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Disruption of alveolar type 2 cell (AEC2) protein quality control has been implicated in
chronic lung diseases, including pulmonary fibrosis (PF). We previously reported the
in vivo modeling of a clinical surfactant protein C (SP-C) mutation that led to AEC2
endoplasmic reticulum (ER) stress and spontaneous lung fibrosis, providing proof of
concept for disruption to proteostasis as a proximal driver of PF. Using two clinical
SP-C mutation models, we have now discovered that AEC2s experiencing significant
ER stress lose quintessential AEC2 features and develop a reprogrammed cell state
that heretofore has been seen only as a response to lung injury. Using single-cell RNA
sequencing in vivo and organoid-based modeling, we show that this state arises de novo
from intrinsic AEC2 dysfunction. The cell-autonomous AEC2 reprogramming can be
attenuated through inhibition of inositol-requiring enzyme 1 (IREl) signaling as the
use of an IRE1at inhibitor reduced the development of the reprogrammed cell state and
also diminished AEC2-driven recruitment of granulocytes, alveolitis, and lung injury.
These findings identify AEC2 proteostasis, and specifically IRElat signaling through its
major product XBP-1, as a driver of a key AEC2 phenotypic change that has been iden-
tified in lung fibrosis.
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The alveolar epithelial type 2 cell (AEC2) plays a critical role in homeostasis of the dis-
tal adult lung, producing pulmonary surfactant to reduce alveolar surface tension and
acting as a critical progenitor cell following injury (1, 2). With a high synthetic and
secretory burden, the AEC2 is prone to cell quality control-related stress and maintains
a proteostasis network for handling protein folding, misfolding, and degradation (3).
Activation of the unfolded protein response (UPR) and the resultant endoplasmic retic-
ulum (ER) stress is the hallmark of disruption of proteostasis and is a phenotypic fea-
ture of the AEC2 in chronic lung diseases like chronic obstructive pulmonary disease
and pulmonary fibrosis (PF) (4-6). The genesis of AEC2 ER stress is thought to be
from exogenous insults, such as cigarette smoke and viral infection (7, 8), but also can
occur intrinsically with mutations in pulmonary surfactant proteins (9). Mutations in
the AEC2-restricted SFTPC have been identified in pediatric patients with childhood
interstitial lung disease (ChILD) and adults with PF and perhaps offer the best clinical
evidence for the proximal role of AEC2 proteostasis dysfunction in lung disease
(9-11). Recent in vivo murine modeling of both clinical SF7PC mutations and genetic
knockout of the protein chaperone Bip in AEC2s has provided proof of concept for
the role of AEC2 proteostasis as an upstream driver of PF (12-14).

While the UPR signaling pathways provide an adaptive response to protein misfolding
by increasing proteostasis capacity with induction of chaperone genes and enhancing
ubiquitin-proteasome system (UPS) degradation function, under prolonged stress, the
response becomes maladaptive. AEC2 under terminal UPR activation undergoes differ-
entiation, recruits immune cells, and becomes senescent and apoptotic (14-16). There
are three distinct ER transmembrane sensors for misfolding proteins: inositol-requiring
enzyme 1 (IREla), PKR-like ER kinase (PERK), and activating transcription factor 6
(ATF6). The IREla and PERK arms of the UPR are most associated with activation in
the AEC2 in chronic lung disease, especially PF, and inhibition of each signaling path-
way has been associated with improvement in the bleomycin model of murine lung
injury and fibrotic remodeling (17-19). However, the precise mechanism by which
attenuation of these UPR arms is protective in this model remains unanswered.

Recently, multiple groups have identified in murine models of severe lung injury
and fibrotic repair that AEC2s undergo a transcriptional reprogramming to an alveolar
epithelial cell state between AEC2 and the squamous alveolar epithelial type 1 cell
(AEC1), defined by the marker genes Krz8 and Cldn4 (20-23). Similar alveolar
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epithelial reprogramming has been discovered in the lungs of
patients with PF through trajectory inference analysis (19, 20).
Both the IREla and PERK arms of the UPR have been impli-
cated in a persistence of this reprogrammed state in the mouse
lung (18, 19); however, unanswered is whether AEC2s enter
this cell state through intrinsic UPR signaling. Given AEC2
UPR signaling has been identified in the lungs of patients with
preclinical PF (24), defining the molecular and cellular mecha-
nisms by which AEC2 reprogramming occurs may have impli-
cations for defining and intervening in the early pathogenesis of
the human disease.

Uncovering the role of AEC2 UPR signaling as it relates to
the maintenance of alveolar niche homeostasis and AEC2 cell
fate in vivo has been limited by the lack of an adequate murine
model to study the consequences of intrinsic disruption of
AEQC2 proteostasis. To overcome this, the current study leverages
models expressing either of two PF-associated clinical Sfipc fold-
ing mutations. Utilizing these models, we show that disrupted
proteostasis and UPR signaling drives intrinsic AEC2 dysfunc-
tion and the development of the reprogrammed AEC2 cell state.
Through organoid modeling, in vitro activation of IREla ribo-
nuclease (RNase) activity, and in vivo treatment with an IREIx
inhibitor, our results suggest that the path to emergence of this
reprogrammed cell state can be cell autonomous, independent of
an exogenous distal lung epithelial injury, and mediated through
the IREla-Xbp I axis.

Results

Expression of a Clinical SP-C Mutation Challenges AEC2 Pro-
teostasis. Based on a clinical case of ChILD with a suspected
pathogenic SF7PC missense variant in a SFTPC cysteine (C189)
(SI Appendix, Fig. S1A) (25), we generated plasmids encoding
the human SFTPC gene that contained a GFP tag and point
mutations with a glycine substitution of the distal cysteine resi-
dues in the SFTPC BRICHOS domain (C121; C120; C148;
C189). Western blotting performed 24 h after transfection of
AEC2-like mouse lung epithelial MLE12 cells demonstrated
proximal retention of both the GFP-tagged SP-C¢'?16 and
SP-CC'9S mutations with failure to generate smaller intermedi-
ates (SI Appendix, Fig. S1B), consistent with the proposed role
of each as critical cysteines for proper proSP-C trafficking and
processing (20).

