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Many lung diseases result from a failure of efficient regeneration of damaged alveolar epithelial
cells (AECs) after lung injury. During regeneration, AEC2s proliferate to replace lost cells, after
which proliferation halts and some AEC2s transdifferentiate into AEC1s to restore normal alveolar
structure and function. Although the mechanisms underlying AEC2 proliferation have been
studied, the mechanisms responsible for halting proliferation and inducing transdifferentiation are
poorly understood. To identify candidate signaling pathways responsible for halting proliferation
and inducing transdifferentiation, we performed single-cell RNA sequencing on AEC2s during
regeneration in a murine model of lung injury induced by intratracheal LPS. Unsupervised
clustering revealed distinct subpopulations of regenerating AEC2s: proliferating, cell cycle arrest,
and transdifferentiating. Gene expression analysis of these transitional subpopulations revealed
that TGF-p signaling was highly upregulated in the cell cycle arrest subpopulation and relatively
downregulated in transdifferentiating cells. In cultured AEC2s, TGF-} was necessary for cell cycle
arrest but impeded transdifferentiation. We conclude that during regeneration after LPS-induced
lung injury, TGF-B is a critical signal halting AEC2 proliferation but must be inactivated to allow
transdifferentiation. This study provides insight into the molecular mechanisms regulating alveolar
regeneration and the pathogenesis of diseases resulting from a failure of regeneration.

Introduction
The alveolar epithelium consists of type 1 cells (AEC1s) and type 2 cells (AEC2s). AEC1s cover more than
95% of the alveolar surface and permit efficient gas exchange by virtue of their thin morphology. During
lung injury, AECs, particularly AECIs, die. Regeneration of the epithelium is required to restore normal
lung structure and function; failure of efficient regeneration underlies the pathogenesis of many acute and
chronic lung diseases. The principal progenitor responsible for regenerating the injured alveolar epithelium
is the AEC2 (1). (Alternate progenitors are mobilized after severe injury with considerable AEC2 loss [refs.
1-6].) AEC2s replace lost cells via proliferation. However, once sufficient cell numbers are restored, AEC2s
stop dividing and a subset transdifferentiate into AEC1s (1, 3, 7-9). Mechanisms underlying AEC2 prolif-
eration after lung injury have been identified (10-12). For example, we and others have demonstrated a role
for Wnt/B-catenin signaling (13-15). However, the molecular signals that induce proliferating AEC2s to
exit the cell cycle and transdifferentiate into AEC1s are poorly understood.

To identify candidate signaling pathways implicated in cell cycle arrest and transdifferentiation during
alveolar regeneration after injury, unbiased genome-wide expression analysis of regenerating AEC2s was
indicated. However, our previous studies demonstrated that only a small fraction of AEC2s are mobilized
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for regeneration (16, 17), precluding the use of bulk RNA sequencing. To discern rare subpopulations of
AEC2s that are proliferating, exiting the cell cycle, or transdifferentiating, we exploited single-cell RNA
sequencing (scRNAseq), which is ideally suited for the identification of subpopulations within a heteroge-
neous population and for providing insights into the regulation of transitions between cellular states (18).
Lung injury was induced in SfipcCreERT2;mTmG mice, in which AEC2s and all of their progeny express
GFP. AEC2-derived (GFP*) cells were isolated and subjected to scRNAseq. Unsupervised clustering
revealed 3 distinct subpopulations of regenerating cells: proliferating, cell cycle arrest, and transdifferentiat-
ing. The gene expression profiles of these subpopulations were interrogated to identify candidate genes that
may play a functional role in signaling proliferating cells to exit the cell cycle and transdifferentiate. TGF-f
signaling was found to be highly activated in the cell cycle arrest subpopulation and relatively inactivated
during transdifferentiation.

Although TGF-f is strongly implicated in the pathologic epithelial repair that characterizes pulmo-
nary fibrosis (19), the role of TGF-f in physiologic epithelial repair remains undefined. TGF- is known
to inhibit epithelial cell proliferation (20-22), inducing cell cycle arrest via Smad3-dependent upregula-
tion of cyclin-dependent kinase (CDK) inhibitors such as p15 (20-24). In animal models of lung injury,
TGF-p levels nadir during AEC2 proliferation and then markedly increase at the end of the proliferation
phase (25, 26). There are conflicting reports regarding the role of TGF-f signaling in AEC1 differentiation
during alveologenesis (27-29) and from mature AEC2s (30-32). Since TGF-f signaling was activated in the
cell cycle arrest subpopulation and relatively inactivated in transdifferentiating cells, we hypothesized that
TGF-B is a critical signal inducing proliferating AEC2s to exit the cell cycle but must be inactivated to allow
AEC2-t0o-AECI1 transdifferentiation, a hypothesis that we tested in cultured cells.

To our knowledge, this is the first reported scRNAseq study of regenerating AEC2s. We uncovered
what we believe are novel regenerative transitional subpopulations, interrogated their gene expression pro-
files, confirmed the functional role of TGF-f in vitro, and generated a database of candidate pathways for
future studies of physiologic and pathologic alveolar repair.

Results

scRNAseq of naive and regenerating AECs. Because we aimed to identify mechanisms of physiologic repair
by AEC2s, we used a model of lung injury in which normal epithelial structure is restored primarily by
AEC2s. In the LPS model, the proportion of lineage-labeled AEC2s remained constant during alveolar
regeneration (Supplemental Figure 1; supplemental material available online with this article; https://doi.
org/10.1172/jci.insight.123637DS1). This suggested that AEC2s rather than an unlabeled cell type were
the principal progenitor of nascent AEC2s and, unless other cell types directly differentiated into AECls,
of nascent AEC1s. Our previous work revealed that at day 7 after LPS, some AEC2s are proliferating
and some are transdifferentiating (16, 17). Accordingly, we selected day 7 as a time point to capture for
scRNAseq cells that were proliferating, exiting the cell cycle, and transdifferentiating. SfipcCreERT2,mTmG
mice were treated with LPS or left untreated. At day 7, “Naive AEC2s” (Tomato GFP*) and “Naive Non-
AEC2 Epithelial cells” (Tomato*GFP-CD45 EpCAM*T1a") from control mice and “Injured AEC2-De-
rived cells” (Tomato GFP*) from LPS-treated mice were sorted and subjected to scRNAseq (Supplemental
Figures 2 and 3). Cells were projected into 2-dimensional space using t-distributed stochastic neighbor
embedding (tSNE) (Figure 1A). The location of the sorted Naive AEC2, Naive Non-AEC2 Epithelial, and
Injured AEC2-Derived cells within the tSNE plot is shown in Figure 1B. The tSNE plots derived from 2
separate scCRNAseq experiments were similar (Supplemental Figure 4A). As anticipated, Naive AEC2s and
Injured AEC2-Derived cells expressed high levels of GFP, whereas Naive Non-AEC2 Epithelial cells did
not (Supplemental Figure 4B). Unsupervised clustering revealed 16 distinct clusters of cells (Figure 1C and
Supplemental Figure 4C). The genes most differentially expressed by each cluster are shown in Supplemen-
tal Figure 4D and Supplemental Table 1.

