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In brief

Using dual recombinase-mediated
intersectional genetic approaches, Liu
et al. find that alveolar stem cells (AT2
cells) are derived from existing AT2 cells,
club cells, and BASCs but not from
terminally differentiated AT1 cells during
lung repair and regeneration.
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SUMMARY

Alveolar type 2 (AT2) cells are stem cells of the alveolar epithelia. Previous genetic lineage tracing studies
reported multiple cellular origins for AT2 cells after injury. However, conventional lineage tracing based on
Cre-loxP has the limitation of non-specific labeling. Here, we introduced a dual recombinase-mediated inter-
sectional genetic lineage tracing approach, enabling precise investigation of AT2 cellular origins during lung
homeostasis, injury, and repair. We found AT1 cells, being terminally differentiated, did not contribute to AT2
cells after lung injury and repair. Distinctive yet simultaneous labeling of club cells, bronchioalveolar stem
cells (BASCs), and existing AT2 cells revealed the exact contribution of each to AT2 cells post-injury. Mech-
anistically, Notch signaling inhibition promotes BASCs but impairs club cells’ ability to generate AT2 cells
during lung repair. This intersectional genetic lineage tracing strategy with enhanced precision allowed us
to elucidate the physiological role of various epithelial cell types in alveolar regeneration following injury.

INTRODUCTION

Maintenance of the integrity of the alveolar structure and function
is essential for proper lung homeostasis and function.' Structur-
ally, the lung epithelium consists of the trachea, bronchioles, and
alveolar regions. The identification of the molecular mechanisms
by which lung epithelial stem/progenitor cells contribute to lung
homeostasis provides invaluable insights into lung repair and
regeneration after damage. ' Distinct stem/progenitor cell types
reside in their local epithelial structure and are essential for main-
tenance and repair after lung injury.” Club cells and neuroendo-
crine cells have been identified as bronchiolar resident progeni-
tors that are involved in bronchiolar regeneration after injury.>™
The alveolar region is composed of alveolar type 1 (AT1) cells,
which are responsible for gas exchange, and AT2 cells, which
are considered to be stem cells capable of self-renewal and
differentiation into AT1 cells during homeostasis and after
injury.® "% Additionally, a population of multipotent stem cells
called bronchioalveolar stem cells (BASCs) was reported to exist
at the bronchioalveolar-duct junction,'" and they participate in
the repair of bronchiolar and alveolar epithelium following lung
injuries.’ 14

Multiple recent lineage tracing studies have proposed a new
model that AT1 cells could also serve as a cellular origin for re-

generating alveolar epithelium after various alveolar injuries. ="

Using the Hopx-CreER tool, Jain et al. reported that Hopx* AT
cells contribute to approximately 9% of AT2 cells in the lung
following pneumonectomy (PNX) injury.'®> Moreover, during hy-
peroxia-induced lung injury, Hopx* AT1 cells were found to
give rise to 10% and 30% of the renewed AT2 cells in adult
and neonatal lungs, respectively.'® This key tool has also been
used in a recent study to show that expression of KRAS(G12D)
in differentiated AT1 cells reprograms them slowly and asyn-
chronously back into AT2 stem cells, which in turn go on to
generate indolent tumors.?> While the Hopx gene specifies AT1
progenitors around embryonic (E) day 13.5, Hopx*Sftpc* bipo-
tential progenitors continue to exist during prenatal and post-
natal stages.”*° Lineage tracing studies further showed that
these bipotential progenitors can differentiate into both AT1
and AT2 cells during alveolar development.?* Of note, a subset
of AT2 cells was reported to be unexpectedly labeled by the
Hopx-CreER tool.'®?* Therefore, it is crucial to re-evaluate the
specificity of the Hopx-CreER tool and to elucidate the exact
fate of AT1 cells during lung repair and tumor progression.

In addition to AT1 cells, Scgb1a1* club cells have also been re-
ported as progenitors for regenerating AT2 cells after bleomycin-
induced lung injury.®'°?" The H2-K1"" (MHC-I*) subset of club
cells, identified through single-cell RNA-sequencing (scRNA-seq),
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has been considered the primary progenitor of regenerating AT2
cells."®?" Furthermore, genetic tracing of club cells using the
Scgbi1al-CreER tool has indicated that club cells can migrate
out of the bronchiolar region and regenerate alveolar epithelium
after bleomycin injury.?® However, controversy still exists due to
the limitations of in vitro transplantation and non-specific genetic
tracing in vivo. Previous studies have raised concerns about non-
specific labeling by Scgb7a7-CreER, which ectopically labels a
subset of AT2 cells and BASCs in addition to club cells.® Consid-
ering that AT2 cells and BASCs are progenitors of new AT2 cells
after injury, the non-specific labeling by Scgbia7-CreER tool
could strongly interfere with the interpretation of club cell fate.
Therefore, controversies on the roles of AT1 cells and club cells
exist regarding their exact contribution to AT2 cells during lung
repair and regeneration. Thus, alternative genetic strategies are
needed to specifically and simultaneously target these distinct
cell populations. Here, we developed dual recombinase-mediated
intersectional genetic strategies and conducted a comprehensive
investigation into the cellular origins of AT2 cells during lung repair
and regeneration.

RESULTS

Hopx-based genetic tools cannot specifically target

AT1 cells

Previous studies reported that Hopx™ AT1 cells can de-differen-
tiate into AT2 cells after lung injuries.'®"® To re-investigate the
plasticity of Hopx™* cells during lung regeneration, we used the
PNX and bleomycin models, as previously reported.®'® We first
conducted PNX-induced injury on adult Hopx-CreER;R26-tdT
mice (Figure S1A).?° Immunostaining data revealed that the pro-
portion of tdT*Sftpc™ AT2 cells was significantly increased
after PNX injury compared to the sham group (Figures S1B
and S1C). Next, we used a bleomycin-induced acute
alveolar injury model (Figure S1D). By immunostaining, we found
that Hopx™ cells significantly contributed to 23.04 + 2.32% of
AT2 cells in damaged alveolar regions compared to the
sham group (0.43 + 0.08%) (Figures S1E and S1F). Of note,
>80% of tdT" AT2 cells were distributed within 400 pm from
the bronchioles of bleomycin-injured Hopx-CreER;R26-tdT
lungs (Figure S1G). Overall, the observation of Hopx™ cells de-
differentiating into AT2 cells was consistent with previous
reports.15'16‘18
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To examine the initial labeling profile of the Hopx-CreER tool,
we collected the tissues of Hopx-CreER;R26-tdT mice within
3 days after tamoxifen (Tam) (Figure 1A). By immunostaining,
we found that tdT was expressed in 98.50 + 0.71% of AGER™
AT1 cells, 65.66 + 4.45% of Scgblal® club cells, 12.22 +
2.24% of Scgb1al*Sftpc* BASCs, 91.65 + 2.08% of Acety-
lated-tubulin (Ace-Tub)* ciliated cells, and 0.24 + 0.05% of
Sftpc* AT2 cells, but not in neuroendocrine (NE) and basal cells,
indicating the Hopx is not only a marker for AT1 cells but also ex-
pressed in other types of epithelial cells (Figures 1B-1D). There-
fore, the Hopx-based genetic tool ectopically labeled a subset of
BASCs, club cells, and AT2 cells, which were reported to be pro-
genitors for regenerating AT2 cells after alveolar injury (Fig-
ure S1H). Moreover, Hopx-CreER also labeled basal cells in
the trachea (Figures S11-S1K). We also found that Hopx-CreER
is not a specific genetic tool for targeting the AT1 cells at prenatal
and postnatal stages (Figures S1L-S1V).

To rule out the possibility that the broad labeling could be
due to gene haploinsufficiency in Hopx-CreER mice, we gener-
ated a Hopx-2A-DreER line by inserting the 2A-DreER after the
endogenous Hopx gene (Figure 1E).?” Like the Cre-loxP sys-
tem, Dre is another site-specific recombinase, and rox is its
recognition site.”® We crossed Hopx-2A-DreER mice with cor-
responding reporter R26-RSR-tdT mice”® to trace Hopx* cells
(Figures 1F and 1G). We found that 97.08 + 1.04% of AT1 cells,
44.78 + 5.36% of club cells, 8.22 + 1.59% of BASCs, 70.92 +
3.35% of ciliated cells, and 0.14 + 0.04% of AT2 cells were
labeled by tdT in adult mice (Figures 1H-1J). Moreover, non-
specific labeling was also observed at prenatal and neonatal
stages in Hopx-2A-DreER;R26-RSR-tdT mice (Figures S2A-
S2F), confirming that genetic tools based on Hopx are not spe-
cific for AT1 cells.

Given this limitation, we used a third mouse line with a
different gene promoter, Ager-CreER,*° to target AT1 cells
(Figures 1K and 1L). We found that tdT was detected in
90.64 + 3.05% of AT1 cells, 19.92 + 3.35% of AT2 cells,
and 9.10 + 1.94% of BASCs but not in club, ciliated, basal,
or NE cells in adult Ager-CreER;R26-tdT mice after Tam
(Figures 1M-10). Similar labeling patterns were observed at
prenatal and postnatal stages of Ager-CreER;R26-tdT mice
(Figures S2G-S2L). Collectively, the above results indicate
that Hopx- and Ager-based genetic tools are not specific for
tracing AT1 cells.

Figure 1. Hopx- or Ager-based genetic tools are not specific for labeling AT1 cells

A) A schematic diagram illustrating the experimental design.

B) Immunostaining of tdT, AGER, Scgb1al, Sftpc, Ace-Tub, Krt5, and CGRP on lung sections.
C) Cartoon image showing labeled pulmonary cells in Hopx-CreER;R26-tdT mice.
D) Quantification of the percentage of AT1, club, BASCs, ciliated, AT2, basal, and NE cells that were labeled by tdT in (B).

F and G) A schematic diagram illustrating the experimental design.

H) Immunostaining of tdT, AGER, Scgbia1, Sftpc, Ace-Tub, Krt5, and CGRP on lung sections.
1) Cartoon image showing labeled pulmonary cells in Hopx-2A-DreER;R26-RSR-tdT mice.
J) Quantification of the percentage of AT1, club, BASCs, ciliated, AT2, basal, and NE cells labeled by tdT in (H).
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(E) A schematic diagram illustrating generation of Hopx-2A-DreER line.
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(K and L) A schematic diagram illustrating the experimental design.
(
(
(

Data are mean + SD; n = 5. Scale bars, 100 um.

M) Immunostaining of tdT, AGER, Scgb1al, Sftpc, Ace-Tub, Krt5, and CGRP on lung sections.
N) Cartoon image showing labeled pulmonary cells in Ager-CreER;R26-tdT mice.
0) Quantification of the percentage of AT1, club, BASCs, ciliated, AT2, basal, and NE cells labeled by tdT in (M).
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Hopx*Ager* AT1 cells do not de-differentiate into AT2
cells after lung injury

While the genetic tools based on Ager and Hopx were not spe-
cific to AT1 cells (Figures 11 and 1N), their ectopic labeling of
lung epithelial cells was almost mutually exclusive; thus, their
intersectional labeling could be highly restricted to AT1 cells (Fig-
ure 2A). To test this hypothesis, we employed the dual recombi-
nase-mediated intersectional genetic reporter, R26-RSR-LSL-
tdT,®" to label Hopx*Agert AT1 cells using Hopx-2A-DreER
and Ager-CreER lines (Figure 2B). After Dre-rox and Cre-loxP
recombinations, the tdT reporter gene is activated to label
Hopx*Ager* cells (Figure 2B). We then generated Hopx-2A-
DreER;Ager-CreER;R26-RSR-LSL-tdT triple positive mice to
characterize this strategy (Figure 2C). Immunostaining showed
that tdT was expressed in 83.03 + 4.23% of AT1 cells, 0.04 +
0.03% of club cells, 0.41 + 0.37% of BASCs, 0.04 + 0.02% of
AT2 cells, and 0.05 + 0.03% of ciliated cells (Figures 2D and
2E), indicating that the labeling of AT1 cells was highly specific
using this strategy.

