF1/IGF1R signaling has also been studied in the context of mouse models of lung
injury and repair. For instance, Igf1r deficiency improves survival and ameliorates lung
injury in response to hyperoxia [10]. IGF1R signaling controls the kinetics of cell prolif-
eration and differentiation during airway epithelial regeneration [11]. Moreover, smooth
muscle-derived IGF1 has been implicated in pulmonary hypertension development in
response to hypoxia [12]. Last but not least, intervention with monoclonal antibodies
against IGF1R attenuates bleomycin-induced pulmonary fibrosis [13].

Lipofibroblasts are adipocyte-like cells that not only transfer triglycerides to adjacent
type 2 alveolar epithelial cells (AT2) to assist them in the process of surfactant production,
but are also regarded as a niche that maintains AT2 stemness [14–16]. We have previ-
ously shown that lipofibroblasts are a source of myofibroblasts in lung fibrosis and that
myofibroblast-to-lipofibroblast transdifferentiation represents a route for fibrosis resolu-
tion [17–19]. Since insulin signaling is integral to the differentiation of preadipocytes to
adipocytes [20], and given that decreased IGF signaling is linked to impaired alveolar mat-
uration, the question arose whether IGF signaling is involved in lipofibroblast formation.
In this study, we provide a transcriptional profile for IGF family components at various
stages of embryonic murine lung development, murine lung fibrosis and lung samples
derived from idiopathic pulmonary fibrosis (IPF) patients. We also provide in vitro data on
the effect of recombinant IGF1 on primary cultures of human IPF lung fibroblasts.

2. Materials and Methods

2.1. Animal Experiments

All animal experiments were approved by the local authorities. Mice were housed in a
specific-pathogen-free (SPF) environment with free access to food and water. RjOrl:SWISS
mice were obtained from Janvier Labs and timed pregnant females were used to collect
embryonic tissues at the indicated timepoints (Approval number: 437_M). In bleomycin
experiments, C57BL6/J female mice were subjected to a single intratracheal injection
of saline (SAL; n = 6) or bleomycin (BLM; 2.5 U/Kg), and mice were euthanized after
7 (BLM d7; n = 5) or 14 days (BLM d14; n = 5) (Approval number: Gi20/10, No.: 109/2011,
JLU-number: 594_GP). Protein lysates were used for western blotting and lung sections
were used for histological analysis. Lung tissues were also used for RNA extraction and
gene expression analysis.
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2.2. Human-Derived Lung Material

Lung tissues and interstitial fibroblasts were isolated from explanted IPF and control
lungs, collected in frame of the European IPF registry (eurIPFreg) and provided by the
UGMLC Giessen Biobank, member of the DZL Platform Biobanking. The Ethics Com-
mittee of the Justus-Liebig University has approved the biospecimen collection of the
UGMLC/DZL biobank under the ethics vote number 58/15. The patients have been in-
formed and given their written consent for the use of biospecimen for research purposes.
All studies and procedures to obtain human specimen were conducted according to the
Declaration of Helsinki.

2.3. Primary Culture of Murine Lung Fibroblasts

Primary murine lung fibroblasts were cultured by differential adhesion as previously
described [21]. Embryonic lungs were harvested and minced into fine pieces using blades,
followed by digestion in 0.5% (w/v) collagenase IV (Thermo Fisher Scientific, Schwerte,
Germany) for 45 min with slight agitation. Digested suspensions were then aspirated
through 18G, 20G and 24G needles before being passed through 70 µm and 40 µm cell
strainers (Sarstedt, Nümbrecht, Germany). Single-cell suspensions were allowed to adhere
onto six-well plates for 17 min before washing with PBS. Cells were allowed to grow
in DMEM (low glucose, GlutaMAXTM Supplement, pyruvate) (Thermo Fisher Scientific)
supplemented with 10% bovine calf serum (BCS) (Thermo Fisher Scientific) for the next
24 h before fresh culture medium was added.

2.4. Primary Culture of Human Lung Fibroblasts

Primary human lung fibroblasts derived from IPF patients were maintained in DMEM
(Thermo Fisher Scientific) supplemented with 10% BCS (Thermo Fisher Scientific). Cells
between passages three and five were used for experiments. Three hundred thousand cells
were plated per well in six-well plates. After 24 h, cells were starved by replacing culture
media by serum-free media for 24 h. Cells were then treated with recombinant human IGF1
(rhIGF1, 250 ng/mL) (R&D systems, Wiesbaden, Germany) or vehicle (phosphate-buffered
saline, PBS) for 72 h. Cells derived from the same patients were used as controls. In the
designated experiments, cells were cultured on CytoSoft plates with elastic modulus of
16 kPa (Sigma-Aldrich, St. Louis, MO, USA).

2.5. RNA Extraction, cDNA Synthesis and qPCR

RNeasy mini kit (Qiagen, Hilden, Germany) was used for RNA extraction followed by
cDNA synthesis using Quantitect reverse transcription kit (Qiagen) according to the manu-
facturer’s protocol. Quantitative real-time PCR (qPCR) was carried out using PowerUp
SYBR green master mix (Thermo Fisher Scientific) and LightCycler 480 II machine (Roche
Applied Science, Mannheim, Germany). Primer sequences are listed in Table 1.

Table 1. Primers used for qPCR.

Primer Name Sequence (5′-3′)

hACTA2 Fwd CTGTTCCAGCCATCCTTCAT
hACTA2 Rev TCATGATGCTGTTGTAGGTGGT

hCOL1A1 Fwd ATGTTCAGCTTTGTGGACCTC
hCOL1A1 Rev CTGTACGCAGGTGATTGGTG

hIGF1 Fwd TGTGGAGACAGGGGCTTTTA
hIGF1 Rev ATCCACGATGCCTGTCTGA

hIGF1R Fwd GAGAATTTCCTTCACAATTCCATC
hIGF1R Rev CACTTGCATGACGTCTCTCC
hIGF2 Fwd CAAACCGAGCTGGGCG
hIGF2 Rev CACAGAGAAGCGGAGGGA
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Table 1. Cont.

Primer Name Sequence (5′-3′)

hIGF2R Fwd TCTCCAGTGGACTGCCAAGT
hIGF2R Rev GTGCTTAGGCCAGTCAGGTC

hIGFBP1 Fwd AATGGATTTTATCACAGCAGACAG
hIGFBP1 Rev GGTAGACGCACCAGCAGAGT
hIGFBP2 Fwd AAGGGTGGCAAGCATCAC
hIGFBP2 Rev CTGGTCCAGTTCCTGTTGG
hIGFBP3 Fwd AACGCTAGTGCCGTCAGC
hIGFBP3 Rev CGGTCTTCCTCCGACTCAC
hIGFBP4 Fwd CCTCTACATCATCCCCATCC
hIGFBP4 Rev GGTCCACACACCAGCACTT
hIGFBP5 Fwd AGAGCTACCGCGAGCAAGT
hIGFBP5 Rev GTAGGTCTCCTCGGCCATCT
hIGFBP6 Fwd TGACCATCGAGGCTTCTACC
hIGFBP6 Rev CATCCGATCCACACACCA
hINSRA Fwd TTTTCGTCCCCAGGCCATC
hINSRB Fwd CCCCAGAAAAACCTCTTCAGG
hINSR Rev GTCACATTCCCAACATCGCC

hPBGD Fwd TGTCTGGTAACGGCAATGCG
hPBGD Rev CCCACGCGAATCACTCTCAT
hPLIN2 Fwd TCAGCTCCATTCTACTGTTCACC
hPLIN2 Rev CCTGAATTTTCTGATTGGCAC

hPPARG Fwd TTGCTGTCATTATTCTCAGTGGA
hPPARG Rev GAGGACTCAGGGTGGTTCAG
mCol1a1 Fwd CCAAGAAGACATCCCTGAAGTCA
mCol1a1 Rev TGCACGTCATCGCACACA
mHprt Fwd CCTAAGATGAGCGCAAGTTGAA
mHprt Rev CCACAGGACTAGAACACCTGCTAA
mIgf1 Fwd AGCAGCCTTCCAACTCAATTAT
mIgf1 Rev GAAGACGACATGATGTGTATCTTTATC

mIgf1r Fwd AGAATTTCCTTCACAATTCCATC
mIgf1r Rev CACTTGCATGACGTCTCTCC
mIgf2 Fwd CGCTTCAGTTTGTCTGTTCG
mIgf2 Rev GCAGCACTCTTCCACGATG

mIgf2r Fwd CCTTCTCTAGTGGATTGTCAAGTG
migf2r Rev AGGGCGCTCAAGTCATACTC

mIgfbp1 Fwd TGGTCAGGGAGCCTGTGTA
mIgfbp1 Rev ACAGCAGCCTTTGCCTCTT
mIgfbp2 Fwd GCGGGTACCTGTGAAAAGAG
mIgfbp2 Rev CCTCAGAGTGGTCGTCATCA
mIgfbp3 Fwd GACGACGTACATTGCCTCAG
mIgfbp3 Rev GACGACGTACATTGCCTCAG
mIgfbp4 Fwd GACACCTCGGGAGGAACC
mIgfbp4 Rev AAGAGGTCTTCGTGGGTACG
mIgfbp5 Fwd GGCGAGCAAACCAAGATAGA
mIgfbp5 Rev AGGTCTCTTCAGCCATCTCG
mIgfbp6 Fwd GGGCTCTATGTGCCAAACTG
mIgfbp6 Rev CCTGCGAGGAACGACACT
mInsr Fwd TCTTTCTTCAGGAAGCTACATCTG
mInsr Rev TGTCCAAGGCATAAAAAGAATAGTT

h: human; m: mouse.
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2.6. Histology, Immunohistochemistry and Fluorescent Staining

Formalin-fixed, paraffin-embedded mouse and human lung tissues were subjected to
immunohistochemistry as we previously described [17,22,23] using antibodies against IGF1
(Abcam, Berlin, Germany) (1:500), IGF1R (Sigma-Aldrich; 1:75) and TTF1 (Abcam; 1:100)
and ZytoChem Plus AP Kit (Zytomed Systems, Berlin, Germany). Hematoxylin/eosin
and Masson Goldner stains were carried out according to standard procedures. LipidTOX
staining was carried out as previously described [18] and imaged using EVOS Cell Imaging
System (Thermo Fisher Scientific).

2.7. Western Blotting

Western blots were carried out according to standard procedures. Antibodies against
PAI-1 (R&D Systems) and mature COL1A1 (Meridian Life Science, Luckenwalde, Germany)
were used.

2.8. Figure Assembly and Statistical Analysis

Quantitative data were assembled and analyzed using GraphPad Prism 9 (GraphPad
Software, San Diego, CA, USA). The normality test was carried out whenever the number
of biological samples allowed. Outliers in the data from human-derived lung material were
detected using the ROUT method. For comparing two groups, t-test or Mann–Whitney
test was carried out. One-way ANOVA was used to compare more than two groups. The
number of biological samples (depicted as n) is shown in the corresponding figure legends.
Figures were assembled using Adobe Illustrator (Adobe, San Jose, CA, USA).

3. Results

3.1. Transcriptional Profile of IGF Signaling Components during Embryonic Lung Development

To explore the expression pattern of IGF signaling components during embryonic lung
development, embryos were collected from timed pregnant mice and RNA was isolated
from lung homogenates and subjected to qPCR at multiple developmental stages (E14.5:
Pseudoglandular stage; E16.5: End of pseudoglandular stage-beginning of canalicular stage;
E18.5: Saccular stage) (Figure 1). These timepoints were chosen because various epithelial
and mesenchymal cell lineages such as alveolar epithelial cells and lipofibroblasts start to
emerge around E16.5 [21,24–26]. The results revealed that Igf1 and Igf2, encoding the main
IGF ligands, showed a decline from E14.5 to E18.5 (Figure 1a,b). On the other hand, the
expression levels of IGF receptors, Igf1r and Igf2r, showed a 1.77- and a 2.57-fold increase,
respectively (Figure 1c,d). Insr, encoding the insulin receptor gene, showed a similar
upregulation at E18.5 (Figure 1e). Analysis of the expression levels of Igfbp genes showed a
mixed pattern (Figure 1f–j). Igfbp1/4/6 showed significant upregulation at E18.5 compared
with E14.5 and E16.5. Conversely, Igfbp2 showed significant downregulation at E18.5, while
Igfbp5 showed significant downregulation at E16.5 and E18.5 compared with E14.5.

The data described in Figure 1a–j reflect gene expression in whole-lung homogenates
containing a mixture of endoderm- and mesoderm-derived cells such as epithelial, en-
dothelial and mesenchymal cells. In order to investigate the expression pattern of these
genes exclusively in mesenchymal cells, cell suspensions were prepared and subjected to
differential adhesion as previously described [21]. Mesenchymal cells were allowed to grow
for 24 h (Figure 1k). While Igf1 showed gradual upregulation from E14.5 to E18.5 (around
6-fold increase at E18.5 compared with E14.5) (Figure 1l), Igf1r showed an opposite pattern
where its expression levels decreased by 1.9 folds at E16.5 and 3.7 folds at E18.5 (Figure 1m).
The expression pattern of Igfbp genes was very similar in cultured mesenchymal cells and
lung homogenates (Figure 1n–r vs. Figure 1f–j). Immunohistochemistry on E18.5 lung sec-
tions showed that IGF1 immunoreactivity could be detected in both the epithelium and the
mesenchyme, although the signal was stronger in the epithelium (Figure 1s). In agreement
with the qPCR data, IGF1R was detected in epithelial cells rather than mesenchymal cells
at this stage (Figure 1t). Collectively, these data indicate that Igf1 is upregulated while Igf1r
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is downregulated in the lung mesenchyme during last gestation. Moreover, Igfbp1/4/6 are
upregulated while Igfbp2 is downregulated in this lung compartment.
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Figure 1. Expression profile of IGF signaling components during lung development. (a–j) qPCR
on lung homogenates at the indicated developmental stages; (k) Scheme for experimental design;
(l–r) qPCR on primary mesenchymal cells at the indicated developmental stages. (s) Immunohisto-
chemistry for TTF1 and IGF1 on E18.5 mouse lungs. (t) Immunohistochemistry for TTF1 and IGF1R
on E18.5 mouse lungs. One-way ANOVA was used to compare the means. (a–j) E14.5: n = 5, E16.5:
n = 5, E18.5: n = 6; (l–r) E14.5: n = 5–6, E16.5: n = 5–6, E18.5: n = 6. * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001.
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3.2. Increased Igf1 Expression during Fibrosis Development in Bleomycin-Induced Lung Injury

The expression levels of IGF signaling components were also examined in lung ho-
mogenates from bleomycin-treated mice at day 7 (end of acute lung injury/inflammatory
phase—beginning of fibrotic phase) and day 14 (peak of fibrosis) and were compared with
saline controls. Firstly, histological analysis using hematoxylin/eosin and Masson Goldner
stains confirmed the presence of fibrosis at day 14 (Figure 2a,b). At the transcriptional level,
Col1a1 showed significant upregulation at days 7 and 14 (Figure 2d). Such upregulation
was also confirmed by western blotting (Figure 2c). Igf1 appeared to mimic Col1a1 expres-
sion pattern where it showed significant upregulation, while Igf2 did not show significant
alterations (Figure 2e,f).

Analysis of genes encoding IGF receptors did not show significant changes in bleomycin-
treated lungs (Figure 2g–i). During the course of injury, Igfbp4 showed transient upregu-
lation at day 7 before normalizing at day 14 (Figure 2k), while Igfbp6 showed significant
downregulation at day 14 (Figure 2m). On the other hand, Igfbp2/5 did not show significant
changes (Figure 2j,l). The upregulation of Igf1 at the transcriptional level was also reflected
at the protein level by immunohistochemistry, where IGF1 immunoreactivity was observed
in areas of collagen deposition as well as in epithelial cells (Figure 2n,o). Finally, immuno-
histochemistry for IGF1R showed a strong signal in epithelial cells (AT2 and bronchial
epithelium) in both saline and bleomycin-treated lungs (Figure 2p).
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Figure 2. Alteration of IGF signaling in the bleomycin model of lung fibrosis. (a,b) Hematoxylin/eosin
and Masson Goldner staining showing clear fibrosis in bleomycin-treated mouse lungs compared
with saline-treated controls. (c) Western blot for PAI-1, COL1A1 and ACTB. (d–m) qPCR on lung
homogenates at the indicated timepoints. (n,o) Hematoxylin/eosin stain, Masson Goldner stain, IGF1
immunohistochemistry and TTF1 immunohistochemistry on saline- and bleomycin-treated mouse
lungs. (p) IGF1R immunohistochemistry on saline- and bleomycin-treated mouse lungs. One-way
ANOVA was used to compare the means. SAL: n = 6, BLM d7: n = 4, BLM d14: n = 4. * p < 0.05,
** p < 0.01, *** p < 0.001. SAL: Saline; BLM: Bleomycin; IHC: Immunohistochemistry.

3.3. IGF1 Expression Is Elevated in IPF Lungs

Lung homogenates from donors and IPF patients were subjected to gene expression
analysis. IGF1 showed a strong 9.9-fold upregulation (Figure 3a) while IGF1R showed a
3-fold downregulation in IPF samples compared with donors (Figure 3b).

INSRA/B showed significant downregulation in IPF samples compared with donors
(Figure 3d,e). While IGF2 transcripts could not be detected in human lung tissues, IGF2R
showed significant downregulation in IPF lungs compared with donor lungs (Figure 3c). No
significant changes were observed in the expression levels of IGFBP1/3 while IGFBP2/4/5/6
showed significant upregulation in IPF lungs compared with donor lungs (3.9, 4.8, 5.6 and
6.4 folds, respectively) (Figure 3f–k). Finally, immunohistochemistry showed significant
upregulation of IGF1 in IPF lung explants compared with donors, where IGF1 immunore-
activity was robust in alveolar and bronchiolar epithelial cells as well as in areas of dense
fibrosis (Figure 3l). In contrast, IGF1 immunoreactivity was sparse in any cells of normal
donor lungs (Figure 3l). Immunohistochemistry for IGF1R, on the other hand, showed a
strong signal in bronchiolar cells in donor lungs, and the signal was weaker in IPF lungs
(Figure 3m).
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Figure 3. Alteration of IGF1 signaling in idiopathic pulmonary fibrosis. (a–k) qPCR on homogenates
of lung explants derived from donor or IPF patients; (l,m) Immunohistochemistry for IGF1 and IGF1R
on donor and IPF lung sections. t-test (b–e,g–j) or Mann–Whitney test (a,f,k) was performed to
compare the groups. Donor: n = 8–10, IPF: n = 14–16. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
IHC: Immunohistochemistry.

3.4. Treatment of Human Lung Fibroblasts with Recombinant IGF1 Leads to Loss of Lipid Droplets

Due to the link between IGF1 signaling and lung fibrosis, we decided to investigate
whether treatment with recombinant human IGF1 (rhIGF1) affects the expression levels
of lipofibroblast and myofibroblast markers using primary cultures of human IPF lung
fibroblasts (Figure 4). Given the impact of matrix stiffness on myofibroblast differentia-
tion [27–29], we opted to use two culture conditions: Cells cultured on uncoated plates
(plastic) and cells cultured on a 16 kPa matrix that mimics the pathophysiological setting
linked to the induction of alpha smooth muscle actin (ACTA2) expression in fibrotic tissue
(estimated around 20 kPa) [28,30] (Figure 4a). Treatment of cells cultured on uncoated
plates with rhIGF1 did not lead to significant alteration in the expression levels of ACTA2,
COL1A1 or PLIN2 (Figure 4b–d). However, it led to significant upregulation of PPARG
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(Figure 4e). On the other hand, treatment of cells cultured on coated plates with rhIGF1
led to upregulation of the myofibroblast markers ACTA2 (trend) and COL1A1 (significant)
in parallel to significant upregulation of PPARG (Figure 4f,g,i). The expression levels of
PLIN2 were not significantly changed in response to rhIGF1 treatment (Figure 4h). To
confirm whether the lipogenic properties were significantly influenced by rhIGF1 treat-
ment, cells cultured on uncoated plates were stained with the neutral lipid dye, LipidTOX
(Figure 4j–m). Quantification did not show induction of adipogenesis but rather showed
significant loss of lipid droplets in response to rhIGF1 treatment (Figure 4n).
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Figure 4. Effect of recombinant IGF1 treatment on primary human lung fibroblasts. (a) Scheme
for experimental design. (b–e) qPCR on primary IPF lung fibroblasts cultured on uncoated plates
and treated with vehicle or recombinant human IGF1. (f–i) Similar analysis using coated plates.
(j–m) Neutral lipid stain on primary IPF lung fibroblasts cultured on uncoated plates. Nuclei are
stained with DAPI. (n) Quantification of LipidTOX staining. rhIGF1: Recombinant human IGF1; Veh:
Vehicle. t-test was used to compare the means. (b–e) Veh: n = 8, rhIGF1: n = 7–8; (f–i) n = 3 per group;
(n) n = 4 per group. * p < 0.05, ** p < 0.01, *** p < 0.001.
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4. Discussion

IGF signaling is involved in many developmental and pathological processes, but
its regulation remains poorly understood. IGF1/ IGF2, their receptors, insulin signaling
components and several IGFBPs contribute to the complexity of this signaling pathway.
In this work, we report the transcriptional profile of IGF signaling components during
embryonic murine lung development, murine lung fibrosis and human IPF.

A link between IGF signaling and alveolar fibroblast subsets has already been dis-
cussed. For instance, a previous study suggested that Igf1r is downregulated in lipofi-
broblasts rather than non-lipofibroblasts after alveolarization, an event that correlates with
apoptosis of these cells, thus hinting to a possible role for IGF1R signaling in lipofibroblast
survival [31]. Our gene expression analysis showed that Igf1 is significantly upregulated in
mesenchymal cells while Igf1r is significantly downregulated during late gestation. Based
on available single-cell RNA-seq data [32], myofibroblasts and smooth muscle cells are the
main source of Igf1 at E16.5 while Igf1r is more ubiquitously expressed. The significant
increase in Igf1 expression at E18.5 might be due to the increasing number of myofibroblast
progenitors that are required for postnatal septation [33]. Interestingly, a previous study
showed that in newborn lungs, platelet-derived growth factor receptor alpha-positive
(PDGFRα+) alveolar fibroblasts (typically refer to myofibroblasts at this developmental
stage) secrete IGF1, which acts on innate lymphoid cell (ILC) progenitors to promote their
proliferation [34].

Interestingly, we could detect Igf1 and Igf1r, but not Igf2 or Igf2r, transcripts in our
primary cultures of murine lung fibroblasts at various developmental stages. So far, the
literature has mainly focused on the role of the IGF1/IGF1R axis in disease and repair.
Nevertheless, recent work suggests that like IGF1, IGF2 exerts profibrotic effects and
promotes myofibroblast differentiation [35]. It is important to mention that IGF1/2 are
often bound to IGFBPs, which regulate the bioavailability of these ligands and suppress or
promote IGF signaling in a tissue- and cell-context-dependent manner [36]. The similar
expression patterns of Igfbp1, Igfbp4 and Igfbp6 between E14.5 and E18.5 suggest that they
might play similar roles during this period of lung development. On the other hand, it
was reported that increased levels of Igfbp2 result in proliferation arrest of epithelial cells
in the lung [37]. This might explain the reduced levels of Igfbp2 in lung homogenates at
late stages (between E16.5 and E18.5), as this coincides with the expansion of alveolar
epithelial progenitors.

IGF signaling is involved in controlling glucose and lipid metabolism and is therefore
altered in diabetes mellitus. Serum levels of IGF1 were reported to be elevated in type
II diabetes mellitus (T2DM) [38]. Whether such dysregulation in the abundance of IGF1
is a cause or consequence of diabetes remains unclear. Metabolic alterations have also
been reported in patients suffering from IPF [39,40], and T2DM might be risk factor for
IPF [41,42]. Among the metabolic pathways affected in IPF lungs are sphingolipids, argi-
nine, energy (including glucose, fatty acid and citric acid metabolism), bile acid, heme and
glutamate/aspartate [39]. Some of these pathways, particularly those related to glucose and
fatty acid metabolism can be regulated by IGF1 signaling and might therefore be relevant
for IGF1 research in the context of IPF.

We and others have already shown a potent antifibrotic effect for the antidiabetic
compound metformin in the lung [18,43–45]. We have shown that metformin, as well as
the PPARγ agonist rosiglitazone, accelerate the resolution of pulmonary fibrosis at least
partly via inducing the transdifferentiation of collagen-secreting myofibroblasts into pro-
alveologenic lipofibroblasts [17,18]. Given the parallels between lipofibroblasts and mature
adipocytes, and since insulin signaling is critical for adipogenic differentiation, we tested
the possibility that IGF1 plays a similar effect in promoting lipofibroblast formation. Our
data, however, do not support this scenario. On the contrary, treatment of primary human
IPF lung fibroblasts exacerbated the myofibroblast phenotype and led to the loss of lipid
droplets in these cells. These data using human-derived lung samples agree with the gene
expression analysis carried out of lung homogenates from bleomycin-challenged mice,
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where Igf1 showed a similar expression pattern as Col1a1 during fibrosis formation. Our
data are therefore in line with previous reports showing that blocking IGF1R signaling
ameliorates bleomycin-induced pulmonary fibrosis in experimental mice [13]. Our gene
expression profiling of IGFBPs in IPF and donor lung explants showed that IGFBP2,4,5,6
are upregulated while IGFBP1,3 are unaltered. Some of these IGFBPs have previously been
shown to be upregulated in IPF and contribute to ECM protein deposition [46–48]. IGFBP2,
in particular, has been proposed as a biomarker for IPF [48].

One last aspect is the effect of matrix stiffness on the phenotype of fibroblasts and
whether it modulates the response of these cells to rhIGF1 treatment, particularly in terms
of myogenic versus lipogenic differentiation. It has been shown that mouse lung fibrob-
lasts grown on soft substrate (<0.1 kPa), but not stiff substrate, upregulate Acta2 when
treated with recombinant IGF1. The induction of Col1a1 expression was reported for both
conditions (using mouse lung fibroblasts) [28]. Here, we cultured primary human IPF
lung fibroblasts on either uncoated plates or 16 kPa substrate. While rhIGF1 showed a
clear profibrotic effect on cells cultured on 16 kPa matrix, the corresponding transcrip-
tional changes were not evident in cells grown on uncoated plates. This indicates that a
(patho)physiological matrix might be important to “capture” the transcriptomic changes oc-
curring during active myogenic differentiation. One surprising finding was the significant
upregulation of PPARG, the master regulator of adipogenesis, under both experimental
setups. Nevertheless, we could detect significant loss of lipid droplets in cells treated with
rhIGF1, which fits with the model of lipogenic-to-myogenic differentiation. Whether IGF1
signaling has a direct impact on lipofibroblasts in vivo warrants further investigation.

In summary, we observed distinct expression patterns for IGF signaling components
in different compartments of the lung during murine embryonic development. In the
murine model of bleomycin-induced pulmonary fibrosis, we observed upregulation of Igf1,
transient upregulation of Igfbp4 and downregulation of Igfbp6. The genes encoding IGF1
and several IGFBPs are upregulated in IPF while those encoding IGF and insulin receptors
are downregulated. Finally, our data using primary cultures of IPF lung fibroblasts confirm
the profibrotic effect of IGF1, and hint to a possible impact on lipofibroblasts in lung fibrosis.

Author Contributions: Conceptualization, E.E.A.; investigation, V.K., A.K., G.K., M.K., M.M.B., I.A.
and E.E.A.; methodology, V.K., A.K., G.K., M.K., M.M.B., I.A., A.I.V.-A., M.W. and E.E.A.; resources,
A.I.V.-A., C.R., A.G., W.S., S.H. and E.E.A.; data curation, V.K., A.K., G.K., M.K., M.M.B. and E.E.A.;
supervision, E.E.A.; funding acquisition, S.H. and E.E.A.; writing—original draft preparation, V.K.
and E.E.A.; writing—review and editing, V.K., A.K., M.K., C.R., S.H. and E.E.A. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was funded by the Institute for Lung Health (ILH) and the German Research
Foundation (DFG; KFO309 P7/8, SFB TR84 B2/9, SFB1021 C5, SFB CRC1213-project A04 and EL
931/4-1).

