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BACKGROUND: Given the plethora of pathophysiologic mechanisms described in idiopathic
pulmonary fibrosis (IPF), we hypothesize that the mechanisms driving fibrosis in IPF may be
different from one patient to another.

RESEARCH QUESTION: Do IPF endotypes exist and are they associated with outcome?

STUDY DESIGN AND METHODS: Using a publicly available gene expression dataset retrieved
from BAL samples of patients with IPF and control participants (GSE70867), we clustered
IPF samples based on a dimension reduction algorithm specifically designed for -omics data,
called DDR Tree. After clustering, gene set enrichment analysis was performed for functional
annotation, associations with clinical variables and prognosis were investigated, and differ-
ences in transcriptional regulation were determined using motif enrichment analysis. The
findings were validated in three independent publicly available gene expression datasets
retrieved from IPF blood samples.

RESULTS: One hundred seventy-six IPF samples from three centers were clustered in six IPF
clusters, with distinct functional enrichment. Although clinical characteristics did not differ
between the clusters, one cluster conferred worse sex-age-physiology score-corrected survival,
whereas another showed a numeric trend toward worse survival (P = .08). The first was
enriched for increased epithelial and innate and adaptive immunity signatures, whereas the
other showed important telomere and mitochondrial dysfunction, loss of proteostasis, and
increased myofibroblast signatures. The existence of these two endotypes, including the
impact on survival of the immune endotype, was validated in three independent validation
cohorts. Finally, we identified transcription factors regulating the expression of endotype-
specific survival-associated genes.

INTERPRETATION: Gene expression-based endotyping in IPF is feasible and can inform

clinical evolution. As endotype-specific pathways and survival-associated transcription fac-

tors are identified, endotyping may open up the possibility of endotype-tailored therapy.
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Take-home Points

Study Question: Given the plethora of pathophysi-
ologic mechanisms described in idiopathic pulmo-
nary fibrosis (IPF), do IPF endotypes exist and are
they associated with outcome?

Results: Using a publicly available gene expression
dataset, we clustered IPF BAL samples into six
endotypes with distinct functional enrichment, one
endotype of which, enriched for epithelial and im-
signatures, conferred worse gender-age-
physiology-corrected outcomes.

Interpretation: IPF endotyping based on BAL gene
expression predicts prognosis and may open up the
possibility of novel endotype-specific therapies.

mune

Idiopathic pulmonary fibrosis (IPF) is a relentless
fibrotic disease with a median survival of 3 to 5 years if
left untreated. Its pathophysiologic characteristics
remain incompletely understood. Alveolar type 2 cells
(type 2 pneumocytes) injured by alveolar stressors
develop an apoptosis-resistant and senescent
phenotype,”” including progressive shortening of its
telomeres,”* endoplasmic reticulum stress,” and
mitochondrial dysfunction.”* These type 2 pneumocytes
as well as alveolar macrophages’ have been shown to
secrete profibrotic mediators, activating fibroblasts and
inducing myofibroblast subtypes, with the transforming
growth factor B pathway playing a quintessential role."’
Recently, aberrant basaloid cells were found lining
myofibroblast foci and were characterized by an intense
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including histone acetylation and methylation,
reactivation of developmental pathways,'” '’
metabolic changes,' also were found to be important.

Epigenetic changes,
13,14

and

Development of effective treatment options for this
dismal disease has proven to be a years-long struggle.
Many proposed molecules with promising preclinical
results failed in large phase 3 trials.'”*” In 2014, two
drugs were found to be effective””” (ie, pirfenidone and
nintedanib), both with broad and incompletely
understood working mechanisms.’””" Their inhibition
of the transforming growth factor B pathway is thought
to be essential for efficacy,” although effects on
angiogenesis, profibrotic growth factors, immune
pathways, and apoptosis also are recognized.””’"

Although the quest for effective treatment options in
non-small cell lung cancer has been equally frustrating,
since non-small cell lung cancer cases have been
stratified according to their driving mechanisms in
multiple endotypes, new endotype-specific drugs were
developed with impressive treatment effects that seemed
impossible 20 years ago.””

