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Abstract

Idiopathic pulmonary fibrosis (IPF) is a progressive interstitial lung disease in which repetitive
epithelial injury and incomplete alveolar repair result in accumulation of pro-fibrotic intermediate/
transitional “aberrant” epithelial cell states. The mechanisms leading to the emergence and
persistence of aberrant epithelial populations in the distal lung remain incompletely understood.
By interrogating single-cell RNA sequencing (scRNA-seq) data from patients with IPF and a
mouse model of repeated lung epithelial injury, we identified persistent activation of hypoxia-
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inducible factor (HIF) signaling in these aberrant epithelial cells. Using mouse genetic lineage-
tracing strategies together with sScRNA-seq data, we found that these disease-emergent aberrant
epithelial cells predominantly arose from airway-derived (Scgblal-CreER-traced) progenitors

and exhibited transcriptional programs of Hif2aactivation. In mice treated with repetitive
intratracheal bleomycin, deletion of Epasi [Hif2a] but not Hifla, from airway-derived progenitors,
or administration of the small-molecule HIF2 inhibitor PT-2385, using both prevention and rescue
approaches, attenuated experimental lung fibrosis, reduced the appearance of aberrant epithelial
cells, and promoted alveolar repair. In mouse alveolar organoids, genetic or pharmacologic
inhibition of Hif2 promoted alveolar differentiation of airway-derived epithelial progenitors.

In addition, treatment of human distal lung organoids with PT-2385 increased colony-forming
efficiency, enhanced protein and transcriptional markers of alveolar type 2 epithelial cell
maturation, and prevented the emergence of aberrant epithelial cells. Together, these studies
showed that HIF2 activation drives the emergence of aberrant epithelial populations after repetitive
injury and that targeted HIF2-inhibition may represent an effective therapeutic strategy to promote
functional alveolar repair in IPF and other interstitial lung diseases.

One sentence summary:

Inhibiting hypoxia-inducible factor 2 promotes functional alveolar epithelial repair following
recurrent lung injury.

Introduction

Despite the development and widespread utilization of first-generation antifibrotic therapies
(1, 2), the morbidity and mortality of idiopathic pulmonary fibrosis (IPF) remains high with
median survival of 3-5 years after diagnosis (3), underscoring a substantial unmet need for
improved disease-modifying treatments. Genetic and genome-wide association studies have
linked epithelial-restricted genes (including SFTPC [Surfactant protein-C), MUC5B [ Mucin
5B], DSP [Desmaoplakin] and others) to IPF risk (4—6), supporting a conceptual model of
IPF pathogenesis wherein the disease develops as a result of repetitive or chronic lung
epithelial injury with a dysregulated repair process (7, 8). Single-cell transcriptomic studies
have revealed extensive changes in molecular programs of epithelial cells in IPF, resulting
in the emergence and persistence of multiple intermediate and transitional states within

the distal airway and alveolar niches (9, 10), including KR75 [Keratin 5]” KRT17[Keratin
17]* P63 [Tumor Protein 63]* “aberrant basaloid” cells (11-13). These findings highlight the
need to better understand the molecular mechanisms that underlie dysregulated epithelial
homeostasis and repair in IPF.

The fundamental role of the lung epithelium is to interact with the external environment and
maintain the barrier for gas exchange. In the alveolar niche, alveolar type 2 (AT2) serve as a
facultative stem cell, self-renewing and giving rise to new alveolar type 1 (AT1) cells during
lung regeneration (14). Multiple groups have now identified both homeostatic and disease-
emergent cell types/states with expression of genes that serve as distal-airway markers
(SCGB3AZ2| Secretoglobin 3A2], SFTPB [ Surfactant Protein BJ) that may contribute to
“attempted” alveolar repair in IPF (11) and other chronic lung diseases (9, 15, 16); these
cells share some features with injury-emergent transitional states observed in mouse models
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(10, 17, 18). Some of these cells can give rise to mature AT2 cells in vitro and likely
represent an additional stem-cell reservoir being tapped to regenerate the alveolar niche (9,
15). Although the relative contributions of resident AT2 cells and distal airway derived stem
cells [including respiratory airway secretory cells (RASCs) (15), terminal-airway secretory
cells (TASCs) (16) or terminal respiratory bronchiole secretory cells (TR-BSC) (9)] in
repopulating injured alveoli in the context of IPF remain uncertain, factors governing the
response of each of these populations to repetitive injury are likely key determinants of
adaptive versus maladaptive repair.

In the lung epithelium, the Hypoxia-inducible factor (HIF) family of transcription factors
has previously been implicated as a determinant of airway epithelial repair following
influenza infection (18) and can facilitate development of a mucus-secretory cell phenotype
(19, 20). In addition, HIF activation in endothelial cells underlies vascular remodeling in
pulmonary hypertension (21, 22). However, a role for HIF signaling in lung fibrosis has

not previously been established (23). HIF activation can occur via two distinct but not
exclusive mechanisms: i) inhibition of prolyl-hydroxylases when oxygen tension is low,

and ii) through changes in cell redox state, which can be influenced by inflammatory
signaling, glycolytic tone, or other oxidative metabolism or enzymatic activities (24).

Tonic degradation of HIFa (both HIF1a and HIF2a. [Endothelial PAS domain protein 1,
EPAST)) is accomplished through proline hydroxylation and subsequent poly-ubiquitination
by the Von-Hippel-Lindau (VHL) complex. Under activating conditions, HIF1 (or HIF2)a
escapes degradation, binds HIF1p (Aryl Hydrocarbon Nuclear Translocator, ARNT), and is
transported to the nucleus where it binds to genes containing a HRE (Hypoxia Response
Element) to enhance transcription. Despite recognizing identical consensus sequences,
HIFla and HIF2a exhibit unique, non-competitive transcriptional regulatory programs (25),
and also display different activation kinetics (26) with HIF2a. demonstrating more prolonged
transcriptional activity under chronic activation (19).

