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ABSTRACT

Idiopathic pulmonary fibrosis (IPF) is a fatal disease with limited treatment options. In
this study we focus on the profibrotic properties of airway basal cells (ABC) obtained
from patients with IPF (IPF-ABC). Single cell RNA sequencing of bronchial brushes
revealed extensive reprogramming of IPF-ABC towards a KRT17"9" PTEN'"
dedifferentiated cell type. In the 3D organoid model, compared to ABC obtained from
healthy volunteers, IPF-ABC give rise to more bronchospheres, de novo bronchial
structures resembling lung developmental processes, induce fibroblast proliferation
and extracellular matrix deposition in co-culture. Intratracheal application of IPF-ABC
into minimally injured lungs of Rag2” or NRG mice causes severe fibrosis,
remodeling of the alveolar compartment, and formation of honeycomb cyst-like
structures. Connectivity MAP analysis of scRNA seq of bronchial brushings
suggested that gene expression changes in IPF-ABC can be reversed by SRC
inhibition. After demonstrating enhanced SRC expression and activity in these cells,
and in IPF lungs, we tested the effects of saracatinib, a potent SRC inhibitor
previously studied in humans. We demonstrated that saracatinib modified in-vitro and
in-vivo the profibrotic changes observed in our 3D culture system and novel mouse

xenograft model.
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INTRODUCTION

Idiopathic pulmonary fibrosis (IPF) is a progressive disease with a lethal
prognosis despite the introduction of new antifibrotic treatments *. The histological
pattern of IPF, usual interstitial pneumonia (UIP), is characterized by patchy and
peripheral remodeling of the alveolar compartment *  with replacement of the normal
alveolar architecture by fibroblastic foci, honeycomb cysts, and distorted airways.
Recent data indicate that IPF exhibits features of small airway disease *.
Bronchiolization, the replacement of the resident alveolar epithelial cells by ABCs
within remodeled regions in the IPF lung *>*°, leads to a dramatic shift in the epithelial
cell repertoire of the alveolar compartment. The ABC is the progenitor cell of the
airway epithelium and can give rise to any type of airway epithelial cell such as
secretory, goblet or ciliated cells **. ABCs play an important role in lung development,
start the branching and tubing morphogenesis by building up the airway tree *?, and
have been implicated in the pathogenesis of chronic obstructive pulmonary disease
and lung cancer ***°. We have recently confirmed the abundance of ABCs in the lung
parenchyma of patients with IPF and discovered that the presence of an ABC
signature in the transcriptome of bronchoalveolar lavage (BAL) cell pellet of patients
was indicative of enhanced disease progression and mortality '°. Recent scRNAseq
data of IPF tissues confirmed increase in ABCs of IPF lung tissues and described a
unique aberrant basaloid KRT17" cell population, which lacks the characteristic basal
cell marker KRT5 & " '8 However, none of these studies tested functional properties
of human IPF-ABC. Up to date, it has not been clear whether ABCs contribute to the

fibrotic process or simply represent a bystander phenomenon.

In this study we sought to determine the transcriptional changes of IPF-ABCs

and their potential profibrotic properties using several translational models. Single cell


https://doi.org/10.1101/2020.09.04.283408
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.04.283408; this version posted September 4, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

4

RNA sequencing of bronchial brushings demonstrated extensive reprogramming of
IPF-ABCs towards a dedifferentiated KRT17"" PTEN'" cell type with high
expression of various transcription factors associated with stemness. Using the
organoid model, we determined that IPF-ABCs obtained from individuals with IPF
(IPF-ABCs) are characterized by significantly increased formation of bronchospheres,
de novo bronchial structures resembling lung developmental processes, and by
having profibrotic properties on lung fibroblasts. Using a novel in-vivo xenograft
model, we discovered that ABCs from individuals with IPF have the capacity to
augment fibrosis, remodeling and bronchialization in the mouse lung. Connectivity
map analyses revealed enrichment of SRC signaling in IPF-ABCs. Saracatinib, a
known inhibitor of the SRC kinase pathway, blocked bronchosphere generation in-

vitro and attenuated bronchialization and fibrosis in-vivo.

RESULTS

Single cell sequencing of bronchial brushes identifies reprogramming of

IPF-ABCs in contrast to ABCs derived from disease control (NU-ABC)

Single cell RNA sequencing (scRNASeq) was performed on cells
obtained by bronchial brushing from nine IPF patients and six nonUIP ILD controls
(Table S1). 14,873 epithelial single cell transcriptomes were profiled. Based on
expression profiles of known marker genes we identified four epithelial cell
populations in the brushed cells (Figure 1A-C and Figure S1): ciliated cells (FOXJ1,

HYDIN, 41.5% of all epithelial cells), secretory cells (SCGB1A1, SCGB3A1, 10.5%),
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ABCs (TP63, KRT5, 47.1% of cells) and ionocytes (STAP1, PDE1C, 0.8% of cells)
and focused our analysis on the basal cells.