The aim of this study was to assess diversity in gene
expression profiles of patients with IPF and to investigate
the existence of endotypes impacting patient prognosis
characterized by differential expression patterns that
might suggest distinct endotype-specific mechanisms
driving fibrosis. Therefore, we analyzed gene expression
data from an already published multicenter cohort
including BAL samples of 176 patients with IPF.'” We
assessed variability of gene expression signatures,
clustered cases based on their transcriptomic profile, and
assessed their association on clinical outcome. We also
functionally enriched these endotypes, determined
endotype-specific transcription factors (which may serve
as a rationale for endotype-tailored treatment in the
future), and finally validated the existence of these
endotypes in three independent cohorts.

Study Design and Methods

The methods are described in more detail in e-Appendix 1.

Patient Cohort

We used BAL gene expression and clinical data included in the GSE70867
dataset, consisting of 20 control participants and 176 patients with IPF
whose disease was diagnosed in a multidisciplinary discussion.”® BAL
sampling was performed in three centers (Freiburg, Siena, and Leuven),
all before initiation of antifibrotic or immunosuppressive treatment (for
cases diagnosed before the antifibrotics era). Ethical approval was
granted at the moment of the initial study."”
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Gene Expression Data and Clustering

After downloading this publicly available gene expression dataset from
the GEO database (GSE70867), batch effects associated with the cohort
were diagnosed and removed using the Combat functionality’” (e-Fig
1). DDR Tree is a dimension reduction technique specifically
designed for gene expression data sets to maximally preserve the
intrinsic structure of the data.’® First, a reverse graph embedding is
applied to determine the intrinsic graph structure of the original
high-dimension dataset. Second, dimension reduction is performed,
preserving distances of the data points in the resulting low-
dimension space. Because the goals of the study were to explore the
variability of the data and to assess whether clustering could be
meaningful, the number of clusters chosen as the maximum number
of clusters possible, with a minimum of 10 samples per cluster. For
every cluster, differential gene expression vs control samples was
calculated using linear mixed models, correcting for age, sex, and the
center where the sample was obtained.

Functional Enrichment

To evaluate the functional annotations of the clusters, gene ontology
enrichment was performed using generally applicable gene set
enrichment analysis.”> To obtain a broad overview of the functional
enrichments of each cluster, we analyzed differential expression of
gene ontologies for every cluster between the cluster and all other
clusters.

In a second phase, to assess direction of differential expression of these
pathways, generally applicable gene set enrichment analysis was used
to determine differential expression of gene ontologies for each cluster
compared with control samples. Expression of gene ontologies

associated with the most important pathways were visualized using
density plots.

Moreover, we performed cellular subtype deconvolution using xCell,”®
which is based on several single-cell dataset-based gene signatures,
using a spillover compensation technique to reduce associations of
closely related cell types, which was validated using cytometry,
immunophenotyping and in-silico simulations.

Analysis of Transcription Factors Regulating the
Expression of Survival-Associated Genes

To evaluate whether distinct gene expression signatures would impact
survival directly, we assessed the expression of 1,381 genes shown to be
associated with survival in the initial study of Prasse et al.'> We
evaluated the expression of these genes in each cluster vs all other
IPF samples. We evaluated whether these endotype-specific survival-
associated gene sets were modulated by distinct motifs, transcription
factors, or both using iRegulon and the Rcistarget package.”'

Endotype Validation in Three Independent Validation
Cohorts

To validate the existence of these endotypes, gene expression of the 250
most differentially expressed genes was determined in three
independent gene expression datasets retrieved from IPF blood
samples: GSE28221"* (n = 75), GSE93606"° (n = 57), and
GSE132607"" (n = 74). Gene expression was visualized using
heatmaps, which allowed the identification of these endotypes by
hierarchical clustering. Survival differences between cases with and
without an endotype-specific transcriptome in these cohorts were
analyzed using multivariate Cox proportional hazards models,
correcting for age and sex.