Identification of naive AECI and AEC2 populations. We first examined the epithelial cells isolated from
naive mice. Canonical club, basal, and ciliated cell markers were each expressed by a unique cluster
of sorted Naive Non-AEC2 Epithelial cells (indicated by light orange, blue, and yellow circles, respec-
tively, in Supplemental Figure 5, A-C) and were not expressed by the sorted Naive AEC2s. Canonical
AEC1 markers were highly expressed by a distinct cluster of Naive Non-AEC2 Epithelial cells (indicat-
ed by green circles in Figure 1D and Supplemental Figure 5D). As anticipated, the sorted Naive AEC2s
expressed canonical AEC2 markers (indicated by red circles in Figure 1E and Supplemental Figure 5E).
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SftpctScgblal* cells (5) were identified (indicated by dark orange circles in Figure 1E and Supplemental
Figure 5, A and E). Rare contaminating nonepithelial cells were identified: hematopoietic cells (indicat-
ed by pink circles in Supplemental Figure 6) and endothelial cells/fibroblasts (indicated by purple cir-
cles in Supplemental Figure 6). Based on expression of canonical markers, clusters representing naive
cell types were identified (Figure 1F). Expression of canonical markers by each epithelial cell type is
shown in Figure 1G.

The genes most differentially expressed by naive AECls and AEC2s are shown in Figure 1H and
Supplemental Table 2. These included canonical AEC1 and AEC2 markers as well as additional markers
specifically expressed by AEC1s or AEC2s. With the exception of Hopx, canonical AEC1 markers were
less specific for AEC1s than the markers Clic5 and Akap5 (Figure 1D and Supplemental Figure 5D). Tla
and Agp5 were expressed by airway epithelia (Figure 1D and Supplemental Figure 5D). Agp5 was also
expressed by AEC2s, which was confirmed on the protein level (Supplemental Figure 5D and Supple-
mental Figure 7). The segregation of naive epithelial cells into clusters representative of known cell types
demonstrated the robustness of the system and provided a framework for the identification of transitional
regenerative cell types.

Identification of proliferating, cell cycle arrest, and transdifferentiating AEC2-derived cells. Airway epithelial
cells and nonepithelial cells were excluded from further analysis. To identify proliferating AEC2s, expres-
sion of genes involved in cell proliferation was assessed. Cluster 10 was identified as the proliferating sub-
population (shown in blue circles in Figure 2A). Most proliferating AEC2s were Injured AEC2-Derived
cells. However, rare Naive AEC2s clustered with the proliferating subpopulation and expressed markers of
proliferation; these are likely the AEC2s responsible for homeostatic turnover (1, 9, 15). There were virtual-
ly no significant differences in gene expression between the Naive AEC2s and injured AEC2-Derived cells
localized to this cluster (Supplemental Table 3). The proliferating subpopulation included cells in S, G,, and
M phase of the cell cycle (shown in blue circles in Supplemental Figure 8, A—C; ref. 33).

To identify cells that had stopped proliferating and were exiting the cell cycle, we assessed expression of
genes characteristic of cell cycle (G)) arrest (Figure 2B and Supplemental Figure 8D) and CDKs not unique
to G, (Supplemental Figure 8E and ref. 33). Cluster 8 was identified as the cell cycle arrest subpopulation
(shown in green circles in Figure 2B and Supplemental Figure 8D). Based on upregulation of AEC1 markers
and downregulation of AEC2 markers, cluster 6 was identified as the transdifferentiating subpopulation
(shown in red circles in Figure 2, C and D, and Supplemental Figure 8, F and G). The AEC2-derived cells in
the transdifferentiating subpopulation expressed many but not all genes highly expressed by mature (naive)
AECls. For example, Igfbp2, which is a late marker of AEC1 differentiation during alveologenesis (34), was
expressed by most naive AEC1s but not by transdifferentiating AEC2-derived cells (Supplemental Figure
8H). A few Injured AEC2-Derived (GFP") cells clustered with the naive AEC1 population, suggesting that
they had fully differentiated into mature AEC1s (Supplemental Figure 8I). A summary of gene expression
by the 3 regenerative subpopulations — proliferating, cell cycle arrest, and transdifferentiating — is shown
in Figure 2E. The number of cells in each regenerative subpopulation is shown in Supplemental Figure
8J. The presence of these 3 regenerative subpopulations was validated by immunostaining and/or in situ
hybridization (Figure 3, Supplemental Figure 8K, and refs. 16, 17). The identification of the regenerative
subpopulations — proliferating, cell cycle arrest, and transdifferentiating — was substantiated by pathway
analysis (Supplemental Figure 8L). Aside from these 3 distinct regenerative subpopulations, which appear
as peninsulas on the tSNE plot, all other clusters of Injured AEC2-Derived cells (clusters 0—4) had similar
gene expression profiles (Supplemental Figure 4D and Supplemental Table 1), many of them converging
with clustering at lower resolution (Supplemental Figure 9A). Therefore, we grouped these clusters as “Oth-
er Injured AEC2-Derived cells.” To summarize, a tSNE indicating all identified naive and injured popu-
lations is shown in Figure 4A. Notably, there was minimal overlap on the tSNE between the Naive and
Other Injured AEC2-Derived cells (Figure 1B and Figure 4A). Although canonical correlation analysis and
hierarchical clustering suggested that the Other Injured AEC2-Derived cells were only mildly perturbed as
compared with the Naive AEC2s (Supplemental Figure 9, B and C), their segregation on tSNE was due to
differences in gene expression. The genes most differentially expressed between the Naive AEC2s and Other
Injured AEC2-Derived cells are shown in Supplemental Figure 9D and Supplemental Table 4. The most
striking difference is the activation of inflammatory pathways by the injured cells (Supplemental Figure 9E).