Using epithelial-targeted Hif deficient mice paired with single-cell RNA sequencing
(scRNA-seq), we observed that both AT2 and airway secretory cells contribute to alveolar
repair following repetitive bleomycin injury. Combined deletion of Hifl and Hif2 in

the lung epithelium attenuated fibrosis and promoted cellular programs associated with
alveolar repair and maturation. Using cell-type-specific conditional deletion strategies, we
established that this protection was mediated primarily by Hif2-deletion in airway-derived
progenitors. Targeted pharmacologic HIF2 inhibition with PT-2385 (a selective HIF2a.:
HIF1p dimerization inhibitor) enhanced alveolar repair and differentiation of airway-derived
cell populations in mice even when initiated after fibrosis was established. In addition,
ex-vivo studies showed HIF2-inhibition promoted distal airway to alveolar differentiation.
Human distal lung organoid cultures revealed enhanced proliferation and suppression

of aberrant transitional cell states closely resembling IPF-emergent epithelial cell states.
Together, these results indicate that HIF2 is a key regulator of distal lung epithelial repair
and suggest HIF2 inhibition as a therapeutic strategy for enhancing lung regeneration.
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To investigate the cellular mechanisms that underlie epithelial dysregulation in IPF, we
interrogated our previously published scRNA-seq dataset generated from 67 pulmonary
fibrosis (PF) and 49 control (declined donor) lungs (20) (Fig. LA-B). Focusing on the
KRT5"KRT17* “aberrant-basaloid” cells that emerge in IPF lungs and exhibit profibrotic
gene expression profiles (11, 12), we performed a pathway and transcription factor

analysis of genes with Log,FC >1. In addition to several pathways that have been
previously described in these cells (epithelial-mesenchymal transition, p53, tumor-necrosis
alpha signaling) (Fig. 1C), transcription factor coexpression analysis revealed significant
enrichment of both H/IF1A-(p=4.7 x10749) and EPASI- (p=2.93x1078) regulated genes, and
a “hypoxia module” (comprised of identified HIF-regulated genes) was also significantly
higher in IPF-derived cells compared to controls (Fig. 1D) (p<2x10716). This suggested that
HIF signaling may be a driver of aberrant epithelial cell phenotypes in PF.

To examine the mechanisms that underlie resolving versus non-resolving lung fibrosis in
mice, we challenged C57B6 mice with a single dose of intratracheal (IT) bleomycin (SD
Bleo, 0.08 1U) or repeated biweekly IT bleomycin (Rep Bleo, 0.04 IU) and sacrificed mice
14 days after the last bleomycin dose (Fig. 1E). Compared to the lungs of unchallenged mice
(Fig. 1F(a—c)), the lungs of mice treated with SD Bleo contained inflammatory infiltrates
and patchy fibrosis (Fig. 1G(a—c)), whereas the lungs of mice treated with Rep Bleo
exhibited discrete areas of epithelial hyperplasia in the parenchyma (resembling microscopic
honeycombing) along with interalveolar septal thickening and fibrosis (Fig. 1H(a—c)). To
define the cellular and molecular programs following acute versus repeated injury, we
performed scRNA-seq of Cd326™ (Epcam)-sorted epithelial cells (n=3 mice per group).

In addition to canonical lineages (AT1, AT2, MCC [Multiciliated], PNEC [pulmonary
neuroendocrine cells]), we observed a number of injury-emergent cell types/states, including
Krt5" Trp63* basal-like cells, Muc5b [ Mucin 561 secretory cells, airway Sox2[Sry-box
transcription factor 2]* and alveolar (Kri8[Keratin 8|t Cdknla[Cyclin-dependent kinase
inhibitor 14]*) intermediate cell populations, bronchio-alveolar stem-cell (BASC)-like cells
(Scgblal [ Secretoglobin 1all*l Sfipct) (21-23), and Sox8 [ Sry-box transcription factor 8]*
microfold-like cells (24) (Fig. 11-K, fig. S1). Compared to the SD Bleo group, lungs from
Rep Bleo mice had expansion of injury-related populations including alveolar intermediate
(Krt8* Caknia), BASC-like cells, and Secretory-Muc5b+ cells, as well as substantially
reduced AT2 cells (Fig. 1L). Epithelial cells from mice treated with Rep Bleo showed higher
expression of hypoxia regulated genes compared to unchallenged mice and SD Bleo-treated
mice (Mouse Hallmark MsigDB hypoxia gene set, p<2E-16) (Fig. 1M). Epas1 was more
highly expressed in AT2, secretory, and BASC-like populations (25) (Fig. 1N and fig. S2).

Although we previously showed that lung epithelial-specific deletion of Hiflaand Epasl
did not impact fibrosis in the single-dose bleomycin model (26), these results suggested
that epithelial Hif activation is more prominent after chronic or recurrent injury. Given the
potential for at least partial functional redundancy between Hif forms (27, 28), we then
investigated the role of Hif signaling in recurrent epithelial injury by deleting both Hifla
and Epasl in mice. Lung epithelial-specific Hif1/2 deficient mice were generated using the
constitutive Sfipc-Cre (29), referred to as Hif1/28¢€Pi (26), both Hif1/22€Pi and Cre-negative
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littermate control mice were challenged with Rep Bleo (26, 30), and lungs were harvested 2
weeks after the final bleomycin dose (Fig. 2A and fig. S3). Compared to littermate controls,
lungs from Rep Bleo-treated Hif1/22€Pi mice had less architectural remodeling, reduced
fibrotic area, smaller lung area occupied by hyperplastic epithelial cells, and lower collagen
content (Fig. 2B-E). Building on our findings (26), these data indicated that HIF signaling
impacts non-resolving lung fibrosis induced by chronic or repetitive injury.

