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Evidence for lung barrier regeneration by
differentiation prior to binucleated and stem cell
division
Joshua Guild1,2, Nicholas H. Juul1,2, Andres Andalon1,2, Hiroki Taenaka3, Robert J. Coffey4, Michael A. Matthay3, and Tushar J. Desai1,2

With each breath, oxygen diffuses across remarkably thin alveolar type I (AT1) cells into underlying capillaries. Interspersed
cuboidal AT2 cells produce surfactant and act as stem cells. Even transient disruption of this delicate barrier can promote
capillary leak. Here, we selectively ablated AT1 cells, which uncovered rapid AT2 cell flattening with near-continuous barrier
preservation, culminating in AT1 differentiation. Proliferation subsequently restored depleted AT2 cells in two phases, mitosis
of binucleated AT2 cells followed by replication of mononucleated AT2 cells. M phase entry of binucleated and S phase entry of
mononucleated cells were both triggered by AT1-produced hbEGF signaling via EGFR to Wnt-active AT2 cells. Repeated AT1
cell killing elicited exuberant AT2 proliferation, generating aberrant daughter cells that ceased surfactant function yet failed
to achieve AT1 differentiation. This hyperplasia eventually resolved, yielding normal-appearing alveoli. Overall, this specialized
regenerative program confers a delicate simple epithelium with functional resiliency on par with the physical durability of
thicker, pseudostratified, or stratified epithelia.

Introduction
A primary function of epithelia is to provide a protective barrier
against the outside world. The distal lung epithelium must ad-
ditionally and continuously prevent fluid leakage from under-
lying capillaries into gas exchange air sacs (alveoli), a hallmark
of acute respiratory distress syndrome (ARDS; Matthay et al.,
2019; Szidon et al., 1972). Yet, unlike other epithelia that maxi-
mize barrier resilience physically by maintaining a stratified or
pseudostratified organization that can withstand acute cell loss, the
alveolar epithelium must remain ultrathin to continuously co-
execute its essential gas exchange function. Alveoli must also con-
tinuously generate surfactant detergent tominimize surface tension
and thereby prevent respiratory failure from air sac collapse.
Considering these constraints, the alveolar epithelium has evolved
as a delicate simple monolayer composed of cuboidal, surfactant-
producing alveolar type II (AT2) cells and ultrathin alveolar type I
(AT1) cells. AT1 cells are less abundant but comprise ∼97% of the
surface area due to their expansive morphology (Weibel, 2015).

Despite this physical fragility, the alveolar epithelium dem-
onstrates a remarkable capacity for scar-free repair (Logan and
Desai, 2015). Classical studies suggest a model whereby alveolar
repair is initiated by AT2 cell replication that serves to maintain

surfactant-producing cells while simultaneously generating
progeny that differentiate into AT1 cells (Evans et al., 1973;
Adamson and Bowden, 1974). AT2 cells have since been shown
by lineage tracing to act as stem cells that self-renew to generate
newAT2 and AT1 cells (Barkauskas et al., 2013; Desai et al., 2014).
AT2 cell fate-mapping at specific intervals after injury suggests
that AT1 cell regeneration does not begin until multiple days
after the onset of proliferation, further supporting stem cell di-
vision prior to AT1 regeneration (Jansing et al., 2017; LaCanna
et al., 2019). However, this model in which AT1 cell regeneration
begins five or more days after alveolar injury is difficult to rec-
oncile with the notable paucity of epithelial denudation over this
interval (Jansing et al., 2017; Crapo et al., 1980). As shown below,
we found that a fluorescent lineage tag cannot be detected for
several days during active AT1 differentiation. This transient
lineage mark infidelity called into doubt the dynamics of AT1
regeneration inferred from AT2 cell lineage tracing in acute in-
jury, and challenged the current paradigm that AT2 stem cell
division must precede AT1 cell regeneration.

To map the kinetics of alveolar repair with temporal preci-
sion, we exploited genetic and chemical approaches to selectively
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and synchronously ablate AT1 cells without injuring either AT2
stem cells or their fibroblast Wnt niches (Nabhan et al., 2018;
Zacharias et al., 2018; Juul et al., 2020). Electron microscopic
and immunohistological analysis of the immediate response to
widespread AT1 cell ablation revealed near-continuous barrier
maintenance by ultrarapid flattening of AT2 cells. Measure-
ments of blood oxygenation and capillary leak into alveolar
airspaces corroborated global preservation of gas exchange and
barrier function, respectively. Hence, we found the initial step
of repair involves rapid flattening and AT1 differentiation of
adjacent AT2 cells.

Following depletion by AT1 differentiation, AT2 cells were
restored by two phases of proliferation—rapid ploidy reduction
of binucleated AT2 cells followed by DNA replication and divi-
sion of mononucleated AT2 cells. EGFR regulated both M phase
entry of binucleated AT2 cells and S phase entry of mononu-
cleated AT2 cells in a Wnt-dependent manner. The operative
epidermal growth factor receptor (EGFR) ligand was heparin-
binding EGF-like growth factor (hbEGF), presumably available
for rapid release by enzymatic cleavage upon injury (Greenlee
et al., 2007; Kheradmand et al., 2002). Repeated AT1 cell killing
did not result in significant denudation or cellular insufficiency,
but rather elicited substantial hyperplasia. The cells were of AT2
cell origin and often clonal, generating densely packed clusters
of proliferative daughter cells that lacked surfactant function.
The hyperplasia eventually resolved after cessation of injury,
leaving normal-appearing alveoli.

Altogether, our findings illuminate a specialized program by
which a delicate, simple epithelium continuously co-executing
essential gas exchange and capillary barrier functions is en-
dowed with resiliency to severe acute injury.

Results
Near-continuous barrier maintenance and rapid AT1 cell
regeneration by differentiation of AT2 cells
Classical electronmicroscopy (EM) studies suggest that AT1 cells
are highly vulnerable to alveolar injuries, presumably due to
their delicate morphology and exposure encompassing most of
the surface area. Whether quiescent AT2 cells can undergo AT1
differentiation in vivo without first proliferating is not known,
but as mentioned above, dynamic AT2 cell lineage tracing in
acute lung injury suggests they do not (Aspal and Zemans,
2020). However, since cell cycle transit of AT2 cells has been
estimated to take hours, a postproliferative AT1 differentiation
model is difficult to reconcile with the paucity of denudation
observed at earlier time points after acute injury (Uhal, 1997).

To quantitatively analyze AT1 cell death and regeneration, we
exploited a genetic approach to broadly mark AT1 cells with a
membrane green fluorescent protein (mGFP) tag (R26mTmG)
using the Hopx-CreER allele. We then employed two comple-
mentary methods of AT1 cell ablation. Co-expression of the
diphtheria toxin (DT) receptor (R26iDTR) enabled precisely
timed and synchronous ablation of marked AT1 cells while bu-
tylated hydroxytoluene (BHT) injury preserved the CreER sys-
tem for AT2 cell lineage tracing and genetic manipulations
(Adamson et al., 1977; Hirai et al., 1977). We found that 150 ng of

DT or 450mg/kg of BHT eliminated the majority of AT1 cells, yet
immunostaining as early as 2 h after toxin administration re-
vealed an intact epithelium comprised of regenerated (mGFP-
negative) AT1 cells integrated in a monolayer with unablated
(mGFP-positive) AT1 cells (Fig. 1, A–E; and Fig. S1, A–E).

We next co-stained for protein markers of AT2 and AT1 cells
along with the injury marker Keratin 8 (Krt8) at specific time
points after DT administration. Intense Krt8 protein staining
characterizes AT2-to-AT1 intermediates identified in single-cell
transcriptomic studies of bleomycin lung injury (Strunz et al.,
2020; Choi et al., 2020). The results at 0.5 h showed emergence
of strong Krt8 labeling in surfactant-producing cells with long,
flattened extensions. At 2 h after DT, Krt8+ cells lacked AT2
markers but were positive for AT1 marker proteins (Fig. 2 A).
Epithelial cell quantitation at 2 h after toxin showed a sub-
stantial reduction in the number of AT2 cells but no difference in
the number of AT1 cells compared with uninjured lungs (Fig. 2, B
and C). Given the short time scale, these results collectively
suggested that ablated AT1 cells were rapidly regenerated by
differentiation of nearby AT2 cells (Fig. 2 D).

To visualize dynamic flattening of AT2 cells by lineage trac-
ing, we combined the SftpC-CreER-rtTA knock-in and R26mTmG
alleles to broadly mark AT2 cells with mGFP prior to BHT ad-
ministration. However, at 60 h after BHT—12 h after the peak of
both AT1 cell death and AT2 cell proliferation as previously
characterized by thymidine labeling and ultrastructural
analyses—we did not detect the AT2-lineage mark in AT1 cells.
This result suggested lineage tracer dysfunction, and we hy-
pothesized the fluorescent protein tag may be lost during AT1
cell differentiation. To test this, we combined the Shh-Cre-GFP
knock-in, R26iDTR, and R26mTmG alleles to ubiquitously mark
all AT1, AT2, and airway cells prior to genetic ablation. 24 h after
toxin administration, the lineage reporter was not detectable in
regenerated AT1 cells by either visualization of endogenous flu-
orescence or antibody staining against GFP (Fig. S2, A–D). To
ensure that loss of the lineage mark was not due to the toxin or an
injury effect, we similarly analyzed its performance at embryonic
day 18, when bipotent progenitors mature into AT1 cells during a
process called sacculation (Desai et al., 2014). These results re-
produced loss of the lineage mark during flattening of nascent AT1
cells (Fig. S2, E–G). The R26mTmG lineage marker becomes de-
tectable after several days in the newly generated AT1 cells in both
contexts, as previously demonstrated (Desai et al., 2014; Nabhan
et al., 2018). Hence, AT2 cell lineage tracing during acute injury
repair is not an accurate way to determine the timing of AT1 cell
regeneration. Because the dysfunction only lasts several days,
however, later emergence of the lineage mark in AT1 cells does
confirm that they arose from AT2 cells (see below).