Gene expression profiles of regenerative subpopulations. To identify candidate signaling pathways that may reg-
ulate progression through the stages of alveolar regeneration, we examined the gene expression profiles of the
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Figure 1. scRNAseq reveals naive lung epithelial cell types. SftpcCreERT2;mTmG mice were treated with or without LPS. At day 7, non-AEC2 epithelial
cells and AEC2s from naive mice and AEC2-derived cells from LPS-treated mice were subjected to scRNAseq. (A) tSNE plot of all cells sequenced. (B)
Locations within the tSNE plot of Naive Non-AEC2 Epithelial, Naive AEC2, and Injured AEC2-Derived cells. (C) Unsupervised clustering with a resolution
of 0.6. (D and E) Gene expression of canonical AEC1 (D) and AEC2 (E) markers (natural log of normalized counts). (F) Based on gene expression patterns,
specific epithelial and nonepithelial cell types were identified. (G) Expression levels of canonical cell markers by the identified cell types. (H) Heatmap
of the 20 most differentially expressed genes in naive AEC2 and AEC1s compared with other naive epithelial cell types, ranked in order of Bonfer-
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roni-corrected P value. Green circles (cluster 14), AEC1s; red circles (cluster 5), AEC2s; dark orange circles (cluster 13), ScgbTa*Sftpc* cells; light orange
circles (cluster 9), club cells; yellow circles (cluster 15), ciliated cells; blue circles (cluster 7), basal cells; pink circles (cluster 11), hematopoietic cells;
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proliferating, cell cycle arrest, and transdifferentiating subpopulations. The most differentially expressed genes
in each subpopulation are shown in Figure 4B and Supplemental Table 5. The transcription factors and cell
surface markers most differentially expressed by each of the regenerative subpopulations are shown in Supple-
mental Tables 6 and 7. Since transdifferentiation involves extensive cell spreading (16), we identified the most
differentially expressed cell motility genes (Supplemental Table 8). Pathway analysis revealed that TGF-f
was the most highly activated upstream regulator of gene expression by the 3 subpopulations of regenerating
AEC2s taken together in comparison with all other Injured AEC2-Derived cells (Figure 4C). The next most
highly activated pathways in the regenerating AEC2s were Myc (a Wnt/B-catenin target gene) and GM-CSF;
these were most highly activated in the proliferating subpopulation, consistent with their established roles in
AEC?2 proliferation (13-15, 35, 36).

TGF-p signaling induces AEC2 cell cycle arrest. Although TGF-f3 was the most highly activated upstream
regulator of gene expression by the regenerating AEC2s taken together, TGF-f signaling was largely inac-
tive in naive and proliferating AEC2s, highly activated in the cell cycle arrest subpopulation, and relatively
inactivated in the transdifferentiating subpopulation (Figure 4C). In fact, TGF-§ signaling was the top
upstream regulator of the cell cycle arrest subpopulation (P = 5.17 x 10%). Several genes in the TGF-p
pathway were among the most highly expressed genes in this subpopulation (Figure 4B), and additional
TGF-B pathway genes were specifically upregulated during cell cycle arrest (Figure 5, A and B, and Sup-
plemental Figure 10, A-C). These included TGFj2, o, and f, integrins, which are critical for activation of
TGF-B during lung injury (37), and many TGF-B/Smad target genes. Expression of TGFj32 and B, integrin
was confirmed by in situ hybridization (Figure 5C and Supplemental Figure 10, D and E). There was no
evidence of epithelial-mesenchymal transition as determined by expression of epithelial and mesenchymal
markers (Supplemental Figure 10, F and G).

Since TGF-f signaling was specifically activated in the cell cycle arrest subpopulation and TGF-f induces
G, arrest in other cell types (21), we hypothesized that TGF-$ induces cell cycle arrest in proliferating AEC2s.
To test this hypothesis, we cultured primary AEC2s under 2-dimensional culture conditions in which they are
known not to proliferate. To assess whether 2-dimensional culture induces AEC2s to recapitulate the cell cycle
arrest phase observed during epithelial regeneration in vivo, we assessed expression of the G, arrest markers
that were upregulated in the cell cycle arrest subpopulation in vivo. p15, p53, and CDK4 were upregulated with-
in the first day of culture (Figure 6A). The CDK inhibitors that were not differentially expressed in the cell cycle
arrest subpopulation in vivo, p21 and p27, were also not significantly upregulated in vitro (Rachel L. Zemans,
unpublished observations), supporting the notion that gene expression by cultured AEC2s was similar to that
of AEC2s in the cell cycle arrest state during alveolar regeneration in vivo. Cultured AEC2s failed to undergo
S phase, as assessed by EdU incorporation, confirming that they were in cell cycle arrest (Figure 6B). We next
assessed whether TGF-f3 signaling was activated during cell cycle arrest in vitro. TGF-f activation was demon-
strated by increased levels of p-Smad3 (Figure 6C and Supplemental Figure 11) and upregulation of many of
the same TGF-B pathway genes that were upregulated during cell cycle arrest in vivo, including TGFp2 and a,
and B, integrins (Figure 6D). To determine whether TGF- signaling was necessary for cell cycle arrest, cul-
tured AEC2s were treated with a TGF- pharmacologic inhibitor or neutralizing antibody. TGF-f inhibition
prevented cell cycle arrest (Figure 6E) and attenuated the upregulation of p15 (Figure 6F).

TGF-p inhibition promotes transdifferentiation. While TGF-f signaling was activated in the cell cycle
arrest subpopulation, it was relatively inactivated in the transdifferentiating cells in vivo (Figure 4C,
Figure 5, A and B, and Supplemental Figure 10, A and B). This suggests the possibility that while
TGF-B induces cell cycle arrest, TGF-f signaling must be inactivated to allow AECI1 differentiation.
To test this, we again used cultured AEC2s, which begin to express AEC1 markers by day 3 of culture
(Figure 7, A—C), although they do not fully differentiate into AEC1s (15, 38-40). To determine whether
TGF-B inactivation promotes transdifferentiation, cultured AEC2s were treated with the TGF-f inhib-
itor or neutralizing antibody. TGF-f inhibition promoted AECI1 differentiation (Figure 7, D and E).
Similarly, AEC2s isolated from Tgfbr2"" mice were treated with an adenovirus expressing Cre, which
resulted in gene deletion (Supplemental Figure 12). Knockout of Tgfbr2 promoted AEC1 differentiation
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AEC2-Derived

(Figure 7, F and G). Taken together, these data suggest that TGF-f induces cell cycle arrest but inacti-
vation of TGF-B promotes AEC1 differentiation.

