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Pulmonary fibrosis is a relentlessly progressive and often fatal
disease with a paucity of available therapies. Genetic evidence
implicates disordered epithelial repair, which is normally achieved
by the differentiation of small cuboidal alveolar type 2 (AT2) cells
into large, flattened alveolar type 1 (AT1) cells as an initiating event
in pulmonary fibrosis pathogenesis. Using models of pulmonary
fibrosis in young adult and old mice and a model of adult alveolo-
genesis after pneumonectomy, we show that administration of ISRIB,
a small molecule that restores protein translation by EIF2B during
activation of the integrated stress response (ISR), accelerated the
differentiation of AT2 into AT1 cells. Accelerated epithelial repair
reduced the recruitment of profibrotic monocyte-derived alveolar
macrophages and ameliorated lung fibrosis. These findings suggest
a dysfunctional role for the ISR in regeneration of the alveolar epi-
thelium after injury with implications for therapy.
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ulmonary fibrosis is a relentlessly progressive and often fatal

disease characterized by the replacement of normal lung
tissue with fibrotic scar that increases the work of breathing and
impairs gas exchange (1, 2). Advanced age is among the most
important risk factors for the development of pulmonary fibrosis
(3), and even in patients with a genetic predisposition, the onset
of disease seldom occurs before the sixth decade, and the inci-
dence increases exponentially with advancing age (4, 5). The
development of cellular senescence, mitochondrial dysfunction,
stem cell exhaustion, and proteostatic stress have all been im-
plicated in the age-related susceptibility to pulmonary fibrosis,
but our understanding of the underlying molecular mechanisms
is incomplete (6, 7).

Proteostasis refers to the dynamic process by which cells control
the concentration, conformation, binding interactions, and stabil-
ity of individual proteins making up the proteome via regulated
networks that influence protein synthesis, folding, trafficking,
disaggregation, and degradation (8, 9). Analyses of families with
high rates of pulmonary fibrosis as well as unbiased genetic studies
in populations of patients with idiopathic pulmonary fibrosis (IPF)
identified associations between mutations in genes predicted to
disrupt proteostasis in the alveolar epithelium and the development
of pulmonary fibrosis (10). Furthermore, an extensive body of lit-
erature in aging animals and humans implicates a decline in pro-
teostasis resilience with advancing age (11, 12). Proteostatic stress
activates the family of eukaryotic translation initiation factor 2 alpha
kinases 1 to 4 (EIF2AKI, also known as HRI; EIF2AK2, also
known as PKR; EIF2AK3, also known as PERK; and EIF2AK4,
also known as GCN2), triggering the integrated stress response
(ISR) (13). Activation of the ISR reduces the rate of global protein
translation while enhancing the translation of selected transcription
factors, including ATF4, that induce the expression of chaperones
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and other cell-protective genes. Prolonged or high-level induction
of the ATF4 target gene DDIT3, also known as C/EBP homologous
protein (CHOP), activates apoptotic pathways that result in cell
death (14). Notably, the ISR is activated via EIF2AK?2 in response
to viral infections, which have been implicated in exacerbations of
IPF (15). Previous studies in animal models have suggested that
activation of the ISR contributes to the development of pulmo-
nary fibrosis, but the mechanisms are incompletely understood
(16-19).

We suggest a multicellular model of pulmonary fibrosis patho-
genesis that explains many observations in patients and animal
models. Fibrosis begins when an environmental insult, for exam-
ple, a viral infection or toxic dust like asbestos, injures the alveolar
epithelium. The resulting injury leads to the recruitment of monocyte-
derived alveolar macrophages to the alveolar space where they come
into direct contact with fibroblasts in the matrix (20-31). Monocyte-
derived alveolar macrophages express CSFIR, which encodes
M-CSF-R, and fibroblasts secrete M-CSF (encoded by CSFI),
creating a signaling loop that retains monocyte-derived alveolar
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macrophages in the niche (24). In turn, monocyte-derived
alveolar macrophages secrete molecules that promote fibro-
blast differentiation and proliferation, driving the development
of fibrosis (32, 33). The regenerating epithelium disrupts inter-
actions between monocyte-derived alveolar macrophages and
fibroblasts while simultaneously providing signals (e.g., GM-
CSF) to monocyte-derived alveolar macrophages that promote
their differentiation into homeostatic cells resembling tissue-
resident alveolar macrophages or to undergo apoptosis. In the
presence of a challenge to proteostasis induced by genetic ab-
normalities, advanced age, or both, this process is impaired, the
epithelial barrier is not restored, and the macrophage/fibroblast
circuits persist. Eventually, proliferating fibroblasts lose their
dependence on signals from alveolar macrophages, resulting in
fibroblast expansion and matrix deposition characteristic of end
stage pulmonary fibrosis (32, 33).

This model predicts that strategies to improve proteostasis in
the alveolar epithelium should promote the proliferation of al-
veolar type 2 (AT2) cells or promote their differentiation into
alveolar type 1 (AT1) cells, accelerated by the differentiation of
profibrotic monocyte-derived alveolar macrophages and ame-
liorate fibrosis. Carmela Sidrauski and colleagues (34) in Peter
Walter’s laboratory identified a small molecule inhibitor of the
integrated stress response, ISRIB. ISRIB enhances the guanine
exchange factor activity of the eukaryotic initiation factor 2B
(eIF2B), relieving both the translational inhibition induced by
activation of the ISR and preventing gene expression induced by
ATF4 (34, 35). ISRIB has shown promise as a therapeutic strategy
against inflammation, cancer, and neurocognitive diseases in aging
(34, 36). We found that ISRIB ameliorated fibrosis in both young
adult and old mice. The administration of ISRIB accelerated the
differentiation of AT2 into AT1 cells and reduced the recruitment
of profibrotic monocyte-derived alveolar macrophages. Consis-
tently, a single dose of ISRIB enhanced the differentiation of AT2
into AT1 cells after pneumonectomy in young adult mice. Our
results suggest activation of the ISR forms a proteostatic barrier to
alveolar epithelial differentiation that is reduced by ISRIB.

Results

Old Mice Develop More Severe Lung Fibrosis in Response to Intratracheal
Bleomycin and Ashestos. We induced lung fibrosis in young adult
mice (3 to 5 mo) and old mice (18 to 24 mo) via the intratracheal
administration of bleomycin (0.025 unit/50 pL) and analyzed the
lungs 28 d later (Fig. 1 A-D). Old mice developed more severe lung
fibrosis compared with young adult mice as evidenced by de-
creased lung compliance, elevated collagen levels, and worsened
lung pathology (Fig. 1 A and B). While collagen levels in young
mice returned to the near-normal levels, increased collagen levels
persisted in old mice for up to 56 d (Fig. 1C). Both young adult
and old mice lost body weight after the instillation of bleomycin.
However, while body weight recovered in young adult mice, it
failed to recover in old animals (Fig. 1D).