Gene expression of IPF-ABC was substantially different from NU-ABC (1,099
genes at FDR<0.05, Figure 1D). The IPF basal cell subpopulation was characterized
by an increased expression of stem cell markers and stemness increasing signal
transduction factors such as FOSL1, KLF4, MYC, CD24 which was accompanied by
a loss of PTEN (Figure 1D and E). Expression of KRT17, KRT6A, stratifin (SFN),
CTGF and genes for integrin subunits such as ITGB6, ITGAV, ITGB1 and ITGBS8
were highly upregulated (Figure 1D and E). Moreover, an increased expression of the
EGF family members AREG and HBEGF and the shedding enzymes for
amphiregulin, ADAM17 *°, and for EGFR, ADAM9 %, was observed (Figure 1D and
E). Pathway analyses showed multiple pathways upregulated related to cancer,
mechanotransduction, ECM sensing, cellular senescence, EMT, TNF-a and IL-17
signaling (Figure 1F). Of note, we observed a considerable overlap to the recently

described pathways which are upregulated in KRT17" aberrant basaloid cells *" 2.

ABCs from IPF patients generate significantly more bronchospheres
than ABCs from healthy volunteers or nonUIP interstitial lung disease (ILD)

patients in a 3D organoid model

While cell proliferation of IPF-ABCs compared to those obtained from healthy
volunteers (HV-ABC) or individuals with fibrotic nonUIP ILD (NU-ABC) did not differ in
2D cell culture, the bronchosphere formative capacity in a 3D organoid model was
very different (Figure 2A-D). After 21 days, all three cell types formed organoids in 3D
culture, however IPF-ABC formed organoids that were multilayered and frequently
contain hollow and tube-like structures, visually resembling bronchospheres (Figure

2B and C). The average number of spheres per well generated by IPF-ABCs was
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significantly higher compared to HV-ABCs or NU-ABCs (12073, 24+26 or, 2+2,
respectively; P<0.0001, Figure 2D). In addition, cell proliferation as measured at day
21 by MTT assay was also highly increased in IPF-ABCs compared to HV-ABCs and
NU-ABCs (P<0.0001, Figure 2E). Based on our scRNAseq data ** ?* ? we tested
whether EGFR ligand production was up-regulated in IPF-ABCs. Indeed, conditioned
medium of 3D organoid cultures of IPF-ABCs showed higher levels of amphiregulin
(AREG) than HV-ABCs or NU-ABCs (P<0.0001), whereas HBEGF or TGF- were
not detectable. Bronchosphere counts correlated with amphiregulin levels at day 14

(P<0.0001, r*=0.69, Figure 2F).

Presence of fibroblasts increased bronchosphere formation and IPF-
ABCs stimulated fibroblast proliferation and collagen production

To assess the interaction of fibroblasts and ABCs we added primary lung
fibroblasts to our 3D cell culture system. IPF-ABCs formed bronchospheres similar to
the ones observed before, which were now surrounded by a mesh of fibroblasts
(Figure 2B). Presence of lung fibroblasts in the 3D cell culture system, particularly
primary cells derived from IPF explants, significantly enhanced bronchosphere
formation of ABCs (P=0.012 and P=0.001, Figure 2G and H). Using GFP-transduced
fibroblasts, we found that the overall fluorescence was significantly increased by IPF-
ABCs in healthy (HV-Fib) as well as IPF fibroblasts (IPF-Fib), (P=0.005 and P=0.002
respectively, Figure 21 and J), potentially reflecting enhanced proliferation. IPF-ABCs
significantly increased collagen production by lung fibroblasts compared to HV-ABCs
(P<0.0001, Figure 2K). Stimulation of lung fibroblasts with conditioned medium
obtained from NU-ABC or IPF-ABC harvested at day 14 induced collagen and alpha-

smooth muscle (a-SMA) expression in lung fibroblasts (Figure 2L) as well as induced
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EGFR phosphorylation (Figure 2M), a finding consistent with significantly increased

secretion of amphiregulin by IPF-ABC bronchospheres (Figure 2F).

Human IPF-ABCs augment bleomycin induced pulmonary fibrosis and
induce ultrastructural changes in RAG2” and NRG mice.

Intratracheal application of human IPF-ABCs or HV-ABCs to uninjured Rag2”
mice and NRG mice had no discernible effect (data not shown). Thus, we decided to
administer the human IPF-ABCs or HV-ABCs three days after causing the lung
minimal injury with a low dose of bleomycin to RAG2" mice (1.2mg/Kg body weight
IT, Figure 3A). The administered bleomycin dose resulted in mild fibrotic changes in
the lungs (Figure 3B). IPF-ABCs administration highly increased bleomycin induced
pulmonary fibrosis compared to HV-ABCs or bleomycin alone as shown by Masson
trichrome staining (Figure 3B). Ashcroft score (P<0.0001) and hydroxyproline levels
(P<0.0001) were significantly increased in mice challenged with IPF-ABCs compared
to mice challenged with HV-ABCs or bleomycin alone (Figure 3C and D). Similar
results were obtained in NOD.Cg-RagltmlMom I12rgtm1Wjl/SzJZtm (NRG) mice
(see Figure S2). Masson trichrome staining showed abundant new collagen
production centered around the airway structures but also reaching up to the pleura
(Figure 3B and F). Starting with day 8 we observed formation of de novo airway
structures, areas of bronchiolization and formation of cystic structures (Figure 3E and
F). Some of the induced lesions resemble pseudoglandular lesions described during
lung development or recently described glandular-like epithelial invaginations **
(Figure 3E). As expected, engraftment and proliferation of human ABCs was
enhanced in NRG mice. In NRG mice challenged with IPF-ABCs but not HV-ABCs

