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ABSTRACT Despite the beneficial effects of pirfenidone in treating idiopathic pulmonary fibrosis (IPF),
it remains unclear if lung fibroblasts (FB) are the main therapeutic target.

To resolve this question, we employed a comparative transcriptomic approach and analysed lung
homogenates (LH) and FB derived from IPF patients treated with or without pirfenidone.

In FB, pirfenidone therapy predominantly affected growth and cell division pathways, indicating a major
cellular metabolic shift. In LH samples, pirfenidone treatment was mostly associated with inflammation-
related processes. In FB and LH, regulated genes were over-represented in the Gene Ontology node
“extracellular matrix”. We identified lower expression of cell migration-inducing and hyaluronan-binding
protein (CEMIP) in both LH and FB from pirfenidone-treated IPF patients. Plasma levels of CEMIP were
elevated in IPF patients compared to healthy controls and decreased after 7 months of pirfenidone treatment.
CEMIP expression in FB was downregulated in a glioma-associated oncogene homologue-dependent manner
and CEMIP silencing in IPF FB reduced collagen production and attenuated cell proliferation and migration.

Cumulatively, our approach indicates that pirfenidone exerts beneficial effects via its action on multiple
pathways in both FB and other pulmonary cells, through its ability to control extracellular matrix
architecture and inflammatory reactions.
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Introduction
Idiopathic pulmonary fibrosis (IPF) is a devastating disease with a median survival of <5 years following
diagnosis and a mortality rate that exceeds many types of cancer. An IPF diagnosis leads to a high burden
of morbidity with poor quality of life. In spite of recently approved medical therapies, lung transplantation
still remains the only definitive treatment option [1].

The basic pathologic mechanisms in IPF are characterised by injury and activation of alveolar epithelial
cells, (myo)-fibroblast proliferation and dysregulated transcriptional and post-translational control of
extracellular matrix (ECM) components, such as collagen and hyaluronan (HA), in the lung. As a result,
there are changes reminiscent of excessive scar formation, with irreversible damage to the lung architecture
that causes disturbances in ventilation, perfusion and gas exchange and eventually death from
cardiorespiratory failure [2].

Despite inhibitory effects on lung fibroblast (FB) proliferation and collagen production, several treatment
strategies have failed to show a positive effect in IPF patients; these include interferon-γ [3], the tyrosine
kinase inhibitor imatinib [4] and the selective endothelin receptor antagonists bosentan [5] and
ambrisentan [6]. Accordingly, a strong or conditional negative recommendation has been attributed to
these therapeutic concepts in the current international clinical practice guidelines for IPF [7]. Currently,
there are only two approved drugs for the treatment of IPF, pirfenidone and nintedanib [7]. Pirfenidone
(5-methyl-1-phenyl-2(1H)-pyridinone) is an orally available synthetic drug that was approved in 2011 in
Europe and in 2014 in the USA for the treatment of mild to moderate IPF. To date, four randomised
placebo-controlled phase III studies have demonstrated that pirfenidone significantly slows down disease
progression by reducing the decline in forced vital capacity (FVC) [8–11]. Combined data from the
CAPACITY 1 and 2 as well as ASCEND trials showed a significant benefit with respect to progression-free
survival, 6-min walk test and dyspnoea score [8, 9]. Furthermore, pooled analysis of data from four phase
III trials demonstrated a reduction in all-cause mortality under pirfenidone treatment [12]. In real-world
observational studies of pirfenidone treatment of IPF, the effects of pirfenidone on FVC decline were
consistent with the findings from the clinical trials [13].

Although recent findings demonstrated that pirfenidone exerts pleiotropic effects on numerous cell types
[14, 15], the mechanisms by which pirfenidone slows IPF progression are not well understood. Here, by
applying a complex unbiased transcriptomic approach employing 1) lung tissue from pirfenidone-treated
and pirfenidone-naïve IPF patients, 2) isolated FB from the same patients and 3) cultured FB from IPF
patients treated in vitro with pirfenidone, we found that pirfenidone exerts most of its effects on the lung
by regulating the expression of genes involved in inflammation and ECM architecture.