We observed a similar age-related susceptibility in a non-
resolving model of pulmonary fibrosis induced by the intra-
tracheal administration of crocidolite asbestos (100 pg/50 pL)
(24, 37). In young adult mice exposed to intratracheal asbestos,
we observed mild peribronchial fibrosis as evidenced by histo-
logical scoring of Masson’s trichrome-stained lung sections, but
body weight and lung compliance were not changed (Fig. 1 E-H).
In contrast, old animals lost and did not recover body weight and
had reduced lung compliance, increased lung collagen levels, and
increased fibrosis 28 d after asbestos administration (Fig. 1 E-H).
Collagen levels remained increased up to 56 d after asbestos
administration (Fig. 1G). Thus, advanced age is associated with
worsened and prolonged fibrosis in both bleomycin- and asbestos-
induced models of pulmonary fibrosis.
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Recruitment of Pathogenic Monocyte-Derived Alveolar Macrophages
Is Increased during Lung Fibrosis in Old Mice. We and others have
performed causal genetic studies in mice to show that monocyte-
derived alveolar macrophages are necessary for the development
of bleomycin- and asbestos-induced lung fibrosis independent of
circulating monocytes, tissue-resident interstitial macrophages,
or tissue-resident alveolar macrophages (20-24). Nureki et al.
causally linked disordered epithelial proteostasis with the recruit-
ment of these profibrotic monocyte-derived alveolar macrophages
by showing lung epithelial-specific expression of a mutant form of
the surfactant protein C gene associated with pulmonary fibrosis in
children was sufficient to drive their recruitment (27). Therefore, we
asked whether the increased severity of lung fibrosis in old mice is
associated with an increased recruitment of monocyte-derived al-
veolar macrophages. We quantified myeloid cell populations in the
lung via flow cytometry 28 d after the administration of bleo-
mycin or asbestos as previously described (22) (Fig. 2 and SI
Appendix, Fig. S1). We used differential expression of Siglec F to
separate monocyte-derived alveolar macrophages (CD64 ™" Siglec
Fl"_W from tissue-resident alveolar macrophages (CD64 " Siglec
Fhigh) (22, 38). We found that classical monocytes, T cells, and
B cells were increased in the lungs of old mice both in the steady
state and during asbestos-induced fibrosis as has been reported
(Fig. 2 and SI Appendix, Fig. S2) (39). After the intratracheal in-
stillation of either bleomycin or asbestos, interstitial macrophages
(CD64 ™ Siglec F~) and monocyte-derived alveolar macrophages
were increased in old compared to young adult mice (Fig. 2 A
and B).

ISRIB Ameliorates Lung Fibrosis in Young and Old Mice. We treated
young adult and old mice with a small molecule inhibitor of the
integrated stress response, ISRIB (2.5 mg/kg via intraperitoneal
injections) or vehicle, daily starting at day 7 after instillation of
bleomycin and continued until harvest at day 28 (Fig. 34). In both
young adult and old mice, treatment with ISRIB resulted in higher
lung compliance, lower collagen levels, and reduced histologic evi-
dence of fibrosis as measured by blinded scoring of randomly se-
lected lung sections stained with Masson’s trichrome and attenuated
weight loss when compared to vehicle-treated mice (Fig. 3 B-G).
The administration of ISRIB in naive old or young adult mice did
not affect body weight, lung compliance, collagen levels, or induce
detectable histologic changes.

We next tested the therapeutic efficacy of ISRIB in nonresolving
fibrosis induced by intratracheal asbestos. Young adult and old
mice were treated with crocidolite asbestos (100 pg/5S0 pL) and
then treated with ISRIB (2.5 mg/kg via intraperitoneal injec-
tions) or vehicle daily beginning 7 d postinstillation. The lungs
were harvested and analyzed 28 d after asbestos treatment
(SI Appendix, Fig. S34). In both young adult and old mice,
treatment with ISRIB was associated with reduced fibrosis as
measured by blinded scoring of Masson’s trichrome-stained
lung sections (SI Appendix, Fig. S3 B-F). As the dynamic range
of collagen levels using picrosirius red precipitation after asbestos
exposure is limited, we utilized second harmonic generation mi-
croscopy for quantitative analysis of collagen (40). Both young
adult and old mice treated with ISRIB showed a decrease in lung
collagen compared to vehicle-treated mice (ST Appendix, Fig. S3 C
and F). In addition, young adult mice treated with ISRIB recov-
ered body weight faster than vehicle-treated mice (SI Appendix,
Fig. S3 D and G). Together, these data suggest that ISRIB
ameliorates lung fibrosis in both young adult and old mice in
both resolving and nonresolving models of pulmonary fibrosis.

Previous studies have demonstrated that even a single dose of
ISRIB could dramatically ameliorate ISR-driven diseases (34,
36, 41). Accordingly, we treated mice with a single dose of ISRIB
or vehicle before or 7 d after administration of bleomycin and
assessed fibrosis severity 21 d later (SI Appendix, Fig. S4). Mice
treated with a single dose of ISRIB showed reduced histologic
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Fig. 1. OIld mice develop more severe lung fibrosis compared to young adult mice. Young adult mice (3 to 5 mo) and old mice (18 to 24 mo) were ad-
ministered bleomycin (0.025 unit/50 uL) or crocidolite asbestos (100 pg/50 pL) intratracheally, and the lungs were harvested as indicated. (A) Representative
histologic images 28 d after bleomycin (Masson's trichrome). (Scale bar, 1 mm.) (B) Ashcroft fibrosis score (Mann-Whitney U test with Bonferroni correction
for multiple comparisons), lung compliance using Flexivent (one-way ANOVA with Tukey test for multiple comparisons), and soluble collagen in lung ho-
mogenates 28 d after bleomycin (one-way ANOVA with Tukey test for multiple comparisons). (C) Soluble collagen 0, 14, 28, and 56 d after the administration
of bleomycin. Two-way ANOVA with Dunnett’s multiple comparisons test, comparing data from each day to baseline (day 0). (D) Body weight in young adult
and old mice after the administration of bleomycin. Kruskal-Wallis test with Dunn’s multiple comparisons test, comparing data from each day to baseline (day
0). (E) Representative histologic images 28 d after the administration of asbestos (Masson’s trichrome). (Scale bar, 1 mm.) (F) Ashcroft fibrosis score
(Mann-Whitney U tests with Bonferroni correction for multiple comparisons), lung compliance using Flexivent (one-way ANOVA with Tukey test for multiple
comparisons), and soluble collagen in lung homogenates 28 d after the administration of asbestos (one-way ANOVA with Tukey test for multiple compar-
isons). (G) Soluble collagen 0, 28, and 56 d after the administration of asbestos. Two-way ANOVA with Dunnett’s multiple comparisons test, comparing data
from each day to baseline (day 0). (H) Body weight in young adult and old mice after the administration of asbestos. Kruskal-Wallis test with Dunn’s multiple
comparisons test, comparing data from each day to baseline (day 0). All data presented as mean + SEM, 5 to 10 mice per group. *P < 0.05. Representative data
from one of two independent experiments.
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Lung fibrosis is associated with an increased number of monocyte-derived alveolar macrophages in old mice. Young adult mice (3 to 5 mo) and old

mice (18 to 24 mo) were administered bleomycin (0.025 unit/50 pL, intratracheally) or crocidolite asbestos (100 ug/50 pL, intratracheally), and the lungs were
harvested 28 d later. Monocyte and macrophage populations in (A) bleomycin-induced lung fibrosis (Bleo) and (B) asbestos-induced lung fibrosis were
quantified via flow cytometry. Data presented as mean + SEM, number of mice shown on the plot, one-way ANOVA with Tukey test for multiple comparisons.

