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Abstract

The lung epithelium forms the first barrier against respiratory
pathogens and noxious chemicals; however, little is known about
how more than 90% of this barrier, made of AT1 (alveolar

type 1) cells, responds to injury. Using the Sendai virus to model
natural infection in mice, we find evidence that AT1 cells have an
intermediary role by persisting in areas depleted of AT2 cells,
upregulating IFN responsive genes, and receding from invading
airway cells. Sendai virus infection mobilizes airway cells to form
alveolar SOX2™ (Sry-box 2™) clusters without differentiating into
ATI or AT2 cells. Large AT2 cell-depleted areas remain covered

by AT1 cells, which we name “AT2-less regions”, and are
replaced by SOX2™ clusters spreading both basally and luminally.
AT?2 cell proliferation and differentiation are largely confined to
topologically distal regions and form de novo alveolar surface,
with limited contribution to in situ repairs of AT2-less regions.
Time-course single-cell RNA sequencing profiling and RNAscope
validation suggest enhanced immune responses and altered
growth signals in AT1 cells. Our comprehensive spatiotemporal
and genomewide study highlights the hitherto unappreciated role
of AT1 cells in lung injury-repair.
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Individual cell types in a multicellular organ
must act in concert to fulfill physiological
functions and react likewise to injuries. This
holistic reaction is expected to reach its full
extent in response to naturally occurring
pathogens, possibly because of evolutionary
pressure, compared with engineered cell
ablation using diphtheria toxin or adapted
pathogens from noncognate species. Sendai
virus (SeV), also known as murine
parainfluenza virus type 1, is used for gene
delivery and to model chronic lung diseases
but also provides a natural injury-repair

model (1-3). A comprehensive
understanding of spatiotemporal and cell-
type-specific responses to SeV, which is the
focus of this study, will not only better
establish a disease model for testing
therapeutics but also shed light on natural
infections in humans such as influenza and
coronavirus disease (COVID-19).

As the first barrier against microbial and
chemical agents, the otherwise quiescent
lung epithelium has evolved robust repair
mechanisms that, in the alveolar region,
activate a facultative stem cell population,

AT?2 (alveolar type 2) cells, which have
attracted the most attention in the field
(4-6). In contrast, AT1 cells, constituting
95% of the alveolar surface, are often
considered a passive structural component to
be injured and then replaced by AT2 cells
but are likely a key component of the lung’s
holistic reaction to injury because of their
sheer mass (7, 8). Our limited knowledge of
AT1 cell biology in injury-repair stems
partly from their expansive and ultrathin
morphology that spatially uncouples the
nucleus from cellular extensions such that
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Figure 1. Airway cells are mobilized to populate damaged alveolar regions with minimal alveolar differentiation. (A) OPT images of wholemount
immunostained accessory lobes from control and Sendai virus (SeV)-infected (dpi [day postinfection]) adult mouse lungs. Tissue
autofluorescence highlights airways and macrovasculature and is more noticeable at 9 dpi when SOX2 (SRY-box 2) expression is lost from most
airways. The recovery and cauliflower-like alveolar clusters of SOX2 expression at 28 dpi are apparent on XZ, YZ, and XY (at the numbered
levels) optical planes. Alveolar SOX2 clusters can be found at lobe edges but are still continuous with the airways (bracket). The 28 dpi lung is
from a Sox2°7/*; SftpcCeE* : Rosa'@”* mouse and received 2 mg tamoxifen 3 weeks before infection. Native fluorescence images before
immunostaining in the bracketed region (rightmost column) show mutual exclusion of airway cells marked by Sox2° (the same contours
outlined by dashes as those in the OPT image; asterisk, technical ring artifacts) and AT2 (alveolar type 2) cells marked by Sftoc® 7 and Rosa®’.
Scale bars, 500 um. Images are representative of at least three lungs (same in subsequent figures). (B) Section immunostaining images showing
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cytokeratin, junctional, or nuclear staining
alone is inadequate to study AT1 cells (9).
Furthermore, the dense three-dimensional
(3D) packing of alveolar tissues obscures the
connection between topologically distal and
proximal regions (important spatial
attributes also missed in biochemical assays
of whole organs). Conceptually, the alveolar
epithelium can be unfurled into a two-
dimensional surface (an imagery evoked
when analogizing the human lung to a half
tennis court) that is predominantly AT1 cell
surface and sprinkled with AT2 cells (10).
Accordingly, injury-repair could be I) in situ
healing similar to wound healing as a result
of cell expansion, proliferation, and
migration (a process also artificially invoked
during reepithelialization of decellularized
lungs (11); or 2) de novo growth around the
border of the tennis court (a likely process
during postpneumonectomy compensatory
growth in which there is no direct injury to
the existing surface) (7, 12). Regardless, it is
integral to our understanding of lung
injury-repair to delineate how the majority
of the epithelial surface, or essentially the
AT1 cell, responds and contributes.

