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Abstract

Severe lung injury causes basal stem cells to migrate and outcompete alveolar stem cells
resulting in dysplastic repair and a loss of gas exchange function. This “stem cell collision” is
part of a multistep process that is now revealed to generate an injury-induced tissue niche
(ITCH) containing Keratin 5+ epithelial cells and plastic Pdgfra+ mesenchymal cells. Temporal
and spatial single cell analysis reveals that iTCHs are governed by mesenchymal proliferation
and Notch signaling, which suppresses Wnt and Fgf signaling in iTCHs. Conversely, loss of
Notch in iTCHs rewires alveolar signaling patterns to promote euplastic regeneration and gas
exchange. The signaling patterns of iTCHs can differentially phenotype fibrotic from
degenerative human lung diseases, through apposing flows of FGF and WNT signaling. These
data reveal the emergence of an injury and disease associated iTCH in the lung and the ability

of using iTCH specific signaling patterns to discriminate human lung disease phenotypes.
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Introduction

The lung is generally quiescent during normal life but upon severe injury or in disease states,
specific cell types in the lung alveolus re-enter the cell cycle, differentiate, and replenish lost
cells to re-establish respiratory function. How this process occurs and the cellular constituents
that are involved remain unclear. Disruption of this multi-step regenerative process can lead to

permanent loss of respiratory function and chronic lung diseases.

Respiratory viral infections, such as influenza A, are a leading global cause of infectious
morbidity and mortality(7, 2). Respiratory illness caused by influenza follows a stereotypical
course with infection of lung epithelium, including alveolar type 2 (AT2) cells, cytotoxic
destruction of alveolar tissue, dramatic inflammatory infiltration, and early immune-responsive
fibroblast activation(3). This tissue destruction is followed by proliferation of multiple alveolar cell
types including AT2 cells, cellular differentiation including AT2 cells differentiating into alveolar
type 1 (AT1) cells, and re-establishment of normal alveolar architecture. In mild to moderate
lung injury, most of the destroyed alveolar tissue can be regenerated through what has been
referred to as the euplastic regenerative response, resulting in the re-establishment of alveolar
structure and restoration of gas-exchange function(4, 5). However, following severe injury, a
dysplastic response can also occur which entails the egression of rare intrapulmonary basal
stem cells out of the airways into the alveolar parenchyma. The dysplastic basal cells migrate,
proliferate, and rapidly expand into regions of severely damaged alveolar regions of the lung.
These dysplastic epithelial stem cells express Keratin 5 (Krt5) and form regions referred to as
“pods”, which persist and can be found in patients who survived severe influenza infections(6—
8). Furthermore, Krt5+ dysplastic epithelium in the alveolar compartment is also found in some
chronic lung diseases including COVID-19-induced fibrosis(8). Understanding how the lung
balances euplastic versus dysplastic tissue reactions is central to promoting improved lung

function post-injury as well as developing new therapies for chronic lung diseases.

The contribution of non-epithelial cells in balancing euplastic versus dysplastic tissue responses
to acute lung injury remains unclear. Lineage tracing shows the emergence of rare Trp63+
intrapulmonary basal cells to generate the dysplastic epithelial response post-viral injury,
resulting in these cells exiting their airway niche and migrating into the alveolar niche, which is
occupied by completely different cell lineages and signaling networks(7-9). How the interactions
between the alveolar and airway cell types within these two niches facilitate the emergence of

this keratinized dysplasia remains unknown.
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Here, we show that the dysplastic epithelial response after acute injury to the lung leads to the
formation of a multi-cellular injury-induced tissue niche (iTCH). iTCHs are comprised of both
Krt5+ dysplastic epithelium and alveolar Pdgfrb+ mesenchymal cells (also called alveolar
fibroblast 2 or AF2), which are derived from alveolar Pdgfra+ cells (also called alveolar fibroblast
1 or AF1). This mesenchymal plasticity is unidirectional, with Pdgfra+ AF1 cells proliferating and
differentiating into Pdgfrb+ AF2 cells, while Pdgfrb+ AF2 cells do not proliferate or generate
Pdgfra+ AF1 cells. Pdgfra-derived Pdgfrb+ cells closely integrate into iTCHs and form a unique
Notch mediated niche with the Krt5+ dysplastic epithelium. Suppression of cell proliferation or
Notch signaling in Pdgfra+ cells prior to injury results in rewiring of the cell-cell communication
axis in the alveolus, leading to a loss of iTCHs with a commensurate increase in Wnt and Fgf
signaling flow resulting in increased alveolar euplastic regeneration. Using newly generated and
existing multi-disease single cell transcriptional datasets, we show that iTCHs and NOTCH
mediated dysplastic cell-cell communication pathways are observed in human fibrotic diseases
including post-COVID-19 fibrosis and bleomycin induced human lung injury. In contrast,
emphysematous degenerative lung diseases such as chronic obstructive pulmonary disease
(COPD) and alpha-1 anti-trypsin (AAT) disease lack iTCHs and exhibit a reversal of cell-cell
communication flows, demonstrating that a euplastic regenerative response in the alveolar
niche dominates. These studies delineate an emergent niche that arises after injury and in
specific human lung diseases, that dictates whether the tissue engages a dysplastic repair or

euplastic regeneration response.

Results

Pdgfra expressing cells are the primary reactive mesenchyme after lung injury and
exhibit progenitor cell function

While previous work has shown that the lung mesenchyme reacts to acute injury(70, 17), its
contribution towards alveolar regeneration is poorly understood. We analyzed our previously
described mouse scRNA-seq data from adult animals and combined this with additional analysis
of spatial localization of mesenchymal subsets(72). This analysis revealed two distinct
populations of alveolar fibroblasts called alveolar fibroblast 1 (AF1) and alveolar fibroblast 2
(AF2) (also referred to as alveolar fibroblasts and pericytes, respectively)(10, 13). AF1s
expressed Pdgfra, Limch1, and Tcf21 while AF2s express Pdgfrb, Cox4i2, and Notch3 (Figure
S1a,b). GO analysis revealed AF2s are enriched for vasculature niche support genes,

suggesting these cells likely serve a “pericyte”-like function within the capillary plexus of the
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alveolus (Figure S1c). We used Pdgfra®®tR™2 and Pdgfrb™ER™2 mouse lines to isolate AF1s and
AF2s, respectively, and performed scRNAseq to characterize additional heterogeneity in these
mesenchymal lineages (Fig. 1a). These data revealed that Pdgfra-traced cells labeled AF1s,
adventitial, and peribronchial mesenchyme while Pdgfrb-traced cells labeled AF2s, adventitial,
peribronchial, and vascular smooth muscle (VSMC) (Fig. 1b, c, Data S1, S2) We generated
Pdgfrah?®-CFP:Pdgfrb®ERT2:Rosa26S- 193 mice (Fig. 1d) and used immunohistochemistry
(IHC) analysis to show that Pdgfra and Pdgfrb expression marked and segregated AF1s and
AF2s, respectively, with a dual Pdgfra+/Pdgfrb+ labeled population only being observed around
the airways and in the adventitial space (Fig. 1e, f, Data S3, S4).

To determine the response of Pdgfra+ and Pdgfrb+ mesenchymal cells to lung injury, we
performed lineage tracing with the Pdgfra®®ER"™ and Pdgfrb®®ER™ mouse lines to fluorescently
tag and trace Pdgfra/b+ cells and their future progeny and coupled this with a temporal series of
scRNA-seq experiments across two pathologically relevant lung injury models: H1N1 influenza
infection and bleomycin induced lung injury (Fig. 1g). Integration of Pdgfrb-lineage traced cells
from all timepoints revealed these cells do not proliferate nor do these cells exhibit Pdgfrb-to-
Pdgfra plasticity (Fig. 1h, S2a-d, S3a-d). In contrast, different subsets of Pdgfra-lineage cells
emerged including a subset that exhibited a proliferative signature, another subset that exhibited
a myofibroblast gene signature, and another subset that appeared to be AF2s differentiated
from AF1s (Fig. 1h, S3e). Since Pdgfrb+ cells do not proliferate nor generate Pdgfra+ cells,
these data indicate that the Pdgfra+ AF1 lineage, and not the adventitial or peribronchiolar
lineages which express both Pdgfra and Pdgfrb, contribute to the Pdgfrb+ AF2 lineage. Indeed,
transcriptional trajectory analysis suggested that the Pdgfra+ AF1s transit through a proliferative
state before passing through the myofibroblast state and terminating in the AF2 state (Fig. 1k-I,
S2h). These AF1-derived AF2s are apparent at day 28 after injury, express high levels of Pdgfrb,
and lose expression of Pdgfra (Fig. 1i, S2f-g , S3f-g, Data S5). The AF1-derived AF2 cells are
spatially localized within the severely damaged regions of the lung which contain dysplastic
Krt5+ epithelium (Fig. 1j).

To determine in an unbiased manner whether Pdgfra-derived AF2s are transcriptionally similar
to endogenous AF2s, we integrated the data from these cells with data from AF1s and AF2s
isolated at homeostasis and performed Spearman correlation analysis. This analysis confirmed
that Pdgfra-dervied AF2s exhibit a very high degree of similarity with endogenous AF2s (Fig.

1m, n). Together, these results indicate that after acute lung injury, AF1 cells act as
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mesenchyme progenitors, transiently proliferate, cross through a myofibroblast cell state, and
then differentiate into Pdgfra-derived AF2s (Fig. 10).

Injury induced lung myofibroblasts are a transient state that arise from AF1 progenitors
Dynamic gene expression analysis across the trajectory of AF1s as they differentiate into AF2s
suggests an increase in Pdgfrb+ expression that initiates during the transient myofibroblast
state (Fig. 2a). To experimentally determine whether myofibroblasts are a transient state of
AF1s while differentiating into AF2s, we examined whether myofibroblasts arise uniquely from
the Pdgfra-lineage. Lineage tracing shows that AF1s, not AF2s, generated the vast majority of
the Acta2+ (SMA+) cells after both H1N1 and bleomycin induced severe lung injury, consistent

with previous reports (Fig 2b, ¢, S4a-c)(714). Lineage tracing was then performed at temporally

bCreERTZ 20reERT2

defined times using both Pdgfr and Acta mice to tag and track mesenchymal cells
as they transited through the various cell states before ending in AF2s. These studies revealed
that lineage labeling Pdgfrb or Acta2 expressing cells during the time course of injury and
regeneration captured the active myofibroblasts post-injury (Fig. 2d-h, S4d, e). By 90 days after
injury, these previously labeled myofibroblasts extinguished Acta2 expression (Fig. 2i), retained
Pdgfrb but not Pdgfra expression, and persisted in the severely damaged regions of the lung,
directly adjacent to the Krt5-expressing dysplastic basal epithelium (Fig. 2j). These data
demonstrate that the transient myofibroblast state induced by acute injury to the lung results in

AF2 cells in persistently damaged regions of the lung.

Blockade of AF1 cell division suppresses dysplastic repair and promotes euplastic
epithelial regeneration

The localization of the Pdgfra-derived AF2s in the severely damaged regions of the lung
containing dysplastic keratinized epithelium suggested that these cells may play a role in their
emergence or persistence. We examined proliferation of AF1s given the scRNA-seq data
suggesting these cells enter a transient proliferative phase during lung injury and observed a
robust transient increase of proliferative Pdgfra-lineage labeled cells within the alveolar region
starting at day 7 post-injury but little to no proliferation of the alveolar Pdgfrb-lineage cells (Fig.
3a-d). These data also showed an increase in the number of alveolar Pdgfra-lineage cells which
was stable to at least 28 days post-injury (Fig. 3d). To determine the importance of the
expansion of AF1 cells in alveolar regeneration, we genetically deleted Ect2, a Rho-GEF protein
required for cytokinesis, in Pdgfra expressing cells to block cell division (herein termed Ect2Pd9m

KO) (Fig. 3e, f). Cells lacking Ect2 can still undergo karyokinesis (nuclear division) but cannot
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undergo cytokinesis resulting in binucleation and a halt in cell division (Fig. 3f)(15-17). As
expected, Ect2P9™K0 mytant cells became binucleated at 14 days post-injury, and these
binucleated cells persisted until at least 28 days after injury (Fig. 3g). Surprisingly, blockade of
Pdgfra+ cell division improved overall structure and reduced injury severity at 28 days after
influenza infection, but not at 14 days after infection (Fig. 3h-j). These data suggest that Pdgfra+
cell division and expansion does not influence acute injury severity after influenza infection (i.e.
14 days after infection), but blocking this proliferative response allows the lung to engage

euplastic regeneration after injury (i.e. 28 days after infection).