Lineage relationship between regenerative intermediate subpopulations. To ascertain whether the proliferating,
cell cycle arrest, and transdifferentiating subpopulations represent sequential regenerative stages in a linear
trajectory or divergent fates, we performed pseudotime analysis. The results were variable depending on
the input data and trajectory inference algorithm (Supplemental Figure 13, A—C). The cell cycle arrest and
transdifferentiating subpopulations had similar gene expression (Supplemental Figure 9, A and C, and Sup-
plemental Figure 13D). Therefore, our data are inconclusive as to cell fate trajectory.

Discussion

Harnessing the power of scRNAseq to discern cellular heterogeneity, we identified what we believe are
novel transitional subpopulations of regenerating AEC2s — proliferating, cell cycle arrest, and transdiffer-
entiating. Interrogation of their gene expression profiles revealed candidate signaling pathways that may
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Figure 3. Immunofluorescence/

in situ hybridization validates
proliferating, cell cycle arrest, and
transdifferentiating AEC2-derived
subpopulations. Immunofluores-
cence staining of lung sections for
GFP (A-C), Ki67 (A), and T1a (C)
and in situ hybridization for p15
(B). Insets and arrowheads indicate
double-positive cells. Scale bars: 25
um (A), 50 um (B and C). n > 4 mice
per group.
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Figure 4. Differential gene expression in regenerative subpopulations. (A) Subpopulations of regenerating
AEC2-derived cells identified as proliferating, cell cycle arrest, transdifferentiating, and other naive and injured
cell types. (B) Heatmap of the top 30 most differentially expressed genes in the proliferating, cell cycle arrest, and
transdifferentiating subpopulations compared with all the other Injured AEC2-Derived cells. TGF-$ pathway genes
are indicated in red font. Genes are ranked in order of Bonferroni-corrected P value. (C) Top 3 upstream regulators
of gene expression by cells from all 3 regenerative subpopulations combined compared with the Other Injured
AEC2-Derived cells, as determined by Ingenuity Pathway Analysis. n = 2 mice per group.

regulate alveolar regeneration after LPS-induced lung injury. One such pathway, TGF-, was upregulated
in the cell cycle arrest subpopulation and relatively downregulated in the transdifferentiating cells. Func-
tional experiments in cultured cells confirmed that TGF-f induced cell cycle arrest, while deactivation
promoted transdifferentiation. These data suggest that in the LPS model, TGF-f is a critical checkpoint in
alveolar regeneration, halting the proliferation phase of alveolar regeneration but impeding transdifferenti-
ation. While the mechanisms of AEC2 proliferation have been investigated, this study addresses a largely
unanswered question in the field of lung regeneration: the mechanisms that halt proliferation and promote
transdifferentiation, thus restoring normal alveolar structure and function.

While the antimitogenic effects of TGF-p in epithelia are well established (20, 21), we demonstrate here
that in the context of alveolar regeneration TGF-f was activated in AEC2s at the end of the proliferation phase,
signaling its termination. Building on previous studies demonstrating increased total lung TGF-f levels at the
end of the proliferation phase in several models of lung injury (25, 26), this scRINAseq analysis now uncovers
a specific subpopulation of AEC2s that respond to TGF-B by exiting the cell cycle. Here, TGF-B induced G,
arrest via upregulation of p15, which, in contrast to p21 and p27, is known to specifically inhibit the G,-to-S
transition (23, 33). Notably, the cell cycle arrest subpopulation also expressed lower levels of AEC2 markers
than the naive and proliferating AEC2s. Since TGF-f is known to downregulate surfactant protein expression
(31, 41-44), we propose that TGF-f triggers coordinated p/5 upregulation and surfactant protein downregula-
tion, in turn inducing cell cycle exit and dedifferentiation, perhaps in anticipation of transdifferentiation.
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Figure 5. TGF-f pathway is activated in cell cycle arrest sub-
population. (A and B) Expression of TGF-f signaling molecules
in naive and regenerative subpopulations as determined by
scRNAseq. Green circles (cluster 8), cell cycle arrest subpopula-
tion. n = 2 mice per group. (€) Immunofluorescence for GFP and
in situ hybridization for TGFA2, and B, integrin on fixed lung
sections. Insets indicate double-positive cells. Scale bar: 50
um. n =4 mice per group.

The data presented here suggest that inhibition of TGF-p promotes transdifferentiation in cultured
cells. Our study is more definitive than those suggesting that TGF-B promotes transdifferentiation (30,
31), as we used multiple methods of TGF- gain and loss of function in 2 species and assessed validated
AECI1 markers on both the mRNA and protein levels. Moreover, our findings were corroborated by in vivo
expression data. A recent report demonstrated that bone morphogenetic protein 4 (BMP4) induces transdif-
ferentiation (32). Accordingly, in our study, BMP4 and its target genes Id/ and Id3 were highly differentially
expressed by the transdifferentiating cells (Supplemental Table 5). The inhibitory role of TGF-f demon-
strated here suggests that transdifferentiation may be tightly regulated by a balance of opposing TGF-B/
BMP stimuli, an example of classic TGF-3/BMP antagonism.