Institutional Review Board Statement: The part of the study involving human samples was con-
ducted according to the guidelines of the Declaration of Helsinki and approved by the Ethics Com-
mittee of the University of Giessen. Animal experiments were approved by the local authorities.

Informed Consent Statement: For the experiments involving human-derived lung material, written
consent was obtained from each patient.

Data Availability Statement: There are no deposited or supplementary data associated with this
work. The data presented in this study are available in the article.

Acknowledgments: The authors acknowledge the excellence cluster Cardio-Pulmonary Institute
(CPI, EXC 2026, Project ID: 390649896) and the German Center for Lung Research (DZL). The authors
also acknowledge Saverio Bellusci for providing the embryonic lung tissues used for RNA extraction
or primary culture. We finally thank Yelda Pakize Kina, Hannah Hofmann and Ewa Bieniek for their
technical assistance.

Conflicts of Interest: The authors declare no conflict of interest.

136



Cells 2022, 11, 1973

References

1. Liu, J.P.; Baker, J.; Perkins, A.S.; Robertson, E.J.; Efstratiadis, A. Mice Carrying Null Mutations of the Genes Encoding Insulin-like
Growth Factor I (Igf-1) and Type 1 IGF Receptor (Igf1r). Cell 1993, 75, 59–72. [CrossRef]

2. Keselman, A.C.; Martin, A.; Scaglia, P.A.; Sanguineti, N.M.; Armando, R.; Gutiérrez, M.; Braslavsky, D.; Ballerini, M.G.; Ropelato,
M.G.; Ramirez, L.; et al. A Homozygous Mutation in the Highly Conserved Tyr60 of the Mature IGF1 Peptide Broadens the
Spectrum of IGF1 Deficiency. Eur. J. Endocrinol. 2019, 181, K43–K53. [CrossRef]

3. Giabicani, E.; Willems, M.; Steunou, V.; Chantot-Bastaraud, S.; Thibaud, N.; Abi Habib, W.; Azzi, S.; Lam, B.; Bérard, L.; Bony-
Trifunovic, H.; et al. Increasing Knowledge in IGF1R Defects: Lessons from 35 New Patients. J. Med. Genet. 2020, 57, 160–168.
[CrossRef] [PubMed]

4. Walenkamp, M.J.E.; Losekoot, M.; Wit, J.M. Molecular IGF-1 and IGF-1 Receptor Defects: From Genetics to Clinical Management.
Endocr. Dev. 2013, 24, 128–137. [CrossRef]

5. Yen, Y.-C.; Hsiao, J.-R.; Jiang, S.S.; Chang, J.S.; Wang, S.-H.; Shen, Y.-Y.; Chen, C.-H.; Chang, I.-S.; Chang, J.-Y.; Chen, Y.-W.
Insulin-like Growth Factor-Independent Insulin-like Growth Factor Binding Protein 3 Promotes Cell Migration and Lymph Node
Metastasis of Oral Squamous Cell Carcinoma Cells by Requirement of Integrin B1. Oncotarget 2015, 6, 41837–41855. [CrossRef]

6. Leroith, D.; Scheinman, E.J.; Bitton-Worms, K. The Role of Insulin and Insulin-like Growth Factors in the Increased Risk of Cancer
in Diabetes. Rambam Maimonides Med. J. 2011, 2, e0043. [CrossRef]

7. Pais, R.S.; Moreno-Barriuso, N.; Hernández-Porras, I.; López, I.P.; De Las Rivas, J.; Pichel, J.G. Transcriptome Analysis in Prenatal
IGF1-Deficient Mice Identifies Molecular Pathways and Target Genes Involved in Distal Lung Differentiation. PLoS ONE 2013,
8, e83028. [CrossRef] [PubMed]

8. Epaud, R.; Aubey, F.; Xu, J.; Chaker, Z.; Clemessy, M.; Dautin, A.; Ahamed, K.; Bonora, M.; Hoyeau, N.; Fléjou, J.-F.; et al.
Knockout of Insulin-Like Growth Factor-1 Receptor Impairs Distal Lung Morphogenesis. PLoS ONE 2012, 7, e48071. [CrossRef]
[PubMed]

9. Silva, D.; Venihaki, M.; Guo, W.H.; Lopez, M.F. Igf2 Deficiency Results in Delayed Lung Development at the End of Gestation.
Endocrinology 2006, 147, 5584–5591. [CrossRef]

10. Ahamed, K.; Epaud, R.; Holzenberger, M.; Bonora, M.; Flejou, J.-F.; Puard, J.; Clement, A.; Henrion-Caude, A. Deficiency in Type
1 Insulin-like Growth Factor Receptor in Mice Protects against Oxygen-Induced Lung Injury. Respir. Res. 2005, 6, 31. [CrossRef]

11. López, I.P.; Piñeiro-Hermida, S.; Pais, R.S.; Torrens, R.; Hoeflich, A.; Pichel, J.G. Involvement of Igf1r in Bronchiolar Epithelial
Regeneration: Role during Repair Kinetics after Selective Club Cell Ablation. PLoS ONE 2016, 11, e0166388. [CrossRef] [PubMed]

12. Sun, M.; Ramchandran, R.; Chen, J.; Yang, Q.; Raj, J.U. Smooth Muscle Insulin-Like Growth Factor-1 Mediates Hypoxia-Induced
Pulmonary Hypertension in Neonatal Mice. Am. J. Respir. Cell Mol. Biol. 2016, 55, 779–791. [CrossRef]

13. Choi, J.-E.; Lee, S.; Sunde, D.A.; Huizar, I.; Haugk, K.L.; Thannickal, V.J.; Vittal, R.; Plymate, S.R.; Schnapp, L.M. Insulin-like
Growth Factor-I Receptor Blockade Improves Outcome in Mouse Model of Lung Injury. Am. J. Respir. Crit. Care Med. 2009, 179,
212–219. [CrossRef] [PubMed]

14. Rehan, V.K.; Torday, J.S. The Lung Alveolar Lipofibroblast: An Evolutionary Strategy Against Neonatal Hyperoxic Lung Injury.
Antioxid. Redox Signal. 2014, 21, 1893–1904. [CrossRef]

15. Barkauskas, C.E.; Cronce, M.J.; Rackley, C.R.; Bowie, E.J.; Keene, D.R.; Stripp, B.R.; Randell, S.H.; Noble, P.W.; Hogan, B.L.M. Type
2 Alveolar Cells Are Stem Cells in Adult Lung. J. Clin. Investig. 2013, 123, 3025–3036. [CrossRef] [PubMed]

16. Taghizadeh, S.; Heiner, M.; Vazquez-Armendariz, A.I.; Wilhelm, J.; Herold, S.; Chen, C.; Zhang, J.S.; Bellusci, S. Characterization
in Mice of the Resident Mesenchymal Niche Maintaining AT2 Stem Cell Proliferation in Homeostasis and Disease. Stem Cells

2021, 39, 1382–1394. [CrossRef] [PubMed]
17. El Agha, E.; Moiseenko, A.; Kheirollahi, V.; De Langhe, S.; Crnkovic, S.; Kwapiszewska, G.; Szibor, M.; Kosanovic, D.; Schwind, F.;

Schermuly, R.T.; et al. Two-Way Conversion between Lipogenic and Myogenic Fibroblastic Phenotypes Marks the Progression
and Resolution of Lung Fibrosis. Cell Stem Cell 2017, 20, 261–273.e3. [CrossRef]

18. Kheirollahi, V.; Wasnick, R.M.; Biasin, V.; Vazquez-Armendariz, A.I.; Chu, X.; Moiseenko, A.; Weiss, A.; Wilhelm, J.; Zhang, J.-S.;
Kwapiszewska, G.; et al. Metformin Induces Lipogenic Differentiation in Myofibroblasts to Reverse Lung Fibrosis. Nat. Commun.

2019, 10, 2987. [CrossRef]
19. El Agha, E.; Kramann, R.; Schneider, R.K.; Li, X.; Seeger, W.; Humphreys, B.D.; Bellusci, S. Mesenchymal Stem Cells in Fibrotic

Disease. Cell Stem Cell 2017, 21, 166–177. [CrossRef]
20. Rosen, E.D. The Transcriptional Basis of Adipocyte Development. Prostaglandins Leukot. Essent. Fat. Acids 2005, 73, 31–34.

[CrossRef]
21. Al Alam, D.; El Agha, E.; Sakurai, R.; Kheirollahi, V.; Moiseenko, A.; Danopoulos, S.; Shrestha, A.; Schmoldt, C.; Quantius, J.;

Herold, S.; et al. Evidence for the Involvement of Fibroblast Growth Factor 10 in Lipofibroblast Formation during Embryonic
Lung Development. Development 2015, 142, 4139–4150. [CrossRef] [PubMed]

22. El Agha, E.; Schwind, F.; Ruppert, C.; Günther, A.; Bellusci, S.; Schermuly, R.T.; Kosanovic, D. Is the Fibroblast Growth Factor
Signaling Pathway a Victim of Receptor Tyrosine Kinase Inhibition in Pulmonary Parenchymal and Vascular Remodeling? Am. J.

Physiol. Lung Cell. Mol. Physiol. 2018, 315, L248–L252. [CrossRef] [PubMed]
23. MacKenzie, B.; Korfei, M.; Henneke, I.; Sibinska, Z.; Tian, X.; Hezel, S.; Dilai, S.; Wasnick, R.; Schneider, B.; Wilhelm, J.; et al.

Increased FGF1-FGFRc Expression in Idiopathic Pulmonary Fibrosis. Respir. Res. 2015, 16, 83. [CrossRef] [PubMed]

137



Cells 2022, 11, 1973

24. El Agha, E.; Bellusci, S. Walking along the Fibroblast Growth Factor 10 Route: A Key Pathway to Understand the Control and
Regulation of Epithelial and Mesenchymal Cell-Lineage Formation during Lung Development and Repair after Injury. Scientifica

2014, 2014, 538379. [CrossRef]
25. Volckaert, T.; De Langhe, S.P. Wnt and FGF Mediated Epithelial-Mesenchymal Crosstalk during Lung Development. Dev. Dyn.

2015, 244, 342–366. [CrossRef]
26. Kina, Y.P.; Khadim, A.; Seeger, W.; El Agha, E. The Lung Vasculature: A Driver or Passenger in Lung Branching Morphogenesis?

Front. Cell Dev. Biol. 2021, 8, 623868. [CrossRef]
27. Chen, H.; Qu, J.; Huang, X.; Kurundkar, A.; Zhu, L.; Yang, N.; Venado, A.; Ding, Q.; Liu, G.; Antony, V.B.; et al. Mechanosensing by

the A6-Integrin Confers an Invasive Fibroblast Phenotype and Mediates Lung Fibrosis. Nat. Commun. 2016, 7, 12564. [CrossRef]
28. Hung, C.F.; Rohani, M.G.; Lee, S.; Chen, P.; Schnapp, L.M. Role of IGF-1 Pathway in Lung Fibroblast Activation. Respir. Res. 2013,

14, 102. [CrossRef]
29. Zhou, Y.; Huang, X.; Hecker, L.; Kurundkar, D.; Kurundkar, A.; Liu, H.; Jin, T.-H.; Desai, L.; Bernard, K.; Thannickal, V.J. Inhibition

of Mechanosensitive Signaling in Myofibroblasts Ameliorates Experimental Pulmonary Fibrosis. J. Clin. Investig. 2013, 123,
1096–1108. [CrossRef]

30. Hinz, B. Tissue Stiffness, Latent TGF-B1 Activation, and Mechanical Signal Transduction: Implications for the Pathogenesis and
Treatment of Fibrosis. Curr. Rheumatol. Rep. 2009, 11, 120. [CrossRef]

31. Srinivasan, S.; Strange, J.; Awonusonu, F.; Bruce, M.C. Insulin-like Growth Factor I Receptor Is Downregulated after Alveolariza-
tion in an Apoptotic Fibroblast Subset. Am. J. Physiol. Lung Cell. Mol. Physiol. 2002, 282, 457–467. [CrossRef] [PubMed]

32. Du, Y.; Kitzmiller, J.A.; Sridharan, A.; Perl, A.K.; Bridges, J.P.; Misra, R.S.; Pryhuber, G.S.; Mariani, T.J.; Bhattacharya, S.; Guo, M.;
et al. Lung Gene Expression Analysis (LGEA): An Integrative Web Portal for Comprehensive Gene Expression Data Analysis in
Lung Development. Thorax 2017, 72, 481–484. [CrossRef]

33. Moiseenko, A.; Kheirollahi, V.; Chao, C.-M.; Ahmadvand, N.; Quantius, J.; Wilhelm, J.; Herold, S.; Ahlbrecht, K.; Morty,
R.E.; Rizvanov, A.A.; et al. Origin and Characterization of Alpha Smooth Muscle Actin-Positive Cells during Murine Lung
Development. Stem Cells 2017, 35, 1566–1578. [CrossRef] [PubMed]

34. Oherle, K.; Acker, E.; Bonfield, M.; Wang, T.; Gray, J.; Lang, I.; Bridges, J.; Lewkowich, I.; Xu, Y.; Ahlfeld, S.; et al. Insulin-like
Growth Factor 1 Supports a Pulmonary Niche That Promotes Type 3 Innate Lymphoid Cell Development in Newborn Lungs.
Immunity 2020, 52, 275–294.e9. [CrossRef]

35. Garrett, S.M.; Hsu, E.; Thomas, J.M.; Pilewski, J.M.; Feghali-Bostwick, C. Insulin-like Growth Factor (IGF)-II- Mediated Fibrosis in
Pathogenic Lung Conditions. PLoS ONE 2019, 14, e0225422. [CrossRef]

36. Allard, J.B.; Duan, C. IGF-Binding Proteins: Why Do They Exist and Why Are There So Many? Front. Endocrinol. 2018, 9, 117.
[CrossRef]

37. Mouhieddine, O.B.; Cazals, V.; Kuto, E.; Le Bouc, Y.; Clement, A. Glucocorticoid-Induced Growth Arrest of Lung Alveolar
Epithelial Cells Is Associated with Increased Production of Insulin-like Growth Factor Binding Protein-2. Endocrinology 1996, 137,
287–295. [CrossRef]

38. Kim, M.S.; Lee, D.-Y. Insulin-like Growth Factor (IGF)-I and IGF Binding Proteins Axis in Diabetes Mellitus. Ann. Pediatr.

Endocrinol. Metab. 2015, 20, 69–73. [CrossRef] [PubMed]
39. Zhao, Y.D.; Yin, L.; Archer, S.; Lu, C.; Zhao, G.; Yao, Y.; Wu, L.; Hsin, M.; Waddell, T.K.; Keshavjee, S.; et al. Metabolic

Heterogeneity of Idiopathic Pulmonary Fibrosis: A Metabolomic Study. BMJ Open Respir. Res. 2017, 4, e000183. [CrossRef]
40. Yan, F.; Wen, Z.; Wang, R.; Luo, W.; Du, Y.; Wang, W.; Chen, X. Identification of the Lipid Biomarkers from Plasma in Idiopathic

Pulmonary Fibrosis by Lipidomics. BMC Pulm. Med. 2017, 17, 174. [CrossRef]
41. Figueroa, M.C.G.-S.; Carrillo, G.; Pérez-Padilla, R.; Fernández-Plata, M.R.; Buendía-Roldán, I.; Vargas, M.H.; Selman, M. Risk

Factors for Idiopathic Pulmonary Fibrosis in a Mexican Population. A Case-Control Study. Respir. Med. 2010, 104, 305–309.
[CrossRef] [PubMed]

42. Wang, D.; Ma, Y.; Tong, X.; Zhang, Y.; Fan, H. Diabetes Mellitus Contributes to Idiopathic Pulmonary Fibrosis: A Review From
Clinical Appearance to Possible Pathogenesis. Front. Public Health 2020, 8, 196. [CrossRef] [PubMed]

43. Rangarajan, S.; Bone, N.B.; Zmijewska, A.A.; Jiang, S.; Park, D.W.; Bernard, K.; Locy, M.L.; Ravi, S.; Deshane, J.; Mannon, R.B.;
et al. Metformin Reverses Established Lung Fibrosis in a Bleomycin Model. Nat. Med. 2018, 24, 1121–1127. [CrossRef]

44. Choi, S.M.; Jang, A.-H.; Kim, H.; Lee, K.H.; Kim, Y.W. Metformin Reduces Bleomycin-Induced Pulmonary Fibrosis in Mice. J.

Korean Med. Sci 2016, 31, 1419–1425. [CrossRef]
45. Sato, N.; Takasaka, N.; Yoshida, M.; Tsubouchi, K.; Minagawa, S.; Araya, J.; Saito, N.; Fujita, Y.; Kurita, Y.; Kobayashi, K.; et al.

Metformin Attenuates Lung Fibrosis Development via NOX4 Suppression. Respir. Res. 2016, 17, 107. [CrossRef] [PubMed]
46. Pilewski, J.M.; Liu, L.; Henry, A.C.; Knauer, A.V.; Feghali-Bostwick, C.A. Insulin-like Growth Factor Binding Proteins 3 and 5 Are

Overexpressed in Idiopathic Pulmonary Fibrosis and Contribute to Extracellular Matrix Deposition. Am. J. Pathol. 2005, 166,
399–407. [CrossRef]

47. Guiot, J.; Bondue, B.; Henket, M.; Corhay, J.L.; Louis, R. Raised Serum Levels of IGFBP-1 and IGFBP-2 in Idiopathic Pulmonary
Fibrosis. BMC Pulm. Med. 2016, 16, 86. [CrossRef]

48. Guiot, J.; Henket, M.; Corhay, J.-L.; Louis, R. Serum IGFBP2 as a Marker of Idiopathic Pulmonary Fibrosis. Eur. Respir. J. 2015,
46, PA3840.

138



Citation: Takehara, K.; Koga, Y.;

Hachisu, Y.; Utsugi, M.; Sawada, Y.;

Saito, Y.; Yoshimi, S.; Yatomi, M.;

Shin, Y.; Wakamatsu, I.; et al.

Differential Discontinuation Profiles

between Pirfenidone and Nintedanib

in Patients with Idiopathic

Pulmonary Fibrosis. Cells 2022, 11,

143. https://doi.org/10.3390/

cells11010143

Academic Editors: Malgorzata

Wygrecka and Elie El Agha

Received: 21 November 2021

Accepted: 29 December 2021

Published: 2 January 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

cells

Article

Differential Discontinuation Profiles between Pirfenidone and
Nintedanib in Patients with Idiopathic Pulmonary Fibrosis

Kazutaka Takehara 1,2, Yasuhiko Koga 1,* , Yoshimasa Hachisu 3 , Mitsuyoshi Utsugi 4, Yuri Sawada 1,

Yasuyuki Saito 5, Seishi Yoshimi 6, Masakiyo Yatomi 1, Yuki Shin 1, Ikuo Wakamatsu 7, Kazue Umetsu 8,

Shunichi Kouno 8, Junichi Nakagawa 7, Noriaki Sunaga 1 , Toshitaka Maeno 1 and Takeshi Hisada 9

1 Department of Respiratory Medicine, Gunma University Graduate School of Medicine, 3-39-15, Showa-machi,
Maebashi 371-8511, Japan; k-kanplude3@jcom.home.ne.jp (K.T.); g.yr.328@gmail.com (Y.S.);
m09702007@gunma-u.ac.jp (M.Y.); shiki0246@gmail.com (Y.S.); nsunaga@gunma-u.ac.jp (N.S.);
mutoyu03@gunma-u.ac.jp (T.M.)

2 Department of Respiratory Medicine, Public Tomioka General Hospital, 2073-1, Tomioka 370-2393, Japan
3 Department of Respiratory Medicine, Maebashi Red Cross Hospital, 389-1, Asakura-machi,

Maebashi 371-0811, Japan; yhachisu2002@yahoo.co.jp
4 Department of Respiratory Medicine, Kiryu Kosei General Hospital, 6-3, Orihime-machi, Kiryu 376-0024,

Japan; mutsugi@gaea.ocn.ne.jp
5 Department of Respiratory Medicine, Isesaki Municipal Hospital, Tsunatorihonchou 12-1, Isesaki 372-0817,

Japan; sprq6fc9@road.ocn.ne.jp
6 Department of Respiratory Medicine, Tone Central Hospital, 910-1, Numasu-machi, Numata 378-0012, Japan;

s-yoshimi@msi.biglobe.ne.jp
7 Department of Respiratory Medicine, National Hospital Organization Takasaki General Medical Center, 36,

Takamatsu-cho, Takasaki 370-0829, Japan; i_18_waka@outlook.jp (I.W.); jnakaga@yahoo.co.jp (J.N.)
8 Department of Respiratory Medicine, Fujioka General Hospital, 813-1, Nakakurisu, Fujioka 375-8503, Japan;

emuirakirak@gmail.com (K.U.); contra.since2005@gmail.com (S.K.)
9 Graduate School of Health Sciences, Gunma University, 3-39-22, Showa-machi, Maebashi 371-8514, Japan;

hisadat@gunma-u.ac.jp
* Correspondence: ykoga@gunma-u.ac.jp

Abstract: Antifibrotic agents have been widely used in patients with idiopathic pulmonary fibrosis
(IPF). Long-term continuation of antifibrotic therapy is required for IPF treatment to prevent disease
progression. However, antifibrotic treatment has considerable adverse events, and the continuation
of treatment is uncertain in many cases. Therefore, we examined and compared the continuity of
treatment between pirfenidone and nintedanib in patients with IPF. We retrospectively enrolled
261 consecutive IPF patients who received antifibrotic treatment from six core facilities in Gunma
Prefecture from 2009 to 2018. Among them, 77 patients were excluded if the antifibrotic agent was
switched or if the observation period was less than a year. In this study, 134 patients treated with
pirfenidone and 50 treated with nintedanib were analyzed. There was no significant difference
in patient background, discontinuation rate of antifibrotic treatment over time, and survival rate
between the two groups. However, the discontinuation rate due to adverse events within one year
of antifibrotic treatment was significantly higher in the nintedanib group than in the pirfenidone
group (76% vs. 37%, p < 0.001). Furthermore, the discontinuation rate due to adverse events in
nintedanib was higher than that of pirfenidone treatment throughout the observation period (70.6%
vs. 31.2%, p = 0.016). The pirfenidone group tended to be discontinued due to acute exacerbation
or transfer to another facility. The results of this study suggest that better management of adverse
events with nintedanib leads to more continuous treatment that prevents disease progression and
acute exacerbations, thus improving prognosis in patients with IPF.

Keywords: idiopathic pulmonary fibrosis; pirfenidone; nintedanib; discontinuation; body mass
index; adverse event; antifibrotic treatment
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1. Introduction

Idiopathic pulmonary fibrosis (IPF) is a chronic, progressive, and fatal lung disease
of unknown etiology. Environmental and occupational exposures have been suggested to
play a role in the pathophysiology of IPF [1,2]. Recently, we reported inhaled silica/silicates
in the lungs to be associated with the progression and prognosis in patients with IPF [3]. As
an antifibrotic treatment for IPF in Japan, nintedanib became available in 2015, in addition
to pirfenidone, which was available since 2008. Pirfenidone has also been reported to be
effective in treating familial IPF [4]. However, IPF has an average survival time of 3–5 years
and the poorest prognosis among interstitial pneumonias [5].

Pirfenidone was the first approved oral antifibrotic drug. In the CAPACITY trial,
pirfenidone decreased the decline in forced vital capacity (FVC) at 72 weeks after treat-
ment [6]. The ASCEND trial evaluated that 52 weeks of treatment reduced the decrease in
percent predicted FVC (%FVC) and improved progression-free survival at 52 weeks from
baseline [7].

Nintedanib is a multi-intracellular tyrosine kinase inhibitor that targets vascular
endothelial growth factor, platelet-derived growth factor, and fibroblast growth factor. The
TOMORROW trial showed that compared with placebo, nintedanib treatment resulted in a
reduced annual decline in FVC [8]. The INPULSIS trials showed similar favorable results
and prolonged the time to the first acute exacerbation [9]. The INPULSIS-ON study showed
a long-term safety and toxicity profile [10]. However, the continuity of nintedanib treatment
in Asian populations is extremely poor, and its long-term treatment with nintedanib has
become a critical issue [11–13]. There still are few reports comparing the drug-related
adverse events of these two antifibrotic drugs.

Therefore, in this study, we compared the clinical background, effects, adverse events,
and prognosis of IPF upon treatment with pirfenidone and nintedanib and examined their
continuity and tolerability.

2. Materials and Methods

2.1. Study Population

We retrospectively recruited 283 patients with interstitial pneumonia (IP), including
261 who were treated with pirfenidone or nintedanib between January 2009 and December
2018 at six regional core facilities in Gunma prefecture, Japan (Figure 1). To ensure data
accuracy, we enrolled patients with an observation period of one year or more. A total of
77 patients were excluded for the following reasons: 49, because the observation period
was less than one year and 28 because they were treated with pirfenidone and nintedanib in
combination or had switched the drugs. This study was conducted in accordance with the
tenets of the Declaration of Helsinki and was approved by the Gunma University Hospital
Institutional Review Board (approval number: 150021).

2.2. Diagnosis of IPF and Data Collection

The diagnosis of IPF was based on a multidisciplinary discussion according to the
official statement of the American Thoracic Society, European Respiratory Society, Japanese
Respiratory Society (JRS), and Latin American Thoracic Association [14]. The date of
data collection was at treatment initiation. Discontinuation was defined as a permanent
termination of antifibrotic treatment.

2.3. Disease Severity

Disease severity was assessed by the gender, age, and physiology (GAP) staging
system or the JRS severity staging system. JRS severity was classified as per arterial partial
pressure of oxygen (PaO2) and the 6-min walk test [15]. The stage was defined as stage I,
if PaO2 was more than 80 Torr; stage II, if PaO2 was more than 70 Torr and not less than
80 Torr; stage III, if PaO2 was more than 60 Torr and not less than 70 Torr; stage IV, when
less than 60 Torr. Stages II or III were changed to III or IV, respectively, if desaturation
(< 60 Torr) was obtained during the 6-min walk test.

140



Cells 2022, 11, 143

 

Figure 1. Study population.

2.4. Statistical Analysis

Statistical analyses were performed using the statistical software “EZR” (easy R),
which was based on the R and R commander [16,17]. Comparisons of categorical data
between the pirfenidone and nintedanib groups were performed using Fisher’s exact test.
Continuous variables were analyzed using the Mann–Whitney U test and denoted by
the median (maximum and minimum) [18,19]. Survival time was analyzed using the
Kaplan–Meier method and compared between groups using the log-rank test. Statistical
significance was defined as p < 0.05.

3. Results

3.1. Clinical Characteristics, Laboratory and Physiological Data, and Prognosis

We enrolled 261 consecutive IPF patients treated with antifibrotic drugs, pirfenidone
or nintedanib, between 2009 and 2018. Clinical characteristics and laboratory and physio-
logical data of patients treated with pirfenidone or nintedanib are shown in Table 1.

The median age of patients at the initiation of treatment with pirfenidone or nintedanib
was 71 (range, 43–90 years) or 72 (range, 39–87 years) years, respectively. Men accounted
for 73.1% and 86.0% of the two treatment groups, respectively. The median %FVC were
74% and 70% and the percent predicted diffusing capacity of carbon monoxide (%DLCO)
were 54.4%, and 51.4%, respectively. Serum albumin levels were significantly lower in the
pirfenidone than in the nintedanib group (3.8 vs. 4.0 g/dL). The median treatment periods
of pirfenidone and nintedanib were 387 and 351 days, respectively. The median annual
decline in FVC was 0.100 and 0.180 L, respectively, albeit without statistical significance.

Initial doses of antifibrotic drugs were different between pirfenidone and nintedanib.
Pirfenidone was initiated at a lower dose of 600 mg/day for the first 2 weeks; thereafter,
doses were sustained, increased or terminated. Nintedanib was administered at a dose of
300 mg/day according to the Japan Pharmaceutical Reference, then sustained, or reduced
by 200 mg/day or terminated. The mean final doses of pirfenidone and nintedanib were
1153 ± 420.6 mg and 249 ± 59.69 mg, respectively.
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Table 1. Background and treatment of all patients.