In this study, we notice that upon SeV
infection in mice, AT1 cells persist in large
alveolar areas depleted of AT2 cells,
providing an opportunity to ascertain the
role of AT1 cells in injury-repair. Applying
our knowledge of and tools for AT1 cells in
the uninjured lung (9), we show that the
surviving AT1 cells robustly upregulate IFN
responsive genes, comparable to that of AT2
cells, and are replaced by dysplastic SOX2 ™"
airway cells. In contrast, AT2 cells proliferate
and differentiate into AT1 cells mostly in
topologically distal regions and contribute
minimally to in situ healing of damaged
areas. Therefore AT1 cells have an
intermediary role during SeV infection by
temporarily covering the tissue surface and
coordinating an immune response. The
resulting transcriptomic profiling and
cellular analysis of AT1 cells and their
relationship with other epithelial and
nonepithelial cells fill in a gap in our
knowledge of lung injury-repair.

Some of the results of these studies have
been previously reported in the form of a

preprint (bioRxiv [04 August 2021] https://
doi.org/10.1101/2021.08.04.455124).

Methods

Mouse Strains and SeV Infection

The following mouse strains were used:
Sox2%*” (13), Sox2“*** (13), Rosa™" (14),
RosameG (15)’ RosaLIOGFP (16), SftpCCreER
(17), and Rtkn2°ER (18). Tamoxifen was
administered intraperitoneally at least 3
weeks before infection at time points and
doses specified in figure legends. Animal
infections were performed as previously
described (19, 20). Briefly, mice at least

8 weeks of age were anesthetized with
isofluorane and suspended by the maxillary
incisors on a board with a 60° incline. Mice
were infected through oropharyngeal
aspiration of a sublethal dose of 2.1 X 10
plaque-forming units of SeV (parainfluenza
type 1) strain 52 (ATCC #VR-105,
RRID:SCR_001672) in 40 pl PBS. Mice of
both sexes and mixed genetic backgrounds
were used. Investigators were not blind to the
genotypes. All animal experiments were
approved by the Institutional Animal Care
and Use at Texas A&M Health Science Center
Institute of Biosciences and Technology and
MD Anderson Cancer Center.

Section and Wholemount
Immunostaining

Lung harvest and immunostaining were
performed as published (18, 21). Briefly, after
anesthesia with Avertin (T48402, Sigma),
lungs were perfused with PBS and gravity
inflated with 0.5% paraformaldehyde (PFA;
P6148, Sigma) in PBS at 25 cm H,O
pressure, followed by submersion fixation in
0.5% PFA over 4 to 6 hours at room
temperature. Lobes were cryoprotected in a
mixture of 20% sucrose and 10% optimal
cutting temperature compound (4583,
Tissue-Tek) in PBS. The resulting frozen
sections were blocked in PBS with 0.3%
Triton X-100 and 5% normal donkey serum
(017-000-121, Jackson ImmunoResearch)
and incubated with primary antibodies (see
Methods in the data supplement) overnight
in a humidified chamber at 4°C, followed by

donkey secondary antibodies (Jackson
ImmunoResearch) diluted in PBS with 0.3%
Triton X-100 plus DAPI (4’,6-diamidino-
2-phenylindole) for 1 hour at room
temperature. The slides were washed for 30
minutes in PBS after antibody incubation
before being mounted in Aqua-Poly/Mount
(18606, Polysciences) and imaged on a
Nikon Alplus confocal microscope or an
Olympus FV1000 confocal microscope. Cells
were quantified manually with Image J.

For wholemount immunostaining,
lobes were blocked and incubated with
primary and secondary antibodies as above,
except for being washed with PBS with 1%
Triton X-100 and 1% Tween-20. Fresh or
immunostained lobes were imaged with a
Leica M205C fluorescence stereomicroscope
or an optical projection tomography scanner
(Bioptonics, 3001M) as published (21, 22).

RNAscope In Situ Hybridization

Lungs harvested and fixed as above were
cryoprotected, without PBS wash, in a
mixture of 20% sucrose, 10% optimal cutting
temperature compound, and 0.5% PFA in
PBS overnight. The resulting frozen sections
were probed for Vegfa, Irf7, Ifit3, Icam1, and
Oasl2 using the Multiplex Fluorescent
Detection Kit v2 (Advanced Cell Diagnostics,
323,110) and OPAL 520/570/690 reagent
packs (Akoya Biosciences, FP1487001KT/
FP1488001KT/FP1497001KT).

Single-Cell RNA Sequencing
(RNA-seq) and Data Analysis

See Methods and Files in the data
supplement for experimental details and
analysis code.