To investigate the mechanism through which Hif deletion protects against experimental lung
fibrosis following repetitive injury, we performed scRNA-seq of Cd326*-sorted epithelial
cells from unchallenged and Rep Bleo-treated Hif1/22€Pi and wild type (WT) mice (Fig.
2F-H). Although there were no compositional differences between unchallenged Hif1/24epi
mice and WT controls, after Rep Bleo injury, Hif1/22¢Pi Jungs contained a larger proportion
of AT2 cells (38.6% vs 22.3%) and alveolar intermediate cells (13.9 vs 7.9%), and a
smaller proportion Secretory-Mucsb™ cells (1.0% vs 2.5%) compared to Rep Bleo-treated
WT control mice (Fig. 2H). The increased frequency of distal lung cell types (AT1, AT2,
Alveolar intermediate, BASC-like), suppression of PNECSs, and rebalancing of the airway
populations indicated broad Hif-regulated effects on epithelial population dynamics during
repair after recurrent injury. RNA-in situ hybridization/Immunofluorescence for Muc5b
and Schglal confirmed attenuation of Muc5b expression within (Fig. 21-J), and outside

of conducting airways (Fig. 2K), consistent with a direct role of Hif regulation of mucous-
secretory cell polarization (31).

We then examined gene-coexpression modules in airway-type cells to understand differential
transcriptional program changes related to Hif-driven signaling. Using CEMiTool (32) we
identified eight modules, seven of which showed significant genotype-specific enrichment
(Fig. 2L, fig. S4, Data file S1). Modules 2, 4, and 5 (M2/4/5) were most strongly

enriched in Hif1/22¢Pi mice after Rep Bleo treatment and demonstrated gene co-expression
hubs suggesting trans-differentiation of secretory cells toward alveolar fate (Sfipc, Etvs
[ETS variant transcription factor 5], Lamp3 [Lysosomal associated membrane protein 3j).
M4 in particular showed key hubs associated with 14-3-3 signaling ( Ywhae- 14-3-3
epsilon) potentially modulating Yap [ Yes-associated protein) | Taz [ WW Domain Containing
Transcriptional Regulator 1] mediated activity (33) and Fgfr2 [ Fibroblast growth factor
receptor 2]. Module 2 (M2) contained multiple hubs associated with airway homeostasis
and disease modification [such as MECOM [MDS1 and EVI1 complex locus] in COPD
(34), ALCAM [Activated leukocyte cell adhesion moleculé] in IPF(39)]. Further, protein-
protein interaction analysis of M2 (enriched with Hif-deletion) identified Wingless (Wnt)-
signaling hubs (Glycogen-synthase kinase 3p, Gsk3p) and the transcriptional repressor of
the notch pathway Atxnl [Ataxin 1] (35), further supporting the role of Hif-signaling and
its interaction with the Wnt/Notch axis with distal lung repair during injury (19). These
findings positioned Hif-activation as an upstream inhibitor of airway to alveolar epithelial
cell transition and were further supported by the enhancement of the AT2-like program
within M5 containing protein-protein hubs Cepba [CCAAT enhancer-binding protein alpha]
and Lrrk2 [Leucine-rich repeat kinase 2] (fig. S5). Module 6 was highly enriched in wild-
type (WT) cells and aligned with airway cell phenotypes, including Scgb3al [Secretoglobin
3al], Mucsb, the transcription factor Ltf[Lactoferrin] and known Hif-responsive gene
Scnnlb [Sodium channel epithelial 1 subunit beta], a pattern also seenwith the other
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hypoxic-signaling changes reported recently regarding specific secretory populations (31,
36). Pathway analysis of the Hif1/22¢P! _enriched modules showed associations with
proliferation, secretory function, and biosynthetic machinery associated with cholesterol and
lipid synthesis (Fig. 2L). These data cumulatively suggested that deletion of Hifspecifically
in lung epithelial cells enables improved adaptive repair through modulation of underlying
transcriptional programs with resultant decreases in mucous secretory cell and increases in
BASC-like and secretory cell programs.

To establish the origins of Hif-activated epithelial cells that emerge following recurrent
injury, we performed lineage-tracing studies using tamoxifen-inducible Sftoc-Cre-ER™?
(AT2-specific) and Scgblal-Cre-ER? (secretory cell-specific) tDtomato reporter mice (Fig.
3A). After administration of tamoxifen followed by >3-week washout, mice were treated
with 4 cycles of Rep Bleo treatment, and CD326*/dTomato™ cells were sorted by FACS

for scRNA-seq (Fig. 3B—C). Compositional analyses revealed that the Scgblal-derived
population, as opposed to the Sfipc-derived population, resembled the spectrum of epithelial
cell phenotypes recovered following a pan-epithelial sort from mice following chronic
injury (MCC, AT2, Alveolar intermediate, and BASC-like cells), suggesting these Scgblal-
lineage labeled cells were substantial contributors to repair of recurrent epithelial injury
(Fig. 3D) consistent with other recent dual-recombinase-based cell fate mapping studies
(37). Using pimonidazole (Pim) to detect intracellular hypoxia-related reductive species
(38), we observed that in unchallenged mice, there were negligible Pim* cells, whereas
abundant Pim* Scgblal-traced cells were observed in both the airway and in the repairing
parenchyma in Rep Bleo-treated mice, including patches of Spc*Scgblal*Pim* cells within
areas of parenchymal remodeling, supporting the concept of Hif-driven modulation of repair
within this population (Fig. 3E). Consistent with our initial transcriptomic studies (Fig. 1L),
we identified nuclear-localized (active) Hif2a protein and numerous dTom*Scgblal*Hif2a
cells in the lung parenchyma of mice following Rep Bleo, whereas Hifla™* cells were
limited to the proximal airways (Fig. 3F, fig. S6A-B).

+

We then performed conditional Hiflaor Epasl deletion studies using Sftpc-Cre-ER™?
(AT2-specific) or Scgblal-Cre-ER'? (secretory cell-specific) mice. After administration

of tamoxifen followed by >3-week washout, mice underwent Rep Bleo treatment. Among
the four genotypes, only secretory cell-specific Epasi-deletion significantly protected from
fibrosis (p=0.033) (Fig. 3G-H). Together, these data indicated that secretory cells act as
critical facultative progenitors in repair of chronic injury and support the concept that Hif2a
activation in this cell population drives maladaptive repair.