Factor All Patients (n = 184) Pirfenidone (n = 134) Nintedanib (n = 50) p Value

Characteristics
Age (years) 71 (39–90) 71 (43–90) 72 (39–87) 0.237
Male (male/female) 141 (76.6) 98/36 (73.1%) 43/7 (86%) 0.079
Body mass index (kg/m2) 22.6 (13.7–36.7) 22.3 (13.7–36.7) 23.1 (14.3–28.1) 0.307
Body surface area (DuBois, m2) 1.65 (1.18–2.58) 1.63 (1.18–2.16) 1.66 (1.23–2.58) 0.232

Physiologic Marker before
Treatment
FVC (L) 2.20 (0.62–4.56) 2.17 (0.62–4.56) 2.31 (1.03–4.16) 0.838
%FVC (%) 71.8 (27.4–124.9) 74.0 (27.4–124.9) 70.0 (31.0–116.5) 0.761
%DLCO (%) 52.6 (31.0–137.4) 54.4 (3.1–137.4) 51.4 (17.1–76.7) 0.138
JRS severity grade
(I/II/III/IV/unknown) 23/12/63/61//25 20/7/40/46//21 3/5/23/15//4 0.104

GAP staging system (−2~0/1/2/3) 6/8/26/29 6/5/20/21 0/3/6/8
(4/5/6/7/8//unknown) 28/19/6/4/1//57 20/12/3/3/0//44 8/7/3/1/1//13 0.624

Serological Marker
Albumin (g/dL) 3.9 (2.1–4.7) 3.8 (2.1–4.6) 4.0 (2.6–4.7) 0.018 *
CRP (mg/dL) 0.26 (0.00–21.87) 0.29 (0.00–21.87) 0.25 (0.03–2.67) 0.280
KL-6 (U/mL) 1260.0 (223.0–9370.0) 1253.0 (303.0–9370.0) 1305.0 (223.0–8593.0) 0.762
SP-D (ng/mL) 237.0 (20.6–1100.0) 237.0 (29.5–1100.0) 259.5 (20.6–728.0) 0.544

Treatment Period and Disease
Progress
Final amount (mg) 1153 ± 420.6 249 ± 59.69
Observation periods (days) 390 (2–2575) 389 (2–2575) 395 (5–1172) 0.758
Administration period (days) 378 (2–2575) 387 (2–2575) 351 (5–1172) 0.651
FVC decline per a year (L) 0.110 (−3.26–8.21) 0.100(−3.26–8.21) 0.180 (−0.70–1.26) 0.573

FVC, forced vital capacity; %FVC, % predicted forced vital capacity; %DLCO, % predicted diffusing capacity
for carbon monoxide. Values are median (minimum-maximum) or number (percentage). The nominal variables
were analyzed using Fisher’s exact test, and continuous variables were analyzed using the Mann-Whitney U test.
* p < 0.05.

3.2. Discontinuation Rates over Time

Since we frequently experienced adverse events interrupting antifibrotic treatment,
the rate of discontinuation of each agent within one, two, or three years was compared. Dis-
continuation rates within one year were 48.5% and 50.0% in the pirfenidone and nintedanib
groups, respectively (Figure 2). There was no significant difference in the discontinuation
rates between the two drugs throughout the study period.

 

.

Figure 2. Discontinuation rate of pirfenidone and nintedanib over time.
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The discontinuation rate of both drugs within one year after initiation was approxi-
mately 50%. The increase in the interruption rate of both drugs over time was gradual over
time. The number of cases (n) is the cumulative number.

3.3. Discontinuation Reasons

The reasons for the discontinuation of the two drugs were compared. Over the entire
treatment period, the discontinuation rate due to adverse events was significantly higher in
the nintedanib group than in the pirfenidone group (70.6 vs. 31.2%, p = 0.016). Compared
with the pirfenidone group, diarrhea and liver dysfunction were the more common reasons
for discontinuation in the nintedanib group (Table 2, Supplementary Figure S1).

Table 2. Discontinuation reasons during the whole period.

Pirfenidone (n = 109) Nintedanib (n = 34) p Value

Acute exacerbation 23 (21.1%) 8 (23.5%) 0.819
Disease progression 15 (13.8%) 3 (8.8%) 0.766

Hospital transfer 15 (13.8%) 1 (2.9%) 0.199
Lung cancer 5 (4.6%) 2 (5.9%) 0.674

Adverse effects 34 (31.2%) 24 (70.6%) 0.016 *
Photosensitivity 2 (1.8%) 0 (0.0%) 1.000

Anorexia/ Nausea 16 (14.7%) 6 (17.6%) 0.790
Diarrhea 2 (1.8%) 5 (14.7%) 0.013 *

Liver disorder 0 (0.0%) 9 (26.5%) <0.001 **
Cardiac disease 1 (0.9%) 0 (0.0%) 1.000

Thrombosis 0 (0.0%) 0 (0.0%) 1.000
Other adverse effects 13 (11.9%) 10 (29.4%) 0.072

Other reasons except the above 9 (8.2%) 0 (0.0%) 0.209
Unknown 11 (10.1%) 2 (5.9%) 0.734

Nominal variables were analyzed using Fisher’s exact test. * p < 0.05, ** p < 0.01.

Next, the discontinuation rate due to adverse events over time was compared be-
tween the two groups. Discontinuation due to adverse events decreased over time in the
pirfenidone and nintedanib groups, while the discontinuation rate due to adverse events
exceeded 50% within one and 1–2 years in the nintedanib group (Figure 3A). Since half
of the patients discontinued antifibrotic drugs within a year, we compared the reasons
for discontinuation of both drugs within the first year. The discontinuation rate due to
adverse events within the first year was significantly higher in the nintedanib group than
in the pirfenidone group (76.9% vs. 36.9%, p = 0.001) (Figure 3A,B). However, there was
no significant difference in the discontinuation rates between the two groups for other
reasons, acute exacerbation, or disease progression (Table 2, Supplementary Figure S1). In-
terestingly, the pirfenidone group showed a decrease in the rate of adverse events resulting
in discontinuation over time, while the nintedanib group showed a high rate of adverse
events resulting in discontinuation even after 1 year of treatment. In addition, the rate
of discontinuation due to adverse events was higher in the nintedanib group than in the
pirfenidone group. Specifically, patients treated with nintedanib had experienced multiple
adverse events, such as liver dysfunction and diarrhea, causing discontinuation.
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Figure 3. Comparison of (A) discontinuation rates due to adverse events over time and (B) discontin-
uation profiles within a year in the pirfenidone and nintedanib treatment. ** p < 0.01.

(A) The adverse event discontinuation rate for pirfenidone was less than 50% from the
first year, while nintedanib was still above 50% after the first year. The discontinuation
rate of nintedanib due to adverse events in the first year was significantly higher than
that of pirfenidone in the first year.

(B) Comparison of first-year causes leading to discontinuation of pirfenidone and nintedanib.
A comparison of reasons for discontinuation in the first year showed that nintedanib
had fewer acute exacerbations and significantly more adverse events than pirfenidone.
** p < 0.01.

3.4. Survival Time

The survival time after antifibrotic treatment is shown in Figure 4. The median survival
times in the pirfenidone and nintedanib groups were 19 months and 20 months, respectively.
Kaplan–Meier survival analysis showed that there was no significant difference in survival
periods between the pirfenidone and nintedanib groups.

 

Figure 4. Kaplan-Meier survival analysis between pirfenidone and nintedanib treatment in patients
with idiopathic pulmonary fibrosis.
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Kaplan-Meier survival analysis did not show a significant difference between
pirfenidone- and nintedanib-treated patients with idiopathic pulmonary fibrosis. (19 months
for pirfenidone (95% confidence interval, 12–28) vs. 20 months for nintedanib (95% con-
fidence interval, 9–26), respectively; p = 0.439). Chi-square tests of 1-year (p = 0.603)
and 2-year (p = 0.611) survival rates also showed no significant difference between the
pirfenidone and nintedanib groups.

4. Discussion

The rate of discontinuation due to adverse events was as high as 50% even after 1 year
or more of nintedanib treatment, exceeding that of the pirfenidone treatment, throughout
the observation period. Notably, there was no significant difference in the interruption rate
of both drugs over time. To the best of our knowledge, this is the first study to compare the
discontinuation profiles of the two key antifibrotic drugs, pirfenidone and nintedanib.

4.1. Discontinuation of Pirfenidone

In a post-marketing surveillance study including 1371 patients in Japan, only 48%
of patients treated with pirfenidone had a longer therapy duration of over one year [20].
In our study, the most common reasons for discontinuation of pirfenidone were acute
exacerbations, disease progression, or hospital transfers, caused by IPF progression. Pre-
vention or interventions for these events are difficult in patients with IPF. Similarly, patients
with advanced IPF were associated with the discontinuation of pirfenidone within one
year [21,22].

4.2. Discontinuation of Nintedanib

In the INPULSIS study, the interruption rate due to adverse events was as low as
10%, and the same result was obtained with INPULSIS-ON [9,10]. However, reports
limited to Asian populations showed that the discontinuation rate of nintedanib was
approximately 50% [11]. According to a study limited to Japanese patients, 40% were
forced to discontinue nintedanib at a regular dose (300 mg/day) within six months [23].
Another study demonstrated a similar rate of discontinuation of nintedanib [13]. A key
insight from our study is that attention should be paid to the occurrence of adverse events
not only at the beginning, but also during treatment with nintedanib.

The overall discontinuation rates for pirfenidone and nintedanib were 81.3%
(n = 109/134) and 68% (n = 34/50), respectively. In the analysis of reasons for discon-
tinuation, the overall discontinuation rates due to adverse events of pirfenidone and
nintedanib were 25.3% (34/134) and 48% (n = 24/50), respectively. Furthermore, the overall
discontinuation rate due to disease progression or hospital transfer was 27.5% (n = 30/134)
for pirfenidone, while it was 8% (n = 4/50) for nintedanib. This appears to have resulted in
a discrepancy in the difference between the overall discontinuation rate and the adverse
event-related discontinuation rate between the two drugs.

4.3. Risk Factors of Nintedanib Adverse Events

In recent years, countermeasures against adverse events have been reported. Kato
et al. reported that a low body mass index (BMI) of 21.6 or less was a risk factor for
diarrhea in patients treated with nintedanib [24]. It has been reported that the use of two
or more intestinal regulators aided longer treatment with nintedanib [25], while diarrhea
caused by nintedanib is suppressed not only by the use of antidiarrheal medication [26]
but by dose reduction as well [25]. Poor performance status tends to cause nausea with
the annual decline in FVC being poor; thus, the average survival time is poor in patients
with nausea symptoms [24]. Since the introduction of nintedanib at 300 mg/day is likely
to cause nausea, a reduced starting dose of 200 mg/day was suggested for cases of poor
performance status.

Liver dysfunction caused by nintedanib was more likely to occur in patients with low
body surface area and BMI and is often ameliorated by the termination of nintedanib [27].
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Approximately half of the patients continue nintedanib with liver dysfunction by dose
reduction [12,27]. In the INPULSIS-ON trial, dose reduction due to adverse events did
not affect the annual rate of FVC decline [10]. Therefore, it is important to reduce the
dose, if necessary. Additionally, patients with low body surface area and BMI may also
consider a 200 mg/day dose at the start of nintedanib administration. Regarding the start
of dose reduction of nintedanib (200 mg/day) in Japanese patients, there was less early
discontinuation, liver dysfunction, and gastrointestinal adverse events than the start of
regular dose (300 mg/day), and there was no significant difference in the decrease in annual
decline in FVC [23].

4.4. Discontinuation of Nintedanib in Asian Population

A subgroup analysis of the INPULSIS trial reported that Japanese patients had a higher
frequency of adverse events leading to discontinuation than the overall population [28]. In
the report, the BMI of Japanese patients was 24.4, despite the BMI of the overall population
being 28.1, showing a tendency of lower BMI in Japanese patients. Ikeda et al. suggested
that a relatively smaller physique was associated with an increased incidence of severe
adverse events, causing termination of nintedanib treatment [27]. Kato et al. reported that
patients with a median BMI of 22.8 treated with nintedanib had a one-year discontinuation
rate of 51% [13]. Combining the insights of these studies with ours, there seem to be many
reasons for discontinuing nintedanib treatment following adverse events, for which a lower
BMI is considerably associated.

Antifibrotic drug therapy that considers personalized differences such as racial and
physical, has aided the longer-term and continuous treatment, leading to better manage-
ment of IPF. Since nintedanib is often discontinued due to adverse events, paying attention
to adverse events such as diarrhea and liver dysfunction at the initiation of nintedanib
treatment may lead to tolerability and longer antifibrotic therapy, thus improving prognosis.

4.5. Limitations

This study had several limitations. First, this was a retrospective design. Prospective
studies are required to evaluate the significance of managing adverse events, thus reducing
the discontinuation of antifibrotic treatment. Second, the number of patients included
was small, and fewer patients were treated with nintedanib than with pirfenidone. How-
ever, the baseline characteristics in our study were similar to those reported in previous
studies [11,13,21]. In this study, there was no difference in the antifibrotic effect on annual
declining FVC, treatment duration, discontinuation rate over time, and median survival
time between pirfenidone and nintedanib. These results were consistent with those of
previous real-world studies showing similar effects on the decline of annual FVC or sur-
vival time [29–31]. Third, during the post-marketing surveillance period, all institutions
registered unified adverse events; however, one of the limitations of this study is that the
subsequent registration of adverse events was entrusted to the medical record description
at the discretion of the attending physician. It is necessary to unify them and examine
the effect of side-effects prospectively, for better management. Fourth, the reasons for
discontinuation of the antifibrotic treatment varied. The transfer was due to the progression
of the disease in this study. IPF end-of-life care has many problems as it is not covered
by hospice treatment health insurances such as cancer end-of-life care. In Japan, most
IPF patients die in regional core hospitals, but some IPF patients are transferred from
core hospitals to non-acute hospitals and meet their demise. According to a study on
end-of-life care for IPF in Japan, hospice mortality rates were 36.4% and 0.6% for lung
cancer and IPF, respectively [32]. In our study, antifibrotic treatment was discontinued due
to transfer to another hospital as expensive nintedanib-based treatments were not covered
by Japanese health insurance at the hospital where the terminal treatment of IPF was
performed. Therefore, in Japan, after transfer from a core hospital to a non-acute hospital,
patients may obtain informed consent and discontinue antifibrotic treatment. Furthermore,
acute exacerbations were considered a reason for discontinuation apart from other adverse
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events. Acute exacerbations are a fatal, unlike other adverse events. Several studies have
also focused on the incidence of acute exacerbations during antifibrotic treatment, and our
study also analyzed the incidence of acute exacerbations, distinct from other adverse events.
Case fatality rates for acute exacerbations were 18/34 (52.9%) and 3/12 (25%) (p = 0.356) in
the pirfenidone and nintedanib groups, respectively. IPF treatment may be discontinued
for various reasons and is a clinical issue for future IPF treatment.

5. Conclusions

There was no significant difference in the effect on annual FVC reduction, duration of
oral administration, discontinuation rate, and median survival time between pirfenidone
and nintedanib treatment. Treatment with nintedanib was frequently discontinued because
of adverse events during the treatment period, unlike pirfenidone, which is often discontin-
ued due to progression of IPF or acute exacerbations. Paying attention to the initial dose
of nintedanib adjusted to the differences in physique and careful management of adverse
events throughout the treatment may contribute to the longer nintedanib treatment with
superior prognostic effects in patients with IPF.
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Abstract: Idiopathic pulmonary fibrosis (IPF) is a progressive and fatal lung disease with limited
therapeutic options, and there is a huge unmet need for new therapies. A growing body of evidence
suggests that the histone deacetylase (HDAC) family of transcriptional corepressors has emerged
as crucial mediators of IPF pathogenesis. HDACs deacetylate histones and result in chromatin
condensation and epigenetic repression of gene transcription. HDACs also catalyse the deacetylation
of many non-histone proteins, including transcription factors, thus also leading to changes in the
transcriptome and cellular signalling. Increased HDAC expression is associated with cell proliferation,
cell growth and anti-apoptosis and is, thus, a salient feature of many cancers. In IPF, induction and
abnormal upregulation of Class I and Class II HDAC enzymes in myofibroblast foci, as well as
aberrant bronchiolar epithelium, is an eminent observation, whereas type-II alveolar epithelial cells
(AECII) of IPF lungs indicate a significant depletion of many HDACs. We thus suggest that the
significant imbalance of HDAC activity in IPF lungs, with a “cancer-like” increase in fibroblastic and
bronchial cells versus a lack in AECII, promotes and perpetuates fibrosis. This review focuses on
the mechanisms by which Class I and Class II HDACs mediate fibrogenesis and on the mechanisms
by which various HDAC inhibitors reverse the deregulated epigenetic responses in IPF, supporting
HDAC inhibition as promising IPF therapy.

Keywords: idiopathic pulmonary fibrosis (IPF); histone deacetylase (HDAC); histone acetylation; non-
histone protein acetylation; fibroblast-to-myofibroblast differentiation (FMD); type-II alveolar epithelial
cell (AECII); bronchiolar basal cells; bronchiolization; Class I-HDAC-inhibitor; (pan-)HDAC-inhibitor

1. Introduction

1.1. Pathomechanisms of Idiopathic Pulmonary Fibrosis

Idiopathic pulmonary fibrosis (IPF) is a devastating interstitial lung disease of un-
known origin with a poor prognosis. It predominantly affects individuals aged 60 to
75 years old, with a median mortality rate of 3–5 years after diagnosis, which is comparable
to or even worse than many cancers [1,2]. Although pirfenidone (Esbriet®) and nintedanib
(Ofev®) have recently been approved as IPF therapies, which are effective in reducing the
rate of lung function decline, neither is curative for the disease [3–5]. IPF still has a high
mortality rate, and there is an unmet medical need for an improved drug or for a cure.

The current pathogenic model of IPF suggests that lung fibrosis develops as a result of
unremitting insults in combination with genetic- and ageing-related risk factors to type-I/-II
alveolar epithelial cells (AECI/II), which consecutively trigger an aberrant wound healing
response through the activation of fibroblasts and myofibroblasts and the replacement of
injured alveolar epithelium with fibrotic scar tissue due to a decreased renewal capacity of
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the alveolar epithelium [6–8]. The so-called fibroblast foci, subepithelially located, represent
the active sites of fibrosis and consist of apoptosis-resistant myofibroblasts and the extracel-
lular matrix (ECM) they produce, resulting in persistent collagen deposition, progressive
scarring and overall lung tissue stiffness [6,9]. Another prominent hallmark of IPF is the
bronchiolisation of distal alveoli, involving structures that are composed of “proliferative”
bronchiolar basal cells and mucin-producing airway secretory cells [10–12]. In addition, it
has been widely observed that airway epithelium consisting of p63+ cytokeratin-5/KRT5+

positive basal cell sheets (underneath luminal-ciliated bronchial cells) overlie the fibrob-
last foci, indicating that the integrity of the alveolar epithelium is severely disrupted in
IPF [10,13]. In agreement, death of AECII is a prominent feature in IPF [8,14–17] and has
been linked to endoplasmic reticulum (ER) stress as a variety of studies have documented
the induction of the unfolded protein response (UPR) and markers of pro-apoptotic ER
stress in the AECII of patients with sporadic and familial IPF [18–21].

1.1.1. Genetic Factors Affecting IPF-Epithelial Cells

Compelling evidence indicates that genetic susceptibility plays a part in AECII ER
stress and the development of IPF. Among the stimuli and triggering conditions capable of
inducing the UPR and ER stress in AECII are the discovered (heterozygous) mutations in
the surfactant protein (SP)-C (SFTPC)- and SP-A2 (SFTPA2) genes in familial IPF, which
cause misfolded SP-C and SP-A2 proteins, respectively [22–25]. In experimental models
with transgenic mice that conditionally overexpress the mutation SFTPCC121G in AECII,
ER stress severely increased after the induction of mutant SP-CC121G protein expression,
which resulted in AECII apoptosis and the development of spontaneous lung fibrosis in
mice [26], suggesting that AECII ER stress indeed precedes the development of fibrosis
in human IPF. Importantly, ER stress and apoptosis do not seem to differ in extent be-
tween SFTPC/A2-associated familial IPF and sporadic IPF cases in the absence of gene
mutations [19]. In addition, mutations in six genes linked to telomere function have been
found in familial IPF (telomerase reverse transcriptase, TERT [27,28]; telomerase RNA
component, TR [27,28]; dyskerin, DKC1 [29]; telomere interacting factor 2, TINF2 [30]; reg-
ulator of telomere elongation helicase, RTEL1 [31]; and poly(A)-specific ribonuclease dead-
enylation nuclease, PARN [31]), which implicate telomere shortening and DNA-damage
responses in IPF pathogenesis and which are also strongly suggested to induce AECII
apoptosis [27–29,31]. It was shown that systemic telomere attrition in AECII, but not fibrob-
lasts, led to lung remodelling and fibrosis in a mouse model [32]. However, it is currently
unclear which role ER stress may play under these conditions and vice versa; it is currently
unknown why AECII ER stress is a prominent characteristic of sporadic cases of IPF [18],
which comprise ~85% of the total IPF population [33]. Importantly, premature telomere
shortening has also been observed in the AECII of sporadic IPF patients [34]. Moreover,
some of these abovementioned mutations have been reported not only in familial IPF
but also in sporadic IPF cases [34], suggesting a similarity between these two types of
IPF and that sporadic IPF is also a disease with a genetic predisposition. In agreement,
genome-wide association studies have found that a single-nucleotide polymorphism (SNP)
in the promoter region of the mucin 5B gene is the strongest risk factor for familial and
sporadic IPF described so far as this gain-of-function MUC5B promoter variant rs35705950
was similarly present in subjects with familial and sporadic IPF [35,36], accounting for
30–35% of the risk of developing IPF [35]. Interestingly, the rs35705950 variant not only
predisposes to IPF but has also been associated with improved survival compared with
patients without this variant, although this latter association remains somewhat contro-
versial because this gain-of-function variant was shown to result in increased mucin 5B
expression and impaired mucuciliary clearance in the bronchial cells of IPF subjects (as
well as healthy subjects) carrying this variant, suggesting that bronchial cell defects can
affect the onset of disease [37]. Moreover, further research by the same group revealed
that MUC5B was even found to be co-expressed with SFTPC expression in the columnar
epithelial cells of abnormal bronchiolar structures as well as the AECII of IPF patients with
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the rs35705950 variant, but also in normal bronchioles and AECII of healthy subjects with
this variant [38]. It was also demonstrated that transgenic mice overexpressing Muc5b in
the distal lung indicated greater and more aggravated lung fibrosis than wild-type mice
following bleomycin treatment [38]. With this conflicting background, the functional and
pathomechanistic consequences of the MUC5B rs35705950 T/G polymorphism in IPF need
further investigation.

1.1.2. The Core in IPF: Disturbed AECII–Mesenchymal Communication and
AECII/Fibroblast Apoptosis Imbalance

Considering IPF as an alveolar epithelium-driven disease, the molecular mechanisms
leading to fibrotic remodelling and the aberrant epithelial repair, including the abnor-
mal bronchiolisation process in response to the causal AECII injury and death, are still
incompletely resolved. Following injury, AECII proliferates and differentiates into AECI
for the repair of alveolar structure [38]. In IPF, however, AECII differentiates and fea-
tures an abnormally activated phenotype, characterised as cells undergoing hyperplasia,
senescence and apoptosis, which contribute as paracrine factors to fibroblast prolifera-
tion and their transformation into myofibroblasts through the production and release of
profibrotic cytokines and growth factors (amongst them, transforming growth factor beta
(TGF-β), connective tissue growth factor (CTGF), platelet-derived growth factor (PDGF),
tumour necrosis factor-alpha (TNF-α), and endothelin-1) or other mediators [39–42]. Tar-
geted AECII damage in transgenic mice was also shown to induce plasminogen activator
inhibitor 1 (PAI-1) overexpression in AECII and lung macrophages, which resulted in
the development of fatal lung fibrosis. [43]. Another study revealed that the uptake of
apoptotic AECII by alveolar macrophages contributed to fibrosis through the increased ex-
pression and secretion of TGF-β by such activated macrophages [44]. Aside from AECII and
macrophages, TGF-β and the abovementioned profibrotic molecules are excessively found
in fibroblast foci and continuously promote AECII apoptosis via autocrine and paracrine
mechanisms [41,45,46]. Myofibroblasts have been shown to upregulate NADPH oxidase
4 (NOX4) to produce high levels of extracellular H2O2 in response to TGF-β (or other
growth factors), which promote damage to AECII while increasing fibroblast proliferation,
fibroblast-to-myofibroblast differentiation (FMD) and resistance to apoptosis in fibroblasts
and myofibroblasts [47,48]. Other factors promoting the proliferation and anti-apoptosis
of fibrotic fibroblasts/myofibroblasts include the increased expression of inhibitors of
apoptosis in myofibroblasts, such as surviving [49], cellular FLICE-like inhibitory protein
(c-FLIP) [50,51], phosphatidylinositol-3-kinase-gamma (PI3K-γ) [52], secreted protein acidic
and rich in cysteine (SPARC) [53], and X-linked inhibitor of apoptosis (XIAP) [54].

1.1.3. Key Fibrotic Pathways behind IPF

TGF-β has been regarded as a central factor in fibroblast activation, driving the
development of lung fibrosis and IPF progression through the activation of numerous
profibrotic and survival-related signalling cascades [55]. TGF-β interacts with its receptors
(TGF-βRs) on the surface of fibroblasts, and, in the canonical pathway, it phosphorylates
mothers against decapentaplegic homolog (SMAD)2 and 3, which then heterodimerise
with SMAD4 to form SMAD2/4 and SMAD3/4 complexes that translocate to the nu-
cleus to activate profibrotic- and proliferation-related genes [55]. In the non-canonical
(SMAD-independent) activation pathways, tyrosine-protein kinase ABL1 [56], Janus ki-
nases (JAK) [57,58], PI3K [52,59], and mitogen-activated protein kinases (MAPKs) [60]
have been shown to be directly activated by TGF-β, mediating persistent activation of
fibroblastic cell populations in IPF.

The contribution of the PI3K/protein kinase B (PKB/AKT) signalling pathway to
both fibroblast proliferation and differentiation into myofibroblasts is prominent as fi-
broblasts isolated from IPF patients have been demonstrated to display pathological ac-
tivation of AKT [61] and pan-inhibition of upstream class I PI3Ks by the small molecule
LY294002-abrogated TGF-β-induced proliferative effects as well as α-SMA expression and
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collagen production in lung fibroblasts in vitro and bleomycin-induced lung fibrosis in
rats in vivo [62,63]. The catalytic subunit of PI3K occurs in four isoforms (α, β, γ, and δ),
which are ubiquitously expressed and found in lung fibroblasts [59]. Interestingly, selective
suppression of PI3K-α or PI3K-γ by small interfering (si)RNAs was able to elicit significant
antifibrotic effects in TGF-β-stimulated human lung fibroblasts, comparable to that induced
by pan-PI3K inhibition, confirming a crucial role of these both isoforms in fibrotic lung
fibroblasts [62]. Moreover, PI3K-γ has been found to be significantly overexpressed in
fibroblast foci and bronchiolar basal cells in IPF lungs and co-localised with cell markers for
proliferation and survival [52]. Subsequent research revealed that targeting PI3K-γ activity
genetically or pharmacologically (by the small molecule AS-252424 or AS-605240) was able
to significantly dampen fibrogenesis in IPF-fibroblast cultures alone and prevent bleomycin-
induced lung fibrosis in rats in vivo [52,64]. These findings are important, considering that
in cancer, the activation of the PI3K-γ pathway is involved in the lack of regulation of cell
proliferation [65]. Moreover, other studies indicate that the increase of AECII apoptosis
in IPF is closely related to pathological PI3K/AKT activation, which causes the release of
H2O2 and subsequent damage to adjacent AECIIs [66,67].