Results

Airway Cells Are Mobilized to
Populate Damaged Alveolar Regions,
with Minimal Alveolar Differentiation
Expecting SeV infection to induce an
asynchronous, spatially heterogeneous
response of injury-repair that needed an
organ-level depiction, we used optical
projection tomography to visualize whole
lung lobes immunostained for the airway

Figure 1. (Continued). SeV-induced proliferation (Ki67 in insets for boxed regions), expansion, and persistence of P63* basal-like cells as a subset
of SOX2™ cells in airways and alveolar SOX2 clusters (SOX2%). Asterisk, nonspecific macrophage fluorescence. Scale bars, 100 um (10 um for
insets). (C) Section immunostaining images of control and SeV-infected adult Sox2°"*5¥* ; Rosa™™%* lungs with 2 mg tamoxifen administered

3 weeks before infection. All lineage-labeled cells (GFP™) are positive for the airway marker SOX2 and cuboidal/columnar as outlined by
E-cadherin (ECAD; top row) and negative for an AT2 cell marker (LAMP3 [lysosome-associated membrane glycoprotein 3]) except for rare cells
transiently expressing LAMP3 (open arrowhead at 10 dpi; bottom row). Solid arrowhead: weak AT1 cell marker (RAGE [receptor for advanced
glycation endproducts]) under GFP* cells, which will be further examined later. Scale bars, 10 um. OPT = optical projection tomography.
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Figure 2. AT2-less regions are depleted of AT2 cells but covered by AT1 cells. (A) Sequential section immunostaining images showing SeV
infection depletes dashed areas of AT2 cell markers (SFTPC [surfactant protein C] and LAMP3) without affecting AT1 cell markers (RAGE and
PDPN [podoplanin]) at 7 dpi. These AT2 cell-depleted (AT2-less) regions are similar in size and location to SOX2™ clusters at 14 dpi. Area
quantification from three mice (color-coded) and five regions; each mouse shows no significant difference between 7 dpi AT2-less regions and
14 dpi SOX2* clusters. See Figure E1C for quantification methods. PDPN, a basal cell marker, also marks P63™ basal-like cells. Scale bar, 100 um.
(B) Section immunostaining images showing AT1 cell nuclei (NKX2-1* [NK2 homeobox 1*] LAMP3™; open arrowheads) are intermingled with
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transcription factor SOX2 (Figure 1A).

On Day 9 after infection (9 dpi [day
postinfection]), SOX2 staining diminished in
lobar and segmental airways but remained

in terminal bronchioles, consistent with cell
loss from a viral infection that spread distally.
The most proximal airways near the lobe
entrance had normal SOX2 staining and thus
possibly had limited infection or had
recovered (Figure 1A). By 28 dpi, all airways
regained SOX2 staining and, strikingly,
formed cauliflower-like SOX2™ clusters that
extended beyond terminal bronchioles
(Figure 1A). These outgrowing clusters were
often well into the alveolar region and even
reached the most distal mesothelium,
although our 3D imaging showed that they
were continuous with and likely originated
from the airways (Figure 1A), as further
tested by lineage tracing below. The SOX2™"
clusters were visible in freshly dissected lungs
using a Sox2°*" allele (13) and were mutually
exclusive with AT2 cells that were genetically
labeled before infection (an initial, to-be-
explored clue for a limited contribution of
AT?2 cells to restoring these damaged
regions) (Figure 1A).

The SOX2™ clusters were reminiscent
of “pods” fueled by rare basal-like cells upon
severe influenza infection (23-25). Indeed,
basally located, proliferative P63 cells first
appeared at 3 dpi within airways and were
readily found at 7 and 10 dpi (Figure 1B).
Although no longer expressing Ki67, these
airway P63 cells persisted for at least 35 dpi
(Figure 1B). Mirroring the observed pattern
and kinetics of airway repair (Figure 1A), the
wave of P63 expression extended to alveolar
SOX2™ clusters and persisted (Figure 1B).
Other basal cell markers KRT14 and KRT5
were expressed by most cells in SOX2™*
clusters at 14 dpi and became more restricted
at 42 dpi, especially for KRT5, possibly
reflecting differentiation to lumenal cells
(Figure E1A in the data supplement). The
aberrant persistence of P63" cells in
bronchioles and alveoli reflected either a
mimicry of larger airways that were normally
populated by P63 ™ cells or a defect in

terminating the injury-repair response,
possibly contributing to the chronic
abnormalities (26).

