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Abstract

Idiopathic pulmonary fibrosis (IPF) is a progressive, irreversible, and rapidly fatal interstitial lung
disease marked by the replacement of lung alveoli with dense fibrotic matrices. Although the
mechanisms initiating IPF remain unclear, rare and common alleles of genes expressed in lung
epithelia, combined with aging, contribute to the risk for this condition. Consistently, single-cell
RNA sequencing (ScRNA-seq) studies have identified lung basal cell heterogeneity in IPF that
might be pathogenic. We used single-cell cloning technologies to generate “libraries” of basal
stem cells from the distal lungs of 16 patients with IPF and 10 controls. We identified a major stem
cell variant that was distinguished from normal stem cells by its ability to transform normal lung
fibroblasts into pathogenic myofibroblasts in vitro and to activate and recruit myofibroblasts in
clonal xenografts. This profibrotic stem cell variant, which was shown to preexist in low quantities
in normal and even fetal lungs, expressed a broad network of genes implicated in organ fibrosis
and showed overlap in gene expression with abnormal epithelial signatures identified in previously
published scRNA-seq studies of IPF. Drug screens highlighted specific vulnerabilities of this
profibrotic variant to inhibitors of epidermal growth factor and mammalian target of rapamycin
signaling as prospective therapeutic targets. This profibrotic stem cell variant in IPF was distinct
from recently identified profibrotic stem cell variants in chronic obstructive pulmonary disease
and may extend the notion that inappropriate accrual of minor and preexisting stem cell variants
contributes to chronic lung conditions.

INTRODUCTION

The rapid development and fatal progression of idiopathic pulmonary fibrosis (IPF) occur
by uncertain mechanisms (1). Emerging hypotheses hold that IPF arises from recurrent,
subclinical lung injury that imparts changes to epithelial and stromal cells, which, in

turn, compromise lung repair and favor fibrosis (2, 3). Epithelial cells have been tied to

this condition by rare and common variants of genes encoding lung surfactant proteins
[surfactant protein C (SFTPC), SFTPAL and SFTPAZ] known to be produced by alveolar
epithelial cells (4-8). In addition, there is a strong association of sporadic and familial IPF
with promoter variants in mucin 5B (MUC5B), another gene expressed by alveolar epithelial
cells (9). Genetic studies have also highlighted the roles of genes involved in epithelial
integrity (10-12), telomere maintenance (13-15), and innate immunity (16-19) expressed
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in many cell types. Perhaps the most compelling implication of epithelial cells in the
pathogenesis of IPF came from a direct comparison of the transcriptomes of epithelial cells
isolated from lungs of patients with IPF and controls (20). The IPF epithelial cells showed a
biased expression of genes associated with goblet cells and with immature basal cells [e.qg.,
MUC5B, SPDEF (SAM pointed domain-containing ETS transcription factor), tumor protein
63 (7P63), and keratin 5 (Krt5)], consistent with histopathology studies of IPF lungs (20—
22). These IPF epithelial expression datasets further showed an up-regulation of H/IPPO/
YAP, PI3K, mTOR, WNT, and transforming growth factor—p (7G/~p) signaling pathways
(20), which have been associated with IPF (23). This concept of epithelial alterations in

IPF has been refined to discrete epithelial subsets by single-cell RNA sequencing (SCRNA-
seq) (24, 25) of control and disease lungs. Four recent studies of such epithelial subsets,
alternatively termed “IPF epithelial cells,” “fibrosis basal cells,” “aberrant basaloid cells,”
and “KRT57/KRT177 cells” in general, shared basal markers such as 7P63and KRT17and
less uniformly known markers of IPF, including vimentin (V/M), collagen 1A1 (COL1A1I),
matrix metallopeptidase 7 (MMP?7), and growth differentiation factor 15 (GDF15) (26-28).
scRNA-seq analyses of the bleomycin model for lung fibrosis in mice have also observed
the emergence of an aberrant epithelial cell type (“KRT8* transitional cells” and “damage-
associated transient progenitors™) with similar markers seen in human IPF such as KR717,
SRY-box transcription factor 9 (SOX9), and GDF15(29). Although the overall correlations
between these different human and murine epithelial populations are low, in aggregate they
provide evidence for alterations in epithelial cells accompanying IPF and murine models

of lung fibrosis. Moreover, the concept that IPF is associated with aberrant epithelial cell
types is consistent with a recent clonogenic analysis of chronic obstructive pulmonary
disease (COPD), which linked the pathogenic features of this widespread lung disease to the
emergence of three discrete and clonogenic epithelial distal airway stem cell variants that
autonomously promote mucin hypersecretion, fibrosis, and neutrophilic inflammation (30).

In this study, we applied the same single-cell cloning technology (30-33) used to assess
COPD to the lungs of patients with IPF. In contrast to the three pathogenic basal cell
variants found to dominate the COPD lung, lungs with advanced IPF showed a major

basal cell variant in addition to the normal distal airway stem cell. This IPF variant

showed constitutive expression of proinflammatory and profibrotic genes and displayed the
functional capacity to orchestrate the fibrotic state both in vitro and in vivo. Consistent with
the epithelial subsets detected by scRNA-seq profiling of IPF and murine fibrosis models
(26-29, 34), the cloned IPF basal cell variant expressed 7P63, KRT17, VIM, and GDF15
and a broad gene set that encompassed and united each of these human and murine scRNA-
seq datasets. Last, we adapted these patient-matched basal cell clones to high-throughput
drug screening and identified leads that target prominent pathways expressed by the
profibrotic IPF basal cells.