Several studies also indicate a significant role of phosphorylated, activated signal
transducer and activator of transcription 3 (STAT3), which can be induced by TGF-β, PDGF,
as well as the IL-6 family of cytokines in IPF fibroblasts [68–70]. In response to such
ligands, STAT3 becomes specifically phosphorylated at tyrosine 705 (Tyr705) by growth
factor/cytokine receptor-associated JAK2 kinase, translocates to the nucleus and serves
as a potent transcription factor for surviving [71] and the genes involved in myofibroblast
differentiation [70]. In IPF fibroblasts, active p-STAT3 was shown to confer resistance to
FasL-induced apoptosis [72]. It could also be demonstrated that C-188-9, a small molecule
STAT3 inhibitor that targets the Tyr705 peptide binding pocket, decreased FMD induced by
TGF-β in cultured lung fibroblasts as well as significantly reduced experimental pulmonary
fibrosis in mice [69]. Similarly, selective JAK2 tyrosine kinase inhibition by fedratinib
attenuated TGF-β- and IL-6-induced myofibroblast activation regulated by JAK2/p-STAT3
as well as reduced bleomycin-induced lung fibrosis in mice in vivo [70]. Interestingly, it
was shown that STAT3 phosphorylation participates in both lung epithelial damage and
fibroblast-to-myofibroblast transformation [69]. Studies also revealed that JAK2/STAT3
signalling undergoes hyperactivation in IPF patients [73].

Enhanced activation of the coagulation cascade, including the significant overexpres-
sion of several zymogens in the alveolar compartment, as well as fibroblast foci, has also
been demonstrated in the setting of pulmonary fibrosis and IPF [74]. In addition to fibrin de-
position in the lungs, it has been shown that this cascade is also closely related to ECM gen-
eration as locally produced and circulation-derived FII (thrombin) and/or FXa were shown
to induce profibrotic effects via the proteolytic activation of protease-activated receptor-1
(PAR1) and the subsequent differentiation of fibroblasts into myofibroblast [75,76]. Throm-
bin was also shown to induce CTGF expression in human lung fibroblasts through the
activation of the c-Src/JAK2/STAT3 signalling pathway [77]. Vice versa, in AECII, thrombin
induced cell death through the induction of pro-apoptotic ER stress [78]. In aggregate, in
IPF, the dysregulated crosstalk and the abnormally increased profibrotic mediators between
AECII and fibroblasts lead to AECII apoptosis, fibroblast anti-apoptosis, excessive ECM
deposition and aberrant bronchiolar tissue generation.

1.1.4. Deregulation of microRNAs in IPF

The deregulation of microRNAs (miRNAs) in pulmonary fibrosis has also received
much attention as it contributes to the evolution and progression of the disease [79]. miR-
NAs are non-coding RNAs, 18–22 nucleotides in length, that repress gene expression by
decreasing stability or inhibiting the translation of target messenger RNAs. Various miRNA
microarray analyses showed that the expression of profibrotic miR-21 and miR-199a-5p was
increased in the lungs of IPF patients as well as bleomycin-injured mice, while the expres-
sion of anti-fibrotic miR-26a, let-7d, miR-9-5p, miR-29 and miR-200 was decreased [79–81].
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SMAD7, which is known to inhibit TGF-β/SMAD2/3 signalling, is a direct target of miR-21,
and the upregulation of miR-21 promoted cell proliferation and collagen synthesis in lung
fibroblasts [82,83]. The upregulation of miR-199a-5p during the fibrotic response to epithe-
lial injury mediated TGF-β induced fibroblast activation through the degradation of the
anti-fibrotic mediator caveolin-1 [84]. Among the anti-fibrotic miRNAs downregulated in
lung fibrosis, miR-26a was shown to inhibit myofibroblast differentiation and experimental
lung fibrosis through its ability to downregulate the expression of its target CTGF [85],
and forced expression of miR-9-5p was demonstrated to suppress FMD and lung fibrosis
development through downregulating Nox4 and TGF-βRII [86]. Similarly, miR-29 was
reported as a main negative regulator of ECM production [87]. Decreased expression
of let-7d and miR-200 has been associated with the abnormally activated phenotype of
AECII in IPF [81,88], whereas the overexpression of miR-200 family members was recently
demonstrated to reduce senescence in primary IPF-AECII in vitro and restore their ability
to transdifferentiate into AECI [89]. Moreover, antagomirs for the augmentation of miR-
323a-3p, which is also found downregulated in the epithelial cells of IPF lungs, were shown
to lower epithelial caspase-3 expression and TGF-β signalling and suppress murine lung
fibrosis after bleomycin injury [90]. Taken together, cell-specific deregulation of miRNAs
significantly contributes to AEC/fibroblast apoptosis imbalance and the production of
profibrotic mediators in IPF.

1.2. Treatment of Idiopathic Pulmonary Fibrosis

1.2.1. Established Therapies for IPF

At present, the FDA-approved drugs nintedanib (Ofev®, Boehringer Ingelheim, In-
gelheim, Germany) and pirfenidone (Esbriet®, Roche, Basel, Switzerland) are widely used
for IPF therapy [91,92]. Nintedanib is a small molecule nonreceptor and receptor tyrosine
kinase inhibitor. Nintedanib can block activation of platelet-derived growth factor receptor
(PDGFR), fibroblast growth factor receptor (FGFR), vascular endothelial growth factor
receptor (VEGFR) and Src family kinases involved in fibroblast proliferation, migration,
and transformation [93]. The antifibrotic property of pirfenidone is demonstrated by its
ability to inhibit the direct production of profibrotic growth factors and cytokines, such as
TGF-β, interleukin-1β (IL-1β), and TNF-α [94–97], as well as the synthesis of procollagens
I and II [98,99]. Pirfenidone has also been reported to attenuate experimental lung fibrosis
through the reduction of reactive oxygen species (ROS) generation by downregulating
Nox4 expression and improving the expression of antioxidant enzymes such as superoxide
dismutase (SOD), catalase and glutathione peroxidase (GPx1) [100,101].

The efficacy and safety of nintedanib and pirfenidone have been demonstrated in
several large phase 3, randomised, controlled clinical trials in patients with IPF [3,4,102,103].
It has also recently been proven that combining both drugs indicates controllable safety
and tolerability in patients [104], but the efficacy is still under evaluation in trials. Whether
the combination of pirfenidone and nintedanib may enhance efficacy is questionable. It has
been reported that both drugs simply mitigate symptoms and retard progression but fail to
significantly prolong survival [5]. Thus, IPF research is increasingly focused on developing
new molecular targets and treatment options.

1.2.2. Therapeutic Targets Proposed for IPF Treatment

Agents that inhibit the activation of TGF-β signalling are currently under study. The
integrin alpha-V:beta-6 (αvβ6 integrin) is known as a key driver of TGF-β activation [105],
and it is significantly upregulated in IPF-lung tissue and localised to damaged epithelial
sites [106]. The development of a monoclonal antibody against αvβ6 integrin (clinically
known as BG00011) has completed a phase 2 trial for IPF (clinicaltrials.gov (accessed
on 20 January 2022) identifier NCT01371305). BG00011 was shown to suppress TGF-β
activation in IPF patients, as evidenced by a reduction of p-SMAD2 signalling and TGF-β
dependent gene expression in the BAL cells of patients. However, BG00011 was withdrawn
due to safety concerns [107]. In contrast to BG00011, the small molecule αvβ6 integrin-
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inhibitor GSK3008348 developed by GlaxoSmithKline represents a therapeutic agent for
inhaled delivery to IPF patients. It was found to efficiently degrade αvβ6 integrin in IPF
tissues and isolate epithelial cells from IPF patients [108]. Although a phase 1 first-time-
in-humans clinical trial (NCT02612051) revealed that inhaled GSK3008348 was safe and
well-tolerated [108], the study also recently underwent early termination. Currently, a phase
2a randomised, double-blind, dose-ranging, placebo-controlled study of a dual selective
inhibitor of the integrins αVβ1/αVβ6 (clinically known as PLN-74809) in IPF is ongoing
(NCT04396756). Another approach to target TGF-β signalling is via gene silencing, as
exemplified by TRK-250, a single-stranded oligonucleotide that produces siRNA targeting
human TGFB mRNA. A phase 1 study of this inhaled nucleic acid medication is currently
in progress (NCT03727802).

As described above, the PI3K/AKT pathway has been demonstrated to offer a rea-
sonable target for the treatment of IPF [59]. Despite the evident antifibrotic effects of the
specific PI3K/AKT inhibitor LY294002 in preclinical models of lung fibrosis [62,63], clinical
trials with this drug have yet not been initiated. Further, there has been no new progress in
the use of other pan- or isoform-specific PI3K inhibitors in the clinical treatment of IPF.

Because the JAK2/STAT3 signalling pathway is crucially involved in IPF [58,70,73],
inhibitors targeting this pathway have been proposed to treat the disease. However, there
are no clinical trials that study STAT3 inhibition in IPF patients. Further, the clinical use
of JAK inhibitors is only described in myelofibrosis and autoimmune-disorder-associated
interstitial lung disease (ILD) [109,110], and there is still a lack of studies on idiopathic ILDs.
The abovementioned JAK2 inhibitor fedratinib [70], sold under the brand name Inrebic, is an
approved anti-cancer medication used to treat myelofibrosis and other myeloproliferative
diseases [109]. Baricitinib (Olumiant), a small molecule JAK1/JAK2 inhibitor, is approved
for the treatment of rheumatoid arthritis (RA) and has been proven to reduce lung fibrosis
and inflammation in patients with RA-associated ILD (RA-ILD) [110]. The JAK1/2/3
inhibitor tofacitinib (Xeljanz) is another approved therapy for RA [111]. Ruxolitinib (Jakafi)
is another JAK1/JAK2 inhibitor approved for the treatment of intermediate and high-risk
myelofibrosis [112]. This drug has also been shown to significantly ameliorate bleomycin-
induced lung fibrosis in mice [113]. Tocilizumab (Actemra), a humanised monoclonal
antibody against the interleukin-6 receptor, acts as an indirect JAK/STAT inhibitor through
the inhibition of IL-6/JAK/STAT signalling and is used for the treatment of moderate-to-
severe RA [114]. Tocilizumab was also granted emergency use authorization (EUA) for the
treatment of Coronavirus Disease 2019 (COVID-19) in the United States in June 2021 [115].

Despite their significant therapeutic effects on myofibroblast activation in preclinical
models of lung fibrosis [70,73,113], JAK inhibitors have yet not been evaluated for the
treatment of IPF, presumably due to toxicities related to their immunosuppressive effects,
including infectious events [116].

1.2.3. Senotherapies for IPF

Very recently, senolytics have been suggested as IPF therapy [117]. AECII senescence
is a hallmark in IPF that is suspected of driving lung fibrosis as a paracrine factor through
the senescence-associated secretory phenotype (SASP), involving the release of multiple
profibrotic cytokines and ROS molecules [7,118,119]. A recent study demonstrated that
the combination of quercetin, a natural compound with antioxidant properties, and the
tyrosine kinase inhibitor dasatinib attenuated progressive lung fibrosis in a transgenic
mouse model with conditional p53/p21-induced AECII senescence through the ablation
of senescent AECII [120]. In addition, this senolytic cocktail was also shown to attenuate
bleomycin-induced lung fibrosis in mice [121]. Importantly, quercetin is also described as a
potent inhibitor of NOX4 [122], which is found upregulated in fibroblast foci as well as the
AECII of IPF lungs [47,48], and the full deficiency of Nox4 has been shown to protect mice
against bleomycin-induced AECII apoptosis and lung fibrosis [123]. Moreover, another
study suggested that quercetin abrogates the resistance to apoptosis in IPF fibroblasts via
the up-regulation of FAS and caveolin-1 and the inhibition of AKT phosphorylation [124].
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Based on the therapeutic effects of the senolytic drug combination quercetin and dasatanib
in preclinical data, a first-in-humans, small scale, pilot clinical trial for this senolytic
cocktail has been undertaken in stable IPF patients, which was generally well-tolerated
in patients. Although the effects of both senolytics on circulating SASP-factors were
inconclusive, patients showed improved physical function [125]. However, evaluation of
drug combination quercetin and dasatanib in larger randomised controlled trials for IPF
has yet not been initiated. It should also be noted that each quercetin and dasatanib act on
a myriad of pathways and mechanisms implicated in diverse biological processes, which
makes it difficult to decipher how they eliminate or otherwise impact senescent cells. Thus,
it is difficult to attribute any therapeutic or detrimental effects they may have on senescent
cells. Further, senescent cells per se appear to be heterogeneous collections of cells with
fewer shared core properties than anticipated; additionally, the composition of the SASP
varies by cell type and senescence-inducing stressor [126]. It is not 100% clear if every type
of senescence is actually targeted by quercetin and dasatanib. Further, dasatanib, known
as the approved therapy for chronic myelogenous leukemia (CML), reveals major known
adverse effects, such as pleural effusion and pulmonary arterial hypertension (PAH) [127].
We thus suggest that the use of senolytics as a therapeutic option for the treatment of IPF
should be reconsidered.

1.2.4. Current Therapies for IPF in Development

Current IPF therapies in (advanced) development include mainly molecules that are
directed against several growth factors and cytokines or other molecular targets known
to play a role in the proliferation, activation, differentiation or inappropriate survival
of fibroblasts.

Lysophosphatidic acid (LPA) has been identified as a key fibroblast chemokine in
experimental lung fibrosis and is believed to increase fibroblast recruitment and the apop-
tosis resistance of fibroblasts through the activation of the LPA1 receptor [128]. In line,
LPA1 receptor knockout mice are protected from bleomycin-induced lung fibrosis [129].
Increased LPA levels have also been seen in the BALF from patients with IPF [130]. The
LPA1 receptor antagonist, BMS-986278, has shown promise in pre-clinical and phase 1
studies [131,132] and is currently in phase 2 clinical trials, with study arms for both IPF and
PF-ILD subjects (NCT0438681).

Pamrevlumab, a human recombinant monoclonal antibody against CTGF, which plays
an important role in fibrosis, has been shown in the phase 2 trial PRAISE to significantly
reduce the decline of FVC and progression of IPF. Pamrevlumab was well tolerated, with
no significant differences from placebo in the adverse event profile [133].

Pentraxin-2 (PTX2) is a serum amyloid reported to have an antifibrotic and anti-
inflammatory effect by inhibiting the differentiation of monocytes into profibrotic macrophages
and fibrocytes [134]. It also inhibits the direct production of TGF-β [135]. PTX2 levels are
significantly lower in lung tissue, BALF and serum of IPF-patients than in healthy sub-
jects [135,136]. The results of a second randomised, double-blind placebo-controlled phase
2 study (PRM-151-202) of IPF patients receiving recombinant human pentraxin-2 in in-
travenous infusions in comparison with placebo showed a significantly slower decline in
pulmonary function and improved physical capacity in the PRM-151 group. The infusions
were well tolerated and had increased circulating levels of PTX2 [137]. The phase 3 efficacy
and safety study of PRM-151 (NCT04552899) is underway, with an estimated completion
date of December 2023.

Galectin-3 is another potential target under investigation as antifibrotic therapy in
IPF. Galectin-3 is a profibrotic β-galactosidase-binding protein that is elevated in the
BALF and serum of patients with IPF [138]. The profibrotic function of Galectin-3 is
multifactorial due to its ability to cross-link and promote signalling via multiple cell surface
receptors, including integrins and growth factor receptors, such as TGF-β, VEGF and
PDGF receptors [139,140]. A phase 1/2 clinical trial with TD139, an inhaled small-molecule
galectin-3 inhibitor, has revealed promising results in IPF patients and healthy subjects as
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TD139 was well-tolerated and patients showed reduced serum levels of biomarkers of IPF
progression, including PDGF and the chemokine CCL18, compared to placebo [140].

1.2.5. Past Treatment Strategies Not Recommended Anymore

Medications examined in multiple clinical studies in the past, such as anticoagulation
(warfarin) [141], N-acetylcysteine in combination with either azathioprine–prednisone
(PANTHER trial) [142] or pirfenidone (PANORAMA study) [143], endothelin receptor an-
tagonists (BUILD trials, ARTEMIS-IPF trial) [144,145], phosphodiesterase inhibitors (silde-
nafil) [146], imatinib [147], cyclophosphamide [148], interferon gamma-1b (INSPIRE) [149],
and simtuzumab (monoclonal antibody against lysyl oxidase homolog 2 [LOXL2]) [150],
are not recommended anymore as IPF therapies because they are ineffective or harmful.

In conclusion, there is yet no available curative treatment for IPF. Further, it is un-
predictable if therapies employing antagonists directed against individual profibrotic
molecules (mentioned in Section 1.2.4.) will help to cure IPF. Therefore, there is still an
unmet medical need for novel drugs or for a cure.

1.3. Similarities between IPF and Cancer: Histone Deacetylases as Novel Therapeutic Targets
in IPF

Although main molecular pathways responsible for fibroblast activation and disease
progression can be blocked by the established therapies nintedanib or pirfenidone, no cure
of IPF can be achieved with these drugs, presumably due to the non-targetable irreversible
“endless healing” process in IPF, which is self-perpetuating, as increased lung tissue stiffness
and epithelial damage further recruits and activates myofibroblasts without any exogenous
stimulus [151,152]. Further, the salient features of the progressive fibrotic phenotype of IPF
fibroblasts include the resistance to apoptosis and the acquired ability of IPF fibroblasts
to invade ECM [153] as well as damage the basement membrane underneath the (injured)
epithelium [154]. Apoptosis resistance and the invasive phenotype appear durable because
they persist in isolated IPF fibroblasts after their removal from patients [155]. In this regard,
IPF resembles cancer. However, myofibroblasts within fibroblast foci in IPF are polyclonal
and “disease-derived” whereas cancer cells are thought to be monoclonal. Though, IPF
shares a series of risk factors (ageing, smoking and environmental exposures), pathogenic
pathways (PI3K-γ/AKT, JAK2/STAT3) and biological abnormalities (genetic and epigenetic
alterations) with cancer [156]. In particular, there is a growing interest in the epigenetic
abnormalities characterizing IPF and cancer. Epigenetic mechanisms lead to changes in
gene expression without alterations in the DNA sequence and can be mediated by the
expression of non-coding RNAs, DNA methylation and histone modifications. Recent
studies show that IPF and (lung) cancer share the deregulation of some miRNAs. As with
IPF, the expression of (above-mentioned) miR-200 and let-7d was reported to be downregu-
lated in various cancers [157–159], while miR-21 (targeting SMAD7) was upregulated and
allied with high oncogenic property [160,161]. Further, similar to tumour cells, results from
our group and other groups suggest that epigenetic histone modifications account for the
aggressive phenotype and the persistent activated state of IPF fibroblasts [162–165], which
indicated a “cancer-like” upregulation of almost all Class I and Class II histone deacety-
lase (HDAC) enzymes and (amongst other HDAC-induced activities) [165] the abnormal
“malignant” repression of proapoptotic genes [163,164]. HDACs are enzymes that deacety-
late chromatin and lead to epigenetic repression of gene transcription, whereas HDAC
inhibitors favour chromatin acetylation resulting in active chromatin, facilitating gene tran-
scription [166]. Huang et al. (2013) found that increased HDAC expression was responsible
for the downregulation of the apoptosis-mediating surface antigen FAS [tumour necrosis
factor (TNF) receptor superfamily member 6] in fibrotic fibroblasts, and treatment with
HDAC inhibitors increased FAS expression and restored susceptibility to FAS-mediated
apoptosis [163]. Similarly, epigenetically repressed expression of the proapoptotic BAK
(Bcl-2 homologous antagonist/killer) gene in IPF fibroblasts was shown to be reversed in
response to HDAC-inhibitor treatment [164]. In addition, defective histone acetylation was
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shown to be responsible for the diminished expression of the antifibrotic cyclooxygenase
(COX)-2 enzyme in IPF fibroblasts, which could be restored by HDAC-inhibitor treat-
ment [162]. Interestingly, and vice versa, treatment of IPF fibroblasts with HDAC inhibitors
resulted in the reduction of profibrotic genes, such as COL3A1, in association with marked
chromatin alterations [164,165,167]. Further, many scientific groups have demonstrated
that various HDAC inhibitors targeting global HDAC activity or single HDAC enzymes
decreased lung fibrosis and ECM deposition in bleomycin-treated mice [164,168–171]. Of
note, HDAC inhibitors have been known for a long time as successful anticancer agents as
they specifically induce cell cycle arrest and apoptosis in “abnormal” cancer cells, whereas
normal healthy cells are relatively resistant to HDAC-inhibitor-induced cell death [172,173].
Moreover, the abovementioned preclinical studies in lung fibrosis reveal that HDAC in-
hibitors may also offer a new therapeutic strategy in IPF by blocking fibrotic remodelling
through (i) suppression of profibrotic gene expression, (ii) restoration of antifibrotic genes
and (iii) increasing myofibroblast susceptibility to apoptosis.

Importantly, similar to myofibroblasts, the very same Class-I and Class-II HDACs were
also found to be upregulated in abnormal “proliferative” KRT5+ bronchiolar basal cells
covering fibroblast foci, distal airspaces and honeycomb cysts in IPF lungs, whereas proSP-
C+ AECII revealed a marked lack of many HDAC enzymes, suggesting that HDACs may
govern the aberrant bronchiolization process of distal alveoli in IPF as well [165,174]. In
agreement, Prasse et al. (2019) observed that airway/bronchiolar basal cells are increased in
bronchoalveolar lavage (BAL) fluids of IPF patients and that this signature was associated
with a lower survival rate [175]. Moreover, bronchial epithelium in IPF has been recognised
to contribute to fibrogenesis, as it indicates the abnormal production of profibrotic growth
factors, especially insulin growth factor-1 (IGF-1), TGF-β and PDGF [10].

Taken together, we suggest that in IPF, repetitive AEC injury in a (genetically suscep-
tible) ageing individual leads to abnormal HDAC overexpression and HDAC-mediated
epigenetic reprogramming in lung fibroblasts as well as bronchiolar basal cells, resulting in
excessive production of profibrotic mediators, persistent AECII injury, progressive bronchi-
olisation, and the ongoing activation and persistence of lung fibroblasts/myofibroblasts.
We thus believe that HDACs offer novel molecular targets for IPF therapy, and HDAC
inhibitors may be promising therapeutic agents for the treatment of IPF. In the following
chapters, the different HDAC classes, their inhibitors, and the role of HDAC enzymes in
the pathogenesis of pulmonary fibrosis are described.

1.4. The HDAC Family/HDAC Classes and Their Function—Lessons from Cancer Research

The HDAC enzymes can be grouped into four distinct groups based on function,
DNA sequence and domain organisation, and, to date, there are 18 members [176]. Class
I HDACs comprise HDAC1, -2, -3 and -8, and these are widely expressed and are found
mainly in the nucleus of cells. Class II HDACs are subdivided according to the presence
of one or two catalytical domains. HDAC4, -5, -7 and -9 harbour one catalytically active
site and are grouped into Class IIA in contrast to Class IIB, comprising HDAC6 and -10,
containing two catalytic domains. In contrast to Class I HDACs, the Class IIA HDACs show
a more restricted pattern of expression and are located mainly in the cell cytoplasm but
can shuttle into the nucleus in a signal-dependent manner, indicating that they are unique
signal transducers able to transduce signals from the cytoplasm to chromatin in the nucleus.
Once inside the nucleus, Class IIA HDACs interact with myocyte enhancer factor 2 (MEF2)
and other transcription factors, mainly acting as transcriptional corepressors. The Class
IIB member HDAC6 is mainly cytoplasmic, and HDAC10 is pancellular. Class IV contains
only one member, HDAC11, which is found in the nucleus and shares homology with
Class I as well as Class II HDACs [176]. Whereas Class I, II and IV HDACs require zinc
dications (Zn2+) for catalysis, the Class III deacetylases, the sirtuins 1–7 (SIRT1–7), use
oxidised nicotinamide adenine dinucleotide (NAD+) as a co-factor [176,177].

The first identified substrates of HDACs were the histones. HDACs deacetylate the
ε-amino group of lysines located at the N-terminal tail of histones, which leads through
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chromatin compaction to a repressive chromatin formation (heterochromatin) and the
suppression of gene expression [166,176,177]. In contrast, histone acetyltransferases (HATs),
such as p300, counteract histone deacetylation through the introduction of acetyl groups
from acyl-CoA to histone N-terminal tails, which generates an open and relaxed chromatin
structure (euchromatin), enabling transcription factors to access DNA and to activate
their target genes [178]. In this regard, acetylated histones also serve as binding sites
for bromodomain-containing proteins (BRDPs) to recruit macromolecular transcriptional
complexes at gene promoter regions [179]. Therefore, HATs generally have the opposite
function to HDACs, and the balance between the actions of these enzyme families serves
as a critical regulatory mechanism for gene expression.

Further, a continuously growing number of non-histone substrates of HDACs and
HATS have been described [180,181]. Many of these proteins are signal transducers (e.g.,
SMADs) or transcription factors (TFs), such as p53, Sp-1, AP-1, erythroid differentiation fac-
tor GATA1, runt-related transcription factors (RUNXs), nuclear factor NF-kappa-B (NF-κB)
and STATs (e.g., STAT3), and, therefore, changes in the transcriptome/cellular signalling
due to altered acetylation status of such TFs as a result of imbalanced HDAC/HAT activity
can be the consequence of direct modulation of TF activities. For example, HDAC1 and
HDAC2 catalyze the deacetylation of lysine residues (K320, K373, K382] of the tumour
suppressor p53, resulting in the impaired DNA binding of p53 and the inhibition of its
proapoptotic transcriptional activity, such as the activation of CIP1 (p21 or cyclin-dependent
kinase inhibitor 1), PIG3 (=TP53I3, p53-induced gene 3) and the caspase 9-activating gene
NOXA (=PMAIP1, phorbol-12-myristate-13-acetate-induced protein 1) [182,183]. “Non-TF
substrates” of HDACs are peroxiredoxin (PRDX)1 and 2, β-catenin, heat shock protein
90 (HSP90), cortactin, and α-tubulin, which are all deacetylated by the cytoplasmic and
cytoskeleton-associated HDAC6 [184–187]. The deacetylation of HSP90 by HDAC6 has
been associated with the stabilisation of several HSP90 oncogenic client proteins, such as
AKT, hypoxia-inducible factor 1-alpha (HIF1-α), surviving and TERT, and is thus linked to
carcinogenesis [186,188]. In addition, HDAC6 plays a vital role in the proteolysis pathway
of misfolded proteins as it deacetylates α-tubulin for induction of aggresome formation, in
which (cytotoxic) ubiquitylated protein aggregates are sequestered for lysosomal degra-
dation and autophagic clearance, thereby attenuating ER stress [187]. HDAC6-dependent
autophagy is considered to confer malignancy and aggressiveness to cancer cells and is
linked to resistance to proteasome inhibitors (e.g., bortezomib) in patients with various can-
cers [189]. In addition, HDAC6 is implicated in metastasis formation through the induction
of TGF-β-dependent epithelial–mesenchymal transition (EMT) [190,191]. HDAC6 is also
involved in anti-apoptosis by deacetylating the Ku70 protein, which then forms a complex
with BAX, a proapoptotic protein, allowing the inhibition of apoptosis [192]. In aggregate,
overexpression of HDAC6 gives rise to cancer.

Importantly, in the vast majority, upregulation of HDAC enzymes is associated with
cell proliferation, migration, cell growth, transformation and anti-apoptosis. Thus, HDAC
overexpression is a common and salient feature of various cancers [166,193,194]. The Class
I HDACs, especially HDAC2, epigenetically silence pro-apoptotic genes CIP1/p21, PUMA
(p53 upregulated modulator of apoptosis), APAF1 (apoptotic protease-activating factor
1) and GADD45A/DDIT1 (growth arrest and DNA damage-inducible protein GADD45
alpha) [182,195,196]. In addition, Class I HDACs contribute to adenocarcinoma metastasis
through the induction of EMT via loss of E-cadherin expression due to epigenetic silencing
by a transcriptional repressor complex containing the TF Snail (zinc finger protein SNAI1)
acting in concert with HDAC1 and HDAC2 [197]. Moreover, HDAC2 supports its own
expression in cancers via repressing the degradation of its transcription factor β-catenin and
also promotes the expression of the proto-oncogene c-Myc [182]. Overexpression of HDAC3
is also correlated with poor prognosis in various cancers as it participates in CIP1/p21
repression together with HDAC1 and -2 through histone deacetylation at the proximal CIP1
promoter or via p53 deacetylation and inhibition [198,199]. Similarly, Class IIA HDACs
also promote tumorigenesis: HDAC4 promotes the growth of colon cancer cells or the
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progression of epithelial ovarian cancer via epigenetic CIP1/p21 repression by acting as a
corepressor in a complex with HDAC3 [200,201] and mediates cisplatin resistance in various
cancer cells through the dysregulation of autophagy and apoptosis pathways [202,203].
HDAC5 promotes the migration and invasion of hepatocellular carcinoma via increasing
the transcription of hypoxia-inducible factor-1α (HIF1-α) under hypoxic conditions [204].
Further, HDAC5 displays a significant upregulation in lung cancer and increases the
proliferation and invasion of lung cancer cells through the upregulation of DLL4 (Delta-
like protein 4), Notch-1 (Neurogenic locus notch homolog protein 1) and Twist-1 (Twist-
related protein 1) [205]. HDAC7 has been shown to protect from apoptosis by inhibiting
c-Jun expression [206] and contributes to carcinogenesis by transcriptional activation of c-
Myc [207]. HDAC7 also inhibits the expression of the tumour suppressor gene JUP (Junction
plakoglobin) to promote lung cancer cell growth and metastasis [208]. Further, HDAC7
levels are increased in RAS-transformed cells, in which this protein favours the proliferation
and growth of cancer stem-like cells and the invasive features of such cells [209].