To directly test if AT2 cells differentiate into AT1 cells
without cellular replication, we combined 5-ethynyl-29-deoxy-
uridine (EdU) DNA incorporation with AT2 lineage tracing after
BHT injury. The results showed that newly generated AT1 cells
carrying the AT2 lineage tag after injury were EdU− (Fig. 2,
E–H). We also performed clonal analysis of random AT2 cells
by exploiting the sparse ligand-independent recombination of
the SftpC-CreER-rtTA knock-in allele. Analysis by whole-mount
confocal microscopy in thick tissue slices confirmed that the vast
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majority of AT1 cells carrying the AT2 cell lineage mark were
spatially isolated without a nearby marked “parent” AT2 cell
(Fig. 2, I–K). Together, these results support that ablated AT1
cells were regenerated by differentiation of AT2 cells without
antecedent proliferation.

We next performed EM analysis of lungs collected at 0.5 h
after toxin-mediated genetic ablation to visualize alveolar
structure and assess epithelial integrity at high resolution. We
observed necrotic AT1 cells as expected, many of which re-
mained attached to the basal lamina. However, most of the al-
veolar surface was covered by a thick squamous epitheliumwith
electron-lucent cytoplasm containing lamellar bodies, the hall-
mark of surfactant-producing AT2 cells. Also apparent were
electron-dense, mature-appearing intercellular tight junctions

between the flattened AT2 cell extensions and adjacent healthy
AT1 and AT2 cells. There was a notable absence of open epi-
thelial cell junctions or exposed basal lamina (Fig. 3 A). These
ultrastructural features suggested that epithelial barrier and gas
diffusion functions were preserved, at least in the local regions
we surveyed by EM. To globally measure alveolar function, we
next quantified protein and leak of fluorescently tagged albumin
into the airspaces and the arterial oxygen saturation after DT
and BHT. The results showed no impairment in global alveolar
barrier and gas exchange functions with widespread synchro-
nous AT1 cell ablation using DT. BHT however, which kills both
AT1 and capillary endothelial cells, resulted in a slight but sta-
tistically significant increase in capillary leak without affecting
oxygenation (Fig. 3, B–E).

Figure 1. Rapid AT1 cell regeneration after widespread targeted ablation. (A) Strategy for acute genetic or chemical ablation of pulse-marked (mGFP) AT1
cells. (B and C) Endogenous fluorescence (B) and immunostaining (C) shows initial broad labeling of AT1 population (mGFP+Ager+, control) with widespread
AT1 cell loss and reconstitution (mGFP−Ager+) at 2 h after DT and 2 d after BHT administration. (D and E) Immunostaining (D) and quantitation (E) of AT1 cells
(Lamp3−Nkx2.1+) before and after AT1 cell ablation with DT or BHT. Note representative marked AT1 cell (mGFP+, arrow) in control and multiple unmarked AT1
cells (mGFP−, arrowhead) after acute ablation (control: 292 AT1 cells scored; DT: 290 AT1 cells scored; BHT: 308 AT1 cells scored; n = 3 mice per condition).
Scale bars: 100 µm (B), 25 µm (C), 10 µm (D). DTR, diphtheria toxin receptor; TMX, tamoxifen. Data are mean ± SEM. P values calculated by two-sided
Student’s t test.

Guild et al. Journal of Cell Biology 3 of 19

Barrier regeneration precedes cell division https://doi.org/10.1083/jcb.202212088

https://doi.org/10.1083/jcb.202212088


Figure 2. AT2 cell differentiation regenerates AT1 cells without stem cell proliferation. (A) Krt8 immunostaining 0.5 and 2 h after DT shows emergence
of early (Krt8+SpC+Ppdn−, arrows) and late (Krt8+SpC−Ppdn+, arrowheads) intermediates in AT2-to-AT1 cell differentiation. (B–D) Immunostaining (B) for AT2
(Lamp3+Nkx2.1+) and AT1 (Lamp3−Nkx2.1+) cells with quantitation (C) and model (D) shows no reduction in AT1 (Lamp3−Nkx2.1+) but diminished AT2
(Lamp3+Nkx2.1+) cells at 2 h after AT1 ablation by DT (control: 2,234 Nkx2.1+ cells scored; DT: 2,039 Nkx2.1+ cells scored; n = 3 mice per condition). (E) Strategy
for AT2 lineage trace with cell cycle mapping after AT1 cell ablation. (F) Representative images of AT2-to-AT1 differentiation without DNA replication (left,
H2B-mCherry+Lamp3−Ager+EdU−) and AT2 cell cycle entry (right, H2B-mCherry+Lamp3+Ager−EdU+). Note, Ager is a basal surface marker of AT1 cells. (G and
H) (G) Quantitation of lineage-marked AT2 cells that generated AT1 cells (H2B-mCherry+Lamp3−) and (H) the proportions with and without preceding DNA
replication (H2B-mCherry+Lamp3−EdU+ or −) (control: 539 cells scored; BHT: 681 cells scored; n = 3 mice per condition). (I–K) Representative images (I) of
mGFP+ AT2 cell clone with AT2 phenotype (left, uninjured lung) and AT1 cell phenotype (right, post-injury). Quantitation (J) of clones as isolated AT1 or AT1 with
accompanying parent AT2 cell and model (K) for AT2-to-AT1 differentiation without preceding proliferation as primary mechanism for AT1 cell regeneration
(304 mGFP+ AT1 cells scored, n = 3 mice). Scale bars, 15 µm (A), 50 µm (B), 10 µm (F), 25 µm (I). Dox, doxycycline. Data are mean ± SEM. P values calculated by
two-sided Student’s t test.
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Collectively, the results above illuminate the remarkably
rapid and comprehensive capacity of the alveolar epithelium to
maintain both barrier and gas exchange functions in the set-
ting of widespread AT1 cell loss. Overall, our results suggest
that this resilience is enabled by ultrarapid flattening of AT2
cells that simultaneously restores epithelial integrity and
generates a thin diffusion barrier that culminates in AT1 cell
differentiation.

Mitosis of binucleated AT2 cells initiates AT2 cell repletion
We next explored the kinetics of AT2 cell repopulation by
staining for proliferation markers at sequential time points after
synchronous AT1 cell ablation. The percentage of alveolar epi-
thelial cells active in the cell cycle (Nkx2.1+Ki67+) increased from
0.5 ± 0.2% (n = 5,373 Nkx2.1+ cells scored in four mice) in the
uninjured state to 6.8 ± 1.1% at 0.5 h (n = 2,301 Nkx2.1+ cells
scored in two mice) and 11.0 ± 2.0% at 2 h (4,292 Nkx2.1+ cells
scored in three mice) after DT, then declined to baseline (0.7 ±
0.2%; 2,392 Nkx2.1+ cells scored in threemice) by 24 h. Curiously,
62.7 ± 4.7% of Ki67+ epithelial cell nuclei (900 Nkx2.1+Ki67+

nuclei scored in three mice) were observed in “doublets” at 2 h
after DT, a time point seemingly too early for passage through
the entire cell cycle (Uhal, 1997). This finding suggested acti-
vation of a latent polyploid population of AT2 cells. Im-
munostaining analysis and FACS quantitation of uninjured
lungs revealed that ∼2.4 ± 0.3% of the healthy AT2 cell popu-
lation has 4n nuclear content, consisting primarily of binucle-
ated cells (Fig. 4, A and B). To determine if binucleation is
enriched in the Wnt-active subset of AT2 cells previously
identified to harbor stem-cell function, we quantified their
proportion in general (by Sftpc-CreER) and Axin2+ (by Axin2-
CreER) AT2 cells in whole mount slices of intact, uninjured
lung. This experiment revealed significant enrichment of bi-
nucleation in Wnt-active (Axin2+) AT2 cells, corroborated by
FACS analysis, employing Axin2-rtTA-nls-GFP to identify the
Wnt-active AT2 subset (Fig. 4, C–E; and Fig. S3). Binucleated
AT2 cells were quiescent (Ki67−) in health and then rapidly
entered the cell cycle (Ki67+) after AT1 cell killing (Fig. 4, F and
G). Nuclear localization of β-catenin protein confirmed active
canonical Wnt signaling (Fig. 4, F and H).

Figure 3. Ultrarapid AT2 cell flattening sustains barrier and gas exchange functions after AT1 cell killing. (A) Transmission EM images of healthy (black
arrowheads) and dying (black arrow) AT1 cells and of flattening AT2 cells with electron-lucent cytoplasm (red arrowheads) and occasional residual lamellar
bodies (red arrows) at 30min after ablation. Note the presence of mature-appearing electron-dense tight junctions (purple arrows) between flattening AT2 and
neighboring epithelial cells. (B) Strategy for quantitating alveolar function after acute AT1 cell ablation (genetic, chemical) or generalized (infectious) injury.
(C–E) Epithelial permeability (C and D) and oxygenation (E) are not disrupted with widespread AT1 cell killing, whereas generalized injury induces capillary leak
and impairs gas exchange (control, n = 4 mice; DT, n = 4 mice; BHT; n = 4 mice; infection, n = 3 [C] or 5 [D and E] mice). Scale bars, 1 µm (A top, A center), 3 µm
(A middle left, A middle right), 3 µm (A bottom). P values calculated by two-sided Student’s t test.
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Adult progenitor cells are widely believed to arrest at G0 of
the cell cycle, prior to S phase entry and DNA replication upon
reactivation (Cheung et al., 2013). However, recent reports in
less-derived organisms suggest alternative points of cell cycle
entry (Otsuki and Brand, 2018; Nguyen et al., 2017). To map cell
cycle transit of binucleated AT2 cells, we co-stained for DNA
replication (EdU), cell cycle activity (Ki67), and mitosis (phos-
phorylated histone H3, pH3) at serial time points after AT1 cell
ablation (Fig. 5 A). The results indicated that S phase entry and
DNA replication are restricted to mononucleated AT2 cells
(Ki67+ nuclear “singlets”) and that activated binucleated AT2
cells (Ki67+ nuclear “doublets”) do not enter S phase (Fig. 5, B
and C). We next asked if EdU−/Ki67+ binucleated AT2 cells
served as functional progenitors or were merely remnants of
failed mitosis. We did so by co-staining for Ki67 and the adhe-
rens junction marker E-cadherin (Cdh1) to determine successful
cell division. While at 0.5 h after DT nearly all Ki67+ doublets
were binucleated cells, by 2 h many had completed division,
evidenced by E-cadherin demarcating two daughter AT2 cells
(Fig. 5, D and E). EdU− cells were in M phase (pH3+ with

formation of sister chromatids) prior to division (Fig. 5, F and G),
suggesting binucleated AT2 cell division by mitotic entry and
not amitosis. Together, these data demonstrate that direct M
phase entry from quiescence of binucleated AT2 cells initiates
AT2 cell restoration prior to conventional stem cell division
(Fig. 5 H).