Since our histological analysis indicated that loss of AF1 cell expansion improved the overall
lung architecture after injury, we assessed whether AT2 cell proliferation, a hallmark of alveolar
regeneration, was affected in this model. Interestingly, blockade of AF1 cell expansion in
Ect2P99™KO mutants resulted in a significant increase in proliferation of AT2 cells at 14 days after
injury compared to wildtype mice (Fig. 3k, I). Moreover, loss of AF1 cell expansion nearly
eliminated the dysplastic Krt5+ cell response at 14 and 28 days after injury (Fig. 3m),
demonstrating that expansion of AF1 cells is essential for dysplastic epithelial repair and

suppresses the normal AT2 cell proliferative euplastic regeneration response after lung injury.

AF1-derived AF2s form an injury induced tissue niche (iTCH) with dysplastic Krt5+
epithelium

To identify putative factors regulating the function of AF1-derived AF2s and how these cells may
signal to Krt5+ dysplastic epithelium, transcription factor activity was assessed in these cells
using DoRothEA, a computational tool which identifies putative transcription factors regulating
cell population specific transcriptional networks (Fig. 4a-c, Data S6)(78). One of the top ranked
transcription factors in the AF1-derived AF2s was Rbpj, the downstream transcription factor in
the Notch signaling pathway (Fig. 4d). GSEA analysis demonstrated AF1-derived AF2s are
strongly enriched in expression of Notch signaling pathway components (Fig. 4e), including
Notch receptors (e.g. Notch1, 2, 3) and downstream target genes (Heyl, Hey2, Ccnd1, Postn,
Tbx2) (Fig. 4f). Spatial analysis of the Notch “active” Pdgfra cells assessed by intracellular
Notch1-ICD immunostaining(79), revealed these cells are located in the dysplastic alveolar

niche after injury, directly adjacent to the Krt5+ epithelium (Fig. 49).

To identify which cell is producing the Notch ligands, we performed scRNA-seq on epithelial,

endothelial, and immune cells after both H1N1 influenza infection and bleomycin induced injury
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at days 14 and 28 (Fig. 4h-j). We then performed CellChat analysis to identify proper sending-
receiving cell patterns induced upon acute lung injury (Fig. 4k)(20). These data showed that
Krt5+ dysplastic epithelial cells are the primary producer of Notch ligands, with the AF1-derived
AF2s as the primary Notch receiver (Fig. 41, m, S5a-c). Further analyses revealed that AF1-
derived AF2 cells send BMP, TGFb, EGF, and Eph-Ephrin signaling back to the Krt5+ epithelium
(Fig. S5b). IHC additionally revealed that Jag2-expressing Krt5+ dysplastic basal cells are
directly adjacent to the AF1-derived AF2s 28 days after injury (Fig. 4n). These analyses
demonstrate that AF1-derived AF2s exhibit active Notch signaling and generate a unique injury

induced tissue niche or iTCH with the Krt5+ dysplastic epithelium (Fig. 40).

Lineage selective inhibition of mesenchymal Notch signaling blocks dysplastic repair
and promotes euplastic alveolar regeneration

To determine whether Notch signaling in AF1-derived AF2s is critical for formation of iTCHs,
Pdgfra®®FRT2:Rosa26"AM- mice (NotchP9™*P) were used to block intracellular Notch signaling
in AF1 cells. NotchP%™KP mice were subjected to influenza injury and examined at 14 days
post-injury (Fig. 5a). Blocking intracellular Notch signaling within AF1s improved overall survival
after influenza infection (Fig. 5b). Quantitative histological analyses from lungs of NotchPb
mice revealed a dramatic reduction in iTCHs relative to wildtype mice post-influenza injury (Fig.
5c, d). Remarkably, this reduction in dysplastic repair correlated with an increase in the number
of AT2 cells throughout the remaining damaged regions of the lung, indicating that suppression
of mesenchymal intracellular Notch signaling rewires cell-cell communication in the alveolus to
favor euplastic regeneration and reduce iTCH formation (Fig. 5e). CD45+ immune cell infiltrate
was still observed in the severely damaged regions of the lung at 14 days post injury (Fig. 5f).
To further examine whether mesenchymal intracellular Notch signaling regulates persistence of
iTCHs after influenza, micro-computed tomography (uCT) was performed on mice 90 days after
influenza infection. Locations of iTCHs were based on aerated lung volume analysis. Control
influenza infected wildtype mice exhibited a significant reduction in aerated lung volume at 90
days compared to uninfected mice (Fig 5g, h), consistent with prior work demonstrating a
reduction in pulmonary gas-exchange function in mice one year after a single influenza
infection(8). Blocking Notch signaling in the AF1 lineage inhibited the reduction of aerated lung
volume, further indicating that Notch activity in these mesenchymal cells is essential for

promoting dysplastic repair over euplastic regeneration in the lung (Fig. 5g, h).
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Since Notch signaling is also observed in the dysplastic Krt5+ epithelium within iTCHs (Fig. 49),
Notch signaling was inactivated within this basal cell derived epithelium during influenza
induced lung regeneration using Krt5°ER2:Rosa26 ™M mice (here after called Notch<™*P)
(Fig. S6a). In contrast to inactivating intracellular Notch within the Pdgfra+ cells, inactivating
intracellular Notch in the Krt5+ dysplastic epithelium (Notch®"P) did not improve survival after
influenza injury (Fig. S6b). IHC analysis showed Krt5+ dysplastic epithelium continued to egress
into the severely damaged alveolar region upon cell autonomous loss of Notch signaling (Fig.
S6¢). We next employed in vitro assays to assess Notch*™*P basal cell behavior. We first
confirmed that expression of dnMAML in these cells in vitro strongly inhibited Notch signaling
(Fig. S6d). However, genetic inactivation of Notch signaling did not have any effect on cell
proliferation or organoid growth, in stark contrast to chemical gamma-secretase inhibition with
DBZ, which was previously shown to inhibit basal cell growth(7) (Fig. S6e-i). Collectively, these
data demonstrates that intracellular mesenchymal Notch signaling is the dominant mechanism

which controls the generation of the dysplastic repair response and iTCH formation after acute

lung injury.

Blockade of iTCH formation via Notch inhibition increases flow and direction of Wnt and
Fgf signaling in the alveolar niche

To identify the mechanism by which blocking Notch signaling within mesenchymal cells rewires
the alveolar niche to support euplastic over dysplastic responses, we performed scRNA-seq on

whole lungs from wildtype and Notch?ddf+b

mice at 14 days post-influenza infection (Fig. 6a-c,
S7a-e). These data revealed three distinct AF1 cell populations which we named AF1a, b, and ¢
(Fig. 6d). While AF1a was composed of relatively equal percentages of cells derived from
wildtype and Notch™#™*P |yngs, AF1b was strongly enriched for AF1 cells derived from wildtype

h Pdgfra-KD

mice, while AF1c was strongly enriched for AF1s derived from Notc mice (Fig. 6e). None

of the remaining mesenchymal cell clusters were dominated by either wildtype or Notchdea+D
cells (Fig. 6e), suggesting that inactivating intracellular Notch within the Pdgfra-lineage
preferentially regulates the AF1 cell response after influenza injury. We next performed pathway
analysis using the genes uniquely enriched in either the AF1b or AF1c cell clusters. We found
that AF1b was enriched in gene expression for ECM-receptor interactions, proteoglycans, and
focal adhesions (Fig. 6f). The AF1c cluster dominated by NotchP™*P cells was enriched in
gene expression of MAPK, TNF, and PI3K-Akt signaling pathways and genes such as Fgf7,
Vegfa, and Wnt2 (Fig. 6f). These data indicate that inactivation of Notch signaling in the Pdgfra-

lineage blunts the fibrotic and myofibroblast response and upregulates euplastic regenerative
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signaling patterns in support of AT2 cell proliferation and survival including Wnt and Fgf(77, 16,
21-23). Consistent with our IHC analyses in Figure 5e-f, the scRNA-seq analysis of the lung
epithelium in NotchP%™*P ganimals revealed a stark reduction of Krt5+ basal cells in the
NotchP?™KD gataset, with an increase in total AT1 and AT2 cells (Fig. 6g, h).

We next examined differential signaling networks between wildtype and NotchP?™P cells that
could explain the rewiring of the iTCHs upon loss of mesenchymal Notch signaling. This
analysis showed an overall increase in outgoing signals emanating from AF1s and an increase

in both outgoing and incoming signals into AT2s in NotchPdeb

mutants (Fig. 6i). Cell type
specific analysis revealed an increase in AF1-to-AT2 communication after Notch inactivation
(Fig. S8a, b). Pathway specific analysis revealed an increase in Fgf and Wnt signaling in
NotchP¥™*P mytants compared to wildtype (Fig. 6j, S8c). In control mice, the dysplastic Krt5+

hPdgra-KD mutants the Wnt

epithelium was the dominant sender of Wnt signaling. However, in Notc
signaling network is rewired with the new dominant Wnt signaling relationship being between
AF1 and AT2 cells (Fig. 6k). Consistent with this new signaling relationship, we observed an
increase in Wnt ligand expression in AF1s including Wnt2, and an increase in Wnt receptor
expression in AT2s including the pro-regenerative receptor Fzd5 in NotchP™KD mutants (Fig.
6l)(24). Furthermore, we observed a reduction in BMP, FGF, and Gas signaling from AF1 to
Krt5+ dysplastic basal cells after injury demonstrating that intracellular Notch signaling in the
mesenchyme directs the signaling network within the alveolus and can be targeted to promote
epithelial euplastic repair (Fig. S8d). These data reveal a change in Wnt and Fgf signaling flow

and direction in the alveolus depending on the Notch signaling status in AF1 cells.

To determine whether blocking intracellular Notch signaling in the Pdgfra-lineage prevents AF1-
to-AF2 differentiation, we performed Slingshot trajectory analysis on the lung mesenchyme in

control and NotchPd9faKD

mutant mice resulting in two primary trajectories (Fig. 6m). Trajectory 1
traveled from AF1a through AF1b, the AF1 subcluster dominated by wildtype cells (Fig. 6e) and
exhibited a loss of AF1 markers (Pdgfra and Wnt2), with a concordant increase of AF2 and
myofibroblast markers (Pdgfrb and Acta2) suggesting these cells are transiting to becoming
AF2s (Fig. 6n). In contrast, trajectory 2 traveled from AF1a through AF1c, the AF1 subcluster
dominated by NotchP"*P mytant cells (Fig. 6e). Dynamic gene expression through trajectory 2
revealed that these cells maintained high expression of AF1 markers (Pdgfra and Wnt2)
demonstrating that after influenza injury, AF1 cells transit to become AF2 cells and that this

decision is dependent on Notch resulting in opposing signaling by Wnt and Fgf pathways (Fig.

10
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6n). Together, these data show that loss of Notch signaling in AF1s leads to their
reprogramming and shunting into a pro-euplastic regenerative phenotype, which inhibits

dysplastic lung repair (Fig. 60).