We then examined the plasticity of AT1 cells after lung injury.
We first performed PNX-induced injury and analyzed the lungs
after 3 weeks (Bw), with Hopx-2A-DreER;R26-RSR-tdT mice
used as the control (Figure 2F). Immunostaining showed the
presence of tdT* AT2 cells in the control mice, whereas tdT*
AT2 cells were not detected in the triple positive mice, indicating
that AT1 cells did not de-differentiate into AT2 cells after PNX
(Figures 2G-2l). Next, we performed bleomycin-induced injury
to determine the plasticity of AT1 cells in acute alveolar injury
(Figure 2J). By immunostaining, we detected a subset of tdT*
AT2 cells in the control mice but no tdT* AT2 cells in the triple
positive mice (Figures 2K-3M, S3A, and S3B). We found that
tdT* basal-like cells and transitional AT2 cells could be detected
in the control mice but not in the triple positive mice after bleomy-
cin injury (Figure S3C). Additionally, we also investigated the
plasticity of AT1 cells under conditions of hyperoxia-induced
lung injury (Figure 2N). We found tdT* AT2 cells in the control
mice but not in the triple positive mice, indicating that AT1 cells
did not de-differentiate into AT2 cells after hyperoxic injury
(Figures 20-2Q). Collectively, these data showed that
Hopx*Ager* AT1 cells are terminally differentiated cells and
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cannot de-differentiate into AT2 cells at sites of lung injury in
the PNX, bleomycin, or hyperoxia models.

Hopx* AT1 cells lack cell plasticity to generate AT2 cells
after lung injury

Given that the labeled Hopx*Ager AT1 cell subpopulation
(~80%) constitutes a part of AT1 cells, we next aimed to explore
the plasticity of the entire Hopx* AT1 cell population. Consid-
ering that Hopx-2A-DreER targeted “unwanted” club cells, cili-
ated cells, BASCs, and AT2 cells, we then employed an alterna-
tive dual recombinases-responding reporter, nested reporter 2
(R26-NR2),%® to specifically target the Hopx* AT1 cells (Fig-
ure 3A). In R26-NR2 design, Dre-rox recombination leads to
ZsGreen (ZsG) expression in Dre* cells, while Cre-loxP recombi-
nation removes the ZsG gene and Stop sequence and leads to
tdT expression in both Dre*Cre* and Dre Cre™ cells (Figure 3A).
Based on this design, we used Hopx-2A-DreER to label all po-
tential Hopx™ AT1 cells and employed Sox2-CreER and Sftpc-
CreER to block the labeling of “unwanted” Hopx*Sox2* club
cells and ciliated cells, as well as “unwanted” Hopx*Sftpc*
AT2 cells and BASCs, respectively (Figure 3A). We then
generated Hopx-2A-DreER;Sox2-CreER;Sftoc-CreER;R26-NR2
quadruple knockin mice, with Hopx-2A-DreER;R26-NR2 mice
serving as the control (Figure 3B). We found that 97.81 +
0.44% of AT1 cells, 67.62 + 4.03% of ciliated cells, 37.69 +
2.74% of club cells, and 0.19 + 0.04% of AT2 cells expressed
ZsG in the control mice, consistent with the labeling observed
in Hopx-CreER;R26-tdT and Hopx-2A-DreER;R26-RSR-tdT
mice (Figures 3C-3E and S3D-S3H). In the quadruple knockin
mice, 97.82 + 0.70% of AT1 cells were labeled by ZsG, and virtu-
ally all the ectopically labeled cells detected in the control mice
were now converted to tdT labeling, including ciliated cells,
club cells, BASCs, and AT2 cells (Figures 3C-3E and S3l). These
data demonstrate that the nested reporter system can specif-
ically target AT1 cells, with higher labeling efficiency (Figure 3D)
compared to the intersectional genetic strategy (Figure 2E).

We next investigated the plasticity of these AT1 cells after lung
injury induced by PNX (Figure 3F). By immunostaining, we found
that ZsG* AT2 cells were detected in the control mice after PNX-
induced injury (Figures 3G and 3H), but not in the quadruple

Figure 2. Intersectional genetics reveal that AT1 cells do not contribute to AT2 cells
A) A cartoon image showing the intersectional genetic strategy for lineage tracing of Hopx*Ager* AT1 cells.

B) A schematic diagram showing the lineage tracing strategy.
C) A schematic diagram illustrating the experimental design.

D) Immunostaining of tdT, AGER, Scgbia1l, Sftpc, and Ace-Tub on lung sections.

F) A schematic diagram illustrating the experimental design.
G) Immunostaining of tdT and Sftpc on lung sections after PNX injury.

H) Quantification of the percentage of Sftpc* AT2 cells expressing tdT in (G). ****p < 0.0001.

(
(
(
(
(E) Quantification of the percentage of AT1, club, BASCs, ciliated, and AT2 cells that were labeled by tdT in (D).
(
(
(
(

1) A cartoon image showing that AT1 cells do not contribute to AT2 cells in the PNX-induced injury.

(J) A schematic diagram illustrating the experimental design.
K) Immunostaining of tdT and Sftpc on lung sections after bleomycin injury.

L) Quantification of the percentage of Sftpc* AT2 cells labeled by tdT in (K). ****p < 0.0001.
M) A cartoon image showing that AT1 cells do not regenerate AT2 cells in bleomycin-induced injury.

O) Immunostaining of tdT and Sftpc on lung sections after hyperoxia injury.

P) Quantification of the percentage of Sftpc*™ AT2 cells labeled by tdT in (O). ****p < 0.0001.
Q) A cartoon image showing that AT1 cells do not regenerate AT2 cells in hyperoxia-induced injury.

(
(
(
(N) A schematic diagram illustrating the experimental design.
(
(
(

Data are mean + SD; n = 5. Scale bars, 100 um.
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(A) A schematic diagram illustrating the nested genetic strategy.

(B) A schematic diagram illustrating the experimental design.

(C) Immunostaining of ZsG and tdT on lung sections.
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knockin mice, whereas AT2 cells were labeled by tdT (Figures 3G
and 3H), suggesting that AT1 cells did not give rise to AT2 cells in
this injury model (Figure 3l). We also collected the lungs at 4w af-
ter bleomycin treatment (Figure 3J). By immunostaining, we
observed the presence of a subset of ZsG* AT2 cells distributed
near the bronchiolar region in the control mice after injury
(Figures 3K and 3L), but we did not detect any ZsG* AT2 cells
in both the alveolar and peribronchiolar regions in the quadruple
knockin mice (Figures 3K and 3L). These data indicate that
AT1 cells were highly specialized and incapable of de-differenti-
ating into AT2 cells after bleomycin-induced alveolar injury
(Figure 3M).

Intersectional genetics distinguishes the contribution of
club cells and BASCs to alveolar regeneration

Our data showed that the vast majority of Hopx-CreER-derived
AT2 cells after bleomycin injury were distributed around the
bronchioles (Figures S1G and S1H). We hypothesized that the
Hopx* cell-derived AT2 cells may originate from the other
ectopically labeled cells, such as club cells or BASCs. We then
designed a new intersectional genetic tracing strategy by gener-
ating Hopx-2A-DreER;Scgb1a1-CreER;R26-RSR-LSL-tdT triple
positive mice, which enables simultaneous labeling of Hopx*
club cells and BASCs (Figures S4A-S4C). By immunostaining
of lung sections after bleomycin injury, we found that the tdT*
cells differentiated into Sftpc* AT2 and AGER* AT1 cells after
lung injury but not in the vehicle group (Figures S4D and S4E).
These data showed that Hopx*Scgb1al* cells could contribute
to AT2 cells, consistent with recent studies reporting that
club cells, based on the Scgb7al genetic tool, can contribute
to AT2 cells."®" However, as the Hopx*Scgblal* cells or
Scgblal* cells'®?' contain both club cells and BASCs, these
previous genetic tracing data could not distinguish the cell
origins for AT2 cells. Scgb1a1-CreER was not a specific tool
for labeling club cells, as it also targeted BASCs and very few
AT2 cells, in addition to club cells (Figures S4F-S4l). Therefore,
genetic lineage tracing studies based on the Scgbiai tool
encountered the same caveat as the Hopx-based tool.

Due to the lack of exclusive club-cell-specific genetic tools,
we then used another intersectional reporter, R26-TLR,* to
distinctly label club cells, BASCs, and AT2 cells. By design,
Dre*Cre™ cells are labeled with ZsG after Dre-rox recombination,
Dre"Cre* cells are labeled with tdT after Cre-loxP recombination,
and Dre*Cre* cells are labeled with ZsG and tdT after both
Dre-rox and Cre-loxP recombinations, resulting in a fluorescent
yellow color (Figure 4A). The Stop sequences of R26-tdT and
R26-TLR were about 900 base pairs (bp) and 1,730 bp, respec-
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tively. We found that the longer Stop sequence of Scgbiai-
CreER;R26-TLR mice reduced the baseline labeling of club cells
and ectopic labeling of AT2 cells compared to Scgbilal-
CreER;R26-tdT mice (Figures S4F-S4l).

BASCs have the properties of expressing both the club cell gene
marker Scgblatl and the AT2 cell gene marker Sftpc. To distin-
guish the labeling of club cells, BASCs, and AT2 cells, we gener-
ated Scgb1a1-CreER;Sftoc-DreER;R26-TLR triple positive mice
(Figures 4A and 4B), in which Scgbial™ club cells are labeled
with tdT (Club-tracer), Sftpc™ AT2 cells are labeled with ZsG
(AT2-tracer), and Scgbial*Sftpct BASCs are labeled with tdT
and ZsG (BASC-tracer). We collected the lungs to characterize
the labeling of cells by this strategy after Tam (Figure 4C). By immu-
nostaining, we found specific labeling of Scgbial1*Sftpc™ club
cells with tdT, Sftpc* AT2 cells with ZsG, and Scgbia1*Sftpc*
BASCs with tdT and ZsG (Figure 4D). Thus, this intersectional ge-
netic strategy enabled us to distinguish three distinct progenitors
and examine their cell fates with unique genetic reporters simulta-
neously in the same mice.

Next, we explored the cellular plasticity of these cell types after
lung injury. We first performed PNX injury (Figure 4E). By immu-
nostaining, we found that the Club-tracer did not contribute to
AT2 cells in the sham mice, and it minimally contributed to AT2
cells in the peribronchiolar region after injury (Figures 4F and
4G). Similarly, the BASC-tracer contributed minimally to AT2
cells around the bronchioalveolar-duct junctions (BADJs) after
injury (Figures 4F and 4G). The majority of AT2 cells were labeled
by the AT2-tracer, suggesting that AT2 cells acted as the domi-
nant progenitors for regenerating alveolar epithelium in PNX-
injured lungs (Figure 4G).

We then investigated the cell plasticity of these cell types dur-
ing bleomycin-induced lung injury (Figure 4H). By immunostain-
ing, we found that a large proportion of AT2 cells adjacent to
bronchioles were labeled with either tdT*ZsG™ or tdT*ZsG" after
injury, indicating that these AT2 cells were derived distinctively
from the Club-tracer and the BASC-tracer, respectively (Fig-
ure 4l). Quantification data showed that club cells, BASCs, and
AT2 cells contributed to 26.51 + 7.24%, 11.39 + 3.31%, and
60.41 + 5.92% of AT2 cells, respectively, in the damaged alve-
olar region after injury (Figure 4J). We then evaluated whether
alveolar expansion of club cells represents repair or bronchioli-
zation. Immunostaining for tdT, ZsG, Sftpc, Lamp3, AGER,
Krt5, Scgb1ai, or Ace-Tub on lung sections at 4w after bleomy-
cin injury showed that, among the Club-tracer-derived alveolar
cells, 58.73 + 5.75% were Sftpc* AT2 cells, 15.35 + 2.22%
were AGER™* AT1 cells, 3.34 + 0.89% were Krt5" basal-like cells,
3.84 + 1.65% were Scgblal® club-like cells, and none were

E) A cartoon image showing cell labeling by different strategies.
F) A schematic diagram illustrating the experimental design.
G) Immunostaining for ZsG, tdT, and Sftpc on lung sections.

(
(
(
(
(
(

(J) A schematic diagram illustrating the experimental design.

D) Quantification of the percentage of AT1, ciliated, club, and AT2 cells labeled by ZsG and tdT. Data are mean + SD; n = 4.

H) Quantification of the percentage of Sftpc* AT2 cells expressing ZsG or tdT in (G). ****p < 0.0001. n = 5.
1) A cartoon image showing that the Hopx™ AT1 cells do not transdifferentiate to AT2 cells after PNX injury.

(K) Immunostaining of ZsG, tdT, and Sftpc on lung sections after bleomycin injury.
(L) Quantification of the percentage of Sftpc* AT2 cells expressing ZsG or tdT in (K). ****p < 0.0001. n = 5.
(M) A cartoon image showing that the Hopx* AT1 cells do not transdifferentiate to AT2 cells.

