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SUMMARY

Epithelial cells of diverse tissues are characterized by the presence of a single api-
cal domain. In the lung, electron microscopy studies have suggested that alveolar
type-2 epithelial cells (AT2s) en face multiple alveolar sacs. However, apical and
basolateral organization of the AT2s and their establishment during development
and remodeling after injury repair remain unknown. Thick tissue imaging and elec-
tron microscopy revealed that a single AT2 can have multiple apical domains that
enface multiple alveoli. AT2s gradually establish multi-apical domains post-na-
tally, and they are maintained throughout life. Lineage tracing, live imaging,
and selective cell ablation revealed that AT2s dynamically reorganize multi-apical
domains during injury repair. Single-cell transcriptome signatures of residual
AT2s revealed changes in cytoskeleton and cell migration. Significantly, cigarette
smoke and oncogene activation lead to dysregulation of multi-apical domains. We
propose that the multi-apical domains of AT2s enable them to be poised to
support the regeneration of a large array of alveolar sacs.

INTRODUCTION

Epithelial tissue homeostasis requires a precise, dynamic balance between the gain and loss of cells within
geometrically defined boundaries (Blanpain and Fuchs, 2014; Clevers et al., 2014; Clevers and Watt, 2018,
Fuchs and Blau, 2020; Fuchs and Steller, 2015; Lay et al., 2018; Rompolas et al., 2013, 2016; Xin et al., 2016).
In most adult epithelia, homeostasis is maintained by resident stem cells, which can migrate to damaged
regions to proliferate and differentiate into other functional cell types (Blanpain and Fuchs, 2014; Clevers
and Watt, 2018). Stem cell numbers and their distribution and spatial organization within defined niches,
vary depending on tissue architecture and functional needs (Hsu et al., 2011; Pardo-Saganta et al., 2015;
Rompolas et al., 2013; Tata et al., 2013; Tata and Rajagopal, 2016; Xin et al., 2016). Mechanisms of repair
and regeneration of damaged epithelia must also restore cellular characteristics such as cell shape, size,
number, and architecture, including apical and basolateral polarity.

The distal region of the lung is made up of millions of air-filled, vascularized sacs lined by two epithelial cell
types: alveolar type-1 (AT1) and alveolar type-2 (AT2) cells. AT1s are very thin, terminally differentiated and
have a large surface area covering 95% of the alveolar luminal surface (Mercer et al., 1994; Weibel et al.,
2005; Weibel and Gomez, 1962). Electron microscopy studies have suggested that a single AT1 cell can
contribute structurally to multiple alveolar sacs (Weibel, 2015). AT2s are cuboidal, sparsely distributed
among the AT1s, and makeup only 5% of the total surface area (Knust et al., 2009; Mercer et al., 1994,
Schulte et al.,, 2019; Weibel et al., 2005). AT2s secrete surfactants and have the ability to self-renew and
differentiate into AT1s thereby serving as stem cells of the alveolar epithelium (Barkauskas et al., 2013; De-
saietal., 2014; Nabhan et al., 2018; Zacharias et al., 2018). Of interest, classical electron microscopy studies
from the 1970s suggested that AT2s face multiple alveolar lumens (Cordingley, 1972; Weibel, 1971).
Despite these observations, AT2s are generally depicted as located on the basal lamina with their cell
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bodies directly facing the lumen of a single alveolar sac (Hogan et al., 2014; Zepp and Morrisey, 2019). Continued
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Indeed, little attention has been paid to the actual cellular architecture of AT2 cells and their apical and
basolateral polarity organization in the context of their multi-lumen enfacement.

Here, we have used thick tissue imaging to re-evaluate the organization of saccular alveolar tissue and the
distribution of AT2s, their location, and structural organization. We find that AT2s have a unique cellular
architecture with multiple apical polar domains that enable them to enface multiple alveolar saccules.
Moreover, using lineage tracing, live imaging, and alveolar injury models, including bleomycin injury
and selective AT2 or AT1 cell ablation, we describe the dynamic loss and re-establishment of multi-apical
polarity. In addition, we used single-cell transcriptome profiling to assess molecular signatures associated
with AT2s proliferation and migration. Finally, we implicate dysregulation of multi-apical polarity in respi-
ratory diseases including cigarette smoke-induced injury and oncogenic events.

RESULTS
A single AT2 enfaces multiple alveolar sacs via its multi-apical domains

First, we sought to enumerate AT2s per alveolus in adult murine lungs. For this purpose, we performed im-
munostaining analysis using specific AT2 (SFTPC) and AT1 (AGER) cell markers, coupled with thick tissue
imaging to visualize multiple cup-shaped alveolar sacs (Figures STA and S1B). Three-dimensional visuali-
zation and surface rendering revealed varied numbers of AT2s in individual alveoli. Quantification of
SFTPC-expressing cells showed that on average about 26, 52, and 17% of the alveolar sacs are occupied
by one, two, or three AT2s, respectively. Only about 5% of the cups are occupied by either zero or four cells
(Figure S1C). Similar analysis of aged mice (1 year old) revealed a significant change in the peak number of
AT2s, which shifted from two in young adults to one in older mouse lungs (Figures S1B and S1C). Next, we
sought to determine the distribution of AT2s in alveolar cups. Three-dimensional rendering of alveoli re-
vealed that most AT2s have their cell bodies embedded in the interstitium, with only a small region of
the cell facing the alveolar lumen (Figure 1A and Video S1). Quantification revealed that, on average, about
48, 42, or 10% of AT2s enface one, two, or three alveolar cup(s), respectively (Figure S1B). To further visu-
alize AT2 localization, we performed transmission electron microscopy (TEM) on lung sections. Consistent
with previous observations, we found that a single AT2 can enface multiple lumens. Significantly, the TEM
images reveal that membranes facing the lumen have foldings that resemble microvilli, structure that are
characteristic of apical domains in the other epithelial tissues (Figures 1C and S2B). AT2s enfacing multiple
lumens were also observed in rat and human lungs (Figures S2A and S2B).

To determine the polarity of AT2s that enface multiple lumina, we performed immunostaining for MUCT, a
known apically localized protein that is specifically present on AT2s in alveolar epithelium (Desai et al.,
2014). We found that in adult lungs a single AT2 cell (Sftpc-tdt* NKX2-1%) can have between one to four
MUC1 enriched domains, each facing the lumina of different alveoli (Figures 2A-2D and S2C and Video
S2). Similar multi-apical domains were observed in human AT2s, suggesting that such organization is
conserved across species (Figure S2D). Of interest, we found that MUC1 enriched apical domains vary in
size and shape and can be categorized into two types - flat, disc-shaped macrodomains and small apical
protrusions (Figures 2E and S2C). Irrespective of the domain size, every apical domain faces an alveolar
lumen. These findings were further confirmed using known other apical polarity markers including EZRIN
and EPS8 (Figures 2G and 2H) (Huang et al., 2003). Moreover, co-immunostaining for CDH1 (also known
as E-cadherin) and MUC1 revealed that each apical domain is surrounded by a ring of focally enriched
CDH1, indicating the presence of adherens junctions at these sites (Figure 21). Taken together, we identify
a unique cellular organization and multi-apical polarity of AT2s in the lungs (Figure 2J).

AT2s gradually establish multiple apical domains during postnatal development

Developing lungs undergo significant changes in cellular composition and tissue organization (Basil et al.,
2020; Branchfield et al., 2016; Cardoso and Lu, 2006; Cardoso and Whitsett, 2008; Herriges and Morrisey,
2014; Hogan et al., 2014; Nikoli¢ et al., 2018; Warburton et al., 2000; Zepp et al., 2021). Specifically, alveoli
undergo secondary septation, which increases their surface area and gas exchange capacity. This process
is accompanied by significant re-distribution of alveolar cells between postnatal days 0 to 25 (Pozarska
etal., 2017). To ascertain the developmental emergence of multi-apical domains during murine lung matu-
ration, we analyzed lungs from postnatal day 0 to day 25 (Figure 3A). Immunostaining of alveolar tissue for
LAMP3, SFTPC, MUC1, AGER, and NKX2-1 on alveolar tissue revealed that MUC1 expression is specific to
AT2s throughout all stages tested (Figures 3B and 3C). Before postnatal day 5 (PN5), AT2s predominantly
contain a single MUC1 enriched apical domain. However, we observed the emergence of two and three
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Figure 1. A single AT2 enfaces multiple alveolar sacs

(A) 3D rendering of alveolar sac (AGER, green) with single AT2 cell depicted in red. Front and rear views are shown. White arrows indicate multiple apically

exposed surfaces of a single AT2 enfacing four adjacent alveolar cups. Scale bar: 3um.