*P < 0.05. Representative data from two independent experiments.

evidence of fibrosis as measured by blinded scoring of randomly
selected lung sections stained with Masson’s trichrome, improved
lung compliance, and decreased collagen levels whether ISRIB was
given with, or 7 d after, bleomycin (SI Appendix, Fig. S4).

ISRIB Reduces the Recruitment of Profibrotic Monocyte-Derived Alveolar
Macrophages to the Lung. We treated mice with bleomycin and 7 d
later started treatment with ISRIB (2.5 mg/kg, daily via intraperi-
toneal injections) followed by analysis of myeloid and lymphoid cells
in the lung via flow cytometry at day 21. In young adult mice, the
administration of ISRIB did not change the number of tissue-
resident alveolar macrophages (CD64 ™ Siglec F™&") but reduced
the number of monocyte-derived alveolar macrophages (CD64 ™ Si-
glec F°%), interstitial macrophages (CD64%Siglec F7), and lung
classical monocytes (Fig. 44). Similar changes were observed in
old mice, except the number of lung classical monocytes was not
affected by ISRIB (Fig. 4B).

We used a tamoxifen-inducible genetic lineage tracing system
(Cx3cr1FRC x zsGreen™S™ mice) to measure the recruitment and
fate of monocyte-derived alveolar macrophages after bleomycin.
Classical monocytes, which are precursors for monocyte-derived
alveolar macrophages, have a half-life of ~5 to 7 d in mice (S
Appendix, Fig. S5 A and B) (42). Therefore, only monocyte-derived
alveolar macrophages recruited within this window of time after
tamoxifen administration will be permanently labeled with GFP.
First, we administered tamoxifen simultaneously with bleomycin to
Cx3erI®RE x zsGreen™™ mice and started treatment with ISRIB
at day 7, harvesting lungs for analysis on days 14, 28, and 56
(Fig. 54 and SI Appendix, Fig. S54). We found that in bleomycin-
induced fibrosis, the number of GFP™ Siglec F* monocyte-derived
alveolar macrophages recruited during the first 14 d remained
stable over time (Fig. 5 B and C). This suggests that monocyte-
derived alveolar macrophages are recruited as a single wave in the
first 14 d after bleomycin administration and persist during the
development of fibrosis. Administration of tamoxifen at day 21
or day 49 confirmed a lack of ongoing recruitment during the later
stages (Fig. 5D). In asbestos-induced lung fibrosis, where epithelial
injury persists over time, we found that monocyte-derived alveolar
macrophages recruited early during the course of lung fibrosis
persisted over time (SI Appendix, Fig. S5 C-E). In contrast to
bleomycin, the administration of tamoxifen at later time points
(days 14, 35, and 56) demonstrated ongoing recruitment of
monocyte-derived alveolar macrophages during asbestos-
induced lung fibrosis (SI Appendix, Fig. S5F). Old mice had
fewer Siglec F"&" tissue-resident alveolar macrophages at all
time points compared to young adult mice. However, the kinetics
of recruitment of monocyte-derived alveolar macrophages were
similar in young adult and old mice (SI Appendix, Fig. S5G).
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Treatment with ISRIB decreased the number of GFP™ Siglec
F°" monocyte-derived alveolar macrophages at day 14 after
bleomycin in both young adult and old mice (Fig. 5 E and F). To
determine whether this reduction of monocyte-derived alveolar
macrophages after treatment with ISRIB was attributable to
reduced proliferation, we treated mice with EdU for 3 d before
harvest. We found that after administration of bleomycin, tissue-
resident and monocyte-derived alveolar macrophages in old mice
showed increased incorporation of EAU compared with young
adult mice (SI Appendix, Fig. S5 H-J). The enhanced proliferation
of tissue-resident and monocyte-derived alveolar macrophages in
old mice 21 d after bleomycin was not observed in ISRIB-treated
mice. Collectively, these results suggest that ISRIB either reduces
the recruitment or inhibits factors required for the maintenance
of monocyte-derived alveolar macrophages during bleomycin-
induced fibrosis irrespective of age.

Transcriptomic Profiling of Alveolar Macrophages and AT2 Cells
Suggests ISRIB Targets AT2 Cells to Accelerate the Maturation of
Monocyte-Derived Alveolar Macrophages. The transcription factor
ATF4 activates a gene program that induces the expression of
genes that remediate stress damage or induce apoptosis via CHOP
(DDIT3/Ddit3). Under nonstressed conditions, ATF4 translation
is prevented by ribosome binding to an inhibitory upstream open
reading frame (uORF) that inhibits translation. The inhibition of
global translation induced by activation of the ISR allows ribo-
somal binding to this uORF, allowing ATF4 translation to proceed
(43). Because ISRIB removes the translational inhibition induced
by activation of the ISR, it is predicted to reduce the expression of
ATF4 target genes. Hence, we used RNA sequencing (RNA-seq)
to ask the following: 1) In which cells are ATF4 target genes in-
creased during fibrosis in young or old mice? 2) Do we see changes
in the expression of those genes with ISRIB? Since we found that
ISRIB decreased recruitment of the monocyte-derived alveolar
macrophages, we evaluated transcriptomic changes in their pre-
cursors, classical monocytes, flow sorted from the lungs of young
adult and old naive mice treated with ISRIB for 7 d. Principal
component analysis demonstrated a lack of variance in the data
related to either aging or treatment with ISRIB (SI Appendix,
Fig. S64). A direct pairwise comparison between the groups
identified only two differentially expressed genes (false discovery
rate [FDR] g < 0.05 in ANOVA-like test) between ISRIB- and
vehicle-treated mice irrespective of age (Dataset S1), suggesting
that treatment with ISRIB does not substantially modify mono-
cyte transcriptomic identity.