A profibrotic stem cell variant in IPF

Libraries of clonogenic epithelial distal airway basal cells marked by TP63 expression
were generated from 16 IPF lungs and 10 normal lungs from the University of lowa
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and University of Texas transplant services using methods that support the growth of
regenerative epithelia cells but not of differentiated cell types (Fig. 1A; fig. S1, A and

B; and table S1) (30-33). These clonogenic cells represented about 1:1000 to 1:3000

of all epithelial cells in distal lung tissue samples, coexpressed TP63 and NGFR (nerve
growth factor receptor) (fig. S1, C and D), displayed an undifferentiated morphology, and
showed unlimited proliferative potential (30-33). To assess potential phenotypic differences
between the control and IPF basal cell libraries, we performed subcutaneous injections of
the libraries into immunodeficient [NOD scid IL2Ry™! (“NSG™)] mice (35). Transplanted
cells from both control and IPF libraries proliferated and formed polarized, E-cadherin
(ECAD)-positive epithelial organoids over a period of 2 weeks in the murine host (Fig. 1B).
However, unlike those of the control libraries, the IPF library organoids were surrounded

by a dense Masson’s trichrome staining meshwork of fibrils and a-smooth muscle actin
(aSMA)—-expressing myofibroblasts (Fig. 1B), a fibroblast-derived cell that is highly
associated with fibrosis in IPF, COPD, and other lung conditions (36-38). A morphometric
analysis of submucosal myofibroblast association with epithelial cysts in xenografts of 10
control and 16 IPF libraries showed that control xenografts displayed low associations

with myofibroblasts (5 £ 1.2%), whereas epithelial cysts derived from IPF libraries of
clonogenic cells showed an extensive association (35 * 8.3%) with myofibroblasts (P=1.21
x 10710 Fig. 1C, fig. S2, and table S2). Analyses of these xenografts further showed that
the myofibroblasts present in the IPF library xenografts were of host (murine) origin rather
than the result of an epithelial-mesenchymal transition of the human IPF cells (fig. S3A). We
also found that, in contrast to the considerable neutrophilic properties of the COPD library
transplants versus controls (P = 3.07 x 1079) (30), the 16 IPF libraries as a group were less
neutrophilic than COPD libraries (2= 8.048 x 10~°) but more than controls (2= 0.007; fig.
S3, B to E).

SCRNA-seq (24, 25) analyses of IPF basal cell libraries showed an obvious heterogeneity
in the basal cells marked by two major cell clusters in sScRNA-seq profiles, including

the normal cluster A and a population we designated “cluster B” that was marked by
differential expression of C-X-C motif chemokine ligand 17 (CXCL17), carcinoembryonic
antigen cell adhesion molecule 6 (CEACAME6), interleukin 1 receptor antagonist (/LIRN),
and claudin 4 (CLDN4) (Fig. 1D and fig. S4A). In contrast, the #distributed stochastic
neighbor embedding (tSNE) profiles of control libraries were marked by a single major
cluster (cluster A) composed of normal basal cells and multiple minor clusters (fig. S4,

B and C) (30). Although cluster B was evident in control libraries, its overall fractional
representation was 10% or less (fig. S4, B and C). We noted that all cells in the IPF and
control libraries coexpressed the distal airway stem cell markers 7P63and KRT5 (Fig. 1D
and fig. S4B) (32).

Myofibroblast conversion via cloned cluster B cells

Consistent with the high expression of CEACAMSG6 on cluster B cells, regions of IPF lung
with extensive pathology showed epithelia subtended by TP63* basal cells marked by high
CEACAMBG protein expression (fig. S5A). In addition, fluorescence-activated cell sorting
(FACS) profiling of basal cells from normal and IPF lung before any culturing showed
23% CEACAMG* cells in the diseased lung versus 5% in the normal lung (fig. S5B). We
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extended these studies to FACS profiling of the basal cell libraries generated from our 10
control and 16 IPF lungs (Fig. 2A). This analysis across all control and IPF libraries showed
that cluster B cells comprised higher percentages in IPF libraries (31.9 £ 6.8%) than control
libraries (7.1 + 2.3%, P= 1.455 x 10~11; Fig. 2A), consistent with the distributions seen in
the tSNE profiles of control and IPF libraries.

To clone basal cell representatives of clusters A and B observed in the IPF scRNA-seq
profiles, we sorted single cells from IPF libraries on the basis of high and low CEACAM6
expression to 384-well plates followed by clonal expansion (Fig. 2B). As seen with the
normal distal lung basal cell clones and those of the variants identified in COPD lung
(30-32), the IPF cluster B cells could be proliferatively expanded after single-cell cloning
through at least 20 passages over more than 200 days all the while showing minimal copy
number and single-nucleotide variation (fig. S6, A to D). Air-liquid interface (ALI)-induced
differentiation of these clone types showed that cluster A cells differentiated into bronchiolar
epithelia expressing secretoglobin family 1A member 1 (SCGB1AI1), SCGB3AZ, SFTPB,
and aquaporin 4 (AQP4), whereas cluster B cells differentiated into epithelia expressing a
high abundance of CEACAMBG (fig. S6E). Subcutaneous xenografts of cluster A cells into
immunodeficient mice yielded terminal bronchiolar epithelium (30) expressing SCGB1A1,
SFTBP, and AQP4, whereas CEACAMB6-positive (cluster B) clones differentiated into a
cuboidal epithelium marked by expression of genes previously linked to IPF epithelia such
as mucin 1, VIM, and GDF15 (figs. S6E and S7A) (39-42). As with the unfractionated