AT1 cell–derived hbEGF drives proliferation of mononucleated
and binucleated Wnt-active AT2 cells via EGFR activation
Axin2 expression and nuclear localization of β-catenin protein
indicate active Wnt signaling in quiescent binucleated AT2 cells,
consistent with prior observations that Wnt is necessary but not
sufficient for AT2 cell proliferation (Nabhan et al., 2018). EGFR
activation has long been believed to drive proliferation of AT2
cells based on in vitro studies and demonstration that oncogenic
KrasG12D rapidly transforms AT2 cells (Desai et al., 2014; Lin
et al., 2012; Xu et al., 2012). However, a physiologic role for EGFR
in AT2 proliferation has not been demonstrated in vivo and the
putative ligand(s) and cellular source(s) are unknown. It is also
unknown if other (non-EGFR) signaling pathways contribute to

Figure 4. Quiescent Axin2+ binucleated AT2 cells
are activated by AT1 cell death. (A and B) Binucle-
ated AT2 cells in uninjured mouse lung by im-
munostaining (A) and quantitation of ploidy by FACS
(B) with micrograph of sorted 4n AT2 cell (2.4 ± 0.3%
4n, n = 4 mice). (C–E) Lineage marking of general
(Sftpc-CreER) (C) or Axin2+ (Axin2-CreER) (D) AT2 cells
with quantitation (E) reveals strong enrichment of bi-
nucleation (dual arrows) in Axin2+ AT2 population
(Sftpc-CreER: 974 Tomato+ cells scored in n = 4 mice;
Axin2-CreER: 176 Tomato+Lamp3+ cells scored in n = 3
mice). (F–H) Immunostaining (F) shows cell cycle entry
(Ki67+) of Wnt-active (nuclear-localized β-catenin) bi-
nucleated AT2 cell at 0.5 h after DT, with quantitation
of proliferation (G) (control: 5,273 Nkx2.1+ cells scored,
n = 4mice; 0.5 h: 2,301 Nkx2.1+ cells scored, n = 2 mice;
2 h: 4,292 Nkx2.1+ nuclei scored, n = 3 mice) and Wnt
activity (H) (n = 307 Nkx2.1+Ki67+ cells scored, n = 3
mice). Scale bars, 5 µm (B), 15 µm (C, D, and F), 40 µm
(A). PI, propidium iodide. Data are mean ± SEM. P values
calculated by two-sided Student’s t test.
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AT2 cell proliferation in vivo, including ones that may not re-
quire concomitant Wnt activity. To examine the mechanism(s)
of AT2 cell proliferation in vivo, we systemically inhibited either
Wnt or EGFR prior to AT1 cell ablation and then asked whether
each pathway was necessary for activation of binucleated and
mononucleated AT2 cells (Fig. 6 A). Receptor tyrosine kinase

activity (phosphorylated Erk1/2 [pErk1/2]) was detected in both
binucleated and mononucleated AT2 cells after injury, consis-
tent with EGFR activation (Fig. 6 B). Inhibition of either Wnt or
EGFR abrogated activation of mononucleated and binucleated
AT2 cells, evidenced by a significant reduction in both Ki67+

singlets and doublets shortly after DT administration (Fig. 6,

Figure 5. Binucleated AT2 cells enter the M phase
from quiescence and complete mitosis. (A) Strategy
for cell cycle mapping after AT1 cell ablation. (B and
C) Immunostaining (B) with quantitation (C) shows that
cell cycle–active AT2 cell doublets (arrows) have not
entered S phase (Nkx2.1+Ki67+EdU−) and that the cell
cycle–active cells in S phase (Nkx2.1+Ki67+EdU+) are all
singlets (arrowheads) at 2 h after DT (left bar: 456
Nkx2.1+Ki67+ cells scored, n = 3 mice; right bar: EdU
scored in 404 Nkx2.1+Ki67+ cells, n = 3 mice). (D and
E) E-cadherin (Cdh1) immunostaining (D) with quanti-
tation (E) reveals a reduction in binucleated and cor-
responding increase in post-mitotic AT2 cells between
0.5 and 2 h after DT (0.5 h: 112 Ki67+ nuclei scored; 2 h:
116 Ki67+ nuclei scored; n = 3 mice per time point).
(F and G) Immunostaining (F) with quantitation (G)
reveals entry of AT2 cell into mitosis without anteced-
ent DNA replication at 2 h after DT (Lamp3+pH3+EdU−).
Note adjacent AT2 cell in S phase that has not yet en-
tered M phase (87 cells scored, n = 3 mice). (H) Sche-
matic of binucleated AT2 cell cycle transit after
activation from quiescence. Scale bars, 50 µm (B), 20
µm (D), 5 µm (F). TMX, tamoxifen. Data are mean ±
SEM. P values calculated by two-sided Student’s t test.
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C–E). These data suggest that both EGFR and Wnt are necessary
for cell cycle activation and that EGFR can trigger AT2 cell entry
into either M or S phase, as appropriate.

To identify candidate EGFR ligand(s) and their cellular
source(s), we examined single-cell RNA sequencing (scRNA-seq)
profiles of alveolar cell types. This analysis revealed only hbEGF
expressed by AT1 cells and pericytes, and we confirmed AT1 cell
expression by RNA in situ hybridization (Fig. 7, A and B;
Nagendran et al., 2018; Tabula Muris Consortium, 2020). Hence,
hbEGF protein is presumably tethered to the AT1 cell surface
and/or extracellular matrix until it is rapidly released by activity
of matrix metalloproteinases reported to be induced with lung
injury, whereupon it can signal to nearby EGFR-expressing AT2
cells (Greenlee et al., 2007; Kheradmand et al., 2002). We used
an EGFR-Emerald fusion protein knock-in allele to visualize
EGFR protein localization and directly confirm signaling in AT2
cells after injury by visualizing receptor clustering and endo-
cytosis (Yang et al., 2017). These experiments identified AT2
cells with diffuse apical localization of EGFR at baseline and
punctate cytoplasmic co-localization with the adaptor protein
growth factor receptor bound protein 2 (GRB2) after AT1 cell
ablation (Fig. 7, C–F; Wang and Moran, 1996). MAPK signaling
activity in AT2 cells was also demonstrated after BHT injury by

immunostaining for pErk1/2 (Fig. 7 G). To definitively test for a
putative AT1-to-AT2 hbEGF-EGFR signaling axis, we deleted hbEGF
in AT1 cells or EGFR in AT2 cells and then quantified proliferation
following AT1 cell killing (Fig. 7 H). For these experiments, we
employed BHT to avoid ectopic expression of simian hbEGF
(R26iDTR) in AT1 cells (Naglich et al., 1992). Both approaches
demonstrated significantly reduced AT2 cell proliferation, con-
firming that AT1 cell–produced hbEGF is a key ligand that drives
AT2 cell activation via EGFR in acute injury in vivo (Fig. 7, I–K).
Together, these data implicate AT1 cells as the AT2 proliferative
niche that is poised to rapidly provide hbEGF upon alveolar injury.

Repeated cycles of AT1 cell ablation drive AT2-derived
hyperplasia that provides barrier but compromises surfactant
and gas exchange functions
Synchronous AT1 cell ablation by one-time DT administration
resulted in rapid and complete AT1 cell reconstitution, even after
widespread AT1 cell elimination. We next used EdU to track the
fate of the daughter cells generated by AT2 cell division (Fig. 8
A). With a single pulse of AT1 cell ablation by DT administration,
AT2 cell proliferation resolved to baseline within 24 h (Fig. 8, B
and D). Detection of replicated DNA demonstrated that 92.1 ±
0.5% (n = 110Nkx2.1+/EdU+ nuclei scored, n = 2mice) of AT2 cells

Figure 6. EGFR and Wnt are necessary for activation of
mononucleated and binucleated AT2 cells. (A) Strategy for
systemic Wnt (C59) or EGFR (Erlotinib) inhibition prior to AT1 cell
ablation by DT. (B) pErk1/2 staining shows MAPK signaling in
activated mononucleated (top) and binucleated (bottom) AT2
cells at 0.5 h after DT. (C–E) Representative images (C) and
quantitation of mononucleated (Ki67+/Nkx2.1+ singlets) (D) and
binucleated (Ki67+/Nkx2.1+ doublets) (E) AT2 cell activation at 2 h
after DT in controls and with inhibition of Wnt (C59) or EGFR
(Erlotinib) (no toxin: 5,273 Nkx2.1+ nuclei scored in n = 4 mice;
control: 4,292 Nkx2.1+ nuclei scored in n = 3 mice; C59: 4,258
Nkx2.1+ nuclei scored in n = 2 mice; Erlotinib: 2,171 Nkx2.1+ nuclei
scored in n = 3 mice). Scale bars, 5 µm (B), 50 µm (C). TMX,
tamoxifen. Data are mean ± SEM. P values calculated by two-
sided Student’s t test.
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that entered S phase completed karyokinesis by 24 h (Nkx2.1+EdU+

doublets). As expected, since AT1 cells had already been regen-
erated, daughter cells of AT2 proliferation exclusively retained an
AT2 cell (Lamp3+) phenotype, a minor subset of which became
binucleated via endomitosis (Fig. 8, E–G).