(B) Quantification of AT2s facing one (green column), two (blue column), or three (pink column) alveoli. n = 3 mice. Data are presented as mean +SEM.

(C) Transmission electron micrograph of mouse AT2 cell facing three alveolar lumens. Color boxed inset indicates enlarged image on the right. Red arrows

indicate AT2 cell facing lumen. LB- lamellar bodies. Scale bar: 5 um. See also Figures S1, 52 and Video S1.

apical domains and a significant increase in their numbers between PN5 and PN25, by which time the num-
ber of MUC1 localized apical domains approximates those seen in adult lungs (Figure 3D). These data sup-
port a model in which AT2s gradually progress from uni-to multi-apical domains during postnatal stages as
the alveoli increase in complexity (Figures 3A-3D).

A single AT2 clonally propagates to both replenish cells and reestablish their localization in
multiple alveolar sacs after repeated loss

Previous studies have demonstrated that AT2s can replicate and repair damaged epithelium in different
injury models (Barkauskas et al., 2013; Choi et al., 2020; Hogan et al., 2014; Kobayashi et al., 2020; Lee
et al.,, 2014; Nabhan et al., 2018; Strunz et al., 2020; Zacharias et al., 2018). We sought to test whether
AT2s can recover their numbers and unique localization pattern (i.e., enface multiple alveolar sacs)
following recurrent injuries. For this, we employed a Sftpc-CreER;R26R-DTA;R26R-tdTomato mouse line
(in short, Sftpc-DTA/tdT), in which tamoxifen administration allows for selective ablation of AT2s and simul-
taneous lineage labeling (tdTomato) to track residual AT2 cell contribution during regeneration (Barkaus-
kas et al., 2013). To assess the ability of AT2s to recover after recurrent injuries, we performed repeated
ablation by administering tamoxifen in three successive rounds, each at 3-week intervals (Figure 4A).
Consistent with previous findings, on day 3 after a single round of ablation we observed large swatches
of alveoli devoid of AT2s, as revealed by immunostaining for SFTPC and confirmed by fluorescence-acti-
vated cell sorting (Figures 4B and 4C), suggesting efficient ablation. This coincided with a significant in-
crease in AT2 replication as assessed by immunostaining for Kié7, a marker for cell proliferation
(Figures S3A and S3B). Lungs collected at 3 weeks after each round (single, double, and triple) of ablation
showed a significant recovery of AT2s. Quantification further revealed that about 60% of AT2s recover by
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Figure 2. AT2 cells contain multiple apical domains

(A) 3D reconstruction of MUC1 domains (green), AT2 (red) and AT1 (gray) cells. Scale bar: 5 um. A side view of AT2 cell with MUC1 domains is shown in right
panel (bottom image, scale bar: 3 pm). White arrows indicate MUC1/alveolar enfacement.

(B) Immunostaining of wild-type mouse AT2s (red), PECAM-1 (green), and AGER (gray). White arrows indicate multiple apically exposed surfaces. DAPI stains
nuclei. Scale bar: 4um.

(C) Immunostaining of AT2 (red), MUC1 (green), and ITGB1 (gray). White arrows indicate multiple apically exposed surfaces. DAPI stains nuclei. Scale
bar: 5pm.

(D) Immunostaining of AT2 (red), MUC1 (green), AGER (gray) and NKX2-1 (blue). White arrows indicate multiple apically exposed surfaces. Scale bar, 5um.
(E) 3D reconstruction of lineage labeled AT2 cells (red) and their respective MUC1 domains (green). White arrows indicate apical macrodomains; red arrows
indicate apical protrusions. Scale bar: 2um.

(F) Quantification of MUC1 domains per AT2 cell in young adult mice (n = 3 mice). Data are presented as mean +SEM. All MUC1 quantification was
performed on 3D images.

(G and H) 3D rendering of immunostaining of AT2 (red), MUC1 (green), EZRIN (gray, G), and EPS-8 (gray, H). Scale bar: 2um.

(I) Single stack and 3D rendering of AT2 (red), MUC1 (green), CDH1 (gray), and NKX2-1 (blue). 3D rendering is a representation of 24 z-slices. Dashed line
indicates CDH1 domain. Scale bar, 3um.

(J) Schematic representation of multi-alveolar enfacement of a single AT2 as well as alveoli with multiple AT2. Cell types as indicated. See also Figure S2 and
Video S2.
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Figure 3. AT2s gradually establish multiple apical domains during postnatal development
(A) Experimental workflow for tissue collection of postnatal lungs.

(B) Immunostaining for MUC1 (green), SFTPC (red), and AGER (gray) in postnatal lungs. DAPI stains nuclei. Scale bar: 20pm. White boxed inset indicates
enlarged single, or merge channels shown on right.

(C) Immunostaining for MUC1 (green), LAMP3 (red), AGER (gray) and NKX2-1 (blue) in postnatal day 5 and 25 lungs. DAPI stains nuclei. Scale bar: 20um.
White boxed inset indicates enlarged image with MUC1 and LAMP3 staining shown on right.

(D) Quantification of MUC1 domains/AT2 cell at indicated developmental stages (n = 3 mice/developmental time point). Data are presented as

mean +SEM. All MUC1 quantification was performed on 3D images.

3weeksat each round of ablation (Figures 4B and 4D). Of note, lineage tracing revealed that residual cells
specifically contributed to AT2s but not AT1, suggesting that even after 3 rounds of ablation AT2s are able
to sense the selective loss of specific cells and replenish neighboring alveoli by proliferation and migration.

We then tested whether AT2s can re-establish their localization pattern to enface multiple alveolar sacs
following extensive proliferation and migration. To do so, we performed immunofluorescence on lungs
collected 21 days after single, double, or triple ablation to visualize MUC1 domains. Our data from 3 rounds
of AT2 ablated lungs revealed that AT2s that had proliferated (as visualized by based on BrdU incorpora-
tion) re-establish their localization to enface multiple alveolar sacs, a pattern similar to that of control lungs

iScience 25, 105114, October 21, 2022 5
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Figure 4. Recovery and re-establishment of multipolar characteristics of AT2s after selective and repeated ablation

(A) Schematic of experimental workflow of genetically induced single, double, and triple AT2 ablation in Sftpc-CreER;R26R-DTA/R26R-tdT mouse line.
(B) 3D rendered images of alveolar cups showing SFTPC (green) and AGER (gray) expressing cells in control, single ablation (day 3 and 3 weeks) and three
rounds of AT2 ablated lungs. Scale bar: 10um.

(C) Quantification of FACS-sorted AT2 numbers on day 3 post ablation, gated negatively for CD31/CD45 and normalized to total EPCAM+ cells. n = 3
mice/condition **p = 0.0039, two-tailed unpaired Student's t test, data are presented as mean +SEM.

(D) Quantification of AT2 cell recovery three weeks post single, double, and three rounds of ablation, n = 3 mice/condition. One-way ANOVA, p = 0.0622.
Data are presented as mean +SEM.

(E) Immunostaining for MUC1 (gray), SFTPC (green), and AGER (red) on lung sections from control and 3 weeks post one , two, or three rounds of AT2
ablation. Insets: individual MUC1/SFTPC/AGER channels of regions indicated by white boxes. Gray arrows indicate single MUC1 domain, light blue

2+ MUC1 domains. DAPI stains nuclei. Scale bar: 20pum.

(F) Schematic of experimental workflow of tamoxifen induction and virus-mediated AT2 ablation in Axin2-CreER;R26R-tdTomato mice.

(G) Immunostaining for MUC1 (green), Axin2-tdT (red), and SFTPC (white) in control (left panel) and following AT2 ablation (right panel) in Axin2-
CreER;R26R-tdTomato mice. Insets: individual and/or merged channels of regions indicated by boxes. DAPI stains nuclei. Scale bar: 20 um. See also
Figures S3 and S4.
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Figure 5. Dynamics of AT2 apical domains during replication, migration, and differentiation

(A) Experimental workflow for sequential administration of tamoxifen and bleomycin to Sftpc-CreER;R26R-tdTomato mice.