Of note, HDAC1, -2, -3, -4, -5, -6 and -7 appear to be most crucial for the prolif-
eration, aggressiveness and apoptosis resistance of cancer cells, and high expression
levels of these HDACs in tumours are associated with a poor prognosis for the cancer
patients [182,192,204,210–212]. In contrast, the depletion of many HDACs is associated with
growth arrest and apoptosis. Targeted disruption of both Hdac1 alleles in mice has been
shown to result in embryonic lethality due to severe proliferation defects and retardation in
development, which was correlated with increased expression of cyclin-dependent kinase
inhibitors p21Cip1 and p27Kip1 [213]. Regarding the loss of HDAC2, there are contrasting
reports in the literature. One study found that homozygous Hdac2(−/−) mice died within
the first 24 h after birth from severe cardiac malformations [214], whereas another reported
that mice harbouring a lacZ insertion in Hdac2 (gene-trap method) indicated partial perina-
tal lethality, and surviving mice with null mutation were generally indistinguishable from
wild-type mice by 2 months of age [215].

The phenotypes of other (germline) full knockout of HDAC enzymes Hdac3, Hdac4,
Hdac7 and Hdac8 are lethal, whereas Hdac5(−/−) and Hdac9(−/−) knockout mice are viable
but with cardiac defects [177]. Hdac6(−/−) and Hdac11(−/−) mice are viable with no obvious
phenotype [216,217]. Although α-tubulin is dramatically hyperacetylated in multiple
tissues of Hdac6(−/−) mice, the normal phenotype of these mice indicates that this is not
detrimental to normal development [216]. The knockout phenotype of Hdac10 is yet not
determined, and little is known about the functions of HDAC10 [177].

The Class III HDACs are represented by the mammalian sirtuin protein family and
comprise seven members (sirtuins1–7, SIRT1–7) of HDAC enzymes that differ in subcellular
localisation and enzymatic activity and which require NAD+ for their catalytic activity.
Gene products of SIRT1 and SIRT2 are found in the nucleus and cytoplasm, whereas SIRT6
and SIRT7 encode nuclear proteins, while gene products of SIRT3, SIRT4 and SIRT5 are
localised in mitochondria [218]. The dependence of sirtuins on NAD+ links their enzymatic
activity directly to the energy status of the cell, such as the cellular NAD+:NADH ratio
and the absolute levels of nicotinamide, which is generated through NAD+ hydrolysis
during lysine deacetylation and is an inhibitor of sirtuin activity itself [219]. Sirtuins are
best known for their role in ageing and have been shown to prolong the mean and maximal
life spans in many species across all taxonomic groups (yeast, worms, flies, mice, primates)
in response to caloric restriction or activation with molecules, such as resveratrol, a potent
inducer of SIRT1/Sirt1 expression [218,220,221].

Because sirtuins are structurally and mechanistically distinct from Classes I, IIA, IIB
and IV of histone deacetylases and are not inhibited by the widely used Zn2+-dependent
HDAC inhibitors, they will not be covered in this review.

1.5. Histone Deacetylase Inhibitors

Several natural and synthetic compounds are currently known to inhibit HDACs. Since
HDAC inhibitors do not inhibit all HDAC enzymes to the same extent, these agents can
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be grouped into pan-, Class II- and Class I-specific inhibitors [222]. Hydroxamic acids, for
example, TSA (trichostatin A, which occurs naturally), belinostat, SAHA (suberoylanilide
hydroxamic acid, also known as vorinostat) and LBH589 (panobinostat) are pan-HDAC
inhibitors targeting (all) Class I, Class II and Class IV HDACs [222]. The related, hydroxamic
acid-based pan-HDAC-inhibitor SB939 (pracrinostat) selectively inhibits Class I, II, IV
HDACs except HDAC6 [223]. In contrast, the short-chain fatty acid valproic acid (VPA),
the benzamide MS-275 (entinostat), and the bicyclic tetrapeptides FK228 (romidepsin)
and spiruchostatin A are rather Class I-specific HDAC inhibitors [222]. The short-chain
fatty acids sodium butyrate (natural compound) and 4-phenyl-butyrate (4-PBA, synthetic
compound) have been reported to inhibit Class I and Class IIA HDACs (but not Class
IIB HDACs) in relatively high, millimolar working concentrations [224]. The synthetic
compounds TMP269, MC1575 and MC1568 have been described as specific inhibitors for
Class IIA HDACs [225,226].

Importantly, the above-listed Class I and pan-HDAC inhibitors have been reported
as successful anticancer agents as they induce cell-cycle arrest, differentiation and/or
apoptosis in cancer cells by increasing the acetylation status of the chromatin and various
non-histone proteins, such as p53, leading to their stabilization and activation. Moreover, it
has been reported that both HDAC inhibitor types possess the ability to selectively induce
apoptosis in “abnormal” tumour cells, whereas normal cells are relatively resistant to
HDAC-inhibitor-induced cell death [172,173]. In contrast, much less is yet clear about the
effects of Class IIA HDAC inhibitors in cancer cells, which still require further investigation
in preclinical studies.

Importantly, HDAC inhibitors SAHA, pracrinostat, belinostat and romidepsin are
FDA-approved drugs for some T-cell lymphomas [222,223,227,228], with panobinostat
for multiple myeloma [229]. Pracrinostat has also been approved in 2014 as an orphan
drug for acute myelocytic leukaemia (AML) [223]. Valproic acid has been in medical use
since 1962 for the treatment of epilepsy and bipolar disorder, and it is marketed under
the brand names Depakene and Epival (both Abbott Laboratories) [230]. It has also been
tested in clinical trials as an anticancer agent and has demonstrated a promising clinical
response [231]. 4-PBA, though not in oncology, was approved by the FDA in 1996 for
the treatment of urea cycle disorders [224] and is now being investigated for therapy in
some types of cancer [232]. In addition, a new clinical-stage HDAC inhibitor, CG-745,
specific for Class I HDACs and Class IIB HDAC6, has recently been granted an orphan
drug designation by the FDA for the treatment of patients with pancreatic cancer [233].
All these encouraging results justify that more and more HDAC inhibitors are currently
being investigated in a number of clinical trials as part of mono- or combination therapies
for the treatment of various cancers. Class I, II, IV and pan-HDAC inhibitors chelate the
Zn2+ cation within the enzyme active site, resulting in the inhibition of HDAC activity.
Importantly, the Class III HDACs sirtuins1–7, which contain a NAD+-dependent catalytic
domain, are insensitive to these agents [172,177,222].

Due to the broad activity of classical Class I and pan-HDAC inhibitors across HDAC
isoforms, the development of second-generation HDAC inhibitors has been focused on im-
proving the selectivity of HDAC inhibitors, resulting in the discovery of a series of isoform-
specific HDAC inhibitors. Until now, most of the agents developed and reported in existing
articles have selectivity for HDAC3 [234], HDAC6 [174,189,235,236] and HDAC8 [171,237]
and are currently being evaluated in preclinical studies. At present, only the HDAC6
inhibitor ACY-1215 (Ricolinostat) has been tested in a phase 2 clinical trial as a treatment
strategy for relapsed/refractory lymphoid malignancies (NCT02091063) [238].

In contrast to Class I, II, and IV HDAC inhibitors, much less is known about sirtuin in-
hibitors. The protein-deacetylating activities of both sirtuin-1 and sirtuin-2 can be inhibited
simultaneously by the small molecules tenovin-1/-6 or sirtinol (with no effects on other
sirtuins and Zn2+-dependent HDACs), which are currently being targeted as potential
therapeutic agents for cancer since they induce p53-dependent proapoptotic activity in
malignant cells while having no effect on normal cells [239,240]. The indole compound
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selisistat (EX527) is a potent and selective sirtuin-1 inhibitor [240]. Surprisingly, until now,
no clinical trials are underway to evaluate the efficacy of Class III HDAC inhibitors in
cancer. Because the Zn2+-dependent HDACs (Classes I, IIA, IIB and IV) are recognised
as “classical HDACs” and common targets for therapy, the Class III sirtuins and their
inhibitors are not in the scope of this review.

2. Imbalanced Histone Deacetylase (HDAC) Activities in Idiopathic Pulmonary
Fibrosis: Effects and Therapeutic Correction

Increased activity and overexpression of histone deacetylases (HDACs) have been
described for a long time in various pathological conditions such as cancer, cardiac hyper-
trophy and hypertension [166,193,241,242]. Upregulated HDAC activities are also observed
in fibrotic diseases involving the heart, liver, kidneys and lungs; and experimental studies
performed on animal models have shown that HDAC inhibitors can ameliorate various
forms of fibrosis [164,168–170,243–245].

In IPF, where persistent fibroblast activation underlies progressive fibrotic disease,
HDAC-mediated gene repression of antifibrotic molecules and proapoptotic factors ap-
pears to be a critical event [162–164,246]. We have recently reported that lung fibroblasts
from patients with IPF exhibit a profibrotic phenotype with “cancer-like features” due
to the abnormal overexpression of all Class I and Class II HDAC enzymes, which ap-
peared responsible for their aberrant activation and persistence in IPF, presumably as
the result of changes in expression profiles and cellular signalling due to alterations in
the acetylation status of the chromatin and various non-histone proteins [165]. In accor-
dance, it could be demonstrated that the pan-HDAC inhibitor panobinostat (LBH589),
an FDA-approved drug for the treatment of multiple myeloma since 2015 [229], reduced
proliferation, collagen-I biosynthesis, and anti-apoptotic genes in IPF fibroblasts in vitro,
with concomitant induction of p21Cip1 and ER stress-mediated apoptosis [165]. In addi-
tion, panobinostat also restored and enhanced the expression of antifibrotic genes silenced
in IPF fibroblasts [162,247]. These processes were accompanied by massive chromatin
and α-tubulin acetylation, confirming efficient Class I/IIA/IIB HDAC inhibition through
panobinostat [165]. In addition, Jones and coworkers (2019) identified the pan-HDAC
inhibitor pracrinostat, approved in 2014 as an orphan drug for AML, as a potent attenuator
of lung fibroblast activation in IPF patient-derived fibroblasts [246]. Sanders and cowork-
ers (2014) demonstrated the inactivation of IPF fibroblasts as well as the amelioration of
experimental pulmonary fibrosis in response to global HDAC inhibition by SAHA [164].
The “older” pan-HDAC inhibitor SAHA was the first FDA-approved HDAC-inhibiting
drug for the treatment of cancers, and it has been in clinical use since 2006 [222]. Table 1
summarises the broad therapeutic effects of various pan-HDAC inhibitors on preclinical
models of lung fibrosis/IPF, which will be outlined in the following chapters of this article.

Table 1. Pan-HDAC-inhibitors for treatment of pulmonary fibrosis/IPF.

Study Lung Fibrosis Model HDAC Inhibiton Effect/Involved Molecules

Coward et al. (2009)
[162] TGF-β-treated IPF fibroblasts Panobinostat (LBH589)

pan-HDAC

H3 and H4 acetylation at COX2
promoter, derepression of

COX2 expression

Huang et al. (2013)
[163]

Lung fibroblasts of
bleomycin mice,

Primary IPF fibroblasts

Trichostatin A (TSA),
vorinostat (SAHA)

pan-HDAC

H3 acetylation at the Fas/FAS
promoter, derepression of

Fas/FAS expression

Sanders et al. (2014)
[164]

Primary IPF fibroblasts,
Bleomycin mouse model

Vorinostat (SAHA)
pan-HDAC

In vitro: proliferation
H3 and H4 acetylation, H3K9Ac ↑

BAK ↑ BID ↑ BCL2L1 ↓

In vivo: ameliorated lung fibrosis
H3K9Ac ↑, Bak ↑ Bcl2l1 ↓
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Korfei et al. (2015)
[165] Primary IPF fibroblasts Panobinostat (LBH589)

pan-HDAC

Tubulin acetylation ↑, H3K27
acetylation, CIP1/p21 ↑, CHOP ↑,

proliferation (CCND1) ↓, FMD
(ACTA2, COL1A1, COL1A3, FN) ↓,

surviving ↓ BCL-XL ↓

Zhang et al. (2013)
[167]

Primary IPF fibroblasts,
Bleomycin mouse model

Vorinostat
(SAHA)

pan-HDAC

In vitro: H3 and H4 acetylation,
COL3A1 (mRNA and protein) ↓

In vivo: ameliorated lung fibrosis,
collagen-III ↓

Ota et al. (2015)
[168]

TGF-β-stimulated A549 cells,
Bleomycin mouse model

Trichostatin A
(TSA)

In vitro: EMT ↓

restoration of CDH1 expression.
In vivo: Partial attenuation of fibrosis,
restoration of AECII-Sftpc expression

Kim et al. (2019)
[233]

Bleomycin mouse model,
PHMG induced lung fibrosis

CG-745
Class I-HDAC +

HDAC6

Abrogation of bleomycin-fibrosis,
H3 acetylation, Pai-1 ↓ α-Sma ↓

collagen-I ↓
BALF: Tnf-α ↓ Il-6 ↓

Attenuation of PHMG-fibrosis

Jones et al. (2019)
[246]

TGF-β-treated primary
IPF fibroblasts

Pracrinostat
pan-HDAC,

except HDAC6

H3 acetylation at PGC1A promoter,
derepression of PGC1A expression,

HDAC7 signalling ↓,
ACTA2 ↓ TNC ↓ IL6 ↓ PDGFA ↓

Inhibition of FMD

Coward et al. (2010)
[247]

TGF-β-treated primary
IPF fibroblasts

Panobinostat (LBH589)
pan-HDAC

H3 and H4 acetylation at CXCL10
promoter, reduction of repressive
H3K9Me3 at CXCL10 promoter,

derepression of CXCL10 expression

Sanders et al. (2011)
[248]

Fibrotic rat Thy1 (-)
lung fibroblasts

Trichostatin A
(TSA)

H3 and H4 acetylation, derepression
of Thy1 (CD90) expression

Korfei et al. (2018)
[249] Primary IPF fibroblasts Panobinostat (LBH589)

pan-HDAC

Tubulin acetylation ↑, H3K27Ac ↑
STAT3-pTyr705 ↓, proliferation ↓,

FMD ↓ ECM (pro-collagen-I) ↓
HDAC1 ↓ HDAC2 ↓

HDAC7 (mRNA and protein) ↓

Guo et al. (2009)
[250]

TGF-β-treated human normal
lung fibroblasts

Trichostatin A
(TSA)

pan-HDAC

HDAC4 signalling ↓

ACTA2 ↓ COL1A1 ↓ CTGF ↑ (!)
Inhibition of FMD, α-SMA ↓

AKT phosphorylation ↓

Ye et al. (2014)
[251] Bleomycin rat model Trichostatin A (TSA)

pan-HDAC
Reduction of lung fibrosis,

HDAC2 (mRNA and protein) ↓

Rao et al. (2016)
[252]

TGF-β-treated normal human
lung fibroblasts (HFL1),
paraquat-induced lung

fibrosis in rats

Vorinostat
(SAHA)

pan-HDAC

In vitro and in vivo:
SMAD7 acetylation and stabilization,
SMAD3 dephosphorylation, FMD ↓

attenuation of lung fibrosis

Glenisson et al. (2007)
[253]

TGF-β-treated primary
normal skin

fibroblasts (human)

Trichostatin A
(TSA)

pan-HDAC

HDAC4 signalling ↓

ACTA2/α-SMA ↓

Inhibition of FMD

Kabel et al. (2016)
[254] Bleomycin rat model

4-phenyl-butyrate
(4-PBA)

Class I- and Class IIA-HDAC

attenuation of lung fibrosis,
oxidative stress ↓

BALF: IL6 ↓ TGF-β ↓ TNF-α ↓
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Jiang et al. (2018)
[255]

A549 cells overexpressing
mutant SP-AG231V or

SP-AF198S

(4-PBA)
Class I- and Class IIA-HDAC

GRP78 ↑

suppressed protein aggregation,
improved secretion

Zhao et al. (2015)
[256] Bleomycin mouse model (4-PBA)

Class I- and Class IIA-HDAC

ER stress ↓ EMT ↓ NK-κB (p65) ↓
cytokines ↓

α-SMA ↓ Col1a1 ↓ Col1a2 ↓

alleviation of lung fibrosis

Definition of abbreviations: IPF: idiopathic pulmonary fibrosis; EMT: epithelial–mesenchymal transition; ECM:
extracellular matrix; FMD: fibroblast-to-myofibroblast differentiation; H3/H4: histone H3/H4; Ac: acetylation;
BALF: bronchoalveolar lavage fluid; PHMG: polyhexamethylene guanidine; ↑: upregulation; ↓: downregulation.

The reported evidence that alterations of protein function or chromatin accessibility
through imbalanced deacetylation/acetylation are obviously key in the pathogenesis of
IPF has led to the initiation of research studies to identify the exact targets and direct
effects of HDAC enzymes in the setting of pulmonary fibrosis. Chromatin immunopre-
cipitation (ChIP) studies examining histone modifications have identified that several
important anti-fibrotic genes are silenced in fibrotic and IPF fibroblasts, including CAV1
(encoding caveolin 1) [257], CXCL10 (encoding CXC motif chemokine 10) [247], THY1 (en-
coding the anti-fibrotic receptor Thy1 membrane glycoprotein, also known as CD90) [248],
NFE2L2 (encoding the antioxidant transcription factor nuclear factor erythroid-derived
2-related factor-2, also known as NRF2) [258], PPARG (encoding the peroxisome proliferator-
activated receptor-gamma, PPARγ) [171], PGC1A (encoding the PPARγ coactivator 1-alpha,
PGC1-α) [246], and COX2 (encoding cyclooxygenase-2) [162], all of which were restored
upon HDAC-inhibitor treatment.

The aberrant HDAC-mediated silencing of COX2 results in the loss of its metabo-
lite prostaglandin E2, an autocrine anti-fibrotic mediator that controls fibroblast cellular
overactivation while promoting the survival of AECII. Of note, the fibroblasts isolated
from IPF patient lungs indicate reduced levels of COX2 or NRF2 even after 6 or more
passages [162,258,259], hinting at the involvement of epigenetic repression mechanisms
and that HDAC-mediated gene repression of antifibrotic molecules precedes growth-factor-
induced profibrotic gene expression in IPF. In agreement with the increased apoptosis
resistance and persistence of lung fibroblasts in IPF, proapoptotic genes BAK and FAS are
also epigenetically repressed in IPF fibroblasts [163,164]. Importantly, in addition to re-
duced histone H3 acetylation, the promoters of BAK and FAS exhibited an increased level of
trimethylated lysine 9 on histone H3 (H3K9me3), a repressive chromatin marker [163,164],
indicating the close crosstalk between histone deacetylation with histone hypermethylation
changes at specific histone residues [260]. In particular, histone modifications H3K9me3
and H3K27me3 are associated with decreased gene expression and linked to the increased
recruitment of HDACs at promoters [260]. HDAC inhibitors have also been demonstrated
to reverse repressive histone hypermethylation as ChIP assays revealed that SAHA treat-
ment of IPF fibroblasts resulted in an enrichment of the pro-apoptotic BAK gene with
acetylated lysine 9 on histone H3 (H3K9Ac), an active chromatin mark, and the depletion of
BAK with H3K9Me3, thereby corresponding to increased BAK expression in the “corrected”
IPF fibroblasts [164].

On the other side, increased expression of anti-apoptotic proteins surviving and the
BCL-XL in IPF fibroblasts becomes paradoxically downregulated in response to pan-HDAC
inhibitors known to increase general histone acetylation. Similarly, genes involved in
myofibroblast differentiation, such as ACTA2, COL1A1, COL3A1 and FN, are suppressed
in primary IPF fibroblasts in response to panobinostat or SAHA [164,165,249]. Jones
et al., observed that TGF-β induced-expression of ACTA2, TNC, IL6, IL11 and PDGFA was
abrogated in IPF fibroblasts upon treatment with pracrinostat [246]. In agreement with these
findings, it could be demonstrated that panobinostat abrogated STAT3-phosphorylation
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at tyrosine 705 (Tyr705) and its fibrotic action in IPF fibroblasts, thus offering a plausible
explanation for the reduction of survival- and ECM-associated genes in response to global
HDAC inhibition and evidence for the involvement of HDACs in increased expression of
such profibrotic genes [249]. Various reports from the cancer field suspect that Class I HDAC
activity and increased deacetylation of STAT3 appear to be required for its phosphorylation
at Tyr705 and nuclear translocation as HDAC1, -2 and -3 have been reported to reduce
STAT3 acetylation [261,262] and as selective inhibition of Class I HDACs was sufficient
in efficiently suppressing STAT3-pTyr705 phosphorylation and its signalling in a variety
of malignant cells [262–264]. Similarly, Class I HDACs were demonstrated to be required
for the activation of the extracellular signal-regulated kinase-1 (ERK/MAPK3) and PI3K
pathways by TGF-β in lung fibroblasts and, thus, for the subsequent ECM gene induction
dependent on these non-SMAD signalling pathways [265].

Further, Class IIA HDAC4, which is prominently upregulated in IPF versus normal
fibroblasts, was shown to form a protein complex with some cytoplasmic protein phos-
phatases (PP) in response to TGF-β to prevent the dephosphorylation and inhibition of AKT
in fibrotic lung fibroblasts for inducing and maintaining AKT-mediated profibrotic gene
expression [250]. Similarly, TGF-β induced expression of ECM genes has been suspected to
require Class IIB HDAC6 function in AKT activation as well, as selective HDAC6 inhibi-
tion was shown to disrupt TGF-β-elicited AKT signalling in fibrotic lung fibroblasts [235].
Together, these data suggest that HDACs also mediate profibrotic signalling in fibrotic/IPF-
fibroblasts through interaction with various non-histone protein targets, which is reversed
by HDAC inhibition. On the other side, it must not be excluded that HDACs mediate
profibrotic gene expression due to epigenetic silencing of repressors of profibrotic genes.
Importantly, temporal gene expression analyses of TGF-β-treated primary lung fibroblasts
done by Jones and coworkers (2019) have revealed that TGF-β-mediated HDAC signalling
repressed antifibrotic genes prior to the upregulation of profibrotic genes [246].

Interestingly, similar to IPF fibroblasts/myofibroblasts, Class I and Class II HDACs
were also found to be upregulated in abnormal, “proliferating” KRT5+ bronchiolar basal
cells at sites of aberrant re-epithelialization and co-localised with the expression of p-STAT3
and surviving [165,249]. The crucial intrinsic activity of HDACs in cell proliferation, cell
migration and anti-apoptosis suggests a strong contribution of these enzymes in the “re-
programming” and abnormal activation of such cells in the progressive bronchiolisation of
damaged alveolar epithelium and the fibrosing process in IPF [165,174]. Further studies
proved the eminent profibrotic effect of airway/bronchiolar basal cells derived from IPF
patients [174,266], which, interestingly, could be largely abrogated by the selective inhibition
of HDAC6 [174].

Importantly, in contrast to myofibroblasts and basal cells, expression of many HDACs
appeared to be sparse or even absent in IPF-AECII undergoing proapoptotic ER stress [165],
which is in agreement with the degradation and depletion of many HDAC enzymes under
conditions of severe ER/oxidative stress or apoptosis [267–271].

Taken together, IPF appears to be characterised by a significant imbalance of HDAC
activities, with an abnormal increase of HDAC expression in fibroblasts/myofibroblasts
and bronchiolar basal cells but a lack of HDAC expression in AECII due to irremediable
ER stress and apoptosis. The consequent (differentially) deregulated acetylation status of
histone tails and non-histone proteins/TF substrates in fibroblast populations and basal
cells versus the AECII of IPF lungs may lead ultimately to altered chromatin transcription
profiles and shifted cellular signalling and disturbed inter-cellular communication, which
contribute to fibrosis (Figure 1). In the following chapters, the pathogenic role of different
HDAC classes/HDAC isoforms in IPF and their therapeutic correction in preclinical models
are described.
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Figure 1. Imbalanced histone deacetylase activities in IPF. IPF is characterised by a significant
imbalance of histone deacetylase (HDAC) activities, with an abnormal increase of HDAC expression
in fibroblasts/myofibroblasts and bronchiolar basal cells, but a lack of HDAC expression in AECII due
to ER stress, senescence and apoptosis. This imbalance contributes and perpetuates the fibrotic process.
Abbreviations: ECM: extracellular matrix; FMD: fibroblast-to-myofibroblast differentiation; AECII:
type-I/-II alveolar epithelial cell; ROS: reactive oxygen species; SASP: senescence-associated secretory
phenotype; HAT: histone acetyltransferase; P = phosphorylation, Me = methylation, Ac = acetylation.

2.1. Class I Histone Deacetylases in IPF: Expression Profile, Function and Preclinical Studies

In our report from 2015, we found all Class I HDAC enzymes significantly upregulated
on the proteomic level in IPF lung tissues as well as in primary IPF fibroblast isolations
by immunoblotting studies, in comparison to tissues and fibroblast isolates obtained from
normal lungs [165], in agreement with other studies [171]. Immunohistochemical studies
confirmed strong induction and predominant localisation of HDAC1, -2, -3 and -8 in α-
SMA expressing myofibroblasts of fibroblast foci, but also revealed robust expression of
all Class I HDACs in abnormal, hyperplastic bronchiolar basal cells at sites of aberrant
re-epithelialisation in IPF. In marked contrast, expression of Class I-HDACs was absent in
the proSP-C+ AECII of IPF lungs [165].

In addition, ciliated bronchial cells of IPF bronchioles also indicated a prominent
upregulation of HDAC2 and -3 compared to healthy control lung tissues. This observation
appeared to be conceptual since KRT5+ expressing basal cells are the progenitors for non-
ciliated Club cells and ciliated FOXJ1+ bronchial cells, and they are suggested to initiate
the progressive bronchiolization process of alveolar spaces in IPF. Further, in agreement
with various reports about expression patterns and functions of Class I enzymes, HDAC1,
-2, and -3 indicated a dominant nuclear expression in the abovementioned cell types,

167



Cells 2022, 11, 1626

whereas HDAC8 indicated cytoplasmic as well as nuclear localisation [165]. Further,
HDAC2 and HDAC3 have been observed to be upregulated in various rodent models of
pulmonary fibrosis [251,272], with predominant localisation in fibrotic lesions and lung
fibroblasts [163,258,273].

Abnormal overexpression of Class I HDACs in IPF fibroblasts/myofibroblasts appears
to play a crucial role in the fibrotic process, as ChIP studies by Coward and coworkers
(2009) revealed that the CoREST (REST corepressor 1) and Sin3a (Sin3 histone deacety-
lase corepressor complex component SDS3) transcriptional corepressor complexes, which
consist of HDAC1 and HDAC2, and the N-CoR (nuclear receptor corepressor 1) complex
consisting of HDAC3, were bound to the promoter of the antifibrotic gene COX2 in primary
IPF fibroblasts, resulting in the deacetylation of histone H3 and H4 at the COX2 promoter
and decreased transcription factor binding, leading to diminished COX2 expression in IPF
fibroblasts [162]. Similar observations they made for the CXCL10 gene, which is suppressed
in IPF fibroblasts as well due to insufficient histone H3/H4 acetylation and repressive his-
tone H3 hypermethylation at its promoter as a result of decreased recruitment of HATs but
increased recruitment of Class I HDAC-containing transcriptional repressor complexes in
IPF fibroblasts [247]. In agreement, treatment of IPF fibroblasts with the well-characterised
pan-HDAC inhibitor panobinostat resulted in the restoration of COX2 and CXCL10 expres-
sion through the creation of an active chromatin structure at their promoters, manifested as
the accumulation of acetylated histones H3 and H4 [162,247]. The malignant repression of
FAS in fibrotic fibroblasts was also attributed in part to increased HDAC2 expression [163].