Segregation of human lung disease phenotypes by the presence of iTCHs and rewiring of
alveolar signaling flow

Diseases including post-COVID-19 lung disease is characterized by extensive myofibroblast cell
expansion and fibrosis(25). Moreover, bleomycin-induced lung injury in humans is a rare form of
reactive lung injury that additionally results in fibrosis(26). Phenotypes in both of these diseases
are initiated by acute lung injury. In contrast, chronic lung diseases such as chronic obstructive
pulmonary disease (COPD) are characterized by a degenerative emphysematous phenotype
leading to a loss of alveolar structure, which is also exhibited by Alpha 1 anti-Trypsin deficiency
(AAT), a genetic form of COPD(27). The role of dysplastic epithelial responses in these
diseases is not well established, although the presence of KRT5+ epithelium in the alveolar

compartment has been reported in a variety of fibrotic lung diseases(8).

To determine whether the rewiring of the alveolar signaling crosstalk by iTCHs could be used to
segregate different phenotypes of human lung disease, a scRNA-seq dataset from bleomycin
induced human lung disease and Alpha-1 anti-Trypsin human lung disease were newly
generated and combined with previously published post-COVID-19 fibrotic lung disease
datasets, to determine whether pathologic alveolar signaling networks driven by iTCHs are
present in these diseases. Consistent with the mouse mesenchyme data, analysis of human
mesenchymal cells from healthy control lungs revealed 5 distinct mesenchymal cell populations
including the two distinct populations of alveolar mesenchymal fibroblasts seen in mice: AF1s
(PDGFRA+ TCF21+) and AF2s (PDGFRB+ NOTCH3+) (Fig. S9a-d, Data S7). To determine
whether AF2s and dysplastic basal cells communicate to form an iTCH in human post-COVID-
19 and bleomycin induced human lung disease, single cell data was analyzed to examine
ligand-receptor interactions between the epithelial and mesenchymal cell populations. These
data revealed a robust NOTCH niche in the post-COVID-19 and bleomycin human lungs
between the AF2s and the KRT5+ basal cells (Fig. 7a). This is supported by IHC showing AF2s,
but not AF1s, are present adjacent to KRT5+ dysplastic epithelial cells in post-COVID-19

fibrosis and acute bleomycin injury (Fig. 7b).
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In contrast to the fibrotic lung diseases, we observed an increase in WNT ligand expression in
AF1 cells from both COPD and AAT lungs compared to normal donor lungs, suggesting a
reversal of a NOTCH/WNT axis in degenerative versus fibrotic alveolar diseases (Fig. 7c). This
is reflected by a reduction in overall WNT signaling with decreased expression of FGF and WNT
ligands (i.e. FGF2 and WNT2) in AF1s and receptors (i.e. FGFR2 and FZD5) in AT2s in fibrotic
diseases (Fig. 7d). This is in stark contrast to COPD and AAT lung disease, where a rewiring of
the NOTCH mediated signaling niche occurs and KRT5+ cells are no longer the dominant
sender of the NOTCH ligands (Fig. 7a). Moreover, COPD and AAT do not exhibit dysplastic
iTCH formation (Fig. 7a). Remarkably in COPD and AAT, there is an increase in FGF and WNT
ligands and receptors in AF1 and AT2 cells, mimicking the euplastic regenerative response in
the mouse lung upon loss of Notch signaling in AF1 derived AF2s and suggesting that in these
degenerative diseases, a euplastic regeneration response is being engaged albeit inefficiently
(Fig. 7d). These findings demonstrate a unique injury-induced tissue niche is formed between
the mesenchyme and dysplastic epithelium in human fibrotic but not degenerative lung
diseases, revealing that the presence and action of iTCHs balances the dysplastic versus

euplastic response is species conserved in the mouse and human lung.

Discussion

The cellular and architectural complexity of the respiratory system has made it difficult to
unravel the specific cell lineages responsible for promoting functional lung regeneration. Our
study reveals that the bifurcation decision between euplastic regeneration and dysplastic repair
is governed by Notch signaling in a specific mesenchymal lineage called AF1 cells, which form
an injury-induced niche or iTCH, resulting in a maladaptive structure which does not effectively
participate in gas exchange. The AF1 response to acute injury involves transiting across
multiple cell states including proliferation and myofibroblast, before assuming an AF2
phenotype, which is characterized by high Notch signaling activity. This AF1-AF2 plasticity and
expansion is highjacked by Krt5+ dysplastic epithelial cells invading the alveolar niche to
establish the iTCH. iTCH signaling patterns can be used to phenotype human lung diseases into
either acute fibrotic responses such as COVID-19 or bleomycin induced acute injury, or
degenerative phenotypes such as COPD and AAT deficiency. This phenotypic switch is
characterized by altered signaling flows of hallmark regenerative pathways including WNT and
FGF in the alveolar niche. This study reveals an emergent signaling niche in injured and
diseased lungs that defines the tissue logic deciding between euplastic regeneration or

dysplastic repair providing critical insight into phenotyping human lung disease responses.
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The role of mesenchymal-epithelial signaling in organ development has been well
described(28-30). In the lung, changes in phenotypes within the mesenchymal lineage occurs
throughout development with the early lung mesenchyme being derived from a Wnt2+/Pdgfra+
progenitor cell(28). Our study demonstrates that Pdgfra+ alveolar mesenchymal cells in the
adult lung called AF1 cells retain their developmental capacity to regenerate and replenish the
non-proliferative Pdgfrb+ AF2 cell pool after injury. The current study shows that the dysplastic
Krt5+ epithelium hijacks this AF1 cell plasticity, using a paracrine signaling network instigated by
intracellular mesenchymal Notch signaling to form an iTCH. While some previous work has
suggested Notch signaling within the basal cell lineage as a driving factor in formation of Krt5+
dysplastic epithelium(7), our current study demonstrates that Notch signaling in AF1 cells is the
dominant driver of this phenomena to control iTCH formation. A previous study also suggests

that Gli1+ mesenchyme can regulate the dysplastic epithelial response due to acute injury(37).

The Krt5+ cells that invade the alveolar space of the lung after acute injury are derived from rare
intrapulmonary basal stem cells in the mouse(7, 9). Their ability to rapidly expand and migrate
into a completely different compartment of the lung and establish an iTCH in partnership with
AF2s derived from AF1s, demonstrates the potent ability of basal stem cells to respond to an
acute insult and the necessity of these cells to organize as a Notch dependent niche. This iTCH
invasion competes with the euplastic regenerative response which is governed by AT2 cell
proliferation and AT2-AT1 differentiation after acute injury(4, 5). The balance between the airway
and alveolar reactions to injury and certain lung diseases is an example of a “stem cell collision”
that leads to the rewiring of the alveolar niche and a long-term reduction of gas exchange
function. Balancing these responses is central to developing new therapies to combat long term

consequences of acute respiratory injury such as after COVID-19 and influenza infections.

The ability of AF1 cells to differentiate into AF2 cells likely plays a critical role in replacing lost
AF2s upon injury or during homeostatic turn-over since AF2s do not proliferate in response to
injury. Severe injury can cause an imbalance in multiple processes that may not occur in more
moderate injuries, including significant loss of AT1 and AT2 cells due to viral-induced cytotoxic
cell death in influenza infection or bleomycin-induced acute pulmonary toxicity. This may lead to
a larger degree of AF1 proliferation and AF1-AF2 differentiation than in less severe injuries
which do not result in a dramatic loss of alveolar epithelium. Denuding the alveolar epithelium

would provide the invading Krt5+ basal cells an open environment to establish themselves,
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driving iTCH formation. The high level of iTCHs in both COVID-19 and bleomycin acute injured

lungs indicates that this process is conserved in acute injury in the human lung.

Repetitive acute injuries may underlie the emergence or progression of chronic lung disease(32,
33). Most of the respiratory system is quiescent at homeostasis but reacts rapidly to injury,
leading to the concept that it is a facultatively regenerative organ. While AT2 cells are well
characterized as the resident alveolar epithelial stem/progenitor cell, they have critical roles in
normal homeostatic lung function including surfactant production and recycling as well as an
important immune sensing role(7, 34). AT2 progenitor activity is active at only a very low levels
during homeostasis where they slowly self-renew and differentiate into AT1 cells(76). In
contrast, basal cells are a dedicated stem cell lineage whose primary purpose is to harbor the
cellular and genetic information for regenerating and replacing all airway epithelial lineages
during homeostatic turn over and after injury(4). Given the dedicated nature of basal stem cells,
it is not surprising that when activated the basal cells out compete AT2 cells for repopulating
severely damaged regions of the lung. Targeted approaches which suppress overactive basal
cell behavior may allow for the euplastic regenerative process to proceed more efficiently,
improving long term health of the respiratory system, as evidenced by recent work
demonstrating that deletion of the core basal-cell transcription factor Trp63 prevents Krt5+
dysplasia and improves lung function(8). Future studies in this direction are warranted in
addition to directly promoting the euplastic regenerative response such as recently

demonstrated for Wnt signaling(24).

Our studies highlight the importance of defining the cellular and molecular differences in acute
and chronic lung disease. The presence of iTCHs and their niche signaling activity in acutely
injured human lungs from COVID-19 patients and after acute bleomycin toxicity indicates a
conserved mechanism of dysplastic repair dominance in these disease states. Conversely, the
lack of iTCHs and a reversal of signaling information flows, in particular increased WNT and
FGF signaling in degenerative emphysematous diseases, suggests that in these disease states
the lung has activated pathways known to promote regeneration. However, given the
degenerative phenotype in these diseases, increased WNT and FGF activity is either insufficient
or is blocked downstream. This finding points to the need for increased focus on why the
alveolar niche does not respond to increased WNT and FGF and indicates the importance of

other possible mechanisms driving these diseases including destruction of the supportive matrix
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in the alveolus and epigenetic regulation of transcriptional networks regulating cell survival and

proliferation.
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Methods

Human subjects

The normal human samples used in this study were from de-identified non-transplanted lungs
inititally donated for organ transplantation following an established protocol (Prospective
Registry of Outcomes in Patients Electing Lung Transplantation (PROPEL), approved by
University of Pennsylvania Institutional Review Board) with informed consent in accordance with
institutional and NIH procedures. Consent was provided by next of kin or healthcare proxy.
Diseased tissue was obtained from subjects enrolled at the University of Pennsylvania as part of
the PROPEL (Penn cohort)(35). All selected subjects had diseases listed as classified by a
multidisciplinary clinical team. For subjects with COPD (both typical and secondary to alpha-1
antitrypsin deficiency), none had evidence of other parenchymal disease, and none were on
systemic steroids. The institutional review board of the University of Pennsylvania approved this
study, and all patient information was de-identified before use. While this tissue collection
protocol does not meet the current NIH definition of human subject research, all institutional
procedures required for human subject research at the University of Pennsylvania were followed
throughout the reported experiments. The sample age and pertinent deidentified clinical

information are listed in Table S1.

Mouse lines

All mouse experiments were performed under the protocols approved by the guidance of the
University of Pennsylvania Institutional Animal Care and Use Committee. Pdgfra®®&R™2,
PdgfrbCreERTZ, ACtazCreERTZ’ Krt5CreERT2, PdgfraHZB-eGFP, RosaZthTomato, Ectzﬂox, and Rosa26"MAML-
SFP mouse lines have been previously described(77, 36-42). All experiments were performed on
8-12 week old mice that were maintained on a mixed C57BL/6 and CD1 background. Both male

and female mice were used in all conditions.

Tamoxifen delivery

For Cre recombinase induction, tamoxifen (Millipore Sigma) was dissolved in corn oil and
ethanol mixture (90%/10%, v/v) (Millipore Sigma) to produce a stock solution with a
concentration of 20mg/mL. Pdgfra®®&R" and Pdgfrb®™tR™ mice were given tamoxifen at a dose

20reERT2

of 200mg/kg for 3 consecutive days. Acta mice were given tamoxifen at a dose of

5CERT2 mice were

100mg/kg for 4 consecutive days at the timepoints indicated in Figure 2. Krt
given multiple doses of tamoxifen (250mg/kg) at days 5 and 8 after influenza, as indicated in

Figure S6.
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Influenza infection
PR8-GP33 H1N1 influenza virus was provided by Dr. John Wherry. Two weeks after tamoxifen
induction, mice were intranasally administered a dose of 1 LDso (determined empirically in our

laboratory) diluted in 50 uL sterile saline as previously described(23, 43).