we regularly observed focal squamous metaplastic lesions of human ABCs (Figure

3G). In some experiments, NRG mice were challenged with human IPF-ABCs
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transfected with a luciferase and GFP encoding vector. Bioluminescence
measurements of luciferase expression in mice injected with human IPF-ABCs (day
3-21) showed an increased signal intensity up to day 21 suggesting pulmonary
engraftment of human cells and further proliferation (Figure 3H). Introduction of GFP
transduced IPF-ABC to the lungs of NOD.Cg-Prkdcscid 112rgtm1Wijl Tg(CAGGS-
VENUS)1/Ztm (NSG) venus expressing mice confirmed the engraftment of these
cells in the murine lung building up focal squamous metaplastic and pseudoglandular
lesions (Figure 31 and Figure S2). Using NSG mice we were able to observe
engrafted IPF-ABCs adjacent to murine origin areas of glandular-like epithelial

invagination structures, supporting an effect of IPF-ABC cells on host resident cells.

Single cell sequencing of IPF-ABCs and NU-ABCs identifies SRC as a

potential therapeutic target

Connectivity MAP analysis using the gene expression profile of IPF-ABC
identified a list of substance classes predicted to reverse this IPF-ABC signature:
three perturbagen classes had a maximum summary connectivity score of -100:
SRC-inhibitors, MEK-inhibitors and loss of function of C2 domain containing protein
kinases (Figure 4A) %. Additionally, SRC-inhibition was the second best candidate
with a summary connectivity score of -99.94 if we analyzed the ABC signature
associated with mortality in a large cohort of IPF patients that we recently published
16.

SRC expression is increased in lung tissues of IPF patients and murine

lungs of the described humanized mouse model

Based on the results of the described in-silico analyses, we analyzed SRC

protein expression in IPF-tissues and ABCs. SRC was highly increased in IPF lung
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tissues (Figure 4B), specifically in epithelial cells covering fibroblast foci and within
areas of bronchiolization. SRC staining of macrophages was observed in both IPF
and control lungs (Figure 4C and Figure S4). SRC was increased in lung
homogenates of IPF lung tissues compared to healthy lung tissue (Figure 4D).
Impressively, SRC protein expression was also observed in the xenograft IPF-ABC
mouse model described above, primarily in areas of aberrant airway generation,
bronchiolization and in glandular-like epithelial invagination lesions (Figure 4E). As
expected, SRC staining of macrophages was also observed in the mouse lung

(Figure 4E).

SRC overexpression in IPF airway basal cells increased cell invasion and

fibrosis, while SRC knock-down attenuated fibrosis.

IPF-ABCs were transduced with different vectors which lead to overexpression
of SRC, knockdown of SRC or expression of GFP as control (empty vector (EV)).
Effects on SRC expression were confirmed by Western blot (Figure 4F). We then
tested the effects of modifying SRC expression in IPF-ABCs on fibrosis in the IPF-
ABC xenograft model described above. Forced overexpression of SRC in IPF-ABCs
(SRC" IPF-ABC) resulted in enhanced fibrosis and cellular remodeling in the alveolar
compartment of NRG mouse lungs, whereas SRC knockdown in IPF-ABC cells
(SRC IPF-ABC) from the same donor caused markedly reduced remodeling (Figure
4G). Quantification of these results using the Ashcroft score confirmed both, a
significant increase in fibrosis in SRC" IPF-ABC and a decrease in fibrosis in SRC

IPF-ABC compared to controls (P=0.023, P=0.006, respectively Figure 4H).
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The SRC inhibitor saracatinib completely abrogates IPF-ABC

bronchosphere formation and attenuates fibroblast proliferation in-vitro.

Based on the Connectivity MAP predictions, we tested whether saracatinib, a
known SRC inhibitor previously tested in human cancer is able to modulate IPF-ABC
phenotype °. When IPF-ABC were cultured in 3D and were treated with saracatinib,
nintedanib, pirfenidone or vehicle, we observed a complete abrogation of
bronchosphere formation at saracatinib concentrations of 600nM, 210nM, and 75nM,
whereas nintedanib and pirfenidone had no visible effect on bronchosphere formation
(Figure 5A). The results were similar in cells obtained from 12 different individuals
with IPF (P<0.0001, Figure 5B). Saracatinib did not affect cellular vitality of ABCs in
all used concentrations (Figure S5) and these concentrations were considered
equivalent to clinically relevant doses . Similar data were obtained by testing cell
proliferation in the MTT assay (P<0.0001, Figure 5C). In the co-culture model of IPF-
ABC with lung fibroblasts, saracatinib completely blocked bronchosphere formation at
the concentrations of 600nM, 210nM and 75nM, had a lower effect at 25nM, and did
not have an effect at 8nM (Figure 5D-F). In contrast to the single culture model
described above, in the IPF-ABC fibroblast co-culture model, pirfenidone and
nintedanib significantly reduced bronchosphere formation, but not completely (Figure
5D-F), potentially reflecting an effect of these drugs on the fibroblast component of
this interaction. Fibroblast proliferation in the co-culture was also substantially lower

in the presence of saracatinib (Figure 5G and H).
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Saracatinib attenuated fibrosis and bronchialization in-vivo