The extent to which alveolar regeneration recapitulates alveologenesis remains a fundamental question
in the field. Expression of Igfbp2 by the mature AECIs but not the regenerative transdifferentiating cells is
consistent with Igfbp2 expression by differentiating AEC1s only late in alveologenesis (34). The specific role of
TGF-B in alveologenesis remains controversial (27-29). However, our finding that inhibition of TGF-§ promot-
ed AEC1 differentiation during regeneration is consistent with previous reports that inhibition of transcription-
al pathways promotes AEC1 differentiation during alveologenesis and homeostasis. During alveologenesis,
nascent AEC1s express no new transcription factors, suggesting that AEC1 differentiation may be due to with-
drawal of inhibitory transcriptional pathways (18). Indeed, downregulation of transcriptional pathways such as
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Figure 6. TGF-f induces AEC2 cell cycle arrest in cultured AEC2s. Primary rat AEC2s were cultured in the presence or absence of the TGFBRI inhibitor
LY364947 (LY) or the TGF-B-neutralizing antibody 1011 with or without EdU. (A, D, and F) Quantitative PCR was performed. Data are presented as fold
change relative to day 0. (B and E) EdU incorporation is shown. (C) Western blotting of cell lysates for p-Smad3 and actin. Densitometry of p-Smad3 cor-
rected for actin is shown. Experiments were performed at least 3 times, each with 2 technical replicates. Two-tailed t test or 1- or 2-way ANOVA with post
hoc analysis for multiple comparisons was performed and corrected for repeated measures. Mean + SEM is shown. *P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001 compared with day 0 (A and D) or day 1(C) or LY364947 vs. DMSO or 1D11 vs. IgG1 (E and F).
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‘Wnt/B-catenin is necessary for AEC1 differentiation during both alveologenesis and homeostasis (14, 15, 45,
46). Since Wnt/B-catenin signaling promotes proliferation (13-15) but inhibits transdifferentiation, we propose
the following construct: During alveolar regeneration, Wnt/p-catenin stimulates AEC2 proliferation. Once lost
cells have been replaced, TGF-f induces cell cycle arrest, halting proliferation; withdrawal of Wnt/f-catenin
and TGF-B promotes efficient transdifferentiation. Future studies exploring the mechanisms of Wnt/TGF-f
crosstalk in the context of alveolar regeneration are warranted.

This study also provided insights into the homeostatic and inflammatory functions of the alveolar
epithelium. First, the rare proliferating naive AEC2s and those mobilized to proliferate after injury had
similar gene expression profiles. This suggests that the mechanisms underlying homeostatic turnover
and regeneration are conserved and the rare AEC2s responsible for homeostatic turnover are likely not
inherently different from the AEC2s mobilized to proliferate after injury but rather are specified by their
location within the niche (1, 9, 15). Second, whereas the widely accepted AEC1 markers T7o. and AQP5
were expressed by other lung epithelial cell types, as has been previously reported (47-49), we identified
highly specific AEC1 markers that may be exploited to drive Cre expression or isolate AECls, invaluable
techniques that remain somewhat elusive (2, 34, 40, 48, 50-52). Finally, we identified immune pathways
activated in the Injured AEC2-Derived cells, which could be investigated to elucidate the inflammatory
and host defense functions of the alveolar epithelium.

Although scRNAseq is a powerful technique, there are several caveats. First, the validity of scRNAseq
studies rests on the assumption that the cell isolation yields representative cells without significant changes
in gene expression. Therefore, we performed in situ hybridization (ISH) and immunofluorescence staining
of key markers to validate the regenerative subpopulations. The percentage of cells in the transdifferentiat-
ing subpopulation as determined by scRNAseq (Supplemental Figure 8J) was similar to our previous rigor-
ous quantification of transdifferentiation in situ (16). The proliferating subpopulation was underestimated
by scRNAseq as compared with our previous estimates (17), perhaps because of impaired recoverability
of cells from the lung digest. The percentage of cells in the cell cycle arrest subpopulation as determined
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Figure 7. TGF-p inhibits AEC2-to-AEC1 transdifferentiation in cultured AEC2s. (A-E) Primary rat AEC2s were cultured in the presence or absence of
the TGFBRI inhibitor LY364947 (LY) or the TGF-B-neutralizing antibody 1011 for the indicated time periods. (A, C, and D) Quantitative PCR (qPCR) for
AEC1 markers. (B and E) Western blotting for AEC1 markers with densitometry. Vertical white lines indicate that the lanes were run on the same gel
but were noncontiguous. Data are shown as fold change compared with day 0 (A-C) or fold change compared with IgG or DMSO controls (D and E). (F
and G) AEC2s were isolated from Tgfbr2/f mice, transduced with AAGFP or AdCre, and cultured for 3 days. gPCR (F) and Western blotting with densi-
tometry (G) shown as fold change in AdCre samples compared with AdGFP samples. Each experiment was performed at least 3 times, except the 1D11
experiments with 2 technical replicates each. Two-tailed t test or 1- or 2-way ANOVA with post hoc analysis for multiple comparisons was performed
and corrected for repeated measures. Mean + SEM is shown. *P < 0.05, **P < 0.01, ***P < 0.001, tP = 0.07 calculated for fold change relative to day 0
(A-C) or DMSO vs. LY or IgG1vs. 1D11 (D and E) or AdGFP vs. AdCre (F and G).
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by scRNAseq was less than that determined by ISH for p15, TGF-B2, or B, integrin, probably because
some transdifferentiating cells express these genes also. However, while coexpression of these markers by
scRNAseq was quantified, coexpression by ISH was not. Another minor limitation of our study was the
limited number of naive AECIs sequenced, although they were sufficient to provide a reference point for
identifying transdifferentiating cells.

This study sets the stage for future investigation of remaining unknowns. First, although our data imply
autocrine signaling by TGF-B2, other cellular sources and isoforms of TGF-§ are not excluded; the mech-
anisms by which adequate replacement of lost cells is sensed, thus triggering TGF-} expression, remain to
be determined. The mechanism by which TGF-f signaling is inhibited to allow transdifferentiation is also
unknown. In addition, our study examined only the LPS model, a model in which epithelial injury is neu-
trophil dependent likely via oxidants and proteases, though the precise underlying molecular mechanisms
are not entirely understood (53, 54). Based on studies in the bleomycin and hyperoxia models showing that
TGF-p levels nadir during AEC2 proliferation and then increase at the end of the proliferation phase (25,
26), we suspect that the regenerative function of TGF-f demonstrated here is also operative after direct
lung injury; however, this has not been shown. In fact, the function of TGF-f in alveolar regeneration in
the LPS model has not yet been validated in vivo. Precisely timing TGF-f loss of function to the cell cycle
arrest or transdifferentiation phase without effects on other regenerative phases or on the initial injury (55)
will be necessary. Finally, the lineage trajectory of the 3 regenerative subpopulations remains unknown.
Our data do not definitely establish whether the cell cycle arrest subpopulation represents an intermediate
state between proliferation and transdifferentiation or whether the cell cycle arrest and transdifferentiating
subpopulations represent divergent fates. Similarity in gene expression (Supplemental Figure 13D), near-
ness on hierarchical clustering (Supplemental Figure 9C), and convergence on low-resolution tSNE plots
(Supplemental Figure 9A) demonstrate that the cell cycle arrest and transdifferentiating subpopulations
are closely related. These findings taken together with expression of AEC1 markers by the cell cycle arrest
subpopulation (Figure 2C and Supplemental Figure 8F) suggest that its fate is to transdifferentiate. How-
ever, pseudotime analysis raised the possibility that some cells in the cell cycle arrest subpopulation may
not ultimately transdifferentiate (Supplemental Figure 13, A—C). It is quite possible that the cell cycle arrest
subpopulation is heterogeneous with respect to fate, with some cells transdifferentiating, some maintaining
an AEC2 phenotype, and, if proliferation yields an excessive number of AEC2s, some undergoing apopto-
sis. Pseudotime analysis also suggested the possibility that some AEC2s may transdifferentiate without first
undergoing a round of proliferation, though previous studies have clearly demonstrated that at least some
cells proliferate prior to transdifferentiation (7, 56). Ultimately, these questions of cell fate will need to be
addressed by lineage tracing experiments.