Next, we examined flow-sorted monocyte-derived alveolar mac-
rophages 21 d after induction of bleomycin-induced lung fibrosis in
young and old mice with or without treatment with ISRIB (Fig. 64
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multiple comparisons test). Data are shown as mean + SEM, 5 to 7 mice per group. *P < 0.05. Representative data from two independent experiments.

and SI Appendix, Fig. S6B). Principal component analysis dem-
onstrated that treatment with ISRIB and age were the main
sources of variance in the dataset (PC1 29.7% and PC2 12.2%,
respectively) (SI Appendix, Fig. S6B). k-means clustering on

1,923 differentially expressed genes (ANOVA-like test, FDR
g-value < 0.05) identified five clusters reflecting age and ISRIB
treatment status (Fig. 64 and Datasets S2 and S3). We did not
identify enrichment for a curated list of ATF4 target genes in any
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ISRIB reduces the number of profibrotic monocyte-derived alveolar macrophages in lung fibrosis. Young adult (3 to 5 mo) and old (18 to 24 mo) mice

were administered 0.025 unit of bleomycin (Bleo), treated with 2.5 mg/kg of ISRIB or vehicle (intraperitoneally, every day beginning at day 7), and the lungs
were analyzed by flow cytometry on day 21. Alveolar macrophages (AMs) and interstitial macrophages (IMs) and classical monocytes in the lung were
quantified in (A) young adult and (B) old mice. Data are shown as mean + SEM, 4 to 5 mice per group. One-way ANOVA with Tukey test for multiple
comparisons. *P < 0.05. Representative data from two independent experiments.

of the clusters (34). Instead, treatment with ISRIB resulted in
down-regulation of genes involved in extracellular matrix remod-
eling, macrophage migration, and chemotaxis (Fig. 64, Cluster 3)
and resulted in increased expression of genes characteristic of
homeostatic tissue-resident alveolar macrophages, such as lipid
metabolism and phagocytosis (Fig. 64, Cluster 5). We have pre-
viously shown that cell surface expression of Siglec F increases as
monocyte-derived alveolar macrophages mature (22). Siglecf,
encoding Siglec F protein, was part of the cluster 5. Supporting our
hypothesis that ISRIB promotes maturation of monocyte-derived
alveolar macrophages, we found that Siglec F levels were higher in
GFP-positive monocyte-derived alveolar macrophages from old
Cxser]™ x zsGreen mice treated with ISRIB compared with
vehicle (Fig. 6B, see Fig. 54 for experimental design). Treatment of
bleomycin-exposed young adult and old mice with ISRIB resulted in
up-regulation of genes involved in biosynthetic process, prolifera-
tion, and phagocytosis (Fig. 64, Cluster 1) and down-regulation of
genes involved in cell cycle, antigen processing, MHC II presenta-
tion, and innate immune response (Fig. 64, Cluster 2). Collectively,
these results fail to show evidence for activation of the ISR in
monocyte or alveolar macrophage populations in the lung during
bleomycin-induced lung fibrosis but instead suggest a non-cell au-
tonomous effect of ISRIB on alveolar macrophage maturation
mediated by the lung microenvironment.

Activation of the ISR in the Alveolar Epithelium during Lung Fibrosis.
Alveolar macrophages reside on the luminal side of the alveolar
epithelium within the epithelial lining fluid where they are at-
tached to epithelial cells by integrins expressed on their surface.
AT2 cells secrete trophic factors including GM-CSF that are
necessary for the maturation and maintenance of alveolar mac-
rophages. Thus, the lack of transcriptomic changes in circulating
monocytes and the accelerated maturation of monocyte-derived
alveolar macrophages in response to ISRIB led us to hypothesize
that ISRIB was promoting alveolar epithelial repair after bleo-
mycin- or asbestos-induced injury. Consistent with this hypoth-
esis, RNA-seq of flow-sorted AT2 cells 14 d after bleomycin-
induced injury showed up-regulation of genes associated with
activation of the ISR (SI Appendix, Fig. S7TA-C and Dataset S4).
Additionally, we treated mice with a single dose of ISRIB or
vehicle and 24 h later performed transcriptomic profiling on
flow-sorted AT2 cells: 100 genes were down-regulated, and 109
genes were up-regulated (ANOVA-like test on negative bino-
mial generalized log-linear model FDR g < 0.05). The up-
regulated genes included genes critical to protein folding
(Hspala, Hspalb, Hsphl, Bag3, Dnajbl, and others), while down-
regulated genes were enriched for biological processes related to
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cell death and cell differentiation (SI Appendix, Fig. STD and
Dataset S5).

ISRIB Accelerates the Differentiation of AT2 Cells into AT1 Cells.
Damage to the alveolar epithelium is repaired by the prolifera-
tion of AT2 cells followed by their differentiation into AT1 cells
(44). Several groups reported that an epithelial population with
transcriptional features of both AT2 and AT1 cells characterized
by increased expression of KRT8 emerges during the develop-
ment of pulmonary fibrosis (45-48). A homologous population
of cells was identified from single-cell RNA-seq analysis of pa-
tients with pulmonary fibrosis and was also localized to areas of
active fibrosis (49, 50). We observed increased expression of
ATF4 target genes and K78 in AT2 cells 14 d after bleomycin (S7
Appendix, Fig. S7 B and C), a time when Strunz and colleagues
observed the highest abundance of KRT8+ cells after adminis-
tration of bleomycin (45). We therefore wondered whether ac-
tivation of the ISR slows the transition of AT2 to AT1 cells,
allowing this transitional cell population to accumulate. To test
this hypothesis, we permanent}ley labeled AT2 cells with GFP by
treating young adult Sfipc"““X x zsGreen mice with tamoxifen
via oral gavage 22 d before they were treated with bleomycin. We
started treatment with ISRIB 7 d later followed by harvest and
analysis 3 d later (day 10, Fig. 74). We generated single-cell
suspensions of the lung and used flow cytometry to identify
GFP* EPCAM™MHC IT" AT2 cells and GFP* EPCAM™ PDPN™*
AT1 cells. In ISRIB-treated compared with vehicle-treated animals,
the number of GFP* ATT1 cells was increased (Fig. 7 B and C).
These results suggest that ISRIB enhances the differentiation of
AT2 into AT1 cells. Consistent with this hypothesis, immuno-
fluorescent microscopy confirmed that the number of GFP*KRT8*
transitional cells was reduced, and the number of GFP*PDPN*
AT1 cells was increased in lung sections from these mice (Fig. 7 D
and E).