Next, we selectively tested the role of Hif2 in regulating alveolar repair during repetitive
injury by using the small molecule inhibitor (PT-2385) (39) which prevents HIF2a.:HIF1p
dimerization. In these studies, Scgblal-lineage labeled mice were challenged with biweekly
repetitive IT bleomycin, and PT-2385 (6 mg/kg/day by osmotic pump) (39, 40) was initiated
7 days after the initial dose of bleomycin and continued until sacrifice at 14 days after

the 6th cycle of Rep Bleo (Fig. 4A). Analysis of Hifl and Hif2 nuclear localization
demonstrated that PT-2385 appropriately suppressed nuclear localization of Hif2 (fig.
S6C-D). There was a marked increase in dTomato™ parenchymal area in PT-2385-treated
mice compared to vehicle (DMSQO:proplyene glycol)-treated controls (Fig. 4B-C), with
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commensurate increases in the numbers and proportions of parenchymal dTomato™ cells
expressing the mature alveolar markers pro-Spc (AT2) and/or Ager (AT1) (Fig. 4D-F).

In addition, although the relative abundance of secretory populations, including Muc5b*
cells, remained unchanged in the airways; there were significantly fewer ectopic secretory
cells (including Muc5B™* cells) outside of the conducting airways (p=0.003 for treatment
effect) (Fig. 4G-I), similar to what was seen in mice with combined Hif1/2 genetic deletion
(Fig. 2J-K). To understand whether Hif2 inhibition could also promote repair after the
establishment of parenchymal remodeling and fibrosis, PT-2385 was initiated as a rescue
treatment after the last of 4 doses of Rep Bleo and continued for 4 weeks. We again
observed increased Scgblal-lineage-derived proliferation as well as more lineage-labeled
AT1 (Hopx™) and AT2(pro-Spc*) cells. There were substantially fewer Hopx*/pro-Spc*
dual positive cells (“intermediate” or “transitional” cells (10, 17, 18, 41)), suggesting that
Hif2 inhibition facilitated more maturation of airway progenitor-derived alveolar epithelial
cells (Fig. 4J-0 and fig. S6E). We also quantified lung parenchymal collagen deposition
and found that there were significant decreases in collagen content (with pharmacologic
Hif2-inhibition by Picrosirius red staining in both the prophylactic (p=0.0210) and rescue
(p=0.0368) dosing model (fig. S7, A to F). These data supported the concept that
interrupting persistent Hif2 activation in the repetitively injured lung epithelium could
enhance distal lung epithelial repair and alveolar regeneration.

To determine whether the impacts of Hif2 activation were due to autonomous effects on
regenerating epithelial cells, we sorted Cd326*/dTomato™ cells from naive Scgh1a1dTom
mice and established feeder-free alveolar organoids using “serum-free, feeder-free media”
(SFFFEM) (42) in matrigel droplets (Fig. 5A-B). Consistent with our in-vivo findings,
PT-2385-treated Scgb1a19T°™ derived organoids had more robust AT2-marker acquisition
(pro-Spc™) compared to vehicle-treated controls (Fig. 5C-D), while maintaining AT1
differentiation potential (Fig. 5E-G, fig. S8A-B). We observed similar findings using
genetic Hif-targeting (fig. S8C). Hif2 deletion in Scgblal-lineage labeled cells was
associated with significantly enhanced AT2-marker acquisition, whereas the frequency of
pro-Spc* cells was similar in Hif1-deleted and WT organoids (p=0.0218 vs WT and p=
0.0025 vs. Hifl) (Fig. 5H-J). These findings supported the concept that Hif2 activation in
airway-derived repairing epithelium restrains alveolar differentiation potential, and that this
can be rescued through Hif2-specific inhibition.

We then turned to a human alveolar organoid model to establish whether HIF2 also regulates
alveolar progenitor potential in the human lung (Fig. 6A). Following initial expansion after
isolation of CD326* epithelial cells from declined lung donors under serum-free feeder-free
(SFFF) conditions (9, 42), we disaggregated and re-established feeder-free organoids that
were immediately treated with 20uM PT-2385 or vehicle (DMSO). Pro-SPC*, SCGB3A2*
and KRT8" cells could be found within the same organoid, suggesting some plasticity
among these cell types under these conditions which was also further explored by scRNA-
seq (Fig. S9A-C). By day 14, PT-2385-treated organoids were more abundant (Fig. 6B—

C) and demonstrated robust lysotracker staining (indicating lysosomal-related organelles
associated with surfactant production) (43), results we confirmed using primary distal lung
epithelial cells from IPF lungs (Fig. S10A-B).
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We next analyzed scRNA-seq of Vehicle and PT-2385 organoids which demonstrated

seven cell-types/states, including AT2, RASC-AT2 (SCGB3A2t SFTPCY) states, along

with other activated/intermediate states (Fig. 6D—H, S9B—C). A unique population of
“Aberrant intermediate” cells was less frequently observed in PT-2385 treated organoids
(18.4% vs 4.4%) (Fig. 6D-G). Jaccard analysis comparing the Aberrant intermediate
organoid population and cell-populations observed in the IPF lung epithelium (Fig.

1A-B) demonstrated the greatest degree of similarity (p = 2x107174) with the highly
disease-enriched (and hypoxic-module expressing) KRT5"KRT17* cells (Fig. 6F). Pathway
enrichment analysis of these Aberrant intermediate cells indicated activation of NF-xB
[Nuclear factor kappa B], which is associated with epithelial-mesenchymal transition (EMT)
and maladaptive repair (44), as well as upregulation of HIF-responsive genes, including
NDRG1 [N-myc downstream-related gene 1], VEGFA [Vascular endothelial growth factor
AJ, ATF3 [Activating transcription factor 3], TXNIP [Thioredoxin interacting protein] which
was further quantified with HIF1 and HIF2 specific gene modules (fig. S11A-D).