Methods
A description of the methodologies is provided in the supplementary material; here, only information
about IPF patients is given.

Human lungs
Human lung samples were obtained from patients with IPF who underwent lung transplantation at the
Dept of Surgery, Division of Thoracic Surgery, Medical University of Vienna, Vienna, Austria. The
protocol and tissue usage were approved by the institutional ethics committee (976/2010) and patient
consent was obtained before lung transplantation. Microscopic sections were prepared and stained with
hematoxylin and eosin to assess the morphology of the fibrotic lungs.

Results
Study population
Transplanted lungs from 14 clinically well-characterised patients with IPF were used in this study.
Demographic characteristics and clinical data of the IPF patient experimental and validation cohorts,
including pirfenidone (Esbriet®/Pirfenex) medication, are reported in table 1. These parameters did not
show significant differences between the treated and non-treated groups. All lungs possessed classical
characteristics of parenchymal remodelling with the typical pattern of usual interstitial pneumonia
(supplementary figure S1).

Effects of pirfenidone on the expression profiles in lung homogenates and isolated fibroblasts
To determine the effects of pirfenidone treatment on the molecular signature in situ, we performed gene
expression profiling on 1) lung homogenate (LH) samples and 2) isolated human lung FB from
pirfenidone-treated (P) or pirfenidone-naïve IPF patients. LH samples are heterogeneous tissue samples
that can be used to identify individual genes that have a strong treatment-associated average change in
gene expression, pointing to processes that are either directly or indirectly changed by pirfenidone. In
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contrast, analysing isolated FB could identify cell-type-specific responses to pirfenidone treatment. The
experimental design is presented in figure 1a.

A comparison of the entire gene expression profile by principal component analysis (PCA) revealed only
minor global changes between LH samples from pirfenidone-treated (IPF+P(LH)) and pirfenidone-naïve
(IPF(LH)) patients (figure 1b, i). Global gene set tests using the Kyoto Encyclopedia of Gene and
Genomes (KEGG) showed several significantly perturbed pathways (figure 1b, ii). These included
inflammatory processes and changes in cell–cell contact (e.g. tight junction, endocytosis). The global
distribution of all genes according to the respective log fold changes (LFCs) and p-values are depicted in
the volcano plot in figure 1b, iii, and figure 1b, iv shows the expression levels of the top 20 regulated genes
at the single-patient level.

The expression profiles of FB isolated from pirfenidone-treated (IPF+P(FB)) and pirfenidone-naïve (IPF
(FB)) patients were distinct and gave good separation in PCA (figure 1c, i). The most significantly altered
pathways in FB indicated that cells possessed general metabolic alterations related to growth and cell
division (e.g. DNA replication, cell cycle) and modified protein turnover (e.g. proteasome) (figure 1c, ii).
The top 20 regulated genes according to the p-value ranking are highlighted in the volcano plot in figure
1c, iii, and single-patient-level expression is shown in figure 1c, iv.

Comparing LH (IPF(LH), IPF+P(LH)) and FB (IPF(FB), IPF+P(FB)) samples by PCA gave a clear separation
that primarily discriminated between LH and FB (figure 2a). Global gene set tests showed a larger number of
significantly perturbed pirfenidone-induced pathways in FB than in LH (figure 2b). This was expected
because the profiles obtained from LH represent a mixture of the responses of many cell types, so that the
cell-type-specific perturbation of defined pathways is more difficult to ascertain. Analysis of the 100 genes
with the largest differences showed clear separation of LH and FB expression profiles in a hierarchical cluster
analysis (Euclidean distance and complete linkage; figure 2c). Gene clustering revealed several groups of
genes with a source-specific regulation associated with pirfenidone treatment (regulated in LH but not in FB
(blue cluster), regulated in FB but not in LH (yellow cluster), oppositely regulated in LH and in FB (grey
cluster) and concurrently regulated in LH and FB (green cluster)) (figure 2c and supplementary table S1).