Bleomycin administration
Two weeks after tamoxifen induction, 3.5U/kg bleomycin (Teva), diluted in PBS (Thermo Fisher
Scientific), was intratracheally administered to anesthetized mice. Control mice received sterile

PBS intratracheally.

Histology, IHC, and RNAscope

Mice were euthanized by CO2 inhalation and the lungs were perfused with ice-cold PBS
through the right ventricle. The lungs were then inflated with 2% PFA (Thermo Fisher Scientific)
at a constant pressure of 25 cm H20 and were fixed overnight at 4 oC. For human tissue,
sections of the peripheral parenchyma approximately 1cm® were dissected from the distal lung
and placed in 2% PFA or 4% PFA depending on future use (IHC and RNAscope, respectively)
overnight at 4 oC. Tissue was then dehydrated in a series of ethanol concentration gradients,
paraffin embedded, and 6um thick sections were cut. Hematoxylin and eosin staining was

performed as previously described(16).

For IHC, the following antibodies were used on paraffin sections: RFP (goat, Origene, cat#
AB8181-200), RFP (rabbit, Rockland, cat# 600-401-379), GFP (chicken, Aves, cat# GFP-1020),
SMA (goat, Novus Biologicals, cat# NB300-978), SMA (mouse, Sigma, cat# A5528), SMA
(rabbit, Abcam, cat# ab5694), Ki67 (mouse, BD Biosciences, cat# 550609), SP-C (rabbit,
Millipore-Sigma, cat# AB3786), Keratin5 (rabbit, Abcam, cat# ab52635), Keratin5 (mouse,
Sigma, AMAb91549), Notch1-ICD (rabbit, Cell Signaling, cat# 4147), Jag2 (rabbit, LSBio, cat#
LS-C100395), CD45 (rat, Novus Biologicals, cat# NB100-77417).

For RNAscope, lung tissue was prepared, fixed, embedded in paraffin, and sectioned as
described above. RNAscope was performed using the Fluorescent Multiplex Reagent Kit v2
(ACDBI0) according to manufacturer’s instructions. All RNAscope probes were purchased
through ACDBIo. The following RNAscope probes were used: Tcf21 (mouse, cat# 508661-C3),
Notch3 (mouse, cat# 425171-C2), Pdgfrb (mouse, cat# 411381), Keratin5 (mouse, cat# 415041
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and 415041-C2), PDGFRA (human, cat# 604481-C3), PDGFRB (human, cat# 548991-C2),
TCF21 (human, cat# 473071), NOTCH3 (human, cat# 558991).

Imaging and image analysis

Fluorescent images were acquired at 20x and 40x using z-stacks on an LSM 710 laser scanning
confocal microscope (Zeiss). Cell counting analysis was completed within FIJI. H&E stained
lung sections were tile-scanned using a 4x objective on the Eclipse Ni series upright microscope
(Nikon). Whole lobe immunofluorescence tile scans in Figure 5f were acquired using a 4x

objective on the Nikon Eclipse Ni series upright microscope.

Tissue clearing, sectioning, and imaging

Pdgfrah?®-CFP:Pdgfrb©ERT%:Rosa26-S- "M mice were given a single dose of tamoxifen as
described above. One week later, mice were euthanized, and lungs were perfused with PBS,
and inflated with 2% PFA as described above. Lungs were fixed overnight at 40C with gentle
agitation. Lungs were then cleared using the EZclear protocol(44). Briefly, the next morning,
lungs were washed 4x 30 minutes each in PBS then incubated with 50% (v/v) THF (Sigma-
Aldrich) in sterile milli-q water for 16 hours. Lungs were then washed 4x 1 hour each in sterile
milli-q water with gentle agitation. Lungs were then washed 4x 1-hour each in PBS then once
more overnight at room temperature with gentle agitation. Lungs were then immersed in a three-
step sucrose gradient (Fisher Scientific) (10%, 20%, and 30%, prepared in 1x PBS). For each
step, lungs were incubated in sucrose overnight at 4 oC with gentle agitation. After incubation
with 30% sucrose, lungs were embed in OCT medium (Sakura) and snap-frozen on a bed of
crushed dry ice, then stored at -80 oC until sectioned. OCT embedded samples were sectioned
(200um) on a cryostat (Epredia, HMH525 NX) and then placed in ice-cold PBS overnight. The
next day, sections were placed in EZ view sample mounting and imaging solution (80%
Nycodenz (Accurate Chemical & Scientific), 7M urea (Sigma-Aldrich), 0.05% sodium azide
(Sigma-Aldrich), in 0.02M sodium phosphate buffer) overnight at room temperature. The next
day, cleared sections were mounted on a glass slide in EZ view mounting media and imaged
using a LSM 710 laser scanning confocal microscope using a 25x oil immersion objective.

Images were analyzed in ImageJ.
H&E assessment program

To assess injury severity based on H&E staining, we used a modified version of a previously

published algorithm(76). Using the EBImage package with R(45), we imported images and
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converted RGB pixel intensity to a matrix, we then applied K-means clustering to segment out,
in an unbiased manner, 4 different regions of injury severity: normal, moderate, severe, and
background. These regions where then color coded as follows: blue, green, red, and black.
Using the area of the lobe outlined in H&E, the percent of each injured zone (normal, moderate,
and severe) where then calculated as the percent of total lung lobe area. This R script has been

uploaded to the Morrisey Lab Github page (https://github.com/Morriseylab).

Lung tissue digestion, flow cytometry, and FACS

Lungs were harvested and digested into single cell suspensions using collagenase |, dispase,
and DNase |, as previously described(77). Red blood cells were removed with ACK lysis buffer
and then the cell suspension was stained with antibodies. The following antibodies were used
for flow cytometry and cell sorting: CD45-PeCy7 (ThermoFisher, clone: 30-F11, cat# 25-0451-
82), CD31-APC (ThermoFisher, clone: 390, cat# 17-0311-82), and CD326(aka EpCAM)-APC
(ThermoFisher, clone: G8.8, cat# 17-5791-82); DAPI was used to gate out dead cells. All cells
were sorted using a 100um sized nozzle. All cells were sorted into ice-cold FACS buffer (PBS,
25mM HEPES (Thermo Fisher Scientific), 2mM EDTA (Invitrogen), and 2% Fetal Bovine Serum
(FBS) (Deville)). Flow cytometry and cell sorting experiments were performed using the cell

analyzer LSR Fortessa (BD Biosciences) and the cell sorter Aurora CS (Cytek).

scRNA-seq and analysis

Lineage-traced cells were sorted by gating DAPI, CD45-PeCy7-, CD31/326-APC", tdTomato*
populations. The tdTomato+ cells were then loaded onto the 10x Chromium controller (10X
Genomics). Epithelial and endothelial cells were sorted by gating DAPI-, CD45-PeCy7",
CD31/326-APC". Immune cells were sorted by gating DAPI-, CD45-PeCy7*. Immune cells were
then spiked back in with the epithelial and endothelial cells at a concentration of 25%. The
resultant epithelial, endothelial, and immune cell mixture was then loaded onto the 10x
Chromium controller (10x Genomics).

For the whole-lung scRNAseq presented in Figure 6, mouse lungs were digested and single cell
suspensions were prepared as described above. Cell suspensions were then incubated with
magnetic CD45 microbeads (Miltenyi Biotec, 130-052-301) for 30 minutes on ice. Cells were
then passed through a magnetic column (LS column, Miltenyi Biotech) to deplete the cell
suspension of CD45+ immune cells. CD45+ immune cells were then later recovered and spiked

back into the CD45-depleted cell suspension at a concentration of 20%.
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For human scRNAseq experiments, lungs were processed and CD45 cells were depleted using
the MACS LS collumns as previously described(46). CD45 positive cells were not spiked back

for human samples. The resultant cell mixture as then loaded onto the 10x Chromium controller.

All samples were loaded to aim for a recovery of 10,000 cells, and libraries were prepped
according to the manufacturer’s protocol using the Chromium Single Cell 3’ v3.1 chemistry.
Libraries were then sequenced on an lllumina Novaseq 6000 instrument. The sequenced data
was processed by aligning reads and obtaining unique molecular identifiers (UMIs) using
STARsolo (v2.7.9a)(47). For scRNA-seq from lineage-traced samples, libraries were aligned to
a modified mm39 mouse genome to include the tdTomato reference sequence. The scRNA-seq
data was further processed and analyzed using the Seurat v4 package(48). Cells which had
less than 200, or greater than 5000, detected genes were removed from the analysis. Cells
were also removed if the percent mitochondrial reads were greater than 10%. For the human
bleomycin lung single cell data in Figure 7, a percent mitochondrial read cutoff of 30% was
used. Feature (gene) data was scaled in order to removed unwanted sources of variation using
the Seurat SCTransform function based on percent mitochondrial reads, and the number of
genes, and total reads. Integrated libraries were integrated using the RPCA method within
Seurat. Non-linear dimension reduction was performed using uniform manifold approximation
and projections (UMAPSs) (reduction = ‘pca’ and n.neighbors = 15) and Louvain graph-based
clustering algorithms. Previously published COPD and COVID-19 scRNA-seq data were
downloaded from GSE168191 and GSE159585(46, 49).

Marker genes for each celltype were identified using the FindAlIMarkers command using the
RNA assay within Seurat. Mesenchymal cells were annotated based on their anatomical
location in the lung (i.e. alveolar fibroblast 1 and 2). Peribronchial, adventitial, and vascular
smooth muscle cells were annotated using previously published canonical marker genes(70).
Epithelial, endothelial, and immune cells were annotated using marker genes and LungMAP
labels(13).

Correlation analysis was performed in R. Slingshot trajectory analysis was performed using the
SCP package within R(50) using default settings anchoring the trajectory at the cluster enriched
for AF1 cells from sham lungs. Transcription factor activity scores were assigned to cells using
DoRothEA database within R(78). GSEA analysis for Notch signaling (GO:0007219) was

performed using the SCP package within R using default settings. Ligand-receptor analysis was
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performed using CellChat v1(20). Prior to ligand-receptor analysis, each cell type was randomly
down sampled to 300 cells per cell type to minimize artifacts arising due to discrepancy in cell
numbers. After downsampling, CellChat was performed with default settings. We performed
ligand-receptor analysis using the ‘Secreted Signaling’ and ‘Cell-Cell Contact’ ligand-receptor
databases, excluding ‘ECM-Receptor’ signaling. For the Notch signaling network in Figure 7,
both immune and endothelial cells were removed from the ligand-receptor analysis to allow
focus on mesenchymal-epithelial niche signaling in disease. Differential ligand-receptor analysis
in Figure 6 was performed using CellChat with default settings. GO and KEGG pathway
analysis was performed using the clusterProfiler R package using default settings(57). WNT
ligand module scores in Figure 7 were generated using the AddModuleScore function within
Seurat using all human canonical WNT ligands. Normalized module scores were then converted
into a heatmap using the heatmap function within base R. Visualization of corrplot, Slingshot,
transcription factory activity scores, GSEA, and CellChat were generated using functions within
each software package, base R, or ggplot2. UMAPs, violin plots, and dot plots were generated

using both Seurat and scCustomize.

micro-computed tomography (uCT) and analysis

uCT images were generated using a X-Cube CT scanner (Molecubes) located at the Small
Animal Imaging Facility at Penn Medicine. Live mice were anesthetized with isoflurane and
images were acquired using a respiratory gating approach. The settings for image acquisitation
were as follows: reconstructed voxel size: 100 um, X-Ray tube voltage: 50 kVp, X-Ray tube
current: 440 uA, exposure time: 32 ms, type of filter used: 0.8 mm aluminum filter, degree of
rotation stepping: 0.75 degrees (480 total steps in a 360 degree scan). Reconstructed uCT

images were analyzed within Horos.