Although several recent reports have implicated IPF-related aberrant basal cell populations
in ongoing fibrosis (45, 46), identification of transcriptional similarity with an analogous
disease emergent populations from distal lung organoid culture would support the possibility
that facultative stem cell populations (RASC-AT2 or AT2) are likely sources for these cell
types in-vivo. mMRNA-splicing-based trajectory analysis demonstrated that HIF2 inhibition
led to differential dynamics, particularly between the RASC-AT2 and Aberrant intermediate
clusters. Partition-based graph abstraction (PAGA)-based fate prediction suggested the
RASC-AT?2 to Aberrant intermediate transition was diminished by HIF2 inhibition, whereas
the proliferating cell to AT2 mature and then RASC-AT?2 transitions were enhanced

(Fig. 6H). Further analysis using velocity kernel-based estimators predicted different
terminal states and thus different quantitative dynamics for the RASC-AT2 population

(Fig. S12, A to H). We observed that aberrant intermediate cells in organoids highly
expressed vimentin (V/M) (a marker of EMT (47) and a known HIF-responsive gene

(48)) both in terms of average expression and when modeled over the calculated Aberrant
intermediate trajectory (Fig. 61-J), similar to that observed in KRT5"KRT17% in IPF (11,
12). Immunofluorescence staining revealed frequent VIM?* cells with nuclear (active) HIF2
in vehicle-treated organoids, which was highly suppressed by PT-2385 (Fig. 6K to M). AT1
marker acquisition following addition of differentiation media was unchanged (Fig. S13).
These data collectively demonstrated that in a human distal lung organoid model, HIF2
activity regulated the phenotypic plasticity of distal lung epithelial cells, and although HIF2
activation promoted adoption of an aberrant intermediate cell state, this could be modulated
by small-molecule inhibition to promote functional repair and maturation.

Discussion

Although the lung epithelium exhibits remarkable ability to repair and regenerate after acute
injury, recurrent insults lead to enduring changes in the composition and molecular programs
active in the lung epithelium, resulting in persistent structural remodeling and progressive
decline in lung function. In this study, we found that persistent activation of HIF-signaling in
repair-associated cell types/states was a hallmark of dysfunctional epithelial repair in the IPF
lung epithelium and experimental models of recurrent lung epithelial injury. Further, these
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dysfunctional repair-associated cell states arose primarily from airway epithelial progenitors
and exhibited specific activation of HIF2. Targeted inhibition of HIF2 promoted adaptive
alveolar epithelial repair and prevented fibrosis and reduced emergence of aberrant epithelial
cell populations (either ectopic secretory populations or indeterminate airway-derived
alveolar intermediate populations) in the distal lung which facilitated adaptive alveolar
repair. Together, these findings suggest that HIF2 inhibition should be further studied as a
potential therapeutic strategy to enhance lung repair in IPF and other chronic lung diseases.

Despite extensive study of facultative progenitor cell populations that participate in
alveolar repair following severe acute lung injury (14, 15, 49-58), there has been limited
investigation of the cellular and molecular mechanisms that regulate alveolar responses to
recurrent or chronic injury. We found that recurrent epithelial injury results in mobilization
of distal-airway derived progenitors, and that distal-airway-derived regeneration-associated
intermediate and transitional cells with persistent activation of Hifand hypoxia related
signaling failed to mature into functional alveolar epithelial cells. Selective inhibition of
Hif2 in these regenerating airway-derived epithelial cells was sufficient to promote alveolar
fate acquisition and maturation to mediate functional lung repair. Although there have been
multiple characterizations of airway organoids differentiating into AT2-like Sftpc-expressing
cells (55, 56, 59, 60), we observed that Hif2 inhibition markedly enhanced this cellular
transition using both pharmacologic and genetic approaches.

Several studies have suggested that in the acute setting following alveolar injury, Hifla
plays a protective role in AT2 cells (61-63). Others have also shown that Hifla can play

a role in adaptive responses during the AT2-AT1 transition during alveolar repair (18).

In contrast, Hifla in Sox2* airway-derived progenitors attenuated lung injury following
severe influenza infection along with reducing development of metaplastic Krt5* “pods”
via regulation of the Notch pathway (19). One potential unifying explanation for these
observations is that Hif1la plays distinct roles in specific cellular contexts, and that
differences in Hifla kinetics influence adaptive vs. pathologic effects. There have not

been previous studies of Hif2 in these contexts, and although our data indicate that Hif2
activity restrains progenitor function and alveolar fate potential while promoting airway-type
metaplasia, it remains possible that Hifl plays an additional independent or niche regulated
role. One potential interpretation of the data presented here is that HIF1la may play an
adaptive, pro-survival role when transiently activated, however persistent HIF2 signaling
prevents appropriate facultative progenitor function and results in dysfunctional repair.
Further, it is plausible that requirements for facultative differentiation towards AT2 cells
(biosynthetic burden for lipid synthesis) could be modulated through HIF2-driven metabolic
changes or that HIF2 influences sensitivity to differentiation cues via modulation of the
WNT/NOTCH balance (64).

Hypoxia and HIF signaling have been previously linked to mucous secretory cell
differentiation (36, 65), and in this study we found that either genetic deletion of HifZ and
EpasI or small-molecule-based inhibition of Hif2 was sufficient to attenuate ectopic Muc5b*
mucous-secretory cell differentiation. Because expansion of mucous secretory cells is a
prominent feature of the IPF lung (11) and may be driven at least in part by a polymorphism
in the promoter of MUC5B (4, 20), this findings build upon other recent work which
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indicates that targeting HIF may be an effective means to ameliorate the untoward effects of
mucous hypersecretion in chronic respiratory diseases while providing a tenable therapeutic
target as a disease modifying agent (31).

In addition to the identification of increased mucous secretory cells, one of the most
striking findings of recent single-cell transcriptomic studies has been the identification of
KRT5 KRT17* “aberrant basaloid” cells in IPF lungs (11, 12). Although questions remain
as to the origin (11, 45, 66) and specific functions of these cells, a role in amplifying
fibrotic signaling seems likely. We found an “Aberrant intermediate” population of cells
transcriptionally resembling some features of “aberrant basaloid” cells that emerged in
feeder-free culture of human distal lung epithelium (despite TGFB [Transforming growth
factor beta] inhibition), and our trajectory analyses suggested that they arose from SCG3AZ2*
“RASC-like” cells in this model; further, the emergence of these cells was largely prevented
by HIF2 inhibition. Together, these results suggested a direct role for HIF2 in promoting
the emergence and persistence of pro-fibrotic intermediate/transitional epithelial cell states
in lung parenchyma.