To ascertain the fate of alveolar SOX2 ™
cells, we used Sox2°™ER (13) to label airway
cells before infection and found that most, if
not all, lineage-labeled cells, including those
aberrantly present in the alveolar region,
remained SOX2™" and cuboidal/columnar, as
outlined by a cell junction protein
E-cadherin, and did not express an AT1
marker RAGE (receptor for advanced
glycation endproducts) nor an AT2 marker
LAMP3 (lysosome-associated membrane
glycoprotein 3) (Figures 1C and E1B). The
dysplastic SOX2* clusters often overlay a
surface with weak RAGE staining (Figure
1C), suggesting the replacement of AT1 cells,
as examined in detail later. We noted rare
Sox2“*R Jabeled LAMP3 " cells near
terminal bronchioles in control lungs,
possibly because of low or leaky expression
of Sox2"**R which could also exist or even
expand in SeV lungs (Figure E1B). Our
whole-lobe and cellular imaging, together
with lineage tracing, captured mobilization
of P63/SOX2 airway cells to repair damaged
airway and alveolar regions without
noticeable differentiation into alveolar cells.

AT2-less Regions Are Depleted of AT2
Cells, but Covered by AT1 Cells

The rapidly growing, dysplastic SOX2™*
clusters prompted us to search for damaged
alveolar regions that were presumably in
need of repair. A timecourse survey of AT1
(marked by RAGE) and AT2 (marked by
SFTPC [surfactant protein C]) cells revealed
regions depleted of AT2 cells at 7 dpi and
spanning hundreds of microns, comparable
in size to future SOX2™" clusters (Figures 2A
and E1C). Strikingly, these AT2-depleted
regions were indistinguishable from the rest
of the lung on the basis of RAGE staining,
suggesting continued coverage with AT1
cells (Figure 2A). This uncoupling between
AT1 and AT?2 cells was confirmed on
sequential sections with another set of AT1
and AT2 markers (PDPN [podoplanin] and

LAMP3), although PDPN additionally
marked P63 cells at 14 dpi as expected for a
basal cell marker (27) (Figure 2A). Besides
their cell membranes, AT1 cell nuclei also
persisted, as marked by the lung lineage
transcription factor NKX2-1 [NK2
homeobox 1] without surrounding SFTPC
(18, 28) (Figure 2B). To confirm that RAGE
staining was from AT1 cells instead of
aberrant gene expression upon infection, we
used our recently characterized AT1 cell
driver Rtkn2“ER (18) and labeled AT1 cells
before infection. Indeed, regions depleted of
AT?2 cells were as fully covered with lineage-
labeled AT1 cells as uninvolved regions
(Figure 2C). Accordingly, we referred to
these AT2 cell-depleted but AT1 cell-covered
areas as “AT2-less regions”.

A possible explanation for the
preferential depletion of AT?2 cells was
differential viral infection or clearance of
infected cells, although the receptor for SeV
is sialic acid and is widely present (29).
Examining cell-type infection in vivo was
challenging, and an underestimate because of
the transient nature of infected/dying cells
compounded by the likely concomitant
decrease of cellular markers. Nevertheless,
abundant SeV proteins were readily detected
in NKX2-1" epithelial cells and CD45*
immune cells at 3 dpi and spread to adjacent
cells at 7 dpi before largely disappearing at 14
dpi (Figure 2D). Infected airway and AT2
cells were identifiable by their anatomic
location, cell shape as filled by SeV proteins,
and the AT2 marker LAMP3 (Figure 2E).
Although infrequent, infected AT1 cells were
identifiable when the SeV protein staining
outlined both the NKX2-1" nucleus and
RAGE" cellular extensions (Figure 2E).
Therefore, although AT1 cells had a larger
surface area accessible to SeV and could be
infected, AT2 cells either were more easily
infected or survived less, leading to AT2-less
regions; the possibility of AT2 cell depletion
via their differentiation into AT1 cells
was tested and excluded below. As a result,
the exposed tissue surface from dying
AT1 and AT2 cells was expected to be

Figure 2. (Continued). AT2 cell nuclei (NKX2-1* LAMP3™) in the control lung but are the only nuclei present in AT2-less regions (dashes). Scale
bar, 10 um. (C) Section immunostaining images of Rtkn2°°E7* - Rosa'®™* lungs with recombination induced at P5 with 500 ug tamoxifen to
efficiently label AT1 cells. At 9 dpi, both uninvolved (left) and AT2-less (right; depleted of LAMP3) regions are covered by tdT™ RAGE™" AT1
cells. Scale bar, 100 um. (D) Section immunostaining images showing SeV viral proteins (SeV) in immune cells (CD45™) and epithelial cells
(NKX2-1%) at 3 and 7 dpi and cleared by 14 dpi. Scale bar, 10 um. (E) Section immunostaining images showing both thin AT1 cells (open
arrowheads; RAGE" NKX2-1") and cuboidal AT2 cells (solid arrowheads; LAMP3* NKX2-17) are filled with SeV viral proteins and thus
infected, in comparison with their uninfected neighbors (open and solid arrows). Asterisk, an infected macrophage. Scale bar, 10 um.