Given the equipoise from the in vitro expression studies, we
next used a previously published embryonic stem cell-based
strategy for modifying the Sffpc locus (14) to generate a murine
model of the distal SF7PC (C189) mutation. The resultant
founder line (Sﬁch185 Gneoy contained a glycine substitution for
the homologous murine cysteine residue (C185G) and was func-
tionally hypomorphic for Sffpc, owing to an intronic insertion of
a neomycin cassette flanked by LoxP sites (Fig. 14). When the
founder line was crossed to the Rosa26°%7%7* line, administra-
tion of intraperitoneal (IP) tamoxifen (TMX) (450 mg/kg total
delivered over two consecutive days) to the resultant
Sfipc 18 Cnel CI85Gne . Byea26FRT27 mice caused excision of the
neomycin cassette and expression of the mutation (Sfpc“"*°¢).
Western blotting of AEC2 lysates prepared 7 d after IP TMX
demonstrated an expected absence of proSP-C protein in the
hypomorphic Sfipcc’856me founder line, while the Sfipc“’®>¢
mice expressed but failed to process the primary proSP-C trans-
lation product to intermediate isoforms (Fig. 1B), a finding that
conforms with other SP-C BRICHOS class mutations modeled
in vitro and in vivo (12, 14, 27-29). Further, when compared
with S_ﬁpCWT mice, immunostaining of Sﬁch]85G lung sections
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at 7 d showed abnormal patterning of mutant C185G proSP-C
with ER retention and a failure to develop the cytosolic punctate
appearance expected of proSP-C, indicative of normal antero-
grade trafficking and processing (Fig. 1C). Confirming this fail-
ure to process the mutant C185G proSP-C to the mature
secreted peptide, Western blotting of the large-aggregate surfac-
tant fraction of the bronchoalveolar lavage fluid (BALF) showed
an absence of the mature SP-C (mSP-C) protein (Fig. 1B) in
Sfipc“"¢ mice.

Having demonstrated the mutant proSP-C failed to undergo
normal proteolytic processing, we next assessed the cellular con-
sequences of this proximally retained protein on the AEC2.
Based on previous work that showed SP-C BRICHOS muta-
tions activated the UPR when expressed in vivo (14, 30), we
sorted AEC2s from Sfipc’*% and Sfipc™” mice at 7 d after IP
TMX and subjected them to western blotting for UPR signal-
ing. Using MLE12 cells treated with the UPR-activating agent
tunicamycin as a positive control, we identified an increase in
the general UPR marker, BIP (Fig. 1D and SI Appendix, Fig.
S24). Additionally, both the PERK arm of the UPR, as shown
by both increases in CHOP and ATF4 (Fig. 1D and SI Appendix,
Fig. S2A), and the IREla arm, as demonstrated by splicing of
XbpI (Fig. 1E) by qRT-PCR, were activated by Sfipc“87C.

To further understand the consequence of mutant proSP-C
protein expression on AEC2s in this model, we performed bulk
RNA sequencing on AEC2s purified at 7 d after IP TMX and
demonstrated that Sfipc“’$°¢ AEC2s transcriptionally segregate
from both the Sfinc™” and hypomorphic Sfipc“78GGneo AEC2s
(SI Appendix, Fig. S3 A and B). Analysis of the differentially
expressed genes between Sfipc™’®“ and Sfipc”” AEC2s revealed
enrichment of genes associated with the proteasome (Fig. 15),
and Kyoto Encyclopedia of Genes and Genomes pathway analysis
of the differentially expressed genes confirmed enrichment of the
proteasome pathway (Fig. 1G). Sfipc™’®“ AEC2 lysates showed
an increase in both 20a and 26s proteasome mass (S Appendix;
Fig. S2B), as well as a twofold increase in proteasome degradation
capacity as defined by measurement of ex vivo chymotrypsin-like
activity (Fig. 1H). Despite this increase in potential UPS capacity,
the mutant Sfipc“"® cells showed accumulation of polyubiquiti-
nated proteins (S/ Appendix, Fig. S2B). Together, these data
show that, despite transcriptomic enrichment of proteasome com-
ponents in response to mutant Sfipc”’ ¥ expression, AEC2s
failed to maintain functional proteostasis with resultant induction

of the UPR.

Disrupted AEC2 Proteostasis Induces Acute Lung Injury in
Sftpc Mutant Mice. We next assessed whether the disruption on
AEC2 proteostasis imposed by the mutant proSP-C resulted in a
lung phenotype. We found that cohorts of mice expressing the
Sfipc“185¢ mutation developed weight loss beginning 7 d after
receiving IP TMX (Fig. 24) and developed fatal respiratory failure
beginning at day 9 (Fig. 2B). At 7 d, the lung histology of
Sfipc©185C mice was marked by an acute lung injury pattern
(Fig. 2C) and analysis of BALF revealed a granulocytic alveoli-
tis (Fig. 2 D and E) with an accumulation of lung neutrophils
(81 Appendix, Fig. S4A). A significant protein leak into the
BALF (S Appendix, Fig. S4B) was also consistent with acute
lung injury. Analysis of BALF identified increases in granulocyte
recruitment-associated cytokines CXCL1, CCL11, and CCL17,
with commensurate enrichment of gene expression of these cyto-
kines in Sﬁch185 G AEC2s (ST Appendix, Fig. S4C), showing the
AEC2 challenged with the mutated proSP-C contribute to the

lung injury phenotype.
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Fig. 1. Expression of a clinical Sftpc mutation challenges AEC2 proteostasis and activates the UPR. (A) Schematic of Sftpc'8°¢"®° founder line with LoxP-
flanked inhibitory neomycin cassette and post-TMX induced Cre recombination to the active Sftpc¢’°C. (B) (Top) Western blotting of AEC2 cell lysate 7 d post-
TMX for SP-C shows primary translation product (*) in Sftpc”’” and Sftpc'®°¢ samples, an absence of SP-C in the Sftpc¢’8°™¢° founder line, and a failure of
Sftpc<™83¢ SP-C to undergo proteolytic cleavage to intermediate isoforms (}). (Bottom) Western blotting of BALF large-aggregate surfactant fractions for

mature SP-C (mSP-C) shows absence of mSP-C in alveolar compartment of Sftpc

7856 mice (n = 2 per genotype). (C) Representative immunostaining of lung

section for SP-C shows punctae appearance in Sftpc”"”, an absence of SP-C in the Sftpc¢’8°¢"° founder line, or a reticular pattern to the Sftpc¢’°¢ SP-C (60x
magnification, scale bars = 20 uM). (D) Western blotting analysis for BIP, ATF4, and CHOP in MLE12 cells + 500 nm tunicamycin (TM) and Sftpc"" and
Sftpct8¢ AEC2 lysates 7 d post-TMX. () Ratio of spliced to unspliced Xbp1 as assessed by qRT-PCR of Sftpc”’” and Sftpc©’8°® AEC2s. (F) Volcano plot showing
the differences in gene expression in Sftpc”’” versus Sftpc¢’8°¢ AEC2s (red = >1.5 fold change, adj P value < 0.05). Genes annotated to the proteasome are
indicated and show enrichment in Sftpc¢’8¢ AEC2s. (G) Kyoto Encyclopedia of Genes and Genomes pathway analysis of differentially expressed genes shows
enrichment of the proteasome pathway in Sftpc“’8°¢ AEC2s. (H) Proteasome activity assessed as chymotrypsin-like activity in cell lysates of AEC2 isolated 7 d

post-TMX. **p < 0.005, ***p <0.0005 by two-way ¢ test.