The termination of proliferation and initiation of transdifferentiation are of critical physiologic and
clinical relevance. These processes are necessary to prevent AEC2 hyperplasia and restore the exquisitely
thin AEClIs that cover more than 95% of the alveolar surface and permit efficient gas exchange. Studies of
lung regeneration are relevant to diverse lung diseases that result from a failure of normal repair. Howev-
er, the mechanisms underlying the termination of proliferation and initiation of transdifferentiation have
specific relevance to the pathogenesis of pulmonary fibrosis, which is driven by excessive TGF-B and is
characterized by AEC2 hyperplasia with a paucity of AEC1s (57). Based on the findings presented here,
we speculate that supraphysiologic levels of TGF-f may prevent transdifferentiation, suspending postpro-
liferative AEC2s in a transitional state reminiscent of the cell cycle arrest subpopulation, with the failure to
regenerate AECIs in turn stimulating fibrogenesis (19, 58).

Alveolar regeneration is undoubtedly regulated by a complex interaction of multiple signaling path-
ways. The full impact of our study will be realized by future mechanistic studies built on the founda-
tion established here. The transcription factors, signaling molecules, and cell motility genes differentially
expressed by the regenerative subpopulations are promising candidates for regulating the transitions of
regenerating AEC2s from quiescence to proliferation to cell cycle arrest and transdifferentiation. The cell
surface markers identified may be used to purify large numbers of cells from a specific subpopulation for
deeper transcriptomic or proteomic analysis or for in vitro functional experiments.

In summary, this study uncovered potentially novel transitional subpopulations of regenerating AECs
and their gene expression profiles, revealed some similarities between alveolar regeneration, homeostasis,
and development, and established TGF-f as a critical checkpoint in alveolar regeneration in the LPS
model. Our findings will serve as a foundation for additional studies investigating the mechanisms of
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physiologic alveolar regeneration, the extent to which they recapitulate development, and the manner in
which they are dysregulated in disease.

Methods

Animals. Animals were maintained in a pathogen-free environment on a 12-hour light/12-hour dark cycle
with full access to food and water. SfipcCreERT2 mice (59), obtained from Harold Chapman (UCSF, San
Francisco, California, USA), were crossed to Rosa26-mTmG (abbreviated mTmG) mice (The Jackson Labo-
ratory). Male SfipcCreERT2*-;mTmG*'~ mice were given 20 mg/ml tamoxifen in corn oil at a dose of 0.25
mg/g body weight i.p. every other day for 3 doses at age 6 weeks. Recombination efficiency is shown in
Supplemental Figure 1. At 12 weeks of age, mice were treated with 40 ug LPS (E. coli 0111:B4, List Biolog-
ical Laboratories) in 50 pl 0.9% saline by intratracheal instillation or left untreated. Mice were randomly
assigned to treatment groups. Mice were euthanized 7 or 27 days later. Sprague-Dawley rats aged 2—4
months were purchased from Charles River or obtained from the University of Michigan Rodent Recycling
Program. Tgfbr2"" mice were purchased from The Jackson Laboratory.

Fluorescence-activated cell sorting. Lungs were perfused with 10 ml PBS at 20 cmH,O, lavaged twice
with 1 ml PBS plus 5 mM EDTA plus 5 mM EGTA, twice with RPMI 1640 plus 25 mM HEPES, and
once with 4.5 U/ml elastase (Worthington LS00229) in RPMI plus 25 mM HEPES. Next, 2 ml elastase
4.5 U/ml was instilled into the lungs, followed immediately with 500 ul 1% low—melting point agarose.
Lungs were submerged into 2 ml elastase 4.5 U/ml and incubated for 45 minutes at 37°C. The trachea
and bronchial tree were dissected away, and remaining lung tissue was submerged in 5 ml ice-cold FBS
with 0.2 mg/ml DNAse (Sigma-Aldrich DN25). Tissue was minced to approximately 0.5- to 1-mm3
fragments with scissors, shaken vigorously for 2 minutes, and filtered over 100-, 40-, and 20-um filters.
Cell suspension was centrifuged at 350 g for 12 minutes at 4°C onto a Percoll cushion. The cell pellet
was resuspended in 30 ul DNAse (4 mg/ml), and 300 ul RPMI 1640 plus 25 mM HEPES plus 20% FBS
was added. Cells were stained with anti-T1a—PE/Cy7 (eBioscience 25-5381), anti-EpCAM-647 (Bio-
Legend 118212), and anti-CD45-A700 (eBioscience 56-0451-80) antibodies with FcBlock (BD Pharmin-
gen 553142) for 60 minutes at 4°C. DAPI (Thermo Fisher Scientific 62248) 1 pug/ml was added. Cells
were sorted on a Moflo XDP (Beckman). Gates were drawn based on fluorescence-minus-one controls.
DAPI'Tomato GFP* cells and DAPI"Tomato*GFP-CD45 EpCAM*T1a" cells were collected. To con-
firm purity and viability of the sorted populations, an aliquot of the sorted cells was run through the
cytometer a second time, and cells were found to be approximately 95% live and 92%-98% pure, as
defined by predicted expression of markers.

