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SUMMARY
Alveolar epithelial type 2 (AT2) cells integrate signals from multiple molecular pathways to proliferate and
differentiate to drive regeneration of the lung alveolus. Utilizing in vivo genetic and ex vivo organoid
models, we investigated the role of Fgfr2 signaling in AT2 cells across the lifespan and during adult regen-
eration after influenza infection. We show that, although dispensable for adult homeostasis, Fgfr2 re-
stricts AT2 cell fate during postnatal lung development. Using an unbiased computational imaging
approach, we demonstrate that Fgfr2 promotes AT2 cell proliferation and restrains differentiation in
actively regenerating areas after injury. Organoid assays reveal that Fgfr2-deficient AT2 cells remain
competent to respond to multiple parallel proliferative inputs. Moreover, genetic blockade of AT2 cell
cytokinesis demonstrates that cell division and differentiation are uncoupled during alveolar regeneration.
These data reveal that Fgfr2 maintains AT2 cell fate, balancing proliferation and differentiation during lung
alveolar regeneration.
INTRODUCTION

The distal compartment of the lungs contains the alveoli, where

the majority of gas exchange with the external environment oc-

curs in mammals. The predominant epithelial cell lineages within

this niche are the alveolar type 1 (AT1) and type 2 (AT2) cells

(Zepp and Morrisey, 2019). AT1 cells form a thin, gas diffusible

interface with the pulmonary capillary plexus, which is essential

for respiration. AT2 cells generate and secrete pulmonary sur-

factant, which reduces surface tension to prevent alveolar

collapse. During normal adult homeostasis, the lungs are quies-

cent, exhibiting a very low rate of cellular turnover. However,

acute injury damages alveoli by destroying resident AT1 and

AT2 cells, depleting the lung of respiratory capacity.

Injury to the lungs is often heterogeneous and can elicit a var-

ied regenerative response depending on the type of damage and

its severity (Basil et al., 2020; Sivakumar and Frank, 2019; Whit-

sett et al., 2019; Xi et al., 2017; Zepp andMorrisey, 2019; Alysan-

dratos et al., 2021). These varying responses are highlighted by

distinct alterations in tissue architecture (Zacharias et al., 2018).

Appropriate alveolar architecture must be reconstructed to

restore gas exchange, which requires the activation of the lung’s

resident stem/progenitors: AT2 cells. In response to lung dam-
This is an open access article under the CC BY-N
age, AT2 cells both rapidly proliferate and differentiate into AT1

cells to regenerate alveoli (Barkauskas et al., 2013). Yet, the

cellular andmolecular processes that regulate these AT2 cell be-

haviors are poorly understood, due in part to the heterogeneous

nature of injury and tissue repair, which makes the investigation

of these processes complicated to address empirically. Under-

standing the molecular mechanisms involved in activating AT2

cell proliferation and driving differentiation into AT1 cells is crit-

ical to develop methods to promote alveolar regeneration after

lung damage.

Fibroblast growth factor (Fgf) signaling is a potent mitogenic

pathway that drives lung development and injury regeneration.

Fgfr2 signaling is required for lung branching morphogenesis

and for maintenance of prenatal AT2 cell fate (Abler et al.,

2009; Chang et al., 2013; Lebeche et al., 1999; Li et al.,

2018; Weaver et al., 2000; Sekine et al., 1999; De Moerlooze

et al., 2000; Mori et al., 2019). Moreover, loss of Fgf signaling

during the postnatal period of lung development, alveologene-

sis, increases the vulnerability of the lung to injury (Hokuto

et al., 2004). In adults, Fgf signaling has been implicated as

essential for AT2 cell homeostasis (Dorry et al., 2020; Yuan

et al., 2019). A recent study suggests that the combined loss

of Fgfr1, Fgfr2, and Fgfr3 in AT2 cells results in decreased
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survival and proliferation of AT2 cells during adult homeostasis

and after bleomycin injury (Dorry et al., 2020). Fgf ligands, Fgf7

and Fgf10, stimulate AT2 cell proliferation through Fgfr2 after

injury, and exogenous stimulation with or overexpression of

these ligands may aid in lung regeneration (MacKenzie et al.,

2015; Gupte et al., 2009; Quantius et al., 2016; Yuan et al.,

2019; Zacharias et al., 2018; Zepp et al., 2017). However, this

stimulation may also cause AT2 cells to be more susceptible

to viral infection (Nikolaidis et al., 2017). Together, these find-

ings suggest that Fgfr2 has other functions beyond regulating

cell proliferation during injury repair and regeneration in the

lung.