To further strengthen the connection between disrupted
AEC2 proteostasis and alveolitis, we next constrained AEC2
proteasome function pharmacologically with the proteasome
inhibitor bortezomib (BTZ). Sfipc“’®¢ mice were given
225 mg/kg oral gavage (OG) TMX to induce mutation expres-
sion, a TMX delivery modality associated with a less-severe
lung phenotype than IP dosing (S7 Appendix, Fig. S4 D-F), fol-
lowed by IP treatment with 1 mg/kg BTZ or vehicle at day 2
after TMX (Fig. 2F). Analysis of AEC2 lysates from SﬁchT
and Sﬁch185 “ mice isolated 6 h following BTZ (or vehicle)
exposure revealed in both genotypes an anticipated increase in
polyubiquitinated proteins and BIP, signifying successful inhibi-
tion of the proteasome and compensatory UPR (Fig. 2G). We
also found an increase in the mutant proSP-C isoform levels with
proteasome inhibition and an increase in the fluorescence inten-
sity of proSP-C-expressing cells at 4 and 7 d following TMX
(Fig. 2 G and H), confirming previously published in vitro stud-
ies in transfected cell lines that had identified that AEC2s utilize
the proteasome to manage misfolding SP-C mutations (31). BTZ
inhibition of the proteasome accelerated the acute lung injury

phenotype observed in the Sﬁpcczng, with BTZ-treated
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Sfipc“' % mice showing accelerated weight loss and mortality

(Fig. 2 Iand J) and increases in both BALF cell No. and the pro-
portion of granulocytes present in BALF at 7 d compared with
vehicle-treated mice (Fig. 2 K and I). These experiments showed
Sfipc“"° mice have escalation of their lung injury phenotype
with inhibition of the proteasome and strengthened a link between
disruption of AEC2 proteostasis and AEC2-driven lung injury.

Disruption of AEC2 Proteostasis Accelerates Exogenous
Bleomycin Lung Injury and Disrupts AEC2 Surfactant
Homeostasis. Despite an amplification of the alveolitis induced
by Sfipc“’®°? with proteasome inhibition, BTZ did not induce
lung injury in Sﬁpcw mice (SI Appendix, Fig. S5 A-D). We
hypothesized that Sfipc”” mice challenged with extrinsic dys-
function to AEC2s from the fibrosing agent bleomycin (Bleo)
would be susceptible to BTZ-induced proteasome inhibition
similarly to the Sfipc“’®*“ mice with their intrinsic AEC2 dys-
function. Lung injury was induced in Sfipe”” mice via intratra-
cheal Bleo (3 U/kg) administered concurrently with IP BTZ
(1 mglkg) or vehicle (SI Appendix, Fig. S5E). SﬁpCWT mice
given intratracheal saline with concurrent IP BTZ (1 mg/kg)
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Fig. 2. Disruption of AEC2 proteostasis by Sftpc promotes early lung injury in mice. (4) Weight change following IP TMX to Sftpc"” and Sftpct’8°¢ mice
(n =10 and 7, respectively). (B) Kaplan-Meier survival curve Sftpc"" and Sftpc®’5°¢ mice (n = 10 and 6, respectively), P = 0.0012 by log-rank (Mantel-Cox) test.
(C) Representative hematoxylin and eosin (H&E) staining of lung section 7 d after TMX shows alveolitis in Sftpc'#*¢ lungs (top 4x magnification, scale bars =
1,000 uM; bottom 10x magnification, scale bars = 100 pM). (D and E) BALF cell counts (D) and percentage of BALF cells () that are granulocytes by Giemsa
staining in Sftpc"’” and Sftpc'#°¢ mice at 7 d after TMX. ***p <0.0005, ****p <0.0001 by two-way t test. (F) Schematic for IP bortezomib (BTZ2) in vivo protea-
some inhibition studies (vehicle = 0.1% dimethyl sulfoxide [DMSQ] in saline) in Sftoc"” and Sftpc’4°¢ mice receiving OG TMX. (G) Western blotting for polyu-
biquitin (Ubq), BIP, and ProSP-C in AEC2 lysates isolated 6 h after in vivo BTZ (or vehicle) treatment. (H) (Top) Representative Immunostaining of lung section
from Sftpc“’5°C lungs at 4 and 7 d after BTZ or vehicle for proSP-C (20x magnification scale bars = 50 M) and (Bottom) AEC2 mean fluorescence intensity
(MFI) for proSP-C as measured in 40 most fluorescent AEC2s per 20x field per mouse (three 20x fields assessed per mouse). Not significant (ns), *p <0.05,
**p <0.005, ***p <0.0005, ****p <0.0001 by one-way ANOVA with Tukey’'s multiple comparisons test. (/) Mean weight change from baseline following OG
TMX to Sftpcc"8°¢ mice followed by BTZ or vehicle treatment. Data are shown as mean + SEM (vehicle n = 5, BTZ n = 7). (J) Kaplan-Meier survival curve of
Sftpc““c mice with OG TMX followed by BTZ or vehicle treatment (vehicle n = 5, BTZ n = 7) P = 0.0082 by log-rank (Mantel-Cox) test. (K and L) BALF cell
counts (K) and percentage of BALF cells (L) that are granulocytes by manually counting Giemsa-stained cytospins of Sftpc®’8°¢ mice at 7 d after OG TMX fol-
lowed by BTZ or vehicle treatment. **p <0.005, ***p <0.0005 by two-way t test.
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or vehicle served as further controls. Two days following Bleo,
mice receiving BTZ developed weight loss and began to suc-
cumb to respiratory failure (SI Appendix, Fig. S5 F and G).
Analysis of the BALF from Bleo-treated mice at day 3 demon-
strated no difference in the magnitude of elevation of BALF
cell Nos. or granulocyte percent between BTZ and vehicle
treatment; however, the BTZ-treated cohort did show an
increase in BALF protein content (SI Appendix, Fig. S5 H-)),
suggestive of accelerated lung injury.

Among the vital roles AEC2 has during lung inflammation is
maintenance of pulmonary surfactant homeostasis, which
reduces alveolar surface tension and prevents enhanced lung
injury from repeated alveolar collapse and expansion (9). We
next hypothesized that AEC2s injured from Bleo and chal-
lenged with proteasome inhibition from BTZ developed a dis-
ruption in their production of surfactant proteins. AEC2s
sorted from the lungs of BTZ- and vehicle-treated mice at 3 d
following Bleo showed a decrease in the mature, secreted, sur-
factant protein B (mSP-B) and mSP-C proteins (SI Appendix,
Fig. S51). Consistent with this AEC2 defect, Western blotting
of the BALF large-aggregate surfactant fractions showed
decreases in mSP-B and mSP-C in the alveolar compartment
(ST Appendix, Fig. S5L). We next hypothesized that the pro-
teostatically challenged AEC2s from the Bleo lung were devel-
oping a recently described AEC2 reprogrammed cell state that
emerges following exogenous lung injury (20-23) defined by
expression of K7¢8. Analysis by qRT-PCR of sorted AEC2s
showed increased expression of marker genes (K728, Cldn4,
Sprrla, and Lgals3) for this reprogrammed cell state in the
BTZ-treated mice (SI Appendix, Fig. S5M). Together, these
experiments demonstrated that coupling extrinsic Bleo AEC2
injury with concomitant pharmacological proteasome inhibi-
tion causes a disruption in AEC2 surfactant homeostasis, accel-
eration of lung injury, and promotion of a reprogrammed

AEC2 cell state.