To test the effect of saracatinib on IPF-ABC induced fibrosis and remodeling
in-vivo, we returned to the minimal injury xenotransplant model in NRG mice. Overall,
we used IPF-ABCs from 38 different individuals with IPF in these experiments. Per
IPF subject, IPF-ABCs were used in two animals, one treated with saracatinib and
one with vehicle control, to account for interindividual variability. To test the effect of
saracatinib on engraftment and development of fibrosis we started treatment at day 4
post injury, one day post IPF-ABC installation for a total of 18 days (Figure 6A).
Oropharyngeal saracatinib in a dose of 10mg/kg once daily significantly reduced
fibrosis at day 21 as measured by Ashcroft score (4.4+0.9, 1.4+0.7, P<0.0001, Figure
6B) and hydroxyproline/total-protein levels (2.4+1.0, 0.7+0.6, P=0.0004, Figure 6C).
To test the effect of saracatinib on established fibrosis we performed another set of
experiments in which treatment was delayed to day 8 when cell engraftment and
fibrosis were already established. Saracatinib treatment again significantly reduced
remodeling and fibrosis (Figure 6D) as was reflected by significant reductions in the

Ashcroft score (P=0.04, Figure 6E) and hydroxyproline content (P=0.047, Figure 6F).

DISCUSSION

In this paper we demonstrate that airway basal cells which are found in areas
of remodeling and bronchiolization and adjacent to fibroblastic foci in the IPF lung
have unique properties and are reprogrammed. Transcriptionally, IPF-ABCs are
substantially different and exhibit enhanced stemness, ECM sensing and EGF
signaling consistent with cellular dedifferentiation. Using a 3D organoid model, we

demonstrate that IPF-ABCs give rise to more bronchospheres compared to normal or
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nonUIP ILD cells. Co-culture experiments with fibroblasts show a close interaction of
both cell types which results in augmented bronchosphere formation by IPF-ABC as
well as enhanced proliferation and extracellular matrix (ECM) deposition by
fibroblasts. Intratracheal application of IPF-ABCs into minimally injured lungs of
immunocompromised mice leads to severe fibrosis and remodeling of the alveolar
compartment including the evolution of honeycomb cyst-like structures. Connectivity
analysis suggested that gene expression changes in IPF-ABCs can be reversed by
SRC inhibition and enhanced SRC expression and activity were observed in IPF
lungs. Saracatinib, a potent SRC inhibitor, modulated the in-vitro and in-vivo IPF-ABC

induced profibrotic changes.

In this paper we provide the first demonstration that ABCs from patients with
IPF are functionally different and have profibrotic effects in-vivo and in-vitro. ABCs
are considered an airway stem cell population, capable of proliferation and self-
renewal and can give rise to all types of airway epithelial cells **. Moreover, ABCs
have been implicated in COPD, asthma and lung cancer ™ %, In recent years, there
have been cumulative evidence that in the IPF lung, ABCs migrate from their airway
niche to the lung parenchyma, populating areas of honeycomb cysts and covering
fibroblastic foci % %29 However, so far, it was unclear whether ABCs were acting
as active players in lung remodelling or whether they served as merely innocent
bystanders. We provide several lines of evidence that IPF-ABCs have substantial
profibrotic properties and are dedifferentiated. The first clue comes from the
observation that unlike HV-ABCs or NU-ABCs, IPF-ABCs generate numerous, well
developed and multilayered bronchospheres in the 3D culture model system. This in-
vitro model is widely used in oncology and developmental biology as an indicator of
cellular stemness in formation of tumor spheres and organoids. Our data

demonstrate that ABCs of IPF patients differ from those of healthy volunteers by their
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enhanced capacity to from bronchial like structures in vitro that potentially reflect an
exaggerated stem cell phenotype and dedifferentiation of these cells. This is also
supported by the scRNAseq results, as IPF-ABCs overexpress known stemness
genes; such as KLF4, a transcription factor used for induction of pluripotency and
known to be associated with stemness and epithelial-mesenchymal transition (EMT)
3. 31 MYC, a transcription factor also used for induction of pluripotency and
stemness 3 % AP1 forming c-JUN and FOSL1 (also known as the proto-oncogene
c-fos) which are downstream transcription factors of genes inducing pluripotency "
3334 and important oncogenes for cancer stem cells *. Moreover, PTEN expression
was highly decreased in IPF-ABCs and decreased PTEN expression is associated
with increased PI3K signaling and increased stem cell renewal. Of interest, the