Culture of primary post-influenza basal cells

Primary basal cells were isolated from the distal lung of Krt5¢ERT2*: Roga26"MAML-GFPI* mjce at
day 22 post-influenza (no tamoxifen was administered prior to injury), using a previously
described lung digestion protocol(8). Cells were initially plated on 10% Matrigel coated plates
and expanded in PneumaCult™-Ex Plus Medium (Stemcell Technologies) + 1x PneumaCult™-
Ex Plus Supplement (Stemcell Technologies) + 1:1000 hydrocortisone stock solution (Stemcell
Technologies) + 1uM A8301 (TGFb inhibitor, Millipore Sigma) + 10uM Y-27632 (ROCK inhibitor,

Cayman Chemical) + 1:5000 Primocin® (Invivogen), which specifically facilitates the outgrowth
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of basal cells. Cells were treated with DBZ (HY-13526, MedChemExpress) or 4-
hydroxytamoxifen (3347905, Cayman) as described in Figure S6.

Post-influenza Basal Cells Monolayer Colony formation

Cells isolated as described above were seeded at 500 cells per well in growth medium in 6-well
plates coated with 10% Matrigel in PBS. The medium was changed to the indicated growth
medium supplemented with DMSO, 500 nm 4- hydroxytamoxifen (4OHT), 10 ym DBZ, or 20 ym
DBZ after 24 hours. Cells were fixed 6 days later in 3.2% PFA and washed twice with PBS,
followed by staining with crystal violet (0.5% crystal violet in 20% methanol) for approximately
10 min to visualize colony formation. The number of colonies formed were counted within FIJI

(ImageJ).

Post-influenza Basal Cells EdU Proliferation analysis

Cells were seeded at a density of 5000 cell/mL on glass cover slips coated with 10% Matrigel in
PBS in a 24-well plate. Cell culture media was changed to the indicated growth medium with the
DMSO, 500 nm 40HT, 2 um DBZ, 5 ym DBZ, 10 um DBZ 24 hours after plating. After 48 hours,
the Click-iT™ EdU Imaging Kit (Thermo-Scientific, C10086) was used according to
manufacturer’s protocol to detect the EdU+ cell numbers and the DAPI cell number. Images
were acquired using LAS X software with a 20x objective (Leica). The cell numbers were

counted within FIJI (ImageJ).

Post-influenza Basal Cells Organoid Size

Cells were seeded inside 200 uL Matrigel on a 48 well plate at a density of 50 cells/uL.
Pneumacult media with supplements was added after the Matrigel solidified at 37 oC. 24 hours
after plating, fresh media containing DMSO, 500 nm 40OHT, or 10 ym DBZ was added.
Brightfield images were acquired using LAS X software with a 10x objective. Organoid

diameters were measured at day 7 using FIJI (ImageJ).

RNA isolation, cDNA synthesis, and qRT-PCR

For gRT-PCR, RNA was isolated using the Direct-zol RNA Miniprep Plus Kit (Zymo). cDNA
synthesis was performed using iScript reverse transcriptase supermix (Biorad). Gene
expression was calculated relative to Rp/19 (“L19”) within that sample and expressed as fold

change over the average expression. gPCR was run on an Applied Biosystems QuantStudio 6
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Real-Time PCR System (Thermo Fisher Scientific) with PowerUp SYBR Green Master Mix

(Applied Biosystems). All primer sets are as listed in Table S2.

Statistical analysis

An unpaired two-tailed t test was used to compare two groups and a one-way ANOVA with
Tukey’s adjustment for multiple comparisons was used when comparing multiple groups.
Statistical significance was considered when calculated p-values were less than 0.05. All

statistical analyses were completed using Graphpad Prism 9.

Acknowledgements

We thank the Flow Cytometry Core Laboratory at the Children’s Hospital of Philadelphia and the
Cell and Developmental Biology Microscopy Core at the University of Pennsylvania for their
technical assistance. This research was supported by the National Institutes of Health
(HL164929, HL152194, HL132999, HL148857, HL162683, HL168803 to EEM; HL163398 to
MCB; HL164350, HL153539 to AEV; HL155821 to EC) and Longfonds BREATH Consortium
(EEM).

Declaration of interests

The authors declare no competing interests.

Data and code availability
All newly generated mouse scRNA-seq data have been deposited into GEO (GSE249931). Any

additional information required to reanalyze the data reported in this paper is available from the

lead author upon request.

23


https://doi.org/10.1101/2024.02.26.582147
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.26.582147; this version posted February 29, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

References

1. J. D. Planer, E. E. Morrisey, After the Storm: Regeneration, Repair, and Reestablishment of
Homeostasis Between the Alveolar Epithelium and Innate Immune System Following Viral
Lung Injury. Annu Rev Pathol 18, 337—359 (2023).

2. X. Wei, H. Narasimhan, B. Zhu, J. Sun, Host Recovery from Respiratory Viral Infection. Annual
Review of Immunology 41, 277-300 (2023).

3. D. F. Boyd, E. K. Allen, A. G. Randolph, X.-Z. J. Guo, Y. Weng, C. J. Sanders, R. Bajracharya, N. K.
Lee, C. S. Guy, P. Vogel, W. Guan, Y. Li, X. Liu, T. Novak, M. M. Newhames, T. P. Fabrizio, N.
Wohlgemuth, P. M. Mourani, PALISI Pediatric Intensive Care Influenza (PICFLU)
Investigators, T. N. Wight, S. Schultz-Cherry, S. A. Cormier, K. Shaw-Saliba, A. Pekosz, R. E.
Rothman, K.-F. Chen, Z. Yang, R. J. Webby, N. Zhong, J. C. Crawford, P. G. Thomas,
Exuberant fibroblast activity compromises lung function via ADAMTS4. Nature 587, 466—
471 (2020).

4. M. C. Basil, J. Katzen, A. E. Engler, M. Guo, M. J. Herriges, J. J. Kathiriya, R. Windmueller, A. B.
Ysasi, W. J. Zacharias, H. A. Chapman, D. N. Kotton, J. R. Rock, H. W. Snoeck, G. Vunjak-
Novakovic, J. A. Whitsett, E. E. Morrisey, The Cellular and Physiological Basis for Lung
Repair and Regeneration: Past, Present, and Future. Cell stem cell 26, 482—-502 (2020).

5. C. E. Barkauskas, M. J. Cronce, C. R. Rackley, E. J. Bowie, D. R. Keene, B. R. Stripp, S. H.
Randell, P. W. Noble, B. L. M. Hogan, Type 2 alveolar cells are stem cells in adult lung. J Clin
Invest 123, 3025-3036 (2013).

6. M. Fernanda de Mello Costa, A. |. Weiner, A. E. Vaughan, Basal-like Progenitor Cells: A Review
of Dysplastic Alveolar Regeneration and Remodeling in Lung Repair. Stem Cell Reports 15,
1015-1025 (2020).

7. A. E. Vaughan, A. N. Brumwell, Y. Xi, J. E. Gotts, D. G. Brownfield, B. Treutlein, K. Tan, V. Tan, F.
C. Liu, M. R. Looney, M. A. Matthay, J. R. Rock, H. A. Chapman, Lineage-negative
progenitors mobilize to regenerate lung epithelium after major injury. Nature 517, 621—
625 (2015).

8. A. l. Weiner, G. Zhao, H. M. Zayas, N. P. Holcomb, S. Adams-Tzivelekidis, J. Wong, M. E.
Gentile, D. Reddy, J. Wei, G. Palashikar, K. K. Quansah, A. E. Vaughan, ANp63 drives
dysplastic alveolar remodeling and restricts epithelial plasticity upon severe lung injury.
Cell Rep 41, 111805 (2022).

9. Y. Xi, T. Kim, A. N. Brumwell, I. H. Driver, Y. Wei, V. Tan, J. R. Jackson, J. Xu, D.-K. Lee, J. E. Gotts,
M. A. Matthay, J. M. Shannon, H. A. Chapman, A. E. Vaughan, Local lung hypoxia
determines epithelial fate decisions during alveolar regeneration. Nat Cell Biol 19, 904-914
(2017).

24


https://doi.org/10.1101/2024.02.26.582147
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.26.582147; this version posted February 29, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

10. T. Tsukui, K. H. Sun, J. B. Wetter, J. R. Wilson-Kanamori, L. A. Hazelwood, N. C. Henderson, T.
S. Adames, J. C. Schupp, S. D. Poli, I. O. Rosas, N. Kaminski, M. A. Matthay, P. J. Wolters, D.
Sheppard, Collagen-producing lung cell atlas identifies multiple subsets with distinct
localization and relevance to fibrosis. Nature Communications 11, 1-16 (2020).

11. J. A. Zepp, W. J. Zacharias, D. B. Frank, C. A. Cavanaugh, S. Zhou, M. P. Morley, E. E.
Morrisey, Distinct Mesenchymal Lineages and Niches Promote Epithelial Self-Renewal and
Myofibrogenesis in the Lung. Cell 170, 1134-1148.e10 (2017).

12. J. A. Zepp, M. P. Morley, C. Loebel, M. M. Kremp, F. N. Chaudhry, M. C. Basil, J. P. Leach, D.
C. Liberti, T. K. Niethamer, Y. Ying, S. Jayachandran, A. Babu, S. Zhou, D. B. Frank, J. A.
Burdick, E. E. Morrisey, Genomic, epigenomic, and biophysical cues controlling the
emergence of the lung alveolus. Science (New York, N.Y.) 371 (2021).

13. X.Sun, A-K. Perl, R. Li, S. M. Bell, E. Sajti, V. V. Kalinichenko, T. V. Kalin, R. S. Misra, H.
Deshmukh, G. Clair, J. Kyle, L. E. Crotty Alexander, J. A. Masso-Silva, J. A. Kitzmiller, K. A.
Wikenheiser-Brokamp, G. Deutsch, M. Guo, Y. Du, M. P. Morley, M. J. Valdez, H. V. Yu, K. Jin,
E. E. Bardes, J. A. Zepp, T. Neithamer, M. C. Basil, W. J. Zacharias, J. Verheyden, R. Young, G.
Bandyopadhyay, S. Lin, C. Ansong, J. Adkins, N. Salomonis, B. J. Aronow, Y. Xu, G. Pryhuber,
J. Whitsett, E. E. Morrisey, NHLBI LungMAP Consortium, A census of the lung: CellCards
from LungMAP. Dev Cell 57, 112-145.e2 (2022).

14. R.Li, K. Bernau, N. Sandbo, J. Gu, S. Preissl, X. Sun, Pdgfra marks a cellular lineage with
distinct contributions to myofibroblasts in lung maturation and injury response. eLife 7, 1-
20 (2018).

15. A. P. Fields, V. Justilien, The guanine nucleotide exchange factor (GEF) Ect2 is an oncogene
in human cancer. Adv Enzyme Regul 50, 190-200 (2010).

16. D.C. Liberti, M. M. Kremp, W. A. Liberti, I. J. Penkala, S. Li, S. Zhou, E. E. Morrisey, Alveolar
epithelial cell fate is maintained in a spatially restricted manner to promote lung
regeneration after acute injury. Cell reports 35 (2021).

17. R. Windmueller, J. P. Leach, A. Babu, S. Zhou, M. P. Morley, A. Wakabayashi, N. B. Petrenko,
P. Viatour, E. E. Morrisey, Direct Comparison of Mononucleated and Binucleated
Cardiomyocytes Reveals Molecular Mechanisms Underlying Distinct Proliferative
Competencies. Cell Rep 30, 3105-3116.e4 (2020).

18. L. Garcia-Alonso, C. H. Holland, M. M. Ibrahim, D. Turei, J. Saez-Rodriguez, Benchmark and
integration of resources for the estimation of human transcription factor activities.
Genome Res. 29, 1363-1375 (2019).