AEC2s Experiencing Endogenous Proteostatic Challenge Undergo
Cell-Autonomous Reprogramming. We next hypothesized that
the Sfipc“’%°“ AEC2s, which have intrinsic disruption of pro-
teostasis, lose their prototypical AEC2 program and develop
the reprogrammed phenotype we observed in the AEC2s from
the BTZ-treated Bleo injured mice. Further interrogation of
the Sﬁch185 ¢ AEC2 bulk RNA sequencing data (Fig. 1F) and
confirmatory qRT-PCR revealed that the quintessential genes
associated with pulmonary surfactant homeostasis, including
Sfipb and Abca3, were all suppressed in the Sfipc“’®“ AEC2s
(Fig. 3 A and B). Western blotting of AEC2 lysates for SP-B
identified a decreased mSP-B in the Sfipc“’**“ AEC2 compared
with Sfipc”” (Fig. 30), with a resultant decrease in mSP-B in
the BALF large-aggregate surfactant fraction of Sﬁch185 “ mice
(Fig. 3D). This loss of surfactant in Sﬁ])cC185 ¢ AEC2s was cou-
pled with transcriptomic enrichment in genes associated with
the aforementioned reprogrammed cell state, including marker
genes Krt8 and Cldn4 (Fig. 3 A and E and SI Appendix, Fig.
S6A). Western blotting of AEC2 lysates for Krt8 confirmed the
bulk transcriptional data (87 Appendix, Fig. S6B). Immunohis-
tochemical analysis of lung sections from Sfipe“’%°“ mice treated
with BTZ at 4 and 7 d post-TMX revealed increased Krt8+ cells
compared with vehicle-treated Sfipc“’#*“ mice, further suggest-
ing that challenges to proteostasis can drive AEC2 to a reprog-
rammed cell state (Fig. 3 Fand G). -

We next analyzed our published model (Sfipc’?*€) of spon-
taneous lung injury and fibrotic lung remodeling with expres-
sion of a mutation in the other critical SP-C BRICHOS
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domain cysteine required for folding (C121) to affirm that the
development of the reprogrammed phenotype is not limited to
Sfipc©18°¢ AEC2s. Analysis of AEC2 bulk RNA sequencing
data from SﬁchIZ]G mice at 5 d after TMX (87 Appendix, Fig.
S60), a timepoint preceding lung injury, revealed a similar
transcriptional change to that identified in Sfipc“’*>“ AEC2s,
with loss of key genes in pulmonary surfactant homeostasis and
enrichment in genes associated with the reprogrammed cell
phenotype. Additionally, reanalysis of the published AEC2 tran-
scriptome  following extreme loss of proteostasis imposed by
AEC2 knockout of the 26s proteasome assembly protein RPT3
identified a similar reprogrammed cell state (S/ Appendix, Fig.
S6D), suggesting the AEC2 phenotype change in the setting of
disrupted proteostasis was not unique to the Sffpc mutation
models (32). Together, these data show resultant loss of quintes-
sential AEC2 function and development of a reprogrammed cell
phenotype as a consequence of disruption of AEC2 proteostasis.

The AEC2 Reprogrammed Phenotype Develops Early after
UPR Activation. Based on our identification that AEC2 reprog-
ramming precedes lung injury in the Sfipc“’?’ model, we
hypothesized that the development of this AEC2 phenotype
arose as a response to intrinsic AEC2 stress signaling. To fur-
ther understand the ontogeny of the reprogrammed AEC2 phe-
notype, we performed single-cell RNA sequencing (scRNA-seq)
on epithelial (EPCAM+) enriched cell suspensions from the
lungs of mice in the Sfipc“"?’“ model. EPCAM-enriched cell
suspensions from two (one male and one female) non-
TMX-treated Sfipc“’?’“ mice (day 0) and two (one male and
one female) Sfipc“’?!C mice prepared 3 d following IP TMX, a
timepoint prior to appearance of an AEC2-driven lung injury
phenotype, were subjected to scRNA-seq (S Appendix, Fig. S7
A and (). Uniform Manifold Approximation and Projection
(UMAP) projection and cluster annotation shows all expected
lung epithelial populations in the lungs from both timepoints,
with no single cluster dominated by Xis# cells (signifying cells
from the female sample) (S7 Appendix, Fig. S7 Band D). Analy-
sis of the Sfipc“’?’“ day 3 data revealed three clusters enriched
in Sfipc (Fig. 4A). Analysis of the top differentially expressed
genes across these clusters revealed a cluster enriched in quintes-
sential AEC2 genes (homeostatic AEC2 cluster), a cluster
enriched in UPR-associated genes (UPR activated cluster), and
a cluster enriched in genes associated with the reprogrammed
cell state (reprogrammed state cluster) (Fig. 4 B and O), with
roughly a third of the Sfipc“’?’“ day 3 AEC2s segregating
within each of the three clusters (34.1%, 28.4%, and 37.5%,
respectively). Gene ontology (GO) pathway analysis on differ-
entially expressed genes defining each cluster affirmed the
UPR-activated AEC2 cluster was enriched in protein folding
and response to cell stress pathways, whereas we found the
reprogrammed state AEC2 cluster was enriched in pathways
identified in Krt8+ cells in injury models (22), such as transla-
tional inidation, neutrophil activation, and oxidative phosphor-
ylation (Fig. 4D). We next concatenated the Sfipc“/?!¢ day 0
and Sfipc“?1¢ day 3 data for further analysis, which showed
persistence of the three AEC2 clusters identified in the analysis
of the SﬁchIZIG day 3 sample (87 Appendix, Fig. S7 E and F).
The vast majority (96%) of AEC2s from the Sfipc“’?’“ day 0
control lungs grouped to the homeostatic AEC2 cluster,
whereas the UPR-activated cluster and reprogrammed state
cluster were almost entirely composed of Sfipc“’?' day 3
AEC2s (8] Appendix, Fig. S7 G and H). These analyses revealed
the emergence of both an UPR-activated and a reprogrammed
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Fig. 3. Sftpc mutant expression reprograms AEC2s. (A) Heatmap of selected AEC2-defining genes and markers genes for reprogrammed cell state in RNA-seq

from AEC2 isolated 7 d after IP TMX administration to Sftnc”’”

and Sftpct8°C mice. (B) qRT-PCR for AEC2 genes Abca3 and Sftpb in AEC2 isolated 7 d after TMX from

Sftpc”T and Sftpc 78 lungs. ***p < 0.0005 by two-way t test. (C) Western blotting (Left) and densitometry (Right) of AEC2 cell lysates 7 d after TMX for SP-B shows
decrease in mature SP-B (mSP-B) in Sftpc“®>¢ AEC2s compared with Sftpc"”. *p < 0.05 by two-way t test. (D) Western blotting (Left) and densitometry (Right) for
mSP-B in BALF large-aggregate surfactant fractions showed decreased content in alveolar compartment in Sftpc’5% mice. *p < 0.05 by two-way t test. () gRT-PCR

for reprogrammed cell genes Krt8 and Cldn4 in AEC2 cells 7 d after TMX from Sftpc"”

and Sftpct°% lungs. *p < 0.05, **p < 0.005, ***p < 0.0005 by two-way t test.