These data provided evidence that activation of HIF2 is a hallmark of repetitive lung
epithelial injury and can be targeted to promote distal lung repair, however there are

several important limitations as well as additional questions that remain unanswered by this
study. Although we observed some evidence of cellular hypoxia in areas of Hif activation,

it is possible that non-hypoxic mechanisms of HIF activation are as or more important
regulators of observed HIF activity in these contexts; the distinct contributions of hypoxic
versus “pseudo-hypoxic” activation of HIF1 and HIF2 in distinct spatial niches were not
addressed in the data presented here and will require further study. Further, it is important
to note that indirect effects of HIF forms on each other via reciprocal co-regulation (for
example, HIF2-mediated repression of HIF1a) (67, 68) may contribute to the observed
effects on epithelial repair. These studies focused specifically on the role of HIFs in the lung
epithelium, therefore it is possible that HIF2 in other cell types could also modulate overall
fibrotic progression. Available data suggest the HIF family of transcription factors may

also impact the function of fibroblasts (69-71), macrophages (72, 73) and the endothelium
(74), which could impact the net effect of HIF targeting in IPF with other “on-target”

HIF2 benefits for lung remodeling. Lastly, though we have attempted to maximally explore
HIF2 inhibition in preclinical models for IPF, measurement of clinical endpoints and further
human studies will be required to understand potential benefits from targeting this pathway
systemically versus local administration (via nebulization) for IPF treatment. Thus, while
use of PT-2385 appears promising, additional work is needed to optimize in-vivo systemic or
topical dosing strategies.

In summary, we showed that recurrent injury to the distal lung and alveolar epithelium

leads to persistent activation of HIF-regulated signaling in airway-derived progenitors which
promotes dysfunctional epithelial repair and enhances pathological remodeling. Selective
inhibition of HIF2 has the potential to enhance functional alveolar repair in patients with IPF
and other chronic lung diseases.

Sci Transl Med. Author manuscript; available in PMC 2025 May 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

MccCall et al. Page 11

Material and Methods
Study design:

Research Objectives: The objective of the study was to interrogate mechanisms that
regulate alveolar repair of recurrent injury. Research units of investigation included primary
cells/samples from pulmonary fibrosis and control lungs, transgenic mice, and primary
cells in culture. Experimental Design. The experimental design was a controlled laboratory
study including transcriptomic data analysis, mouse models, and organoid studies. In vitro
work was performed in a minimum of three technical replicates per experimental condition
and jointly analyzed where indicated. For image analysis, quantification was performed
using the same cell identification and size dimension, channel positivity thresholds, and
anatomical landmarks through the use of automated image analysis software (Halo, Indica
Labs) established based on each immunofluorescent panel with appropriate unstained and
secondary-only negative controls. Experimental and Control samples were stained from the
same stock solutions and acquired under identical settings. Male and female mice were
used in all experiments in as close to equivalent proportions as possible. Statistical methods
are discussed in detail below; broadly non-parametric analyses were used and adjusted

for multiple comparisons where appropriate. No outliers were excluded from analysis.
Animals were only excluded if there was pump malfunction as detailed below, otherwise
all were used in analysis. For human primary cell studies derived from declined donor
samples or post-lung transplant interstitial lung disease explants, cells from both adult male
and female donors were used as they became available through the duration of the work.
Blinding. Wherever possible, data were generated and/or analyzed blinded to treatment
group/genotype, use of automated and thresholded image analysis in bulk further supported
impartiality.

Full detailed experimental protocols are available in the Supplementary Materials and
Methods.

Statistical Analysis:

Analysis performed in this work was analyzed using a combination of GraphPad Prism
v9.5.1 and R v4.3.0. All statistical tests between groups were analyzed using non-parametric
methods and specified in each figure. Parametric tests, when used, are specified along with
normality testing. Specific analysis parameters associated with SCRNA-seq data are outlined
specifically within text sections and methods along with rationale for their implementation
and statistical diagnostics where applicable within the supplementary material. Except where
noted for clarity, all data are plotted as median + 95% confidence intervals. For gene-related
tests, multiple-testing adjusted p values with default settings within Seurat or scanpy were
reported and used for thresholding and downstream analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Recurrent injury leadsto persistent activation of HIF-regulated programsin the lung
epithelium.
(A and B) UMAP embedding of sScRNA-seq of 194,132 epithelial cells from 67 PF and 49

control lungs from GSE227136 (20). Circle highlights disease-emergent KRT5"KRT17*
cells. (C) Pathway analysis of differentially expressed genes with Log,-fold change

>1 for KRT5KRT17* cells. (D) Hypoxia gene module score (calculated from genes
extracted from ARCHSs4 transcription factor analysis of H/F1A and EPASI of genes in
(C) with statistically significant increase (p<2x1016) pairwise Wilcoxon analysis adjusted
for multiple comparisons). (E) Schematic of single-dose and repetitive intratracheal (1T)
bleomycin mouse models. (F to H) Hematoxylin & Eosin (H&E) stains of representative
lung sections from unchallenged mice (F) and mice following single-dose (SD Bleo, G)
or repetitive IT bleomycin (Rep Bleo, H). Top images demonstrate overall architectural
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changes. Center panels show whole lung slices. Bottom panels show representative epithelial
changes.. Scale bar = 50um. (I and J) UMAP embedding of 6,583 cells from unchallenged,
SD Bleo and Rep Bleo mice obtained following FACS-based Cd326™ enrichment and 10X
5" scRNA-seq. These data were jointly analyzed, embedded and annotated with other murine
scRNA-seq (fig S1) for consistency across figures. (K) Dot plot of marker genes driving

cell type annotation. (L) Alluvial plot showing proportional cell population changes between
unchallenged, SD Bleo, and Rep Bleo mouse lungs, as determined by scRNA-seq. (M)
Violin plot of Mouse MSigDB hypoxia module in mice (207 genes) across all epithelial cells
from unchallenged, SD Bleo and Rep Bleo mice. Additional analysis by cell type is shown
in fig. S2. (N) Dot plot of Hifl and Epasl expression across different cell clusters
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Figure 2. Epithelial deletion of Hifla and Epasl modulates dynamics from recurrent injury and
attenuates experimental fibrosis.