Results

Baseline Characteristics

This study included 176 patients with IPF and 20
healthy volunteers (serving as control subjects) involved
in the GSE70867 dataset, originally included in a BAL
gene expression study by Prasse et al."* All patients and
control participants underwent BAL sampling. Patients
with IPF were significantly older compared with control
participants (patients with IPF, 68.1 & 9.5 years; control
participants, 61.3 £ 8.3 years; P = .002). Both patients
with IPF and control participants were predominantly
men (ratio of men to women: patients with IPF, 144:32;
control participants, 16:4; P = .76). One hundred
patients with IPF (56.8% of patients with IPF) died
during a mean follow-up of 699 + 520 days. Mean
gender-age-physiology score was 4.3 £ 1.7.

Clustering and Association With Clinical Outcome

DDR Tree dimension reduction retrieved six clusters
(Fig 1A), labelled IPF1 to IPF6. Baseline characteristics
of the six clusters are shown inTable 1. Broadly, no
significant differences were observed for baseline
characteristics, pulmonary function test results, smoking
status, high-resolution CT scan findings, BAL
lymphocytosis, and lag time between symptoms onset
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and BAL procedure and between IPF diagnosis and BAL
procedure. However, BAL neutrophilia was higher in the
IPF5 cluster compared with the others (P = .001). All
clusters included patients from the three centers,
although imbalances occurred (P = .003).

From the 18,604 genes analyzed, 12,467 genes (67.0%)
were expressed differentially compared with genes from
control participants in at least 1 cluster, whereas only
155 genes were differentially expressed in all clusters.
Overlapping numbers of differentially expressed genes
are visualized in Figure 1B. The proportion of genes that
were differentially expressed specifically in one specific
cluster was 20.5%, 9.4%, 2.8%, 8.7%, 22.1%, and

41.2% for IPF1, IPF2, IPF3, IPF4, IPF5, and IPF6,
respectively. Clustering predicted survival, both in
univariate analysis (P < .001) and after correction for
gender-age-physiology score (P = .002). IPF5 conferred
worse survival vs all other patients with IPF (hazard
ratio [HR], 3.35; 95% ClI, 2.15-5.21; P < .001) (Fig 1C).
Although a numeric trend was observed, IPF6 did not
confer worse survival vs all other patients with IPF (HR,
2.13; 95% CI, 0.91-5.0; P = .08), but did vs the four
endotypes with the best survival (IPF6 vs IPF1-4: HR,
2.4; 95% CI, 1.02-5.79; P = .045). Because IPF5
conferred worse survival vs all other endotypes, further
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Figure 1 - Clustering of IPF samples based on gene expression data and association with survival. IPF samples were clustered based on gene expression
data using the DDR Tree algorithm. A, Three-dimensional scatterplot of the three DDR Tree dimensions and clustering based on Euclidean distance. B,
Euler diagram showing differentially expressed genes compared with those of control participants. C, Kaplan-Meier curves showing IPF endotypes. IPF

= idiopathic pulmonary fibrosis.

analysis was focused on this cluster. Similar analyses
regarding IPF6 can be found in e-Appendix 1. Top
differentially expressed genes for IPF5 and IPF6 are
provided in e-Tables 1A and 1B, respectively. Top
differentially expressed gene ontologies are provided in
e-Table 2.

Functional Enrichment

Gene enrichment analysis revealed 6,493 gene ontologies
to be differentially expressed between the different
endotypes. The 150 gene ontologies most differentially
expressed between endotypes largely were involved in
myofibroblast, mitochondrial, developmental, immune,
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TABLE 1 | Baseline Characteristics of the Six IPF Clusters