Further, profibrotic STAT3-pTyr705 phosphorylation and activation are prominently
upregulated in IPF fibroblasts [73,249] and suggested to be promoted by lysine deacetyla-
tion of STAT3 through HDAC1, -2 and/or -3 [261,262]. In addition, Class I HDACs have
also been reported to be involved in the activation of the upstream JAK2 kinase [264]. In
agreement, STAT3-pTyr705 phosphorylation was abrogated in response to panobinostat
treatment, resulting in a reduction of cell proliferation, surviving expression and ECM asso-
ciated genes in IPF fibroblasts [249]. Moreover, panobinostat not only inhibited HDACs,
but it also led to significant proteolysis of HDAC1 and HDAC2 and, thus, the efficient
inactivation of both HDACs in IPF fibroblasts, whereas the mRNA levels for both enzymes
were not affected [249]. The tumour suppressor p53 is another substrate of Class I HDACs,
and the enormous loss of HDAC1/2 function in response to panobinostat was associated
with the strong upregulation of p21CIP1 and other p53 target genes in IPF fibroblasts [165].

Interestingly, SMAD7, which is known to inhibit TGF-β/SMAD2/3 signalling, has
also been identified as a non-histone protein target of HDAC1 and is destabilised through
deacetylation [274]. In TGF-β-stimulated human lung fibroblasts, HDAC1 was shown to
become upregulated, while SMAD7 became downregulated [252]. Further studies revealed
that treatment of TGF-β-stimulated lung fibroblasts with the pan-HDAC inhibitor SAHA
prevented SMAD7 deacetylation by inhibiting TGF-β-induced HDAC1 activity, resulting
in increased SMAD7 expression and decreased SMAD3 phosphorylation with subsequent
reduction of profibrotic signalling. SAHA also attenuated paraquat-induced lung fibrosis
in rats in vivo through the restoration of Smad7 protein expression and the suppression of
the canonical TGF-β pathway [252].

As can be seen, many studies characterizing the function, contribution and therapeutic
correction of aberrant Class I HDAC activity in lung fibrosis are based on the use of pan-
HDAC inhibitors. In the next two chapters, the therapeutic effects of specific Class I HDAC
inhibitors and Class I isoform-selective inhibitors in preclinical models of lung fibrosis
are summarised.

2.1.1. Class I HDAC Inhibitors in Preclinical Studies of Lung Fibrosis

The crucial role of Class I HDACs in lung fibrosis is also underscored by the fact that
their specific inhibition through spiruchostatin A has been shown to significantly reduce
fibroblast proliferation and myofibroblast markers on protein level in TGF-β-stimulated IPF
fibroblasts in vitro. Spiruchostatin A also increased histone H3 acetylation and CIP1/p21
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expression, suggesting that direct cell-cycle regulation was the mechanism for inhibiting
proliferation [275]. The related FDA-approved Class I inhibitor romidepsin indicated the
very same effects, in addition to its profound capability in downregulating the protein
expression of lysyl oxidase (LOX), an enzyme involved in collagen-crosslinking, in TGF-
β-treated IPF fibroblasts. Interestingly, it was also demonstrated that romidepsin exerted
minimal effects on primary normal human AECII at doses that markedly suppressed the
proliferation of IPF fibroblasts [169]. In vivo, romidepsin inhibited bleomycin-induced lung
fibrosis in mice in association with suppression of LOX expression [169].

Interestingly, the weak Class I inhibitor valproic acid (VPA) was also shown to effi-
ciently reduce cell proliferation, surviving expression, collagen-I protein turnover in IPF
fibroblasts, and these effects were accompanied by the significant degradation and loss of
HDAC2 [165], an effect which has been observed in various cells upon VPA treatment [276].
Although VPA has been shown to selectively inhibit STAT3-pTyr705 phosphorylation in
various malignant and non-malignant cells [263,277], this effect, however, has yet not been
addressed in fibrotic fibroblasts. In fibrotic A549 cells, VPA was shown to decrease TGF-β
induced histone deacetylation and subsequently restored TGF-β downregulated epithelial
genes in A549 cells, but only partially inhibited EMT, as many profibrotic genes upregulated
by TGF-β were not suppressed by VPA, with the exception of COL1A1 [278]. Similarly, in
IPF fibroblasts, VPA significantly suppressed pro-collagen-I expression but upregulated
the α-SMA level [165]. Interestingly, silencing of HDAC2 by RNA interference (RNAi)
was also shown to further increase ACTA2 expression in TGF-β-stimulated human skin
fibroblasts, whereas HDAC8 silencing significantly suppressed TGF-β-induced ACTA2 ex-
pression in these cells [253]. Depletion of Hdac3 by RNAi resulted in the downregulation of
TGF-β induced disintegrin and metalloproteinase domain-containing protein-12 (Adam12)
and metalloproteinase inhibitor-1 (Timp1) expression in mouse fibroblasts but was strictly
dependent on the suppression of TGF-β-activated ERK (MAPK3) and PI3K signalling path-
ways and, thus, restricted to ECM genes dependent on these Smad-independent signalling
pathways as TGF-β-upregulated Pai1 expression was unaffected [265].

Interestingly, in contrast to in vitro studies, VPA was shown to significantly attenuate
EMT and lung fibrosis in bleomycin-treated mice in vivo, which was associated with
Smad2/3 deactivation but without Akt cellular signal involvement [170]. In bleomycin-
treated rats, it reduced oxidative stress and proinflammatory cytokines in injured lungs,
together with significant improvement of the histopathological picture [254]. The failure of
VPA to deactivate Akt signalling is presumably due to the fact that VPA specifically inhibits
the activities of HDAC1 and HDAC2 [165,222] but not of HDAC3 (involved in mediating
TGF-β-induced PI3K signalling [265], as mentioned above). In agreement, the Class I HDAC
inhibitor entinostat (MS-275), specific for HDAC1 and HDAC3, also led to the inactivation of
the PI3K/Akt pathway in TGF-β-stimulated lung fibroblasts [265]. In addition, entinostat
was shown to suppress TGF-β-induced expression of SPARC, a matricellular protein
involved in the ECM turnover and apoptosis resistance of myofibroblasts in cultured
human lung fibroblasts. In detail, entinostat restored the expression of ARHGEF3 (Rho
guanine nucleotide exchange factor 3, also known as XPLN = exchange factor found in
platelets and leukemic and neuronal tissues), a negative regulator of SPARC expression, as
ARHGEF3 was repressed by TGF-β-induced HDAC1/3 signalling [279]. In summary, all
these studies prove the significant antifibrotic efficacy of Class I-selective HDAC inhibitors
in preclinical models of lung fibrosis and underscore the crucial role of Class I HDACs in
mediating profibrotic signalling in IPF/fibrotic lung fibroblasts.

However, one contrary report also exists by Rubio and coworkers, describing reduced
HDAC activity in nuclear extracts of IPF versus normal fibroblasts, despite evidenced
upregulation of HDAC1 and HDAC2 in IPF fibroblasts [280]. Hence, HDAC activity was
upregulated in the cytosolic fraction of IPF fibroblasts. Subsequent studies revealed that
histone acetyltransferase p300 inactivated the nuclear activity of HDAC1 by acetylation,
thereby resulting in the disruption of the multicomponent RNA-protein complex “MiCEE”,
which is considered a repressor of general gene transcription in IPF fibroblasts. Indeed,
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this could explain the exaggerated expression of ECM genes during fibrogenesis in IPF
fibroblasts. In line with this suggestion, inhibition of p300 resulted in reduced ECM
production in IPF fibroblasts in vitro and decreased lung fibrosis in bleomycin-treated
mice in vivo [280]. Taken together, the results from this very interesting study support
a key role of active p300 and Class I HDAC inactivation during IPF and propose p300
inhibition as therapy for IPF, but stands in vast contrast to numerous reports suggesting
HDAC inhibitors for targeting increased Class I HDAC activity in fibrotic fibroblasts as a
therapeutic option for IPF patients.

The effects of Class I HDAC inhibitors on bronchiolar basal cells and the aberrant
bronchiolization process in IPF remain to be determined, which would help to clarify
the role of the eminent upregulation of all Class I HDACs in basal cells, Clara cells as
well as FOXJ1 expressing the bronchial cells of IPF lungs. Interestingly, COX2 protein
expression was also previously observed to be diminished in the bronchiolar epithelial cells
of IPF lungs [281], which might be caused by aberrant Class I HDAC-mediated epigenetic
repression of COX2 expression, as observed in IPF fibroblasts.

The effects of Class I HDAC inhibitors and Class I isoform-selective inhibitors on
preclinical models of lung fibrosis/IPF are summarised in Table 2.

Table 2. Class I HDAC inhibitors and Class I isoform-selective inhibitors for treatment of pulmonary fibrosis.

Study Lung Fibrosis Model HDAC Inhibition Effect/Involved Molecules

Korfei et al. (2015)
[165] Primary IPF fibroblasts

Valproic acid
(VPA)

HDAC1, -2

H3K27 acetylation, CIP1 ↑,
cell proliferation ↓ BIRC5/surviving ↓

collagen-I ↓ HDAC2 ↓ HDAC7 ↓

Conforti et al. (2017)
[169]

TGF-β-treated primary IPF fibroblasts,
Bleomycin mouse model

Romidepsin
(FK228)

HDAC1, -2

In vitro: H3 acetylation, CIP1 ↑
ACTA2 ↓ COL3A1 ↓ LOX ↓ HDAC4 ↓

inhibition of FMD. In vivo: inhibited lung
fibrosis, ECM genes ↓ Lox protein ↓

Chen et al. (2021)
[170]

TGF-β-treated A549 cells,
Bleomycin mouse model

Valproic acid
HDAC1, -2

In vitro and in vivo:
SMAD2/3 deactivation,

inhibition of EMT

Barter et al. (2010)
[265]

TGF-β-treated embryonic
mouse fibroblasts

Entinostat
(MS-275)

HDAC1, -3;
HDAC3 siRNA

Inhibition of PI3K and ERK pathways
Adam12 ↓ Timp1 ↓

Davies et al. (2012)
[275] TGF-β-treated primary IPF fibroblasts Spiruchostatin A

HDAC1, -2

H3 acetylation, CIP1 ↑
cell proliferation ↓
inhibition of FMD

Noguchi et al. (2015)
[278] TGF-β-treated A549 cells Valproic acid

HDAC1, -2
H3K27 acetylation,

partial inhibition of EMT

Kabel et al. (2016)
[254] Bleomycin rat model Valproic acid

HDAC1, -2

attenuation of lung fibrosis,
oxidative stress ↓

BALF: IL6 ↓ TGF-β ↓ TNF-α ↓

Kamio et al. (2017)
[279]

TGF-β-treated normal human
lung fibroblasts

Entinostat
(MS-275):

HDAC1, -3

Restoration of ARHGEF3/XPLN (negative
regulator of SPARC) ↑

SPARC ↓

Saito et al. (2019)
[171]

TGF-β-treated normal human
lung fibroblasts,

Bleomycin mouse model

NCC170
HDAC8

In vitro: H3K27 acetylation,
restoration of PPARG expression,

ECM protein production ↓
In vivo: inhibited lung fibrosis

Chen et al. (2021)
[258] Bleomycin mouse model RGFP966

HDAC3

H3 acetylation at the Nrf2 promoter,
restoration of Nrf2 expression,

E-cadherin expression ↑
ECM proteins ↓

Yuan et al. (2020)
[273] RA-ILD mouse model HDAC3 siRNA

miR-19a-3p ↑ IL17RA ↓
IL17/IL17RA signalling ↓

Inflammation ↓
attenuation of lung fibrosis

Definition of abbreviations: IPF: idiopathic pulmonary fibrosis; EMT: epithelial–mesenchymal transition; ECM:
extracellular matrix; FMD: fibroblast-to-myofibroblast differentiation; H3: histone H3; RA-ILD: rheumatoid
arthritis (RA) associated interstitial lung disease (ILD); siRNA: small interfering RNA; BALF: bronchoalveolar
lavage fluid; ↑: upregulation; ↓: downregulation.

170



Cells 2022, 11, 1626

2.1.2. Class I Isoform-Selective Inhibitors in Preclinical Models of Lung Fibrosis

Recently, published work highlights a crucial role of single Class I HDAC enzymes,
in particular HDAC3, in progressive fibrotic lung diseases as the HDAC3-selective in-
hibitor RGFP966 effectively reduced pulmonary fibrosis in bleomycin-treated wild-type
mice and conditional Hdac3(−/−) mice were largely resistant to bleomycin-induced lung
fibrosis [258]. HDAC3 was observed to be overexpressed in IPF lungs and to be prefer-
entially upregulated in the fibrotic phase in bleomycin-injured lungs at day 14 and day
21 post-bleomycin and was found to repress Nrf2 expression in concert with the profi-
brotic Forkhead box M1 (FOXM1) transcription factor. Conversely, RGFP966 treatment
reduced the HDAC3 and FOXM1 bindings and elevated histone H3 acetylation levels at
the Nrf2 promoter, resulting in Nrf2 derepression and increased Nrf2-induced expression
of antioxidants. In addition, this treatment also restored epithelial E-cadherin expression
while downregulating profibrotic ECM molecules [258]. Similarly, in IPF, NRF2 is largely
absent in myofibroblasts within fibroblast foci [282], while increased HDAC3 expression
in these foci is observed [165]. Taken together, aberrant overexpression of HDAC3 and its
exerted suppression of NRF2 plays a pivotal role in lung fibrosis, including IPF, which can
be attenuated by selective inhibition of HDAC3.

Moreover, HDAC3 has also been reported to negatively regulate miR-19a-3p to
increase interleukin 17 receptor A (IL17RA) expression in rheumatoid arthritis (RA)-
associated interstitial lung disease (ILD) [273]. Interestingly, both HDAC3 and IL17RA
were found to be much more upregulated in the lung tissues of RA-ILD patients than in
patients with IPF versus healthy controls. Further analysis revealed a positive correlation
of expression between HDAC3 and IL17RA in RA-ILD. Using an RA-ILD mouse model,
HDAC3 downregulated miR-19a-3p expression in the lung fibroblasts of these mice, which
resulted in increased IL17/IL17RA signalling and ECM protein expression, an effect that
was abrogated by overexpression of miR-19a-3p or siRNA-mediated Il17ra or Hdac3 silenc-
ing. Of note, delivery of Hdac3-targeting siRNA to RA-ILD mice attenuated lung fibrosis in
mice in vivo [273].

Similar to the effects of HDAC3 inhibitor, selective inhibition of Hdac8 was also
shown to ameliorate bleomycin-induced lung fibrosis in mice through the reduction of
ECM synthesis [171]. Interestingly, HDAC8 has been regarded for a long time as a marker
for myofibroblasts and smooth muscle cells, where it displays a strong association with
α-SMA, and siRNA-mediated silencing of HDAC8 revealed that it is essential for smooth
muscle cell contractility [283,284]. HDAC8 expression has been demonstrated to increase in
human lung fibroblasts in response to TGF-β, where it deacetylated chromosomes protein-3
(SMC3), a specific substrate of HDAC8, but not of other HDACs in the nucleus, while
inducing α-SMA stress fibre formation in the cytoplasm of TGF-β-treated fibroblasts. This
process was associated with increased production of ECM proteins and was abrogated
by HDAC8 silencing or inhibition of HDAC8 with NCC170. Further studies revealed
that HDAC8 inhibited antifibrotic PPARγ-signalling through the repression of the PPARG
transcription as HDAC8 was found in ChIP assays to deacetylate histone H3 at PPARG
gene enhancer regions. Vice versa, HDAC8 inhibition ameliorated the TGF-β-induced loss
of the active chromatin marker H3K27ac and restored PPARG expression. Interestingly,
HDAC8 inhibition did not appear to alter the TGF-β-induced phosphorylation of SMAD2,
SMAD3 or AKT, suggesting that PPARγ upregulation was at least partially responsible for
the suppressive effects of HDAC8 inhibition on TGF-β induced fibroblast-to-myofibroblast
transformation [171].

Taken together, these three studies involving animal models of lung fibrosis highlight
the obviously potent antifibrotic efficacy of pharmacological inhibition or genetic knock-
down of single Class I isoforms to block the evolvement of lung fibrosis (Table 2) and
emphasise an underestimated dominant role of HDAC3 and HDAC8 in the pathogenesis
of fibrotic lung disease.
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2.1.3. Loss of Sin3-HDAC1/HDAC2 Repressor Complex Activity in AECII Results in
Alveolar Senescence

The observed eminent lack of Class I HDACs in proSP-C+ expressing AECII in IPF is
not only plausible due to increased alveolar ER stress and apoptosis but also considerably
mirrored by increased p53-p21CIP1 activation and senescence in IPF-AECII, which has
been widely reported by many scientists [17,118–120]. AECII senescence in IPF has been
associated with p21-induced cell-cycle arrest and gradual apoptotic cell loss and with the
senescence-associated secretory phenotype (SASP) contributing to myofibroblast expan-
sion [17,120]. In addition, ER stress involving Chop has recently been shown to promote
AECII senescence and SASP phenotype in two different experimental models of pulmonary
fibrosis [285,286].

Moreover, it could be recently demonstrated that the AECII-specific conditional loss
of Sin3a, a key component of the Sin3-HDAC1/HDAC2 corepressor complex, results in
profound AECII senescence and spontaneous progressive lung fibrosis in mutant mice that
closely resembles the pathological remodelling seen in IPF [120]. Fibrosis in these mice
was diminished either by the selective loss of p53 function in AECII or by the ablation of
senescent AEC cells through systemic delivery of senolytic drugs [120]. Previous research
by the same group showed that loss of Sin3a in mouse early foregut endotherm led to a
specific and profound defect in lung development, with complete loss of epithelial cells at
later stages, resulting in the death of neonatal pubs at birth due to respiratory insufficiency.
Further analyses revealed that embryonic lung epithelial cells adopted a senescence-like
state with permanent cell-cycle arrest in the G1 phase before their demise [287]. Similarly,
mice with foregut endoderm-specific, global deletion of Hdac1 and Hdac2, but not individual
loss of these HDACs, died at birth because of respiratory distress due to loss of Sox2
expression and a block in proximal airway development [288]. Total loss of Hdac3 in
the developing lung epithelium led to the diminished spreading of AECI cells and a
disruption of lung sacculation, and newborn mutant mice died shortly after birth [289].
In adult mice, conditional loss of Hdac1/Hdac2 in the proximal airway epithelium led to
increased expression of the cell-cycle regulators Rb1 (retinoblastoma-associated protein),
p21Cip1, and p16Ink4a (cyclin-dependent kinase inhibitor 2A), resulting in a loss of cell-
cycle progression and defective regeneration of Sox2-expressing airway epithelium after
naphthalene injury [288].

In summary, all these data suggest that AECII senescence and apoptosis in IPF are
mediated by both ER stress and a lack of Class I HDACs.

2.2. Class IIA Histone Deacetylases in IPF: Expression Profile, Function, and Preclinical Studies

In our report from 2015, we also found all Class IIA HDACs (HDAC4,-5,-7 and -9)
significantly upregulated on the proteomic level in IPF lung tissues in comparison to nor-
mal lungs. Immunohistochemical analyses showed strong overexpression of all Class IIA
enzymes in myofibroblasts within fibroblast foci and abnormal hyperplastic bronchiolar
epithelium, including ciliated bronchial cells of IPF lungs. Immunoblot analyses revealed,
especially for HDAC4 and HDAC7, a striking upregulation in IPF versus control fibroblasts,
which was also evident on the mRNA level in addition to robust HDAC5 and (Class IV)
HDAC11 upregulation. Further, all Class IIA HDACs indicated a predominant cytoplasmic
localisation in myofibroblasts in IPF [165,290], which appeared to be necessary for their
profibrotic function. Co-immunoprecipitation studies indicated that HDAC4 interacts
directly with α-SMA and appears to be required for a-SMA fibre formation and cell contrac-
tion in lung fibroblasts in response to TGF-β stimulation [290]. Further, the translocation
of Class IIA HDAC enzymes (HDAC4,-5,-7 and -9) from the nucleus to the cytoplasm is
associated with the activation of transcription factors myocyte-enhancer factor-2 (MEF2)
and serum response factor (SRF), which activate myogenic genes such as ACTA2 and which
are repressed by nuclear localisation of Class IIA HDACs. The HDAC-mediated repression
of MEF2 activity is abrogated by calcium/calmodulin-dependent protein kinase (CaMK)
through phosphorylation of HDAC4,-5,-7,-9 “in response to stress stimuli”, resulting in
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consequent dissociation from MEF2 and their nuclear export, enabling MEF2 to stimulate
profibrotic and progrowth genes [291–293].

Gene silencing studies using RNAi technology identified HDAC4 as an HDAC that
mediates TGF-β-induced differentiation of normal lung/skin fibroblasts into myofibrob-
lasts [250,253]. Additionally, here, the cytoplasmic localisation of HDAC4 was required
for the activation of the AKT signalling pathway, which is necessary for the expression
of ACTA2 and other ECM genes in response to TGF-β [250]. As a mechanism, it has
been suggested that HDAC4 captures cytoplasmic serine/threonine phosphatases PP1
and PP2A, thereby protecting AKT from being dephosphorylated. Conversely, RNAi-
mediated silencing of HDAC4 as well as pan-HDAC inhibition through TSA led to the
disruption of the HDAC4/PP1/PP2A complex and the liberation of PP1 and PP2A, fol-
lowed by the dephosphorylation and inactivation of AKT, with the consequent blockade
of TGF-β-stimulated α-SMA expression [250]. Importantly, abrogation of TGF-β-induced
fibroblast-to-myofibroblast transformation by TSA was SMAD2/3-independent [250]. It
was also suggested that TGF-β promoted HDAC4 nucleus-to-cytoplasm translocation
through increased NOX4-derived ROS production, which leads to cysteine oxidation and
intramolecular disulfide bond formation within HDAC4, facilitating its nuclear export and
consequent profibrotic effects in the cytoplasm of stimulated lung fibroblasts [290]. Taken
together, Class IIA HDAC enzymes such as HDAC4 alter gene expression profiles and
cellular signalling not only through histone deacetylation but also through protein–protein
interactions in the cytoplasm.

Interestingly, HDAC4 revealed an entirely cytoplasmic expression in KRT5 expressing
basal cells of hyperplastic IPF bronchioles or adjacent to fibroblast foci, whereas luminal
ciliated bronchial cells in IPF bronchiolar structures indicated a dominant nuclear localisa-
tion of HDAC4 [165]. Nuclear functions of HDAC4 include the repression of MEF2 activity
and/or p21CIP1 expression. ChIP analyses demonstrated that HDAC4 represses p21CIP1

expression as a component of the HDAC4–HDAC3–N–CoR corepressor complex bound
to the proximal CIP1 promoter [200,201]. HDAC4 was also suggested to be involved in
the repression of FAS in fibrotic fibroblasts, together with Class I HDAC2 [163]. In IPF
fibroblasts, HDAC4 was observed in both the cytoplasm and the nucleus. In aggregate,
HDAC4 appears to manifest its distribution in the cytoplasm and/or nucleus depending
on cell type, the stage of cell differentiation, and the physiological condition.

More recently, Class IIA HDAC7 has been identified as a key enzyme facilitating
TGF-β-mediated regulation of key pro- and anti-fibrotic genes in IPF. Specific HDAC gene
silencing (HDAC1 through HDAC11, except HDAC6) by RNAi in TGF-β-stimulated IPF
fibroblasts with the use of ACTA2 transcript levels as a readout parameter revealed that the
silencing of HDAC7 by RNAi was the most effective in reducing TGF-β-induced ACTA2
expression in primary IPF fibroblasts [246]. Aside from ACTA2, the knockdown of HDAC7
by RNAi resulted in a significant reduction of TGF-β-upregulated profibrotic mediators
NOX4 and CTGF in stimulated IPF fibroblasts, while expression of the TGF-β-suppressed
antifibrotic gene PGC1A was increased. Moreover, silencing of HDAC7 also led to reduced
expression of HDAC2, HDAC6, HDAC8 and HDAC10 but increased HDAC9 expression,
suggesting that HDAC7 affected gene expression profiles through the regulation of the
expression of other HDACs in response to TGF-β [246]. Interestingly, RNAi-mediated
knockdown of HDAC7 was also shown to reduce TGF-β induced SMAD2/3 activation,
myofibroblast differentiation and ECM production in primary fibroblasts derived from
human Peyronie’s disease plaque [294]. In TGF-β-treated skin fibroblasts from patients
with systemic sclerosis, HDAC7 silencing resulted in reduced collagen-I and collagen-III
production [295]. A recent study showed that HDAC7 was involved in endothelin-1-
induced production of CTGF in lung fibroblasts through the formation of a transcriptional
complex with p300 and AP-1 and recruitment to the CTGF promoter region, resulting in
CTGF expression. In detail, endothelin-1 promoted HDAC7 translocation from the cy-
tosol to nucleus and HDAC7 initiated AP-1 transcriptional activity (surprisingly) through
the recruitment of p300 and consequent p300-mediated AP-1 acetylation. Conversely,
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RNAi-mediated silencing of either HDAC7 or EP300 suppressed endothelin-1-induced
CTGF expression [296]. Taken together, these results indicate a crucial role for HDAC7
in cytokine/growth factor-induced expression of profibrotic molecules during fibrogen-
esis. Interestingly, pan-HDAC inhibitors such as TSA [295] and panobinostat [165] were
observed to result in the profound suppression of HDAC7 on the transcriptomic and pro-
teomic levels in primary IPF fibroblasts. Even the weak Class I inhibitor VPA reduced it
significantly on mRNA and protein levels [165].

In contrast to HDAC4 and HDAC7, much less is known about the role and functions
of HDAC5 and HDAC9 in lung fibrosis. Interestingly, silencing of HDAC5 by RNAi was
shown to further increase ACTA2 expression in TGF-β-stimulated IPF fibroblasts, whereas
HDAC9 silencing decreased TGF-β-induced ACTA2 expression in these cells [246]. Other
studies showed that overexpression of HDAC9 and of its alternatively spliced isoform
histone deacetylase-related protein (HDRP) in normal lung fibroblasts led to myofibroblast
transformation and increased apoptosis resistance of transgenic fibroblasts [297], and HDRP
was found in IHC studies to be significantly overexpressed in the myofibroblast foci of IPF
lungs [165].

However, the role of the eminent upregulation of all four Class IIA HDACs in bronchi-
olar basal cells in IPF remains elusive and needs further investigation.

Interestingly, in contrast to Class I, HDAC inhibitors targeting specifically Class IIA
HDACs (e.g., TMP269, MC1575 and MC1568) are poorly described in the literature, and
there is yet no report about the use of Class IIA HDAC-inhibitors in the preclinical models
of lung fibrosis. A study by Mannaerts et al. (2013) demonstrated that Class IIA HDAC
inhibition by MC1568 blocked the activation of primary mouse hepatic stellate cells (HSC),
as shown by the reduced expression of ECM genes Col1a1, Col3a1, Acta2 and Lox [298].
Interestingly, this effect was mediated by the upregulation of miR-29 expression, which is
an antifibrotic miRNA known to downregulate ECM molecules [87]. Moreover, knockdown
of Hdac4 by siRNA also resulted in significant miR-29 upregulation, Col1a1 downregulation
and partial inhibition of HSC activation [298]. In aggregate, this study revealed that HDAC4
regulates miR-29 expression, which represents a function of nuclear HDAC4 in fibrotic
mesenchymal cells.

Due to a lack of studies about the use of Class IIA HDAC-inhibitors in preclinical
models of lung fibrosis, published studies about the function, contribution and therapeutic
correction of increased HDAC4 and -7 activity in fibrotic lung fibroblasts are yet based on
single-gene silencing experiments and on the use of pan-HDAC inhibitors, as mentioned
above. The effects of gene-targeting siRNAs for HDAC4 and HDAC7 are summarised in
Table 3.