(B) Immunostaining of AT2s on bleomycin day 12, AT2 (red) and MUC1 (green). All scale bars: 20um. DAPI stains nuclei.

(C) Immunostaining for MUC1 (green), SFTPC (red), and AGER (gray) at day 3 post AT2 ablation. Scale bar: 5um.

(D) Quantification of total MUC1 domains (macro and micro) (left graph), macrodomains (middle graph), and apical protrusions (right graph) in control (n = 3
mice) and day 3 AT2-ablated lungs (n = 3 mice). AllMUC1 quantification was performed on 3D images. For total MUC1 domains: two-way ANOVA (compared
to controls shown in Figure 2F), ***p<0.0001. Sidak’s multiple comparisons test as follows: 1 domain, p = 0.0811; 2 domains, **p = 0.0081; 3 domains,

p = 0.9492; 4 domains, **p = 0.0028; 5 domains, p = 0.1360; 6 domains, p = 0.9303. For macrodomains: two-way ANOVA, p = 0.9242. For apical protrusions:
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Figure 5. Continued

two-way ANOVA, ****r<0.0001. Sidak’s multiple comparisons test as follows: 0 domains, ****p = 0.0002; 1 domain, **p = 0.0043; 2 domains,

**p = 0.0014; 3 domains, ***p = 0.0007, 4 domains, p = 0.8962.

(E) Schematic depicting AT1 cell ablation using Ager-CreER;R26R-DTR mouse model. Sequential administration of tamoxifen (Tmx) and diphtheria toxin (DT)
followed by tissue collection on day 3 and 6.

(F) Immunostaining for MUC1 (green), SFTPC (red), and AGER (gray) at day 3 post-AT1 ablation. Scale bar: 20pm.

(G) Co-staining for MUC1 (green), SFN (red), and AGER (gray) on day 6 following AT1 ablation. Scale bar: 20um. Insets: individual and/or merged channels of
regions indicated by boxes. DAPI stains nuclei.

(H) Experimental workflow for sequential administration of tamoxifen and bleomycin to Sftpc-CreER;R26R-Rw/Rw mice.

(1) Clonal AT2 (red) and AGER (gray) on day 12 following bleomycin. Images are 3D renderings or maximum intensity projections of 10-15 z-stacks. Scale bar:
20pm.

(J) Experimental workflow of live imaging following bleomycin injury.

(K) Snapshots from live imaging of lineage labeled AT2 cells (red) at indicated time points in bleomycin-injured lung. Alveoli outlined by LEL (green). Yellow
arrow indicates membrane extension, proliferation and migration of lineage-labeled AT2 cell. Scale bar: 20um. See also Figure S5, Videos S3 and S4.

(Figures 4E, S3C, and S3D). Importantly, we found cells containing all categories (i.e., single, double, and
triple) of polar organization after multiple rounds of ablation (Figure 4E). We also observed a similar re-
establishment of AT2 cell localization and MUC1 domains following AT2 ablation in 16-month-old mice
(Figures S3E and S3F).

Previous studies have shown that a subset of AT2s is marked by Axin2 expression in adult lungs (Nabhan
etal., 2018; Zacharias et al., 2018). We then tested whether there is any correlation between number of api-
cal domains between Axin2-positive and negative AT2s. For this we used Axin2-CreER;R26R-tdTomato
mice (in short, Axin2-tdT) to label Axin2-expressing cells and then examined their localization pattern
and number of apical polar domains (Figure S4A). Co-immunostaining for MUC1, tdTomato, and SFTPC
revealed that both Axin2-positive and negative AT2s show multi-lumen facing organization as well as
multi-apical domains (Figures S4B and S4C). We then examined whether Axin2-expressing AT2s can rees-
tablish multi-lumen enfacement and multi-apical polarity after injury. For this we utilized a recently devel-
oped adeno-associated viral (AAV) based approach, in which intranasal administration of AAV5-DTR virus
selectively infects AT2s (A.K., Z.E., A.A., and P.R.T. manuscript in preparation) so that they can be ablated
upon diphtheria toxin (DT) administration (Saito et al., 2001). We administered AAV5-DTR followed by DT
to Axin2-tdT mice (Figure 4F). Analysis of lungs collected on day- 21 following DT administration revealed
islands of Axin2-tdT lineage labeled cells, indicating that they had expanded to replenish lost cells
(Figure S4E). Moreover, these Axin2* AT2s had re-established multi-apical polarity, just as Axin2” AT2s
(Figure 4G). Together, these data reveal that AT2s can repopulate and re-establish multi-apical polarity
to enface multiple alveolar sacs during injury repair.

AT2s dynamically reorganize multi-apical domains during injury repair

To understand apical membrane dynamics following alveolar injury, we labeled AT2s with tdTomato using
Sftpc-tdT mice followed by administration of bleomycin to cause lung damage (Figure 5A). Immunostain-
ing for MUC1 and tdTomato on day-12 post bleomycin revealed cells with distinct apical domain patterns
suggesting their reorganization after injury (Figures 5B and 5C). Broadly, we identified two major MUC1
localization patterns: AT2s with numerous MUC1 enriched small protrusions, as well as stretched cells
with elongated MUC1 domains along the luminal surface (Figure 5B). Notably, fully stretched AT2s lost
MUC1 expression (Figure 5B, bottom right panel). To determine whether these patterns are correlated
with AT2 renewal/migration or with differentiation in AT1s, we performed selective ablation of AT2s and
AT1s. First, after selectively ablating AT2s we assessed whether the surviving (residual) AT2s, that prolifer-
ate and migrate, change the numbers and localization of their apical domains. For this, we performed
immunostaining for MUC1 on day 3 after AT2 ablation, at which time a significant number of residual
AT2s are undergoing replication (Figures S3A and S3B). Interestingly, we observed dramatic changes in
MUC1 localization pattern. Specifically, the majority of residual AT2s increased the number of their
multi-apical domains, ranging from 1 to 6 as opposed to 1-4 in controls (Figures 5C and S5A). Moreover,
the number of apical protrusions was significantly increased compared to controls, whereas the number of
macrodomains remain unchanged (Figure 5D).

Second, we assessed the MUC1 localization pattern in AT2s during their differentiation into AT1s. For this,

we used an Ager-CreER;R26R-LSL-DTR (in short, Ager-DTR) mouse model, in which administration of
tamoxifen followed by DT leads to selective ablation of AT1s (Figure 5E). In this model, AT2s rapidly
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Figure 6. Continued

(D) UMAPs show expression of indicated genes in migrating AT2s (dashed circle).

(E) Heatmap shows relative expression of indicated genes in alveolar epithelial cell populations.

(F) PLISH for Wnt5b (green) and Sftpc-tdT (red) in control and day 3 after AT2 ablation.

(G) Immunostaining for SPRR1A (green) and Sftpc-tdT in control and day 3 following AT2 ablation. DAPI stains nuclei. Scale bar: 20pm. Enlarged image from
inset is shown on the right. See also Figure S6, Tables S1, 52, and S3.

differentiate into AT1 via a recently described transitional state (Choi et al., 2020; Kobayashi et al., 2020,
Strunz et al.,, 2020). Co-immunostaining for MUC1, SFTPC, and AGER on lung sections collected on
day-3 post AT1 ablation revealed that the MUC1 localization pattern changed from localized discs/small
patches to a much more extensive sheets covering the luminal surface of the stretched AT2s (Figure 5F).
To test whether this MUC1 localization pattern is also present in the transitional state, we performed im-
munostaining for MUC1 and the cytoplasmic protein, stratifin (SFN), a marker for transitional states, on
lung tissues collected 6 days after AT1 ablation. We observed no co-expression of MUC1 and SFN in alve-
olar epithelial cells (Figure 5G). These data suggest that AT2s dynamically reorganize MUC1 localization
and eventually downregulate its expression as they acquire a transitional state en route to differentiation.