Data are mean + SD. Scale bars, 100 um.
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Ace-Tub* ciliated-like cells (Figures S4J-S4L). The proportion of
alveolar epithelial cells (AT2 and AT1) accounted for more than
70%, suggesting that the majority of alveolar expansion of
Club-tracer represents repair after alveolar injury (Figure S4L).

Furthermore, we collected lungs at 8 months (m) to investigate
the cell fates at the long-term regeneration stage (Figure 4H). By
immunostaining, we found that both the AT2 cells derived from
the Club-tracer and the BASC-tracer were expanded further
from the bronchioles at 8m compared to the 4w short-term
regeneration time point (Figure 4K). Taken together, we found
that club cells can respond to alveolar injuries and contribute
AT2 and AT1 cells to regenerate the alveolar epithelium
(Figure 4L).

Club cells have the potential to generate the majority of
the alveoli after injuries
We next asked to what extent could club cells contribute to alve-
olar stem cells after alveolar injury. We hypothesized that club
cells may exhibit more plasticity when the regenerative
ability of AT2 cells and BASCs are sequestered after lung injury.
To this end, we generated an alveolar injury model by combining
p21 overexpression in BASCs and AT2 cells with bleomycin-
induced injury (bleomycin & p21-OE). The p21 protein is a
cell-cycle inhibitor that can inhibit cell proliferation.®*** We
showed that the proliferation of p21-AT2 cells was significantly
inhibited compared to the sham group after bleomycin injury
(Figures S4M-S40) Noticeably, overexpression of p21 in AT2
cells promoted their differentiation into AT1 cells (Figures S4N
and S4P), consistent with previous reports.”%2"3°

We next generated Sftpc-DreER;R26-rox-p21-GFP;Scgb1ai-
CreER;R26-LZL-tdT quadruple knockin mice (p21 genetic
model) to investigate the potential of club cells to regenerate al-
veoli after bleomycin injury (Figure 5A).%° In this design,
Scgbial* club cells are labeled as tdT after Cre-loxP recombi-
nation (Club-tracer2), Sftpc* AT2 cells are labeled as green
fluorescent protein (GFP) and p21 after Dre-rox recombination
(AT2-tracer2), and Scgb1al1*Sftpc* BASCs are labeled as tdT,
GFP, and p21 after both Cre-loxP and Dre-rox recombinations
(BASC-tracer?2) in the quadruple knockin mice (Figures 5A and
5B). After bleomycin injury, the contribution of AT2 cells and
BASCs to lung regeneration is impaired due to the inhibition of
cell proliferation, enabling us to investigate the potential of only
club cells during repair (Figure 5B). We first collected lung sam-
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ples at 1w and 8w for analysis after Tam without injury (Fig-
ure 5C). By immunostaining, we found that club cells, AT2 cells,
and BASCs were tdT*, GFP*, and GFP*tdT", respectively, at 1w,
indicating distinctive genetic labeling of these three progenitor
cell populations (Figure 5D). Notably, in the 8w lungs, we de-
tected a few tdT*Sftpc*GFP Scgb1al™ AT2 cells distributed
around BADJs (Figures 5D and 5E).

We next induced bleomycin-mediated injury to investigate the
plasticity of club cells during lung repair (Figure 5F). By immuno-
staining and quantification of lung sections at 4w after injury, we
found that at the damaged region, 47.32 + 6.88% of AT2 cells
were derived from club cells, while the contribution of the
BASC-tracer2 and AT2-tracer2 was significantly decreased
compared to that in the sham mice (Figures 5G and 5H). Immuno-
staining and its quantification showed that among Club-tracer2-
derived alveolar cells, 64.30 + 4.92% were Sftpc* AT2 cells,
23.31 + 4.56% were AGER™ AT1 cells, 3.99 + 1.55% were Krt5"
basal-like cells, 3.72 + 1.76% were Scgbial® club-like cells,
and none were Ace-Tub* ciliated-like cells (Figures 51, 5J, S5A,
and S5B). The proportion of alveolar epithelial cells (AT2 and
AT1) accounts for more than 80%, which also represents a broad
alveolar repair program after injury (Figure S5B).

Although we found part of the club-derived alveolar cells ex-
pressing Sox2, most of these tdT"Sox2" cells also expressed
mature AT2 or AT1 cell markers (Figures S5C-S5F). The propor-
tion of alveolar epithelium contributed by the club cells (~47%) in
the context of p21-overexpression was higher than that in the
non-p21 strategy (Figure 4J, ~27%), indicating that impaired
proliferation of AT2 cells promotes club cell-mediated repair
and regeneration of the alveoli.

To explore the role of club cells in long-term repair, we
collected lungs at 8m( after bleomycin injury for analysis (Fig-
ure 5F). We detected a tremendous number of tdT" cells that
spread to the far edges of the lung and occupied the entire
injured area in some lung lobes during long-term repair (Fig-
ure 5K). By immunostaining, we found that there was differenti-
ation of club cells into AT2 cells or AT1 cells, and in some
severely injured lung lobes, club cells contributed to virtually all
AT2 cells (Figures 5L and 5M). Quantification of all lung lobes
showed that the percentage of club-cell-derived AT2 cells
increased to 81.87 + 4.33% at 8m, while the percentage of
AT2 cells derived from AT2 cells and BASCs decreased to less
than 20% combined compared to those in the sham group

Figure 4. Distinctly labeled club cells and BASCs contribute to alveolar epithelium after lung injury

(A and B) A schematic diagram illustrating the intersectional genetic strategy.
C) A schematic diagram illustrating the experimental design.

D) Immunostaining of ZsG, tdT, Scgbiat, or Sftpc on lung sections after Tam.

(
(
(E) A schematic diagram illustrating the experimental design.
(F) Immunostaining of ZsG, tdT, and Sftpc on lung sections.
(

G) Quantification of the percentage of Sftpc* AT2 cells that were labeled by Club-tracer, BASC-tracer, and AT2-tracer after PNX injury in (F). ****p < 0.0001; **p =

0.0037; ***p = 0.0005.
(H) A schematic diagram illustrating the experimental design.

(I) Immunostaining of ZsG, tdT, and Sftpc on lung sections after bleomycin injury.
(J) Quantification of the percentage of Sftpc* AT2 cells that were labeled by Club-tracer, BASC-tracer, and AT2-tracer after bleomycin injury in (1). ****p < 0.0001;

***p = 0.0001.
(K) Immunostaining of ZsG, tdT, and Sftpc on lung sections.

(L) A cartoon image showing that club cells and BASCs could regenerate AT2 cells.

Data are mean + SD; n = 5. Yellow bars, Tmm; white bars, 100 pm.
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(Figure 5N). Additionally, the contribution of these three progen-
itors to the total E-cad™ alveolar epithelium showed a similar
trend at different injury time points (Figure 50). Compared with
the sham group, the cell death of GFP*™ AT2 cells was signifi-
cantly increased after injury (Figures S5G and S5H). Taken
together, these data indicate that club cells exhibit a high degree
of cellular plasticity and have a great potential to regenerate the
vast area of impaired alveoli at the sites of bleomycin & p21-OE-
induced injury (Figure 5P).

To confirm the large potential of club cells to generate alveoli,
we utilized another genetic strategy (a diphtheria toxin [DT]-
based genetic model) to induce alveolar damage. We generated
Sftoc-mGFP-DTR line by knocking a mGFP (membrane GFP)—
P2A— diphtheria toxin receptor (DTR) cassette into the endoge-
nous Sftpc gene locus (Figure S5I). In these mice, all Sftpc* cells,
including Sftpc* BASCs and Sftpc* AT2 cells, could be deleted
after DT treatment. Immunostaining of lung sections showed
that virtually all Sftpc*™ AT2 cells expressed GFP and DTR in
the vehicle group, whereas after DT treatment, hardly any signals
for GFP, DTR, or Sftpc could be detected (Figure S5J). Next, we
designed a Sftpc-mGFP-DTR;Scgb1a1-CreER;R26-LZL-tdT tri-
ple positive mice to allow for specific depletion of the Sftpc*
BASCs and Sftpc™ AT2 cells by DT treatment and simultaneous
tracing of the Scgb1al™ club cells (Club-tracer3, Figure S5K). By
immunostaining, we found that club cells, AT2 cells, and BASCs
were specifically labeled by tdT, GFP, and both tdT and GFP,
respectively, after Tam (Figures S5L and S5M). Club cells
contributed to 66.18 + 5.99% of AT2 cells in DT-inhaled lobes
at 6w post-DT injury (Figures S5N-S5P). Immunostaining re-
vealed that among Club-tracer3-derived alveolar cells, 71.23 +
2.92% were Sftpc* AT2 cells, 17.96 + 2.17% were AGER* AT1
cells, 2.78 + 0.53% were Krt5" basal-like cells, 2.46 + 0.63%
were Scgblal® club-like cells, and none were Ace-Tub* cili-
ated-like cells (Figures S5Q and S5R). The proportion of alveolar
epithelial cells (AT2 and AT1) accounts for ~90%, suggesting the
great potential of club cells for regenerating alveoli after injury.

Heterogeneity in the conversion of club cells and BASCs
to alveoli

To further understand their dynamic contribution to alveolar
regeneration, we performed scRNA-seq of cells separated by
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Club-tracer (tdT*ZsG"), BASC-tracer (tdT*ZsG"), and AT2-tracer
(tdT"ZsG*) from Scgblal-CreER;Sftoc-DreER;R26-TLR mice
after bleomycin injury (Figures 6A and 6B). As self-renewal of
AT2 cells has been well studied, we were therefore interested
in studying club-cell-to-AT2-cell and BASCs-to-AT2-cell con-
versions. With UMAP analysis, we identified 7 cell clusters for
the Club-tracer, each with distinctive key markers (Figures 6C—
6G). We identified the club cells (cluster 2) by their expression
of canonical club cell markers (Scgblal, Scgb3a2, and
Cyp2f2) and also identified a subset of club cells (cluster 7)
that also exhibited high expression of H2-K1, which was consis-
tent with a previous report.'® The AT2 cell cluster (cluster 1) was
identified by its expression of canonical AT2 cell markers (Sftpc,
Etv5, and Lamp3). Cluster 6 was identified by expression of
Gm26917, mt-Cytb, mt-Nd4l, Malat1, and Lars2. We also identi-
fied another Fstl1* transient cell cluster (cluster 5) with increased
expression of the AT2 cell marker Cbr2 and the fibrosis-related
gene Fst/1.°° Moreover, a basal-like cluster (cluster 3) was
marked by high expression of Trp63 and Krt5. The pre-AT1 cell
cluster (cluster 4) was identified by increased expression of a
AT1 cell marker (Ager) and high expression of Cldn18 and the in-
termediated cell marker Krt8.%' By immunofluorescence staining
of representative markers for Club-tracer cell clusters, we also
characterize their spatial location in vivo (Figures S6A-S6C).
We then investigated the connections between the clusters of
the Club-tracer. Pseudotime trajectory plotting revealed that the
fate transition initiated from both club cells and H2-K7* club cells
and then entered the transient state (Figure 6D). Subsequently,
the transient cells could differentiate directly to AT2 cells or to
AT2 cells via the Fst/1* transient state, which was consistent
with our in vivo fate mapping data. We then compared the tran-
scription profiles between the H2-K1™* cell cluster and the tran-
sient cluster. Gene ontology (GO) analysis showed that the
H2-K1* cell cluster was highly enriched in gene pathways of
cell division and regulation of cell shape as well as the p53,
VEGF, Hippo, and HIF-1 signaling pathways (Figure 6E). The
transient cell cluster increased the expression of genes related
to surfactant homeostasis, lipid metabolism, and ATP synthesis
(Figure BE). Further analysis and comparison of the enriched
genes between the transient cell cluster and AT2 cell cluster
showed that the transient cells were highly enriched in genes

Figure 5. Club cells can regenerate the majority of the alveoli after lung injury

A) A schematic diagram illustrating the genetic lineage tracing strategy.

B) A schematic diagram illustrating the club, AT2, and BASCs were specifically labeled in the quadruple knockin line in (A).

C) A schematic diagram illustrating the experimental design.
D) Immunostaining of tdT, GFP, Scgb1a1, or Sftpc on lung sections.

E) Quantification of the number of Sftpc* AT2 cells labeled by Club-tracer2 in (D). ***p < 0.0001.

G) Immunostaining of tdT, GFP, and Sftpc on lung sections.