epi = epithelial cells; imm =immune cells.
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opposed to AT1 cells (open arrowheads). Three examples of 14 dpi lung sections show that AT2 cells cluster around a nascent airspace
lumen away from AT2-less regions and SOX2 clusters, but near the organ edge or major blood vessels and airways, a pattern only partially
resolved at 42 dpi. Scale bars, 10 um. (B) Quantification of the ratio of AT2 to AT1 cells supports AT2 cell depletion at 7 dpi and
subsequent hyperplasia and clustering. Uninvolved regions in infected lungs have a normal cell ratio. Error bars correspond to standard
deviations. (C) An image from a 14 dpi lung in (A) overlaid with DAPI (4’,6-diamidino-2-phenylindole) to demonstrate topologically distal
regions beyond a SOX2 cluster and an AT2-less region corresponding to the center quarter circle in the diagram that is topologically
equivalent to the quarter circle near the organ edge. Only arterial vessels are drawn for clarity. It is predicted and subsequently tested that
AT2-less regions are invaded by SOX2 cells, whereas AT2 cell proliferation and differentiation occur further distally. aw = airways;

BADJ = bronchoalveolar duct junction; v =vessels.
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Figure 4. AT2 cells differentiate into AT1 cells in topologically distal regions but not AT2-less regions. Section immunostaining images from

control and SeV-infected lungs of Sftoc® e+ ; Rosa'@”*

mice that received 2 mg tamoxifen 3 weeks before infection. Lineage-labeled AT2 cells

are excluded from AT2-less regions (RAGE™ LAMP3™; 9 dpi) and later SOX2 clusters (20 and 45 dpi) but are present and differentiate into AT1
cells (open arrowheads; NKX2-1* LAMP37) in topologically distal regions (boxed) as explained in Figure 3. Scale bars, 100 um (10 um for
enlarged boxed regions). Quantification shows near-complete labeling of AT2 cells (top graph) and their increased differentiation into AT1 cells
on infection (middle graph; “specificity” refers to the Sftoc“®c7 driver, and “1-specificity” was used to show the low percentages without
truncating the y-axis), constituting 10-20% AT1 cells in topologically distal regions (bottom graph). Labeling of AT1 cells in the control subjects

is because of cumulative baseline cell turnover that is additionally amplified by tamoxifen-independent, leaky recombination of Sftpc

resealed by the remaining AT1 cells, as
supported by the continuous RAGE staining
(Figure 2).

AT2 Cells Differentiate into AT1 Cells
in Topologically Distal Regions but
Contribute Minimally to In Situ Repair
of Damaged Alveolar Surface

As stem cells, AT2 cells were known to
proliferate and differentiate into AT1 cells
and were often assumed to do so to repair

damaged regions (6). However, as
introduced earlier, AT2 cells could also be
activated upon pneumonectomy without
direct injury, and such activation was more
apparent near the tissue edge, which was
topologically most distal and had more space
to expand (30, 31). The AT2-less regions in
the SeV model provided a landmark to locate
activated AT2 cells. At 14 dpi, expanding
SOX2" clusters were still bordered by
regions without AT2 cells, let alone activated

Hernandez, Cain, Lynch, et al.: AT1 Cells in Lung Injury—Repair

CreER

ones (Figure 3A). Instead, clusters of AT2
cells formed further away (near the organ
edge or major blood vessels and airways,
both of which were the most topologically
distal part of the respiratory tree even when
embedded in the center of the lung) (Figure
3A). These aberrant AT2 cell clusters
expressed Ki67 (Figure E2) and were
intermingled with small, LAMP3-negative
AT1 cells (Figure 3A), an arrangement
reminiscent of that in nascent alveolar sacs
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during development (9), and were still
present at 42 dpi when the AT2-less regions
had disappeared (Figure 3A). This AT2 cell
depletion followed by hyperplasia was
evident when tracking the ratio of AT2 to
AT1 cells over time and was specific to
damaged regions (Figure 3B). Therefore,
AT?2 cells clustered de novo near vessels,
airways, and the edges of the tissue

but at a distance from AT2-less regions
(Figure 3C).

This conclusion was substantiated by
lineage-tracing experiments showing that
AT?2 cell clusters, including adjacent AT1
cells, arose from preexisting AT2 cells that
were labeled before infection, whereas no
expansion of labeled AT2 cells nor their
differentiation into AT1 cells was observed in
AT?2-less regions (Figure 4). Taken together,
at least in the SeV model, AT2 cell-mediated
tissue growth occurred in topologically
distal regions and away from obviously
damaged regions, possibly to avoid
generating excessive AT1 cells, given the
persistence of AT1 cells (Figure 2). Our
analysis also highlighted the importance of
spatial information in distinguishing de novo
growth versus in situ repair.