IPF libraries, the cloned cluster B cells assembled into polarized epithelial cysts that were
surrounded by aSMA-expressing myofibroblasts (Fig. 2C). In contrast, the epithelial cysts
formed by cloned cluster A cells from IPF basal cell libraries were largely devoid of
myofibroblast association (Fig. 2C). The availability of cloned cluster A and cluster B cells
enabled a reconstruction of libraries with defined ratios of cluster A and cluster B cells for
testing in a xenograft model (Fig. 2D). Detailed morphometric analyses of the xenograft
nodules across these synthetic libraries showed little or no submucosal, a SMA-positive
myofibroblasts in libraries composed of cluster B:cluster A ratios below 0.1, whereas a
strong inflection point for myofibroblast association was obvious at 0.1 (Fig. 2D).

Given the robust myofibroblast recruitment by xenografts of the IPF cluster B variant, we
determined whether these cells could directly promote the conversion of normal human

lung fibroblasts to myofibroblasts in vitro. Cocultures of normal lung fibroblasts and cluster
B clones from IPF libraries resulted in a strong induction of the myofibroblast marker
aSMA and a quantitative shift in purified fibroblasts to aSMA™ cells by FACS profiling
and quantitative polymerase chain reaction of the ACTAZtranscript encoding aSMA (Fig.
2E and fig. S7B). Challenging these lung fibroblasts with combinations of cluster A and
cluster B cells at defined ratios showed an inflection point in the activation of myofibroblasts
between 10 and 15% cluster B cells (Fig. 2F and fig. S7C). Together with the data from the
xenografts of synthetically top of cluster A and cluster B cells, these findings indicated that
cluster B cells promote myofibroblast conversion and recruitment when they represent more
than 10% of the total epithelial cell population.
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Correlation of IPF stem cell variant and UIP histopathology

IPF lungs are marked by topological heterogeneity in histopathology, with the upper

lobes relatively spared and lower lobes harboring usual interstitial pneumonia (UIP)
histopathology characterized by bilateral and peripheral reticulation and honeycombing (1,
43). In three IPF lungs, we generated patient-matched libraries from upper lobes marked

by moderate pathology and from lower lobes with extensive fibrosis (Fig. 3A). CEACAM6
FACS profiling of these stem cell libraries showed that the upper lobe libraries had an
average of 25.6 £ 3.37% cluster B cells, whereas the lower lobes showed an average of 59.0
+ 9.66% (P=0.018; Fig. 3B). These upper and lower lobes also showed differential labeling
with antibodies to GDF15 (36.8 versus 73.2%, P = 0.0047; Fig. 3C), a noncanonical TGF-p
receptor ligand whose plasma concentrations have been linked to IPF severity (41). Lower
lobe libraries also proved to be more fibrogenic than the upper lobe libraries in both the
xenograft assay (67.8 = 11.8 versus 29.5 + 6.8%, P = 0.016; Fig. 3D) and the myofibroblast
transformation assay (Fig. 3E). Together, these data suggested that cluster B cells are present
at higher ratios relative to cluster A cells in regions of the IPF lung showing more severe
UIP histology.

IPF cluster B variant versus major COPD variants

Whole-genome expression profiling of cluster B and cluster A clones yielded differentially
expressed genes (¢ < 0.05) in cluster B clones that both overlapped with those of our library
scRNA-seq data and highlighted gene sets associated with fibrosis and inflammation (Fig.
4, A and B; and fig. S8, A and B). A more detailed analysis of differentially expressed
genes across cluster A and cluster B clones demonstrated multiple genes implicated in

IPF and interstitial lung disease (ILD) by molecular genetics and biomarker studies (8-21,
42). For instance, SFTPB, SFTPA1, and SFTPAZ, surfactant genes whose mutations are
linked to familial IPF (3-8), were all highly expressed in the normal distal airway stem cell
(cluster A clones) (Fig. 4, C and D). Conversely, the IPF variant cluster B clones showed
high and differential expression of genes linked to IPF risk by genome-wide association
studies (GWAS), including MUC5B, desmoplakin (DSP), dipeptidyl peptidase 9 (DPPY),
and adenosine triphosphatase phospholipid transporting 11A (ATP11A) as well as IPF
biomarkers, including GDF15 (Fig. 4, C and D; and fig. S8, A and B) (3-8, 42).

Given the prominence of lung fibrosis in both IPF and COPD (36-38, 44-46), we sought to
place the IPF cluster B cell in context with the normal and COPD basal cell variants (30).
Comparisons of sScRNA-seq tSNE profiles of control, COPD, and IPF stem cell libraries
showed that the IPF cluster B was present in the control lung, fetal lung, and COPD
libraries, albeit at minor fractions compared with the normal distal airway stem cell in the
control profiles or the three variants that dominate the COPD lung (Fig. 4E and fig. S9)
(30). Of the three variants that dominate the COPD lung, including COPDVARZ COPDVARS,
and COPDVAR4 profibrotic activity was restricted to the latter two (30). Both COPDVARS3
and COPDVAR4 displayed a lineage commitment to squamous cell metaplasia (30), whereas
the IPF cluster B cells were committed to a cuboidal epithelium both in vitro and in vivo.
Nevertheless, comparison of their RNA-seq profiles revealed a significant (P< 1.9 x 10711)
overlap of oncostatin M, TGFB, interferon, Toll-like receptor, and response to pathogen
gene sets (fig. S8, C and D).
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Cluster B links to aberrant IPF and bleomycin epithelia