19. C. Siebel, U. Lendahl, Notch Signaling in Development, Tissue Homeostasis, and Disease.
Physiol Rev 97, 1235-1294 (2017).

25


https://doi.org/10.1101/2024.02.26.582147
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.26.582147; this version posted February 29, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

20. S.lJin, C. F. Guerrero-Juarez, L. Zhang, |. Chang, R. Ramos, C.-H. Kuan, P. Myung, M. V. Plikus,
Q. Nie, Inference and analysis of cell-cell communication using CellChat. Nat Commun 12,
1088 (2021).

21. D. G. Brownfield, A. D. de Arce, E. Ghelfi, A. Gillich, T. J. Desai, M. A. Krasnow, Alveolar cell
fate selection and lifelong maintenance of AT2 cells by FGF signaling. Nat Commun 13,
7137 (2022).

22. A.N. Nabhan, D. G. Brownfield, P. B. Harbury, M. A. Krasnow, T. J. Desai, Single-cell Wnt
signaling niches maintain stemness of alveolar type 2 cells. Science (New York, N.Y.) 359,
1118-1123 (2018).

23. W.J. Zacharias, D. B. Frank, J. A. Zepp, M. P. Morley, F. A. Alkhaleel, J. Kong, S. Zhou, E.
Cantu, E. E. Morrisey, Regeneration of the lung alveolus by an evolutionarily conserved
epithelial progenitor. Nature 555, 251-255 (2018).

24. A. N. Nabhan, J. D. Webster, J. J. Adams, L. Blazer, C. Everrett, C. Eidenschenk, A. Arlantico,
I. Fleming, H. D. Brightbill, P. J. Wolters, Z. Modrusan, S. Seshagiri, S. Angers, S. S. Sidhu, K.
Newton, J. R. Arron, V. M. Dixit, Targeted alveolar regeneration with Frizzled-specific
agonists. Cell 186, 2995-3012.e15 (2023).

25. J. C. Melms, J. Biermann, H. Huang, Y. Wang, A. Nair, S. Tagore, |. Katsyv, A. F. Rendeiro, A.
D. Amin, D. Schapiro, C. J. Frangieh, A. M. Luoma, A. Filliol, Y. Fang, H. Ravichandran, M. G.
Clausi, G. A. Alba, M. Rogava, S. W. Chen, P. Ho, D. T. Montoro, A. E. Kornberg, A. S. Han, M.
F. Bakhoum, N. Anandasabapathy, M. Sudrez-Farifias, S. F. Bakhoum, Y. Bram, A. Borczuk, X.
V. Guo, J. H. Lefkowitch, C. Marboe, S. M. Lagana, A. Del Portillo, E. J. Tsai, E. Zorn, G. S.
Markowitz, R. F. Schwabe, R. E. Schwartz, O. Elemento, A. Saqi, H. Hibshoosh, J. Que, B.
Izar, A molecular single-cell lung atlas of lethal COVID-19. Nature 595, 114-119 (2021).

26. Y. Daskal, F. Gyorkey, P. Gyorkey, H. Busch, Ultrastructural study of pulmonary bleomycin
toxicity. Cancer Res 36, 1267-1272 (1976).

27. D. Stolz, T. Mkorombindo, D. M. Schumann, A. Agusti, S. Y. Ash, M. Bafadhel, C. Bai, J. D.
Chalmers, G. J. Criner, S. C. Dharmage, F. M. E. Franssen, U. Frey, M. Han, N. N. Hansel, N.
M. Hawkins, R. Kalhan, M. Konigshoff, F. W. Ko, T. M. Parekh, P. Powell, M. Rutten-van
Moblken, J. Simpson, D. D. Sin, Y. Song, B. Suki, T. Troosters, G. R. Washko, T. Welte, M. T.
Dransfield, Towards the elimination of chronic obstructive pulmonary disease: a Lancet
Commission. Lancet 400, 921-972 (2022).

28. T. Peng, Y. Tian, C. J. Boogerd, M. M. Lu, R. S. Kadzik, K. M. Stewart, S. M. Evans, E. E.
Morrisey, Coordination of heart and lung co-development by a multipotent
cardiopulmonary progenitor. Nature 500, 589-592 (2013).

29. M. Herriges, E. E. Morrisey, Lung development: orchestrating the generation and
regeneration of a complex organ. Development 141, 502-513 (2014).

26


https://doi.org/10.1101/2024.02.26.582147
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.26.582147; this version posted February 29, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

30. J. A.Zepp, E. E. Morrisey, Cellular crosstalk in the development and regeneration of the
respiratory system. Nat Rev Mol Cell Biol 20, 551-566 (2019).

31. M. Cassandras, C. Wang, J. Kathiriya, T. Tsukui, P. Matatia, M. Matthay, P. Wolters, A.
Molofsky, D. Sheppard, H. Chapman, T. Peng, Glil+ mesenchymal stromal cells form a
pathological niche to promote airway progenitor metaplasia in the fibrotic lung. Nat Cell
Biol 22, 1295-1306 (2020).

32. A. L. Degryse, H. Tanjore, X. C. Xu, V. V. Polosukhin, B. R. Jones, F. B. Mcmahon, L. A.
Gleaves, T. S. Blackwell, W. E. Lawson, Repetitive intratracheal bleomycin models several
features of idiopathic pulmonary fibrosis. Am J Physiol Lung Cell Mol Physiol 299, 442—-452
(2010).

33. E.F Redente, B. P. Black, D. S. Backos, A. N. Bahadur, S. M. Humphries, D. A. Lynch, R. M.
Tuder, R. L. Zemans, D. W. Riches, Persistent, Progressive Pulmonary Fibrosis and Epithelial
Remodeling in Mice. American Journal of Respiratory Cell and Molecular Biology, doi:
10.1165/rcmb.2020-0542ma (2021).

34. M. F. Beers, Y. Moodley, When Is an Alveolar Type 2 Cell an Alveolar Type 2 Cell? A
Conundrum for Lung Stem Cell Biology and Regenerative Medicine. Am J Respir Cell Mol
Biol 57, 18-27 (2017).

35. H.S. Kulkarni, K. Ramphal, L. Ma, M. Brown, M. Oyster, K. N. Speckhart, T. Takahashi, D. E.
Byers, M. K. Porteous, L. Kalman, R. R. Hachem, M. Rushefski, J. McPhatter, M. Cano, D.
Kreisel, M. Scavuzzo, B. Mittler, E. Cantu, K. Pilely, P. Garred, J. D. Christie, J. P. Atkinson, A.
E. Gelman, J. M. Diamond, Local complement activation is associated with primary graft
dysfunction after lung transplantation. JC/ Insight 5 (2020).

36. M. I. Chung, M. Bujnis, C. E. Barkauskas, Y. Kobayashi, B. L. M. Hogan, Niche-mediated
BMP/SMAD signaling regulates lung alveolar stem cell proliferation and differentiation.
Development (Cambridge, England) 145 (2018).

37. K. Gerl, L. Miquerol, V. T. Todorov, C. P. M. Hugo, R. H. Adams, A. Kurtz, B. Kurt, Inducible
glomerular erythropoietin production in the adult kidney. Kidney international 88, 1345—
1355 (2015).

38. A.Van Keymeulen, A. S. Rocha, M. Ousset, B. Beck, G. Bouvencourt, J. Rock, N. Sharma, S.
Dekoninck, C. Blanpain, Distinct stem cells contribute to mammary gland development and
maintenance. Nature 479, 189-193 (2011).

39. T. G. Hamilton, R. A. Klinghoffer, P. D. Corrin, P. Soriano, Evolutionary divergence of platelet-
derived growth factor alpha receptor signaling mechanisms. Mol Cell Biol 23, 4013-4025
(2003).

40. L. Madisen, T. A. Zwingman, S. M. Sunkin, S. W. Oh, H. A. Zariwala, H. Gu, L. L. Ng, R. D.
Palmiter, M. J. Hawrylycz, A. R. Jones, E. S. Lein, H. Zeng, A robust and high-throughput Cre

27


https://doi.org/10.1101/2024.02.26.582147
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.26.582147; this version posted February 29, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

reporting and characterization system for the whole mouse brain. Nature neuroscience 13,
133-140 (2010).

41. L.Tu, T.C. Fang, D. Artis, O. Shestova, S. E. Pross, I. Maillard, W. S. Pear, Notch signaling is
an important regulator of type 2 immunity. J Exp Med 202, 1037-1042 (2005).

42. D. Grcevic, S. Pejda, B. G. Matthews, D. Repic, L. Wang, H. Li, M. S. Kronenberg, X. Jiang, P.
Maye, D. J. Adams, D. W. Rowe, H. L. Aguila, I. Kalajzic, In vivo fate mapping identifies
mesenchymal progenitor cells. Stem Cells 30, 187-196 (2012).

43. T. K. Niethamer, C. T. Stabler, J. P. Leach, J. A. Zepp, M. P. Morley, A. Babu, S. Zhou, E. E.
Morrisey, Defining the role of pulmonary endothelial cell heterogeneity in the response to
acute lung injury. Elife 9, e53072 (2020).

44, C.-W. Hsu, J. Cerda lll, J. M. Kirk, W. D. Turner, T. L. Rasmussen, C. P. Flores Suarez, M. E.
Dickinson, J. D. Wythe, EZ Clear for simple, rapid, and robust mouse whole organ clearing.
eLife 11, 77419 (2022).

45. G. Pau, F. Fuchs, O. Sklyar, M. Boutros, W. Huber, EBImage--an R package for image
processing with applications to cellular phenotypes. Bioinformatics 26, 979—981 (2010).

46. M. C. Basil, F. L. Cardenas-Diagz, J. J. Kathiriya, M. P. Morley, J. Carl, A. N. Brumwell, J.
Katzen, K. J. Slovik, A. Babu, S. Zhou, M. M. Kremp, K. B. McCauley, S. Li, J. D. Planer, S. S.
Hussain, X. Liu, R. Windmueller, Y. Ying, K. M. Stewart, M. Oyster, J. D. Christie, J. M.
Diamond, J. F. Engelhardt, E. Cantu, S. M. Rowe, D. N. Kotton, H. A. Chapman, E. E.
Morrisey, Human distal airways contain a multipotent secretory cell that can regenerate
alveoli. Nature 604, 120-126 (2022).

47. A. Dobin, C. A. Davis, F. Schlesinger, J. Drenkow, C. Zaleski, S. Jha, P. Batut, M. Chaisson, T. R.
Gingeras, STAR: ultrafast universal RNA-seq aligner. Bioinformatics 29, 15-21 (2013).

48. Y. Hao, S. Hao, E. Andersen-Nissen, W. M. Mauck, S. Zheng, A. Butler, M. J. Lee, A. J. Wilk, C.
Darby, M. Zager, P. Hoffman, M. Stoeckius, E. Papalexi, E. P. Mimitou, J. Jain, A. Srivastava,
T. Stuart, L. M. Fleming, B. Yeung, A. J. Rogers, J. M. McElrath, C. A. Blish, R. Gottardo, P.
Smibert, R. Satija, Integrated analysis of multimodal single-cell data. Cell 184, 3573-
3587.e29 (2021).

49. L.P. M. H. de Rooij, L. M. Becker, L.-A. Teuwen, B. Boeckx, S. Jansen, S. Feys, S. Verleden, L.
Liesenborghs, A. K. Stalder, S. Libbrecht, T. Van Buyten, G. Philips, A. Subramanian, S. J.
Dumas, E. Meta, M. Borri, L. Sokol, A. Dendooven, A.-C. K. Truong, J. Gunst, P. Van Mol, J. D.
Haslbauer, K. Rohlenova, T. Menter, R. Boudewijns, V. Geldhof, S. Vinckier, J. Amersfoort, W.
Wuyts, D. Van Raemdonck, W. Jacobs, L. J. Ceulemans, B. Weynand, B. Thienpont, M.
Lammens, M. Kuehnel, G. Eelen, M. Dewerchin, L. Schoonjans, D. Jonigk, J. van Dorpe, A.
Tzankov, E. Wauters, M. Mazzone, J. Neyts, J. Wauters, D. Lambrechts, P. Carmeliet, The

28


https://doi.org/10.1101/2024.02.26.582147
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.26.582147; this version posted February 29, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

pulmonary vasculature in lethal COVID-19 and idiopathic pulmonary fibrosis at single-cell
resolution. Cardiovasc Res 119, 520-535 (2023).