We next tested whether rapidly iterated cycles of widespread
AT1 ablation would exhaust or deplete AT2 cell proliferative
capacity. To do so, we modified our genetic approach to enable
repeated rounds of AT1 cell killing. In Hopx-CreER mice car-
rying a conditional DT A subunit allele (R26DTA), tamoxifen

Figure 7. AT1 cells constitute an hbEGF-EGFR sig-
naling niche for AT2 cell proliferation. (A and
B) scRNA-seq (A) and in situ hybridization (B) shows
hbEGF expression by AT1 cells. (C and D) EGFR-Emerald
allele shows EGFR protein (Emerald-GFP) restricted to
AT2 cell apical membrane (Muc1) in control (C) and in-
ternalized on endosomes (Grb2 protein co-localization)
after BHT (D). (E and F) Representative immunostaining
(E) of inactive (no toxin, apical) and activated (BHT,
endocytosed) EGFR with quantitation (F) of EGFR-active
AT2 cells in controls and after BHT (n = 300 Lamp3+

cells scored in uninjured and n = 358 Lamp3+ cells
scored 40 h after BHT; n = 3 mice per condition).
(G) pErk1/2+ AT2 cell (Lamp3+) after BHT. (H) Strategy
for deletion of hbEGF in AT1 or EGFR in AT2 cells prior to
AT1 killing, with EdU administration 1 h prior to evalu-
ation. (I–K) Representative images (I and J) and quanti-
tation (K) of AT2 cell proliferation (Lamp3+EdU+) in
control lungs and 2 d after BHT (hbEGF+/del: 2,181 Lamp3+

cells scored in n = 4 mice; hbEGFlox/del: 3,410 Lamp3+ cells
scored in n = 5 mice; EGFR+/del: 3,432 Lamp3+ cells scored
in n = 3 mice; EGFRlox/del: 2,962 Lamp3+ cells scored in
n = 3 mice). Scale bars, 5 µm (B–D and G), 15 µm (E), 25
µm (I and J). Em, Emerald GFP; TMX, tamoxifen. Data
are mean ± SEM. P values calculated by two-sided
Student’s t test.
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Figure 8. Kinetics of AT2 cell repletion following depletion by differentiation. (A) Strategy for pulsed AT1 cell ablation by DT. (B and D) Representative
images (B) and quantitation (D) show that proliferation observed at 2 h after DT subsides within 24 h (no toxin: 5,273 Nkx2.1+ nuclei scored in n = 4 mice; 2 h:
4,292 Nkx2.1+ nuclei scored in n = 3 mice; 24 h: 2,392 Nkx2.1+ nuclei scored in n = 3 mice). (C and E) Immunostaining (C) and quantitation (E) show AT2 cells
that enter S phase at 2 h (top, Nkx2.1+EdU+ singlets) and undergo karyokinesis by 24 h (bottom, Nkx2.1+EdU+ doublets) retain an AT2 cell (Lamp3+) phenotype
(n = 221 Nkx2.1+/EdU+ nuclei scored in n = 3 mice). (F and G) (F) E-cadherin (Cdh1) immunostaining with (G) quantitation reveals that a minor subset of AT2
cells that entered S phase (EdU+) undergo karyokinesis without completion of cytokinesis at 24 h (n = 68 EdU+ nuclei in doublet scored, n = 2 mice).
(H) Strategy for targeted AT1 cell ablation by inducible intracellular toxin expression (R26DTA). (I–L) Immunostaining shows AT1 (Nkx2.1+Lamp3−-Pdpn+) and
AT2 cells (Nkx2.1+Lamp3+), including a proliferating AT2 cell subset (Lamp3+Ki67+), at 7 d (I and J) and 37 d (K and L) after AT1 cell ablation. (M) Quantitation of
proportion of AT2 cells proliferating in controls and at both time points (control: 1,709 Nkx2.1+Lamp3+ cells scored; day 7: 1,323 Nkx2.1+Lamp3+ cells scored;
day 37: 1,139 Nkx2.1+Lamp3+ cells scored, n = 3 mice per condition). (N) Quantitation shows significant reduction in AT2 (Lamp3+Nkx2.1+) but not AT1
(Lamp3−Nkx2.1+) cells at 7 d that is resolved by 37 d after AT1 cell ablation (control: 2,234 Nkx2.1+ cells scored; day 7: 1,794 Nkx2.1+ cells scored; day 37: 3,748
Nkx2.1+ cells scored, n = 3 mice per condition). Scale bars, 100 µm (I and K), 50 µm (B), 25 µm (C, J, and L), 15 µm (F). TMX, tamoxifen. Data are mean ±
SEM. P values calculated by two-sided Student’s t test.
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administration results in AT1 cell ablation. Using this strain,
newly regenerated AT1 cells can be eliminated by administer-
ing a second dose of tamoxifen since they induce Hopx ex-
pression during AT1 differentiation. We performed one or three
cycles of AT1 cell ablation prior to analyzing the epithelium
(Fig. 8 H and Fig. 9 A). One-time administration of tamoxifen
transiently depleted AT2 cells, without an observed change in
the number of AT1 cells (Fig. 8, I–N), recapitulating the results
of our DTR experiments. To our surprise, repeated cycles of AT1
ablation resulted in dramatic hyperplasia comprised of highly
proliferative and frequently multinucleated epithelial cells that
lacked surfactant function (Fig. 9, B–E). The hyperplastic cells
ranged from cuboidal to squamous, co-expressed injury (Krt8),
AT2 (Muc1) and AT1 (Pdpn, lycopersicon esculentum lectin

[LEL]) markers, and were frequently polyploid, but did not
contain lamellar bodies or stain positive for surfactant protein
C (pro-SpC; Fig. 9, F–H). The end-result was a thick and cell-
ularly dense alveolar epithelium that presumably maximized
barrier strength at the expense of surfactant production and
efficient gas diffusion.

BHT similarly induced AT1 cell killing over multiple days,
allowing us to track the contribution of AT2 cells to epithelial
hyperplasia by lineage tracing. AT2 cell clonal analysis using a
multicolor reporter allele (R26iMb-Mosaic) revealed monoclonal
expansion capable of generating more than 30 new cells from a
single AT2 cell over 5 d (Fig. 10, A and B). Despite the magnitude
of these histological abnormalities, AT2 cell–derived hyperplasia
eventually regressed without obvious consequences to alveolar

Figure 9. Repeated AT1 cell ablation elicits epithelial hyperplasia with dysregulated molecular phenotypes and ploidy. (A) Strategy for pulsed or
repeated genetic ablation by inducible, intracellular toxin expression (R26DTA). (B–D) Immunostaining (B and C) shows hyperplasia and absence of surfactant
function in proliferating epithelial cells (Ki67+/Nkx2.1+/Lamp3−) after repeated but not pulsed ablation with quantitation (D) (pulsed: 195 Nkx2.1+Ki67+ cells
scored; repeated: 277 Nkx2.1+Ki67+ cells scored; n = 3 mice per condition). (E) Quantitation of AT2 (Lamp3+) and total epithelial (Nkx2.1+) cells (control: 2,234
Nkx2.1+ cells scored; pulsed: 1,794 Nkx2.1+ cells scored; repeated: 2,904 Nkx2.1+ cells scored; n = 3 mice per condition). (F) Electron micrographs show AT2 cell
with cytoplasmic lamellar bodies after pulsed ablation (left) and hyperplastic epithelium that lacks surfactant organelles after repeated ablation (right).
(G)Hyperplastic cells are morphologically diverse and lack surfactant protein (pro-SpC−) while expressing an AT2 cell injury marker (Krt8) and variable levels of
AT2 (Muc1) and AT1 (Pdpn, LEL) cell surface markers. (H) Multinucleation by transmission EM (numbers indicate nuclei); 9.4 ± 0.8% of hyperplastic epithelial
cells are binucleated, while 0.53 ± 0.3% contain greater than two nuclei (776 Krt8hi epithelial cells scored, n = 3 mice). Scale bars, 50 µm (B), 10 µm
(C and G), 3 µm (F), 5 µm (H). TMX, tamoxifen. P values calculated by two-sided Student’s t tests (D and E).
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architecture or epithelial composition by 1 mo later (Fig. 10, C
and D). Broad AT2 cell lineage marking using the mGFP tag
(R26mTmG) confirmed that the regenerated AT1 cells had de-
rived from AT2 cells (Fig. 10, E and F). Together, these findings
suggest that repeated cycles of AT1 ablation indirectly drive
multiple rounds of AT2 cell division, perhaps including newly
born daughter cells that would otherwise exit the cell cycle
(Fig. 10 G). However, many daughter cells were molecularly
dysregulated, having lost AT2 surfactant function without
achieving AT1 cell identity. Wnt inhibition during repeated AT1
cell ablation abrogated the hyperplastic response and signifi-
cantly depleted AT2 cells, yet AT1 cell regeneration by direct AT2-

to-AT1 cell differentiation proceeded, as expected (Fig. S4, A–E).
Collectively, these findings suggest that the alveolar epithelium
has a tremendous proliferative reserve and prioritizes barrier
preservation over gas exchange and surfactant production.