(A) Dosing and mouse genotype schematic of WT and Hif1/22€Pi mice. (B) Masson
Trichrome stained images of the different fibrotic responses modulated by combined
epithelial Hiflaand Epasi deletion. Scale bar = 100um. (C) Percent area per 20x field

of hyperplastic epithelial cells. Plotted as median £95% CI. (D) Histologic quantification of
fibrotic area by masking. Plotted as median +95% CI. (E) Collagen content (Sircol soluble
assay) analysis of right lower lobe (RLL). Data plotted as median £95% CI. (F) UMAP
embedding of 5,105 sorted epithelial cells from WT and Hif1/22¢Pi mice showing genotype
and treatment distribution. Data are pooled from N=3 mice per genotype and treatment
condition. (G) UMAP of cell type annotation. Cells from Hif1/22€Pi were embedded and
jointly annotated (see fig. S1). Unchallenged and Rep Bleo WT mice are re-presented for
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clarity across figures. (H) Alluvial plots of cell proportion comparing genotype and response
to Rep Bleo. (I) RNA-ISH for Muc5b and IF of Scgblal from repetitive bleomycin treated
Hif1/22¢Pi and control mice. Scale bar = 100 pm. (J and K) Quantitation of Muc5b and
Scgblal cell proportion following Rep Bleo from 10 independent 40x fields across n=4
mice from each genotype. Airways masked for analysis. Plotted as mean £SD. Two-way
analysis of variance (ANOVA) was performed, p-value reported from genotype contribution
to variance. (L) Gene co-expression module enrichment analysis of the airway compartment
(BASC, Secretory, Secretory-Muc5b*, Basal). Colored by Net enrichment (NES) and plotted
by Z-score. Selected genes are presented from hubs within the modules and MSigDB
pathway analysis of all module related genes. Table of gene modules, enrichment, top 30
gene hubs, and statistical analysis appears in Data file S1). Additional analysis of module
enrichment per cell type and specific Protein-Protein interaction analysis appears in figs. S2
and S4).
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Figure 3. Airway-derived progenitors show Hif2-predominant activation in chronicinjury.
(A) Schematic for lineage-labeled Sftoc- or Scgblal-dTom mice with repetitive bleomycin

injury and subsequent flow-cytometry based dTom™ sorting strategy for sScRNA-seq. (B and
C) UMAP embeddings of 7629 cells by lineage line and by cell type. (D) Alluvial plot
comparing lineage-labeled (dTom™*) cell proportions from Scgblai-traced (left) or Sfipc-
traced (right) mice compared to total epithelial cells recovered from Rep Bleo injured mice.
(E) Representative immunofluorescence images of Scgblal-traced Rep Bleo injured mice
treated with Pimonidazole (Pim, 100 mg/kg) 2 hours prior harvest (detecting intracellular
hypoxia or changed redox state, shown in magenta) colocalizing with tDtomato linage-label
(red), airway (Scgblal, yellow) and alveolar (pro-SPC, aqua) markers. Pim*dTom™* cells are
annotated within the airway (*) and in the parenchyma (white arrowheads) with variable
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Scgblal-protein staining. Scale bar = 100 um. (F) Co-staining of Scgblal-lineage label with
Hifl or Hif2 using serial sections from Rep Bleo-injured mice. The top subpanel depicts

an overview of the experimental design where Scgblal-lineage tracing mice were treated
with tamoxifen followed by IT bleomycin every 2 weeks x 6 cycles followed by sacrifice 14
days after the final bleomycin dose. The lower subpanels demonstrate immunofluorescence
staining for Hifl or Hif2 (each in agaua, top and bottom respectively) colocalized with
tDtomato lineage label (red), and Scgblal (yellow). White arrowheads indicate cells with
nuclear (active) Hif2 in expanded region. (*) indicates Hif-positive cells of interest, for
Hif1, cell showing Hifl* are within the LMSB. Quantitation of nuclear (active) Hif1 and
Hif2 is shown in fig. S4. LMSB = Left mainstem Bronchus, PA = Pulmonary artery.

Scale bar = 100 um. Additional data are shown in fig. S6A-D. (G) Fibrosis analysis

from wild-type (WT), Sfipc-CreER, Hiflaor Epasl and Scgblal-CreER, Hiflaor Epasl
conditional knockout mice subjected to repetitive bleomycin exposure. Schematic depicts
the experimental design wherein WT and Sftpc-CreER or Scgblal-CreER, Hiflaor Epasl
floxed mice were administered tamoxifen followed by a minimum 2-week washout then
challenged with IT bleomycin every 2 weeks x 8 cycles (0.04 1U/dose x4 cycles followed by
0.08 1U x 4 cycles). Scale bar = 200 um. (H) Fibrotic area of parenchyma was determined
by quantification of Masson Trichome images. Detailed methodology can be found in the
Supplementary Materials and Methods. Data are plotted as median with Min and Max
whiskers. Following normality testing, a Welch ANOVA was used. ANOVA p = 0.0024,
post-hoc comparisons only calculated for comparison to WT and depicted in the figure.
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Figure 4. Pharmacologic inhibition of Hif2 enhances airway-derived adaptive epithelial repair
following recurrent injury.
(A) Schematic of Rep Bleo in Scgblal lineage labeled mice with bi-weekely IT bleomycin.