H) Quantification of the percentage of Sftpc* AT2 cells that were labeled by Club-tracer2, BASC-tracer2, and AT2-tracer2. ****p < 0.0001.
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(F) A schematic diagram illustrating the experimental design.
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(

(I) Immunostaining of tdT, GFP, and AGER on lung sections.

(J) Immunostaining of tdT, GFP, and Scgbial on lung sections.
(K) Immunostaining of tdT and GFP on lung sections.

(L) Immunostaining of tdT, GFP, and Sftpc on lung sections.
(M) Immunostaining of tdT, GFP, and AGER on lung sections.
(

after sham or bleomycin treatment. ***p < 0.0001; **p = 0.0079.

N and O) Quantification of the percentage of Sftpc™ AT2 cells (N) or E-cad* alveolar cells (O) that were labeled by Club-tracer2, BASC-tracer2, and AT2-tracer2

(P) Cartoon image showing the contribution of club cells to alveolar regeneration.

Data are mean + SD; n = 5 mice. Yellow bars, 1mm; white bars, 100 um.
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related to cell migration and Notch signaling, and the AT2 cells
were more enriched in genes related to lipid and fatty acid meta-
bolism and the phospholipid biosynthetic process (Figure 6F).

For the BASC-to-AT2-cell conversion, UMAP analysis revealed
7 cell clusters for cells from the BASC-tracer (Figures 6H-6K). The
BASC-like cluster (cluster 3) was identified by its enrichment of
club cell marker genes (Scgb1a1 and Cyp2f2) and an AT2 cell
marker (Cbr2). A transient cell cluster (cluster 6) exhibited
low club cell marker expression and increased expression of
marker genes, including Gm26917, mt-Atp8, Abca3, and Hc
(Figures 6H and 6K). Moreover, we identified three subpopulations
of AT2 cell clusters (Cxc/15"9" AT2 cluster 2, Chil1™9" AT2 cluster
4, and Ereg™9" AT2 cluster 5) and two subpopulations of AT1 cell
clusters (Cldn4"9" PreAT1 cluster 1 and AT1 cluster 7) (Figure 6H).
Furthermore, by pseudotime trajectory analysis, we found that
BASCs converted into Cxc/15™9" AT2 cells via a transient cell state
and then proceeded into two differentiation routes: Chil1™"" clus-
ter 4 and Ereg™" cluster 5, which led to further AT1 differentiation
(cluster 1 to 7) (Figure 6l). We then compared the enriched genes
between the transient cell cluster and Chil7"9" AT2 cluster. GO
analysis revealed that the former cluster was highly enriched in
cell migration, cell cycle, focal adhesion and Notch signaling,
while the latter cluster was highly enriched for genes related to
mitochondrial translation, rRNA processing, and antigen process-
ing and presentation (Figure 6J). By immunofluorescence staining
of representative markers for BASC-tracer cell clusters, we char-
acterize their spatial location in vivo (Figures S6B-S6D).

We then compared the Club-tracer and BASC-tracer and
observed that the basal-like cell and Fst/1* transient cell were
cell populations detected exclusively in the Club-tracer, both
of which exhibited their unique characteristics in gene expres-
sion (Figures S7A and S7B). A comparison of our dataset with
club cells and BASCs at homeostasis'? showed that many path-
ways were altered in club cells and BASCs after bleomycin injury
(Figures S7C-S7G).

We also compared the correlation between the lineage-
labeled AT2 cells from Club-tracer, BASC-tracer, and AT2-
tracer. AT2 cells from the AT2-tracer were identified as two clus-
ters: proliferative AT2 cell cluster and Chil"9" AT2 cell cluster. By
comparison, we found that AT2-tracer-derived AT2 cells had the
highest correlation with the BASC-tracer-derived Chil1"9" AT2
cells, followed by Cxcl/15M9" AT2 cells, Ereg"9" AT2 cells, and
then Club-tracer-derived AT2 cells (Figures 6L and S7H-S7J).
Notably, AT2 cells of the Club-tracer showed a high degree of
correlation with those of the BASC-tracer, while within the
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BASCs-tracer, the AT2 cell populations exhibited a more pro-
nounced correlation among themselves (Figure 6L). Collectively,
our data showed that both similarities and differences existed
between club-derived alveolar cells and BASC-derived alveolar
cells, and the conversion of club cells and BASCs to AT2 cells
involved two different processes with distinct differentiation
programs.

Notch distinctly regulates the conversion of club cells
and BASCs into AT2 cells

Our findings revealed enrichment of Notch signaling in the tran-
sient cell state during AT2 differentiation for both the Club-tracer
and the BASC-tracer (Figures 6F and 6J). We further found that in
both the Club-tracer and the BASC-tracer, the gene expression
levels of Notch signaling and its downstream key factor, Hes1,
were downregulated during AT2 cell differentiation, suggesting
a potential regulatory role of Notch signaling in the transition
(Figures 7A-7D).

To examine the function of the Notch signaling in club cells
and BASCs during alveolar repair, we generated Scgbial-
CreER;Sftpc-DreER;R26-TLR;Rbpj™™* (mutant group) and
Scgb1al-CreER;Sftoc-DreER;R26-TLR;Rbpj™'* (control group)
mice for simultaneous tracing and knockdown of the Notch
signaling in cells from the Club-tracer and the BASC-tracer
(Figures 7E and 7F). By immunostaining, we found that club cells
and BASCs contributed to AT2 cells in both mutant and control
mice after injury (Figure 7G). However, the percentage of Club-
tracer-derived AT2 cells was significantly lower in the mutant
(5.02 £ 0.92%) compared to that in the control (21.77 + 3.69%)
post-injury (Figures 7G and 7H). In contrast, the percentage of
BASC-tracer-derived AT2 cells was significantly greater in the
mutant (14.51 + 3.16%) compared to that in the control (8.93 +
2.88%) after injury (Figure 7H). The percentage of AT2-tracer-
derived AT2 cells was significantly higher in the mutant
(75.60 + 4.90%) compared to that in the control (67.90 +
4.04%) after injury (Figure 7H). Moreover, compared to the con-
trol group, the percentage of Club-tracer-derived tdT*E-cad*
alveolar area was significantly decreased in the mutant group,
while the percentage of BASC-tracer-derived tdT*ZsG*E-cad”
alveolar area was significantly increased in the mutant group (Fig-
ure S7K). Flow cytometric analysis of AT2 cells (EpCAM*Lyso-
Tracker*CD45") revealed opposite trends in the sources of AT2
cells derived from the Club-tracer (mutant, 1.30 + 0.84% versus
control, 5.19 = 1.61%) and the BASC-tracer (mutant, 3.55 +
0.75% versus control 2.47 + 0.75%) after bleomycin-induced

Figure 6. Heterogeneity in the conversion of Club cells and BASCs into alveolar epithelium

A) A schematic diagram illustrating the experimental design.

B) A cartoon image showing the strategy for cell sorting and scRNA-seq analysis.
C) The plots visualize the UMAP embedding of Club-tracer (tdT*ZsG") cells colored by each cluster.
D) Pseudotime trajectory plot reveals differentiation trajectories from progenitor cells toward alveolar epithelial cells.

F) The bar graph shows the enriched GO pathways in differential expression genes between transient cells and AT2 cells from Club-tracer.
G) The dot plot shows the expression levels of representative marker genes across each cluster in Club-tracer.
H) The plots visualize the UMAP embedding of BASC-tracer (tdT*ZsG") cells colored by each cluster.
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(E) The bar graph shows the enriched GO pathways in differential expression genes between H2-K1* club cells and transient cells from Club-tracer.
(
(
(
(

1) Pseudotime trajectory plot reveals differentiation trajectories from progenitor cells (BASC-like cells) toward alveolar epithelial cells.
(J) The bar graph shows the enriched GO pathways in differential expression genes between transient cells and Chil1"9" AT2 cells from BASC-tracer.

(
(

K) The dot plot shows the expression levels of representative marker genes across each cluster in BASC-tracer.
L) The heatmap shows the Pearson’s correlation between AT2 subpopulations across the Club-, BASC-, and AT2-tracers.
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injury (Figures 71 and 7J). We also found that the percentage of
tdT* cells expressing the ciliated cell marker Ace-Tub was signif-
icantly greater when Notch was deleted (Figure S7L), consistent
with previous reports.®”*® These results suggested that the
Notch signaling pathway plays distinct roles in regulating the
conversion of club cells and BASCs into AT2 cells.

Given that inhibition of the Notch signaling in BASCs enhanced
their differentiation into AT2 cells during lung regeneration, we next
investigated whether constitutive activation of Notch signaling in
BASCs blocks their cell fate transition. To specifically activate
Notchin BASCs, we generated a new dual recombination reporter
system R26-RL-NICD-GFP (Figure S7M). Only after Dre-rox and
Cre-loxP recombinations, the two Stops were excised, and the
constitutively active Notch intracellular domain (NICD) and GFP
would be co-expressed in Dre*Cre* cells. We generated
Scgbi1ail-CreER;Sftoc-DreER;R26-RL-NICD-GFP mice to induce
Notch signaling activation specifically in BASCs and genetically
labeled them with GFP (BASC-tracer3; Figures 7K-7M and S7N).
Scgbial-CreER;Sftoc-DreER;R26-RL-GFP mice were used as
the control group (Figure 7K). We then induced bleomycin injury
to test the effect of Notch activation on BASCs differentiation after
injury (Figure 7K). Immunostaining data showed that BASCs
participated in alveolar regeneration by contributing to AT2 cells
in control mice after injury (Figure 7N), which was consistent with
our previous findings.'>'**? However, we found that GFP-labeled
cells were massively expanded and clogged the BADJ in the
NICD-overexpressing mice post-injury (Figure 7N). Immunostain-
ing showed that these Notch-activated cells were rarely Sftpc*
AT2 cells or T1a* AT1 cells but were Scgb1a1™ and E-cad* epithe-
lial cells (Figures 7N and 70). Taken together, these results indicate
that the Notch signaling pathway plays distinct roles in club-cell-
and BASC-mediated regeneration of AT2 cells during lung repair
and regeneration (Figure 7P).

DISCUSSION

Recent studies have suggested that Hopx* AT1 and Scgbiatl*
club cells serve as important sources of AT2 cells after alveolar
injury. However, the genetic tools used in these studies were
not specific. Here, we first showed that the Hopx-CreER tool
labeled not only AT1 cells but also club cells, BASCs, ciliated
cells, and AT2 cells in the lung. Similarly, the Scgb1a7-CreER
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tool targeted not only club cells but also BASCs and a subset
of AT2 cells. This non-specific labeling interferes with the lineage
tracing results of AT1 and club cells, leading to controversial
conclusions. In this study, we utilized Cre-loxP- and Dre-rox-
mediated dual recombination systems to achieve specific label-
ing of these lung epithelial cells and then systematically eluci-
dated the cellular origin of AT2 cells after lung injury. Our lineage
tracing data suggest that AT1 cells do not contribute to AT2 cells
during lung homeostasis, injury, and repair. For club cells,
BASCs, and AT2 cells, we achieved simultaneous and specific
labeling of these three cell populations with distinct genetic
reporters in the same individual mouse. These systematic appli-
cations of dual recombinase-mediated intersectional genetic
strategies enable precise labeling and tracing of diverse lung
epithelial cell populations.

In this study, we used dual recombinase-mediated genetic
strategy to compare the roles of club cells and BASCs in alveolar
injuries, and we used scRNA-seq and cell-specific gene manipu-
lation to explore the underlying molecular regulation of cell-fate
transitions. By using different alveolar injury models, we revealed
that their cellular plasticity was positively correlated with the de-
gree of alveolar damage. In the PNX-induced injury model, the
regeneration of AT2 cells primarily relies on self-renewal, with min-
imal contribution from club cells and BASCs. In the bleomycin-
induced injury model, club cells and BASCs regenerate a large
proportion of AT2 and AT1 cells. While the conversion efficiency
of the individual club to AT2 cells was lower than that of BASCs,
club cells significantly outnumbered BASCs in the lung and there-
fore generated more AT2 cells than BASCs in the injured lung.
Additionally, there is a difference in the speed and fidelity of alve-
olar repair from club cells and BASCs. To further investigate the
potential of club cells, we developed two extensive alveolar injury
models, and the club cells exhibited remarkable cell plasticity and
could regenerate most of the damaged alveoli. The large expan-
sion of club-derived AT2 cells may be due to the depletion of
AT2 progenitor cells. It is possible that the decreasing number
of p21* AT2 cells could be due to their death or differentiation
into AT1 cells. Additionally, club-derived AT2 cells may have a
greater survival advantage over their neighboring p21* AT2 cells
during chronic repair through cell competition.