Pirfenidone induces distinct gene regulation in LH and isolated FB
To understand the transcriptional repertoire being specifically regulated in response to pirfenidone in
either compartment, we selected genes regulated only in one group, either LH or FB. For this purpose, the
threshold was set to a LFC>|1.41| to define upregulated genes and <|0.5| to define not regulated genes
(coloured dots in figure 3a and listed as “only in LH/only in FB” in supplementary table S1). This way we
focused on genes either induced by at least a twofold change or repressed to at least 50%.
Over-representation analysis of these selectively regulated genes with Gene Ontology (GO) nodes revealed
that in FB, the selected genes were contained within the “extracellular matrix”, “cytosol” and “nucleus”

TABLE 1 Demographics and clinical data of donors and IPF patients in the transcriptome
cohort and the validation cohort

Variable Cohort used for
transcriptome

profiling

Validation cohort

IPF IPF+P Donor IPF IPF+P

Subjects 7 7 31 23 7
Age years 56.8±9.0 55.4±7.5 51.4±14.7 61.8±12.9 58.0±5.4
Sex
Male 4 5 12 16 4
Female 3 2 19 7 3

Smoking status
Never 0 2 7 2
Former 7 5 16 5
Current 0 0 0 0

FVC % pred 39.6±16.7 49.5±11.2 49.1±13.0 48.1±10.2
Histological confirmation of a UIP pattern % 100 100 100 100
Daily dose of pirfenidone g 2.0±0.7 1.9±0.6
Duration of pirfenidone treatment months 8.4±4.8 11.2±3.8

Data are presented as n or mean±SD, unless otherwise specified. IPF: idiopathic pulmonary fibrosis;
P: pirfenidone; FVC: forced vital capacity; UIP: usual interstitial pneumonia.
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FIGURE 1 Transcriptomic profiling of human lung homogenates (LH) and human lung fibroblasts (FB) derived from idiopathic pulmonary fibrosis
(IPF) patients treated with pirfenidone (P). a) Schematic overview of the experimental design. b) Transcriptome profiling of IPF LH. b, i) Principal
component (PC) analysis showing the separation between pirfenidone-treated and pirfenidone-naïve IPF LH samples. b, ii) Kyoto Encyclopedia of
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nodes. In LH, the selected genes were over-represented in “extracellular matrix” and “immune response”
nodes (figure 3b, c). Due to their strong abundance in our analysis, we first explored the molecular
interactions within the ECM and inflammatory response nodes. The interaction network together with
parallel expressional annotation of genes regulated in LH and FB once more highlighted differences
between LH and FB (figure 3d, e and supplementary figure S2). We also explored representative
inflammatory and ECM KEGG pathways and colour-mapped the expressional change after pirfenidone
treatment (B- and T-cell receptor signalling and ECM-receptor interaction; supplementary figure S3).

Additionally, the five most downregulated genes in LH pointed towards a dysbalanced immune system:
defensin β 4A (DEFB4A), chemokine ligand 6 (CXCL6), serum amyloid A2 (SAA2), serum amyloid A1
(SAA1) and BPI fold containing family A member 1 (BPIFA1) (supplementary table S2). In FB, pirfenidone
downregulated genes were involved in transcription: homeobox C9 (HOXC8); cell signalling: sulfatase 2
(SULF2); and osteogenic differentiation: stimulator of chondrogenesis 1 (SCRG1) (supplementary table S3).

Convergently regulated genes in LH and isolated FB due to pirfenidone treatment
Applying a cut-off of LFC>|1|, we found 803 differentially regulated genes (393 up and 410 down) in LH
(supplementary table S2) and 557 (282 up and 275 down) in FB after pirfenidone treatment in
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comparison to the respective controls (supplementary table S3). There were 11 annotated genes with the
same direction of regulation (four up and seven down) in both comparison groups (figure 3f, g). The
individual patient-to-patient variations of these genes are shown in figure 3h. The functional involvements
of these 11 commonly regulated annotated genes are given in supplementary table S4.