signature of KRT17"""|PF-ABCs appears to be similar to the recently published

signature of KRT17*aberrant basaloid cells which lack KRT5 " 18 21:3¢,

The second line comes from the co-culture experiments that suggested a self-
amplifying interaction between ABCs and fibroblasts. The presence of lung
fibroblasts, increased evolution of bronchospheres, whereas ABCs stimulated
proliferation and collagen production of fibroblasts. In both cases, the effect was
stronger when the cells used were obtained from individuals with IPF. Of note, TGF-3
was not produced by IPF-ABCs. Our scRNAseq data suggested that one profibrotic
factor released by IPF-ABCs is CTGF. Another contributing mechanism to this
phenomenon involves the EGFR axis - scRNAseq revealed that amphiregulin
expression is significantly increased in IPF-ABCs compared to NU-ABCs and that the
bronchospheres generated from IPF-ABCs secrete significantly higher concentrations
of amphiregulin compared to both HV-ABCs and NU-ABCs. Conditioned media from
IPF-ABC bronchosphere cultures induced phosphorylation of EGFR in fibroblasts.

Generally, the role of EGFR ligand family members in fibrosis has been studied
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mainly in other organs with sometimes conflicting results. However, amphiregulin has
been most consistently shown profibrotic effects in models of liver, kidney and heart

fibrosis 3740

. In the lung, amphiregulin was proposed as a mediator of TGFB1
mediated pulmonary fibrosis in the triple transgenic mouse model **, but without
significant follow up. Our results suggest that amphiregulin may be a frequently

overlooked major mediator of the interaction of ABCs and fibroblasts in fibrosis.

The third line of evidence comes from the humanized model of lung fibrosis we
established. Human IPF-ABCs, but not HV-ABCs, induced abundant bronchiolization,
airway enlargement, cyst formation and frequently pleural extending fibrosis, hallmark
features of UIP histology missing in commonly used animal models of pulmonary
fibrosis. Our model clearly demonstrates that IPF-ABCs induce a vast remodeling
and deconstruction of the murine alveolar lung architecture. Taken together these
lines of evidence support the unique profibrotic properties of ABCs obtained from

lungs of patient with IPF.

The reason why IPF-ABCs are different is unclear, but they are clearly very
different from NU-ABCs and show a de-differentiated phenotype. Recent publication
call this phenotype hyper- and metaplastic and indeed did we find metaplastic lesions
of human basal cells in our mouse model. We speculate that cigarette smoking,
exposure to other environmental factors, recurrent airway infections and genetic
background may lead to repetitive airway epithelial barrier injury and a chronic wound
healing response in IPF, which then may have an impact on ABC gene expression as
recently described for asthma and TH2 inflammation *2. Genetic risk factor for IPF
such as polymorphisms in MUC5B, desmoplakin and AKAP13 are linked to epithelial
barrier function and AKAP13 and desmoplakin, unlike MUCS5B, are highly expressed

by ABCs **. Our scRNAseq data demonstrate increased expression of the stress


https://doi.org/10.1101/2020.09.04.283408
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.04.283408; this version posted September 4, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

15

induced keratins KRT6 and KRT17 **, upregulation of key molecules of epithelial
barrier function (claudin 1 and 4), of several integrins which regulate ECM
composition (B6, va, B1l, a6 and a2), markers of epithelial cells senescence such as
GDF15 *°, and the EGFR ligands AREG and HBEGF in IPF-ABCs. Thus, the
transcriptional phenotype of IPF-ABCs may represent the end results of the lung

46

response to repetitive epithelial injuries ™, which trigger exaggerated repair

processes including dedifferentiation and epithelial-mesenchymal crosstalk & .

Another novel feature of our study is the focus on SRC inhibition in pulmonary
fibrosis and especially as mediator of IPF-ABC profibrotic effects. Based on our
scRNAseq data and our recently published BAL data set *° we tested for potentially
beneficial drug candidates using connectivity map. Our in-silico analyses indicated
that SRC-inhibitors may be capable of reversing the profibrotic basal cell phenotype
which we observe in IPF. SRC is a hub integrating multiple pathways including

integrin and receptor kinase signaling ** *°

, and results in phosphorylation of various
substrates such as STAT3, FAK, JNK, EGR, AKT, and PI3K. Mechanosensitive
activation of Betal integrin and the downstream signaling via focal adhesion kinase
(FAK) and SRC are increased in multiple cancers and linked to proliferation,
migration and invasion of cells ** *°, SRC was also shown to align to the EGFR
molecule to facilitate it's signaling both upstream and downstream and is linked to
stemness of cancer cells *®>*>* SRC signaling is closely linked to epithelial injury >~
%2 induced by various noxious agents including cigarette smoking . A role for SRC
has been proposed in fibrosis in multiple organs but most of this work focused on the
role of SRC in fibroblasts ®+°°. We found abundant SRC expression in ABCs covering
the fibroblast foci in IPF lungs. Overexpression of SRC in ABCs resulted in an

increase in fibrosis and knockout of SRC reduced fibrosis in our humanized mouse

model of IPF. We tested the SRC inhibitor saracatinib (AZD0530) "% in our in-vitro


https://doi.org/10.1101/2020.09.04.283408
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.09.04.283408; this version posted September 4, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

16

and in-vivo models. Saracatinib completely abrogated sphere formation in the 3D
organoid model. In the co-culture model, saracatinib had an effect on both sphere
formation and fibroblast proliferation suggesting that SRC inhibition by saracatinib
may disrupt the profibrotic HV-ABCs crosstalk between IPF-ABCs and fibroblasts.
Similar effects were also observed in our humanized mouse model, where
saracatinib substantially attenuated IPF-ABC induced pulmonary fibrosis,
bronchiolization and cyst formation. This effect was also observed when saracatinib
was administered during established fibrosis. Taken together, these findings suggest
that saracatinib treatment efficiently blocked human IPF-ABC engraftment and

proliferation.