In summary, our study provides more precise genetic lineage
tracing evidence to improve our understanding of pulmonary cell

Figure 7. Notch signaling distinctly regulates the conversion of club cells and BASCs into AT2 cells

A
(

) A violin plot showing the Notch signaling enrichment score across the indicated cell clusters in the Club-tracer.
B) A plot showing the expression of Hes1 along the differentiation trajectories from H2-K1* club cells toward AT2 cells.

(C) A violin plot showing the Notch signaling enrichment score across the indicated cell clusters in the BASC-tracer.
(D) A plot showing the expression of Hes1 along the differentiation trajectories from BASC-like cells toward Chil1"9" AT2 cells.

(E and F) A schematic diagram illustrating the experimental design.
(G) Immunostaining of tdT, ZsG, and Sftpc on lung sections.

(H) Quantification of the percentage of lineage labeled Sftpc* AT2 cells after bleomycin injury in (G). ***p < 0.0001; **p =

0.0009; p = 0.0140.

('and J) Flow cytometric analysis (I) and quantification (J) of the percentage of EpCAM*Lysotraker*CD45~ AT2 cells that express tdT or ZsG. ***p = 0.0004; *p =

0.0313; p = 0.6874; ns, non-significant.
(K) A schematic diagram illustrating the experimental design.
(L, M) A schematic diagram illustrating the experimental strategy.

(N) Immunostaining of GFP and Sftpc on lung sections of control and mutant mice.
) Immunostaining of GFP, Scgbial, T1a, and E-cadherin (E-cad) on lung sections.
) A cartoon image showing that Notch signaling regulates conversion of club cells and BASCs to AT2 cells.

©
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Data are mean + SD; n = 4-6. Yellow bars, 1 mm; white bars, 100 pm.
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plasticity. The intersectional genetic lineage tracing results
reveal the origins of and the mechanism for renewing AT2 cells
during alveolar repair, which provides new insights for lung
regeneration and potentially for disease therapy. The new strate-
gies reported here could be widely used for studying diverse cell
origins and cell fates in tissue development, regeneration, and
diseases in many other contexts.*®

Limitations of the study

In this study, we investigated the AT1 plasticity during PNX-,
bleomycin-, or hyperoxia-induced lung injury, which is a non-
exhaustive list of the potential types of injury or the cell types
that could be involved. Therefore, it cannot be ruled out that
AT1 cells may have the potential to generate AT2 cells in other
types of lung-injury models. Additionally, single-cell analysis in
this study uncovered multiple intermediate clusters within the
conversions of club-cells-to-AT2-cells and BASCs-to-AT2-cells
after bleomycin-induced injury. A definitive demonstration of the
cell fate and function of intermediate cells in vivo requires the
future generation of a series of new genetic tools to target these
specific cell clusters with the markers identified by scRNA-seq.
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Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Bin Zhou
(zhoubin@sibs.ac.cn).

Materials availability
All materials in this work are available and will be shared by the lead contact upon reasonable request.

Data and code availability
e Single-cell RNA-seq data generated in this study have been deposited at GEO and are publicly available as of the date of pub-
lication. Accession numbers are listed in the key resources table. Microscopy data reported in this paper will be shared by the
lead contact upon request.
e All original code has been deposited at Zenodo and is publicly available as of the date of publication. DOlIs are listed in the key
resources table.
® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

All mouse experiments were approved by the Institutional Animal Care and Use Committee (IACUC) of the Center for Excellence in
Molecular Cell Science, Chinese Academy of Sciences. All animal experiments were strictly performed within the committee’s guide-
lines. Hopx-CreER, Ager-CreER, Hopx-2A-DreER; Sox2-CreER, Scgb1a1-CreER, Sftoc-DreER, Sftpc-CreER, R26-tdT, R26-RSR-
tdT, R26-RSR-LSL-tdT, R26-NR2, R26-TLR, R26-rox-P21-GFP, R26-LZL-tdT, and R26-RL-GFP mice lines were described
previously,®1215:16:26-82,34,36,40,42.43 Eor the R26-RL-NICD-GFP mouse line, the CAG-rox-stop-rox-loxP-stop-loxP-NICD-2A-GFP
sequence was inserted into the Rosa26 locus as R26-RL-NICD-GFP by Shanghai Model Organisms Center, Inc. (SMOC). For the
Sftpc-mGFP-DTR mouse line, the membrane GFP (mGFP)-2A-diphtheria toxin receptor (DTR) sequence was inserted into the 5’
UTR of the endogenous Sftpc gene locus via homologous recombination. All adult experiments were performed on 7-20 weeks
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old that were kept in a C57BL6/ICR mixed background. Both male and female mice were randomly used for experiments. All mice
were fed the normal diet at the Specific Pathogen Free (SPF) animal laboratory of the Center for Excellence in Molecular Cell Science.
The living environment of the animal laboratory was suitable, with 20°C-25°C temperature, 30-70% humidity, and a 12-h light-dark
cycle. The mice were given 0.2 mg/g Tam (Sigma, T5648) by oral gavage. The strains of mice used for each experimental strategy are
indicated in the figures. All new genetic mice were generated by Shanghai Model Organisms Center, Inc. (SMOC).

METHOD DETAILS

Pneumonectomy

Pneumonectomy (PNX) was performed on adult mice as previously reported.’® Mice were anesthetized with isoflurane and then
placed on a heated pad. The limbs were fixed on the pad and the trachea was intubated with isoflurane. After disinfecting the chest,
the internal chest was exposed by incising the fifth left intercostal rib. The hilum of the left lung was gently tied by using a 5-0 silk
suture. Next, the left lung was resected and then the incision was closed and disinfected. The mice were kept warm on the pad until
they were sober. The sham groups of mice performed the same surgical procedure except for the resection of the left lung. Then the
lung tissues were collected after 3 weeks for analysis.

Bleomycin-induced alveolar injury

Bleomycin (Sigma B8416) was used to induce alveolar injury as previously reported.'? Bleomycin was freshly dissolved in (phos-
phate-buffered saline) PBS at a concentration of 10 U/mL and stored at —80°C. The stock solution should be diluted to 1 U/mL
with PBS before use. The adult mice were treated with 2 U/kg bleomycin or vehicle (PBS) by intratracheal instillation for alveolar injury.
Then the lung tissues were collected at indicated time for analysis.

Hyperoxia-induced lung injury

Adult mice were given 200 mg/kg Tam as indicated doses by oral gavage and exposed to hyperoxia for 3 days at 95% oxygen after
3 weeks washout as previously reported.'® In brief, adult mice were housed in a chamber equipped with an oxygen controller (ProOx
110, BioSpherix) with medical grade 99.999% O, delivered continuously to maintain chamber O, levels at 95% to induce the alveolar
epithelium injury. All mice in the chamber were provided with an additional nestlet and daily monitored to ensure habitable environ-
ment. After 3 days, mice were removed from hyperoxia and allowed to recover at room air for 7 days before harvesting the lungs.

Genomic PCR
Genomic DNA was prepared from the embryonic yolk sac or the transgenic mouse tails.

Tissues were lysed by incubation with lysis buffer (100 mM Tris HCI, pH 7.8, 5 mM EDTA, 0.2% SDS, 200 mM NaCl, and 100 pg/mL
proteinase K) overnight at 55°C, and this was followed by centrifugation at maximum speed (21,130 x g) for 5 min to obtain super-
natants with genomic DNA. DNA was precipitated with isopropanol, washed in 70% ethanol, and dissolved in deionized water. All
embryos and mice were genotyped with genomic PCR as described previously.

Tissue collection and immunofluorescent staining

The immunofluorescent staining protocol was performed as previously reported.'? Briefly, the mice were killed and the lungs were
collected in 6-well plates, then fixed the lungs in 4% paraformaldehyde (PFA) for 1 h at 4°C. After washing with PBS in 3 times, the
lungs were dehydrated in 30% sucrose (dissolved in 1x PBS) overnight at 4°C. The lungs were embedded in OCT (Sakura). 10-12 um
frozen sections were collected on slides. Forimmunofluorescent staining, slides were dried at room temperature and then washed in
PBS several times to remove OCT. Next, the slides were blocked in 5% PBSST buffer (0.1% Triton X-100 and 5% donkey serumin 1 x
PBS) for 30 min at room temperature, then incubated with primary antibodies overnight at 4°C. Primary antibodies were used:
Scgb1al (Santa Cruz, SC-9772, 1:200), Scgb1al (Abcam, ab213203, 1:300), tdTomato (Rockland, 600-401-379, 1:1000), tdTomato
(Rockland, 200-101-379, 1:500), E-cadherin (R&D system, AF748, 1:500), T1a (DSHB, 8.1.1, 1:100), TNNI3 (Abcam, ab56357, 1:200),
Insulin (Abcam, ab63820, 1:500), Keratin 5 (Biolegend, 905504, 1:500), CGRP (Sigma, C8198, 1:500), Scgb3a2 (R&D system,
AF3545-SP, 1:500), Acetylated-tubulin (Sigma, T7451, 1:300), Sftpc (Millipore, AB3786, 1:200), GFP (Abcam, ab6662, 1:500),
ZsGreen (Clontech, 632474, 1:1000), AGER (R&D system, MAB1179-100, 1:200), p21 (Abcam, ab188224, 1:500), Ki67 (Abcam,
ab15580-100ug, 1:400). Lamp3 (Novus Biologicals, 1006F7.05, 1:200), Lpcat1 (Invitrogen, PA5-96311, 1:200), Etv5 (Abcam,
ab102010, 1:200), Agp3 (Invitrogen, PA578811, 1:200), Gdf15 (Invitrogen, PA5-47839, 1:200), Cldn18 (Invitrogen, 2535504,
1:200), Krt8 (DSHB, Troma-I-C, 1:200), Igfbp7 (ABclonal, A4615, 1:50), Krt19 (DSHB, TROMA-III, 1:500), Lgals3 (Invitrogen, 14-
5301-85, 1:100), Fstl1 (R&D system, MAB17381, 1:50), Ptges (Invitrogen, PA5-60916, 1:200), mt-Cytb (Invitrogen, PA5-100740,
1:200), LARS2 (Proteintech, 17097-1-AP, 1:20), Cldn4 (Invitrogen, 36-4800, 1:100), Cxcl15 (Abcam, ab197016, 1:100), CD74
(Abcam, ab245692, 1:50), Ptgs1 (Invitrogen, 35-8100, 1:50), Ereg (Sango Biotech, D163829-0100, 1:100), H2afz (Invitrogen,
PA5-21923, 1:100), Abca3 (Abcam, ab24751, 1:50), Akap5 (Invitrogen, PA5-101095, 1:500), 8-OHdG (Abam, ab48508, 1:100),
4-HNE (Abcam, ab48506, 1:100) The next day, slides were washed with PBS in 3 times to remove primary antibodies and then incu-
bated with secondary antibodies for 40 min at room temperature. Next, after washing with PBS 3 times, the slides were mounted with
amounting medium. The secondary antibodies were Alexa donkey anti-rabbit 555 (Invitrogen, A31572), Alexa donkey anti-rabbit 488
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(Invitrogen, A21206), Alexa donkey anti-rabbit 647 (Invitrogen, A31573), Alexa donkey anti-goat 488 (Invitrogen, A11055), Alexa
donkey anti-goat 555 (Invitrogen, A21432), Alexa donkey anti-goat 647 (Invitrogen, A21447), Alexa donkey anti-mouse 647 (Invitro-
gen, A31571; 1:1000), Alexa donkey anti-rat 647 (Invitrogen, A21247), Alexa donkey anti-rat 488 (Invitrogen, A21208), Alexa goat
anti-hamster 488 (Invitrogen, A21110). TUNEL assays were performed using the Click-iT Plus TUNEL Assay kit from
ThermoFisher Scientific (C10619) by the manufacturer’s protocol after secondary antibodies incubation. Immunostaining images
were obtained by Olympus FV1200 confocal system and Zeiss 880 confocal system. Images were analyzed by ImageJ (NIH)
software.