Cell migration-inducing and HA-binding protein as a target of pirfenidone
Cell migration-inducing and hyaluronan-binding protein (CEMIP) was strongly downregulated by
pirfenidone treatment in both our approaches (figure 3g, h) and has previously been implicated in several
processes relevant to lung fibrosis, namely ECM production, inflammation and cell proliferation
(supplementary table S4) [16]. Thus, we explored the role of CEMIP in more detail. The decrease in
CEMIP mRNA expression in IPF+P(LH) and IPF+P(FB) observed in the microarray experiments was
confirmed using a validation cohort (figure 4a, c). Furthermore, IPF+P(LH) and IPF+P(FB) exhibited
reduced CEMIP protein expression as compared to LH and FB from pirfenidone-naïve IPF patients
(figure 4b, d). Importantly, both CEMIP mRNA and protein levels were elevated in IPF(LH) and IPF(FB)
in comparison to donor samples (figure 4a–d). These results were corroborated by immunohistochemistry,
which showed increased staining intensity for CEMIP in the lungs of pirfenidone-naïve IPF patients as
compared to donors and pirfenidone-treated patients (figure 4e, f ). CEMIP immunoreactivity was mainly
observed in alveolar type II cells and (myo)-fibroblasts (as identified by the expression of prosurfactant
protein C and α-smooth muscle actin (α-SMA), respectively) in donor and IPF lungs. Positive staining for
CEMIP was also observed in endothelial cells (as identified by the expression of von Willebrand factor) in
donor lungs (figure 4f). These findings indicate that FB are not the exclusive producers of CEMIP in
human lungs.

Analysis of circulating CEMIP revealed significantly elevated levels in IPF samples as compared to age-
and sex-matched healthy controls (figure 5a and table 2). Because pirfenidone decreased CEMIP
expression in our array analysis, we analysed circulating CEMIP levels in IPF patients before and during
pirfenidone treatment. The mean treatment period of these patients was 7.1±2.5 months (figure 5b). In six
out of seven of the patients, pirfenidone treatment was associated with a marked decrease in CEMIP levels
(figure 5c).

CEMIP is involved in invasive properties of IPF FB
We recently demonstrated that pirfenidone inhibits the Hedgehog (Hh) signalling pathway by targeting
GLI proteins [14]. Promoter analysis of the CEMIP gene revealed the presence of the GLI consensus
sequence GAACACCCA at the −820 bp position (supplementary figure 4A). In line with this observation,
SAG, a synthetic Hh pathway agonist, induced CEMIP protein expression in donor FB. This effect was
blocked by pirfenidone and the potent GLI1/2 inhibitor JQ1. Importantly, no additive inhibitory effect was
observed when pirfenidone and JQ1 were used simultaneously (supplementary figure 4B), suggesting that
pirfenidone itself blocks SAG-triggered CEMIP expression by interfering with GLI transcription factors.

Next we investigated the functional relevance of CEMIP in IPF(FB) via depletion experiments.
Knockdown of CEMIP decreased proliferation under basal conditions as well as after stimulation with
platelet-derived growth factor-BB or epidermal growth factor (figure 6a), but did not affect apoptosis
(figure 6b). Furthermore, silencing of CEMIP inhibited migration and increased the time for wound
closure (figure 6c, d). In addition, knockdown impaired stress fibre formation (figure 6e) and reduced
expression of collagen I but did not affect the expression of fibronectin, matrix metalloprotease-2 or
α-SMA (figure 6f–h). mRNA expression of the senescence markers p21 and p53 was downregulated
following CEMIP depletion; however, no changes were apparent at the protein level (figure 6f–h). Given
that CEMIP is implicated in the catabolism of HA, we examined whether pirfenidone treatment affects
deposition of HA in the lungs of IPF patients. As depicted in figure 6i, j, more prominent accumulation of
HA was observed in pirfenidone-treated than in pirfenidone-naïve IPF patients. Furthermore, our
microarray analysis revealed that pirfenidone differently regulated the HA-mediated motility receptor
(HMMR) and HA and proteoglycan link protein 4 (HAPLN4) in both IPF(LH) and IPF(FB). Additionally,
pirfenidone significantly affected the expression of HA synthase 1 (HAS1) and HA-binding protein 2
(HABP2) specifically in IPF(LH), while there was altered expression of inter-α-trypsin inhibitor heavy
chain 3 (ITIH3), a HA-binding protein essential for ECM stabilisation, and the CD44 molecule in IPF(FB)
only (supplementary tables S5 and S6).