Table 3. Effects of Class IIA gene targeting siRNAs in fibrotic fibroblasts.

Study Model HDAC Inhibiton Effect/Involved Molecules

Jones et al. (2019)
[246] TGF-β-treated primary IPF fibroblasts HDAC7 siRNA

ACTA2 ↓ CTGF ↓ NOX4 ↓
HDAC2 ↓ HDAC6 ↓ HDAC8 ↓ HDAC10 ↓

HDAC9 ↑
Derepression of PGC1A expression

Guo et al. (2009)
[250]

TGF-β-treated human normal
lung fibroblasts HDAC4 siRNA

ACTA2 ↓
Inhibition of FMD,

AKT phosphorylation ↓

Glenisson et al. (2007)
[253]

TGF-β-treated primary normal skin
fibroblasts (human) HDAC4 siRNA

ACTA2/α-SMA ↓ FMD ↓
Upregulation of TGIF1 and TGIF2
(= Inhibitors of TGF-β signalling)

Kang et al. (2018)
[294]

TGF-β-treated fibroblasts isolated from
PD plaque HDAC7 siRNA Inhibition of SMAD2/3 activation,

FMD ↓ ECM protein production ↓

Hua et al. (2021)
[296]

Endothelin-treated human normal lung
fibroblasts (WI-38) HDAC7 siRNA

Deacetylation of AP-1,
AP-1 activity ↓

α-SMA ↓ CTGF ↓

Definition of abbreviations: IPF: idiopathic pulmonary fibrosis; ECM: extracellular matrix; FMD: fibroblast-
to-myofibroblast differentiation; PD: Peyronie’s disease; siRNA: small interfering RNA; ↑: upregulation;
↓: downregulation.
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2.3. Class IIB Histone Deacetylases in IPF: Expression Profile, Function and Preclinical Studies

Immunohistochemical studies on IPF and normal control lung tissues revealed that
both Class IIB HDAC enzymes HDAC6 and HDAC10 were found to be robustly upreg-
ulated in myofibroblasts within fibroblast foci in IPF. In contrast, expression of HDAC6
and -10 was absent in the interstitium of normal lungs. In accordance, immunoblot anal-
yses of primary fibroblasts confirmed the upregulation of both Class IIB HDACs in IPF
fibroblasts, and α-tubulin deacetylation, a surrogate marker for HDAC6 activity, was
significantly increased in primary IPF versus normal lung fibroblasts [165]. Increased
HDAC6 expression and consecutive α-tubulin-deacetylation have also been encountered
in normal lung fibroblasts in response to TGF-β exposure [235], suggesting a crucial role of
HDAC6 in TGF-β-dependent fibrogenesis. Other studies have shown that HDAC6 medi-
ates TGF-β-induced EMT via SMAD3 activation in A549 cells, which was accompanied
by α-tubulin-deacetylation and mesenchymal stress fibre formation [190,191,299]. Rapid
HDAC6-dependent deacetylation of HSP90 was also observed, and a post-translational
protein modification of HSP90 was reported to increase HSP90 chaperone function, which
led to Notch1 activation during TGF-β-induced EMT [191]. Importantly, silencing of
HDAC6 by siRNA abrogated Notch1 signalling, decreased generation of EMT markers and
restored expression of epithelial genes in TGF-β-treated A549 cells, indicating that HDAC6
was required for mediating the TGF-β–Notch1 signalling cascade during EMT [190,191].
Surprisingly, in fibrotic lung fibroblasts, siRNA-mediated silencing of HDAC6 did not affect
TGF-β-induced α-SMA and collagen-I expression. The same result was also observed for
HDAC10 silencing as well as for HDAC6/HDAC10 double-knockdown [235]. These find-
ings are interesting, as increased tubulin acetylation upon HDAC6 silencing was observed,
an indicator for successful HDAC6 inactivation. Thus, the cellular effects of its marked
upregulation upon TGF-β in lung fibroblasts remain elusive and need further investigation.
In addition, “HDAC6 gain of function” studies in human lung fibroblasts would help to
clarify the role of overexpressed HDAC6 in IPF fibroblasts. This also applies to HDAC10,
which has not yet been described much in lung fibrosis.

2.3.1. Peculiar Role of HDAC6 in IPF Epithelial Cells?

As a regulator of microtubule acetylation, HDAC6 is constitutively expressed in cili-
ated bronchial cells of normal lungs to regulate autophagy and mucociliary clearance [300].
In IPF, HDAC6 was found to be robustly upregulated in abnormal, hyperplastic bronchiolar
structures, including airway basal cells (Figure 2) [165,174]. Subsequent loss-of-function
studies revealed that HDAC6 appears to be responsible for the hyperproliferative pheno-
type of basal cells in IPF. It was thus suggested that overexpressed HDAC6 substantially
governs the aberrant bronchiolization process in IPF [174].

Further, in contrast to all other HDAC enzymes, HDAC6 appeared to be the only
HDAC expressed in IPF–AECII but not in the AECII of normal lungs (Figure 2) [165].
Because HDAC6 is involved in the aggresome formation and autophagic clearance of
protein aggregates in response to increased misfolding (and impaired degradative capacity
of the proteasome) [187], its induction in IPF–AECII was presumably caused by severe
ER stress [18,20]. HDAC6 overexpression may represent an attempt of IPF–AECIIs to
survive under conditions of irremediable ER stress but appear to be less able to counteract
ER-stress-induced cell death. As described above, HDAC6 has also been widely reported as
an eminent mediator of TGF-β-induced EMT in vitro, but AECIIs, as well as other epithelial
cells, are not considered as cells giving rise to myofibroblasts in human IPF in vivo [40].

On the other hand, we could observe in our study that HDAC6 was also overexpressed
in hyperplastic AEC cells without proSP-C expression (Figure 2) [165], which might suggest
a role of HDAC6 in the differentiation of AECII to AECI or other AEC-like cells or to
non-AEC epithelial cells. Interestingly, it has been reported very recently that human
(but not murine) AECII transdifferentiate into metaplastic KRT5+-expressing basal cells in
response to fibrotic signalling in the lung mesenchyme in hAECII-derived organoids ex vivo
and in hAECII xenotransplantation experiments with bleomycin-treated mice in vivo [301].
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Although speculative, the upregulation of HDAC6 in AEC, as well as bronchiolar basal
cells in IPF lungs versus normal lungs, could suggest an involvement of this HDAC
enzyme in the reprogramming of hAECII towards metaplastic basal cells, which have been
widely observed to colonise alveolar spaces in close proximity to AECII in IPF [52,118,302].
The crucial involvement of HDAC6 in Notch1 pathway activation and transformation of
epithelial cells supports this speculation.

Figure 2. Expression and localisation of HDAC6 in IPF lungs and normal control lungs. (A)
Representative immunohistochemistry (IHC) for proSP-C (AECII marker), HDAC6 and cytokeratin-7
(KRT7, marker for simple epithelia) in IPF lungs. Robust expression of HDAC6 was observed in
AECII (proSP-C+ KRT7+, indicated by arrows) as well as hyperplastic AEC-like cells lining the
alveoli (proSP-C- KRT7+, indicated by blue arrowheads) and in bronchial epithelium (BE). (B) Robust
expression of HDAC6 in fibroblast foci (FF) as well as KRT5+ bronchiolar basal cells and ciliated
bronchial cells. (C) Representative IHC for proSP-C and HDAC6 in normal control lungs. HDAC6
was expressed in ciliated bronchial epithelium but not in AECII or normal lungs. Faint HDAC6
immunostaining was observed in the interstitium of normal lungs. Taken with permission from the
study by Korfei et al. (2015) [165] (supplement), with modifications.

2.3.2. HDAC6 Selective Inhibitors in Preclinical Models of Lung Fibrosis

In contrast to all other Class II HDACs, isoform-selective inhibitors have been developed
for HDAC6 and not only evaluated in cancer but also lung fibrosis (Table 4) [174,190,191,235].

Similar to silencing of HDAC6, pharmacological inhibition of HDAC6 deacetylase aci-
tivity by the small molecule inhibitor tubacin resulted in the abrogation of TGF-β-induced
Notch1 signalling and EMT in A549 cells [190,191]. However, studies with tubacin were
not undertaken in TGF-β-stimulated lung fibroblasts but with the other selective HDAC6-
inhibitor tubastatin. In contrast to genetic knockdown of HDAC6, tubastatin was shown to
lead to α-tubulin hyperacetylation (and thus successful HDAC6 inhibition) and to repress
TGF-β-induced expression of type-I collagen (COL1A1) in lung fibroblasts by inducing
AKT dephosphorylation at Ser43 through increasing the association of AKT with the spe-
cific phosphatase PHLPP (PH domain and leucine-rich repeat protein phosphatase), with
consequent AKT inactivation [235]. In addition, the expression of downstream targets of
the PI3K-AKT pathway, such as HIF-1α and VEGF, was repressed by tubastatin. In contrast,
TGF-β activated SMAD2/3 signalling as well as p38MAPK and ERK pathways were not
affected by tubastatin. Further results of this study indicated the significant amelioration of
bleomycin-induced lung fibrosis in mice in vivo by tubastatin treatment [235].
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Table 4. Class IIB isoform-selective inhibitors for treatment of pulmonary fibrosis.

Study Lung Fibrosis Model HDAC Inhibition Effect/Involved Molecules

Campiani et al. (2021)
[174]

Organoid cultures derived
from IPF basal cells,

Ex vivo human lung model
of fibrosis

“Compound 6h”
HDAC6

Basal cell proliferation ↓

Bronchosphere formation ↓

Tubulin acetylation ↑

TGF-β dependent ECM synthesis ↓

Shan et al. (2008)
[190] TGF-β-stimulated A549 cells

Tubacin
HDAC6

HDAC6 siRNA

Tubulin-hyperacetylation,
restoration of E-cadherin,

SMAD3 phosphorylation ↓

PAI1 ↓ COL1A1 ↓

inhibition of EMT

Deskin et al. (2016)
[191] TGF-β-stimulated A549 cells

Tubacin
HDAC6

HDAC6 siRNA

Abrogation of TGF-β induced Notch1
signalling (HEY1, HES1 ↓)

Acetylation of HSP90 (Ac-K294)
p38 pathway ↓

Saito et al. (2017)
[235]

TGF-β-stimulated human
normal lung fibroblasts,
Bleomycin mouse model

Tubastatin A
HDAC6

In vitro and in vivo:
Tubulin hyperacetylation,

inhibition of PI3K-AKT pathway,
FMD ↓ ECM ↓

amelioration of lung fibrosis

Definition of abbreviations: IPF: idiopathic pulmonary fibrosis; EMT: epithelial–mesenchymal transition; ECM:
extracellular matrix; FMD: fibroblast-to-myofibroblast differentiation; siRNA: small interfering RNA; ↑: upregula-
tion; ↓: downregulation.

However, homozygous Hdac6(−/−) knockout mice were not protected against bleomycin-
induced lung fibrosis despite pronounced hyperacetylation of α-tubulin. Similarly, TGF-β-
induced collagen expression was not decreased in murine lung fibroblasts isolated from
Hdac6(−/−) knockout mice compared to TGF-β-stimulated normal fibroblasts from wild-
type mice. As mentioned above, RNAi-mediated knockout of HDAC6 in human lung
fibroblasts did also not repress TGF-β-induced collagen expression. Together, these results
suggested that tubastatin might have ameliorated bleomycin-induced lung fibrosis by
targeting the PI3K-AKT pathway, likely through an HDAC6-independent mechanism, and
that tubastatin might have significant off-target effects aside from HDAC6 [235]. On the
other hand, besides its protein deacetylase activity, HDAC6 has also been reported to exhibit
a significant ubiquitin-binding capability and sequester ubiquitylated protein aggregates
into autophagosomes or aggresomes [187]. Thus, the authors of this very interesting study
also suggested that, simply, the loss or inhibition of HDAC6′s deacetylating function
attenuated bleomycin-induced lung fibrosis by hyperacetylating target proteins, whereas
in Hdac6(−/−) knockout mice, the additional loss of HDAC6 function to transport cytotoxic
polyubiquitinated (misfolded) proteins into autophagosomes for their degradation, may
aggravate bleomycin-induced lung fibrosis by causing defective autophagy [235].

Very recently, novel specific inhibitors for human HDAC6 enzyme have been devel-
oped as promising pharmaceutical tools for the treatment of IPF, with the aim of also
investigating the role of HDAC6 in the abnormal bronchiolization process in IPF, as this
enzyme isoform was found to be robustly overexpressed in bronchiolar basal cells of IPF
lungs [174]. It could be shown that the newly developed, specific HDAC6 inhibitor “com-
pound 6h” reduced basal cell proliferation and bronchosphere formation in 3D organoid
cultures derived from airway basal cells of IPF patients. In addition, compound 6h signifi-
cantly inhibited TGF-β dependent fibrogenesis in cultured human lung tissues ex vivo, as
shown by diminished expression of ECM genes ACTA2, COL1A1, COL3A1 and FN. The
authors of this study concluded that HDAC6 confers the pronounced hyperproliferative
and profibrotic effects to bronchiolar basal cells in IPF, thereby underscoring that inhibition
of HDAC6′s deacetylating function plays an important role in the treatment of IPF [174].
However, the effects of “compound 6h” on various non-canonical pathways activated by
TGF-β were not evaluated in this study.
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Taken together, HDAC6 deacetylase activity appears to mediate profibrotic responses
and signalling through non-histone protein deacetylation, leading to altered cellular sig-
nalling, presumably involving HSP90 chaperone (a substrate of HDAC6)-mediated sig-
nalling and sustained AKT activation, which can be blocked by HDAC6 selective inhibitors.
The selectivity of tubastatin to inhibit HDAC6 deacetylase activity should be re-checked.

3. Discussion of HDAC Inhibitors as Therapeutic Option for IPF

The summarised data provides evidence that abnormally increased HDAC activity
in lung fibroblasts and bronchiolar basal cells versus a lack of HDAC activity in AECII
is critical in the pathogenesis of lung fibrosis, which can be overcome by treatment with
HDAC inhibitors. In particular, compelling evidence reveals a favourable therapeutic
efficacy of pan-HDAC inhibitors in preclinical models of lung fibrosis (Table 1). Pan-
HDAC inhibition through panobinostat inhibited FMD by reducing numerous ECM- and
anti-apoptosis-related genes in IPF fibroblasts, while epigenetically repressed antifibrotic
genes were restored by this drug. These beneficial effects were mediated largely through
chromatin hyperacetylation and mechanisms involving non-histone protein acetylation and
abrogation of p-STAT3 signalling [162,165,247,249]. In addition to the inactivation of Class
I HDAC activity, panobinostat strongly inhibited HDAC6 activity (and also, therefore, with
high probability, its profibrotic signalling) in IPF fibroblasts [249], which is in accordance
with studies of its marvellous efficacy in various cancers [303]. Panobinostat also induced
ER stress and proapoptotic signalling and thus led to the efficient inactivation of IPF
fibroblasts [165]. Therefore, it is not surprising that a head-to-head comparison of the
therapeutic effects of panobinostat versus the IPF drug pirfenidone has demonstrated
the superior functionality of this pan-HDAC inhibitor over pirfenidone in acting against
IPF-derived fibroblasts [249].

By employing an image-based screening assay with the use of α-SMA immunoflu-
orescence intensity as the primary readout parameter of in vitro fibroblast activation (in-
duced by TGF-β), Jones and coworkers (2019) tested and rank-ordered 99 modulators of
epigenetic-regulating enzymes and identified the pan-HDAC inhibitor pracrinostat as the
most effective small molecule in downregulating TGF-β-induced α-SMA expression [246].
Interestingly, panobinostat and SAHA were not included in this screening, but the first-
discovered pan-HDAC inhibitor TSA (which is structurally related to SAHA) was evaluated
and was 11th among the 99 compounds tested. Subsequent validation of pracrinostat re-
vealed that it attenuated FMD through the derepression of the antifibrotic gene PGC1A and
the suppression of various cytokine and ECM genes in TGF-β-stimulated IPF fibroblasts,
which was, in part, attributed to the abrogation of HDAC7-mediated TGF-β signalling [246].
However, despite their beneficial effects on IPF fibroblasts, panobinostat and pracrinostat
have yet not been evaluated in animal models of lung fibrosis in vivo. Additionally, two
studies demonstrated the amelioration of pulmonary fibrosis and improved lung func-
tion in response to global HDAC inhibition by SAHA in bleomycin-treated C57Bl/6 mice
in vivo [164,167]. The lung histopathology and health status of saline-treated control mice
were not affected by SAHA [164]. SAHA was also shown to significantly attenuate paraquat-
induced lung fibrosis in rats [252]. These findings indicate that hydroxamic-acid-based
pan-HDAC inhibitors are well tolerated under conditions of lung fibrosis in vivo.

In IPF fibroblasts in vitro, SAHA suppressed genes associated with ECM and anti-
apoptosis and upregulated proapoptotic genes through the modulation of chromatin
acetylation and specific histone modifications associated with such genes and induced
significant apoptosis in these cells [164,167]. In contrast, cell death was much less in normal
control fibroblasts treated with SAHA [164]. This was similar to previously published stud-
ies showing that SAHA selectively induced malignant/tumour cells to undergo apoptosis
but not normal cells [304]. This effect is important for the therapeutic efficacy of SAHA and
tolerability in human patients. As mentioned in this article, panobinostat, pracrinostat and
SAHA are FDA-approved drugs for cancer treatment but not the first-described pan-HDAC
inhibitor TSA. Anyway, TSA was also shown in two studies to reduce the evolvement of
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lung fibrosis in bleomycin-treated rodents [168,251]. In fibrotic fibroblasts, it derepressed
FAS expression [163] and abrogated TGF-β-induced AKT phosphorylation with consequent
suppression of ACTA2 and COL1A1 expression [250].

As outlined in Section 2.1., some Class I-specific HDAC inhibitors, in particular the
FDA-approved drugs VPA and romidepsin, also indicated a significant therapeutic effect in
preclinical models of lung fibrosis in vitro and in vivo (Table 2), suggesting that targeting
Class I HDACs is effective enough to abolish lung fibrosis. In support of this notion,
HDAC1, -2 and -3 contribute to fibroblast anti-apoptosis through p53 inactivation as well
as through epigenetic repression of proapoptotic genes via chromatin remodelling [163].
Further, Class I HDACs contribute to profibrotic signalling through the epigenetic silencing
of antifibrotic genes [162,247] and through their involvement in various fibrotic signalling
pathways, including SMAD2/3 (HDAC1) [252], PI3K (HDAC3) [265], ERK (HDAC3) [265],
and JAK2/p-STAT3 (HDAC1, -2, -3) [249,262–264]. Moreover, Class I HDAC inhibitors,
including the anti-epileptic drug VPA, have been shown to enhance fibrinolytic capacity.
Although not shown in the setting of lung fibrosis, VPA was demonstrated to upregulate
the expression of tissue plasminogen activator (t-PA/PLAT) in the vasculature of mice
and men while downregulating PAI-1 [305,306]. The stimulatory effect of VPA on t-PA
expression was associated with increased acetylation at the PLAT promoter [307]. VPA also
reduced fibrin deposition and thrombus formation in mice after mechanical vessel injury
but was not associated with an increased risk of bleeding [305]. In human patients with
coronary disease, VPA increased the capacity for endogenous t-PA release and decreased
plasma PAI-1 antigen [308]. Considering these studies and the reported antifibrotic effects
of VPA on lung fibrosis in vitro and in vivo (Table 2) and the fact that fibrinolytic activity is
impaired in lung fibrosis, VPA could also exert beneficial therapeutic effects in patients with
IPF. This also applies to romidepsin, as it demonstrated significant inhibition of fibrosis
development in the mouse model of bleomycin-induced lung fibrosis and as it revealed
anti-fibrotic effects in vitro and in vivo at low nanomolar concentrations [169].

Recently, a novel clinical-stage HDAC inhibitor, CG-745, specific for Class I HDACs
and Class IIB HDAC6, revealed favourable therapeutic efficacy in bleomycin-treated mice
as it significantly reduced inflammatory cell populations in BALF and lowered the col-
lagen contents back to the levels of the control saline group. Interestingly, CG-745 also
efficiently attenuated severe lung fibrosis in mice induced by polyhexamethylene guanidine
(PHMG) [233].

However, in vitro and experimental studies for lung fibrosis/IPF described in this review
were mainly restricted to the assessment of inflammation status and fibroblast/myofibroblast
apoptosis, but not on the effects of HDAC inhibitors on AECII injury/AECII death and
the aberrant bronchiolar re-epithelialization process. Although nearly all Class I and Class
II HDAC enzymes appeared to be actually absent in differentiated proSP-C+ IPF-AECII
but abnormally upregulated in KRT5+ bronchiolar basal cells [165], it can be speculated
that hyperplastic dedifferentiated AEC-like cells without proSP-C expression, as recently
described as transitional KRT8+high progenitors in fibrotic lungs [301,309,310], might overex-
press HDAC enzymes for their terminal differentiation into KRT5+ basal cells. Interestingly,
the administration of pan-HDAC inhibitors did not exert “deleterious” effects on fibrotic
AECII in various rodent models of lung fibrosis but changed their abnormal phenotype. In
the mouse model of bleomycin-induced lung fibrosis, Ota and coworkers (2015) showed
that administration of the pan-HDAC inhibitor TSA from day 7 to 21 after bleomycin
instillation restored Sftpc expression in FACS-isolated AECII in vivo [168]. Thus, although
pan-HDAC inhibitors were shown to reduce lung fibrosis through the induction of sig-
nificant myofibroblast apoptosis in bleomycin-treated mice, they appeared to reverse the
aberrant hyperplastic (cytokine-releasing) phenotype of fibrotic AECII as well as to spare in-
jured pro-apoptotic AECII from further apoptosis [164,168], thereby targeting two different
AECII states in the fibrotic lung to promote proSP-C+ AECII re-differentiation, proSP-C+

AECII survival and proper re-epithelialization of the damaged alveolar epithelium as a
therapeutic strategy. In renal fibrosis, it could be demonstrated in the murine model of
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unilateral ureteral obstruction that TSA led simultaneously to the inactivation of renal in-
terstitial fibroblasts and the inhibition of renal tubular epithelial cell death [311]. However,
the supposably beneficial effects of pan-HDAC inhibitors on AECII injury in experimental
models of lung fibrosis as well as IPF per se are still underexplored.

Interestingly, a recent in vitro study showed that the weak pan-HDAC inhibitor 4-
phenyl-butyrate (4-PBA) alleviated the aggregation and improved the secretion of IPF-
associated mutant SP-A2 proteins in A549 cells through the upregulation of glucose-
regulated protein (GRP)78 [255]. 4-PBA is an FDA-approved drug for the treatment of urea
cycle disorders, and it is also well-known as a chemical chaperone exerting the proper fold-
ing of malfolded (mutant) proteins and the suppression of protein aggregation [224]. The
study above suggests that the chaperone-like activity of 4-PBA may be (in part) mediated
by its HDAC-inhibitor-function to upregulate genes involved in protein folding, but this
remains to be elucidated. 4-PBA also attenuated bleomycin-induced lung fibrosis in rodents
through the suppression of oxidative stress, NFκB activation and ER stress-mediated EMT
induced by bleomycin [254,256] (Table 1).

However, the clinical use of pan-HDAC inhibitors in cancer patients has been, in part,
associated with several challenges and side effects in some patients [312–314] that might
be due to their broad activity across numerous HDAC isoforms and, thus, the concurrent
inactivation of multiple HDAC family members, including their individual signalling.
Significant side effects were also, in part, observed with romidepsin, suggesting that strong
inhibition of more than one Class I isoform may be harmful to general cellular metabolism.
On the other side, reports from clinical trials for NSCLC (non-small lung cancer) revealed
that romidepsin and pan-HDAC inhibitors were well tolerated in patients [315]. Hence,
the side effects are probably different depending on the genetic background as well as on
the age of the patient. It might also be possible that lower doses of Class I/pan-HDAC
inhibitors will be required in an IPF application compared to cancer.

The discussions about the side effects and improvement of therapeutic strategies
have led to the development of HDAC isoform-selective inhibitors to overcome undesired
effects [316]. Until now, most of the agents developed have selectivity for HDAC3, HDAC6
and HDAC8 and have been or are still currently evaluated in preclinical studies for can-
cer and lung fibrosis [171,189,234–238,258]. However, numerous HDACs have the very
same targets. For example, HDACs 1, -2, -3 and -4 are well-known to be involved in the
repression of CIP1p21 expression, and the knockdown of each of these HDACs resulted in
the derepression of CIP1p21 expression. However, in each case, the magnitude of CIP1p21

induction was markedly less than that induced by pan-HDAC inhibitors [198]. In agree-
ment, some studies clearly indicated that the magnitude of growth inhibition and apoptosis
induced upon selective HDAC3 inhibition in tumour cells was relatively modest compared
to the effects induced by Class I or pan-HDAC inhibitors [317,318]. On the other hand,
selective inhibition of HDAC3, HDAC6 or HDAC8 has recently been demonstrated to exert
remarkable therapeutic effects in the bleomycin mouse model of lung fibrosis [171,235,258].
However, the integrity of isoform-selective inhibitors mentioned above is not yet evidently
proven, and these still could have off-target effects on many cellular pathways. Further,
the novel HDAC6 selective inhibitor “compound 6h” [174] remains to be evaluated in
experimental fibrosis.

Taken together, it can be suggested that specific inhibition of single HDACs may yield
some therapeutic benefit, whereas the use of pan-HDAC inhibitors is likely to yield a
stronger therapeutic response. In conclusion, the published findings summarised in this
review indicate that HDACs offer novel molecular targets for IPF therapy and that FDA-
approved Class I and pan-HDAC inhibitors for cancer treatment may also be promising
therapeutic agents for the treatment of IPF. The putative antifibrotic effects of HDAC-
inhibitor treatment on IPF are illustrated in Figure 3.

180



Cells 2022, 11, 1626

Figure 3. Summary of putative therapeutic effects of HDAC-inhibitor treatment on IPF. For de-
tails, see discussion. Abbreviations: IPF: idiopathic pulmonary fibrosis; ECM: extracellular ma-
trix; FMD: fibroblast-to-myofibroblast differentiation; AECI/II: type-I/-II alveolar epithelial cell;
Ac = acetylation; ↑: upregulation; ↓: downregulation.

4. Conclusions and Future Perspectives

Idiopathic pulmonary fibrosis is associated with a progressive loss of lung function and
a poor prognosis. Loss of AECII, myofibroblast expansion and the ectopic appearance of
basal cells in the alveoli are the hallmarks of IPF. The number of myofibroblast foci, as well
as the extent of alveolar KRT5+ basal cells, directly correlate with mortality in IPF [175,319].
Approved antifibrotic drugs, nintedanib and pirfenidone, modify disease progression, but
IPF remains incurable, and there is an urgent need for new therapies. The majority of the
evidence generated to date indicates that the overexpression of Class I and Class II HDACs
is associated with fibroblast proliferation and FMD, as well as accounts for the apoptosis-
resistant, invasive phenotype of fibroblasts/myofibroblasts and bronchiolar basal cells in
IPF. Consistent with such a role, preclinical studies have shown that various Class I and
pan-HDAC inhibitors not only reduced profibrotic signalling and ECM production but also
stimulated growth arrest and cell death through the p53-p21 pathway and/or ER stress-
induced apoptosis in fibrotic fibroblasts/myofibroblasts [164,165,169,271], a prerequisite
for resolution of organ fibrosis, while AECII in fibrotic lungs were apparently spared
from HDAC-inhibitor-induced apoptosis. Despite the proven antifibrotic efficacy of FDA-
approved HDAC inhibitors in preclinical models, none of them have been approved for
fibrotic diseases yet but could be readily progressed into an IPF clinical trial.
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We believe that pan-HDAC inhibitors can not only reverse the aberrant epigenetic
response in (myo)fibroblasts and bronchiolar basal cells in IPF but also the activated
senescent phenotype in the AECII of IPF lungs despite pro-apoptotic events and a lack of
many HDACs in IPF–AECII. The mechanisms of HDAC inhibitors towards the injured
alveolar epithelium (including the aberrant epithelial repair mechanisms) in IPF have not
yet been addressed and should be elucidated in future studies.
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Abstract: Pulmonary fibroelastotic remodelling occurs within a broad spectrum of diseases with
vastly divergent outcomes. So far, no comprehensive terminology has been established to adequately
address and distinguish histomorphological and clinical entities. We aimed to describe the range of
fibroelastotic changes and define stringent histological criteria. Furthermore, we wanted to clarify the
corresponding terminology in order to distinguish clinically relevant variants of pulmonary fibroe-
lastotic remodelling. We revisited pulmonary specimens with fibroelastotic remodelling sampled
during the last ten years at a large European lung transplant centre. Consensus-based definitions
of specific variants of fibroelastotic changes were developed on the basis of well-defined cases and
applied. Systematic evaluation was performed in a steps-wise algorithm, first identifying the fulcrum
of the respective lesions, and then assessing the morphological changes, their distribution and the
features of the adjacent parenchyma. We defined typical alveolar fibro-elastosis as collagenous efface-
ment of the alveolar spaces with accompanying hyper-elastosis of the remodelled and paucicellular
alveolar walls, independent of the underlying disease in 45 cases. Clinically, this pattern could be
seen in (idiopathic) pleuroparenchymal fibro-elastosis, interstitial lung disease with concomitant
alveolar fibro-elastosis, following hematopoietic stem cell and lung transplantation, autoimmune
disease, radio-/chemotherapy, and pulmonary apical caps. Novel in-transit and activity stages of
fibroelastotic remodelling were identified. For the first time, we present a comprehensive definition
of fibroelastotic remodelling, its anatomic distribution, and clinical associations, thereby providing a
basis for stringent patient stratification and prediction of outcome.