To determine morphological changes associated with individual AT2s during their migration and differen-
tiation, we clonally labeled AT2s using Sftpc-CreER;R26R-Raimbow mice (in short, Sftpc-CreER;R26R-Rw)
followed by administration of bleomycin to cause lung injury (Figure 5H). Visualization of clonally labeled
AT2s revealed different morphological changes associated with cell migration and differentiation. We
found elongated AT2s with distinct membrane protrusions, which likely represent migrating cells (Figure 51,
left and middle panel). Additionally, consistent with previous studies (Desai et al., 2014), we observed a sin-
gle clonally labeled AT2 differentiated into AT1 cell that covered multiple neighboring alveolar sacs
(Figure 51, right panel and Figures S5B and S5C).

To further visualize AT2 migration, we used the Sftpc-creER;R26R-tdT mouse model and administered
bleomycin followed by live-imaging of agarose-inflated, explanted, lung lobes. We observed proliferation
of residual cells and migration of daughter AT2s as visualized by tdTomato lineage label (Figures 5J, 5K,
and S5E, Videos S3 and S4). Notably, we found that AT2s are highly dynamic and migrate following injury.
Taken together, these data reveal that a single AT2 cell can replicate and migrate to repopulate AT2s in
neighboring alveolar sacs.

scRNA-seq reveals enhanced cytoskeletal and cell signaling dynamics in migrating AT2s

To investigate the mechanisms contributing to the proliferation and recovery of surviving AT2s, after their
bulk ablation, we performed single cell transcriptome analysis. For this, we isolated and enriched epithelial
and mesenchymal cells from control and day 4 after AT2 ablated lungs and performed droplet based single
cell capture and RNA library preparation (Figure 6A). Integration of control and ablated lungs followed by
uniform manifold approximation and projection (UMAP) of the alveolar epithelium identified known cell
types, including AT2s (Sftpc and Lamp3), AT1s (Ager and Hopx), and proliferating AT2s (Ki6é7 and
Top2a) (Figures 6B and 6C). Significantly, we observed a cell cluster that originated solely from AT2-ablated
lungs but not from control lungs (Figure 6B). Of note, we did not find pre-AT1 transitional states (PATS) as
evidenced by the lack of expression of Sfn, Fn1, Cldn4, and Ctgf (Figures 6C and Table S1). The cell cluster
unique to ablated lungs was enriched for Wnt5b, Sprria, Myolg, Myom1, Myc, Cacnb4, Edn1, Phtf2, Tpx2,
and Diaph3, all of which are known regulators of cell migration (Aragona et al., 2020; Cruz-Zarate et al.,
2021; Dekoninck and Blanpain, 2019, Harada et al., 2017, Strunz et al., 2020) (Figures 6B-6E and
S6A-S6D, Tables S2 and S3). Therefore, we termed this cluster “migratory AT2s” (Figures 6B-6F). We
also observed significant downregulation of Sftpc transcripts in migratory AT2s compared to other AT2s
and proliferating AT2s (Figure S6E) and validated this observation by immunostaining for SFTPC following
AT2 ablation (Figure S6F). Proximity ligation in situ hybridization or immunostaining analysis in conjunction
with the AT2-lineage tracing reporter tdTomato on day-3 post ablation revealed expression of Wnt5b tran-
scripts and SPRR1A protein (a small proline-rich protein, expressed in differentiating keratinocytes),
respectively, only in residual AT2s from ablated lungs but not in controls (Figures 6F and 6G). Of note,
we also observed significant enrichment of Wnt5b transcripts in other cell types in the alveoli of ablated
lungs but not in controls, suggesting that other cell populations are involved in the recovery of alveolar ar-
chitecture after loss of AT2s, presumably through promoting the replication and migration of residual
AT2s. (Figure 6F). To determine whether migrating cells had unique membrane dynamics, we also analyzed
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Figure 7. Smoking and oncogenic events disrupt multi-apical domain organization in AT2s

(A) Schematic depicting cigarette smoke (CS) exposure and tissue collection.

(B) Mean linear intercept of room air exposed or 6-month CS exposed mice. n = 3 mice/condition, **p = 0.0027, two-tailed unpaired Student’s t test, data are
presented as mean +SEM.

(C) Quantification of AT2 cell numbers per area in room-air or CS-exposed mice. n = 3 mice, *p = 0.041, two-tailed unpaired Student’s t test. Data are
presented as mean +SEM.

(D) Immunostaining for MUC1 (green), SFTPC (red), and AGER (gray) on room-air (control), CS-exposed (6-month) mouse lungs. Scale bar: 20um.

(E) Quantification of MUC1 domains in 6-month CS-exposed mice. n = 3 mice. All MUC1 quantification was performed on 3D sections. Data are presented as
mean +SEMSEM. Two-way ANOVA (compared to control data from Figure 2F), **p = 0.0035. Sidak’s multiple comparisons test: as follows: 0 domains,
p = 0.3817; 1 domain, ****p<0.0001; 2 domains, **p = 0.0079; 3 domains, *p = 0.0195; 4 domains, p = 0.6180.

(F) Schematic depicting oncogene activation either by tamoxifen injection (Sftpc-CreER; R26R-LSL-Kras®'?P) or cre transduction using adenovirus (R26R-
LSL-Kras®'?P) followed by tissue collection and analysis.

(G) Immunostaining for MUC1 (green), SFTPC (red), and AGER (gray) on lungs from 1- and 7-month following oncogene activation. Insets: individual
MUC1/SFTPC and merged channels of regions indicated by boxes. (1) normal lung (light blue box) (2) tumor (orange box). DAPI stains nuclei. Scale bar:
20pm.
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Figure 7. Continued
(H) Quantification of MUC1 domains in early and late-stage tumor mice. n = 3 mice/condition. All MUC1 quantification was performed on 3D sections.
*kkok,

Data are presented as mean +SEM. Two-way ANOVA (compared with homeostatic mice, Figure 1F), p<0.0001. Sidak’s multiple comparisons test as

follows: 1 domain, Homeostasis versus Early tumor, ****p<0.0001. Homeostasis versus Late tumors, ****p<0.0001. Early tumor versus Late tumors, p =

*kkk Kok K

0.0871; 2 domains, Homeostasis versus Early tumor, p<0.0001. Homeostasis versus Late tumors, p<0.0001. Early tumor versus Late tumors,

p = 0.2779; 3 domains, Homeostasis versus Early tumor, ****p<0.0001. Homeostasis versus Late tumors, ****p<0.0001. Early tumor versus Late tumors,
p = 0.9129. Homeostasis versus Early tumor, p = 0.0906. Homeostasis versus Late tumors, p = 0.0555. Early tumor versus Late tumors, p = 0.9702. See also
Figure S7.

the MUC1 domains of SPRR1A™ cells 3 days after AT2 ablation (Figures S6G and S6H). Of interest, SPRR1A*
AT2s contained more MUC1 domains (both macro and apical protrusions) as compared to AT2s from ho-
meostatic lungs, but there was no significant difference between SPRR1A +ve and-ve cells. Gene expres-
sion signatures further revealed enrichment of autophagy, mitophagy, cytoskeletal regulation, TNF
signaling, tight junction remodeling, MAPK signaling, and spliceosome pathways specifically in migratory
AT2s but not in other AT2s from ablated lungs as well as control lungs (Figures 6B and S6A, Tables S2 and
S3). These data suggest that residual AT2s activate a migratory program to promote recovery of lost cells in
AT2 ablated lungs.

Smoking and oncogenic events disrupt multi-apical domain organization in AT2s

Various environmental and genetic factors are known to alter the self-renewal and differentiation potential
of AT2s during homeostasis and repair after injury (Baumgartner et al., 1997; Rock et al., 2010; Rock and
Hogan, 2011; Wilson et al., 1960). To test whether such genetic and environmental factors influence the
multipolarity of AT2s, we either exposed mice to cigarette smoke (CS) to induce alveolar damage or acti-
vated an oncogene specifically in AT2s. Mice were exposed to CS for 4 or 6 months (see STAR methods for
details) followed by tissue collection and analysis. Room air exposed mice were used as controls (Figure 7A).
As expected, lungs begin to show enlarged air spaces, a characteristic feature of emphysema, by 4 months
after CS exposure as revealed by hematoxylin and eosin staining (Figures 7B and S7A). These structural al-
terations were more apparent by 6 months after CS exposure. Co-immunostaining for SFTPC, AGER, and
MUC1 revealed the presence of both AT2 and AT1 cells. However, we observed a significant (32%)
decrease in the number of AT2s in CS exposed lungs compared to controls (Figures 7C, 7D, and S7B).
In addition, we observed a diffuse pattern of MUC1 localization in the damaged regions of CS exposed
lungs as opposed to multi-apical localization in control lungs and undamaged regions of CS exposed
lungs. These data suggest that smoke exposure disrupts multi-apical characteristics of residual AT2s
(Figures 7A-7E, S7A, and S7B).