Effects of pirfenidone in vitro
In the final set of experiments, we extended our transcriptomic analysis to genes that were dysregulated in
IPF(FB), kept in culture for several passages, and then treated with pirfenidone in vitro. The rationale behind
this was 1) to have a complementary in vitro experimental setting of pirfenidone action and 2) to single out
the specific signalling mechanisms of pirfenidone in FB without the effects of the global response to
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IPF patients (n=8 for donor; n=8 for IPF; n=7 for IPF+P). mRNA levels were assessed by quantitative PCR, proteins levels by Western blotting.
PBGD was used as a reference gene in quantitative PCR and HSP70 as a loading control in Western blotting. Biological replicates are shown. For
statistical analysis, one-way ANOVA with Tukey’s multiple comparisons test was used. *p<0.05, **p<0.01. ***p<0.001. e) Overview images of CEMIP
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pirfenidone when FB are in their natural microenvironment. To this end, we performed a comparative study
between 1) FB isolated from pirfenidone-treated (IPF+P(FB)) versus pirfenidone-naïve (IPF(FB)) patients
and 2) lung FB isolated from IPF patients, cultured and exposed to pirfenidone in vitro (IPF(FB+P)
(figure 7a). Applying a LFC>|1|, we found a total of 743 genes that were regulated in in vitro
pirfenidone-treated FB (supplementary table S7). Hierarchical clustering of the top 100 regulated genes
showed complete separation of the transcription profiles from FB, treated both in vivo as well as in vitro
(figure 7b). Of note, we found that gene expression varied considerably between FB from in vivo and in vitro
settings, underlining the influence of in vitro culturing on FB. Nevertheless, a comparison of
pirfenidone-regulated genes from IPF(FB+P) and IPF+P(FB) revealed 23 genes with the same expression
pattern (17 up and six down; figure 7c, d and supplementary table S8). Among the downregulated genes
were endothelin 1 (EDN1) and 5-hydroxytryptamine receptor 2B (HTR2B), which are both part of the G
protein-coupled receptor signal transduction pathways. The upregulated genes were annotated to the
following biological processes: transforming growth factor-β (TGF-β) receptor signalling pathway,
transcription from RNA polymerase II promoter and cellular lipid metabolic process. The heat maps in
figure 7e represent the individual patient-to-patient variations of commonly regulated genes in both settings.

Discussion
The clinical success of pirfenidone in the treatment of IPF is attributed to its pleiotropic mode of action.
Numerous in vitro and in vivo studies have demonstrated that pirfenidone exhibits anti-fibrotic,
anti-inflammatory and anti-oxidant effects [15]; however, it remains unclear which of these effects occur at
the therapeutic doses achieved in humans.
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TABLE 2 Demographics and clinical data of the IPF patients whose plasma was used to
measure CEMIP levels

Variable Healthy IPF baseline IPF+P

CEMIP plasma levels ng·mL−1 0.83±0.6 1.49±0.7 1.13±0.4
Subjects 7 8 11
Age years 58.5±6.6 59.4±12.7 61.6±10.8
Sex
Male 5 5 9
Female 2 3 2

Smoking status
Never 2 1 2
Former 2 7 9
Current 3 0 0

FVC % pred 60.1±12.5 61.1±9.9
Histological confirmation of a UIP pattern % 100 100
Daily dose of pirfenidone g 2.4±0.0
Duration of pirfenidone treatment months 7.1±2.5