Single-cell RNA sequencing. Five thousand to fifteen thousand Tomato GFP* cells from the LPS-treat-
ed mice (“Injured AEC2-Derived”), 2,000 Tomato GFP* cells from the control mice (“Naive AEC2”),
and 30 pl of undiluted Tomato*GFP-CD45 EpCAM*T1a* cells from the control mice (“Naive Non-AEC2
Epithelial”) were loaded into a Chromium Single Cell 3’ Solution Capture System (10X Genomics). The
processed libraries were sequenced on an Illumina HiSEQ4000 instrument using 26 X 8 X 101 sequencing.
The scRNAseq experiment was performed twice, with 1 control and 1 LPS mouse in each experiment.
Sequencing metrics, including depth and saturation, are shown in Supplemental Table 9.

Immunofluorescence and ISH. Lung sections were immunostained as previously described (16). Briefly,
lungs were fixed with phosphate-buffered formalin, processed, embedded in paraffin, and cut into 4-um
sections. Lung sections were deparaffinized, hydrated, boiled in Target Retrieval Solution (Dako S1699),
blocked in 5% goat or donkey serum in Tris-buffered saline with 0.05% Tween (TTBS), and incubated
with antibodies against T1la (University of Iowa Developmental Studies Hybridoma Bank 8.1.1), GFP
(Abcam ab13970), AQP5 (Millipore AB15858), and/or proSPC (Millipore AB3786) overnight at 4°C. Sec-
ondary antibodies, including Alexa Fluor 488—conjugated anti-rabbit (Invitrogen A11034), Cy3-conjugat-
ed anti-chicken (Jackson ImmunoResearch Laboratories 703-165-155), and Alexa Fluor 647-conjugated
anti-hamster (Jackson ImmunoResearch Laboratories 107-605-142), were applied for 1 hour at room tem-
perature. In situ hybridization (ISH) was performed using the RNAScope manual fluorescent multiplex kit
(ACDbio) according to the manufacturer’s instructions. The mouse 7gfb2 probe was generated by ACDbio
targeting 1491-2468 of the Tgfb2 gene (accession number NM_009367.3, ACDbio 406181). The mouse
Itgh6 probe was generated by ACDbio targeting 533-1496 of the Irgh6 gene (accession NM_001159564.1,
ACDbio catalog 312501). The mouse p15 probe was generated by ACDbio targeting 119-1302 of the p/5
gene (accession NM_007670, ACDbio 458341-C2). At the end of the RNAScope protocol, slides were
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stained with the anti-GFP antibody as described above. Images were acquired using the X20 air or X63 oil
objective of an Axiovert 200 microscope (Zeiss) or an Al confocal microscope (Nikon). The percentage
of GFP* cells that stained positive for the p/5 RNA probe was counted manually. The percentage of GFP*
cells that stained positive for at least 3 Tgfb2 or Irgh6 RNA molecules was counted manually. The percentage
of proSPC* cells that were GFP* was quantified using NIH ImageJ software.

Bioinformatics. FASTQs were processed using Cell Ranger (version 2.1.1) with the mm10 genome assem-
bly to generate unique molecular identifier (UMI) gene count matrices per sample. An aggregated matrix was
also generated by downsampling of the mapped reads in each sample to the same depth as the sample with
the lowest read count using cellranger aggr. The aggregated matrix was next processed using Seurat (version
2.3.0) to perform initial quality control filtering, normalization, and clustering (60). Cells were removed if
there were fewer than 100 genes detected, a UMI count less than 1024, or greater than 3 standard deviations
above the mean of each sample, or if the proportion of UMIs mapped to mitochondrial genes was greater
than 5%. Genes were excluded if they were detectable in fewer than 3 cells. Following filtering, the UMI
counts were normalized to library size (total number of UMIs detected), scaled by 10,000, and log-trans-
formed. Principal component analysis was performed on the Z scores of the normalized expression values,
and 16 dimensions were selected for tSNE projection using a perplexity of 30. Graph-based clustering was
performed using the top 15 principal components, with the 30 nearest neighbors, and a resolution of 0.6 or
other resolution. Following clustering and tSNE projection, the original non-downsampled UMI matrices
for each sample were normalized as described above, and the resulting gene expression values were used for
all downstream analyses. Reads that did not align to the mouse genome were aligned to the eGFP coding
sequence (GenBank U55761.1) using bowtie2 (version 2.1.0) in very-sensitive-local mode (61). UMIs were
counted using umi-tools (version 0.5.3) with the directional algorithm (62). Genes differentially expressed in
each cluster compared with other clusters in each tested comparison were determined using Find AllMarkers()
in Seurat. Genes were included if they were detectable in a minimum of 25% of cells in the cluster of interest,
there was at least a 0.25-fold-change (natural log scale) difference in expression between the cluster of interest
and the other clusters, and the P value was less than 0.01. Notably, because of the relatively low efficiency
of current scRNAseq library preparation methods, many mRNAs, particularly those of low to moderate
expression levels, are not detected in some cells in which they are present (63, 64). Heatmaps were generated
using ComplexHeatmap. Genes were ordered using hierarchical clustering of euclidean distances using the
complete-linkage method (65). Cells were ordered in pseudotime using Monocle2 with the DDRTree method
for dimensionality reduction (version 2.10.0) (66). RNA velocity and partition-based graph abstraction were
computed using the velocyto and scanpy Python packages (67, 68). Canonical correlation analysis was per-
formed using the RunCCA and AlignSubspace Seurat commands. Dotplots were generated using the DotPlot
function in the Seurat package. Hierarchical clustering of the average gene expression values of marker genes
of nonepithelial lung cell types (69) was used to examine the relationships between clusters.

The transcription factor list was obtained from the TF-Checkpoint database (70). Cell surface markers
were obtained from a database derived from mass spectrometry data (71). Additionally, the UniProt data-
base was queried to extract putative cell surface proteins (locations:(location:“cell membrane”) annotation:(-
type:transmem) AND organism:“Mus musculus (Mouse) [10090]”). Genes related to cell motility were
those classified by the following Gene Ontology (GO) terms: GO:0048870 cell motility, GO:0016477 cell
migration, GO:0005925 focal adhesion, GO:0030054 cell junction, and GO:0031589 cell substrate adhe-
sion. The list of TGF-B pathway genes was obtained from Ingenuity Pathway Analysis. The list of mesen-
chymal markers were the top 80 markers differentially expressed by fibroblasts in normal mouse lung (69).