Characteristic IPF1 IPF2 IPF3 IPF4 IPF5 IPF6 P Value
No. (%) 27 (15.3) 48 (27.3) 38 (21.6) 15 (8.5) 37 (21.0) 11 (6.3)
Age, y 68.6 + 8.8 69.3 £ 8.7 67.44+10.7 | 63.5+10.2 | 68.5+10.0 68.8 + 7.6 .46
Male sex 20 (74) 37 (77) 32 (84) 15 (100) 30 (81) 10 (91) .30
FVC, percent 75.6 £+17.4 | 75.3+(21.6) | 67.0+19.7 | 69.1 +18.2 | 64.3 +£22.6 | 75.5+22.4 | .11
predicted
FEV;, percent 72.3+15.4 75.6 + 20.7 67.4+19.7 | 72.3+17.3 | 64.9+20.2 | 77.7 £19.5 | .31
predicted
Dirco, percent 47.2 +11.8 44.6 + 15.3 48.2 + 14.8 44.1 + 14.6 39.7 £ 13.1 43.6 + 15.1 .11
predicted
GAP 3.9+ 1.7 43+1.8 41 +1.7 3.8+ 1.4 49+ 1.6 43+1.2 11
Smoking status .87
Active 1 2 1 0 1 1
Former 17 32 21 12 23 7
Never 9 14 16 3 13 3
BAL lymphocytosis 69+7.4 9.3+8.5 10.5+ 8.5 8.1+6.4 12.7 £ 13.1 10.5+9.5 .23
BAL neutrophilia 8.7 £ 12.5 8.4+7.5 10.1 +13.6 10.2 £ 9.1 20.1 + 20.3 7.3+6.1 .001
HRCT scan pattern .25
Definite 17 36 29 12 29 10
Probable 7 10 3 3 7 0
Possible 3 2 5 0 1 0
Emphysema 6 (22) 8(17) 8 (22) 4 (27) 5(14) 3 (30) .72
Time between 20.5 (30.6) 16.2 (9.2) 25.4 (21.4) 13.5 (17.6) 13.6 (21.1) 5.0 (2.0) .20
symptoms
onset and BAL,
mo?
Time between initial 3.7 (8.4) 2.7 (6.8) 12.9 (25.6) 9.0 (17.0) 2.5(10.3) 3.5 (1.5) .29
diagnosis and
BAL, mo?
Cohort .003
Freiburg 15 10 16 15
Leuven 8 14 17 15 4
Siena 24 5 4 7 6

Data are presented as No. (%), No., mean + SD, or median (interquartile range), unless otherwise indicated. Differences between patients with IPF and
control participants were calculated using Student t tests and Fisher exact tests for continuous and categorical variables, respectively. Differences between
clusters regarding clinical variables were calculated using analyses of variance for continuous variables and Fisher exact tests for categorical variables.
Dico = diffusing capacity of the lung for carbon monoxide; GAP = gender-age-physiology; HRCT = high-resolution CT scan.

Timing data available only for the Leuven cohort. Because of small numbers, data are presented as median (interquartile range). P values are determined

using the Kruskal-Wallis test for these variables because of low numbers.

and signalling functions (Figs 2, 3). Whereas IPF1 was
characterized by decreased immune signatures, IPF2
showed increased expression in cell cycle and cell
homeostasis signatures. IPF3 and IPF4 were intermediary
endotypes without functional enrichment vs the other
endotypes. IPF5 showed increased expression of immune
pathways and genes involved in Golgi apparatus and
endoplasmic reticulum functions, as well as signatures
associated with epithelial and ciliated cells (Fig 4). Hence,
the epithelial markers MMP7, SFTPA2, and KRT5 as well
as immune markers CXCLS, IL1(, and CCL2 were
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upregulated vs all other IPF samples (Fig 4). IPF6 showed
important telomere dysfunction (e-Fig 2) and associated
mitochondrial dysfunction, loss of proteostasis, cell cycle
dysfunction, and increases of developmental, signalling,
and myofibroblast pathways. These enrichments
associated with upregulation of the myofibroblast
markers*™*® CTHRCI, ASPN, and COL1AI and
downregulation of GOLGA2 (a Golgi function marker)
and ATF6 (member of the unfolded protein response’),
and upregulation of CXCL14, a marker of the Hedgehog
developmental pathway™ (e-Fig 3).
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Figure 2 — Top 100 gene ontologies most differentially expressed between endotypes. Each row represents the expression of a specific gene ontology, each
column represents one sample. Functional annotations are manually adjudicated. P values are determined based on differential expression between
endotypes. GAP = gender-age-physiology; Go = gene ontology.

showed remarkable decreased enrichment scores for
several T-cell subsets and innate immune subsets,
whereas IPF5 was enriched for epithelial cells as well as