Invading Airway Cells Displace AT1
Cells Via Basal and

Luminal Spreading

As AT2-less regions, without being repaired
by AT?2 cells, disappeared with the same
kinetics as the expansion of SOX2™" clusters
(Figure 3A), we posited that the persistent
and then disappearing AT1 cells were
displaced by the invading SOX2™" cells.
Indeed, at 12 dpi, when SOX2™ clusters were
first detected consistently in the alveolar
region, SOX2™" cells were in three
conformations relative to RAGE™" ATI cell
extensions: 1) basal, in which SOX2* cells
were underneath an intact RAGE membrane
and embedded in a collagen matrix; 2)
luminal I, in which 2-3 SOX2™ cells gained
access to the airspace, accompanied by
weakened or gapped RAGE staining; and 3)
luminal II, in which tens of SOX2™" cells
accumulated in the airspace and spilled over
AT]1 cell surfaces with normal RAGE
staining, possibly causing further AT1 cell

displacement (Figure 5A). Although live
imaging of this displacement was not
available, SOX2 " cells of the two luminal
conformations were connected by adherens
junctions and continuous with those
embedded in the tissue, suggesting that the
three conformations represented snapshots
of a continuous, if not sequential, process
(Figure 5B).

Lineage labeling using the AT1 cell
driver Rtkn2“ER (18) confirmed that the
displaced RAGE staining was from AT1 cells
and that SOX2 ™ cells existed basal or luminal
to AT1 cells (Figure 5C). Strikingly, at their
interface, in which AT1 cell displacement
was hypothesized to occur, shrunken
fragments of AT1 cells accumulated an
excessive amount of the lineage reporter,
perhaps because of cell condensation before
its shedding and clearance (Figures 5C and
E3). Our observations were consistent with a
model in which AT1 cells in AT2-less
regions temporarily sealed the alveolar
surface before being displaced by airway-
originated SOX2™" clusters spreading both
basally and luminally (Figure 5D).

AT1 Cells, as well as AT2 Cells,
Acutely Upregulate IFN Responsive
Genes, as Revealed by Timecourse
Single-Cell RNA-seq

To examine cellular and molecular dynamics
upon SeV infection in an unbiased manner,
we profiled all major lung cell types using
single-cell RNA-seq at 7, 14, and 49 dpi,
representing the injury, repair, and chronic
phases, respectively (Figures 6A and E4).
Several infection-induced cell clusters were
readily identified (Figures 6A and 6B) and
included 1) Trp63™ basal-like cells at 14 and
49 dpi (cluster 4), corresponding to the
invading SOX2™" clusters (Figure 1); 2)
Ifi2712a™ cells mainly at 7 dpi for both AT1
(clusters 14 and 15) and AT2 (clusters 6 and
11) cells, corresponding to an acute IFN
response to SeV; and 3) Mki67 " proliferative
cells that were present as a result of
homeostatic cell turnover but increased upon
infection at 14 dpi, consistent with de novo
clustering and hyperplasia of AT2 cells
(Figures 3 and 4). Intriguingly, at 14 dpi,
AT1 cells included a cell cluster 12 that

shared genes with normal AT2 cells, such as
Napsa and H2-Aa; such residual expression
of AT2 genes raised the possibility that

they arose from AT2 cells, as observed in
regions of de novo growth (Figure 4). Direct
comparison of AT1 cells at each time point
revealed induction of additional IFN
pathway genes predominantly at 7 dpi,
including those for antigen processing and
presentation (Psmb8/9/10, B2 m, Cd74, H2-
K1, H2-D1, and H2-Q6), antiviral effectors
(Ifit1, Oasl2, Rsad2, and Rtp4), and IFN
pathway transcription factors (IrfI and Irf7)
(Figure 6C and Tables E1-E3). Upregulation
of Irf7, Ifit3, Icam1, and Oasl2 in AT1 cells,
marked by Vegfa (9, 32), was confirmed
using RN Ascope (Figure 6D). In contrast,
AT1 cell-enriched genes, including Vegfa and
Abcal, were reduced, suggesting the
reduction of angiogenic and cholesterol
transport functions upon infection (32, 33),
although Vegfa reduction was not obvious by
RNAscope, possibly because of assay
sensitivity or AT1 cell heterogeneity

(Figure 6D).