Next, we tested whether the multi-apical domain organization of AT2s is disrupted following activation of
an oncogene. As shown in Figure 7F, we constitutively expressed Kras (G12D), a mutant form of Ras GTPase
that is known to induce hyper replication in AT2s and block their ability to differentiate into AT1s(Jackson
et al., 2007; Tuveson et al., 2004), and collected lungs at 1 month and 7 months after activation. Of note,
these times correlate with adenoma and adenocarcinoma stages of lung tumorigenesis, respectively. As
expected, co-immunostaining for SFTPC, AGER, and MUC1 revealed densely packed SFTPC-expressing,
oncogene-activated AT2-like cells in both adenomas and adenocarcinomas (Figure 7G). Of interest, we
found altered patterns of MUC1 localization in both locations, whereas the AT2s in adjacent regions
showed normal multi-apical polarity. In both adenomas and adenocarcinomas, we observed a decrease
in overall MUC1 domains, in which the majority of oncogene-activated AT2-like cells were uni-polar
(Figure 7H). Taken together, these findings suggest that both cigarette smoking and oncogene activation
leads to disruption of the multi-apical polarity characteristic of normal.

DISCUSSION

Respiratory organs in vertebrates have evolved a highly compartmentalized tissue organization to facilitate
increased surface area and efficient gas exchange to satisfy oxygen demands. Here we describe a unique
cellular organization of the AT2 cells of the lung alveolus. Our high-resolution light and electron microscopy
imaging and developmental studies have revealed that AT2s develop a unique, multi-apical domain archi-
tecture. Our study not only re-evaluates previous observations from the 1970's that a single AT2 projectinto
multiple alveoli, but also provides insights into the multi-apical polarity organization of these cells (Cording-
ley, 1972; Weibel, 1971). Of significance, these apical domains can face up to 4 different alveolar sacs in cells
located at the intersection of multiple alveoli. We propose that this architecture enables individual AT2s to
monitor the integrity of multiple alveolar sacs and to be poised to respond as necessary to the loss of either
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AT2 or AT1 cell. Furthermore, we also speculate that such multi-apical polarity may facilitate the secretion of
surfactants by a single AT2 into multiple alveolar sacs. This model of AT2 organization revises prevailing de-
pictions in the current literature in which AT2s are attached to the alveolar basement membrane with their
cell bodies protruding into the lumen of a single alveolus. This model provides a framework for explaining
how a single AT2-derived AT1 can contribute to covering multiple alveolar sacs during differentiation.

Following alveolar injury, AT2s demonstrate the ability to reorganize their apical domains during replica-
tion, migration, and differentiation-associated cell stretching. Remarkably, AT2s appear to acquire more
apical protrusions during replication and migration. This suggests that AT2s reorganize their cell mem-
branes during replication and “prime” themselves to reestablish macrodomains at any region of the mem-
brane. Together, these unique characteristics of AT2s defy the classical definition of an epithelial cell with a
defined shape and with static apical and basolateral domains.

Our data also demonstrate that AT2s have the tremendous regenerative capacity even after extensive
damage. Indeed, we show that AT2s can replicate and migrate to replenish lost cells in multiple neigh-
boring alveoli even after three rounds of cell ablation. Moreover, AT2s are able to re-establish their
multi-apical polarity during regeneration. Our study thus provides direct evidence for the self-organizing
property of AT2s and, therefore, has significant implications for translational applications in pulmonary
medicine, such as cell engraftment and lung tissue engineering.

Molecularly, our single-cell transcriptome analysis has revealed significant enrichment of transcripts asso-
ciated with cell migration and actin cytoskeletal dynamics. Nevertheless, it remains unknown whether AT2s
use specialized protein complexes and membrane sorting mechanisms for establishing their multi-apical
domains. This will be a topic of interest for future studies. Finally, our study also implies that dysregulation
of multi-apical polarity characteristics of alveolar stem cells may underlie clinically relevant diseases. For
example, AT2s either completely lose or disorganize their multi-apical domains after cigarette smoke
exposure, a hazard that leads to emphysema. Similarly, oncogene activated AT2s show disorganized apical
domains, increasingly becoming unipolar at later stages, suggesting that the multi-apical polarity of AT2s is
dynamically regulated in normal as well as disease states. Indeed, genetic mutations or altered expression
of MUCT1 has been implicated in lung cancer growth, metastasis, and chemotherapy resistance (Bouillez
etal., 2016; Ham et al., 2016; Horimasu et al., 2017; Raina et al., 2011; Saltos et al., 2018). In sum, our study
has uncovered a unique multi-apical polarity of an epithelial cell type and its dynamics during develop-
ment, injury repair, and tumorigenesis.

Limitations of this study

This study revealed a unique multi-apical polarity and multi-lumen enfacement organization of alveolar
stem cells. Our data from clonal lineage tracing following injury suggests that such organization allows
AT2s to differentiate into AT1s that can spread and cover multiple adjacent alveolar sacs. However, these
data require further analysis such as live imaging to visualize spreading of a single AT2 cell into multiple
alveolar sacs. Current microscopy methods for visualizing alveolar regeneration are not suitable for such
long-term imaging. In addition, differentiating AT2s have extremely thin cell bodies and cell membrane
and therefore visualization of spreading cells is difficult over time due to photobleaching. Our data also
suggest that multi-apical domains of AT2s dynamically reorganize during injury repair. However, one lim-
itation is that these conclusions are based on data from static images collected at different times and tissue
regions. Further work needs to focus on developing stable fluorescence probes and new imaging modal-
ities to visualize alveolar regeneration over multiple days.

To our knowledge, this study reports the first description of multi-apical polar organization in any epithe-
lial tissue but currently we do not know the specific regulators of such unique polarity organization.
Identification and perturbation of such regulators will enable disruption of multi-apical polarity (but
not uni-polarity) of AT2s so that the consequences with respect to their regenerative potential can be
followed. Lastly, although we found oncogenic mechanisms disrupt multi-apical polarity of AT2s, whether
such dysregulation is specific to multi-apical polarity or also includes general uni-polarity remains un-
known. As alluded to above, identification of specific regulators of multi-apical polarity is needed to
address these questions. Furthermore, uncovering such mechanisms will enhance our understanding
of how cell polarity in general contributes to tissue organization and regeneration, and the significance
of its disruption in disease.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit Polyclonal anti-Prosurfactant protein C Millipore Cat# ab3786; RRID:AB_91588

Monoclonal Rat anti-RAGE/AGER
Polyclonal Goat Human RAGE/AGER

Polyclonal Goat tdTomato

Monoclonal American Hamster anti-MUC1

Polyclonal Rabbit Anti-Ezrin

Monoclonal Mouse Anti-EPS8

Monoclonal Rat Anti-CD31

Polyclonal Guinea Pig anti-LAMP3

Polyclonal Rabbit Anti-NKX2-1

Polyclonal Rabbit Anti-14-3-3 sigma

Monoclonal Rat Anti-B1-integrin

Monoclonal Rat Anti-E-cadherin

Monoclonal Rat anit-mKi67

Monoclonal Rat anti-PECAM

LEL-Fluorescein

Rabbit anti-SPRR1A

Alexa Fluor 594 goat anti-rabbit IgG
Alexa Fluor 594 donkey anti-goat IgG
Alexa Fluor 647 goat anti-rat IgG

Alexa Fluor 647 goat anti-rabbit IgG
Alexa Fluor 488 donkey anti-chicken IgG

Alexa Fluor 488 donkey anti-goat IgG

Alexa Fluor 647 donkey anti-guinea pig IgG

CD45 microbeads, mouse
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R&D systems
R&D systems
Origene