The administration of bleomycin has been reported to en-
hance the expression of CHOP in the alveolar epithelium (17).
In time series single-cell transcriptomic data, Schiller and colleagues
reported an increase in epithelial Ddit3 (the gene encoding CHOP)
after bleomycin administration that peaked ~12 d after adminis-
tration (45). This ISR-mediated increase in CHOP is predicted to
enhance the susceptibility of the epithelium to apoptosis, and this
should be relieved with ISRIB (51, 52). Accordingly, we mea-
sured apoptosis in mice treated with bleomycin followed by ISRIB
treatment 6 d later and quantified the number of apoptotic cells
24 h later using dual immunohistochemistry for surfactant protein
C, which marks AT2 cells, and the terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) assay. Treatment

Watanabe et al.

Resetting proteostasis with ISRIB promotes epithelial differentiation to attenuate pulmonary

fibrosis


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2101100118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2101100118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2101100118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2101100118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2101100118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2101100118/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2101100118/-/DCSupplemental
https://doi.org/10.1073/pnas.2101100118

A Young adult mice, Bleomycin B ot sigiec Fron ams Total Siglec ¥ AMs C GFP* AMs D GFP* AMs
BleoTycm 515 315 g’ 15 n g
T 1 I I I I = = = =
TT T T T T T T 510 510 * 510 5
40 7 14 21 28 49 56 (0ays) T c . ° u o
Cx3cr1ERCre x zsGreen g g . s 5_[: - g
Tamox @ @ ° ®
' 3 5 0/\1\1 3 5 3 5] § ® l:; 3
PanelC 'm L = | o 0 [ [ ] 2
o o [=] e
Tamox Tamox Tamox o o o
Panel D LS T L—— 0 14 28 56 0 14 28 56 14 28 56
Days Days Days
E Young adult mice, Bleomycin + ISRIB F Old mice, Bleomycin + ISRIB
Siglec FMish AMs Siglec F°% GFP* AMs Siglec F% GFP- AMs Siglec Foh AMs Siglec F" GFP* AMs Siglec Fo" GFP- AMs
8’15 ® Vehicle =15 .* 15 g,15 ® Vehicle 915 15
E] O ISRB 5 5 ] O ISRIB s . . 5
510 . 510 510 510 510 = 510
* * - * =
I} & 2 5] 1o} |—| & Sé—| B
Q a a * Q a a *
7 [ ° (4 %) 7 7] —— » @
2 5 s 2 5 2 5 = 5 = 5 ° <z 5
3 i 8 : 8 % 8 8 [ @ 8 °
° o 5 <}
: $ <238 7l 3 | : 2l e : g
® ®, ¢ la 8 t ¥ ap s % |, o2 |, 34
7 14 21 7 14 21 7 14 21 7 14 21 7 14 21 7 14 21
Days after bleomycin Days after bleomycin Days after bleomycin Days after bleomycin Days after bleomycin Days after bleomycin

Fig. 5. ISRIB reduces recruitment of monocyte-derived alveolar macrophages during lung fibrosis. (A) Schematic of the genetic lineage tracing system using
Cx5cr1ER<re x zsGreen mice in bleomycin-induced lung fibrosis. Tamoxifen treatment permanently labels circulating monocytes, which are largely replaced
within 7 d (S/ Appendix, Fig. S5B), but tissue-resident alveolar macrophages, which do not express Cx3cr1, are unlabeled. After lung injury, monocytes lineage-
tagged with GFP are recruited to the lung where they differentiate into monocyte-derived alveolar macrophages. Filled squares indicate experiments where
tamoxifen was given before bleomycin. Open squares indicate experiments where tamoxifen was given 7 d before harvest. (B) The number of total Siglec F"9"
tissue-resident alveolar macrophages (AMs) and Siglec F'®* monocyte-derived AMs in bleomycin model. Cx;cr158<" x zsGreen mice received a single pulse of
tamoxifen 1 d prior to administration of bleomycin and were analyzed at indicated time points. One-way ANOVA with Dunnett’s multiple comparisons test,
comparing data from each day to baseline (day 0), 3 to 5 mice per group. (C) The number of GFP* monocyte-derived alveolar macrophages remains stable
over the course of bleomycin-induced fibrosis. Cx3cr15R<® x zsGreen mice received a single pulse of tamoxifen 1 d prior to administration of bleomycin
(intratracheal) and were analyzed at indicated timepoints. The difference between the days is not significant, one-way ANOVA with Dunnett’s test for
multiple comparisons. (D) Recruitment of monocyte-derived alveolar macrophages continues during the first 7 d of bleomycin-induced pulmonary fibrosis but
ceases after 21 d. Cxscr157<"® x zsGreen mice received a pulse of tamoxifen 7 d before analysis. One-way ANOVA with Dunnett’s test for multiple comparisons
between day 14 and days 28 and 56. (E and F) ISRIB decreases recruitment of monocyte-derived alveolar macrophages in young adult (E) and old (F) mice.
Mice received a single pulse of tamoxifen one day prior to administration of bleomycin (intrathecal) and received either with 2.5 mg/kg of ISRIB or vehicle
(intraperitoneally, every day, starting at day 7) and were harvested at indicated timepoints. One-way ANOVA with Tukey test for multiple comparisons. 4 to 6
mice per group. *P < 0.05.

with ISRIB significantly reduced the number of TUNEL-positive =~ monocyte-derived alveolar macrophages. This prevents the for-
AT2 cells (Fig. 7F and SI Appendix, Fig. STE). This is unlikely = mation of macrophage-fibroblast circuits that drive fibroblast
related to the differentiation of AT2 into AT1 cells noted above,  proliferation and matrix production (22-24, 33, 54).
as two independent groups have shown AT?2 cell differentiation into ISRIB is a small molecule developed by Carmela Sidrauski
AT1 cells is achieved by asymmetric AT2 cell division (44, 53). and colleagues in Peter Walter’s laboratory that targets the ISR
In young adult mice, pneumonectomy leads to the formation  (34). The ISR is activated in response to environmental or genetic
of new alveoli in the native lung (48). In single-cell RNA-seq data  stressors that threaten the proteome by activation of the kinases
generated from young adult mice after pneumonectomy, investi- EIF2AK 1 to 4 in response to heme deprivation, viral infection,
gators observed population of cells that were transcriptionally similar ~ endoplasmic reticulum stress, or amino acid deprivation, respec-
to the KRT8+ cells described above (48). If ISRIB accelerates the  tively (14). These kinases all phosphorylate eIF2a, a component of
differentiation of AT2 to AT1 cells, we predicted it would increase  eukaryotic initiation factor 2 (eIF2), which is required to initiate
the number of GFP+ AT1 cells in tamoxifen-treated Sfipc“™® x  translation on AUG start codons as a part of e[F2-GTP-Met-
zsGreen mice after pneumonectomy. Accordingly, we treated these ~ tRNA ternary complex. During translation initiation, GTP is
mice with tamoxifen and performed the pneumonectomy 14 d later.  hydrolyzed to GDP, and a dedicated guanine nucleotide exchange
We then gave ISRIB or vehicle the next day and harvested the lungs  factor for eIF2 (eIF2B) is needed to catalyze GDP to GTP
7 d later (Fig. 84). The number of GFP* AT2 cells was similar in ~ exchange and reactivate eIF2 (55). ISR-induced phosphorylation
mice treated with vehicle or ISRIB (Fig. 8 B-D). The number of  of eIF2a causes it to bind tightly to eIF2B, precluding binding of the
GFP+ ATI cells was significantly increased in mice treated with  unphosphorylated protein and preventing binding to GTP (56). This