50. K. Street, D. Risso, R. B. Fletcher, D. Das, J. Ngai, N. Yosef, E. Purdom, S. Dudoit, Slingshot:
cell lineage and pseudotime inference for single-cell transcriptomics. BMC Genomics 19,
477 (2018).

51. G.VYu, L-G. Wang, Y. Han, Q.-Y. He, clusterProfiler: an R package for comparing biological
themes among gene clusters. OMICS 16, 284-287 (2012).
Figure 1: Reactivity and plasticity of the pulmonary Pdgfra+ mesenchymal cells in the

lung.
(a) experimental schematic of the approach to dissect Pdgfra+ and Pdgfrb+ cell heterogeneity in

the adult mouse lung at homeostasis. (b) UMAP representation of the scRNA-seq data of the
Pdgfra and Pdgfrb-lineage mesenchymal cells. (c) IHC and RNA in situ hybridization to visualize
spatial location of AF1 and AF2 cells. (d) experimental schematic of the approach to dissect
overlap of Pdgfra+ and Pdgfrb+ cells in the mouse adult lung. (e) flow-cytometry showing
overlap and separation of Pdgfra+ (eGFP+) and Pdgfrb+ (tdTomato+) cells in the adult mouse
lung. (f) IHC confirmation of flow-cytometry using Pdgfra and Pdgfrb as unique markers of AF1s
and AF2s respectively. (g) schematic approach to study Pdgfra+ and Pdgfrb+ lineage
mesenchymal cells after respiratory influenza and separately bleomycin-induced lung injuries.
(h) UMAP representation of the scRNA-seq data of the Pdgfra and Pdgfrb-lineage
mesenchymal cells after influenza infection. Data represents integrated libraries (sham, day 14,
and day 28) for each lineage. (i) UMAPs and FeaturePlots showing division of Pdgfra and
Pdgfrb-lineage mesenchymal cells at each timepoint, and the expression of Pdgfra and Pdgfrb
of these cells over time. (j) IHC and RNA in situ hybridization for Pdgfra-derived AF2 cells
(tdTomato+ Pdgfrb+ Notch3+) showing that these cells are embedded in iTCHs. (k) Slingshot
trajectory analysis showing trajectory of AF1 cells differentiating into AF2 cells. (I) Dynamic gene
expression through pseudotime of genes enriched in each cell state within the trajectory. (m)
Correlation plot showing Spearman correlation coefficients of Pdgfra-derived AF2 cells
compared to endogenous AF1 and AF2 cells. (n) Spearman correlation plot and calculation of R
correlation coefficient and p-value revealing the high degree of similarity between wildtype AF2

and Pdgfra-derived AF2 cells. (0) summary schematic generated using Biorender.com

Figure 2: Source and fate of Acta2 expressing cells in the lung during injury and

regeneration.
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(a) UMAP of scRNA-seq from Pdgfra-lineage cells after influenza (sham, day 14, and day 28)
highlighting myofibroblasts and AF2 cells along the predicted trajectory of AF1 cells
differentiating into AF2 cells. (b) Experimental schematic depicting approach to dissect whether
Pdgfra+ or Pdgfrb+ cells are the primary producers of myofibroblasts in the lung. (c) IHC of the
lineage reporter (tdTomato) and alpha smooth muscle actin (SMA) at 14 days after influenza
infection showing that Pdgfra+ cells are the major producer of SMA+ myofibroblasts in the lung,
relative to Pdgfrb+ cells. (d) Experimental schematic depicting approach to test whether lineage
labeling Pdgfrb+ cells during injury labels SMA+ myofibroblasts. Mice were given daily
tamoxifen from days 10-13 and collected for analysis at day 14. (e) IHC of the lineage reporter
(tdTomato) and SMA at 14 days after influenza infection showing that labeling actively
expressing Pdgfrb+ cells during injury captures the Pdgfra-derived SMA cells on their way to
become AF2 cells. (f) Box plots showing quantification of the percentage of lineage-labeled
SMA+ cells out of the total SMA+ cells after both influenza infection and separately bleomycin.
(9) Experimental schematic depicting approach to capture and trace the Acta2 expressing cells
during injury and after resolution. (h) IHC of the lineage reporter (tdTomato) and SMA showing
that administration of tamoxifen after influenza infection labels the actively expressing Acta2+
myofibroblasts. (i) IHC showing previously labeled SMA cells extinguish SMA expression and
reside in iTCHSs. (j) IHC and RNA in situ hybridization showing that at later timepoints after
influenza infection, labeled Acta2+ cells express the AF2 marker Notch3 and are embedded in
iTCHs directly adjacent to the dysplastic Krt5-expressing epithelium. All scale bars represent 50
um. Each data point in (f) represents data obtained from an individual mouse (i.e. biological
replicate). ****P<0.0001, evaluated by one-way ANOVA with Tukey’s adjustment for multiple

comparisons.

Figure 3: Selective inhibition of mesenchymal cell cytokinesis inhibits iTCH formation

and promotes euplastic alveolar repair.

(a) UMAP of scRNA-seq from Pdgfra-lineage cells after influenza (sham, day 14, and day 28)
highlighting proliferating cells along the predicted trajectory of AF1 cells differentiating into AF2
cells. (b) Experimental schematic depicting approach to evaluate and quantifiy proliferation of
Pdgfra+ and Pdgfrb+ mesenchymal cells over time after influenza infection. (c) IHC of the
lineage-reporter (tdTomato) and Ki67 showing Pdgfra+ cell pool proliferates and expands after
injury while Pdgfrb+ cells do not proliferate. (d) Box plots showing quantification of percentage
of tdTomato+ Ki67+ cells out of the total tdTomato+ cells for both Pdgfra and Pdgfrb-lineage

over time after influenza infection and also total number of lineage-traced cells per image field.
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(e) Experimental schematic depicting approach to evaluate the function of Pdgfra+ cell pool
expansion after influenza injury via deletion of Ect2. (f) Cartoon schematic depicting function of
Ect2 and the effect of deletion made with Biorender.com. (g) IHC showing bi-nucleated Pdgfra-
lineaged trace cells after Ect2 deletion following influenza infection at days 14 and 28. (h)
representative H&E sections of the left lobes after Ect2 deletion following influenza infection. (i)
injury-severity algorithm showing regions of normal (blue), moderately damaged (green), and
severely damaged (red) lung tissue after injury. (j) quantification of injury severities as a
percentage of total lung area. (k) IHC of the Pdgfra-lineage reporter (tdTomato), SP-C, and Ki67
showing increased AT2 cells proliferation after Ect2 deletion in Pdgfra+ cells. (I) quantification of
AT2 cell proliferation from IHC images. (m) IHC of Pdgfra-lineage (tdTomato), SMA, and
Keratin5 showing absence of Krt5+ cells in the alveolar space after Ect2 deletion in Pdgfra+
cells. All scale bars represent 50 um. Each data point in panels d and | represents data obtained
from a single mouse (i.e. biological replicate). n = 4-6 mice/group in panel j. All error bars

represent SEM. *P<0.05, evaluated by un-paired t-test.

Figure 4: Pdgfra-derived AF2 cells are embedded within iTCHs and are enriched for

Notch signaling.

(a) UMAP of scRNA-seq data from Pdgfra-lineage cells at 28 days after influenza infection. (b)
DotPlot showing unique gene experession markers of each cluster shown in panel (a). (c)
Heatmap depicting the top 25 active transcription factors unique to each cell cluster. (d) DotPlot
showing activity of Rbpj, the main transcription factor downstream of Notch signaling, in each
cell cluster shown in panel (a) demonstrating that Pdgfra-derived AF2 cells have the highest
Rbpj activity relative to other cell types. (e) GSEA analysis showing Pdgfra-derived AF2 cells are
enriched for downstream target genes of Notch signaling. (f) DotPlot showing expression level
of Notch receptors and downstream target genes in cell clusters shown in panel (a). (g) IHC at
90 days after influenza infection showing Notch+ Pdgfra-lineage cells are embeded within
iTCHs directly adjacent to the dysplastic Krt5+ epithelium. (h) Experimental schematic depicting
approach to temporally profile immune, endothelial, and epithelial cells using scRNA-seq after
influenza infection and separately bleomycin. (i) UMAP representation of the scRNA-seq data
showing endothelial, epithelial, and immune cells. (j) UMAP representation of the scRNA-seq
data showing aggregation of cells by time point (sham, day 14, and day 28). (k) Cartoon
schematic showing approach to examine which cell types are communicating with Pdgfra-
lineage cells after injury made with Biorender.com. (I) Notch signaling network at 28 days after

influenza infection showing a unique niche between the Krt5+ dysplastic basal cells, the primary
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sender of the Notch signals, and Pdgfra-derived AF2 cells, the primary receiver of Notch
signals. (m) DotPlot showing expression of Notch ligands across the distinct epithelial cell types
at day 28 after influenza infection showing Krt5+ basal cells express high levels of DII1 and
Jag2. (n) IHC showing Jag2+ Krt5+ dysplastic epithelial cells exist directly adjacent to the
Pdgfra-lineage mesenchymal cells at day 28 after influenza infection. (o) Cartoon summary

schematic made with Biorender.com. All scale bars represent 50 um.

Figure 5: Inhibition of mesenchymal Notch signaling blunts dysplastic alveolar

remodeling.
(a) Experimental schematic showing approach to understand the function of intracellular Notch

thgfra-KD

signaling in Pdgfra+ cells. (b) Survival curve of wildtype and Notc mice after influenza

infection. P-values calculated from Log-rank (Mantel-Cox) tests. (c) H&E and injury severity

zones of the left lobes from wildtype and NotchP9f KD

mice after influenza infection. (d)
quantification of injury severity zones from wildtype and NotchP™P mice. (e) IHC showing that
wildtype mice iTCHs contain Krt5+ dysplastic epithelium and no SP-C+ AT2 cells, but in
NotchP%™P mjce iTCHs do not contain Krt5+ epithelium with an increase in SP-C+ AT2 cells.
(f) whole lobe IHC analysis showing remain iTCHs in Notch™™P mice exhibit dense CD45+
immune cell infiltration. (g) uCT scans of sham, wildtype (day 90 after influenza infection), and
NotchP¥™*P (day 90 after influenza infection) showing a reduction in gross lung scar tissue
formation in Notch”#™*P compared to wildtype mice at 90 days after influenza infection. (h) Box
plot of uCT analysis showing a rescue in total lung air volume in NotchP%™*P (day 90 after
influenza infection) relative to wildtype (day 90 after influenza infection). All scale bars represent
50 um. All error bars represent SEM. Each data point in (h) represents data obtained from an
individual mouse (i.e. biological replicate). n = 5-6 mice/group in panel d. ****P<0.0001,

*P<0.05, evaluated by one-way ANOVA with Tukey’s correction for multiple comparisons.