Gene expression profiling of epithelial cells in IPF lungs has revealed anomalies overall
and the emergence of discrete epithelial populations in the disease (3, 20, 26-28, 47, 48),
although limitations of sScCRNA-seq technology (49) have led to relatively little overlap
among the scRNA-seq profiles of these disease-associated epithelial populations. We
therefore determined how the RNA-seq profiles of the cluster A and cluster B clones
compared with those derived earlier (20) from the FACS-sorted epithelial cells of control
and IPF lungs. There was a strong correlation between the genes differentially expressed
by the FACS-sorted epithelial cells from the IPF lung (20) and our cluster B cells but not
with the cluster A cells, including IPF-linked genes such as KR717, SOX9, paired box 9,
DSP, CEACAMS, and /L36G (Fig. 5, A and B). The expression profiles of the cluster A and
cluster B clones also encompassed gene sets from the disparate SSRNA-seq analyses of the
IPF lung despite their low overlap with each other (Fig. 5, C and D).

Recent applications of SCRNA-seq to the bleomycin model of lung fibrosis in mice have also
identified populations of altered epithelial cells emerging 10 to 14 days after drug treatment
(29, 34). The respective sScCRNA-seq gene sets for these epithelial cells showed overlap with
those of the IPF cluster B cells but not with the cluster A cells and included genes such

as KRT17, GDF15, SOX9,and COL1A1 (Fig. 5, E and F). These findings suggested that,
despite the transient nature of the bleomycin-induced fibrosis model in mice, the underlying
epithelial cell alterations may be similar to those apparent in IPF.

IPF stem cell variants in small-molecule screens

To examine potential vulnerabilities of cluster B cells with respect to the normal distal
airway stem cells of cluster A, we adapted these cells to 384-well formats and performed
parallel screens of bioactive small molecules containing inhibitors of signal transduction
pathways (Fig. 6A). Whereas most of these molecules had no effect on either population,
several proved to differentially affect cluster B versus cluster A cells across two IPF cases
(IPF FO3 and F09). Among these small molecules, those affecting certain pathways, such
as epidermal growth factor receptor (EGFR) signaling, were disproportionally represented.
Gene expression profiles of cluster A and cluster B cells indicated that cluster B cells
differentially expressed (g < 0.05) a large array of EGFRs and ligands, including 7GFA,
EGF, heparin binding EGF-like growth factor (HBEGF), neuregulin 1 (VRGI), and Erb-B2
receptor tyrosine kinase 3 (ERBBS3), which may explain the skewed effects of EGFR
inhibitory compounds on cluster B cells (Fig. 6B and fig. S10, A to C). Dose response
curves for one of these EGFR inhibitors confirmed its in vitro selectivity against cluster B
cells across all 16 IPF libraries (Fig. 6, C to G, and fig. S10D). The xenografts of all 16 IPF
libraries treated with EGFR inhibitors were devoid of the myofibroblast associations seen in
the untreated libraries (Fig. 6, F and G). Given the evidence for aberrant EGFR signaling

in lung fibrosis (50-52) and the differential expression of both EGFR receptors and ligands
in the cluster B cells, the sensitivity of cluster B cells to EGFR inhibitors may provide a
cellular mechanism for the efficacy of such drugs in model systems (51-56).
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DISCUSSION

In this study, a clonogenic analysis of basal cells across 16 cases of IPF and 10 controls

has revealed a basal stem cell variant in IPF lung that promotes myofibroblast activation

in both in vitro and xenograft mouse models. This profibrotic cluster B variant is marked
by constitutive expression of profibrotic and proinflammatory genes and displays lineage
commitment and gene expression signatures distinct from the two profibrotic clonogenic
variants that pervade the COPD lung (30). The cluster B cell is present in all control lungs,
albeit at percentages significantly below those of patients with IPF (7.1 versus 32%, P=
1.46 x 10~11). Even within single IPF lungs, regions of marked UIP histopathology showed
higher percentages of cluster B cells (59%) than upper lobes with less pathology (26%, P =
0.018). In vitro and in vivo dose response experiments revealed a cluster B cell-dependent
threshold for myofibroblast conversion with 10 to 20% inflection points midway between
percentages of cluster B cells in control and IPF lung basal cell libraries. How such a cluster
B cell threshold is surpassed in IPF lung is unclear, but cluster B cells may be triggered by
the recurrent and subclinical events of lung damage thought to precede the onset of IPF and
brought about by risk factors such as smoking (57), infection (58), gastroesophageal reflux
(59), and genetics (9-12).

Consistent with the idea that innate immune processes underlie the progression of IPF (60,
61), IPF cluster B cells demonstrated constitutive expression of genes tied to the response to
pathogens, including cytokines [ TGFBI1, CXCL8, detectors (TLR3, ATP11A, and /L1RN),
and epithelial barrier function (DSPand DPPI)], alleles of which have been linked to the
risk of IPF (9-12). The presence of the cluster B cells in control and even fetal lung,
coupled with its expression of fibrotic and inflammatory pathways, supports the hypothesis
that cluster B cells comprise one element of a network of normally minor epithelial variants
that coordinate the response to pathogens. Understanding how these minor variants are
differentially amplified in COPD, IPF, and perhaps other lung conditions will refine the
specific risk factors for these diseases. Conversely, deciphering why these variants come

to dominate the lung could aid in our ability to treat these conditions. In this regard, we
note that SF7PA1 and SFTPAZ, two surfactant genes in which nonsynonymous mutations
are linked to familial IPF (4-8), are highly expressed in the normal cluster A cell. The
specific activation of unfolded protein responses (8, 62—64) in cluster A cells could confer
a competitive advantage to cluster B cells and contribute to the sway of this profibrotic
variant.