(F) Representative immunostaining for Krt8 of lung sections at 4 and 7 d after TMX in vehicle and BTZ-treated Sftpc®'4°° mice (20x magnification, scale bars =
50 uM). (G) Quantification of Krt8+ cells per high-power field (HPF). *p <0.05, ***p <0.0005 by one-way ANOVA with Tukey's multiple comparisons test.

€121 expressing lung epithelia that preceded

state in the Sfipc
lung injury.

To further understand the relationship between UPR signal-
ing and the development of the reprogrammed cell state and
affirm these distinct cell states persist later in the model, we
next performed scRNA-seq of Sﬁpcaz{C 7 d EPCAM+ cells
(81 Appendix, Fig. S8A4), a timepoint where the majority of
proSP-C+ cells coexpressed Krt8 (Fig. 5E). UMAP projection
and cluster annotation of these data, again, revealed expected
lung epithelial populations, with no single cluster dominated
by Xist+ cells (SI Appendix, Fig. S8 A and B). Analysis of the
three clusters enriched in Sfipc revealed a persistence of the
three AEC2 states identified at day 3 (S/ Appendix, Fig. S8 C
and D). Biplot analysis for coexpression of Sfipc and krt8 as
well as Lamp3 coexpression with Cldn4 (SI Appendix, Fig. S8E)
showed cells coexpressing markers of homeostatic AEC2 and
reprogrammed cell state were located in the UPR-activated
cluster. Immunostaining validated the emergence of alveolar
cells coexpressing these marker proteins (S/ Appendix, Fig.
S8F), with the emergence of dual SP-C4/Krt8+ cells within
3 d of TMX-induced mutation expression with an increase in
cells coexpressing these marker proteins over the 7 d (Fig. 4E).
Thus, interrogation of the AEC2 pool by scRNA-seq at these
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carly timepoints in the Sfipe“’?’“ model showed the develop-

ment of both UPR active and reprogrammed cell state pheno-
types, leading us to next hypothesize that the reprogrammed
state arose through the UPR-activated state.

The IRE1a Arm of the UPR Mediates the AEC2 Reprogrammed
state. To further define the trajectory relationship between the
three AEC2 states, we focused on the alveolar epithelial cell
compartment at 7 d after TMX. We selected cells in the afore-
mentioned three AEC2 clusters and AECI cells and reclustered
these as alveolar epithelial cells (Fig. 54), which now showed
persistence of three AEC2 cell states and separation of the
AEC1 from the AEC2 clusters as defined by marker genes for
each cell state (Fig. 5B). Trajectory inference analysis using
Slingshot starting from the homeostatic AEC2 cells cluster
showed a pseudotemporal relationship (trajectory) that first
went through the UPR-activated state into the reprogrammed
state and terminated at the AEC1 clusters (Fig. 5C). This anal-
ysis suggests that the emergence of a reprogrammed cell state is
through an AEC2 UPR-activated state and suggested some
capacity for AEC2-to-AEC1 transition in this model.

Given recent reports implicating IRE1a signaling in the per-
sistence of the reprogrammed AEC2 state in Bleo lung fibrosis
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Fig. 4. scRNA-seq of lung epithelial populations reveals early emergence of a reprogrammed AEC2 phenotype prior to lung injury. (A) (Top) Schematic for
scRNA-seq of EPCAM+ sorted cells from Sftpc“2’¢ 3 d following TMX and (Bottom) UMAP projection annotated for Sftpc expression in the EPCAM+ popula-
tions. Inset shows the 3 Sftpc+ clusters that comprise the AEC2 states. (B) Heatmap of the top 50 cluster-defining genes by false discovery rate (FDR) for the
three AEC2 cell states annotated with marker genes of each AEC2 state. (C) Violin plots of marker genes for homeostatic AEC2 state (Lamp3 and Slc34a2),
UPR activation (Hspa5 and Chop), and reprogrammed state (Krt8 and Lgals3) in day 3 AEC2 clusters. (D) GO biological processes analysis of differentially
expressed genes across the three AEC2 clusters shows pathways enriched in UPR-activated and reprogrammed states. (E) (Left) Representative immunos-
taining for SP-C (green) and Krt8 (red) expression in Sftpc™?’¢ and Sftpc"" lungs 7 d post-TMX with coexpression of both (yellow) in AEC2 cells in Sftpc¢’%'¢

7 d lungs (60x magnification, scale bars = 20 pM). (Right) Quantification of cells expressing one or both of the marker proteins counted in multiple 20x fields

of sections acquired at days 3 and 7 after TMX in Sftpc¢’2’¢

(19), we hypothesized that IRE1a signaling and specifically the
downstream transcription factor XBP-1 may mediate AEC2
reprogramming in the absence of exogenous injury. We interro-
gated the top 50 differentially expressed genes from each of the
three AEC2 clusters for XBP-1 binding sites in promoter/
enhancer regions using a publicly available chromatin immuno-
precipitation sequencing (ChIP-seq) database (Signaling Path-
ways Project (33)) (Fig. 5D). Genes with high XBP-1 binding
scores were defined as those genes with MACS2 binding scores
in the top quartile in the XBP-1 ChIP-seq database (corre-
sponding to a MACS2 binding score >756). This analysis
revealed 3 of 50 cluster-defining genes in the homeostatic AEC2
cluster with high XBP-1 binding scores; 14 of 50 genes in the
UPR-activated cluster, including known XBP-1 targets Cdknla
and Hspa5; and 16 of 50 genes in the reprogrammed state clus-
ter, including defining marker genes K7¢8 and Cldn4. Thus, we
found that IREla RNase activity, and specifically resultant
downstream sXbp 1, may promote the AEC2 reprogramming,

To further interrogate the role of IREla signaling in the
mediation of the reprogrammed state, we next utilized the
MLE12 distal lung epithelial cell line to test the hypothesis that
IREla signaling, and specifically Xbp1 expression, is capable of
participating in the reprogramming of the alveolar epithelium.
MLE12 cells were treated with IXA4 (10 uM), a potent stimula-
tor of IREla RNase activity (34), for 24 h and then harvested
for gene-expression analysis. IXA4 treatment stimulated a

PNAS 2022 Vol. 119 No.43 2123187119

and Sftpc””” controls (n = 3 per genotype/timepoint).

marked increase in MLEI12 expression of spliced XbpI and
induced a twofold increase in K7#8 expression (SI Appendix, Fig.
S9). Thus, in this lung epithelial cell line, IRE1a RNase activity
was sufficient for stimulation of K728 expression.