ISRIB compared with those treated with vehicle (Fig. 8 C and D). inhibits bulk translation but enhances translation of proteins with
. . inhibitory small uORFs. Important among these is ATF4, a tran-
Discussion scription factor that drives the transcription of proteins that protect

Our data add to an emerging literature elucidating the multi-  the proteome including chaperones and metabolic enzymes, among
cellular nature of pulmonary fibrosis. We found that a small mol-  others (57). ATF4 induces the transcription of CHOP, which, upon
ecule inhibitor of the integrated stress response—ISRIB—removes  reaching a threshold level, induces apoptosis (58). Because ISRIB
a barrier to AT2 to AT1 cell differentiation induced by activation of ~ enhances the guanine exchange factor activity of eIF2B in the
the ISR. ISRIB accelerates the differentiation of AT2 into AT1  presence of phosphorylated elF2a, it relieves both translational
cells after both bleomycin and pneumonectomy and reduces al-  inhibition and inhibits ATF4-mediated gene transcription (34, 35).
veolar epithelial apoptosis after bleomycin. Accelerated repair of ~ Therefore, the salutary effects of ISRIB we observed on alveolar
the alveolar epithelium promotes the maturation of profibrotic  epithelial differentiation might be attributed to its effects on
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rophages in old Cxzcr1£f<re

x zsGreen mice treated with tamoxifen 1 d prior to administration of bleomycin (see Fig. 5A for design). Median fluorescence

intensity (MFI) of Siglec F levels on GFP-positive alveolar macrophages (AM) in young and old mice 21 d after bleomycin, with and without ISRIB treatment.
Data are shown as mean + SEM, 3 to 5 mice per group. Unpaired t test. *P < 0.05.

translation, the expression of ATF4-mediated genes, and pre-
vention of CHOP-induced apoptosis (59).

In a time series analysis of single-cell RNA-seq data collected
from the lungs of mice exposed to bleomycin, Strunz et al. iden-
tified a population of cells that expressed AT2 and AT1 markers
in addition to increased expression of Kit§ (45). A transcriptionally
similar population of cells was observed by Kobayashi et al.
during AT2 to AT1 differentiation in alveolar organoids and
during bleomycin-induced fibrosis (46) and by Wu et al. after
pneumonectomy (48). Kobayashi et al. suggested this transitional
population represented a bottleneck in the transition from a
small cuboidal AT2 cell to a large flattened AT1 cell (46). A
transcriptionally similar population of cells, referred to as “ab-
errant basaloid cells” and marked by expression of KRT17, was
recently identified in two single-cell RNA-seq datasets from patients
with pulmonary fibrosis, and these cells were localized to areas of
fibrosis in the distal lung (49, 50, 60). Transcriptional similarities
between Kr§ cells in mice and KRT17-expressing cells in humans
include several markers typically associated with senescence
(CDKN2A4, CDKNI1A, SERPINE1, GLBI1, and TP53), suggesting
this transitional cell population contributes to the increased
markers of senescence observed in the lungs of patients with
pulmonary fibrosis. Our finding that relief of the ISR is associated
with a loss of this transitional cell population in mice therefore
provides an alternative explanation for the increase in senescence
markers reported in murine models of pulmonary fibrosis and in
patients with pulmonary fibrosis (61).

Alveolar epithelial injury results in the recruitment of profi-
brotic monocyte-derived alveolar macrophages (22, 27, 62, 63).
The precise role of these cells in fibrosis is unknown, but intriguingly,
macrophages have been shown to create epithelium-like barriers in
the synovium (64). We speculate that recruited monocyte-derived
alveolar macrophages may function to seal the barrier induced by
the loss of AT1 cells. Physical contact between monocyte-derived
alveolar macrophages and matrix fibroblasts might then form a sta-
ble circuit in which the monocyte-derived alveolar macrophage is
retained by fibroblast-derived M-CSF, and the monocyte-derived al-
veolar macrophage secretes factors promoting fibroblast proliferation
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and matrix production (24, 32). As the differentiating AT2 cell
flattens into an AT1 cell, it disrupts interactions between monocyte-
derived alveolar macrophage and matrix and simultaneously
provides signals to the macrophages (e.g., GM-CSF) to mature
or undergo apoptosis. Our findings support but do not prove this
model. In both young and old mice, treatment with ISRIB re-
duced the recruitment of monocyte-derived alveolar macrophages.
Furthermore, transcriptomic profiling suggested the administra-
tion of ISRIB accelerated the differentiation of monocyte-derived
alveolar macrophages into mature, homeostatic tissue-resident-like
alveolar macrophages. Importantly, we could not detect evidence of
an ISR signal in macrophages, suggesting these effects were not cell
autonomous but instead were driven by the local microenvironment.

Our data suggest an age-related decline in epithelial proteo-
stasis resilience, as has been reported in other model organisms,
might contribute to the worsened fibrosis in old compared with
young adult mice (11, 12). This hypothesis would explain the link
between pulmonary fibrosis risk with advanced age and with
genes predicted to disrupt proteostasis in the epithelium (65). For
example, a mutation in the MUCS5B promoter associated with fi-
brosis results in enhanced expression of an abundant mucin se-
creted by lung epithelial cells (31). A mutation in SFTPC, the
expression of which is restricted to AT2 cells, encodes a misfolded
protein, and expression of this mutant in AT2 cells in mice is suf-
ficient to induce spontaneous pulmonary fibrosis accompanied by
recruitment of profibrotic monocyte-derived alveolar macrophages
(26, 27, 30). Loss of function in genes associated with the
Hermansky-Pudlak syndrome disrupts intracellular protein trans-
port, and investigators have localized the effect of these mutants to
the lung epithelium in mouse models (28, 29, 66). While genes in-
volved in the maintenance of telomere length are ubiquitously
expressed, loss of function mutations in these genes targeted to AT2
cells induce spontaneous or more severe fibrosis in animal models
(67, 68). Finally, viruses, which challenge lung epithelial proteo-
stasis, cause or exacerbate pulmonary fibrosis (69). Consistent with
this hypothesis, genetic and pharmacologic strategies to inhibit en-
doplasmic reticulum stress have been reported to reduce bleomycin-
induced fibrosis (17, 19, 70).
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We add to a growing body of literature describing the dramatic
effects of ISRIB in age-related disease. A single dose of ISRIB
has been shown to improve cognitive function in normal mice
and in mice after traumatic brain injury (34, 36, 71), prevent
neurodegeneration in murine prion disease (72), improve glucose
tolerance and diabetes-induced liver injury in rats (73), prevent
postnatal hearing loss in a genetic mouse model (74), reduce
neuropathic pain in a murine model of diabetic neuropathy (75),
alleviate dwarfism in a murine model of chondrodysplasia (76),
slow the growth of metastatic prostate cancer (77), improve survival
of lymphoblast cell lines from patients with vanishing white matter
disease (78), and alleviate the social deficit and elevated anxiety-
like behavior in a murine model of these neuropsychiatric disorders
(79). Interestingly, while ISRIB improved memory in normal ani-
mals, it did not do so in two murine models of Alzheimer’s disease