To place these differentially expressed
genes in the context of all lung cell types and
focus on intercellular signaling, we applied
our interactome algorithm (19) to identify
outlying changes in ligand-receptor
interactions with AT1 cells receiving or
sending signals. Pairwise comparison of data
from 7, 14, and 49 dpi highlighted altered
interactions unique and common to two or
all time points (Figure E5 and Tables E4 and
E5), supporting an increased recognition of
AT1 cells by NK and T cells and a decreased
AT1 cell-derived angiogenic signal toward
the endothelium. Intriguingly, AT1 cells at
14 dpi upregulated Hbegf, a possible mitotic
signal for AT2 cells or invading airway cells
(34). Increased Icam1 expression in AT1 cells
might facilitate immune cell extravasation
(35). With respect to AT1 cells receiving
signals, a number of matrix genes, including
Tnc, Fnl, Fbnl, Collal, and Col5a2, were
upregulated in various mesenchymal cells,
potentially affecting tissue stiffness and
integrin-mediated adhesion of epithelial cells;
whereas 1118 from immune cells could
stimulate inflammation via Il18r1 in
epithelial cells (36) (Figure E5 and Tables E5

Figure 5. (Continued). airspace and spreading over neighboring RAGE membrane (luminal I1). (B) Invading SOX2" cells of the three
conformations form continuous cell junctions (ECAD). (C) Left, RAGE staining is from AT1 cells lineage-labeled at P5 with 500 ug tamoxifen.
Right, AT1 cells surrounded by SOX2" cells accumulate brighter tdT (tandem dimer Tomato; open arrowheads), possibly amid cell
displacement. (D) Schematics showing the relationship of SOX2* cells and AT1 cells. Scale bars, 10 um.
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Figure 6. Time-course single-cell RNA sequencing reveals IFN and signaling responses in AT1 cells. (A) Merged and split UMAP (uniform
manifold approximation and projection) graphs of epithelial cells from paired control and SeV-infected lungs at 7, 14, and 49 dpi, color-coded
for computer-identified clusters with differential clusters numbered in the split UMAP graphs. Cluster 4 corresponds to persistent basal-like cells.
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unfurled airway and alveolar epithelium

0pdo0

7 dpi

central, but distal

14 dpi 49 dpi

Figure 7. Diagram illustrating cellular changes in the lung epithelium upon SeV infection. Unfurled lung epithelium consists of proximal SOX2™*
columnar airway cells and distal intermingled flat AT1 and cuboidal AT2 cells in which a central region can be topologically distal. Upon SeV
infection, loss of airway cells amplifies P63* basal-like cells, whereas loss of AT2 cells, but not AT1 cells, forms AT2-less regions. Subsequently,
SOX2* airway cells, including P63* basal-like cells, invade alveoli and displace AT1 cells; AT2 cells proliferate in topologically distal regions
and differentiate into AT1 cells to form de novo alveolar surface.

and E6). Taken together, our timecourse
single-cell RNA-seq profiling confirmed our
imaging-based molecular and cellular
characterization and implicated active
signaling roles of AT1 cells in countering
SeV infection.

Discussion

In this study, we use 3D imaging, lineage
tracing, and single-cell transcriptomics

to delineate the spatiotemporal and cellular
heterogeneity of lung response to natural
viral infection. As diagramed in Figure 7, the
lung epithelium, when viewed as a two-
dimensional surface, is predominantly made
of AT1 cells with minor contributions from
SOX2* airway cells and AT2 cells. SeV
infection causes widespread loss of airway
and AT?2 cells, but most AT1 cells persist,
forming AT2-less regions. SOX2 /P63 "
basal-like cells expand to heal the airways
and aberrantly extend to the AT2-less
regions, displacing AT1 cells without
differentiating into alveolar cells. AT2 cells

form hyperplastic clusters and undergo AT1
cell differentiation in topologically distal
regions, generating a de novo alveolar surface
with limited contribution to healing the
AT?2-less regions. AT1 cells have
intermediary structural and signaling roles
by sealing the alveolar surface temporarily
and mounting an antiviral interferon
response, and possibly modulating growth
signals such as Vegfa and Hbegf. Such
molecular and cellular understanding is
necessary to dissect associated mechanisms
and test therapies using the SeV or other
models of lung injury-repair.

A notable feature in the SeV model is
the formation of AT2-less regions in which
AT?2 cells are lost, whereas AT1 cells are
spared. The initial gaps left by disappearing
AT?2 cells can be readily sealed by AT1 cells,
given their ability to expand their surface
by over 10-fold during development (9).
The resulting AT2-less surface must be
sensed and then induce the invasion
of SOX2"/P63™ cells. Loss of AT2 cells is
unlikely the only trigger as genetic ablation of
AT?2 cells stimulates clonal expansion of

remaining AT2 cells but not airway cell
invasion (5). Hypoxia and fibroblast growth
factor signaling pathways have been
implicated in influenza and bleomycin
models (25, 37), although it will be necessary
to map their activation spatiotemporally and
determine their sufficiency in providing a
directional cue. The vascular and
mesenchymal cells underneath the AT2-less
surface are likely also altered, possibly
compromising gas exchange efficiency or
even recruiting SOX2™" cells.