In conclusion, our data indicate a dedifferentiated phenotype and profibrotic
role of ABCs in IPF. In recent years there has been a significant increase in the
understanding of the mechanisms of pulmonary fibrosis . Roles for distinct lung cell
populations such as fibroblasts and myofibroblasts, macrophages and even alveolar
epithelial cells have been proposed. While, ABCs have been noticed in the IPF lung,
mechanistic studies evaluating their properties, and role in pulmonary fibrosis have
been missing. Our results provide clear evidence that human IPF-ABCs are
dedifferentiated and have profibrotic properties in-vitro and in-vivo, and that
interventions that address their properties reverse fibrosis. These findings position
the ABC as a key cell in the pathogenesis of human pulmonary fibrosis and thus a

novel cellular target for therapeutic interventions.
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MATERIALS AND METHODS

A comprehensive description of all methods is available in the supplementary

information.

Study population

For the described experiments in total bronchial brushes from 68 patients with
IPF, 25 patients with nonUIP fibrotic ILD and 18 healthy volunteers of an older age
(>50 years) were obtained. IPF diagnosis was established by a multidisciplinary
board according to the ATS/ERS criteria ® ™. The study was approved by local ethics
committees and all included individuals signed informed consent. For more details

see supplement.

Immunohistochemistry
Immunohistochemistry of lung tissues was performed using a standard

16

protocol and as recently described Detailed information is given in the

supplement.

Isolation of airway basal cells
Airway basal cells were isolated from bronchial brushes of sub-segmental
bronchi of the right lower lobe as recently described . Detailed information

regarding cell isolation is given in the supplement.
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Human 3D bronchosphere assay

ABCs, either derived from IPF patients or HV, were cultured in matrigel
(Corning) in a transwell system with or without lung fibroblasts either derived from
patients with IPF or normal lung for 21 days (if not otherwise indicated) in the
incubator (5% CO,, 37°C). Medium exchange (BEGM (Lonza, Basel, Switzerland,
#CC-3170)/ DMEM (Dulbecco's Modified Eagle Medium (Gibco, Swit Fisher
Scientific/Germany); ratio 1:1) was done every 7 days. In some experiments lentiviral
transduced GFP expressing fibroblasts were used. Conditioned medium of the 3D
organoid culture (day 7 and day 14) was used for ELISA and fibroblast stimulation
experiments. Sircol assay (Scientific-Biocolor/UK, #S1000) was performed as
recommended by the manufacturer on matrigel and conditioned medium harvested
after 6 weeks of cell culture. Bronchosphere formation was documented by Axio
Vert.Al/Zeiss/Germany and Axio Observer Z1/Zeiss/Germany. For histology,
immunohistology and confocal laser microscopy 3D cell cultures were cryopreserved
using Tissue-Tek and cryomolds (Hartenstein/Germany; #CMM). Detailed information

is given in the supplement.

Single cell RNA sequencing of brush cells

Single cell sequencing libraries of brush cells from nine IPF patients and six non UIP
ILD control patients were generated as previously described '’ using the 10x
Genomics Chromium Single Cell 3’ v2 kits according the manufacturer’s instructions.
Libraries were pooled and sequenced on an lllumina HiSeq 4000 aiming for 150
million reads per library. zUMIs pipeline was used for subsequent processing of

reads. Data analysis and visualization were performed using the R package Seurat.
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Data availability
Sequencing data will be available on the GEO repository. Gene expression of
ABCs of IPF and nonUIP ILD controls were compared using a Wilcoxon Rank Sum

test with Bonferroni correction of p-values for multiple testing.

Connectivity Map (CMap) analysis

Broad Institute's CLUE platform (https://clue.io) was used to identify a potential
molecular mechanism of action which could reverse A) the deviating gene expression
profile of ABCs in IPF as identified by scSeq in this study and B) the ABC gene
expression signature associated with mortality in IPF by bulk RNA sequencing as
recently described by us *°. Pertubagen classes were extracted and visualized as bar

plots of the summary connectivity scores split by the origin of the input gene profiles.