To further test whether the emergence of the reprogrammed
cell state is a function of intrinsic AEC2 proteostatic stress that
can be mediated through IREla signaling, we developed an ex
vivo organoid culture of primary mouse AEC2s from our Sfipc
mutation model. AEC2s from the inducible Sfipe“"?'“"* foun-
der line were isolated and cultured in three-dimensional organo-
ids with Sﬁj)cWT fibroblasts (Fig. 64). Addition of 4OH-TMX
(500 nM) to the culture media at 10 d (after organoids began to
form) resulted in successful induction of the mutant proSP-C
isoform by day 14 (Fig. 6B). At day 14, we then compared gene
expression changes of the cultured cells between wells receiving
vehicle, 4OH-TMX, and 4OH-TMX with the addition of an
IREla inhibitor OPK-711 at a concentration of 200 nM (a
dose we found inhibited IREla signaling in the MLE12 cells
transfected with SP-C<'?'C plasmids, SI Appendix, Fig. S10).
Expression of the mutant Sfipc in the organoid system caused
activation of both the IREla and the PERK arms of the UPR
marked by Xbp1 splicing and Chap expression, respectively (Fig.
6 D and E), with OPK-711 inhibiting Xbp! splicing without
affecting Chop expression. Expression of Sfipc“’?1¢ also stimu-
lated an increase in marker genes for the reprogrammed cell state
(Cldn4 and Krt8), which was attenuated with the addition of
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MACS2 binding score) within the top 50 cluster-defining genes for the UPR-activated and reprogrammed state clusters, respectively, compared with three

genes with high XBP-1 binding scores in the homeostatic AEC2 cluster.

OPK-711. In contrast, inhibition of the integrated stress
response (ISR) using the pharmacological inhibitor ISRIB (200
nM) reduced expression of Chop but failed to resolve reprog-
rammed gene expression in this system (S Appendix, Fig. S11
A-D). These data show that the reprogrammed cell state can
emerge through intrinsic AEC2 signaling and is not dependent
upon lung injury and that inhibition of IREla signaling can
attenuate this reprogramming ex vivo.

Disruption of IRE1«x Signaling Attenuates AEC Reprogramming
and Lung Injury In Vivo. To test whether inhibition of IREla
also attenuated the reprogramming of AEC2 in vivo, SﬁchIZIG
mice were given daily 20 mg/kg OPK-711 by OG (or vehicle)
for 7 d following TMX Sfipc mutation induction (Fig. 7A).
Analysis of AEC2s at day 7 revealed OPK-711 reduced the
splicing of Xbpl (Fig. 7B) without affecting A#f% or Cho
expression (ST Appendix, Fig. S12 A-C). AEC2s in Sfipc“"?!
mice treated with OPK-711 had increased production of
mature, secreted, SP-B protein and subsequently showed
increased SP-B content in the BALF large-aggregate surfactant
fractions compared with vehicle-treated mice (Fig. 7 C and D,
and SI Appendix, Fig. S12D). Consistent with AEC2 maintain-
ing their homeostatic surfactant protein—producing state,
AEC2 expression of both reprogrammed cell state marker genes
Krt8 and Cldn4 was attenuated with IREla inhibition (Fig.
7E). Together, these analyses showed that inhibition of IREla
signaling in vivo can attenuate reprogramming when AEC2s
are confronted with intrinsic proteostatic stress.

We next assessed whether inhibition of IREla signaling
improved the inflammatory lung phenotype observed in the
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model. Lung histology at 7 d demonstrated a reduced injury pat-
tern with OPK-711 treatment (Fig. 7F), which was confirmed
by BALF analysis, revealing a reduction in the percent and abso-
lute No. of BALF granulocytes (Fig. 7G and S/ Appendix, Fig.
S12E) and reduced BALF protein content (Fig. 7H). Analysis
for AEC2 expression of cytokine genes showed that two of the
granulocyte recruitment—associated cytokines identified in the
model, Cc/11 and Ccl17, were reduced (Fig. 7J) with IREla
inhibition. Together, these data mechanistically link the IREla
pathway in the reprogramming of AEC2s in this model of
intrinsic AEC2 proteostatic dysfunction and also in the AEC2-
driven inflammatory response to proteostatic stress.

Discussion

The AEC2 maintains lung homeostasis through the production
of pulmonary surfactant to reduce alveolar surface tension and
through acting as a facultative progenitor cell following injury.
While loss of these critical cells through ablation causes sponta-
neous lung injury and fibrosis (35), the mechanisms by which
intrinsic cell dysfunction challenges these AEC2 functions are
largely unknown. Here, we identified that loss of AEC2 proteo-
stasis was responsible for two additive pathological events, an
AEC2-driven lung injury from immune cell recruitment and
the reprogramming of AEC2s marked by loss of quintessential
AEC2 surfactant protein production within the alveolar niche.
Disrupted alveolar epithelial proteostasis is implicated in the
pathogenesis of chronic fibrotic lung disease, like PF (4, 36).
Supporting the importance of AEC2 proteostasis in lung health
and disease, loss of proteasome function through knockout of
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Fig. 6. Organoid modeling identifies that IRE1a signaling mediates the reprogrammed cell state. (A) Schematic for organoid experiments using uninduced
Sftpc<™27¢ AEC2s and Sftpc™” mouse lung fibroblasts with ex vivo induction of the Sftpc mutation using 1 pM 40H-TMX (vehicle = 0.1% EtOH) and treatment
with 200 nM OPK-711 or vehicle (0.1% DMSO) for final 96 h of culture. (B) Representative immunostaining of day 14 organoids for SP-C shows presence of
proSP-C in 40H-TMX-treated culture (60x magnification scale bars = 20 uM). (C-G) Sftpc (C), Xbp1 splicing ratio (D), Chop (E), Krt8 (F), and Cldn4 (G) expression
measured by qRT-PCR of day 14 organoid culture cells 96 h comparing combined vehicle (0.05% EtOH + 0.1% DMSO) and 40H-TMX (in 0.05% EtOH) with
0.1% DMSO added to media and 40H-TMX (0.05% EtOH) + OPK-711 (0.1% DMSO). n = 4 biological replicates. *p <0.05, **p <0.005, ***p <0.0005 by

one-way ANOVA with Tukey’'s multiple comparisons test.