80, 81).
( Our )study has significant limitations. First, we cannot exclude
an important effect of ISRIB treatment on other cells in the lung
nor can we attribute the reduction in monocyte-derived alveolar
macrophages to the effects of ISRIB on epithelial proteostasis.
For example, endothelial cells or fibroblasts, or even cells outside
the lung, for example, hematopoietic cells in the bone marrow,
might contribute to the antifibrotic effects of ISRIB. Second, ISRIB
both relieves translational inhibition and inhibits the expression of
ATF4-mediated gene expression. Whether one or both of these is/
are required for the differentiation of AT2 into AT1 cells or the
amelioration of fibrosis will require additional study. Third, al-
though mitigated by our use of flow cytometry, some of our assays
relied on quantification of markers in lung tissue, which cannot be
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considered definitive in the absence of systematic evaluations
with stereology. Lastly, our experiments were performed exclusively
in male mice, and hence, we could not evaluate the importance of
sex difference in aging, fibrosis, or the response to ISRIB.

In conclusion, we show that ISRIB, a small molecule that re-
stores protein translation after activation of the ISR, can atten-
uate resolving fibrosis induced by bleomycin and nonresolving
fibrosis induced by asbestos fibers in both young adult and old
mice. ISRIB in part promotes epithelial repair after injury, sec-
ondarily accelerating the differentiation and perhaps loss of
monocyte-derived alveolar macrophages. ISRIB shows promise
as part of a combined strategy targeting epithelial proteostasis,
pathogenic monocyte-derived alveolar macrophages, and prolif-
erating fibroblasts to treat pulmonary fibrosis.

Materials and Methods

Methods Details. Reference S/ Appendix, Table S1 for a detailed list
of reagents.

Mice. All experimental protocols were approved by the Institutional Animal Care
and Use Committee at Northwestern University. All strains including wild-type
mice are bred and housed at a barrier- and specific pathogen-free facility at the
Center for Comparative Medicine at Northwestern University. Young adult mice
were used from 8 to 12 wk old, and over 18 mo old mice were used as old mice
for all experiments. The C57BL/6J mice were obtained from Jackson Laborato-
ries (Jax stock 000664). Old mice were obtained from the National Institute of
Aging. The Cx3cr15R<e mice (42), SFtpctR mice (82), and ZsGreen (83) mice
were obtained from Jackson Laboratories (Jax stocks 020940, 028054, and
007906, correspondingly). Only male mice were used in experiments.
Bleomycin- and asbestos-induced lung fibrosis and drug administration. Mice were
anesthetized and intubated followed by intratracheally instillation of bleo-
mycin (0.025 unit in 50 pL phosphate-buffered saline [PBS]) or crocidolite
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Fig. 8. ISRIB promotes alveolar epithelial differentiation after pneumo-
nectomy. (A) Schematic of the experiment design. Young adult SftpcfRe x
zsGreen mice (3 to 5 mo) received 10 mg of tamoxifen via oral gavage on 2
sequential days 14 d prior to pneumonectomy (PNX). Mice were treated with
ISRIB 25 mg/kg intraperitoneally or vehicle 1 d after pneumonectomy,
analysis performed on day 7 after pneumonectomy on postcaval lobe. (B)
Representative flow cytometry plots, from Sftpc®f"® x zsGreen mice, gated
on CD45 EpCAM*MHC II*GFP* cells. (C) Quantification of GFP*PDPN™ AT cells
and GFP*PDPN* AT1 cells in vehicle- and ISRIB-treated mice. Data are shown
as mean + SEM, 3 to 8 mice per group. One-way ANOVA with Tukey-Kramer
test for multiple comparison, *P < 0.05. (D) Representative images of lung
tissue (postcaval lobe) from young adult mice 7 d after pneumonectomy and
a single dose of ISRIB or vehicle at day 1 postpneumonectomy. The arrows
indicate GFP*PDPN* AT1 cells derived from GFP+ AT2 cells. (Scale bar, 100

pm.)

asbestos fibers (100 pg in 50 pL PBS) to induce lung fibrosis as previously
described (22, 24). Lungs were harvested at indicated time points for flow
cytometry, RNA sequencing, and histopathology. For the lineage tracing
study, 100 pL 10 mg tamoxifen (Sigma, T5648) was dissolved in sterile corn oil
(Sigma, €8267) and administered to the anesthetized mice by oral gavage.
ISRIB (AdooQ BioScience LLC, A14302) was first reconstituted in dimethyl
sulfoxide to the concentration 4 mg/mL and then further diluted using PBS
to the final concentration 0.3125 mg/mL (72). ISRIB was administered via
intraperitoneal injection, either via single or daily injections as indicated in
the text and figure legends at the dose 2.5 mg/kg in a final volume of 200 pL.
Control animals were treated using vehicle.

Pneumonectomy model. Mice were anesthetized with isoflurane and intubated
with a 21G atraumatic cannula and mechanically ventilated with a mouse
ventilator. We positioned the mouse in the right lateral decubitus position,
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made a 2 cm cut parallel to the ribs, and opened the thorax in the anterior-
posterior axis. The left lung was carefully lifted, and the left main bronchus and
hilar pulmonary vessels were ligated with 2-0 nylon thread. The left lung was
then removed and thorax, muscle, and skin closed with 4-0 silk. For the
mouse sham control, the procedure was performed without resecting the
lung. Mechanical ventilation was ended after the spontaneous breathing.
Postoperative pain was treated with Metacam every 12 h for 48 h or one dose
of Buprenorphine sustained release subcutaneously.