Lung-tissue dissociation and flow cytometry

Lung tissues were digested as previously described.'? After the mice were killed, the lungs were perfused using cold PBS through the
right ventricle to wash out the blood cell and then the protease solution (collagenase type | (500U/mL; Gibco 17100-017), elasta-
se(4U/mL; Worthington Biochemical Corporation LS002279), dispase (5 U/mL; BD Biosciences 354235) and DNase | (0.33 U/mL;
Worthington Biochemical Corporation LS002139) in DMEM (Gibco, 11965092)) was injected into the lungs through the trachea to
the lung. After that, the lungs were minced into small pieces and incubated in 4 mL protease solution for 30 min at a 37°C shaker
with frequent agitation. Subsequently, the tissue pieces were dissociated by pipetting and centrifuged at 1000 x g for 5 min at
4°C. After washing with DMEM, the pellet was resuspended in 3 mL 0.1% Trypsin-EDTA (Gibco, 25200072) with DNase | and incu-
bated for 20 min at a 37°C shaker with agitation and pipetting. Then the DMEM with 10% FBS was added to terminate the digestion
and the cells were filtered sequentially through 100 um strainers and centrifuged at 1000 x g for 5 min at 4°C. The cell pellet was
resuspended in 1 mL of red blood cell (RBC) lysis buffer (2-5 mL, eBioscience, 00-4333-57) at room temperature for 5 min followed
by PBS dilution and then centrifuged at 1000 x g for 5 min at 4°C. Afterward, the cell precipitate was resuspended in Fc block (eBio-
science, 14-0161, 1:100) for 5 min to block nonspecific antigens for further staining. The following antibodies were used: CD45 APC-
eFluor 780 (eBioscience, 47-0451-82,1:200), TER-119 APC-eFluor 780 (eBioscience, 47-5921-82, 1:200), CD326 PE-Cy7 (eBio-
science, 25-5791,1:200). After staining for 30 min at 4°C, the cells were washed in PBS followed by centrifugation. Then the cells
were resuspended in PBS supplemented with DAPI and Dnasel, which were used to distinguish dead cells from living cells and to
avoid cell adhesion respectively.

LysoTracker was used to distinguish AT2 cells from lung epithelial cells as previously reported for its selective accumulation in
lamellar bodies in AT2 cells. For Lysotracker staining, the cells were resuspended in DMEM with LysoTracker (Invitrogen,
LysoTracker Deep Red, L12492) and incubated at 37°C for 10-15 min. After incubation, the cells were centrifuged at 1000 x g for
5 min at 4°C followed by washing in PBS to elute the remaining LysoTracker and then centrifuged to obtain the cell precipitate. There-
after, the cell pellets were resuspended in PBS supplemented with DAPI and Dnasel. Thermo Attune NxT was used for flow cytometry
analysis. Sony MA900 was used for cell sorting. FACS data were analyzed with FlowJo 10.4 (FlowJo LLC).

ROS measurement by flow cytometry

For ROS measurement, the isolated primary cells were resuspended in DMEM with 5uM CellROX Deep Red (Thermo Fisher, C10422)
and incubated at 37°C for 30 min. After incubation, the cells were centrifuged at 1000 x g for 5 min at 4°C and then washed in PBS 2-
3 times followed by centrifugation to obtain the cell precipitate. Thereafter, the cell pellets were resuspended in PBS supplemented
with DAPI and DNasel to perform the next FACS analysis.

Single-cell RNA sequencing

The cells isolated from bleomycin-treated mice were sorted using Fluorescence-Activated Cell Sorting (FACS) based on their cell
lineage, relying specifically on fluorescent signals (AT2-tracer: ZsGreen™; BASC-tracer: ZsGreen™tdT"; Club-tracer: tdT"). For club
cells to alveolar epithelium, lineage™ cells, ciliated cells, and an unknown cell type were excluded from analysis. For BASCs to alveolar
epithelium, lineage™ cells, ciliated cells, and club cells were excluded from analysis. Cells with distinct lineages were loaded into the
10x Chromium controller to generate GEMs respectively, which were subsequently processed into single-cell 5' gene expression li-
braries using the Chromium Single Cell 5' Library Kit (v2 Chemistry). All samples were pooled for sequencing on the lllumina NovaSeq
6000 PE150 platform. Each single-cell RNA sequencing (scRNA-seq) dataset was processed using the CellRanger pipeline (v6.1.1)
for alignment to the customized mouse reference genome (mm10), alignment filtering, barcode counting, and UMI counting. Quality
control was initially performed using the R package Seurat (v4.1.2), excluding cells with fewer than 200 features and features ex-
pressed in fewer than 3 cells. Cells with a mitochondrial fraction above 0.1 (for AT2-tracer) or 0.08 (for Club-tracer and BASC-tracer),
as well as fewer than 2500 genes (for BASC-tracer), 1300 genes (for AT2-tracer), or 1200 genes (for Club-tracer), and UMI counts less
than 2000 were considered of low quality and consequently excluded from the analysis. The impact of cell cycle, the percentage of
mitochondrial genes, and UMI counts were regressed out of each sample using the ScaleData(). For AT2-Tracer, only cells express-
ing ZsGreen with a value above zero will be included, while those showing any expression of tdT will be excluded. In the case of
BASC-tracer, only cells with expression values above zero for both ZsGreen and tdT will be retained. In Club-tracer, only cells ex-
pressing tdT with a value greater than zero will be retained, while those demonstrating any expression of ZsGreen will be excluded.
Furthermore, highly variable genes were used for principal-component analysis by RunPCA() and significant principal components
were identified by ElbowPlot(). For AT2-tracer, 20 significant principal components were used as the input to RunUMAP() and clus-
tering were performed by FindClusters() with parameter resolution = 0.3. In the case of BASC-tracer, 23 significant principal
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components were used as the input to RunUMAP() and clustering were performed by FindClusters() with parameter resolution = 1. In
Club-tracer, 14 significant principal components were used as the input to RunUMAP() and clustering were performed by FindClus-
ters() with parameter resolution = 0.9. After dimension reduction and clustering by Seurat, DBSCAN R package (v1.1-10) was used to
identify outlier cells with parameter eps = 0.6 for each tracer, which were subsequently removed from further analysis. For all inte-
gration analysis, top 40 dimensions were used as the input to FindintegrationAnchors() and IntegrateData(). Differentially expressed
genes were identified by FindAlIMarkers() or FindMarkers() in Seurat pakage with customized parameters. Pseudotime trajectory was
inferred by R package monocle3 (v1.2.9). The parameter use_partition = False was used in learn_graph() and default parameters were
used in order_cells(). Hes1 expression along the inferred trajectory was visualized using plot_genes_in_pseudotime(). To identify the
enriched signaling pathways and ontologies across the cell clusters, differentially expressed genes were analyzed using DAVID
(https://david.ncifcrf.gov) through the Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) databases or
ClusterProfiler (v4.2.2) with default parameters. Scaled data in Seurat objects were extracted and the mean values of the scaled
score of the gene members in the Notch signaling pathway (GO: 0007219) were calculated and displayed as enrichment scores using
VInPlot(). The Pearson’s correlation of AT2 clusters across the three different tracers was calculated using cor() and a heatmap plot
was generated using the R package pheatmap (v1.0.12). The raw and processed data from the single-cell RNA sequencing exper-
iments have been deposited in the NCBI Gene Expression Omnibus database and can be accessed using the accession number
GSE252588. The original code is also available on Zenodo via the following DOI link: https://doi.org/10.5281/zenodo.10464757.

QUANTIFICATION AND STATISTICAL ANALYSIS

All the mice were randomly assigned to groups. Mice were allocated randomly in experiments. Samples were processed arbitrarily.
The researchers were blinded for image acquisition and quantification. The researchers were not blinded for mice treatment (Tam and
injury) and sacrifice of control and experimental groups. Mice that died in the experiments were not used for analysis. At least 20
sections per sample and at least five 10 x fields per section were analyzed in homeostasis and after injury in our study. For PNX, bleo-
mycin, and hyperoxia injury (related to Figures 2H, 2L, 2P, 3L, 4J, 5H, 5N, 50, 7H, 7N, S1C, S1F, S1G, S4L, S40, S4P, S5B, S5D-S5H,
S5P, S5R, and S7K), we analyzed the alveolar area of damaged regions. For Figures 3H, 4G, and 5E, we analyzed the alveolar area of
peribronchiolar regions. Statistical analyses were performed by using Prism software (GraphPad version 9.3.1). The normality of all
samples was tested by using the Shapiro-Wilk test. All data were acquired in this study from at least three independent experiments
and presented as mean values +SD as indicated in figure legends. Two-tailed unpaired Student’s t test was used for statistical anal-
ysis of the differences between the two groups (related to Figures 2H, 2L, 2P, 3H, 3L, 4G, 4J, 5E, 5H, 5N, 7H, 7J, S1C, S1F, S40, S4P,
S5E-S5H, S6C, S7K, and S7L). One-way ANOVA with Tukey’s multiple comparisons test was used to compare the differences
between multiple groups (related to Figure 50). ***p < 0.0001, ***p < 0.001, **p < 0.01, and *p < 0.05 was accepted as statistically
significant. Specific quantification methods and p values are indicated in the figures and legends.
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Figure S1. Hopx-CreER-based lineage tracing is not AT1 cell specific, related to Figure 1

(A) A schematic diagram illustrating the experimental strategy.

(B) Immunostaining for tdT and Sftpc on lung sections of Hopx-CreER;R26-tdT mice after PNX or sham treatment. Yellow arrowheads, tdT*Sftpc* AT2 cells.
(C) Quantification of the percentage of Sftpc* cells expressing tdT in (B). Data are presented as mean + SD; n = 5 mice per group. ***p < 0.0001. Statistical
analysis was performed by two-tailed unpaired Student’s t test.

(D) A schematic diagram showing the experimental strategy.

(E) Immunostaining for tdT and Sftpc on lung sections after bleomycin or sham treatment. Yellow arrowheads, tdT*Sftpc* AT2 cells.

(F) Quantification of the percentage of Sftpc™ cells expressing tdT in (E). Data are presented as mean + SD; n = 5 mice per group. ***p < 0.0001. Statistical analysis
was performed by two-tailed unpaired Student’s t test.

(G) Quantifying the percentage of tdT*Sftpc* cells with different distances from the bronchioles. Data are presented as mean + SD; n = 5 mice per group.

(H) A cartoon image showing that the Hopx-CreER tool targets multiple types of pulmonary epithelial cells, which cannot distinguish the cellular origin of AT2 cells
after alveolar injury.

() A schematic diagram showing the experimental design.

(J) Immunostaining for tdT, Krt5, Scgb1al, and Ace-Tub on trachea sections of adult Hopx-CreER;R26-tdT after tamoxifen treatment. Yellow arrowheads,
tdT*Krt5* basal cells and tdT*Ace-Tub™ ciliated cells.

(K) Quantification of the percentage of basal, club, and ciliated cells expressing tdT in (J). Data are presented as mean + SD; n = 5 mice per group.

(L) Immunostaining for tdT and AGER on lung sections of adult Hopx-CreER;R26-tdT mice without tamoxifen treatment (upper panel). Quantification of the
percentage of AT1 cells was labeled by tdT (lower panel) without tamoxifen treatment. Data are presented as mean + SD; n = 5 mice per group.

(M) A schematic diagram showing the experimental design.

(N) Immunostaining for tdT, Krt5, Scgbial, and Ace-Tub on E18.5 trachea sections of Hopx-CreER;R26-tdT mice after tamoxifen treatment.

(O) Quantification of the percentage of basal, club, and ciliated cells of the trachea expressing tdT in (N). Data are presented as mean + SD; n = 5 mice per group.
(P) Immunostaining for tdT, Sftpc, AGER, Scgb1al, and Ace-Tub on E18.5 lung sections of Hopx-CreER;R26-tdT embryos after tamoxifen treatment at E15.5.
Yellow arrowheads, tdT*Sftpc* AT2 cells or tdT*Scgbial* club cells.

(Q) Quantification of the percentage of AT1, AT2, club, and ciliated cells was labeled by tdT in (P). Data are presented as mean + SD; n = 3 mice per group.
(R) A schematic diagram illustrating the experimental design.

(S) Immunostaining for tdT, Krt5, Scgb1al, and Ace-Tub on P2 trachea sections of Hopx-CreER;R26-tdT mice after tamoxifen treatment at PO.

(T) Quantification of the percentage of basal, club, and ciliated cells of the trachea was labeled by tdT in (S). Data are presented as mean + SD; n = 5 mice
per group.

(U) Immunostaining for tdT, Sftpc, and AGER on postnatal 2 (P2) lung sections of Hopx-CreER;R26-tdT mice after tamoxifen treatment at PO (upper panel). Yellow
arrowheads, tdT*Sftpc* AT2 cells. Immunostaining for tdT, Scgb1a1, and Ace-Tub on P2 lung sections of Hopx-CreER;R26-tdT mice after tamoxifen treatment at
PO (lower panel). Yellow arrowheads, tdT*Scgb1al* club cells. White arrowheads, tdT*Ace-Tub* ciliated cells.