Discussion
Our study illuminates a temporally coordinated program for
regeneration of the lung alveolar epithelium involving discrete
mechanisms. Ultrarapid AT2 cell flattening preserves alveolar
barrier and gas exchange functions while rapidly regenerating
lost AT1 cells. While we could not successfully visualize dynamic

Figure 10. AT2 cell–derived hyperplasia spontaneously resolves with injury resolution. (A) Tomato+ AT2 cell clones from multicolor reporter without
injury (left top) and after BHT (left bottom) shows local expansion with proliferative progeny that induced an injury marker (Krt8+) and lost surfactant protein C
(proSpC−) expression (small panels). (B) Quantitation of clone size distribution after sustained chemical injury (89 Tomato+ AT2 cell clones scored). (C and
D) Epithelial hyperplasia at 5 d after BHT resolves by 32 d shown by staining (C) and with quantitation (D) (control: 2,234 Nkx2.1+ cells scored, n = 3 mice; day 5:
4,254 Nkx2.1+ cells scored, n = 3 mice; 1 mo: 2,457 Nkx2.1+ cells scored, n = 4 mice). (E and F) AT2 cell lineage tag marks only cuboidal AT2 cells in uninjured
lung (E, top left and middle column) whereas 38 d after BHT nearly all AT1 cells carry the AT2 lineage mark (mGFP+Ager+) (E, bottom left and right column) with
quantitation of AT2-derived AT1 cells (F) (control: 404 AT1 cells scored; BHT: 268 AT1 cells scored, n = 3 [control] and 2 [BHT] mice). (G) Cartoon of outcomes
of pulsed versus repeated AT1 cell ablation. Scale bars, 100 µm (A left, C, and E left), 10 µm (A middle/right), 25 µm (E middle/right). Data are
mean ± SEM. P values calculated by two-sided Student’s t test.
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AT2 cell flattening by short-term lineage tracing due to transient
loss of the reporter fluorophore, longer chase periods confirm
the AT2 cell origin of regenerated AT1 cells. Surfactant-
producing AT2 cells are then replenished by proliferation of
Wnt-active binucleated and mononucleated AT2 cells, both
regulated by EGFR activation. AT2 cell activation is primed with
constitutive hbEGF transcription by AT1 cells presumably en-
suring protein is poised for release by injury-induced protease
activity. This regenerative program endows a delicate simple
epithelium with a functional resiliency that compensates for the
lack of physical durability intrinsic to stratified and pseudos-
tratified epithelial barriers elsewhere in the body.

In stratified esophagus and skin epithelia, wound closure is
accomplished by modulation of proliferation, differentiation,
and cell migration (Doupé et al., 2012; Park et al., 2017). How-
ever, rapid flattening of nearby cells for barrier reconstitution,
as we observed in alveoli, has been reported with severe acute
injury in non-simple epithelia, for instance in the stratified ze-
brafish epidermis and pseudostratified mouse airways (Erjefält
et al., 1995; Rawlins et al., 2007; Chen et al., 2016). Real-time
imaging of epithelial repair after targeted single-cell ablation in
live zebrafish directly visualizes remarkably rapid cell elimination
and nearly “gap-free” breach repair within minutes (Shkarina
et al., 2022). In our AT1 ablation experiments, epithelial tight
junctions between flattening AT2 cells and their neighbors were
visible by electron microscopy within 30 min of injury. Given the
primal importance of maintaining a continuous leak-proof barrier
intrinsic to pulmonary alveoli, evolution of a mechanism for ul-
trarapid barrier regeneration is perhaps not surprising.

In the epidermis and airway injury models mentioned above,
the first responder cells execute only a barrier restoration
role—they are not stem cells and do not undergo differentiation.
Thus, their acute depletion does not reduce the pool of local stem
cells. In alveolar injury, by contrast, AT2 cells are depleted
through differentiation, which reduces the number available for
proliferation. Are constitutive (Axin2+) AT2 stem cells prefer-
entially safeguarded against depletion? It appears possible since
experimentally sustained Wnt activity in vivo during aging and
Wnt supplementation in vitro have been found to inhibit AT2 to
AT1 differentiation (Nabhan et al., 2018). Thus, constitutive AT2
stem cells may be simultaneously poised to proliferate and
safeguarded from depletion by virtue of their Wnt-active state.
Other tissues have similarly evolved customized cellular pro-
grams for epithelial repair that precede and complement the
relatively slow process of stem cell proliferation (Heller et al.,
2014; Aragona et al., 2017; Tai et al., 2019).

In some contexts, binucleation can impair cell cycle pro-
gression and binucleated AT2 cells lacking proliferative com-
petence were recently observed as a pathologic consequence of
genotoxic lung injury (Weng et al., 2022; Ganem and Pellman,
2007). By contrast, the binucleated AT2 cells we identified that
reside in healthy lungs are adaptive. Because they are poised to
directly enter mitosis from quiescence, their rapid division may
mitigate AT2 cell depletion and the consequent surfactant defi-
ciency that can worsen hypoxemia from alveolar collapse. De-
termining their specific role(s) will require new genetic tools to
mark and manipulate them in vivo. Functional ploidy reduction

as we describe here in mammalian lungs has been identified as a
regenerative mechanism in other tissues and in different species
(Otsuki and Brand, 2018; Matsumoto et al., 2020; Chan et al.,
2022; Nguyen et al., 2017; Bailey et al., 2021). During injury
resolution, new binucleated AT2 cells are generated by endor-
eplication, potentially restoring this population for future in-
juries. Interestingly, binucleated AT2 cell activation and mitosis
are both Wnt-dependent and EGFR-driven by AT1 cell–produced
hbEGF, the same program that drives proliferation of mononu-
cleated AT2 cells. It will be interesting to learn if ploidy reduction
and cellular replication in other tissues are also co-regulated, and
whether resident polyploid cells are differentially susceptible to
oncogenesis compared with conventional diploid stem cells.

We were surprised to find relatively few denuded AT1 cells
and macrophages in the alveolar lumen after targeted AT1 cell
killing, raising the possibility that AT2 cells or their progeny
could be phagocytosing dying AT1 cells and thereby minimizing
inflammation. Another surprise was the finding that several
cycles of AT1 cell ablation resulted in epithelial hyperplasia.
Since AT2 cells were not themselves being injured, their ex-
cessive proliferation is presumably driven by external signals.
Many of the hyperplastic cells had ceased AT2 cell surfactant
activity yet failed to acquire a flattened AT1 cell morphology for
efficient gas exchange. This concept of cells “stuck” in a normally
transient state between AT2 and AT1 identities is proposed to
contribute to defective alveolar maintenance in ARDS and pul-
monary fibrosis (Strunz et al., 2020; Jiang et al., 2020; Kobayashi
et al., 2020; Chan et al., 2022). It is puzzling that despite not being
injured themselves, some AT2 cells underwent massive endor-
eplication. Perhaps continuous barrier integrity for preventing
pulmonary edema and/or scar initiation is of such importance that
suspending quality control of replication during repetitive passage
through the cell cycle is adaptive at the organismal level. Classical
studies have proposed that disruption of the alveolar epithelial
barrier drives fibrotic remodeling, so overproliferation of AT2
cells could mitigate this risk (Haschek and Witschi, 1979). Inter-
estingly, alveolar epithelial hyperplasia has long been considered a
nonspecific injury response in human lung and is also a histologic
feature of ARDS (Bachofen andWeibel, 1974; Tomashefski, 2000).
If the pathophysiology in humans is similar to that in mouse, it
may be worth considering the possibility that enhancing cellular
differentiation may be more impactful than promoting stem cell
proliferation for prevention or treatment of ARDS.

Materials and methods
Mouse strains
Wild type animals were C57BL/6 (Jackson Laboratories). Ex-
pression of estrogen-inducible Cre recombinase (Cre-ERT2) for
conditional, cell type–specific targeting in vivo in mixed strain
backgrounds employed the following gene-targeted Cre alleles:
Hopx-CreER (Takeda et al., 2011; #017606; JAX Strain) for AT1
cells; Sftpc-CreER (Van Keymeulen et al., 2011; #028054; JAX
Strain) and Sftpc-CreER-rtTA (Chapman et al., 2011) for AT2 cells;
and Axin2-CreER (van Amerongen et al., 2012; #018867; JAX
Strain) for Wnt/β-catenin-responsive cells. Shh-Cre (Harfe et al.,
2004; #005622; JAX Strain) was used to irreversibly mark the
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entire endoderm-derived lung epithelium at the onset of de-
velopment. Cre-dependent deletion of hbEGF (Iwamoto et al.,
2003) and EGFR (Choi et al., 2020) was performed using con-
ditional “floxed” alleles crossed with germline deletion alleles
(hbEGFf/d and EGFRf/d). Heterozygous wild type and deletion
allele combinations served as littermate controls (hbEGF+/d and
EGFR+/d). Conditional fluorescent Cre reporter alleles included:
R26H2B-EGFP (Abe et al., 2011; CBD0238K; RIKEN); R26Tomato
(Madisen et al., 2010; #007914; JAX Strain); R26mTmG
(Muzumdar et al., 2007; #007676; JAX Strain), in which re-
combination switches expression from membrane-targeted To-
mato to mGFP; and the R26iMb-Mosaic (Pontes-Quero et al., 2017;
#031298; JAX Strain) allele, in which recombination induces
stochastic expression of either membrane-targeted YFP, To-
mato, or Kate2. Doxycycline-induced (1 mg/ml doxycycline in 1%
sucrose drinking water; Abcam) fluorescent cell nuclear labeling
was performed using Sftpc-CreER-rtTA with Col1a1TetoH2BCherry
(Egli et al., 2007; #014592; JAX Strain) for AT2 cells and Axin2-
rtTA-nls-GFP (van de Moosdijk et al., 2020; #036013; JAX Strain)
with tetO-H2B-GFP (Tumbar et al., 2004; #005104; JAX Strain)
for Wnt/β-catenin–responsive cells. Inducible, gene-targeted
cell ablation employed the R26iDTR (Buch et al., 2005;
#007900; JAX Strain) allele, which sensitizes cells to DT by
conditional expression of the toxin receptor, and the R26DTA
(Voehringer et al., 2008; #009669; JAX Strain) allele, which
kills cells by conditionally inducing synthesis of the cytotoxic
protein fragment. A chimeric EGFR-GFP (EGFR-Emerald) knock-in
allele (Yang et al., 2017) was used to localize EGFR protein. In-
duction of Cre-ERT2 alleles was accomplished by intraperitoneal
injection of 4 mg tamoxifen (Sigma-Aldrich), dissolved in corn oil
by sonication and stored in aliquots at −80°C, once per day for
three consecutive days. Genotyping was performed by PCR of
DNA extracted from ear or toe clips using published primer sets.
All experiments were performed using adult male and female
animals between 2 and 8 mo of age. Mice were housed in filtered
cages, and all experiments were approved by the Institutional
Animal Care and Use Committee at Stanford University.