To assess further the functional enrichment of these
endotypes, we performed xCell, a cell deconvolution
technique using enrichments scores (Fig 4B). IPF1
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CD4-positive and CD8-positive T-cell subpopulations. Analysis of Transcription Factors Regulating the
Finally, IPF6 showed increased fibroblast enrichment Expression of Survival-Associated Genes

scores and decreased innate and adaptive immune cell The original Prasse et al'* study derived 1,582 genes
enrichment scores. associated with survival (988 associated with worse
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survival, 594 associated with better survival). From the
original genes associated with worse survival, 701 were
upregulated in IPF5. From the original genes associated
with better survival, 174 genes were downregulated in
IPF5. We evaluated the transcriptional regulation of
these sets of survival-associated genes. Upregulated
genes associated with worse survival were regulated by
the SOX family as well as the AP-1 transcription factor
subunits Jun and FOS. One member of the AP-1
complex, FOSL1, showed increased expression in IPF5,
but not in IPF1, IPF2, IPF3, or IPF4, and showed

chestjournal.org

decreased expression in IPF6. Downregulated genes
associated with better survival were regulated by nuclear
factor IA and nuclear factor IX (NFIX), the latter of
which was downregulated in IPF5 and IPF2, but not in
the other endotypes (Fig 5). Interestingly, a completely
different transcriptional regulation profile was found for
IPF6 (e-Appendix 1, e-Fig 4).

Validation of Endotype Existence and Its
Association With Survival

The existence of the IPF5 endotype was evaluated in three
independent datasets: GSE28221** (n = 75), GSE93606™
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Figure 4 - Continued

(n=57),and GSE132607** (n = 74), consisting of 206 IPF
blood samples at diagnosis. Based on the gene expression
of the 250 top differentially expressed genes for IPF5
(compared with all other patients with IPF), 51 patients
(24.8%) in the validation cohort showed an IPF5
transcriptome signature (Fig 6A). IPF5 endotype
conferred worse survival (HR, 2.1; P = .003) in the two
cohorts with survival data (ie, GSE28221 and GSE93606)
(Fig 6B). The presence of the IPF6 endotype was validated
as well, but did not confer worse survival in the validation
cohorts (e-Appendix 1, e-Fig 5).

Discussion

In this study, we explored the presence of IPF endotypes
characterized by distinct gene expression profiles. Using
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a publicly available gene expression dataset retrieved
from BAL samples of 176 patients with IPF and 20
control participants, we determined six endotypes (ie,
IPF1-IPF6), of which one showed worse survival (IPF5).
Median survival was only 0.77 years for IPF5. Endotypes
showed distinct functional enrichment, with IPF1
showing dramatically decreased immune signatures and
IPF2 revealing increased cell cycle signatures. IPF5
showed important increases in immune-associated
profiles and epithelial signatures. IPF6 revealed
important telomere dysfunction and associated
mitochondrial dysfunction, loss of proteostasis, and cell
cycle dysfunction and increases of developmental,
signalling, and myofibroblast pathways. Based on
analyses of the respective motifs and transcription
factors regulating these survival-associated gene sets, we
explored targets for endotype-tailored therapy. Finally,
the existence of endotypes and their impact on survival
were validated in three independent cohorts consisting
of blood samples from patients with IPF.

Some observations deserve further attention. First, the
notion of IPF endotypes was suggested some years ago."’
Hoffmann-Vold et al” suggested the presence of
endotypes based on the relative increase of PDGF,
VEGF, and EGFR expression. Yang et al’' were the first
to cluster IPF based on gene expression patterns,
clustering IPF biopsies in two groups: one group with
more classical fibroblast and extracellular matrix
signatures, and another group showing increased
expression of cilia-associated genes.

The upregulation of immune-associated gene ontology
signatures in IPF5 may be surprising because IPF has been
regarded as the consequence of an aberrant wound-healing
mechanism, rather than immune activation. However, the
relevance of immunologic involvement has never been
abandoned totally: multiple studies have shown
associations between IPF outcome and B cells,” T cells,”
macrophage- and neutrophil-derived proteins,**”*
monocytes,” and neutrophils.”® Finally, CXCL8 and ILI{
levels were associated with microbial dysbiosis.””
Moreover, the association between BAL neutrophilia and
poor prognosis has been known for some time.”***