Keywords: interstitial fibrosis; lung; alveolar fibroelastosis

1. Introduction

Fibroelastotic remodelling (FER) is a common morphological injury pattern occurring
in a number of different clinical settings [1–3]. Within the broad scope of FER, distinct
patterns with slightly diverging histopathological features and clinical phenotypes are
recognized. A rare entity of interstitial lung disease (ILD) with a predominant pattern of
FER, Pleuroparenchymal fibro-elastosis (PPFE), was first implemented by Frankel et al. in
2004 [4] and was officially recognized by the American Thoracic Society in 2013 [5]. PPFE
often occurs idiopathically without a known trigger (iPPFE), but there are also cases of
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secondary PPFE linked to autoimmune disorders (AID). Moreover, PPFE-like patterns
of FER have also been observed following radio- and/or chemotherapy [6] as well as
after lung (LTX) and hematopoietic stem cell transplantation (HSCT) [7–11]. All these
manifestations share a rather poor prognosis and similar histological features—a fibrous
obliteration of the alveolar airspaces associated with preservation and hyper-elastosis of the
embedded alveolar septa [6,12]. This histologic pattern of remodelling has been addressed
by a variety of terms, including airway-cantered fibro-elastosis [13], intra-alveolar fibrosis
with elastosis [14] or (intra)alveolar fibro-elastosis (IAFE, AFE) [15,16]. Moreover, it has also
been recognized that the so-called “pulmonary apical caps” (PAC) of the upper lobes share
strikingly similar histologic features with PPFE, but usually remain asymptomatic and are
often discovered incidentally in resection or autopsy specimens [17]. A comprehensive
review of the clinical manifestations of FER and the associated clinical settings is given by
Chua et al. (2019) [18] which also attempts to separate clinical and pathological terminology;
however, no clearly applicable minimum requirements for the histopathological diagnosis
of AFE have been defined thus far. This lack of clear separation and of clinical features
and nomenclature on the one hand and morphological terminology, on the other hand
hampers the scientific and clinical dialogue. For instance, the clinical term PPFE is still
used widely in current studies to describe the histologic pattern of FER [3,19]. In this
study, we have reviewed cases with well-defined AFE pattern from the archive of Europe’s
largest lung-transplant centre and systematically analysed the histological features and
distribution of the FER in order to i. define stringent histological criteria, ii. clarify the
corresponding terminology and iii. to distinguish relevant variants of FER.

2. Materials and Methods

We identified pulmonary specimens with FER in the archives of the Institute of
Pathology at Hannover Medical School, sampled within the last ten years. To avoid
conflicting terms we used stringent definitions for clinical and histological nomenclature
(see Table 1).

For histologic evaluation, sections with approximately 1 µm thickness were cut from
the formalin-fixed and paraffin-embedded archival tissue blocks and stained with haema-
toxylin and eosin (HE), periodic acid-Schiff (PAS) and elastic van Gieson (EvG) stains.

Table 1. Terminology on fibroelastotic remodelling.

Term Description

Fibroelastotic remodelling (FER)
Unspecific term describing matrix predominant structural changes in
lung parenchyma with loss of original tissue replaced by collagenous

and elastic fibers.

Alveolar fibroelastosis (AFE)
Specific histological pattern of FER characterized by collagenous

effacement of the alveolar spaces with accompanying hyperelastosis
of the remodelled and paucicellular alveolar walls.

Idiopathic pleuroparenchymal fibroelastosis (iPPFE)
A form of interstitial lung disease (ILD) characterized by typical

clinical and radiological presentation and of unknown cause.
Histologically predominant AFE pattern in subpleural, paraseptal

and parabronchial distribution.

PPFE-like disease

FER, with clinical presentation similar to PPFE, AFE histology and
known underlying disease/lung injury.

Specifically PPFE secondary to autoimmune disease (AID),
- alloimmune triggers (Chronic lung allograft dysfunction after lung

transplantation, pulmonary fibrosis after hematopoetic stem cell
transplantation) and radio-/chemotherapy etc.

ILD with concomitant AFE
Interstitial lung disease of any other type (e.g., usual interstitial

pneumonia, nonspecific interstitial pneumonia) with AFE as a minor
component.

Pulmonary apical cap (PAC) Localized FER of the upper lobe with AFE histology and benign
clinical course.

To avoid conflicting terms we stringently use definitions for clinical and histological nomenclature.
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To define a basis for systematic evaluation, 14 PPFE and PPFE-like as well as 12 PAC
cases were systematically reviewed to develop a reference catalogue of morphological
features. Subsequently, all included cases included were systematically evaluated and the
observed morphological features methodically catalogued.

We defined typical AFE as i. collagenous effacement of the alveolar spaces with ii.
accompanying hyperelastosis of the remodelled and paucicellular alveolar walls character-
ized by fourfold thickening of the elastic layer when compared with normal alveoli and iii.
at least 4 connected alveoli showing these changes.

The systematic evaluation was performed by two trained pulmonary pathologists (P.B.
and C.W. or I.M.) in four steps on a dual-observer transmitted light microscope (Olympus
BX43) equipped with 2×–40× objective lenses. First, areas of typical AFE were identified,
their size (in n alveoli) estimated and the morphological features within the typical AFE
regions assessed. In steps two and three, morphological features directly adjacent to
the typical AFE and their respective distribution in the anatomical compartments of the
lung were evaluated. Finally, the cases were re-evaluated for pathological changes in the
lung but not in direct spatial association with the AFE. The consensus of both observers
was recorded for future analysis. In case of disagreement cases were discussed with two
consulting pulmonary pathologists (D.J. and F.L.). The study was in accordance with
the regulation of the ethics committee of the Hannover Medical School (ethics vote no.
2050−2013).

The last available in vivo CT before resection was assessed by a single trained thoracic
radiologist to assess if radiologic changes were completely conclusive with the histological
changes, were partly conclusive or inconclusive.

3. Results

We evaluated a total of 45 cases. In detail, the PPFE collective consisted of 31 cases. Of
these, 6 were iPPFE and 25 had PPFE-like pulmonary fibrosis due to other causes: with
underlying AID (n = 2), after radio-/chemotherapy (n = 2), chronic allograft dysfunction
(CLAD) after LTX (n = 12) and following HSCT (n = 7). Two cases had AFE pattern as a
minor companion pattern in other ILD.

The PAC collective consisted of samples from a total of 14 patients; of these, 12
were incidental PAC (surgery due to unrelated indications) and 2 patients had undergone
primary resection due to an unclear pulmonary apical mass.

The patients were between 9 and 61 years old (See Table 2). Detailed patient informa-
tion and the diagnoses of our collective are shown in Supplementary Table S1.

Table 2. Patient collective.

Group n Age (Range) Ratio m/f

PAC 14 57.3 (23–77) 5/9

iPPFE 6 52 (24–61) 3/3

PPFE-like disease

CLAD 12 45 (23–59) 4/8
HSCT 7 24.6 (9–57) 5/2
AID 2 44.5 (44–45) 1/1

RCTX 2 55 (52–58) 0/2

ILD 2 48 (47–49) 0/2
Characteristics of patient population in the investigated groups of patients with pulmonary apical caps (PAC),
idiopathic pleuropulmonary fibroelastosis (iPPFE) and PPFE-like disease comprising of chronic lung allograft
dysfunction (CLAD) after lung transplantation, pulmonary fibrosis after hematopoetic stem cell transplantation
(HSCT), linked to autoimmune disease (AID) or radio-/chemotherapy (RCTX) and interstitial lung disease (ILD)
with concomitant alveolar fibroelastosis pattern. The number of cases analysed (n), the age of the patient in years
(mean and range) at the time of surgical intervention and the ratio of males (m) to females (f).

After a review of representative AFE cases, we could identify different patterns within
typical AFE and a range of common changes in direct proximity to the AFE lesions (Table 3).
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Table 3. Histological patterns.

Pattern Descrition

Fibroelastic interstitial expansion
Expanded alveolar septa with increased interstitial elastic and
collagen fibres—often but not always—with emphysematous

changes.

Normal lung parenchyma AFE lesions can show a direct and abrupt transition to
morphologically (mostly) non-remodelled lung parenchyma.

Incomplete alveolar fibrosis

Distinct hyperelastosis of the alveolar septa, similar to typical
AFE. However the fibrous obliteration of the alveolar lumen is
incomplete and small remnant spaces, lined by cuboidal or flat

epithelium remain.

Pulmonary arterial sclerosis Expansion of media and intima of pre-capillary pulmonary
arteries.

Pleural fibrosis Fibrotic expansion of the visceral pleura, usually with only
scant cellularity.

Emphysema Loss of alveolar septa with irreversible widening of the
airspaces.

Bronchiolitis obliterans Fibrous obliteration of small pre-terminal airways

Fibroelastotic scar Irregularly distributed elastic and collagenous fibers without
preservation of the original alveolar outlines.

Macrophage aggregates
Dominant aggregates of intraalveolar macrophages, filling upt

the airspaces completely, comparable to those seen in the
desquamative interstitial pneumonia (DIP) pattern.

Cholesterol granulomas Aggregates of multinucleated macrophages with slit-like
impressions of crystalline material.

Nonspecific interstitial pneumonia (NSIP)

Widening of alveolar septa. To qualify as NSIP vs. fibroelastic
interstitial expansion (see above), the remodelling was required

to extend uniformly throughout the lung without a gradient
towards the areas of typical AFE.

Organizing pneumonia (OP), acute fibrinous organizing
pneumonia (AFOP)

Aggregates of intraalveolar connective tissue (OP) or
intermixed fibrin and connective tissue (AFOP) with variable,

often prominent infiltration by inflammatory cells.

Myogenic metaplasia Scattered strands of smooth muscle fibers, not associated with a
bronchus or a blood vessel.

Architectural distortion
Complete loss of alveolar architecture with cystic airspace
remodelling and metaplastic epithelium, as seen in usual

interstitial pneumonia (UIP) pattern of lung fibrosis.

Patterns in direct spatial association with alveolar fibroelastosis (AFE) lesions were systematically evaluated in all cases.

Within areas of typical AFE, the pattern of intra-alveolar fibrosis/fibrotic obliteration
was classified as coarse fibrillary if broad hyalinised bundles of collagenous fibres (usually
~2 µm in diameter) were present and as fine fibrillary if delicate, mostly curled fibres were
demonstrable. The presence of anthracophages and lymphoid aggregates was noted as
well as an increase in cellularity with diffuse infiltration of lymphocytes or the presence
of an increased number of mesenchymal cells such as (myo) fibroblasts in the obliterated
alveolar lumen (see Figure 1).

In the majority of cases (67%) both coarse and fine fibrillary fibrosis could be detected,
in the other cases either only fine fibrillary or only coarse fibrillary fibrosis (20% and 13%
respectively) were detectable. Features found regularly in areas of AFE were aggregates of
lymphatic cells (73%), often at the leading edge of the remodelling process (see Table 4).
These appear well circumscribed, organized in an organoid manner, sometimes contain
specialized vessels with the appearance of highly endothelialised venules (HEV) and can
be distinguished from a diffuse infiltration of the AFE lesion by lymphatic cells which can
be observed in approximately 30−40% of cases. Macrophages containing phagocytosed
anthracotic pigment can be detected in 53% of total cases and appear less frequently in
patients of the HSCT group (14%). Typical fibroblastic foci (FF) could be detected in
11% of cases. Overall, the areas of AFE showed similar morphological characteristics
in all investigated groups. PAC showed overall less cellular mesenchymal (0%) and
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lymphatic (7%) infiltration when compared to the PPFE and PPFE-like cases (45% and 45%
respectively).
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Figure 1. Typical histological patterns of alveolar fibroelastosis (AFE). (A) Typical AFE is character-
ized by a complete obliteration of the alveolar lumen with collagenous material with formation of
either coarse (B) or fine (C) fibrils. In some cases, aggregates of macrophages containing anthracotic
pigment can be observed (D). Lymphoid aggregates are a common finding in or at the border of AFE
lesions (E). Increased cellularity with presence of mesenchymal cells (F) or lymphocytes (G) can be
observed in the fibrotic areas to a variable degree. All images are elastic van Gieson stainings. Scale
bars are 100 µm each.
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We observed and catalogued several morphological patterns in direct spatial associ-
ation with regions of typical AFE. Besides structurally intact lung parenchyma, various
forms of FER with either fibro-elastic expansion of alveolar septa, incomplete alveolar
fibrosis, or irregularly distributed collagenous and elastic fibers could be observed (See
Figure 2 and Table 3 for a comprehensive list of catalogued features).
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Figure 2. Typical histological patterns in special association with alveolar fibroelastosis (AFE). A
set of typical features regularly found in spatial association with AFE: (A) Pronounced fibrosis of
the visceral pleura. (B) Emphysema with an irreversible loss of alveolar septa. (C) Elastosis of the
alveolar wall with incomplete alveolar fibrosis of the alveolar lumen with residual airspaces lined
by cuboidal epithelium (*). (D) Fibroelastic interstitial expansion of the alveolar septa adjacent to
the AFE lesion. (E) Aggregates of intraalveolar macrophages. (F) Cholesterol granulomas with
multinucleated giant cells with clefts of cholesterol crystals. (G) Bronchiolitis obliterans with fibrous
obliteration of small airways and (H) sclerosis of pulmonary arteries with hypertrophy of the media
and intimal hyperplasia. Images are elastic van Gieson stains. Scale bars are 100 µm each.

202



Cells 2021, 10, 1362

In the majority of cases (93%) fibroelastic expansion of alveolar septa could be observed
at the border of typical AFE besides a direct and abrupt transition to structurally intact
alveolar parenchyma (91%). In 84% of cases, areas of incomplete fibroelastosis could be
detected. Frequently, pleural fibrosis could be observed adjacent to typical AFE (79%).

Patterns spatially associated with AFE were mostly similar in all cases examined, with
the exception of obliterative airway remodelling (bronchiolitis obliterans; BO), which was
observed in all cases of CLAD after LTX, and fibrotic pulmonary remodelling following
HSCT. BO was also present in half of the PPFE cases but not present in APC.

The compartmental anatomical distribution of the delimitable changes was catego-
rized as subpleural, parabronchial, para-arterial and paraseptal, when AFE was found in
association with the respective anatomical structures. Areas of AFE in the parenchyma not
associated with the anatomical structures lined out above were classified as “centrolobular”
(see Figure 3).
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Figure 3. Compartmental distribution of alveolar fibroelastosis (AFE). AFE is commonly found in
the subpleural parenchyma (A,B), in parabronchial (C) and paravascular (D) distribution and along
interlobular septa (*, E). When not in association with these structures, we classified the localization
as centrolobular (F). Images are haematoxylin and eosin (A) and elastic van Gieson (B–F) stains. Scale
bars are 500 µm each.

203



Cells 2021, 10, 1362

Table 4. Histological characteristics of alveolar fibroelastosis, its surroundings and compartmental distribution.

Pattern PAC CLAD HSCT ILD PPFE All
PPFE &

PPFE-Like

n = 14 12 7 2 10 45 31

Characteristics
of AFE

Fine fibrillary 100 58 57 100 90 80 71
Coarse fibrillary 71 92 86 100 100 87 94

Lymphatic
aggregates 50 75 67 100 78 67 76

Mesenchymal cell
rich 0 50 43 50 40 31 45

Lymphocyte rich 7 50 57 0 40 33 45
Anthracophages 86 58 14 100 60 62 52

Fibroblast foci 0 0 0 50 30 9 13

Spatially
associated
patterns

Fibroelastic
interstitial
expansion

93 83 100 100 100 93 94

Normal
parenchyma 100 92 71 100 90 91 87

Incomplete
alveolar fibrosis 86 75 86 100 90 84 84

Pulmonal arterial
sclerosis 64 92 71 100 90 80 87

Pleural fibrosis 79 91 100 50 57 79 79
Emphysema 93 83 43 50 40 69 58
Bronchiolitis

obliterans 0 92 71 0 40 44 65

Fibroelastotic scar 21 33 14 50 50 31 35
Macrophage
aggregates 21 0 57 50 20 22 23

Cholesterol
granuloma 0 25 33 0 22 16 24

Nonspecific
interstitial

pneumonia
0 0 43 0 10 9 13

Organizing
pneumonia 0 8 0 50 0 4 6

Myogenic
metaplasia 7 0 0 50 10 7 6

Architectural
distortion 0 0 0 50 10 5 7

Compartmental
distribution

Subpleural 100 91 100 100 90 95 93
Paraarterial 14 100 100 100 90 71 97
Paraseptal 8 100 83 100 67 60 85

Parabronchial 7 50 86 100 90 53 74
Centrolobular 0 25 14 50 30 18 26

A total of 45 cases were systematically evaluated to assess the characteristics of typical alveolar fibroelastosis (AFE) lesions, the patterns
in direct spatial association with the AFE lesion and their compartimental distribution. The cases consisted of so called “pulmonary
apical caps” (PAC), chronic lung allograft dysfunction (CLAD) after lung transplantation, pulmonary fibrosis after hematopoetic stem
cell transplantation (HSCT), interstitial lung disease (ILD) of other patterns with concomitant AFE and pleuroparenchymal fibroelastosis
(PPFE)—either idiopathic or secondary due to autoimmune disease or radio/chemotherapy. Values are given in percentage of positive
cases per group, in all 45 investigated in cases and pooled PPFE and PPFE-like cases.

In PAC, the AFE pattern was always found in direct spatial association with the
visceral pleura (in not-PAC cases in 93%) and only extended to other compartments in a
minority of cases. In contrast to PAC, PPFE and PPFE-like disease showed AFE affection of
the para-arterial (97%), paraseptal (85%) and parabronchial (74%) compartments.
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Other typical histologic features of ILD such as architectural distortion, myogenic
metaplasia or an NSIP pattern are rarely found in direct association with AFE lesions, even
if present within the same lung.

Further radiological information was available in 38 (84%) patients. Of these 38 CT
scans, 26 (68%) confirmed a main pattern of alveolar fibro-elastosis, in 10 (26%) patients
this was a minor pattern and in 2 (5%) remaining patients, there was no radiologic evidence
for AFE (see Figure 4 for representative images)
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Figure 4. Radiological correlate of AFE Illustration of the two typical radiological patterns ac-
companying a histologic AFE diagnosis. (A). Radiological PPFE pattern with typical (sub)pleural
distribution of fibrosis. (B) Apical cap.

4. Discussion

FER is has been considered a rather unspecific process in a multitude of diseases for
over a century, until Frankel defined FER as the morphological component of a specific
form of ILD termed iPPFE. However, some of the patients investigated for their study
had received chemotherapy [4] and in the following years we and others identified AFE
pattern as sequelae of—amongst other injuries—radiotherapy, LTX and HSCT and also
concomitant with other ILD.

In their initial study, Frankel and colleagues used a rather descriptive approach and
classified histological features of PPFE without establishing formal criteria. Kusagaya
et al. went on to develop criteria, which were then adopted and refined by Thüsen and
colleagues in 2013. These not only include intra-alveolar fibrosis and septal elastosis
but also comprise a subpleural distribution in the upper lobes with concomitant pleural
fibrosis.Therefore, a clear separation of the clinical and histological entities in FER is still
lacking and authors often utilize “PPFE” to describe clinical, radiological and histological
presentations indiscriminately [3,19]. In addition, authors consistently point out that
due to the striking differences in prognosis, PPFE and PAC have to be distinguished,
even though i. the histologic patterns of both are very similar and ii. both affect the upper
pulmonary compartment and iii. both differ only in some aspects of spatial distribution [16].
Depending on clinical context, manifestations of AFE areassociated with different clinical
outcomes (see Figure 5).

PAC are regarded as typically benign lesions in contrast to PPFE with a mean survival
time of approximately 24 months [18]. Survival in patients with ILD and concomitant
PPFE varies considerably depending on the cohort reported either following the disease
trajectory of the underlying ILD or of iPPFE [20,21].
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Figure 5. Patterns of compartmental distribution of alveolar fibroelastosis (AFE): AFE is a pattern defined by the typical
fibrous obliteration of the alveolar airspace with hyper-elastosis of the preserved alveolar structure. Similar histologic
patterns can be observed in a variety of diseases which are distinguishable by a characteristic distribution of the AFE pattern.
When AFE is found circumscript in the subpleural parenchyma of the upper lobe without any other indication of interstitial
lung disease (ILD), a prognostic favourable pulmonal apical cap (PAC) is the most likely diagnosis. Further, circumscript
focal AFE can be found e.g., after radiotherapy and around (unspecific) scars of the lung parenchyma. When found in
association with other ILD patterns (e.g., usual interstitial pneumonia, UIP) the prognosis of the patient may be worse than
when concomitant AFE is not found. AFE as dominant pattern with subpleural, parabronchial and paraseptal distribution
and accentuation in the upper compartments of the lung is indicative of pleuroparenchymal fibroelastosis (PPFE), a rare
ILD with poor prognosis.

To separate the clinical from the histological presentation, the term AFE was coined,
describing the typical histological pattern of collagenous effacement of the alveolar spaces
with accompanying hyperelastosis of the remodelled alveolar walls [15,16]. In our present
study, we provide a systematic review of cases with AFE pattern histology to comprehen-
sively document the features, distribution and pulmonary surroundings of AFE. To this
end, we have employed a pattern-based approach, assessing AFE indiscriminately of its
respective manifestation.

4.1. Features in AFE

The AFE-defining features of intra-alveolar fibrosis and septal elastosis were present
in all patient groups. However, we noticed a difference in the cellular composition with an
increase of lymphatic and mesenchymal cells embedded in the AFE of approximately half
PPFE and PPFE-like cases, a feature we could not observe in PAC. This might point towards
different states of activity within AFE lesions. Further studies are required to determine
if cellularity can be used as prognostic marker. The low cellularity of AFE lesions in ILD
cases with concomitant AFE is likely due to the low number of cases included in this study
and typical lymphocytic inflammation could be observed in fibrotic (non-AFE) remodelled
parenchyma (see Supplemental Figure S1).

Anthracophages, however, were frequently encountered in PAC, PPFE and PPFE-like
cases, especially in older patients, pointing towards entrapment of otherwise innocent
bystanders in the fibrotic process, unlike in other ILD, where exposure to small particles is
known to be a causative agent.

The presence of FF in AFE has been pointed out in several studies. Frankel et al.
reported them to be rare (4). Kusagaya et al. [22] described them as appearing in “small
numbers” and Von der Thüsen et al. finally as “at most in small numbers” [23]. In our
study, FF can be observed in 13% of cases. Increased detection of FF in other studies could
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be explained by a systematic bias of the respective authors in what they consider to qualify
as FF. Unlike in UIP, groups of (myo) fibroblasts observed in AFE do not readily form
classical FF with perpendicularly aligned (myo) fibroblasts, embedded in an immature,
myxoid extracellular matrix and accompanied by hyperplastic type 2 pneumocytes. The
presence of fully formed, typical FF should, therefore, prompt the pathologist to consider
AFE concomitant to another ILD.

4.2. Features Surrounding AFE

Incomplete AFE is very common in close spatial proximity to AFE lesions and should
possibly be interpreted as an equivalent to typical AFE in the context of the clinical setting.
So far it is unclear whether incomplete AFE represents an incomplete transitional state or a
premature consolidation. Emphysematous and even inconspicuous alveolar parenchyma
can be often observed in direct proximity to AFE lesions, which typically expand with
a “pushing border” aspect into the adjacent lung. Pleural fibrosis is common and can
easily be recognized. However, it is present in only about 79% of cases and should not be
considered as a mandatory criterion for establishing the diagnosis.

Pulmonary arterial sclerosis is common in AFE lesions or in their close proximity
both in patients with PPFE, PPFE-like disease and PAC. Some authors have suggested
pulmonary arteriolosclerosis and the resulting ventilation-perfusion disparity as a trigger
of AFE-type fibrosis [24].

BO is commonly found in close proximity to AFE lesions in CLAD and following
HSCT, where it has long been recognized as a defining feature of the disease. In the context
of PPFE-like disease, our recent study on fibrotic airway remodelling points towards shared
pathways in BO and AFE development [15].

AFOP and intraalveolar macrophage aggregates can be observed in some cases. These
features have been proposed to represent a transitory step in the formation of AFE [15].
The rather infrequent detection in our cohort may be explained by a temporal bias with
the majority of cases being end-stage lung disease, in which AFE lesions have already
consolidated. This is in agreement with a report by Von der Thüsen et al. which described
AFOP in 38% of their explanted lungs following redo transplantation [23].

4.3. Compartmental Distribution of AFE

In our study, AFE pattern fibrosis was most commonly found in the subpleural
compartment, compatible with current literature [14]. However, when excluding PAC from
the analysis, AFE pattern fibrosis is also found para-arterial and para-septal in 80% of
patients and para-bronchial in two-thirds of cases. This indicates that these compartments
are also commonly affected in PPFE (and PPFE-like) ILD, which has a significant impact on
patient survival when compared to PAC. These findings are relevant as they indicate that
AFE found in other than subpleural compartments should not preclude the diagnosis of
PPFE or PPFE-like disease. Moreover, the subpleural parenchyma can only be accessed by
open, but not by conventional transbronchial lung biopsy. However, relevant AFE can be
detected in a sufficiently large transbronchial cryobiopsy specimen [13] because fibroelastic
changes extend along bronchovascular bundles and interlobular septae. Nonetheless, data
regarding the sensitivity of transbronchial biopsies for diagnosing AFE is currently not
available for larger patient collectives.

5. Conclusions

i. Cardinal features of AFE are collagenous effacement of the alveolar spaces with
accompanying hyperelastosis of remodelled alveolar walls and ii. pleural fibrosis does
not represent a condition sine qua non for the diagnosis. iii. Incomplete AFE has to be
considered an equivalent lesion to typical AFE, provided an appropriate clinical setting.
iv. FF are not a typical feature of AFE and should raise suspicion of a concomitant lung
injury pattern, such as UIP. AFE is commonly distributed along the visceral pleura, the
bronchovascular bundles and the paraseptal parenchyma, and compartimental involve-
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ment can give an indication towards the identification of the underlying disease. vi. The
previously proposed, step-wise progression model of AFE from initial fibrinous exudation,
over macrophage-rich, insufficient resolution to fully developed AFE has possibly to be
complemented by active and inactive AFE, according to the intra-alveolar cellularity in the
remodelled alveolar spaces.

Outlook

The exact definition of what makes up AFE is important, not only to help to identify the
underlying diseases and therefore specific treatment options, but also to stratify patients
and predict their individual outcome. Moreover, the systematic application of exact
histological criteria is needed as a basis for all morpho-molecular studies in order to gain
further insights into the mechanisms of pulmonary FER.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/cells10061362/s1, Figure S1: ILD with concomitant alveolar fibroelastosis, Table S1: Detailed
patient information.
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