The limitations of this study are numerous and include the analysis of an IPF cohort marked
by advanced disease consistent with candidacy for lung transplantation surgery. Hence,

we could have missed pathogenic variant basal cells that might drive nascent stages of

IPF. Related to this issue, we cannot be certain that our defined culture conditions for
generating stem cell libraries, which were formulated largely around the clonogenicity of
normal distal airway stem cells, will capture the plurality of stem cell variants linked to

IPF or any other lung condition. The ability of this cloning system to support the three
pathogenic variants in COPD and the single and distinct variant in IPF does not preclude the
possibility that other variants contribute to the disease evolution. We should also note that
our phenotypic analyses of the variant stem cell in IPF are limited to transcriptome profiling

Sci Transl Med. Author manuscript; available in PMC 2024 January 17.
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and interactions with host cells upon xenografting to immunodeficient mice. Ascribing a
“profibrotic” phenotype to the IPF variant stem cell was supported by a broad spectrum of
differentially expressed genes associated with organ fibrosis and the apparent recruitment of
host myofibroblasts in the xenograft nodules. This conclusion was subsequently bolstered
by in vitro cocultures of the IPF variant cells with normal lung fibroblasts, which also
acquired a myofibroblast identity. Whether the IPF variant cells also have a proinflammatory
phenotype was less clear. The RNA-seq profiles of the IPF variant revealed the expression
of multiple genes linked to inflammation; however, the xenografts in immunodeficient mice
showed only modest recruitment of neutrophils far below that of the COPD variant 4. Given
the absence of most hematopoietic lineages in the NSG mouse, our model is silent as to
whether the profibrotic IPF variant is also orchestrating an inflammatory response in vivo.
Further analyses with adoptive transfers of immune lineages may resolve this question.

Last, there is a critical need for therapeutics that arrest or reverse the rapid evolution

of IPF. If the cluster B variant is involved in the pathogenesis of IPF, then these cells
represent proximal targets of prospective therapies. In this regard, we note that an altered
EGFR signaling axis, as well as the therapeutic potential of EGFR inhibitors, has emerged
as important themes in IPF (51-56). Cluster B cells in patients with IPF showed high
differential expression of EGFR and ERBB3and of ligands EGF, TGFA, NRG1, and
HBEGF as well as appeared to be selectively vulnerable to EGFR inhibitors compared with
cluster A cells. Together, the sensitivity of cluster B cells to EGFR inhibitors may provide a
cellular explanation for the efficacy of EGFR inhibition in IPF model systems and may aid
in further drug development for this fatal condition.

MATERIALS AND METHODS

Study design

Lung tissue

The objective of this study was to assess the stem cell heterogeneity of 16 IPF lungs
compared with 10 control lungs using technology that selectively captures and propagates
clonogenic cells in “libraries” of such cells. The IPF and control lungs were obtained
under informed consent and International Review Board approvals (11199507432, HSC-
MS-08-0354/HSC-MS-15-1049, 1108-310-1, and 2009P002281) from medical centers
including the University of lowa, the University of Texas, the University of Connecticut,
and the Brigham and Women’s Hospital. The stem cell libraries from these lungs

were characterized by scRNA-seq technology. Xenografts in immunodeficient mice were
characterized by immunohistochemistry of antibodies to markers of lung epithelia and
myofibroblasts. Single-cell cloning from the IPF libraries was performed to identify
different clusters of clones common in control lungs versus IPF lungs. Concentrations

of variant clones were assessed according to regions of IPF lung with differing UIP
pathologies.

Lung tissues from resected lobes, lung transplants, or fetal demise cases were obtained
with informed consent as deidentified material under approved Institutional Review Board
protocols at the University of Connecticut Health Sciences (1108-310-1); the University of
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lowa Carver College of Medicine (11199507432); the University of Texas Health Sciences
Center, Houston (HSC-MS-08-0354/HSC-MS-15-1049); and the Brigham and Women’s
Hospital, Boston, MA (2009P002281), respectively. The diagnosis of IPF was confirmed
by histologic examination demonstrating UIP in eight patients along with high-resolution
computed tomography (CT) scanning and the absence of an alternative cause for the
patient’s progressive fibrotic lung disease (1). In eight patients, histology was not available,
and the diagnosis was based on clinical and CT scan results. In addition, 10 lungs from
individuals without ILD were identified (table S1).

Libraries of clonogenic distal airway stem cells from IPF lungs

Single-cell suspensions of lung tissue from IPF and control lungs from transplant centers

at the University of lowa Carver College of Medicine and the University of Texas Health
Sciences Center Houston were plated onto lawns of irradiated 3T3-J2 murine embryonic
fibroblasts to yield colonies over 10 days (31, 32). The resulting basal cell libraries were
analyzed by scRNA-seq and flow-sorted as single cells onto 384-well plates to establish
discrete clones that were assessed by whole-genome RNA-seq. Basal cell libraries and
single-cell-derived clones were functionally assessed for proinflammatory and profibrotic
activity by subcutaneous transplants into NSG mice (65). Analysis of host immune

cell responses and myofibroblast activation in the resulting xenografts were done with
appropriate marker antibodies to epithelia (anti-ECAD and TP63), myofibroblasts (anti-
aSMA and fibronectin), and neutrophils (anti-CD45 and Ly6G). The ability of basal cell
libraries or single-cell-derived clones to promote the activation of normal lung fibroblasts

to myofibroblasts was determined by plating onto lawns of normal lung fibroblasts and
monitoring their conversion by antibodies to a SMA and fibronectin and quantified by FACS
profiling of a SMA-expressing fibroblasts. ALI culture of epithelial clones was performed as
described (7, 8). Histology, hematoxylin and eosin (H&E) staining, immunohistochemistry,
and immunofluorescence (IF) staining were performed using standard protocols (see
Supplementary Materials and Methods).