Tissue preparation, flow cytometry, and sorting. Tissue preparation for flow
cytometry analysis and cell sorting was performed as previously described (22,
24), with modifications. Briefly, mice were euthanized, and their lungs were
perfused through the right ventricle with 10 mL Hanks' Balanced Salt Solution
(HBSS). For the myeloid and lymphoid cells, the lungs were removed and
infiltrated with 2 mg/mL collagenase D (Roche) and 0.2 mg/mL deoxyribonu-
clease | (DNase I, Roche) dissolved in HBSS with Ca®* and Mg?* using a syringe
with a 30G needle. Lungs were chopped with scissors, and tissue was trans-
ferred into C Tubes (Miltenyi Biotech, 130-096-334) and processed in a gentle-
MACS Dissociator (Miltenyi Biotech) using program m_lung_01 followed by
incubation for 30 min at 37 °C with gentle agitation followed by program
m_lung_02. The resulting single-cell suspension was filtered through a 40 pm
nylon cell strainer. The cells were incubated with anti-mouse CD45 microbeads
(Miltenyi Biotech, 130-052-301), and CD45* cells were collected using the
MultiMACS Cell24 Separator (Miltenyi Biotech) using possel protocol. For
the epithelial cells, the lungs were removed and, using a 30G needle, in-
fused with 1 mL dispase (Corning) with DNase | (Sigma) before incubation
at room temperature with gentle agitation for 45 min followed by gentle
teasing using forceps into small fragments and then incubation in diges-
tion buffer for 15 min. The resulting suspension was passed through a
70 pm cell strainer (Falcon), washed with Dulbecco’s Modified Eagle Me-
dium (DMEM; Corning) supplemented with 5% fetal bovine serum (FBS;
Corning), pelleted by centrifugation, and erythrocytes were lysed using BD
Pharm Lyse (BD Biosciences). The resulting single-cell suspension was kept in
DMEM/FBS and passed through a 40 pm cell strainer (Falcon) two times.
Automated cell counting was performed using a Nexcelom K2 Cellometer
with acridine orange and propidium iodide (AO/PI) reagent. Cells were
stained with fixable viability dye eFluor 506 (eBioscience), incubated with
Fc Block (BD Biosciences), and stained with a mixture of fluorochrome-
conjugated antibodies as listed above. The Click-iT reaction for Alexa Fluor
647 labeling was performed using the Click-iT Plus EJU Alexa Fluor 647 Flow
Cytometry Assay Kit (Thermo Fisher Scientific, C10634). Single color controls
were prepared using BD CompBeads (BD Biosciences) and Arc beads (Invi-
trogen). Flow cytometry and cell sorting were performed at the Northwestern
University Robert H. Lurie Comprehensive Cancer Center Flow Cytometry Core
facility. Data were acquired on a custom BD FACSymphony instrument using BD
FACSDiva software (BD Biosciences). Compensation and analysis were per-
formed using FlowJo software (Tree Star). Each cell population was identified
using sequential gating strategy (S/ Appendix, Fig. S2). The percentage of cells
in the live/singlets gate was multiplied by the number of live cells using a
Cellometer K2 Image cytometer to obtain cell counts. Cell sorting was per-
formed using a BD FACSAria lll instrument using a 100 pm nozzle and
40 psi pressure.

Bulk RNA-seq. RNA was isolated using the Arcturus PicoPure RNA Isolation Kit
(Thermo Fisher Scientific, catalog number KIT0204) for experiments in Figs.
6A and 7C or the AllPrep DNA/RNA Mini Kit (Qiagen, catalog number 80204)
for the experiment in Fig. 6B. RNA quality was assessed using TapeStation
4200 (Agilent), and only samples with an RNA integrity number over seven
were used for library preparation. Library construction for RNA-seq was
performed using the NEBNext RNA Ultra | kit (New England Biolabs, catalog
number E7530L) with the polyA messenger RNA (mRNA) isolation module
(New England Biolabs, catalog number E7490S) from 30 ng (Fig. 6B), 3 ng
(Fig. 6A), or 50 ng (Fig. 7C) of RNA. Libraries were assessed for quality
(TapeStation 4200, Agilent) and then sequenced on a NextSeq 500 instru-
ment (lllumina). FASTQ files were generated using bcl2fast (version 2.19.1)
followed by quality control using FastQC, trimming using Trimmomatic
(version 0.36), and mapping to the mm10 version of the mouse genome with
Spliced Transcripts Alignment to a Reference aligner (STAR, version 2.6.0).
Counts were generated using htseq-count (High-Throughput sequencing
framework, HTSeq version 0.11.2). Differential gene expression was per-
formed using edgeR (version 3.28.0). Raw data are available from the Gene
Expression Omnibus (GEO): GSE145590 and GSE145771. The detailed R code
used for analysis is available at https:/github.com/NUPulmonary/2021_Watanabe.
Histopathology, immunohistochemistry, and immunofluorescence. After euthanasia
and perfusion, the trachea was cannulated with a Luer syringe stub blunt needle,
and mouse lungs were inflated with 4% paraformaldehyde at 15 cm H,0 column
pressure. The left lung was fixed in 4% paraformaldehyde for 24 h and
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dehydrated and embedded in paraffin. For histopathology, 4 um thick sections
were prepared. Hematoxylin and eosin staining and Masson's trichrome stain-
ing were performed for the analysis of fibrosis scoring. TUNEL and pro-
surfactant protein C (pro-SPC) double-labeling assay was performed for the
analysis of apoptotic cells with AT2 cells. Immunohistochemistry was performed
at the Northwestern University Mouse Histology and Phenotyping Laboratory
Core facility. Apoptotic AT2 cells (TUNEL+/pro-SPC+) were counted using Fiji
(Imagel, v.1.8.0). For immunofluorescence, mouse lung tissue was fixed in 4%
paraformaldehyde for 6 h and transferred into 20% sucrose for overnight in-
cubation. The tissue was embedded in the Tissue-Tek OCT compound (Sakura),
flash frozen in liquid nitrogen, and cut on a cryostat at 14 um thickness. Sections
were air dried and stained with primary antibodies and appropriate secondary
antibodies as listed above. DAPI (Invitrogen, D3571) was used for nuclear
staining, and sections were mounted with ProLong Diamond Antifade
Mountant (Invitrogen, P36965). Images were acquired on a Nikon A1R confocal
microscope or a Nikon Ti2 wide field microscope at the Northwestern University
Nikon Cell Imaging Facility and processed using Nikon Elements Software. The
number of AT2 cells (Sftpc-GFP+), differentiated KRT8 cells (Sftpc-GFP+/
KRT8+), and differentiated AT1 cells (Sftpc-GFP+/Pdpn+) were quantified
using Fiji (ImageJ, v.1.8.0).

Fibrosis scores and lung collagen determination. Fibrosis scores were performed
from Masson'’s trichrome-stained specimens in a blinded manner in accor-
dance with the modified Ashcroft score for bleomycin (84) and the code set
by pathology standard for asbestosis (85). Collagen levels were determined
using a picrosirius red precipitation assay as described previously (22, 24). For
collagen levels using second harmonic generation, the deparaffinized mouse
lung tissue was imaged on a Nikon A1R MP Multiphoton Microscope at the
Northwestern University Nikon Cell Imaging Facility.
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