The list of differentially expressed genes in each cluster, containing gene identifiers, fold change, and
adjusted P values, was uploaded into Ingenuity Pathway Analysis software (Qiagen). The “core analysis”
function was used to find significant upstream transcriptional regulators. Significance was assessed by Fish-
er’s exact test, and activation Z scores were computed. The list of differentially expressed genes was upload-
ed into iPathwayGuide software (Advaita Bioinformatics) and the GO biological processes enriched for the
differentially expressed genes in each cluster were determined. To identify biological processes enriched in
Injured AEC2s compared with Naive AEC2s, genes differentially expressed between Injured AEC2 and
Naive AEC2 cells were uploaded to DAVID (https://david.ncifcrf.gov/).

Data/code availability. All data were deposited in the NCBI's Gene Expression Omnibus database
(GEO GSE113049). Analysis and processing scripts are provided at a GitHub repository (https://github.
com/rnabioco/lung-scrna).
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AEC culture. AEC2s were isolated from mice and rats as previously described (72). Briefly, mouse lungs
were perfused with PBS, instilled with dispase followed by agarose plug, then incubated in dispase for 30
minutes at room temperature. Tissue was minced and filtered. Single-cell suspension was subjected to mag-
netic cell sorting using negative selection with CD45 antibody and positive selection with EpCAM antibody.
Rat lungs were perfused and instilled with fluorocarbon for 20 minutes at 37°C followed by elastase diges-
tion for 15 minutes at 37°C. Tissue was minced and filtered, and cells were purified by density gradient
centrifugation. The rat cell isolation yields 85%-93% purity and the mouse cell isolation yields 90%—92%
purity as determined by staining cytospins for proSPC. Freshly isolated rat AEC2s were cultured in DMEM
(Invitrogen) containing 44 mM NaHCO,, 1 mM sodium pyruvate, 4 mM L-alanyl-glutamine, 90 pg/ml strep-
tomycin, 40 pg/ml penicillin, and 10% FBS (HyClone) on tissue culture plastic or Transwell inserts (Milli-
pore MCHT12H48) coated with 20% Matrigel (BD Biosciences 356234) and 80% rat tail collagen (Corning
354236) or glass coverslips. Cells were treated with 2.5 pM LY 364947 (Cayman Chemicals 13341), 40 pg
anti-TGF-f neutralizing antibody 1D11 (R&D MAB1835), or DMSO or mIgG1 (R&D MABO002) as con-
trols. Freshly isolated mouse AEC2s were cultured on Transwell inserts (Corning 3401) coated with mouse
laminin (Millipore Sigma CC095) in DMEM/F12 with 2% FBS, 90 pg/ml streptomycin, and 40 pg/ml pen-
icillin. Cells were transduced with Ad5SCMVeGFP (AdGFP) or Ad5CMVCre-eGFP (AdCre) (University of
Towa Viral Vector Core VVC-U of Iowa-4 or VVC-U of ITowa-1174), MOI 10, for 48 hours, after which cells
were washed and cultured in DMEM/F12 with 10% FBS. For RNA extraction, cells were lysed in Buffer RLT
and RNA was purified using the RNeasy Mini Kit (Qiagen) according to the manufacturer’s instructions.
RNA was reverse-transcribed into cDNA using gScript XLT ¢cDNA SuperMix (QuantaBio) or Quantitect
(Qiagen) according to the manufacturer’s instructions. cDNA was analyzed by quantitative PCR using prim-
ers listed in Supplemental Table 10. Quantitative PCR was performed for 40 cycles on the CFX96 (Bio-Rad)
or StepOnePlus (Applied Biosystems) using PerfeCTa SYBR Green FastMix (QuantaBio) or iQ SYBR Green
Supermix (Bio-Rad). Relative mRNA expression was calculated using the 22 method. For Figure 6D, the
values listed for day 3 are from day 2 or 3. For genotyping, cells or tails were incubated in 25 mM NaOH, 0.2
mM disodium EDTA, pH 12.0, at 95°C for 30 minutes, followed by neutralization with 40 mM Tris, pH 5.0.
PCR was performed on extracted genomic DNA using GoTaq DNA polymerase according to the manufac-
turer’s instructions using the primers listed in Supplemental Table 10. For Western blotting, cells were lysed in
10 mM Tris, pH 8.0, 50 mM NaCl, 0.5% sodium deoxycholate, 0.2% SDS, and 1% IGEPAL, supplemented
with Protease Inhibitor Cocktail (Thermo Fisher Scientific 1860932). Lysates were boiled in Laemmli buffer
and analyzed by SDS-PAGE and immunoblotting with antibodies against p-Smad2/3 (Abcam ab51451),
Smad3 (Abcam ab40854), Tla (gift of Mary Williams, Boston University, Boston, Massachusetts, USA),
Hopx (Santa Cruz sc-30216), RAGE (Life Technologies PA1-84173), or actin (Abcam ab3280). Densitometry
was performed using ImagelLab (Bio-Rad) or NIH ImageJ software. For indicated experiments, 10 uM EdU
(Thermo Fisher Scientific C10340) was added to the culture medium, and 24 hours later cells were fixed in
4% paraformaldehyde and stained according to the manufacturer’s instructions. Data more than 2 SDs from
the mean were excluded, a criterion that was established prior to experimentation.

Statistics. The scRNAseq experiment, with 1 control and 1 LPS-treated mouse, was performed
twice. Genes differentially expressed between clusters were determined using the Wilcoxon rank sum
test using expression values in each cluster compared with all other clusters. Differential gene expres-
sion is reported using adjusted P values with Bonferroni correction for multiple hypothesis testing. The
lower limit of detection for the P values was 2.225074 x 10, The overlap P values were calculated
using Fisher’s exact test. The P values for GO biological processes in iPathwayGuide were corrected for
Elim pruning. For scRNAseq differential gene expression experiments, P < 0.01 was considered signifi-
cant. For in vitro experiments, 2-tailed ¢ test or 1- or 2-way ANOVA with post hoc analysis for multiple
comparisons was performed and corrected for repeated measures. P less than 0.05 was considered sig-
nificant. Mean * SEM is shown in graphs.

Study approval. Animal protocols were approved by the Animal Care and Use Committees at National
Jewish Health and the University of Michigan.
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