For animal strains not distributed publicly by the Jackson
Laboratories or the RIKEN Center, PCR primers used for geno-
typing were as follows:

Sftpc-CreER-rtTA
Mutant forward: 59-TCGCCTTCTATCGCCTTCTTG-39
Communal reverse: 59-CCTTTTGCTCTGTTCCCCATTA-39
Wild type forward: 59-TGGTTCCGAGTCCGATTCTTC-39

hbEGFf’lox or del

Wild type forward: 59-CATGATGCTCCAGTGAGTAGGCTCTGA
TTAC-39
Wild type reverse: 59-AGGGCAAGATCATGTGTCCTGCCTCAA
GCC-39
Mutant forward: 59-CGGACAGTGCCTTAGTGGAACCTC-39
Mutant reverse: 59-GCTTCTTCTTAGGAGGGATCTTGGC-39

EGFRf’lox or del

Wild type forward: 59-CTTTGGAGAACCTGCAGATC-39
Wild type reverse: 59-CTGCTACTGGCTCAAGTTTC-39

Mutant forward: 59-CTCAGCCAGATGATGTTGAC-39
Mutant reverse: 59-CCTCGTCTGTGGAAGAACTA-39

EGFR-Emerald
Mutant forward: 59-TGGTGCAGATGAACTTCAGG-39
Communal reverse: 59-CCTCACCATGAGGCAAACTT-39
Wild type forward: 59-CCACAGCTGAAAATGCAGAG-39

Toxin-mediated ablation and generalized infectious
alveolar injury
Gene-targeted and synchronous cell ablation by R26iDTR was
performed by intraperitoneal injection of 4 mg of tamoxifen
once per day for three consecutive days, followed by a single
intraperitoneal injection of 150 ng DT (Sigma-Aldrich, diluted in
PBS and stored in 200-μl aliquots at −80°C) ∼2 wk later. Lit-
termates lacking only the R26iDTR allele also received tamoxifen
and DT and served as controls. To quantitate AT1 cell ablation
kinetics and efficiency, the Hopx-CreER allele was used to re-
combine R26mTmG simultaneously with R26iDTR, which dem-
onstrated depletion of the AT1 cell epithelial surface by DT,
relative to controls and consistent with epithelial cell quantifi-
cation. For pan-epithelial cell ablation, the Shh-Cre allele was
combined with R26iDTR and R26mTmG alleles, and mice were
treated with a single intraperitoneal injection of 150 ng DT at
2 mo of age. To inhibit Wnt secretion and signaling, the Por-
cupine inhibitor C59 (Tocris) was administered by oral gavage at
a dose of 50 mg/kg body weight 7 h before DT injection. To in-
hibit EGFR signaling, Erlotinib (Selleck) was administered by
oral gavage at a dose of 100 mg/kg body weight 2 h before DT
injection. C59 and Erlotinib were prepared in a solution of 0.5%
carboxy methyl cellulose/0.1% Tween 80 that was sonicated for
20 min immediately prior to administration in 100 μl vol-
umes. Gene-targeted cell ablation by R26DTA was performed
by a single intraperitoneal injection of 4 mg tamoxifen or by
4 mg tamoxifen injections once per day for three consecutive
days. Animals were sacrificed 7 d after the final dose of ta-
moxifen. Chemical ablation of AT1 cells was performed by a
single intraperitoneal injection of BHT (Thermo Fisher Sci-
entific) dissolved in corn oil with gentle warming and stored
in 500 μl aliquots at −80°C) at a dose of 450 mg/kg (Figs. 1, 2,
and 7) or 100 mg/kg body weight (Figs. 10 and S4). Although
surviving animals fully recovered, 100 mg/kg BHT resulted
in significant respiratory mortality within 1 wk of adminis-
tration (33.3%; n = 12 animals). To inhibit Wnt signaling
during BHT injury, C59 (Tocris) was administered by oral
gavage at a dose of 50 mg/kg body weight once every 12 h
beginning 24 h after BHT injection. Generalized infectious
alveolar injury was performed as previously described (Gotts
et al., 2019). Streptococcus pneumoniae serotype 19F (49619;
American Type Culture Collection) was grown in brain–
heart broth (Becton Dickinson) and harvested at the mid-
log phase (optical density 0.50 at 600 nm). The bacterial
culture was then pelleted and resuspended in PBS at three
different serial dilutions to enable aliquot of 1.5 colony-
forming units of bacteria. Mice were inoculated intrana-
sally with 1.5 colony-forming units of bacteria suspended in
50 μl of solution.
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Bronchoalveolar lavage (BAL) and pulse oximetry
For experimental assessment of vascular permeability in alveoli,
mice underwent anesthetization by isoflurane and were injected
retro-orbitally 4 h prior to evaluation with 2 mg of FITC-
conjugated albumin (Thermo Fisher Scientific) suspended in
200 μl of PBS. Mice were euthanized by carbon dioxide inha-
lation, and after exsanguination, the trachea was cannulated and
the lungs were lavaged twice with 250 μl PBS. BAL fluid was
centrifuged at 500 g for 10 min and supernatant was separated
from pellet to isolate protein from cells. BAL protein was mea-
sured with the BCA Protein Assay (Thermo Fisher Scientific),
and FITC fluorescence intensity was measured using a fluores-
cence plate reader (excitation 490 nm and emission 525 nm) and
serial dilution techniques. To evaluate gas exchange, the
MouseOx+ cervical collar system (Starr Life Sciences) was used
to measure arterial oxygen saturation continuously for 5 min
prior to euthanasia and amean oxygen saturation was calculated
and reported.

Lung isolation, fixation, staining, and imaging
Mice were euthanized by carbon dioxide inhalation, the ab-
dominal aorta was severed, and sternotomy was performed.
Phosphate-buffered saline (PBS; Ca2+- and Mg2+-free, pH 7.4)
was perfused at a flow rate of 7.5 ml/min into the right ventricle
using a 21-gauge needle attached to a digital pump (Ismatec) to
clear the pulmonary vasculature. For developmental analysis,
embryos were staged by vaginal plugging of the mother, with
noon on the day of appearance of the plug taken as embryonic
day 0.5. Individual embryos were also staged by fetal crown-
rump length at the time of euthanasia. Fetal lungs were removed
en bloc and a scalpel was used to excise the tip of the accessory
lobe, after which lungs and the tip were fixed in methanol (Me):
dimethylsulphoxide (DMSO; 4:1) with rocking overnight at 4°C,
bleached in Me:DMSO:30% H202 (4:1:1) for 5 h at room tem-
perature, then dehydrated, and stored in Me at 20°C until
staining.

For analysis of postnatal lung, the trachea was cannulated
and the lungs were gently inflated with molten 2% ultralow
gelling temperature agarose (Sigma-Aldrich) until visualization
of complete distention of the accessory lobe, then removed en
bloc and submerged in ice-cold PBS. Individual lobes were dis-
sected and fixed in three different conditions. For whole-mount
imaging, the left and right upper lobes were separated and
trimmed to create a flat base, glued to a tissue disk with cya-
noacrylate, and then submerged in ice-cold PBS and sliced at a
thickness of 600 µm using a vibrating microtome (Leica). For
direct imaging without immunostaining, slices were fixed in
paraformaldehyde (PFA, 4% in PBS) overnight at 4°C then stored
in 80% glycerol at 4°C. For whole-mount immunofluorescence
staining, slices were fixed in Me:DMSO (4:1) with rocking
overnight at 4°C, then dehydrated in Me and stored at −20°C
until staining. For immunohistochemistry and RNA in situ hy-
bridization, the right middle, right lower, and accessory lobes
were immediately fixed in PFA, 4% in PBS overnight at 4°C,
transferred to 30% sucrose in PBS at 4°C overnight, then sub-
merged in optimal cutting temperature compound (Thermo
Fisher Scientific) in an embedding mold, frozen on dry ice, and

stored at −80°C. 14-µm sections were then obtained using a
cryostat (CM3050; Leica) and collected on glass slides.

Whole-mount immunofluorescence was performed as pre-
viously described (Desai et al., 2014). Vibratome sections fixed in
Me were transferred into solutions containing 0.1% Tween-20
mixed with PBS (PBST) and sequentially shaken for 10 min in
75% Me-PBST, 50% Me-PBST, 25% Me-PBST, and 0% Me-PBST
solutions. Samples were subsequently transferred to blocking
solution composed of 10% goat serum, 3% BSA, and 87% 0.1%
Triton X-100 mixed in PBS, and shaken twice for 1 h at room
temperature. Primary antibodies were then diluted in blocking
solution and transferred into sample-containing Eppendorf
tubes prior to incubation overnight at 4°C. The following day,
samples were shaken at 4°C in blocking solution for 1 h, for a
total of five washes. Samples were then exposed to secondary
antibodies or fluorescent conjugates diluted in blocking solution
and then were incubated overnight by shaking at 4°C. On the
third day, samples were washed for 30 min for a total of five
washes in PBS at room temperature and then placed in 80%
glycerol solution mixed in PBS. For immunofluorescent staining
of cryosections on slides, identical solutions were used except
blocking solution contained 5% goat serum. Primary antibody
incubation occurred at room temperature for 2 h, followed by
five 10-min washes in blocking solution. Secondary antibody
incubation occurred at 4°C overnight, again followed by five 10-
min washes in PBS. In both whole mount and cryosection im-
munofluorescence, DAPI was incubated with samples during the
final wash step.