ThermoFisher Scientific
Millipore

BD Biosciences

BD Biosciences

Synaptic Systems

Santa Cruz Biotechnology
Thermo Fisher Scientific
Abcam

Thermo Fisher Scientific
Thermo Fisher Scientific
BD Pharmingen

Vector Laboratories

Kind gift from Dr. Stephen
Strittmatter, Yale University
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific

Thermo Fisher Scientific

Jackson Immuno

ThermoFisher

Jackson Immuno

Miltenyi Biotec

Cat# MAB1179; RRID:AB_2289349
Cat# AF1145; RRID:AB_354628

Cat# AB8181-200;
RRID: AB_2722750

Cat# MA5-11202;
RRID: AB_11000874

Cat# 07-130;
RRID:AB_310383

Cat# 610143;
RRID:AB_397544

Cat# 550274,
RRID:AB_393571

Cat# 391 005;
RRID:AB_2713987

Cat# sc-13040;
RRID:AB_793532

Cat# PA5-95056;
RRID:AB_2806862

Cat# ab25254;
RRID:AB_2129042

Cat# 13-1900;
RRID:AB_2533005

Cat# 14-5698-82;
RRID: AB_10854564

Cat# 550274,
RRID: AB_393571

Cat# FL-1171;
RRID:AB_2307440

N/A

Cat# A21207; RRID:AB_141637
Cat# A11058; RRID:AB_2534105
Cat# A21247; RRID:AB_141778
Cat# A21245; RRID:AB_2535813

Cat# 703-545-155;
RRID:AB_2340375

Cat# A11055;
RRID:AB_2534102

Cat#706-605-148;
RRID:AB_2340476

Cat# 130-052-301;
RRID:AB_2877061

(Continued on next page)
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Continued

REAGENT or RESOURCE

SOURCE

IDENTIFIER

Anti-CD31 microbeads

Anti-CD140a microbeads

Miltenyi Biotec

Miltenyi Biotec

Cat# 130-097-418;
RRID:AB_2814657

Cat# 130-101-547

Bacterial and virus strains

NEB Stable Competent E. coli
Adeno-Cre-GFP

NEB
Signagen

Cat# C3040
Cat# SL100706

Biological samples

Human lung tissue The University of North N/A

Carolina at Chapel Hill
Chemicals, peptides, and recombinant proteins
DMEM Corning Cat# 25-500
Antibiotic-Antimycotic (100X) Thermo Fisher Scientific Cat# A5955-100ML
Penicillin/Streptomycin Gibco Cat# 15140
FBS HyClone products (Cytiva) Cat# SH30396.03
Tamoxifen Sigma-Aldrich Cat# T5648
Dispase Corning Cat# 354235
DNase | Thermo Fisher Scientific Cat# 10104159001
Collagenasetype | Gibco Cat# 17100-017

TruStain FeX

Diphtheria toxin

EdU

Sucrose

Citrate Buffer, pH 6.0 (10X)

DAPI

Fluoromount-G, with DAPI

PBS

2YT Broth Powder

Age1-HF Restriction Enzyme
Not1-HF Restriction Enzyme

Q5 High-Fidelity DNA Polymerase
pJET1.2 cloning vector
Physiologic Saline

OCT Compound

Glutaraldehyde
Paraformaldehyde

Low melting agarose

Chromium Next GEM Single Cell 3’ Kits v3.1
Sodium Trichloroacetate

Ethylenediaminetetraacetic acid
disodium salt dihydrate (EDTA)

TrispH 7.4

Heparin ammonium sulfate from

porcine intestinal mucosa
T4 DNA Ligase
RNaseOUT

Biolegend
Millipore

Life Technologies
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Thermo Fisher Scientific
Gibco

VWR

NEB

NEB

NEB

Thermo Fisher Scientific
Henry Schein
Fisher Scientific
Sigma-Aldrich
Sigma-Aldrich
Seaplaque

10x Genomics
Sigma-Aldrich
Sigma-Aldrich

Thermo Fisher Scientific

Sigma-Aldrich

NEB

ThermoFisher

Cat# 422302
Cat# 322326
Cat# EdU

Cat# S9378
Cat# C9999
Cat# D9542
Cat# 00-4959
Cat# 20012027
Cat# 100220-034
Cat# R3552
Cat# R3189
Cat# M0491
Cat# K1231
Cat# 002477
Cat# 23-730-571
Cat# G5882
Cat# P6148
Cat# 50100
Cat# 1000269
Cat# 190780
Cat# E5134

Cat# J60202.K2
Cat# H6279

Cat# M0202
Cat# 10777019

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

NxGen® phi29 DNA Polymerase ThermoFisher Cat# 30221-2

Grace Bio-Labs SecureSeal™ Sigma-Aldrich Cat# GBL621505-20EA

hybridization chambers

Pierce™ 16% Formaldehyde
(w/v), Methanol-free

Bleomycin

3RA4F Research Cigarettes

ThermoFisher

United States Pharmacopeia (USP)

University of Kentucky

Reference Cigarette

Cat# 28908

Cat# 1076308
N/A

Deposited data

Single-cell RNA-seq data This study NCBI GEO: GSE173878
Experimental models: Cell lines
HEK293T cells ATCC Cat# CRL-3216

Experimental models: Organisms/strains

Sftpctm(ere/ERT2)BI Jackson Laboratory Cati# 028054
C57Bl/6 Jackson Laboratory Cat# 000664
AKR/J Jackson Laboratory Cat# 000648
Rosa26R-CAG-Isl-tdTomato Jackson Laboratory Cat# 007914
Rosa26R-Isl-Rainbow Rinkevich et al., 2011 N/A
Rosa26R-IsI-DTA Jackson Laboratory Cat# 006331
Rosa26R-Isl-KrasG 12D Jackson Laboratory Cat# 008179
Ager'm(ere/ERT2)BIh Jackson Laboratory Cat# 032771
Axin2tmcre/ERT2)Ruy Jackson Laboratory Cat# 018867
Rosa26R-IsI-DTR Jackson Laboratory Cat# 007900
Sprague Dawley rat lungs Kindly provided by Cagla N/A

Eroglu, Duke University
Oligonucleotides
DTR forward: Integrated DNA Technologies N/A
5'-ACCGGTATGAAGCTGCTGCC
GTCGGT-3
DTR Reverse: Integrated DNA Technologies N/A
5-GGATCCGTGGGAATTAGTCA
TGCCCAACT-3
MmHR2X-Wnt5b-1833: cagggtcac Integrated DNA Technologies N/A
agacactcatcTTATACGTCGAGTTG
AAGAACAACCTG
mmHL2X-Wnt5b-1833: TCGTACGT Integrated DNA Technologies N/A
CTAACTTACGTCGTTATGttccccaca
ggactgtagat
mmHR2X-Wnt5b-902: Integrated DNA Technologies N/A
tggcaaagcggtagccgtacTTATACG
TCGAGTTGAAGAACAACCTG
mmHL2X-Wnt5b-902 Integrated DNA Technologies N/A
TCGTACGTCTAACTTACGTCGT
TATGtccacgttgtctccacagee
mmHR2X-Wnt5b-1275 Integrated DNA Technologies N/A

agggagcctgtggtctcatt TTATACGT
CGAGTTGAAGAACAACCTG
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REAGENT or RESOURCE SOURCE IDENTIFIER
mmHL2X-Wnt5b-1275 Integrated DNA Technologies N/A

TCGTACGTCTAACTTACGTCGT
TATGacgcaggcagtagtcaggac

Recombinant DNA

pAAV Self-Complementary GFP UNC Vector Core N/A

Software and algorithms

CellRanger v3.0.0 10x genomics https://www.10xgenomics.com/

Seurat R package v3.2.3 Stuart et al., 2019 https://satijalab.org/seurat/

SoupX pipeline Young, M.D., Behjati, S. 2020 https://github.com/constantAmateur/SoupX
Enrichr Kuleshov et al., 2016 https://maayanlab.cloud/Enrichr/

Imaris Oxford instruments https://imaris.oxinst.com/

GraphPad Prism Graph Pad https://www.graphpad.com

FiJI NIH https://fiji.sc

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Purushothama Rao Tata, purushothamarao.tata@duke.edu.

Materials availability

This study did not generate unique reagents.