The Osmotic pumps containing PT-2385 (propylene glycol/DMSO vehicle) were implanted
subcutaneously 1 week following the initial dose of bleomycin and were then replaced

with fresh pumps following the fourth bleomycin administration. Mice were harvested

for analysis two weeks following the sixth IT bleomycin dose. (B) Stitched images of
Scgblal-lineage labeled cells in Vehicle vs PT-2385 from repetitive bleomycin treated
mice. Scale bar = 1mm. dTomato = red, Scgblal = yellow,.(C) Quantification of dTomato*
Scgblal-lineage-derived cells outside airways. N=6 mice for control, N=4 for PT-2385 with
at least 4 sections per mouse quantified. Plotted as median £95% CI. (D) IF of pro-Spc
(aqua), Ager (yellow), and Scgblal-lineage labeled dTomato (magenta). Scale bar = 50 pum.
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(E and F) Quantification of pro-Spc (E) and Ager (F) with dTomato dual positivity. Two 5x5
stitched images were quantified per mouse comprising between 7900 to 15000 cells per field
were quantified. Plotted as median +95% CI. For F, Welch’s test was used in accordance
with a non-significant variance difference. (G) Combined RNA-ISH (Muc5b [aqua], and
Scgb3a2 [magenta]) and IF (Scgblal [green], dTomato [red]). Dotted line delineates the
airway from adjacent parenchymal structures. Scale bar = 50 pm. (H and I) 10 separate
images from N=6 vehicle and N=4 PT-2385 mice were masked to delineate airway (H)

from parenchyma (1) and analyzed based on lineage and markers. Two-way ANOVA was
performed. p-value reported from drug contribution to variance. (J) Schematic of ‘rescue’
treatment with PT-2385 after Rep Bleo in Scgblal lineage-labeled mice with bi-weekly IT
bleomycin. The osmotic pumps containing PT-2385 (propylene glycol/DMSO vehicle) were
implanted subcutaneously 1 week following the fourth dose of bleomycin and allowed to
heal for a further 28 days before harvest. (K) Stitched 5x5 IF images of pro-Spc (aqua),
Hopx (yellow), and Scgblal-lineage label dTomato (red). Scale bar = 200 um. (L to N)
Quantification of dTomato* parenchymal cells as a percentage of total cells (L), pro-Spc
(M), andHopx with dTomato lineage label (N) as a fraction of the total marker pool (total
Spc*-cells) after rescue treatment with PT-2385. N=6 control and N-=4 PT-2385. Three 5x5
stitched images were quantified per mouse comprising between 36,883 and 58,213 total cells
per mouse. Plotted as median £95% CI. Mann Whitney U test. (O) Proportional outcome
analysis of parenchymal Scgblal lineage-derived cells based on alveolar markers (pro-Spc
and Hopx) as well as dual-positive cells. Plotted as mean+SD. Two way ANOVA was
performed. P-value reported is for the interaction term between drug and cell proportion.
Additional imaging of dual positive cells appears in fig. S6C.
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Figure5. Inhibiting Hif2 promotes alveolar fate of airway-derived progenitors.
(A) Schematic of FACS sorting of Scgblal-lineage labeled cells for subsequent organoid

culture derived from pooled cells from three mice. (B) Stitched overlay projection of
brightfield and dTomato fluorescence of SFFF organoid outgrowth after 10 days. Scale

bar = 2mm. (C) IF of organoids for pro-Spc (aqua) and dTom™* (red) cells. Scale bar =

100 um, inset scale bar = 50 um. (D) Quantification of pro-Spc* Scgblal-lineage labeled
cells per field of organoid, n=10 organoids per group across three technical replicate wells.
(E) AT1-marker (Hopx [green], Ager [magenta]) staining of Scgblal-derived organoids
after 7 days of SFFFM expansion followed by transition to ADM for an additional 6 days.
Scale bar = 100 pm, inset scale 50 um. (F and G) Quantification of Hopx and Ager IF.
Unique fields (comprising different organoids) spanning 2 technical replicates are displayed.
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Kruskal-Wallis test, p-values reported for post-hoc comparisons with Dunn correction for
multiple comparisons. (H) Schematic of FACS sorted of Scgblal-lineage labeled Hifla

or Epasl conditionally deleted cells for subsequent organoid culture derived from pooled
cells from five mice. (1) Left column: Live whole-well fluorescent imaging of dTomato in
respective droplets. Scale bar 1 mm. Center and right columns show IF of fixed organoids
for pro-Spc and dTom* cells. Scale bar = 100 um. Protein confirmation of knockout is
shown in fig. S8. (J) Quantification of pro-Spc* Scgblal-lineage labeled cells per field of
organoid, 15 non-overlapping organoids per group across five technical replicate wells were
imaged. Plotted as median £95% CI. Kruskal-Wallis test, p values reported for post-hoc
comparisons with Dunn correction for multiple comparisons.
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Figure 6. Inhibiting HIF2 enhances human alveolar organoid growth and preventsthe
emergence of aberrant intermediate cells.

(A) Human organoid generation using declined donor tissue or ILD explants via CD326
enrichment and culture in SFFFM. (B) Brightfield and Lysotracker images of Vehicle and
PT-2385-treated organoids (passage 1). Scale bar = 1mm. (C) Quantification of outgrowth
from vehicle and PT-2385-treated organoids at 14d of passage 1. Analyzed with Welch’s
t-test after ensuring variance did not significantly differ. (D) UMAP embedding of cell
cluster annotation for 8694 cells across Vehicle (DMSO) and PT-2385 treatments. Treatment
group embeddings appear in fig. S9. (E) Abbreviated dot plot for cluster annotation and
marker gene expression. (F) Jaccard analysis of cluster-specific DE-genes (Log2FC>0.5 and
p<0.001) between the Aberrant intermediate cluster and full lung epithelial dataset shown in
Fig. 1A. (G) Alluvial plot comparing cell proportions between Vehicle or PT-2385 (20 uM) -
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treated organoids. (H) RNA velocity stream embeddings (left) and PAGA representations
(right) for trajectory analyses of separately analyzed Vehicle and PT-2385 organoids
demonstrating different dynamics between clusters, particularly within the RASC-AT2
cluster based on HIF2 inhibition. Further latent time embedding, differentially predicted
terminal states and absorption probabilities appear in fig. S12 (1) Violin plot of Vimentin
(VIM) expression across cell types. (J) Modeled VIM, SCGB3AZ, and SFTPC marker gene
expression along Cellrank-estimated latent time trajectory for Aberrant intermediate cells.
(K) Representative IF of isolated organoids stained for Vimentin (magenta), HIF2a (yellow)
and their colocalization. Dotted lines delineate internal cavities of organoids for context.
Asterisks indicate cells with both HIF2a nuclear localization and cytoplasmic Vimentin.
Scale bar = 50 um. (L and M) Quantification of Vimentin (L) and nuclear HIF2a (M). 5
different organoids quantified across two technical replicates. Plotted as median +95% CI.
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