the proteasome regulatory unit in mouse AEC2s led to AEC2
apoptosis, loss of barrier function, and death (31). Less-extreme
challenges to proteostasis through knockout of the key UPR
chaperone BIP in AEC2 and through the expression of
PF-associated SFTPC mutations have demonstrated a survivable
spontaneous acute lung injury and subsequent fibrotic lung
remodeling (13, 14). Our data provide a mechanistc link
between loss of AEC2 proteostasis and lung injury. We identified
that expression of the Sfipc“’®>“ mutation causes a cell-intrinsic
disruption to proteostasis defined by the activation of UPR path-
ways. Further, we found that, through inhibition of the protea-
some’s degradative capacity in the Sfipc“’®>“ AEC2s with the
pharmacological proteasome inhibitor BTZ, we could stimulate a
“second hit” to the proteostatic dysfunction and that chis
increased AEC2 UPR signaling and both magnified the AEC2-
driven lung injury and the accelerated reprogramming of AEC2s.
These studies provided a mechanistic link between intrinsic loss
of AEC2 proteostasis from the expression of the misfolded
proSP-C protein and a multifactorial (immune cell recruitment
and loss of surfactant homeostasis) AEC2-driven lung injury.
There have been seemingly conflicting results in the litera-
ture of proteasome inhibition with BTZ in the Bleo model of
lung injury and fibrosis. While several groups have shown an
antifibrotic effect during the fibrotic lung remodeling phase
(days 10-28) of the Bleo model, understood to occur through
inhibition of the lung fibroblast proteasome, inhibition of the
proteasome during the epithelial injury phase of the model
(days 0-7) has shown a deleterious effect (37-39). Here, we
have provided a mechanistic understanding for this adverse
effect. We demonstrated that challenging AEC2 proteostasis
with BTZ in the epithelial injury phase of the Bleo model

PNAS 2022 Vol. 119 No.43 2123187119

amplifies lung injury and accelerates the loss of AEC2 surfac-
tant protein production seen with AEC2 reprogramming. Spec-
ulatively, this may provide context for the pneumonitis
observed in some patients receiving BTZ for the treatment of
multiple myeloma (40, 41) and mechanistically connects our
observation that intrinsic loss of proteostasis drives AEC2
reprogramming in the Sfipc“’®>“ model to the commonly used
Bleo model of exogenous AEC2 injury, where a similar AEC2
reprogramming has been identified.

Heretofore, the AEC2-reprogrammed K78+ cell state has
been shown to emerge following severe and direct lung epithe-
lial cell injury, triggering the need for alveolar epithelial regen-
eration, be it from viral infection, Bleo, or AECI ablation
(20-23). In these lung injury models, senescence-associated
TP53 signaling and UPR signaling have been implicated in the
persistence of this cell state and a failure to efficiently differenti-
ate to AECls (18-20). Specifically, recent work by Watanabe
et al. and Auyeung et al., showing inhibition of the ISR and
IREla signaling, respectively, can mediate the capacity of
reprogrammed AEC2 to differentiate into AEC1 following
injury, has implicated proteostatic networks in persistence of
the reprogrammed state. However, less is known about the
mechanistic ontogeny of this cell state. Choi et al. (21) identi-
fied interleukin-1B signaling from alveolar macrophages during
lung injury as mediating AEC2 reprogramming, implicating
epithelial-immune cell signaling in the reprogramming. Here,
we show through identification that this reprogrammed state
develops before epithelial injury in vivo and through organoid
modeling that the development of this cell state does not
require a lung injury response or immune cell signaling but
rather can be an AEC2-autonomous process through intrinsic
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Fig. 7. IRE1« inhibition reduces the reprogrammed AEC2 cell state and AEC2 driven alveolitis in vivo. (A) Schematic for evaluating in vivo IRETa inhibition in
Sftpct™?’¢ mice using OPK-711 (20 mg/kg/day) or vehicle treatment. (B) Xbp1 splicing ratio as assessed by qRT-PCR at day 7 (n = 6 per group) referenced
against Sftnc”’’. (C) Western blotting (Top) of AEC2 lysate for SP-B and densitometry analysis (Bottom) show increased mSP-B in AEC2 cells with OPK-711
IRETa inhibition (see S/ Appendix, Fig. S12C for additional Western blotting for densitometry). (D) Western blotting of BALF large-aggregate surfactant fractions
(Top) and densitometry (Bottom) for mSP-B showed increased content in alveolar compartment with OPK-711 IRE1« inhibition. (E) Cldn4 (Left) and Krt8 (Right)
expression determined by qRT-PCR of AEC2 cells at day 7 (n = 6 per group). (F) Representative H&E staining of lung sections shows reduced alveolitis in
OPK-711-treated lungs (Top: 4x magnification scale bars = 1,000 uM, Bottom: 20x magnification, scale bars = 100 pM). (G and H) BALF granulocytes (G) quan-
tified by manual counting of Giemsa-stained cytospins and expressed as a percentage of total BALF cells and BALF total protein (H) as assessed by Lowry
assay in vehicle and OPK-711-treated Sftpc¢’?’® mice (n = 11 per group). (/) Cc/11 (Left) and Cc/17 (Right) expression determined by qRT-PCR of AEC2 cells at
day 7 (n = 6 per group). *p <0.05, **p <0.005, ***p <0.0005 by two-way t test.

proteostatic stress. Given that AEC2 UPR signaling has been When interrogation of our single-cell dataset of the alveolar
identified in the lungs of patients with preclinical PF (24), epithelial compartment showed a pseudotemporal relationship
defining molecular and cellular mechanisms by which AEC2  that went from AEC2 homeostasis through the UPR-activated
reprogramming occurs has implications for the human disease. state to the reprogrammed state, we further hypothesized that
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UPR signaling may mediate this cell-autonomous reprogram-
ming. We then focused on the IREla signaling arm of the
UPR, given its implication to the reprogramming of distal epi-
thelial cells in human PF (19). Activation of IREla stimulates
both kinase and RNase activity, which causes the splicing, and
subsequent activation, of the transcription factor XBP-1. Based
on our identification that many of the genes that defined the
AEC2 reprogrammed state, and specifically K78 and Cldn4,
noted high binding scores of XBP-1 to promoter/enhancer
regions, we went on to both show that pharmacological stimu-
lation IREla RNase activity and subsequent increase in sXépl
enhanced K78 expression in a lung epithelial cell line. We then
used an IREla inhibitor, OPK-711, for in vitro and in vivo
studies that demonstrated that inhibition of IREla signaling
led to maintenance of AEC2 surfactant homeostasis, attenuated
AEC2 reprogramming, and improved AEC2-driven lung
injury. While UPR signaling and ER stress have been impli-
cated in cell differentiation in the gastrointestinal epithelium
(42) and ER stress in lung epithelial cell culture induces an
epithelial-mesenchymal transition in vitro (15), the implication
that IREla signaling, and specifically the transcription factor
XBP-1, can induce AEC2 differentiation to a reprogrammed
state represents a finding with therapeutic implications.