Data and code availability

@ Single-cell RNA-seq data have been deposited at GEO and are publicly available as of the date of pub-
lication and accession numbers are listed in the key resources table.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

Sftpctm1(ere/ERT2BIN Sfie-CreER) (stock number 028054, Jackson Laboratory (Rock et al., 2011)), Rosa26R-
CAG-Isl-tdTomato (Ai14) (stock number 007914, Jackson Laboratory (Madisen et al., 2010), Rosa26R-Isl-
DTA (stock number 006331, Jackson Laboratory (lvanova et al., 2005), Rosa26R-Isl-Rainbow (Rinkevich
et al., 2011), Rosa26R-Isl-KrasG12D (stock number 008179, Jackson Laboratory (Jackson et al., 2001),
Agertm”Cre/ERTZ)B/h (Ager-CreER) (stock number 032771, Jackson Laboratory (Chung et al, 2018),
Axin2tm1(ere/ERT2RNu, § (Axin2-CreER) (stock number 018867, Jackson Laboratory (van Amerongen et al.,
2012) and Rosa26R-IsI-DTR (stock number 007900, Jackson Laboratory (Buch et al., 2005) mice were main-
tained on a C57BL/6 background. For all lineage tracing or loss of function experiments, 3-5 doses of
tamoxifen (0.1 mg/g body weight) (Sigma Aldrich) was administered intraperitoneally. For bleomycin injury,
mice were administered 2.5U/kg bleomycin intranasally under isoflurane anesthesia and monitored daily.
AAV5-DTR was administered intranasally at a dose of 2.5e10 viral genomes/mouse under isoflurane anes-
thesia in 60uL total volume. Diphtheria toxin was administered at a dose of Tpug/mouse (AT2 ablation) or
3png/mouse (AT1 ablation) via intraperitoneal administration. To induce tumors, we intra-nasally adminis-
tered adeno-Cre virus (Signagen, SL100706) (DuPage et al., 2009). EJU (E10187, Life Technologies) was
administered intraperitoneally at a dose of 50mg/kg. 8-10 weekold Sprague Dawley female rats (Charles
River, 001) were used for collection of all rat tissue. Animal experiments were approved by the Duke Uni-
versity Institutional Animal Care and Use Committee in accordance with US National Institutes of Health
guidelines.
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Human lung tissue

Excised sub-transplant-quality human lung tissues from donors without pre-existing chronic lung diseases
were procured through the Marsico Lung Institute at the University of North Carolina at Chapel Hill under
the University of North Carolina Biomedical Institutional Review Board-approved protocol (#03-1396).
Informed consent was obtained from all participants where necessary.

METHOD DETAILS

Tissue preparation and sectioning

Lungs were inflated with 4% Paraformaldehyde (PFA) and incubated at 4°C for 4-6 hours. Lung lobes were
separated, washed in PBS, and incubated overnight in 30% sucrose at 4°C. Lobes were subsequently incu-
bated in 1:1 30% sucrose:OCT for 1 hour followed by embedding in OCT blocks and cryosectioning. For all
2D imaging, sections were collected at 8-10um.

For thick sections, 100-150um OCT sections were collected in PBS. Alternatively, lungs were inflated with
1-1.5mL low-melting point 2% agarose dissolved in PBS. Lungs were placed on ice until agarose solidified,
followed by vibratome sectioning at 75-100pm. Sections were collected in PFA, fixed for 4 hours at 4°C and
stored in PBS until further processing. Human lung tissue was washed 3-5 times in PBS before agarose infla-
tion. Lungs were placed onice until agarose solidified, followed by vibratome sectioning at 75-100um. Sec-
tions were collected in PFA, fixed for 4 hours at 4°C and stored in PBS until further processing. Rat lungs
were inflated with low-melting point 2% agarose dissolved in PBS. Lungs were placed on ice until agarose
solidified, followed by vibratome sectioning at 75-100um. Sections were collected in PFA, fixed for 4 hours
at 4°C and stored in PBS until further processing.

Immunofluorescence staining

OCT sections were brought to room temperature and washed in PBS. Antigen retrieval was performed in
citrate buffer, pH 6.0 (Sigma-Aldrich) using a water bath (95°C for 10-12 minutes) or antigen retrieval system
(Electron Microscopy Science). Sections were washed with 0.1% Triton in PBS (PBST), incubated in blocking
buffer (1% BSA in 0.1% PBST) for 1 hour, and then stained with primary antibody for 2 hours at RT or over-
night at 4°C. Following primary antibody incubation, tissues were washed three times in PBST followed by
incubation with secondary antibody in blocking buffer for 1 hour. Sections were washed with PBST and cov-
erslips were mounted with Fluor G reagent with DAPI. Primary antibodies were as follows: Prosurfactant
protein C (Millipore, ab3786, 1:500), RAGE/AGER (R&D systems, MAB1179, 1:500), mKi67 (Thermo Fisher,
14-5698-82, 1:250), TdTomato (Origene, AB8181-200, 1:700), MUC1 (Thermo Fisher, MA5-11202, 1:250),
EZRIN (Millipore, 07-130, 1:300), EPS8 (BD Biosciences, 610143, 1:200), PECAM-1 (BD Pharmingen,
550274, 1:250), LAMP3 (Synaptic Systems, 391 005, 1:300), NKX2-1 (Santa Cruz, sc13040, 1:250), SFN
(Thermo Fisher, PA5-95056, 1:250), B1-integrin (Abcam, ab25254, 1:100), E-cadherin (Thermo Fisher, 13-
1900, 1:1000), LEL Fluorescin (Vector Laboratories, FL-1171, 1:1000), SPRR1A (1:1000, kindly provided by
Dr. Stephen Strittmatter, Yale University).

For thick sections, immunofluorescence staining was performed on floating sections with buffers as
described above. Thick sections were stained in primary antibody for 24-48 hours at 4°C, washed 3x in
PBST for 15 minutes and incubated with secondary antibody for 3 hours at RT, followed by three washes
with PBST. Nuclei were stained with 100 ng/mL DAPI for 15 minutes. Sections were maintained in PBS until
imaging on a glass-bottom dish (Matsunami Glass).

Plasmid construction, AAV production

Self-complementary GFP vector was obtained from the UNC Vector Core. The GFP cassette was replaced
with coding sequence for diphtheria toxin receptor (DTR). Briefly, GFP was removed by Age1 and Not1
digestion. DTR open reading frame was synthesized as a Geneblock with SGI-DNA, amplified with the
following primers and subcloned into pJET1.2 (ThermoFisher Scientific, K1231), as per manufacturer’s pro-
tocol: forward, 5-ACCGGTATGAAGCTGCTGCCGTCGGT-3; reverse, 5-GGATCCGTGGGAATTAGT
CATGCCCAACT-3'. Insert was digested with Age1/Not1 and ligated into cut vector.

HEK293 (UNC Vector Core) were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) supple-

mented with 10% fetal bovine serum (FBS), 100U/ml penicillin, 100 pg/ml streptomycin. Cells were main-
tained in 5% CO, at 37°C. Recombinant AAV vectors were generated using triple plasmid transfection
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with the AAV Rep-Cap plasmid (pXR5), Adenoviral helper plasmid (pXX680), and the DTR transgene
cassette, flanked by AAV2-based inverted terminal repeat (ITR) sequences. Viral vectors were harvested
from media and purified via iodixanol density gradient ultracentrifugation followed by phosphate buffered
saline (PBS) buffer exchange. Titers of purified virus preparations were determined by quantitative PCR us-
ing a Roche Lightcycler 480 (Roche Applied Sciences, Pleasanton, CA) with primers amplifying the AAV2
ITR regions (forward, 5-AACATGCTACGCAGAGAGGGAGTGG-3'; reverse, 5-CATGAGACAAGGAA
CCCCTAGTGA TGGAG-3') (IDT Technologies, Ames IA).

Live imaging of explanted lungs

Lungs were dissected, inflated with 1-1.5mL of 2% low-melting agarose (Seaplaque, 50100) dissolved in
PBS. Inflated lungs were placed on ice until agarose solidified. Whole lobes were stained with LEL Fluores-
cein (Vector Laboratories, FL-1171, 1:500) to visualize alveolar cups. Following media acclimation, whole
lobes were imaged using an Olympus FVMPE-RS multiphoton laser scanning microscope with a 25x NA
1.05 water-immersion objective. The system has a Spectra Physics Insight X3, laser tunable from 680nm-
1300nm and a fixed 1045nm laser. 880 nm excitation was used for LEL fluorescing imaging and 1045 nm
laser was used to acquire tdTomato signal with a 2 um z step-size. Images were acquired every 10 minutes
for 3 hours.