The correlation between AT2-less
regions and SOX2™ clusters in their size,
location, and kinetics, as well as their
physical interactions (Figures 1, 2, and 5),
supports the replacement of AT1 cells by
SOX2™ cells, possibly via integrin-mediated
cell adhesion (Table E6). However, we
cannot rule out that areas bordering the
AT?2-less regions could be populated by
spared AT2 cells nearby, although this
scenario predicts that AT2 cells migrate
across AT1 cells for dispersion as they do not
differentiate into AT1 cells in large numbers
(Figure 4). Future live imaging experiments

Figure 6. (Continued). Clusters 6, 11, 14, and 15 are prominent for 7 dpi SeV lungs; clusters 13 and 12 are predicted as proliferating and
differentiating AT2 cells, respectively. (B) Feature plots of cell-type—specific markers, supporting cell type names in (A). Cluster 12 (arrows)
expresses markers of AT2 cells, including Napsa, an MHC class Il gene H2-Aa, and an MHC nonclassical | gene H2-Q6, the last of which has
the highest expression in clusters 6 and 11. An IFN signature gene [fi27/2a is highest (solid arrowheads) in clusters 6, 11, and 15 (lower in 14)
at 7 dpi. The cell-cycle gene score marks the proliferative cluster 13. Additional heterogeneity arises from the total number of genes detected

(open arrowheads). (C) Volcano plots comparing AT1 cells from control and infected lungs at 7, 14, and 49 dpi. See Tables E1-E3 for complete
data. (D) Section RNAscope in situ hybridization showing upregulation of Irf7, Ifit3, Icam1, and Oasl2in AT1 cells (dash oval; marked by Vegfa)
in SeV-infected lungs at 7 dpi. Non-AT1 cells (arrowhead) also upregulate /rf7, [fit3, and Oasl/2. Scale bars, 10 um. MHC =major histocompatibility
complex.
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will provide definitive evidence for the
cellular sources and interactions during the
repair of AT2-less regions. It also remains to
be determined if similar AT2-less regions
form in other microbial and chemical injury
models.

The existence of AT2-less regions also
highlights the uncoupling of AT2 cell
activation and in situ healing of preexisting-
and-then-damaged alveolar surfaces. We
notice AT2 cell proliferation and
differentiation in topologically distal regions
close to tissue edges, airways, or vessels
(Figures 3 and 4), the last of which has been
suggested as a niche for AT?2 cells partly
because of their spatial proximity (38, 39).
This de novo formation of the alveolar
surface is intuitive during compensatory
growth induced by pneumonectomy but is
less appreciated in models of chemical and
microbial injury. Nevertheless, to counter
life-threatening damage, the lung is as likely
to mobilize multiple stem and progenitor cell
populations as to evoke both in situ healing
and de novo growth. These two repair
processes may involve distinct
mechanisms in which in situ healing is

similar to wound healing, whereas de novo
growth forms nascent alveolar lumen,
reminiscent of developmental sacculation.
Distinguishing these two processes will
allow further understanding of recently
identified KRT8™" intermediate AT2 cells
(40-42).

The persistence of SOX2™ clusters with
minimal differentiation into alveolar cells
(Figure 1C) supports the idea that P63 ™"
basal-like cells repair the airways properly
but are resorted to for dysplastic alveolar
repair only during severe injury, as seen in
the influenza model as well as patients with
COVID-19 (23-25, 43). The resulting ectopic
airway differentiation in the alveolar region
could form excessive mucus-producing cells
or tuft cells (20, 44), contributing to the
asthma phenotype independent of a deviated
immune environment (26). The SOX2*
clusters could also associate with
mesenchymal cells of the airways, such as
those in the bronchovascular bundles, which
might produce more matrix proteins than
those of the alveoli, offering a potential link
between pulmonary fibrosis and alveolar
bronchiolization in fibrotic patient lungs

(45-48). The seemingly irreversible nature of
the SOX2" clusters and associated P63 ™ cells
(Figures 1 and 6) prompts future studies

of their responses to repeated injuries and
the cumulative consequences of seasonal flu
in humans. It is worth noting that other
injury models, including influenza and
bleomycin, additionally mobilize another
pool of Sox2““ER- or Scgb1a1“"**R-traced
cells, possibly corresponding to distal club
cells or bronchioalveolar stem cells, which
differentiate into AT1 and AT?2 cells (25, 37,
49-51). The observed inability of Sox2“"**-
traced cells to contribute to alveolar cells in
the Sendai model might be because of
selective suppression or removal of non-P63
progenitors, especially those in AT2-less
regions that are near the bronchioalveolar
duct junction. Given the functional
difference between the resulting alveolar and
basal-like cells, future studies are needed to
identify the molecular nature and activation
signals of diverse pools of lung progenitor
and stem cells. ll

Author disclosures are available with the
text of this article at www.atsjournals.org.
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