Xenografts in immunodeficient mice

One million in vitro—cultured basal cells were harvested by trypsinization, mixed with 50%
Matrigel (Becton Dickinson) to a volume of 100 ul and injected subcutaneously in NSG (65)
mice (the Jackson Laboratory), and harvested 2weeks later. Each mouse received four to
eight subcutaneous injections, and key libraries or clones were xenografted a minimum of
three times each.

RNA sample preparation

For basal cells, ALI-differentiated basal cells, or xenografts derived from IPF or control
basal cell libraries, RNA was isolated using TRIzol RNA Isolation Kit (Life Technologies).
RNA quality [RNA integrity number (RIN)] was measured using the Agilent 2100
Bioanalyzer and Agilent RNA 6000 Nano Kit (Agilent Technologies). RNAs having an
RIN of >8 were used for RNA-seq analysis.
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Analysis of fibrosis in xenografts

Histological sections of xenografts were stained with antibodies to ECAD, an epithelial
marker, and aSMA, a marker of myofibroblasts. Fluorescence images of each section
were captured and analyzed by measurements of the lengths of cystic epithelia from the
transplanted cells and the fraction bounded by a SMA-positive myofibroblasts. The lengths
of cystic epithelia and myofibroblast coverage in all fluorescent images were measured,
quantified, and analyzed by NIS-Elements Advanced Research v.4.13 software (Nikon,
Japan). Myofibroblast contact (percentage) was calculated as length of myofibroblasts/
lengths of epithelia x 100%.

Flow cytometry and sorting

To assess the percentage of cluster B cells in basal cell libraries, we used antibodies to

cell surface markers of these cells and flow sorted. In brief, basal cell libraries were
trypsinized and harvested as single-cell suspensions. 3T3-J2 murine embryonic fibroblast
feeder cells were removed using QuadroMACS Separator and Starting Kits (Feeder Removal
MicroBeads, mouse; Miltenyi Biotec), and about 300,000 stem cells were incubated with
anti-CEACAMBG antibody (1 ug) at 4°C for 1 hour after a blocking procedure with FACS
buffer (phosphate-buffered saline + 2% fetal bovine serum + 0.05% sodium azide) at 4°C
for 30 min. Cells were then incubated with Alexa Fluor 488 secondary antibodies (Thermo
Fisher Scientific) for 1 hour at 4°C, with five washes between each step. Samples were
collected and analyzed on a Sony SH800S cell sorter (Sony Biotechnology).

In vitro fibroblast to myofibroblast conversion assay

Human normal lung fibroblasts (HLFs; CC-2512; Lonza) were cultured in StemECHO-PU
(ground-state stem cell culture system, human; Tract Biosciences, Houston, TX) stem cell
basal media. A total of 50,000 cells were seeded per well in a 24-well plate 1 day before
25,000 cluster A, cluster B, or cluster A + cluster B cells were seeded into plates coated
with HLFs at 30 to 50% confluency. Mixtures of stem cells and HLFs were then maintained
for 5 days. Media were changed every other day. At day 6 after coculture, cells were either
fixed with 4% paraformaldehyde for IF staining or trypsinized, harvested as single-cell
suspensions, and then fixed and permeabilized using Fixation/Permeabilization Solution
Kit (BD Biosciences, cat. no. 554714). After a blocking procedure, cells were incubated
with mouse monoclonal a SMA antibody (Abcam, ab7817) and Alexa Fluor 488 secondary
antibodies, with five washings between each step. Samples were collected and analyzed on a
Sony SHB800S cell sorter (Sony Biotechnology).

Comparison of upper lobes and lower lobes from patients with IPF

Biopsies of upper and lower lobes were bisected, and the halves were processed for
histology and epithelial basal cell library generation. Histological sections were assessed

by IF with antibodies to GDF15 and quantified by morphometric analysis. Corresponding
basal cell libraries were assessed for CEACAMG6™ cells by quantitative FACS, by in vitro
conversion assay of HLFs, and by xenografting in immunodeficient mice for the association
with aSMA* myofibroblasts.
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High-throughput screening

Cluster A and cluster B clones were seeded onto 384-well plates (Greiner Bio-One).

One day after seeding, compounds from arrayed bioactive molecule collections (Selleck,
Prestwick) were added by automation at the High Throughput Research and Screening
Center of the Institute of Biosciences and Technology at Texas A&M University (Houston,
Texas). Positive (paclitaxel, 10 uM) and negative control (dimethyl sulfoxide) lanes were
allocated within each plate. After treatment, plates were sealed with breathable membranes
and maintained for 4 days in a 37°C, 7.5% CO, incubator. Plates were then fixed, stained,
and imaged. In brief, the treated 384-well plates were washed with phosphate-buffered
saline (Gibco) and fixed with 4% paraformaldehyde at room temperature for 25 min. After
fixation, plates were then stained with 4’ ,6-diamidino-2-phenylindole (DAPI) for 1 hour at
room temperature before imaging via a high-content automatic screening system (Thermo
Scientific Celllnsight CX7 LED, Thermo Fisher Scientific).