Humanized pulmonary fibrosis model with intratracheal administration of
human ABCs into mice in-vivo

Different mice strains were used for the experiments as indicated. B6;129Sv-
Rag2tmlFwa/ZTM’® (Rag2”™) and NOD.Cg-RagltmlMom I12rgtm1Wjl/SzJZtm’’
(NRG) were obtained from the central animal facility (Hannover Medical School,
Hannover). NOD.Cg-Prkdcscid 112rgtm1Wjl Tg(CAGGS-VENUS)1/Ztm (Venus-NSG)
mice were kindly provided by Dr. Wiebke Garrels (Hannover Medical School). Mice
received bleomycin dissolved in sterile saline at the dose of 1.2mg/kg intratracheally
on day 0. IPF-ABCs, HV-ABCs (Rag 2" 0.3x10°, NRG and NSG: 0.2x10°) were
injected intratracheally on day 3. In some experiments human IPF-ABCs transduced
with a lentiviral vector encoding for GFP and luciferase were injected. Pairs of mice
received the same IPF-ABC line and were later treated either with vehicle or

saractinib (kindly provided by Leslie Cousens AstraZeneca) in a dose of 10mg/kg, i.g.
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once daily. For histological and immunohistological analysis, the trachea was
cannulated and lungs were insufflated with 4% paraformaldehyde in PBS at a
pressure of 25 cm H,O, followed by removal of the heart and inflated lungs en bloc
and immersion in 4% paraformaldehyde overnight at 4°C, and the tissues were
processed to paraffin wax or were cryopreserved using Tissue Tek® O.C.T.TM

compound. H&E, Masson trichrome stains and Ashcroft score were performed

78, 79

according to a standard protocol Collagen content was determined by

guantifying hydroxyproline levels according to manufacturer’s description. For further

details, see supplementary information.
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Figure 1. Single cell RNAseq and Clue analyses of bronchial epithelial cells. Single cell RNA sequencing was performed on Brush cells of IPF patients
(n=9) and nonUIP ILD controls (n=6). Uniform Manifold Approximation and Projection (UMAP) of 14,873 single cell transcriptomes visualizes the four major
discrete epithelial cell types (detected UMAPs colored by (A) cell types, (B) disease state). (C) Heatmap of unity normalized canonical epithelial marker gene
expression, averaged per subject, grouped by cell type, as shown in (A). (D) Heatmap of differentially expressed genes in ABCs of IPF patients vs nonUIP ILD
disease controls showing a distinct deviation of gene expression (each column is a ABC, each row a gene as z-scores), (E) Violin plots of a subset of
differentially expressed genes (DEGs) split by disease state. (F) Bar plot of log10-transformed adjusted p-values from the pathway analysis using the human
KEGG 2019 database.
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HMIIE 3=nuclei, n=10, scale bar 10um and 20um). (C) Immuno-histochemisty of evolving
bronchospheres stained for CK5/6 in red, p40 in turquoise and betab