Finally, our endotype approach may provide a rationale
for the high failure rate of large phase 3 trials in IPF:

although these drugs may have a beneficial effect in a

specific IPF endotype, this effect may be absent in other
endotypes, rendering futility of efficacy when tested in a
broad IPF cohort. Moreover, we appreciate our results as
a warning sign for further clinical studies evaluating the
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Figure 5 — Gene expression of transcription factors regulating endotype-specific survival genes. P values were determined vs control participants. The
y-axis represents normalized expression. IPF = idiopathic pulmonary fibrosis.

efficacy of molecules with preclinical potential. If the
targeted pathways do not prevail in all patients with IPF,
the risks of failure may increase, and a promising drug
may be lost. However, these data open the horizon for
endotype-specific therapies. SOX11, SOX4, and the AP-1
complex (including FOS and Jun), all important
transcription factors of survival-associated genes
upregulated in IPF5, bind to motifs in the same
genomic region,”” thus providing an interesting
treatment target for this specific endotype. Moreover,
because mitochondrial dysfunction seems to be an
important (and rather specific) finding of IPF6,
Sobetirome may be an interesting molecule for this
endotype.” Because the expression of genes involved in
histone modifications is severely reduced in IPF6 with
transcriptomic evidence of reduced RNA transcription
and translation, as well as intracellular metabolism and
endoplasmic reticulum function, Histone deacetylase
(HDAC) inhibitors"” may be of specific interest for this
endotype as well.

We acknowledge the limitations of this study. First, the
paucity of clinical data provided with the gene
expression data limits the exploration of clinical
variables potentially associated with these endotypes.
Because no data regarding the therapy administered to
these patients with IPF are available, we cannot exclude
an important effect of imbalances regarding the use of
antifibrotics between IPF endotypes, which could
explain survival differences as well.”’”®* Second, the
cases originated from three centers. Although clustering
was blinded to clinical information, some clusters were
enriched for cases from a specific center (eg, IPF2 cluster
was highly enriched for patients from Siena). Therefore,
gene expression analysis was corrected for the center as a
random effect. Third, although all diagnoses were

chestjournal.org

reached during a multidisciplinary meeting, only 30% of
patients showed histopathologic proof of usual
interstitial pneumonia (UIP). Misclassification of
diagnoses based on the absence of pathologic data
theoretically is not excluded (which also may serve as a
source of clinical variability). However, the three centers
who provided the BAL samples are expert in ILD
diagnosis, and multidisciplinary discussion is the gold
standard in IPF diagnosis.’® Fourth, because the original
data consisted of bulk transcriptome data, the cellular
origins of the retrieved signals are very difficult to verify
and the xCell deconvolution technique should be
regarded as exploratory only. Fifth, although clustering
was performed on an impressive dataset of 176 patients
with IPF, the smallest clusters contained only 11 (IPF6)
and 15 (IPF2) samples, which limits statistical power in
cluster-specific analyses. Sixth, the clustering process
importantly is dependent on the used dimension
reduction technique, as well as distance metrics.
Whether the retrieved clusters represent clinically
distinct IPF endotypes should be assessed in prospective
work, ascertaining whether the distinct gene expression
signatures represent endotype-specific driving
mechanisms. Finally, the endotype validation was
performed on blood transcriptome datasets (because of
the absence of other BAL transcriptome datasets). We
acknowledge that these two compartments have a very
different cell composition that may affect the results.
Hence, validation in BAL gene expression datasets is
needed, and further assessment of blood transcriptome
profiles in patients with concomitant BAL gene
expression assessment would be very useful.

Moreover, the added value of endotyping patients with

IPF largely will be dependent on its potential for
therapeutic consequences. Whether therapeutically
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targeting endotype-specific mechanisms is beneficial for
IPF subsets remains to be investigated. This study aimed
merely to provide evidence for feasibility, rather than

determining fixed IPF endotypes.

Interpretation

In conclusion, we explored the potential existence of IPF
endotypes by clustering IPF samples based on their gene

expression patterns. Two important endotypes were
identified with unique functional enrichment, both
conferring worse survival compared with the other IPF

samples, and were validated in three independent
cohorts. We identified endotype-specific
survival-associated genes regulated by endotype-specific

transcription factors that could serve as targets for

endotype-tailored therapies.
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