Transcriptomic sequencing data analysis

All RNA-seq libraries were constructed using the nonstranded kit from New England
Biolabs (NEBNext Ultra Il Non-Directional) and sequenced on an Illumina NovaSeq

6000 with 150-base pair (bp) pair-end reads. Raw reads were trimmed to remove low-
quality bases (phred score < 20) and sequencing adapter leftovers using Trim Galore
(www.bioinformatics.babraham.ac.uk/projects/trim_galore). Potential mouse genomic DNA
contaminant reads were removed for further analysis using Xenome (66). Trimmed
RNA-seq reads were mapped to the human genome (UCSC hg19) using Salmon

(version 0.9.1) with default settings (67). Alignment results were then input to DESeq2

(68) for differential expression analysis with default settings and false discovery rate

less than 0.05. The heatmaps with hierarchical clustering analysis of the global gene
expression pattern in different samples were performed using the pheatmap package (https://
cran.rproject.org/web/packages/pheatmap/index.html) in R (version 3.5.1). The pathway
enrichment analysis was performed using Enrichr (69).

Sequence alignment of scRNA-seq

The scRNA-seq libraries were established using the 10X Genomics Chromium system
(Single Cell 3’ Reagent Kit v2). The scRNA-seq libraries were sequenced on an Illumina
HiSeq X Ten with 10,000 cells for cases of IPF and COPD and for the fetal lung case.
Demultiplexing, alignment, and unique molecular identifier collapsing were performed
using the Cell Ranger toolkit (version 2.1.0, 10X Genomics). The raw paired-end reads
were trimmed to 26 bps for read1 and 98 bps for read2. The trimmed reads were mapped to
both the human genome (hg19) and the mouse genome (mm10). The reads uniquely mapped
to the human genome were used for downstream analysis.

Single-cell RNA-seq

The scRNA-seq data analyses were performed using the Seurat package (24). We included
genes with expression in at least three cells and excluded cells expressing fewer than 200
genes. We also excluded the cells with high mitochondrial percentage or with an outlier
of RNA content. The normalization was performed using the global-scaling normalization
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method, which normalizes the gene expression measurements for each cell by the total
expression, then multiplies by 10,000, and, lastly, log-transforms the result. The variable
genes were identified using a function to calculate average expression and dispersion for
each gene, divide these genes into bins, and then calculate a zscore for dispersion within
each bin (“x.low.cutoff = 0.0125,” “x.high.cutoff = 3,” and “y.cutoff = 0.5”). We scaled the
data to regress out the variation of mitochondrial gene expression.

We performed principal components analysis based on the scaled data to identify significant
PCs. We selected the PCs with Pvalues less than 0.01 as input to perform clustering analysis
and visualization by tSNE. We detected the marker genes in each cell sub-population using
two methods of Wilcoxon rank sum test and DESeq?2. For Wilcoxon rank sum test, we used
the default parameter. For DEseq2, we kept the marker genes with average log fold change
above 0.1 and adjusted P value less than 0.05.

Contaminating 3T3-J2 fibroblast cells were identified by murine reads. In addition, the cells
in the S stage of the cell cycle were identified on the basis of the marker gene of SLBP

(24, 70). The cells in the G, or M stage of the cell cycle were identified on the basis of

the marker genes of UBE2C, AURKA, CENPA, CDC20, HMGBZ2, CKS2, and CKS1B. The
cells in the Gy stage of the cell cycle were identified on the basis of the marker gene GOSZ.
In addition, the ambiguous cells with few marker genes were also removed, which could
possibly correspond to sequencing low-quality cells.

Statistical analysis

Unpaired two-tailed Student’s #test was used to determine the statistical significance
between two groups. Statistical analyses were performed using R (version 3.5.1). The “#”
numbers for each experiment are provided in the text and figures. £< 0.05 was considered
statistically significant. Asterisks denote corresponding statistical significance: *P < 0.05;
**p<0.01; ***P<0.001; ****P< 0.0001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. IPF lung basal stem cell libraries promote fibrosisin immunodeficient mice.
(A) Generation of libraries of clonogenic TP63* epithelial cells from control and IPF lungs.

(B) Histological sections of nodules formed from subcutaneous xenografting of cells from
control and IPF basal cell libraries stained with Masson’s trichrome (collagen; blue, top)
and immunolabeling with antibodies to ECAD (red) and aSMA (green, bottom). Scale bars,
200 pm. (C) Whisker box plot depicts the morphometric quantification of the percentage

of epithelial cystic surfaces occupied by submucosal myofibroblasts in xenografts of 10
control and 16 IPF libraries. (D) tSNE profiles of sScRNA-seq data of two IPF patient—
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derived basal cell libraries showing both normal basal cells (cluster A; blue) and a variant
denoted as “cluster B” (gray) that is marked by the differential expression of CXCL17,
CEACAMS, IL1RN, and CLDNA4. Distal airway basal cell markers 7P63and KRT5 were
broadly expressed across clusters A and B.
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Fig. 2. Cloning a major profibrotic variant from | PF lung.
(A) FACS profiling (left) and a histogram showing the quantification of CEACAM6™* cells

in 10 control and 16 IPF stem cell libraries. BSC-A, back scatter area. (B) FACS-aided
isolation and single-cell cloning of CEACAMG6* and CEACAMG6™ cells from IPF basal
cell libraries in 384-well plates for clonal expansion. Fluorescein isothiocyanate—mouse
immunoglobulin G (IgG) was used as the isotype control. Scale bar, 100 um. (C) ECAD
(red) and aSMA (green) IF on sections of nodules formed from xenografts of A (left)
and B clones. Scale bar, 100 um. (D) Graphical presentation of induction of aSMA*
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myofibroblasts by xenograft nodules formed by defined ratios of cells of A and B clones.