Secondary antibodies conjugated to an Alexa Fluor dye
(A488, A555, or A633; Invitrogen) were used. DAPI (5 ng/ml;
Sigma-Aldrich) was included during incubation with secondary
antibodies. For detection of EGFR-Emerald and pERK1/2, a
horseradish peroxidase–conjugated secondary antibody (In-
vitrogen) was used against an anti-GFP or anti-pERK1/2 anti-
body and detected by tyramide signal amplification (Biotium).
Lycopersicon esculentum lectin (1:500, DL11781; Vector) and
Helix pomatia agglutinin lectin (1:500, L32454; Thermo Fisher
Scientific) were preconjugated to DyLight-649 and A647, re-
spectively. Primary antibodies against the following antigens
were: Ager (rat, 1:500, MAB1179; R&D), GFP (chicken, 1:500,
13970; Abcam), RFP (rabbit, 1:500, 42872; Rockland), Pdpn
(hamster, 2 µg/ml, 8.1.1; Developmental Studies Hybridoma
Bank [DSHB]), pro-SpC (rabbit, 1:500, AB3786; Millipore),
Keratin 8 (rat, 0.2 µg/ml, TROMA-I; DSHB), Lamp3 (guinea pig,
1:500, #391005; Synaptic Systems), Mucin 1 (rabbit, 1:500,
NBP160046; Novus), Nkx2.1 (rabbit, 1:200, EPR5955; Abcam),
pH3 (rabbit, 1:500, 06-570; Millipore), Cdh1 (rat, 1:200, ECCD-
2; Invitrogen), Ki67 (rat, 1:100, SolA15; eBioscience), Ki67
(rabbit, 1:200, ab16667; Abcam), Grb2 (rabbit, 1:200, ab32037;
Abcam), pErk1/2 (rabbit, 1:200, 9101; Cell Signaling Technol-
ogy), ß-catenin-FITC (mouse, 1:250, 14; BD Transduction Lab-
oratories), and Endomucin (rat, 1:250, V.5C7; Millipore). EdU
(Carbosynth), injected as a single intraperitoneal injection
(0.1 mg/g) or provided in drinking water (1 mg/ml in 1% su-
crose water) as indicated, was detected prior to application of
primary antibodies using the Click-iT EdU Cell Proliferation Kit
(Thermo Fisher Scientific).
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Multiplexed RNA in situ hybridization was performed by
Proximity Ligation In Situ Hybridization as previously described
(Nagendran et al., 2018). Comprehensive methods and infor-
mation on optimization of reagents, incubation time, and solu-
tion are available open-access on Bio-protocols (Nagendran
et al., 2020). The following sets of probe pairs were used to
detect transcripts of the indicated genes:

hbEGF
59-AGGTCAGGAATACCAGGTTGTAATGGAGGACCCAGCGTG
GCATTGA-39
59-CGATGGGTTACAGAGCAAATTTAGTATGATGACAATATA
GCCAGGTT-39
59-AGGTCAGGAATACCAGGTTGTAATGGAACGAACCACTGT
CTCAGAA-39
59-CTCCTCTATGTAGAACGTGTTTAGTATGATGACAATATA
GCCAGGTT-39
59-AGGTCAGGAATACCAGGTTGTAATGGATAGGGGATTCTC
CACTGGT-39
59-TGTAGTGTGGTCATATGTGTTTAGTATGATGACAATATA
GCCAGGTT-39
59-AGGTCAGGAATACCAGGTTGTAATGGAGCTGACACTCTA
ATCCAGA-39
59-TCCTGGAGCATATGGAAACTTTAGTATGATGACAATATA
GCCAGGTT-39
59-AGGTCAGGAATACCAGGTTGTAATGGTGTCCCTTCCAAG
TCCTGGA-39
59-ACTTTGAAAAGGTTCAGATCTTAGTATGATGACAATATA
GCCAGGTT-39
59-AGGTCAGGAATACCAGGTTGTAATGGAGGTATCAATGAC
CAAGAAT-39
59-CCTTCCCTATAGTAATTGATTTAGTATGATGACAATATA
GCCAGGTT-39
59-AGGTCAGGAATACCAGGTTGTAATGGTTTGGATGCGGCG
GCCACTG-39
59-GACGGGGAGGCAGCGATCACTTAGTATGATGACAATATA
GCCAGGTT-39
59-AGGTCAGGAATACCAGGTTGTAATGGTTGCGGCTACTTG
AACACAT-39
59-GGGTCCAAACAGCAGATCCCTTAGTATGATGACAATATA
GCCAGGTT-39
59-AGGTCAGGAATACCAGGTTGTAATGGTTGCGGTATTTCA
CAGTTAG-39
59-AAACTCAAGAGTTCTCGAGCTTAGTATGATGACAATATA
GCCAGGTT-39
59-AGGTCAGGAATACCAGGTTGTAATGGTTGCGGCCGCGGT
TCGTCTG-39
59-TGAGATCCTGTCTGGGAACCTTAGTATGATGACAATATA
GCCAGGTT-39
59-AGGTCAGGAATACCAGGTTGTAATGGTCACCAACGCGGA
CAACACT-39
59-CCGCTCCAGACTCTCACCGGTTAGTATGATGACAATATAGCC
AGGTT-39
59-AGGTCAGGAATACCAGGTTGTAATGGTAGACAAAAATCA
CCTAGGC-39
59-GGCTTTCGGAACACGAACGGTTAGTATGATGACAATATA
GCCAGGTT-39

Ager
59-AGGTCAGGAATACTTAGCTATTGATGGTCATCGACAATT
CCAGTGGC-39
59-CCCGACACCGGAAAGTCCCCTTCTGTGTAGACGACTATAGCC
AGGTT-39
59-AGGTCAGGAATACTTAGCTATTGATGGTTTGCCATCGGG
AATCAGAA-39
59-TCTTCCTTCACGAGTGTTTCTTCTGTGTAGACGACTATAGCC
AGGTT-39

After staining, vibratome slices were immersed in Vecta-
shield (Vector) and placed onto Chambered Coverglass (#1.5;
Lab-Tek). Cryotome sections were sealed by #1.5 Coverglass
(Thermo Fisher Scientific) with nail hardener (Sally Hansen).
Images were acquired using a Leica Sp5 inverted laser scanning
confocal microscope with LAS X Software. Leica glycerol ob-
jectives were used for 20× and 63× magnification at room
temperature. Images were processed (pseudocolored, contrast-
adjusted, and overlaid) using ImageJ (National Institutes of
Health). Quantification of nuclear stains was performed in Qu-
Path (University of Edinburgh), while cytoplasmic stains were
quantified manually using the cell counter function in ImageJ.

Transmission EM and ultrastructural analysis
To visualize alveolar wall ultrastructure following gene-targeted
ablation of AT1 cells, lungs from mice carrying Hopx-CreER and
R26iDTR or R26DTA alleles were isolated as described above.
Vibratome slices (thickness of 600 µm) were fixed (2% glutar-
aldehyde [EMS] and 4% PFA [EMS] in 0.1 M sodium cacodylate
[EMS], pH 7.4) overnight, post-fixed in 1% OsO4 for 1 h at 4°C,
washed, stained in 1% uranyl acetate overnight at 4°C, dehy-
drated to 100% ethanol, infiltrated with Embed 812 resin (EMS),
then oriented in casts and polymerized at 65°C for 24 h. Blocks
were sectioned to a thickness of 80 nm using an ultramicrotome
(UC7; Leica), stained for 40 s in 3.5% uranyl acetate in 50% ac-
etone followed by staining in Sato’s Lead Citrate for 2 min, and
visualized with a JEM-1400 transmission electron microscope
(JOEL) with a 120-kV beam and imaged with an Orius SC1000
(Gatan) digital camera. Epithelial cells were scored for the
presence of lamellar bodies, cuboidal versus squamous mor-
phology, and cytoplasmic electron density. Septal walls were
traced throughout each individual section to determine the
presence or absence of exposed (denuded) basal lamina.

Clonal analysis
The Sftpc-ER-rtTA allele induced sparse (∼1%) ligand-independent
recombination of the R26mTmG allele in AT2 cells, which re-
sulted in isolated single-cell AT2 cell clones marked by the
membrane GFP. 2-mo-old Sftpc-ER-rtTA > R26mTmG animals were
treated with 450 mg/kg bodyweight BHT and euthanized 72 h
later. AT1 cells expressing the AT2 cell lineage tag were subse-
quently identified in 600-µm-thick vibratome sections by imaging
endogenous GFP fluorescence using confocal microscopy (20×
objective) and were scored for the presence of a neighboring
lineage-positive AT2 cell within three contiguous airspaces
(∼100–150 µm) in the x, y, and z coordinate planes. To quantify
clonal expansion of AT2 cells following repeated AT1 cell ablation,
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Sftpc-ER-rtTA > R26iMb-Mosaic animals were treated with intra-
peritoneal injections of 4 mg tamoxifen once per day for three
consecutive days, followed by a single intraperitoneal injection of
100 mg/kg bodyweight BHT at least 2 wk after the final dose of
tamoxifen. 5 d later, proliferating AT2 cell foci were scored by
whole-mount immunofluorescence for the number of contiguous
cells within each clone by analyzing mTomato, amplified by an
anti-RFP antibody, and imaged by confocal microscopy (63× ob-
jective) to delineate single cells.