Figure 6: Mesenchymal Notch signaling rewires the alveolar signaling niche

(a) Experimental schematic showing approach to identify the mechanism by which inhibiting
intracellular mesenchymal Notch signaling rescues euplastic alveolar regeneration. (b) UMAP of
scRNA-seq data from wildtype and Notch”#™P pdgfra-lineage cells at 14 days after influenza
infection. (c) UMAP highlighting spatial location of cells from each condition (wildtype and
NotchP?9™KP) "(d) UMAP of mesenchymal cells showing three distinct clusters of AF1
mesenchymal cells. (e) Contribution of each condition (wildtype and NotchP?™KP) to the cell

clusters shown in panel (d) showing AF1b is enriched for wildtype AF1 cells and AF1c is
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enriched for NotchP™*P AF1 cells. (f) KEGG pathway analysis of the gene expression
programs enriched in AF1b and AF1c clusters and violin plots of relevant genes from the
highlighted pathways. (g) UMAP of epithelial cells. (h) Contribution of each condition (wildtype
and NotchP%™*P) to each cell cluster shown in panel (g) showing strong reduction in Krt5+
basal cells after Notch inactivation in the Pdgfra+ cells. (i) Incoming/outgoing signaling strength
of all identified celltypes from panel (b) in both conditions (wildtype and NotchP™P) showing
an increase in the incoming signaling from AT2 cells and an increase in outgoing signaling in
AF1 cells in Notch™#™*P mice compared to wildtype mice. (j) Differential pathway information
flow for FGF and WNT signaling showing an overall system wide increase in FGF and WNT

thgfra-KD

signaling in Notc mice compared to wildtype mice. (k) WNT signaling network in wildtype

h Pdgfra-KD

and Notc conditions showing a re-wiring of the WNT signaling niche after Notch

inactivation in the Pdgfra+ cells. (l) Violin plots showing an upregulation of Wnt ligands (Wnt2)

and receptors (Fzd5) in AF1 and AT2 cells respectively in Notch”?9™aP

mice compared to
wildtype. (m) Slingshot trajectory analysis depicting potential trajectory of AF1c cells, the
common AF1 subcluster between wildtype and NotchP™*P mjce, transiting into AF1b
(dominated by wildtype) or AF1c (dominated by Notch”#™P) sybclusters. (n) Dynamic gene
expression from each trajectory shown in panel (m) of AF1 markers (Pdgfra, Wnt2) and
transient AF1 markers on their way to becoming AF2 cells (Pdgfrb, Acta2). (o) Cartoon summary

schematic generated with Biorender.

Figure 7: Phenocopying chronic human lung diseases using NOTCH, WNT, and FGF

mesenchymal-epithelial signaling networks

(a) Notch signaling network between mesenchymal and epithelial cells from a scRNA-seq mutli-
disease dataset of a variety of human lung diseases along with representative H&E tile scans of
the distal lung isolated from each disease. (b) IHC and RNA in situ hybridization showing
PDGFRB+ mesenchymal cells exist directly adjacent to KRT5+ dysplastic epithelium in COVID-
19 and bleomycin-induced human lung injuries. (c) WNT ligand module score in AF1 cells from
fibrotic (COVID-19 & bleomycin) human lungs and degenerative (AAT & COPD). (d) DotPlots
showing relative expression level of FGF and WNT ligands and receptors within AF1 and AT2
cells from control, COVID-19, and COPD human lungs.

Supplemental Figure 1: Identification of subtypes of alveolar mesenchyme ie adult

mouse lung
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(a) UMAP representation of scRNA-seq data from adult mouse lung mesenchyme at
homeostasis. Data downloaded from GSE149563(72). (b) DotPlot showing relative gene
expression of unique marker genes of each mesenchymal subtype in panel (a). (c) GO analysis
from the genes uniquely expressed in each cluster in (a). Terms are ranked by adjusted p-

values

Supplemental Figure 2: Reactivity of pulmonary mesenchymal cell lineages after

respiratory influenza infection

(a) UMAP representation of scRNA-seq data from Pdgfrb+ lineage trace cells after influenza.
Data shown represent integratation of sham, day 14, and day 28 timepoints. (b) FeaturePlots
showing Pdgfrb+ cells do not proliferate (by Mki67 gene expression) after influenza. Distribution
of Pdgfrb and Pdgfra gene expression also shown. (c) Contribution of each timepoint to cell
populations shown in panel (a). (d) UMAP separated by timepoint showing that no new cell
cluster arises in UMAP space within the Pdgfrb+ cell lineage after influenza infection. (e) UMAP
representation of sScRNA-seq data from Pdgfra+ lineage trace cells after influenza. Data shown
represent integration of sham, day 14, and day 28 timepoints. (f) DotPlot showing relative
expression of unique marker genes expressed in cell populations shown in panel (e). (g)
Contribution of each timepoint to cell populations shown in panel (e). (h) All Slingshot

trajectories generated when AF1s were anchored as starting trajectory point.

Supplemental Figure 3: Reactivity of pulmonary mesenchymal cell lineages after

bleomycin-induced lung injury

(a) UMAP representation of scRNA-seq data from Pdgfrb+ lineage trace cells after bleomycin.
Data shown represent integration of sham, day 14, and day 28 timepoints. (b) UMAP shown in
(a) separated by timepoint. (c) Contribution of each timepoint to cell populations shown in panel
(a). (d) FeaturePlots showing Pdgfrb+ cells do not proliferate (by Mki67 gene expression) after
influenza. Distribution of Pdgfrb and Pdgfra gene expression also shown. (e) UMAP
representation of scRNA-seq data from Pdgfra+ lineage trace cells after bleomycin. Data shown
represent integration of sham, day 14, and day 28 timepoints. (f) DotPlot showing relative
expression of unique marker genes expressed in cell populations shown in panel (e). (g)

Contribution of each timepoint to cell populations shown in panel (e).

Supplemental Figure 4: Pdgfra+ cells are primary producers of myofibroblasts after

bleomycin-induced lung injury.
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(a) Experimental schematic showing approach. Pdgfra and Pdgfrb lineage trace mice were
given tamoxifen daily for 3 days. 14 days later, mice were given bleomycin (3.5U/kg) and
analyzed 14 days later. (b) IHC for tdTomato (lineage-trace) and SMA showing Pdgfra+ lineage
trace cells become SMA positive after bleomycin-induced lung injury. (c) IHC for tdTomato
(lineage-trace) and SMA showing Pdgfrb+ lineage trace cells do not become SMA positive after
bleomycin-induced lung injury. (d) Experimental schematic showing approach. Pdgfrb lineage
trace mice were given bleomycin and tamoxifen was delivered 4 days during injury (daily, days
10-13) and mice were collected 1 day later at day 14. (e) IHC for tdTomato (lineage-trace) and
SMA showing labeling Pdgfrb+ cells after bleomycin-induced lung injury captures the actively

expressing SMA myofibroblasts. All scale bars represent 50 um.

Supplemental Figure 5: Epithelial and mesenchymal cell crosstalk in the lung after injury

(a) Outgoing cell signaling from the Krt5+ dysplastic basal cells at 28 days after influenza
infection showing that Krt5+ epithelium sends the Notch ligands Jag1, Jag2, and DII1 to the
Pdgfra-derived AF2 cells. (b) Outgoing cell signaling from the Pdgfra-derived AF2 cells at 28
days after influenza infection. (c) Notch signaling network between the epithelium and
mesenchyme at 28 days after bleomycin-induced lung injury showing Krt5+ dysplastic

epithelium and Pdgfra-derived AF2 cells form a Notch niche.

Supplemental Figure 6: Inhibiting intracellular Notch signaling in the basal cell lineage

after flu does not inhibit iTCH formation and basal cell function.

(a) Experimental schematic showing approach. Mice were given tamoxifen at days 5 and 8 after
influenza and analyzed at day 12. (b) Survival curve showing inhibition of Notch signaling in
Krt5+ cells does not improve survival after flu infection. (c) IHC showing Notch“™*P Krt5+
dysplastic epithelial cells migrate and establish an iTCH after influenza. Scale bar represents
20um. (d) gRT-PCR of Notch downstream target genes from cultured in vitro basal cells after
exposure to DMSO (vehicle control, n=5), 4-OHT (to genetically activate the dnMAML construct,
n=4) or DBZ (small-molecule inhibitor of gamma secretase/Notch signaling, n=5). (e)
Representative organoid images of basal cells isolated from Notch*"™*P mice after flu showing
administration of 4OHT (resulting in intracellular inactivation of Notch) has no effect on organoid
size relative to DMSO control. Scale bar represents 100 um. (f) Crystal violet assay showing
administration of 4OHT (resulting in intracellular inactivation of Notch) has no effect on colony
formation relative to DMSO control. (g) Quantification of organoid sizes shown in panel (d). (h)

Quantification of colony formation shown in panel (e). (i) EdU proliferation analysis showing
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administration of 4OHT (resulting in intracellular inactivation of Notch) has no effect on basal cell
proliferation relative to DMSO control. Data points in (f) represent individual organoids, (g)
technical replicates in wells. Error bars represent standard deviation. *P<0.05, **P<0.01,
***P<0.001, ****P<0.0001, evaluated by one-way ANOVA with Tukey’s adjustment for multiple

comparisons.

Supplemental Figure 7: Response of endothelial and immune cells to inactivation of

intracellular Notch siganling in Pdgfra+ cells

(a) UMAP representation of scRNA-seq data from endothelial cells at 14 days after influenza
infection. Data shown represent merged wildtype and Notch™#™*P_ () Contribution of
genotype/sample to each cell population shown in panel (a). (c) GO analysis from the genes
uniquely enriched in CAP1_a and CAP1_b cell populations. (d) UMAP representation of scRNA-
seq data from immune cells at 14 days after influenza infection. Data shown represent merged
wildtype and NotchP?™KP_(g) Contribution of genotype/sample to each cell population shown in

panel (d).

Supplemental Figure 8: Differential ligand-receptor analysis between wildtype and
NotchPd9raKD ce|| types

(a) Differential number of predicted ligand-receptor interactions between the sending cell (y-

axis) and receiving cell (x-axis). Data shown are interaction values relative to wildtype. (b)
Differential interaction strength between the sending cell (y-axis) and receiving cell (x-axis).
Data shown are interaction strengths relative to wildtype. (c) System wide information flow for
the pathways listed. (d) Specific differential ligand-receptor interactions with the AF1 cell as the

sending cell. Wildtype = wildtype animals. Maml = NotchP9-KP,

Supplemental Figure 9: Conservation of alveolar mesenchymal cell types in the human

lung
(a) UMAP representation of scRNA-seq data of mesenchymal cells from healthy human lungs

(n=13 donors). Data shown represent an integrated dataset of all donors. (b) DotPlot showing
relative expression of unique marker genes identified in each cell population in panel (a). (c)

IHC and RNA in situ hybridization showing localization of AF1 and AF2 in the human lung. (d)
GO analysis from the genes uniquely expressed in each celltype listed in panel (a). GO terms

ordered by adjusted p-value.
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Supplemental Table 1: Patient characteristics.

A list of all of the patients who were included in the analyses presented herein (other than
previously published data when mentioned). Age, gender, self-identified race, and cause of
death or disease at time of transplantation are provided. Where available, smoking history,
FEV1, and/or arterial partial pressure of O2 to fraction of inspired O2 (P/F ratio) is also reported.

The use of tissue is indicated by the type of experiment.

Supplemental Table 2: Primer sequences.

Primer sequences used to generate the qRT-PCR data in this study.

Supplemental Data 1: Differential gene expression for Pdgfra-lineage mesenchymal cell

types

Supplemental Data 2: Differential gene expression for Pdgfrb-lineage mesenchymal cell

types

Supplemental Data 3: Cleared 200um thick lung section showing separation of Pdgfrb

(red) and Pdgfra (green) in the alveolar space. Each frame is 1 um is in the z-direction. Video

is played at 10 frames/second (i.e. 10 um/second).

Supplemental Data 4: Cleared 200um thick lung section showing separation of Pdgfrb

(red) and Pdgfra (green) in the alveolar space. Each frame is 1 um is in the z-direction. Video

is played at 10 frames/second (i.e. 10 um/second).

Supplemental Data 5: Differential gene expression for integrated scRNA-seq dataset from

Pdgfra-lineage trace after influenza infection (sham, day 14, and day 28).

Supplemental Data 6: Predicted transcription factor activity within Pdgfra-lineage

mesenchymal cell types at day 28 after influenza infection.

Supplemental Data 7: Differential gene expression for human mesenchymal cell types.
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