(E) From left: Schematic of coculture of A or B clones with human normal lung fibroblasts
(HLFs), IF images of 72-hour cocultures of clone A + HLF (top) or clone B + HLF (bottom)
stained with antibodies to ECAD (red) and aSMA (green), and FACS quantification of the
aSMA* cells in the respective cocultures. Scale bar, 100 um. (F) Graphical representation of
aSMA* cells quantified by FACS profiling induced by cocultures of human lung fibroblasts
with defined ratios of cells from A and B clones.
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Fig. 3. Cluster B céllsin regions of low and high UIP histopathology.
(A) From left: Drawing portraying biased UIP histopathology in lower lobes of IPF lung,

patient-matched histological sections of upper (top) and lower (bottom) lung stained with
hematoxylin and eosin (H&E) and Masson’s trichrome (collagen; blue). Scale bars, 100 pm.
(B) From left: FACS profiling of CEACAMG6™* cells from basal cell libraries generated from
corresponding regions of upper and lower lung as well as whisker box plot of CEACAM6*
cells in libraries derived from upper and lower lungs from three IPF cases and from 10
control libraries. (C) From left: GDF15 IF in histological sections of control and upper (UL)
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and lower lobes (LB) of IPF lung as well as whisker box plot quantification of GDF15
fluorescence in sections from 10 control and three IPF patient-matched lower and upper
lobes. Scale bars, 100 um. (D) ECAD (red) and aSMA™ (green) IF of nodule sections from
xenografts of basal cell libraries from control and IPF lower and upper lobes as well as
whisker box plot presentation of morphometric data across 10 control and three IPF cases.
Scale bar, 100 um. (E) ECAD (red) and aSMA* (green) IF of 72-hour cocultures of control,
upper lobe, and lower lobe libraries with HLFs. Scale bar, 100 pm.
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Fig. 4. Cluster B cellsdisplay profibrotic signatures distinct from COPD variants.
(A) Differential gene expression profiles from IPF library sScRNA-seq and clonal RNA-

seq data of IPF clones A and B. TPM, transcripts per million. (B) Histogram depicting
most significant (P< 1.0 x 10713) pathways determined by NCATS (National Center for
Advancing Translational Sciences) BioPlanet pathway analysis of RNA-seq differentially
expressed genes of IPF clone B versus clone A. (C) Volcano plot of RNA-seq differential
gene expression in in vitro—differentiated cluster B cells relative to cluster A cells. (D)
Fibrosis pathway-associated differentially expressed genes (DEGS) in IPF A and B clones.
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(E) tSNE profiles of scRNA-seq basal cell libraries from control, COPD, and IPF lungs
showing the respective clusters of normal distal airway basal cells (cluster A; blue), IPF
cluster B (gray), squamous cell metaplasia (orange), inflammatory squamous cell metaplasia
(red), and goblet cell metaplasia (green).
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Fig. 5. Cluster B clone profiles encompass | PF scRNA-seq populations.
(A) Scatter plot with marginal histograms comparing fold change of differentially expressed

genes from RNA-seq data of sorted epithelial cells from IPF lung (20) with cluster A and
cluster B clones from IPF library. (B) Expression heatmap of consistent genes identified in
sorted IPF epithelial cells (20) with the cluster A and cluster B IPF clones. (C) Similarity
matrix between expression signatures of populations identified by four ScRNA-seq studies of
IPF lungs (20, 26-28) and IPF cluster A and cluster B clones. (D) Common genes identified
by at least two scRNA-seq studies and IPF cluster B clone. (E) Histogram of percentage
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of overlap in gene expression between epithelial populations emerging in murine lung after
bleomycin and IPF cluster A and cluster B clones. (F) Consistent differentially expressed
genes from both murine bleomycin studies and IPF cluster A and cluster B clones.
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Fig. 6. Vulnerability of cluster B cellsto bioactive small molecules.
(A) Two-dimensional survival plots comparing cluster A and cluster B clones from two

IPF cases after exposure to a bioactive small-molecule library. Ovals encompass molecules
that selectively disfavor cluster B cells in both IPF cases, and the pie chart categorizes

the pathways affected by these drugs. mTOR, mammalian target of rapamycin; MEK-
ERK, mitogen-activated protein kinase kinase—extracellular signal-regulated kinase. (B)
Expression heatmap of genes in the ERBB pathway in IPF clones A and B. (C) Dose
response curves of EGFR inhibitor PD168393 for cluster A and cluster B cells. Error bars,
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SD. (D) CEACAMBG6 FACS profile of IPF basal cell library before and after exposure to
PD168393. (E) Whisker box plot of CEACAMG6* cells in all 16 IPF libraries as a function of
exposure to the EGFR inhibitor. (F) Schematic of in vitro exposure of IPF basal cell library
to PD168393 followed by xenografting into immunodeficient mice. IF images of libraries
(left) and xenograft nodules using the indicated markers. Scale bars, 100 pm. (G) Whisker
box plot of morphometric analysis of myofibroblast association in xenografts of eight IPF
libraries with or without in vitro exposure to PD168393.
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