(V) Quantification of the percentage of AT1, AT2, club, and ciliated cells expressing tdT in (U). Data are presented as mean + SD; n = 3 mice per group.

Data are presented as mean + SD; n = 3-5 mice per group. Scale bars, 100 pm.
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Figure S2. Hopx-2A-DreER- and Ager-CreER-based lineage tracing is not AT1 cell specific, related to Figure 1

(A) A schematic diagram illustrating the experimental design.

(B) Immunostaining for tdT, Sftpc, AGER, Scgb1a1, and Ace-Tub on E18.5 lung sections of Hopx-2A-DreER;R26-RSR-tdT embryos after tamoxifen treatment at
E15.5. Yellow arrowheads, tdT*Sftpc* AT2 cells or tdT*Scgb1al™ club cells. White arrowheads, tdT*Ace-Tub™ ciliated cells.

(C) Quantification of the percentage of AT1, AT2, club, and ciliated cells expressing tdT in (B). Data are presented as mean + SD; n = 3 mice per group.

(D) A schematic diagram illustrating the experimental design.

(legend continued on next page)
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(E) Immunostaining for tdT, Sftpc, AGER, Scgb1a1, and Ace-Tub on P2 lung sections of Hopx-2A-DreER;R26-RSR-tdT embryos after tamoxifen treatment at PO.
Yellow arrowheads, tdT*Sftpc* AT2 cells or tdT*Scgb1al* club cells. White arrowheads, tdT*Ace-Tub* ciliated cells.

(F) Quantification of the percentage of AT1, AT2, club, and ciliated cells was labeled by tdT in (E). Data are presented as mean + SD; n = 3 mice per group.
(G) Immunostaining for tdT and AGER on lung sections of adult Ager-CreER;R26-tdT mice without tamoxifen treatment (left panel). Quantification of the per-
centage of AT1 cells was labeled by tdT (right panel) without tamoxifen treatment. Data are presented as mean + SD; n = 5 mice per group.

(H) A schematic diagram illustrating the experimental design.

() Immunostaining for tdT, Sftpc, and AGER on E17.5 lung sections of Ager-CreER;R26-tdT mice after tamoxifen treatment at E14.5. Yellow arrowheads,
tdT*Sftpc* cells. White arrowheads, tdT* Sftpc*AGER™ cells.

(J) A schematic diagram illustrating the experimental design.

(K) Immunostaining for tdT, Sftpc, and AGER on P2 tissue sections of Ager-CreER;R26-tdT mice after tamoxifen treatment at PO. Yellow arrowheads, tdT*AGER™*
AT1 cells or tdT*Sftpc* AT2 cells.

(L) Quantification of the percentage of AT1 cells and AT2 cells expressing tdT in (K). Data are presented as mean + SD; n = 5 mice per group.

Data are presented as mean + SD; n = 3-5 mice per group. Scale bars, 100 pm.
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Figure S3. AT1 cells do not contribute to AT2 cells after alveolar injury, related to Figures 2 and 3

(A) A schematic diagram illustrating the experimental design.

(B) Immunostaining for tdT, Sftpc, and AGER on lung sections of Hopx-2A-DreER;R26-RSR-tdT mice and Hopx-2A-DreER;Ager-CreER;R26-RSR-LSL-tdT mice
after bleomycin injury. The Hopx-2A-DreER;R26-RSR-tdT mice were set as the positive control. Yellow arrowheads, tdT*Sftpc* AT2 cells. White arrowheads,
tdT*AGER* AT1 cells.

(C) Immunostaining for tdT, Krt5, Krt8, LGALS3, and Krt19 on lung sections of Hopx-2A-DreER;R26-RSR-tdT mice and Hopx-2A-DreER;Ager-CreER;R26-RSR-
LSL-tdT mice after bleomycin injury. Yellow arrowheads, tdT*Krt5* cells, tdT*Krt8* cells, tdT*LGALS3" cells, or tdT*Krt19* cells. White arrowheads, tdT Krt5*
cells, tdT Krt8* cells, tdT LGALS3" cells, or tdT Krt19* cells.

(D) Immunostaining for tdT and Sftpc on lung sections of adult Sftoc-CreER;R26-NR2 mice showed that small AT2 cells were labeled by tdT without tamoxifen
treatment (left panel). Quantification of the percentage of Sftpc* cells expressing tdT without tamoxifen treatment (right panel).

(E) Immunostaining for tdT and Sftpc on lung sections of adult Sox2-CreER;R26-NR2 mice showed that no tdT signals were detected without tamoxifen treatment
(left panel). Quantification of the percentage of bronchiolar cells expressing tdT without tamoxifen treatment (right panel).

(F) A schematic diagram illustrating the experimental design.

(G) A cartoon image showing that the Hopx* AT1 cells were specifically labeled by ZsG, while the ciliated, club, BASCs, and AT2 cells were labeled by tdT in Hopx-
2A-DreER;Sox2-CreER;Sftpc-CreER;NR2 mice.

(H and I) Immunostaining for ZsG, tdT, Ace-Tub, Scgbia1, Sftpc or AGER on lung sections of Hopx-2A-DreER;R26-NR2 mice (H) and Hopx-2A-DreER;Sox2-
CreER; Sftpoc-CreER;R26-NR2 mice (1) after tamoxifen treatment. Yellow arrowheads, ZsG*Sftpc* AT2 cells.

Each immunostaining image is representative of 5 individual mice samples. Tam, tamoxifen. tdT, tdTomato. ZsG, ZsGreen. Bleo, bleomycin. Br, bronchiole. Data
are presented as mean + SD; n = 4-5 mice per group. Scale bars, 100 um.
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Figure S4. Contribution of club cells and BASCs to alveolar repair after lung injury, related to Figures 4 and 5

(A) A cartoon image showing the intersectional genetic strategy for lineage tracing of Hopx*Scgb1ai™ cells.

(B) A schematic diagram illustrating the experimental design.

(C) Immunostaining for tdT, Sftpc, and Scgb1a1 on lung sections of Hopx-2A-DreER;Scgb1a1-CreER;R26-RSR-LSL-tdT mice after tamoxifen treatment. White
arrowheads, tdT*Sftpc™Scgb1ai* club cells; Yellow arrowheads, tdT*Sftpc*Scgbial® BASCs.

(D) A schematic diagram illustrating the experimental design.

(E) Immunostaining for tdT and Sftpc on lung sections of Hopx-2A-DreER;Scgb1a1-CreER;R26-RSR-LSL-tdT mice after vehicle (PBS) or bleomycin treatment.
Yellow arrowheads, tdT*Sftpc* AT2 cells or tdT*AGER* AT1 cells.

(F) A schematic diagram illustrating the experimental design.

(G) Immunostaining for tdT and Scgb1al on lung sections of Scgb1a1-CreER;R26-tdT, Scgb1al-CreER;R26-TLR, and Scgbla1-CreER;R26-LZL-tdT mice
without tamoxifen treatment (left panel). Immunostaining for tdT and Sftpc on lung sections of Scgb1a7-CreER;R26-tdT, Scgb1a1-CreER;R26-TLR, and
Scgb1a1-CreER;R26-LZL-tdT mice after tamoxifen treatment (right panel). The schematic diagrams (right side) shows the length of Stop cassette between the
loxP sites of three genetic mice.

(H) Quantification of the percentage of Scgb1al* cells expressing tdT of three genetic mice without tamoxifen treatment in (left panel). Quantification of the
percentage of Sftpc* cells expressing tdT of three genetic mice after tamoxifen treatment in (right panel). Data are presented as mean + SD; n = 5 mice per group.
(I) A cartoon image showing that, using Scgb7a7-CreER, a subpopulation of AT2 cells was labeled by R26-tdT reporter, but very small number of AT2 cells were
labeled by R26-TLR or R26-NR2 reporters after tamoxifen treatment in these three genetic mice.

(J) A schematic diagram illustrating the experimental design.

(K) Immunostaining for tdT, ZsG, alveolar epithelial markers Sftpc, Lamp3, and AGER on lung sections of Scgb7a1-CreER;Sftoc-DreER;R26-TLR mice post-
bleomycin injury showed that majority of the alveolar epithelium was labeled by tdT (upper panel). Inmunostaining for tdT, ZsG, bronchiolar epithelial markers
Krt5, Scgb1al, and Ace-Tub on lung sections of Scgb1a1-CreER;Sftpoc-DreER;R26-TLR mice post-bleomycin injury shows few bronchiolar epithelial type cells
expressing tdT in the alveolar region (lower panel). White arrowheads, tdT*Sftpc* AT2 cells, tdT*Lamp3* AT2 cells, tdT*AGER* AT1 cells, tdT*Krt5* basal-like
cells, tdT*Scgb1al™ club-like cells or tdT*Ace-Tub™ cells.

(L) Quantification of the percentage of alveolar tdT* cells that express the markers of AT2 cells, AT1 cells, basal-like cells, club-like cells, and ciliated-like cells of
Scgb1a1-CreER;Sftpc-DreER;R26-TLR mice post-bleomycin injury. Data are presented as mean + SD; n = 5 mice per group.

(M) A schematic diagram illustrating the experimental design.

(N) Immunostaining for tdT and Ki67 on the lung sections of Sftpc-DreER;R26-rox-tdT after 10 days bleomycin injury (upper panel). Yellow arrowheads, tdT*Ki67*
AT2 cells; White arrowheads, tdT*AGER* AT1 cells. Immunostaining for GFP and Ki67 on the lung sections of Sftoc-DreER;R26-rox-p21-GFP after 10 days
bleomycin injury (lower panel). White arrowheads, GFP*AGER* AT1 cells.

(O) Quantification of the percentage of reporter” cells expressing Ki67 in (N). Data are presented as mean + SD; n = 3 mice per group. ***p = 0.0005. Statistical
analysis was performed by two-tailed unpaired Student’s t test.

(P) Quantification of the percentage of reporter* cells expressing AGER in (N). Data are presented as mean + SD; n = 3 mice per group. *p = 0.02. Statistical
analysis was performed by two-tailed unpaired Student’s t test.

Tam, tamoxifen. tdT, tdTomato. ZsG, ZsGreen. Bleo, bleomycin. Ace-Tub, acetylated-tubulin. Data are presented as mean + SD; n = 3-5 mice per group. Scale
bars, 100 um.
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Figure S5. Club progenitors regenerate alveoli in p21 and bleomycin- and DT-induced lung-injury models, related to Figure 5

(A) Immunostaining for tdT, GFP, alveolar epithelial markers Sftpc, Lamp3, and AGER on lung sections of Scgb1a1-CreER;Sftpc-DreER;R26-rox-p21-GFP;R26-
LZL-tdT mice at 4 weeks post-bleomycin injury (upper panel). Immunostaining for tdT, ZsG, bronchiolar epithelial markers Krt5, Scgb1al, and Ace-Tub on lung
sections of Scgb1a1-CreER;Sftpc-DreER;R26-rox-p21-GFP;R26-LZL-tdT mice at 4 weeks post-bleomycin injury (lower panel). White arrowheads, tdT*Sftpc*
AT2 cells, tdT*Lamp3* AT2 cells, tdT*AGER* AT1 cells, tdT*Krt5" basal-like cells, tdT*Scgb1al* club-like cells or tdT*Ace-Tub™ cells.

(B) Quantification of the percentage of alveolar tdT* cells that express the markers of AT2 cells, AT1 cells, basal-like cells, club-like cells, and ciliated-like cells of
Scgb1a1-CreER;Sftpc-DreER;R26-rox-p21-GFP;R26-LZL-tdT mice at 4 weeks post-bleomycin injury. Data are presented as mean + SD; n = 5 mice per group.
(C) Immunostaining for tdT, GFP, Sox2, alveolar epithelial markers Lamp3 and AGER on lung sections of Scgb1a1-CreER;Sftoc-DreER;R26-rox-p21-GFP;R26-
LZL-tdT mice at 4 weeks post-bleomycin injury. Yellow arrowheads, tdT*GFP"Sox2*Lamp3* AT2 cells (upper panel), or tdT*GFP Sox2*AGER"* AT2 cells
(lower panel).

(D) Quantification of the percentage of alveolar tdT*Sox2* cells expressing AT2 marker Lamp3 and AT1 marker AGER after bleomycin injury in (C). Data are
presented as mean + SD; n = 5 mice per group.