Our study has important limitations. Our in vivo BTZ and
OPK-711 studies cannot exclude the effect of proteasome inhi-
bition (BTZ) and IREla inhibition (OPK-711) on other resi-
dent and immune cells in the lung. In the future, genetic-based
interventions targeting AEC2-specific programming could over-
come that limitation. Second, unanswered in this current study
is the capacity of the AEC2 when under proteostatic stress to
differentiate fully to AECls. Our trajectory inference analysis
suggests a lineage relationship between AEC2 and AECI in the
Sfipc mutation model, but a limitation of the biallelic Sfipe
mutation model is that it does not allow for the use of currently
available AEC2-specific genetic lineage—tracing reagents (owing
to the SfipcPR72C7 being the lone AEC2-specific cre-driver).
We therefore cannot assess in this model the capacity of
AEC2s entering the reprogrammed state to fully differentiate
into AEC1 cells. Future lineage-tracing studies with novel
AEC2-specific cre-drivers would be required to define the
ability and capacity of AEC2s entering the UPR-activated
state to fully differentiate into AEC1 cells. Finally, while we
demonstrated using organoid modeling that inhibition of
ISR signaling did not attenuate AEC2 expression of reprog-
ramming genes, no comparative in vivo studies of PERK or
ATFG6 inhibition were conducted to fully define the role of
the full UPR signaling repertoire in AEC2 autonomous pro-
gramming when confronted with proteostatic stress.

In conclusion, we have shown that AEC2s confronted with
intrinsic proteostatic stress undergo cell-autonomous reprogram-
ming and lose quintessential AEC2 function. Inhibition of IREla
signaling can attenuate this reprogramming and appears to be a
key mediator of an AEC2 phenotypic change that has been impli-
cated in human PF. Targeting epithelial proteostatic networks is a
promising therapeutic paradigm in PF and may permit interven-
tions at a more-proximal point in disease pathogenesis.

Materials and Methods

Mice. The Sftpc 785" and Sfipc“27°™° founder lines were commercially pro-
duced (Genoway, Inc. Lyon, France) as previously described (14). For TMX-
inducible removal of PGK-neo cassettes, the founder lines were crossed to the
Rosa26512 (strain  B6.129-Gt(ROSA)26Sortm(cre/ERT2)Tyj/J; stock  No.
008463; The Jackson Laboratory, Bar Harbor, ME). The progeny was backcrossed
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to homozygosity of the Sftpc mutant allele and the Rosa265F72¢ allele and IP or
0G TMX (dissolved in com oil at a concentration of 20 mg/mL) at 225/mg/kg/
day x 2 d was used to induce Sftpc mutation expression. Sftpc’’" mice harboring
homozygous Rosa2627 allele treated with TMX as above were used as con-
trols. Both male and female animals (aged 8-12 wk) were utilized, and all
mouse strains and genotypes generated for these studies were congenic with
C57/B61J. See SI Appendix for detailed methods on Bleo instillation and phar-
macological interventions with BTZ and OPK-711. All experimental and breeding
protocols were approved by the Institutional Animal Care and Use Committee of
the Perelman School of Medicine at the University of Pennsylvania.

BALF Analysis and Lung Histology. After euthanasia, the trachea was cannu-
lated with a blunt needle, and BALF was collected by five sequential normal-
saline 1-mL lavages and analyzed for cell content, cell differential cell counts,
protein content, cytokine measurements, and surfactant protein content as
detailed in SI Appendix. Following lung lavage, lungs were fixed or removed en
bloc or prepared for multichannel flow cytometry (additional methods can be
seen in SI Appendix).

Immunofluorescence Staining, Imaging, and Quantification. Immuno-
fluorescence staining of lung sections was performed with combinations of pri-
mary and secondary antibodies outlined in detail in the S/ Appendix. Imaging
was performed on a Nikon Eclipse Ni at 20x and 60x magnification using the
NIS-Elements AR 5.02 software and captured in the manufacturer's fluorescein
isothiocyanate , Cy5, and Dapi channels. Images were analyzed on Fiji (ImageJ,
v.1.8.0) with quantification methods detailed in the S/ Appendix.

AEC2 Isolation and Analysis. Mouse AEC2s were isolated as previously
described (14). Briefly, a single-cell suspension was obtained by instilling Dispase
(Sigma Aldrich, DLW354235) into perfused lungs, followed by mechanical disso-
ciation and treatment with 20 pg/mL DNase | (Sigma Aldrich, D5025-150KU).
Differential adherence on plastic culture dishes negatively selected mesenchymal
cells. CD45+ cells were depleted by negative selection using Dynabeads
untouched mouse T cell kit (No. 11413D) and Dynabeads mouse DC enrichment
kit (No. 11429D). AEC2 protein lysate was collected and subjected to western
blot analysis, proteasome activity assay, RT-qPCR, and RNA sequencing (see addi-
tional detailed methods in S/ Appendix).

EPCAM-Enriched scRNA-Seq and Analysis. EPCAM+ cells from the
Sftpc"?™® model were prepared from Sftpc“’?"® mice at day 0 (Sftpc<’2'e™),
day 3, and day 7 as described in the S/ Appendix and loaded individual Gem-
Code instrument (10X Genomics), one for each of the three timepoints. Single-
cell barcoded droplets were produced using 10X Single Cell 3" v3 chemistry.
Libraries generated were sequenced using an lllumina HiSeq2500 instrument in
a high output mode. See SI Appendix for detailed methods on processing, inte-
gration, and downstream analysis using SeuratV3, trajectory analysis using the R
slingshot package, and GO analysis.

XBP-1 Binds Scores Using Signaling Pathways Project ChIP-Seq Analy-
sis. Cluster-defining gene lists were prepared by comparing differential gene
expression between the three AEC2 clusters in the alveolar clusters subset from
the Sfipc’27¢ day 7 analysis. The top 50 cluster-defining genes were identified
as those with highest differential expression (with a minimum of 50% of cells
within a cluster expressing the gene of interest). These three gene lists were que-
ried for XBP-1 MACS2 binding scores on The Signaling Pathways Project data-
base (www.signalingpathways.org/), which utilized the published mouse XBP-1
ChIP-seq analysis from Argemi et al. (43). Genes with high MACS2 binding
scores were defined as genes with top quartile MACS2 binding scores in the full
Argemf et al. dataset, corresponding to a score >756.

MLE12 and Primary Mouse AEC2 Organoid Culture. MLE12 cells were
obtained from American Type Culture Collection (CRL-2110) and cultured in Dul-
becco’s modified Eagle's medium + 10% fetal bovine serum that included 1%
penicillin-streptomycin and were incubated at 37°C and 5% CO,. See S/
Appendix for detailed methods on SP-C construct transfections and treatment
with tunicamycin and IXAV4. Organoid culture assays were performed as previ-
ously described (44). Inducible Sftpc®™276™ AEC2 were isolated from mouse
lungs and cocultured with primary mouse lung fibroblasts. At day 10 of culture,
media were changed to include 40H-TMX, OPK-711, ISRIB, or vehicle, and at
day 14, the organoids were analyzed (see SI Appendix for detailed methods).
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Data, Materials, and Software Availability. Sequencing data generated in
this study has been deposited to GEO with accession No. GEO:GSE189480 (45).
All study data are included in the article and/or supporting information.
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