Flow cytometry and ploidy analysis
Lung tissue was isolated from Sftpc-CreER > R26mTmG animals
treated with intraperitoneal injections of 4 mg tamoxifen once
per day for three consecutive days to fluorescently mark AT2
cells or Axin2-rtTA-nls-GFP > TetO-H2b-GFP animals treated with
doxycycline in drinking water for 10 consecutive days prior to
analysis. Lungs were exposed and perfused 2 wk after the final
tamoxifen injection as described above and inflated with di-
gestion buffer (5 U/ml dispase, 200 U/ml collagenase I, 4 U/ml
elastase, and 4 U/ml DNAse in HBSS). Following ligation of the
trachea, the heart–lung block was carefully dissected and placed
into a sterile Petri dish at 20°C for 45 min. The heart and large
airways were discarded, and the remaining lung tissue was
manually homogenized using a single-edge blade, suspended in
digestion buffer, dissociated by GentleMACS (Miltenyi Biotec),
and sequentially washed through 100 and 40 µm filters after red
blood cell (RBC) lysis (ACK lysis buffer; Gibco). The peripheral
lung single-cell suspension was then incubated with a cell via-
bility stain (Sytox Orange; Invitrogen) and antibodies to fluo-
rescently label RBCs (Ter119; 7436; BD), immune cells (anti-CD45,
30-F11; Biolegend), endothelial cells (anti-PECAM, 390; Biol-
egend), and epithelial cells (anti-EPCAM, G8.8; Biolegend). After
exclusion of RBCs and dead cells, AT2 cells were enriched by
negative selection of CD45+ and PECAM+ cells and positive se-
lection of EPCAM+ cells using a FACSAria Fusion flow cytometer
(BD). Axin2+ (GFP+) AT2 cells were further enriched by MHC-II
staining (107632; Biolegend; Hasegawa et al., 2017). Sorted
EPCAM+mGFP+ or MHCII+EPCAM+GFP+ cells were collected,
fixed in 70% ethanol at −20°C, rehydrated in PBS, incubated in
FxCycle PI/RNase staining solution (Invitrogen) for at least
30 min, and returned to the flow cytometer for single-cell
quantitation of propidium iodide fluorescence intensity. FACS
data analyses and plotting were done in FlowJo (BD).

Analysis of scRNA-seq data
scRNA-seq read counts formouse lungwere obtained fromTabula
Muris Consortium (2020). Mean log-transformed read counts
were calculated and a heatmap of these data for selected genes and
lung alveolar cell types was generated using Seaborn v.0.11.2.

Statistical analysis
Replicate experiments were all biological replicates with dif-
ferent animals and quantitative values are presented as mean ±
SEM unless indicated otherwise. Student’s t tests were two-sided
and used to determine statistical significance where indicated.
No statistical method was used to predetermine sample size, and
data distribution was tested for normality prior to statistical

analysis and plotting. Bothmale and female animals were used in
experiments and subjects were age- and gender-matched in bi-
ological replicates and in comparison of different groups.

Online supplemental material
Fig. S1 shows Nkx2.1 is a pan-alveolar epithelial marker that
enables quantitation of AT2 and AT1 cells. Fig. S2 shows rapid
loss of mGFP fluorescent lineage marker in flattening epithelial
cells during AT1 differentiation in injury and embryonic devel-
opment. Fig. S3 shows Axin2+ AT2 cell population is enriched for
4n nuclear content. Fig. S4 shows Wnt signaling is necessary for
AT2 cell repletion but not for AT2-to-AT1 cell differentiation.

Acknowledgments
We thank members of the Desai lab, R. Zemans, and R. Nusse for
discussions and comments on the manuscript; A. Straight, E.
Gronroos, and C. Logan for discussions on polyploidy; D. Pe-
terson for assistance with analysis of transcriptomic data; and
the Stanford University Stem Cell Institute FACS Core and Cell
Sciences Imaging Core facilities.

This work is supported by the National Heart Lung and
Blood Institute, the National Institutes of Health, the National
Cancer Institute, and the Ludwig Cancer Institute (grants
5R01HL14254902, 5UG3HL14562302, and R35197750). T.J. Desai
is the Woods Family Endowed Faculty Scholar in Pediatric
Translational Medicine of the Stanford Child Health Research
Institute and the Robert A. and Gertrude T. Hudson Endowed
Professor. J. Guild was supported by the National Heart Lung
and Blood Institute and the Stanford University Medical Scien-
tist Training Program (grant 1F30HL16015601).

Author contributions: conceptualization: J. Guild, T.J. Desai;
methodology: J. Guild, T.J. Desai, M.A. Matthay; investigation:
J. Guild, N.H. Juul, A. Andalon, H. Taenaka; visualization: J. Guild,
N.H. Juul, A. Andalon, H. Taenaka; funding acquisition: J. Guild,
T.J. Desai, R.J. Coffey; project administration: T.J. Desai; super-
vision: T.J. Desai; writing—original draft: J. Guild, T.J. Desai; and
writing—review & editing: J. Guild, T.J. Desai.

Disclosures: M.A. Matthay reported grants from National Heart,
Lung, and Blood Institute/National Institute of Allergy and In-
fectious Diseases, the Department of Defense, the California
Institute of Regenerative Medicine, Roche-Genentech, and
Quantum Health during the conduct of the study. No other
disclosures were reported.

Submitted: 18 December 2022
Revised: 17 July 2023
Accepted: 2 October 2023

References
Abe, T., H. Kiyonari, G. Shioi, K.I. Inoue, K. Nakao, S. Aizawa, and T. Fujimori.

2011. Establishment of conditional reportermouse lines at ROSA26 locus for
live cell imaging. Genesis. 49:579–590. https://doi.org/10.1002/dvg.20753

Adamson, I.Y., and D.H. Bowden. 1974. The type 2 cell as progenitor of al-
veolar epithelial regeneration. A cytodynamic study in mice after ex-
posure to oxygen. Lab. Invest. 30:35–42.

Guild et al. Journal of Cell Biology 17 of 19

Barrier regeneration precedes cell division https://doi.org/10.1083/jcb.202212088

https://doi.org/10.1002/dvg.20753
https://doi.org/10.1083/jcb.202212088


Adamson, I.Y., D.H. Bowden, M.G. Cote, and H. Witschi. 1977. Lung injury
induced by butylated hydroxytoluene: Cytodynamic and biochemical
studies in mice. Lab. Invest. 36:26–32.

Aragona, M., S. Dekoninck, S. Rulands, S. Lenglez, G. Mascré, B.D. Simons,
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Supplemental material

Figure S1. Nkx2.1 is a pan-alveolar epithelial marker that enables quantitation of AT2 and AT1 cells. (A–C) Representative image (A) and quantitation (B
and C) of co-staining for a pan-epithelial nuclear lineage tag driven by Shh-Cre (H2B-GFP, green) and Nkx2.1 (yellow) shows 100% concordance, with Lamp3
(magenta) distinguishing AT2 (Lamp3+) and AT1 (Lamp3−) cells (2,234 Nkx2.1+ cells scored in n = 3 mice). (D and E) Representative image (D) and quantitation
(E) of efficiency and specificity of AT1 cell targeting by Hopx-CreER after three doses of 4 mg of tamoxifen (532 Nkx2.1+Lamp3+ AT2 cells scored and 292
Nkx2.1+Lamp3− AT1 cells scored, n = 3 mice). Scale bars, 20 µm (A), 15 µm (D). Data are mean ± SEM.

Guild et al. Journal of Cell Biology S1

Barrier regeneration precedes cell division https://doi.org/10.1083/jcb.202212088

https://doi.org/10.1083/jcb.202212088


Figure S2. Rapid loss of mGFP fluorescent lineage marker in flattening epithelial cells during AT1 differentiation in injury and embryonic devel-
opment. (A) Strategy for pan-alveolar epithelial lineage marking with mGFP prior to pulsed epithelial ablation. (B and C) Direct fluorescence (top row) and co-
staining for pan-epithelial lineage marker (mGFP) and AT1 cells (Pdpn; bottom row) in control adult lung (B) and 24 h after DT administration (C) shows the
absence of the pan-epithelial mGFP in the majority of AT1 cells by direct fluorescence and antibody staining. (D) Low- (left column) and high- (right column)
magnification micrographs of co-staining for pan-epithelial lineage marker (mGFP), AT1 cells (Pdpn), and AT2 cell injury marker (Krt8) show loss of mGFP
protein in AT1 cells, including ones co-expressing the AT2 cell injury marker (arrows; n = 5 control and 5 DT-treated mice). (E–G) Co-staining for pan-epithelial
lineage marker (mGFP), AT1 cells (Pdpn), and AT2 cells (pro-SpC) in sacculating embryonic day 18 lung (E) with separated channels of boxed regions (F and G)
shows mGFP in nascent AT2 cells (asterisks) but patchy absence in newly forming AT1 cells at varying stage of flattening (arrows; n = 5 mice). Scale bars, 100
µm (B top, C top, D left), 50 µm (E), 25 µm (B bottom, C bottom, D right), 10 µm (F and G).
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Figure S3. Axin2+ AT2 cell population is enriched for 4n nuclear content. FACS gating strategy (top) and quantitation (bottom) of DNA content in GFP+

and GFP− AT2 cells from mice expressing GFP under the control of the Axin2 promoter (GFP− AT2 cells: 1.89 ± 0.66% 4n; GFP+ AT2 cells: 6.21 ± 0.10% 4n; n = 3
mice; P < 0.003). Note enrichment of 4n cells in Axin2+ AT2 cells by FACS (6.12% versus 3.11% in Axin2− AT2 cells), supporting results by whole-mount
immunofluorescence in Fig. 4, C–E.
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Figure S4. Wnt signaling is necessary for AT2 cell repletion but not for AT2-to-AT1 cell differentiation. (A) Strategy for AT2 cell lineage tracing with
pan-Wnt inhibition (C59) during sustained AT1 cell killing. (B and C) AT1 (Pdpn) and AT2 (Lamp3) marker staining shows that pan-Wnt inhibition for days 2–5
after BHT administration results in a severe reduction of AT2 cells but broad AT1 cell coverage (B). AT2 cell lineage tracing shows differentiation into AT1 cells
(mGFP+, flat morphology) with maintenance of epithelial (HPA+) coverage over the capillaries (Emcn+) (C). (D and E) Quantitation of epithelial (Nkx2.1+) cells
and AT2 (Nkx2.1+Lamp3+) cells after BHT with and without pan-Wnt inhibition (control: 2,234 Nkx2.1+ cells; BHT+5 d: 4,254 Nkx2.1+ cells scored; BHT+5 d
[+C59]: 1,217 Nkx2.1+ cells scored; n = 3 mice per condition). Scale bars, 100 µm (B), 25 µm (C). Emcn, endomucin; HPA, helix pomatia agglutinin lectin; TMX,
tamoxifen. Data are mean ± SEM. P values calculated by two-sided Student’s t test.
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