(E) Quantification of the fluorescence intensity of Sox2 expression in the airway and alveolar tdT* cells of the Scgb1a1-CreER;Sftpc-DreER;R26-rox-p21-
GFP;R26-LZL-tdT mice after bleomycin injury. Data are presented as mean + SD; n = 5 mice per group.

(F) Immunostaining for tdT, GFP, and Sox2 on lung sections of Scgb1a1-CreER;Sftpc-DreER;R26-rox-p21-GFP;R26-LZL-tdT mice at 4 weeks and 8 months
post-bleomycin injury (left panel). White arrowheads, tdT*GFP~Sox2* cells. Quantification of the percentage of alveolar tdT* cells expressing Sox2 on lung
sections at 4 weeks and 8 months post-bleomycin injury (right panel). Data are presented as mean + SD; n = 5 mice per group.

(G) Immunostaining for tdT, GFP, and cleaved caspase-3 (Casp3) on lung sections of Scgb1a1-CreER;Sftpc-DreER;R26-rox-p21-GFP;R26-LZL-tdT mice at
4 weeks post-bleomycin injury or sham (PBS) treatment (left panel). White arrowheads, tdT GFP*Casp3* cells. Quantification of the percentage of GFP* cells
expressing Casp3 at 4 weeks post-bleomycin or sham treatment (right panel). Data are presented as mean + SD; n = 5 mice per group. ***p = 0.0004. p value was
calculated by unpaired two-sided Student’s t test.

(H) Immunostaining for tdT, GFP, and TUNEL on lung sections of Scgb1a1-CreER;Sftoc-DreER;R26-rox-p21-GFP;R26-LZL-tdT mice at 4 weeks post-bleomycin
injury or sham (PBS) treatment (left panel). White arrowheads, tdT"GFP*TUNEL" cells. Quantification of the percentage of GFP* cells labeled by TUNEL at
4 weeks post-bleomycin or sham treatment (right panel). Data are presented as mean + SD; n = 5 mice per group. ***p < 0.0001. p value was calculated by
unpaired two-sided Student’s t test.

(I) A schematic diagram illustrating the generation of Sftpc-mGFP-DTR line by knocking the mGFP-2A-DTR sequence into the 5’ UTR of the endogenous Sftpc
gene locus via homologous recombination. DTR is the diphtheria toxin (DT) receptor, and this line can be used for deleting Sftpc* cells by DT treatment.

(J) Immunostaining for GFP, DTR, and Sftpc on lung sections of Sftoc-mGFP-DTR mice at 4 days (4d) post-DT or vehicle (PBS) treatment.

(K) A schematic diagram illustrating the genetic strategy for targeting of club cells, BASCs, and AT2 cells by using Sftpc-mGFP-DTR;Scgb1a1-CreER;R26-LZL -
tdT mice. Theoretically, in this triple positive line, Scgb1a1*Sftpc™ club cells (Club-tracer3) were traced by tdT, Scgb1a1*Sftpc* BASCs were labeled by both tdT
and GFP, and Scgb1a1~Sftpc* AT2 cells were labeled by GFP. Both BASCs and AT2 cells express DTR.

(L) A schematic diagram illustrating the experimental design for tamoxifen, DT, or vehicle (PBS) treatment, and tissue analysis. DT was treated through tracheal
instillation.

(M) Immunostaining for tdT and GFP on lung sections of Sftoc-mGFP-DTR;Scgb1a1-CreER;R26-LZL-tdT mice at 1 week (w) post tamoxifen (pTam) treatment.
Yellow arrowheads, tdT*GFP* BASCs.

(N) Immunostaining for tdT and GFP on lung sections of Sftoc-mGFP-DTR;Scgb1a1-CreER;R26-LZL-tdT mice at 4 days post-DT (pDT) treatment.

(O) Immunostaining for tdT, GFP, and Sftpc on lung sections of Sftpoc-mGFP-DTR;Scgb1a1-CreER;R26-LZL-tdT mice at 6 weeks post-DT treatment. Yellow
arrowheads, tdT*GFP*Sftpc* AT2 cells.

(P) Quantification of the percentage of GFP* cells expressing tdT at 4 days and 6 weeks post-DT injury. Data are presented as mean + SD; n = 5 mice per group.
(Q) Immunostaining for tdT, GFP, AGER, Krt5, Scgb1a1, or Ace-Tub on lung sections of Sftpc-mGFP-DTR;Scgb1a1-CreER;R26-LZL-tdT mice at 6 weeks post-
DT treatment. White arrowheads, tdT*AGER™* AT1 cells, tdT*Krt5* basal-like cells or tdT*Scgb1al* club-like cells.

(R) Quantification of the percentage of alveolar tdT* cells that express the markers of AT2 cells, AT1 cells, basal-like cells, club-like cells, and ciliated-like cells of
Sftoc-mGFP-DTR;Scgb1a1-CreER;R26-LZL-tdT mice at 6 weeks post-DT treatment. Data are presented as mean + SD; n = 5 mice per group.

Data are presented as mean + SD; n = 5 mice per group. Scale bars, 100 pum. BADJ, alveolar-duct junctions.
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Figure S6. Characterization of the cell cluster markers from single cell analysis, related to Figure 6

(A) Immunostaining for tdT, ZsG with cell cluster markers of Club-tracer on lung sections of Scgb1a7-CreER;Sftpc-DreER;R26-TLR mice at 4 weeks after
bleomycin injury. Cluster 1 markers stained were Lamp3, Lpcat1, Sftpc, and Etv5. Cluster 2 markers stained were Scgb1al and Scgb3a2. Cluster 3 markers
stained were Aqp3 and Krt5. Cluster 4 markers stained were Cldn18, AGER, Krt18, Igfbp7, Krt19, and Lgals3. Cluster 5 markers stained were Fstl1 and Ptges.
Cluster 6 markers stained were mt-Cytb and Lars2. Cluster 7 markers stained were Cdkn1a and Gdf15. White arrowheads indicated the tdT*ZsG™ cells (Club-
tracer) expressing the above cluster markers.

(B) Immunostaining for tdT, ZsG, 8-Hydroxy-2’'-deoxyguanosine (8-OHdG), and 4-hydroxynonenal (4-HNE) on lung sections of Scgb7a?-CreER;Sftpc-
DreER;R26-TLR mice at 4 weeks after bleomycin or sham (PBS) treatment. No 8-OHdG and 4-HNE signals were detected on lung sections of the sham group (left
panel) while detected on the bleomycin group (middle and right panels). White arrowheads, tdT*ZsG 8-OHdG™" cells or tdT*ZsG 4-HNE" cells. Yellow arrow-
heads, tdT*ZsG*8-OHdG" cells or tdT*ZsG*4-HNE" cells.

(C) Quantitative cytofluorimetric analysis of the intracellular ROS production within Club-tracer and BASC-tracer of Scgb1a1-CreER;Sftpc-DreER;R26-TLR mice
at 4 weeks after bleomycin (Bleo) or sham (PBS) treatment. The cells of ROS production were detected by staining with CellROX-Deep Red reagent and then
subjected to FACS analysis. The flow cytometry results showed that the fluorescence intensity of Club-tracer and BASC-tracer cell populations shifted to the right
in bleomycin-injured group compared to the sham group (left panel). Quantification of the relative mean fluorescence intensity (MFI) of ROS production within
Club-tracer and BASC-tracer of bleomycin group compared to sham treatment (right panel). Data are presented as mean + SD; n = 5 mice per group. Club-tracer:
bleomycin versus sham, **p = 0.0035; BASC-tracer: bleomycin versus sham, **p = 0.0012; Statistical analysis was performed by two-tailed unpaired Student’s
t test.

(D) Immunostaining for tdT, ZsG with cluster markers of BASC-tracer on lung sections of Scgb1a7-CreER;Sftpc-wDreER;R26-TLR mice at 4 weeks after
bleomycin injury. Cluster 2 markers stained were Cldn4, Krt8, and Lgals3. Cluster 2 markers stained were Cxcl15 and Sftpc. Cluster 3 markers stained were
Scgb1al and Scgb3a2. Cluster 4 markers stained were CD74 and Ptgs1. Cluster 5 markers stained were Ereg and H2afz. Cluster 6 marker stained was Abca3.
Cluster 7 markers stained were AGER and Akap5. Yellow arrowheads indicated the tdT*ZsG* cells (BASC-tracer) expressing the above cluster markers.

Data are presented as mean + SD; n = 5 mice per group. Scale bars, 100 pm.
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Figure S7. scRNA-seq analysis of cells from Club-tracer, BASC-tracer, and AT2-tracer after injury, related to Figures 6 and 7

(A) The plots depict the UMAP embedding of cells from the integration of Club-tracer and BASC-tracer objects.

(B) The bar graph shows the significantly enriched GO pathways in upregulated differential expression genes (DEGs) in Trp63* cells (left) or Fstl1* cells (right)
compared to the remaining cells. DEGs were chosen with a log2(FC ratio) above 0.5 and an adjusted p value below 0.01. The significance threshold for enriched
GO pathways was set at a p value below 0.05.

(C) The plots visualize the UMAP embedding of integrated club cells from the Club-tracer and Liu et al., 2019.

(D) The bar graph shows the enriched GO pathways in upregulated (left) and downregulated (right) DEGs of club cells of Club-tracer (bleo-treatment) compared to
club cells of Liu et al., 2019 (homeostasis). DEGs were chosen with a log2(FC ratio) above 1 and an adjusted p value below 0.05. The significance threshold for
enriched GO pathways was set at a p value below 0.05.

(E) The plots visualize the UMAP embedding of integrated BASCs-like cells from the BASC-tracer and BASCs from Liu et al., 2019.

(F and G) The bar graph shows the enriched GO pathways in upregulated (left) and downregulated (right) DEGs of BASCs-like cells of BASC-tracer (bleo-
treatment) compared to BASC-1 (F) and BASC-2 (G) of Liu et al., 2019 (homeostasis). DEGs were chosen with a log2(FC ratio) above 1 and an adjusted p value
below 0.05. The significance threshold for enriched GO pathways was set at a p value below 0.05.

(H) The plots visualize the UMAP embedding of integrated AT2 cells from Club-tracer and BASC-tracer.

(Iand J) The heatmap () shows the top 20 DEGs (or all DEGs, if fewer than 20) between the AT2 cell subpopulation from BASC-tracer and from Club-tracer. DEGs
were chosen with a log2(FC ratio) above 0.5 and an adjusted p value below 0.01. The dotplot (J) shows the significantly enriched GO pathways in all DEGs across
different cell subpopulations descripted in (I) respectively. The significance threshold for enriched GO pathways was set at a p value below 0.05.

(K) Immunostaining for tdT, ZsG, and E-cad on lung sections of Scgb1a1-CreER;Sftpc-DreER;R26-TLR;Rbpj"™'* control mice (left upper panel) and Scgbla’-
CreER;Sftoc-DreER;R26-TLR;Rbpj™/#°* mutant mice (left lower panel) at 4 weeks after bleomycin injury. Quantification of the percentage of alveolar E-cad* cells
that were labeled by Club-tracer, BASC-tracer, or AT2-tracer after bleomycin injury in control and mutant groups (right panel). Data are presented as mean + SD;
n = 5 mice per group. Club-tracer: bleomycin versus sham, ***p < 0.0001; BASC-tracer: bleomycin versus sham, **p = 0.0108; AT2-tracer: bleomycin versus
sham, p = 0.0841; ns, non-significant. Statistical analysis was performed by a two-tailed unpaired Student’s t test.

(L) Immunostaining for tdT, ZsG, and Ace-Tub on lung sections of the control and mutant group mice after bleomycin injury (left panel). White arrowheads,
tdT*Ace-Tub™ ciliated cells. Quantification of the percentage of club-tracer expressing Ace-Tub in bronchioles (right panel). Data are presented as mean + SD; n =
5 mice per group. ***p < 0.0001. p value was calculated by unpaired two-sided Student’s t test.

(M) A schematic diagram illustrating the knock-in strategy of R26-RL-NICD-GFP line by homologous recombination using CRISPR/cas9.

(N) A schematic diagram illustrating the experimental design (upper panel). Immunostaining for GFP, Scgb1al, and Sftpc on lung sections of Scgb1al-
CreER;Sftoc-DreER;R26-RL-NICD-GFP after tamoxifen treatment (lower panel). Yellow arrowheads, GFP*Scgb1a1*Sftpc* BASCs.

Data are presented as mean + SD; n = 5-6 mice per group. Scale bars, 100 pm.
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