Data presented as n or mean±SD, unless otherwise indicated. IPF: idiopathic pulmonary fibrosis;
P: pirfenidone; FVC: forced vital capacity; UIP: usual interstitial pneumonia.
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FIGURE 6 Effects of knockdown of CEMIP on idiopathic pulmonary fibrosis (IPF) pulmonary fibroblasts (FB). a) Proliferation of IPF(FB) treated with
CEMIP siRNA (siCEMIP) or non-targeting control siRNA (siCtrl) at basal conditions and upon stimulation with platelet-derived growth factor
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In the present study, we performed gene expression profiling analysis to identify pirfenidone’s mode of
action. The analysis was performed on multiple levels using LH samples and freshly isolated FB derived
from IPF patients who were or were not treated with pirfenidone. This in situ approach was further
corroborated by our in vitro study, in which fibroblasts isolated from IPF patients were exposed to
pirfenidone in cell culture. Pirfenidone treatment was associated with major changes in inflammatory
processes and cell–cell contacts in LH, while in FB the most significantly perturbed pathways were related
to metabolic reprogramming, growth and cell division. Genes regulated in both specimens primarily
belonged to the ECM.

Interactions between ECM molecules and inflammatory cells/mediators ensure a proper response of the
lung to insults, and their dysregulation can lead to an aberrant damage response and, finally, fibrosis. The
mutual relationship between ECM-producing FB and different subpopulations of inflammatory cells in
lung fibrosis is supported by numerous studies. For instance, degradation products of HA have been found
to stimulate B-cells to produce various pro-fibrogenic cytokines, including potent activators of FB such as
TGF-β1, interleukin (IL)-6 and IL-4 [17]. Interestingly, abnormal B- and T-cell aggregates have been
shown in IPF lungs and diverse IgG autoantibodies have been reported in IPF plasma [2, 18–20].

The close interplay between the ECM and immune responses is supported by our data, demonstrating that
among the genes significantly downregulated by pirfenidone in the LH were those involved in regulating
innate and adaptive immunity, including CXCL6 and tumour necrosis factor receptor superfamily member
17 (TNFRSF17). Strikingly, TNFRSF17 has been shown to control the development of B-cells and thereby
the autoimmune responses [21]. In pulmonary FB, pirfenidone therapy mainly suppressed the expression
of SULF2, an enzyme involved in post-translational modification of ECM components [22]. Increased
sulfation of ECM heparan sulfate proteoglycans has already been described in the lungs of IPF patients,
suggesting altered structural and growth factor binding capacity of the fibrotic matrix [23].

In both pulmonary FB and LH derived from pirfenidone-treated patients, one of the most upregulated
genes was gremlin 2 (GREM2), while one of the most significantly downregulated genes was CEMIP. The
role of gremlin in fibrogenesis remains controversial, with studies demonstrating its pro- and anti-fibrotic
activities [24, 25]. Anti-fibrotic properties of gremlin are associated with its ability to upregulate fibroblast
growth factor 10 (FGF10) and thus facilitate the repair of injured alveolar epithelium [26, 27]. The
contribution of CEMIP to the pathogenesis of IPF has not been acknowledged to date; thus, our study is
the first to demonstrate its potent pro-fibrotic actions.

CEMIP influences the extracellular environment by participating in the catabolism of HA [28], which not
only alters the strength, lubrication and hydration of ECM but also regulates adhesion, migration,
proliferation and differentiation of a variety of cells [29]. We found a marked increase in CEMIP mRNA
and protein expression in LH and FB of IPF patients as compared to donors. Most importantly, CEMIP
expression was suppressed by pirfenidone treatment in both the primary and the validation cohort of our
IPF patients. Furthermore, pirfenidone therapy resulted in a sharp decrease of CEMIP plasma levels in IPF
patients who had high CEMIP plasma levels at baseline. These findings strongly encourage further
investigations and suggest that CEMIP could be used as a predictive biomarker to identify IPF patients
with profound alterations in ECM architecture and inflammation who are most likely to respond
favourably to this treatment.