integrin in brown (n=9, scale bars 200um). (D) IPF-ABCs (n=23) generated significantly more and larger spheres than HV-ABCs (n=7;
P<0.0001) and NU-ABCs (n=15, P<0.0001). (E) Cell proliferation was also significantly increased in IPF-ABCs (n=23) compared to HV-ABCs
(n=7, P<0.0001) and NU-ABCs (n=6, P<0.0001) as measured by MTT assay at d21. (F) Amphiregulin levels were increased in conditioned
medium of bronchospheres from IPF-ABCs (n=23) compared to HV-ABCs (n=7) and NU-ABCs (n=15) and correlated closely with
bronchosphere counts. (G) Bright field images of raster microscopy of an original experiment (10 independent experiments in triplicate). Lung
fibroblasts do not form spheres. Sphere formation by IPF-ABCs is easily detectable. (H) In the presence of lung fibroblasts (n=5 IPF-Fib, n=5
HV-Fib), IPF-ABCs and HV-ABCs generate increased numbers of bronchospheres. (I) Fibroblast cell lines were transduced with lentiviral
vectors encoding GFP. Fibroblast proliferation was highly increased in the presence of IPF-ABCs. (J) Mean fluorescence intensity was
significantly increased in fibroblast cell lines co-cultured with IPF-ABCs (n=5). (K) Collagen levels were detected in conditioned medium and
matrigel by sircol assay at day 63. Collagen production by lung fibroblasts cultured with IPF-ABCs was significantly increased (n=5). (L) In
addition, fibroblasts cultured in conditioned medium of IPF-ABC derived bronchospheres (high BS) showed an increase in collagen 1A and a-
smooth muscle actin (SMA) expression compared to conditioned medium of bronchosphere cultures derived from NU-ABCs (Low BS). (M)
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Figure 3. Establishment of a humanized mouse model for IPF based on human ABCs. (A) Bleomycin (Bleo) was intratracheally
administered to Rag2-/- mice (BL6 background). Three days later human airway basal cells (ABC) derived from either patients with IPF or HV
were intratracheally administered. Lungs were harvested at day 21 following Bleo application. (B) Representative trichrome stainings of mice
challenged with Bleo alone, Bleo and HV-ABCs or Bleo and IPF-ABCs. Fibrosis and cystic lesions are increased in mice challenged with Bleo +
IPF-ABCs. (C-D) Ashcroft score and hydroxyproline levels were significantly increased in mice challenged with Bleo + IPF-ABCs (n=11)
compared to mice challenged with Bleo and HV-ABCs (n=11) or Bleo alone (n=21). (E,F) Trichrome staining of mice injected with Bleo + IPF-
ABCs, shown are representative lesions of 11 different mice. Bronchiolization of the alveolar compartment and de novo generation of airway
structures is highly increased in these mice compared to mice challenged with Bleo alone or Bleo + HV-ABCs. These bronchiolar lesions look
often bizarre and undirected. Others appear to resemble honeycomb cysts. New collagen synthesis (shown in blue) is seen predominately
around the bronchiolar lesions. Rarely structures resembling fibroblast foci could be detected. (G) In some experiments with IPF-ABCs in NRG
mice metaplastic squamous lesions evolved. (H) Mice were challenged with human IPF-ABCs transfected with a luciferase and GFP encoding
vector (n=10, 3 replicates). Shown are representative bioluminescence measurements of luciferase expression in control NRG mice (Bleo) and
NRG mice injected with transduced human IPF-ABCs and NU-ABCs (day 3-21). (I) Engraftment of human IPF-ABCs into venus expressing NSG
lungs was detected by confocal microscopy. Human cytokeratin (hCK) 5/6, eGFP, CK8, nuclear DAPI and Venus- expression were detected.
Human IPF-ABCs generate focal metaplastic lesions and pseudoglandular lesions in murine lungs. Some of the pseudoglandular lesions are
also derived from murine cytokeratin (CK)8*airway epithelial cells. For statistical comparison (C,D) ANOVA with Tukey correction for multiple
testing was used.
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Figure 4. CMap of scRNAseq data identifies potential treatment strategies such as src inhibition.
Overexpression of c-src in IPF lungs and cellular effects of c-src over-expression and knockout. (A) Bar
plots of summary CMap Connectivity scores of the clue.io analysis, dodged by input (ABC mortality signature -
yellow, scSeq-derived DEGs IPF vs nonUIP ILD control in ABCs - blue). Inhibition of SRC had the lowest CMap
Connectivity score, i.e. potentially reversing the input gene signatures. (B) In normal human lung tissue c-src
expression was low, only few macrophages were stained positively. In contrast c-src expression of IPF lung tissue
was high. Macrophages and epithelial cells highly expressed c-src as well as lymphocytes within lymphoid
follicles. (C) Most of the epithelial cells expressing c-src were also positive for CK5/6 identifying them as basal
cells. (D) c-src expression was high in lung tissue homogenates of IPF patients compared to healthy donars. (E)
Immunohistochemistry of murine lungs of the described humanized mouse model also showed high c-src
expression of macrophages and airway epithelial cells. (F) C-src expression was either overexpressed,
untouched (EV) or knockout in human ABCs using a lentiviral vector and resulting c-src expression was measured
using Western blot. (G,H) C-src overexpression in human IPF-ABCs which were injected into NRG mice lead to
increased pulmonary fibrosis, while knockout of c-src downregulated the induced fibrosis (mean + SD, n=6, each
group, 2 replicates). For statistical comparison repeated measures ANOVA with Tukey correction for multiple
testing was used.
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Figure 5. SRC-inhibitor saracatinib abrogates bronchosphere formation. (A-E) Bronchosphere assays of human IPF-ABCs were performed w/wo IPF
lung fibroblasts for 21 days. Cell cultures (n=12, in triplicates) were treated with either vehicle, saracatinib (600, 210, 75, 25, 8 nM), pirfenidone (1mM) or
nintedanib (1uM). (B) Saracatinib abrogated sphere formation dose-dependently while a dose of pirfenidone or nintedanib, which was higher than usually
applied in humans, did not change bronchosphere counts (mean + SD). (C) Cell proliferation as measured by MTT assay was significantly reduced by
saracatinib treatment in a dose dependent manner and slightly by pirfenidone and nintedanib (mean + SD). (D,E) Saracatinib treatment also abrogated
sphere formation dose-dependently in the presence of IPF lung fibroblasts while pirfenidone and nintedanib reduced significantly, but not abrogated,
sphere formation in the presence of fibroblasts (mean + SD). (F) Cell proliferation as measured by the MTT assay was significantly reduced by saracatinib
treatment in a dose dependent manner and less reduced by nintedanib or pirfenidone treatment (mean + SD). (G,H) In the same model we used
GFP-fibroblasts to study fibroblast proliferation. Saracatinib treatment also showed a dose-dependent effect upan fibroblast proliferation (mean + SD, n=4,
2 replicates). For statistical comparison repeated measures ANOVA with Tukey correction for multiple testing was used.
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Figure 6. SRC-inhibitor saracatinib attenuates fibrosis in the humanized mouse model. NRG mice were intratracheally injected with a low dose of
bleomycin and 3 days later with human ABCs derived from IPF patients. Mice (n=11 each group, 4 replicates (all data shown)) were treated oropharyngeally
with or without saracatinib in a dose of 10mg/kg once daily starting at day 4 (A-C) or at day 8 (D-F). (A-C) Treatment with saracatinib from day 4 significantly
reduced the evolution of fibrosis as measured by Ashcroft score (B, mean + SD) and hydroxyproline levels (C, mean + SD). (D-F) Saracatinib treatment from
day 8 to day 21 also significantly reduced fibrosis but effect was less than with immediate treatment as measured by Ashcroft score (E) and hydroxyproline
levels (F). All P values were determined by a paired comparison (t-test) testing the effect of saracatinib treatment for each human IPF cell line.
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