Electron microscopy of lung tissue

Samples from mice lungs (Beike et al., 2019) and healthy, unused donor lungs (Lutz et al., 2015; Ochs et al.,
2004) were taken from previous studies. Fixation and processing were performed using 1.5% Glutaralde-
hyde, 1.5% Paraformaldehyde in 0.15 M HEPES buffer, embedded in epoxy resin (Epon) and cut in
60 nm thick ultrathin sections. Electron microscopic analyses were performed using a FEI Morgani 268
transmission electron microscope (FEI, Eindhovan, Netherlands).

Mouse lung tissue dissociation and cell isolation

Lungs were inflated with an enzyme dissociation solution (450U/mL Collagenase | (Worthington, LS004197),
5U/mL Dispase (Corning, 354235), and 0.33U/mL DNase | (Roche, 10104159001), in DMEM) (Katsura et al.,
2020; Kobayashi et al., 2020; Konishi et al., 2022). Separated lung lobes were minced and incubated in
enzyme solution at 37°C for 25 minutes. Dissociation was quenched with equivalent volume 10% FBS/
DMEM and strained through a 100 um strainer. Cell pellet was resuspended in red blood cell lysis buffer
(100 um EDTA, 10 mM KHCO3, 155 mM NH,4CI) for 2 minutes, followed by quenching with 10% FBS/
DMEM and filtration through a 40 um strainer.

For FACS sorting, the cell pellet was resuspended in 2mL 2%FBS/DMEM with DNase I. Antibodies used for sort-
ing include the following: EPCAM (BioLegend, 118233, 1:200), CD31 (ThermoFisher, 48-0311-82, 1:200), CD45
(ThermoFisher, 48-0451-82, 1:200). Sorting was performed either using a FACS Vantage SE or SONY SH800S.

Single-cell sequencing via 10Xgenomics

Lung tissue was dissociated as described above. Following red blood cell lysis and cell filtration, the resulting
cell pellet was resuspended in 500uL 2%FBS/DMEM and split into three fractions: CD45/31/140a, CD45, and
bulk sample. For MACS, cells were incubated for 30 minutes with the following antibodies: CD45
(MiltenyiBiotech, 130-052-301), CD31 (MiltenyiBiotech, 130-097-418), and CD140a (MiltenyiBiotech, 130-101-
547). MACS depletion was performed as per manufacturer protocol using LD columns (MiltenyiBiotech,
130-042-901). For scRNA-seq, AT2 ablated lung cell suspension was first enriched for epithelial cell popula-
tions. For this, we combined different cell populations from AT2 ablated mice as follows: 11,200 cells from
CD31/CD45/CD140a-depleted cells, 3200 cells from CD45-depleted cells, and 1600 cells from bulk fractions
and resuspended in PBS supplemented with 0.01% BSA. Control mice were depleted only for CD31/CD45.

For single-cell RNA-sequencing, cells were captured, and libraries prepared using Chromium Single Cell 3/
Reagent Kits v3.1 (10x Genomics). Libraries were sequenced using Hi-SegX with 150 bp-paired end
sequencing followed by trimming of reads to meet manufacturer required amplicon length. FASTQ files
were processed using CellRanger v3.0.0 (10x Genomics) and mapped to the mm10 reference genome.

Cellranger outputs were loaded into R and analyzed using the Seurat R package (v3.2.3) (Stuart et al., 2019).
Cells were filtered using the SoupX pipeline (Young and Behjati, 2020). Low quality and duplet cells were
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removed prior tofurther analysis (nFeature_RNA >1000 & nFeature_RNA <8000 &percent.mt <25 &
nCount_RNA < 62000). Further processing was performed as per recommended Seurat pipeline: log
normalization, identification of highly variable features (n = 5000), regression and scaling, and principal
component analysis. Principle components, for which significance was based on Jackstraw plots, were
used for generating UMAP plots. Specific cell clusters were identified based on enrichment for Sftpc, Sftpb,
Lamp3, Ager, Hopx, Akap5, Epcam, Mkié7, and TopZ2a. Specific markers for each cluster were obtained us-
ing FindAllIMarkers, which were then used for gene ontology analysis through webgestalt.org. For pathway
enrichment analyses, scaled data in the Seurat object were extracted to calculate mean values of gene
members of represented pathways. These values were used to generate UMAP expression plots of
signaling pathways. Genes that have Z 2 log2 fold change were used as input for Enrichr (Kuleshov
et al., 2016) query to get enriched signaling pathways (Kuleshov et al., 2016).

Proximity ligation in situ hybridization (PLISH)

Fixed frozen mouse lung sections were brought to room-temperature and post-fixed with 4% formalde-
hyde for 20 minutes, treated with 20 png mL™" proteinase K for 9 minutes at 37°C and dehydrated with
increasing concentrations of ethanol (Nagendran et al., 2018). Sections were incubated with gene-specific
oligos (listed below) in hybridization buffer (1 M sodium trichloroacetate, 50 mM Tris pH 7.4, 5 mM EDTA
and 0.2 mg mL~" heparin) for 2 hours at 37°C. Common-bridge and circle probes were added to the sec-
tions and incubated for 1 hours, followed by a T4 DNA ligase reaction for 2 h. Rolling-circle amplification
was performed using phi29 polymerase (Lucigen, 30221) for 12 hours at 37°C. Fluorophore-conjugated
detection probe was applied and incubated for 30 minutes at 37°C, followed by mounting in medium con-
taining 4,6-diamidino-2-phenylindole (DAPI).

mmHR2X-Wnt5b-1833 cagggtcacagacactcatcTTATACGTCGAGTTGAAGAACAACCTG
mmHL2X-Wnt5b-1833 TCGTACGTCTAACTTACGTCGTTATGttccccacaggactgtagat
mmHR2X-Wnt5b-902 tggcaaagcggtagecgtacTTATACGTCGAGTTGAAGAACAACCTG
mmHL2X-Wnt5b-902 TCGTACGTCTAACTTACGTCGTTATGtccacgttgtctccacagec
mmHR2X-Wnt5b-1275 agggagcctgtggtctcatt TTATACGTCGAGTTGAAGAACAACCTG

mmHL2X-Wnt5b-1275 TCGTACGTCTAACTTACGTCGTTATGacgcaggcagtagtcaggac

In vivo cigarette smoke (CS) exposure

AKR/J and C57BL/6J mice (male and female) were purchased from Jackson Laboratories (Bar Harbor, ME).
Mice (3-month-old) were exposed to 3R4F Research Cigarettes (University of Kentucky Reference Ciga-
rette) for up to 6 hours/day, 5 days/week, for 4 months (AKR/J) or 6 months (C57BL/6J) using a total
body CS exposure chamber (Teague TE-10, Teague Enterprises). The concentration of CS was periodically
measured for total particulate matter, and concentration was maintained at 100-140 mg/m3.

Statistical analysis

Sample size was not pre-determined. Data are presented as means with standard error (SEM). Statistical anal-
ysis was performed in Excel, Prism, and R. A two-tailed Student’s t-test was used for all comparisons between
two conditions. In cases with >2 conditions, one-way ANOVA followed by Dunnett’'s multiple comparison’s
test. For multiple groups, two-way ANOVA followed by Sidak’s multiple comparison'’s test were performed.

Image acquisition and processing

Images were captured on an Olympus FV3000 confocal microscope using 20X, 40X, and 30X objectives and
visualized using 3D projection in ImageJ or Imaris software (Bitplane). All surface rendering was performed
in Imaris. Rainbow mouse tissues were imaged immediately prior to fixation using a Leica DMi8 STED and
confocal microscope and are presented as a z-projection over approximately 40 microns. Quantification of
Ki67 or EdU+ AT2s, AT1 differentiation, and MLI was performed on 2-D sections. All quantification of MUC1
domains was performed on 3D images to ensure no overlap or loss of MUC1 domain detail. AT2s that were
not captured in full thickness were excluded from MUC1 domain analysis.
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