Although in vivo studies are needed to delineate the contribution of CEMIP to the development of lung
fibrosis, our results suggest that CEMIP depletion suppresses the proliferation of IPF lung FB in response
to different pro-fibrotic stimuli, impairs migration of these cells, and lowers collagen I production.
Furthermore, the decreased CEMIP expression may stabilise HA fibres, as suggested from our staining
procedures. HA can differentially promote or suppress fibrosis depending on the length of its carbohydrate
chain. In the lungs of bleomycin-treated mice, low-molecular-weight HA exerts potent pro-inflammatory
effects and exacerbates inflammatory responses, which consequently lead to the progression of lung
fibrosis [30, 31]. By contrast, high-molecular-weight HA, which is mainly produced by HAS1 and HAS2,
is crucial for regenerative tissue repair. In the skin, an IL-10-triggered increase in HAS1 and HAS2
expression and decrease in hyaluronidase (HYAL) 1, HYAL2 and CEMIP expression reduces scar
formation in different wound models [32]. In the lung, depletion of HAS2 in alveolar type II cells (ATIIC)
impairs the renewal capacity of ATIIC and exacerbates lung fibrosis upon bleomycin instillation [33].
Thus, our data support an important role for an HA-rich wound ECM for proper tissue regeneration and
suggest CEMIP as a potential therapeutic target in diseases in which dysregulated inflammation and HA
intersect [23, 29, 34].

The direct comparison of gene profile changes of IPF pulmonary FB upon in vitro treatment with
pirfenidone with pulmonary FB isolated from pirfenidone-treated IPF patients revealed only 23 genes with
a matching expression change. Among these, only two protein-coding genes, EDN1 and 5-HTR2B, were
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downregulated. EDN1 and 5-HTR2B are involved in the pathogenesis of IPF; EDN1 through the induction
of fibroblast proliferation and transdifferentiation [35] and 5-HTR2B via the regulation of
TGF-β1-triggered collagen production [36]. Although the contribution of EDN1 and 5-HTR2B to the
development of lung fibrosis has been examined in experimental models of lung fibrosis, the role of these
molecules in the pathogenesis of human IPF is still unclear.

Even though valuable insights can be gained from in vitro experiments on the direct effects of pirfenidone,
our results demonstrate that these experiments do not provide a full picture of the biological complexity of
pirfenidone action in IPF and should be regarded with caution. In vitro results can be influenced by
culture conditions, cell passage and direct exposure of a single cell type to a pharmacological compound at
non-physiological levels. Our previous findings demonstrated that pirfenidone inhibits pro-fibrotic
activities of cultured lung FB only when it is used in a concentration strongly exceeding the levels observed
in IPF plasma [14]. We cannot exclude the possibility that the high pirfenidone concentrations in vitro
could lead to additional off-target effects, explaining the small overlap between IPF+P(FB) and IPF(FB+P)
groups. Thus, in vitro studies might be used to generate a hypothesis, which then has to be tested using in
situ and in vivo approaches.

The main limitation of this study was that our lung samples do not represent a random sample from a
prospective randomised controlled study in which pirfenidone was compared to placebo. In fact, we used
tissue samples from explanted end-stage lungs of IPF patients who were or were not treated with
pirfenidone. Therefore, it is possible that this patient selection may have biased the results. Although all
patients had end-stage lung disease, we found highly significant differences associated with pirfenidone
treatment. Further, the low number of patients used for the analysis could limit the reliability of the
results; however, two independent approaches increased the robustness of the results. By combining the
analysis of biomaterial from pirfenidone-treated and pirfenidone-naïve IPF patients and that of isolated
lung FB that were treated with pirfenidone in vitro, we were able to identify a consistent pattern of
pirfenidone-induced changes in the gene expression profiles.

Although we are far away from fully understanding the pathogenesis of IPF and the effects of pirfenidone,
our results point to an important role for innate and adaptive immune responses as well as ECM
organisation in the progressive and irreversible lung tissue scarring. Our approach provides a basis for new
combination-based therapeutic strategies improving the effectiveness of pirfenidone in IPF.
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