We assessed the role of Fgfr2 in AT2 cells across the lifespan

to determine how it may balance proliferation versus differentia-

tion both at homeostasis and after acute injury to the lung. Loss

of Fgfr2 during alveologenesis reveals that this signaling

pathway acts to restrict AT2 cell fate. In the adult lung, AT2

cell-specific inactivation of Fgfr2 did not disrupt AT2 cell homeo-

stasis up to 1 year. Given the heterogenous nature of lung injury

and regeneration, we leveraged an unbiased machine learning

approach to classify regenerating regions into distinct zones

for analysis. Using this technique, we show that Fgfr2-deficient

AT2 cells exhibit both a decreased level of proliferation and a

greater ability to differentiate into AT1 cells exclusively in regions

of active alveolar remodeling, indicating the necessity of Fgf

signaling in a spatially specificmanner in tissue regeneration. Or-

ganoid assays reveal that although inactivation of Fgfr2 elimi-

nates the ability of AT2 cells to respond to Fgfr2 ligand stimula-

tion, Fgfr2 is not necessary for overall AT2 cell proliferation. This

result is due in part to Fgfr2-deficient AT2 cells maintaining their

competence to respond to parallel mitogenic signals, including

immune cytokines. Moreover, blockade of AT2 cell division

through inactivation of Ect2 uncouples division from differentia-

tion in these cells, demonstrating that AT2 cell fate decisions are

made independent of proliferative competency. Thus, our

studies reveal that Fgf-mediated alveolar regeneration occurs

in a spatially specific manner and highlights the critical parallel

inputs that control AT2 cell proliferation in an inflammatory injury

and regeneration model. Importantly, our studies reveal that AT2

cell identity is actively maintained during regeneration and sug-

gest that Fgfr2 acts not only to promote proliferation but also

to restrain AT2 cell fate.
Figure 1. Fgfr2 maintains AT2 cell identity during alveologenesis

(A) Immunohistochemistry (IHC) for the SftpcCreERT2 lineage trace marker EYFP, a

lungs. This staining demonstrates a loss of AT2 and gain of AT1 cell fate in Fgfr2

dashed white boxes, dashed white circles demarcate AT2 cells, dashed yellow c

(B) Quantification of the percentage of SFTPC+HOPX+ lineage-traced cells at P5,

(C) Quantification of the percentage of HOPX+ lineage-traced cells at P5, P15, a

(D) RNA fluorescence in situ hybridization (FISH) staining, using a custom probe

successful inactivation of Fgfr2 in lineage-traced cells in mutant lungs. Dashed w

(E) Staining for the lineage trace marker EYFP, HOPX, and EdU at P5 shows an inc

white boxes, dashed white circles and arrows demarcate AT2 cells, yellow arrow

(F) Quantification of the percentage of EdU+ control and KO AT2 cells.

(G) IHC for cleaved CASPASE 3 reveals no increase in cell death in Fgfr2-deficie

(H and I) Morphometric analysis measuring mean linear intercept (MLI) on P28 H

(J–L) Large images show the lineage trace and HOPX, small images also show NK

lineage labeled cells per mm3 of tissue. White boxes demarcate zoomed in regio

All quantification data are represented asmean ± SEM. Two-tailed t tests: ns, not
RESULTS

Fgfr2 restricts AT2 cell identity during postnatal lung
development
To assess the role of Fgfr2 in AT2 cell development during alveo-

logenesis, we generated SftpcCreERT2;Fgfr2fl/fl;R26EYFP mice to

both functionally inactivate Fgfr2 and to trace the fate of the

AT2 cell lineage starting at postnatal day zero (P0). We found

that AT2 cell-specific loss of Fgfr2 resulted in an increase in

the percentage of lineage-traced cells expressing the AT1 cell

marker Hopx (Figure 1A). Although the majority of these Hopx+

lineage-traced cells also expressed the canonical AT2 cell

marker Sftpc at P5, as alveologenesis progressed to P15 and

P28, these cells lost expression of Sftpc, while retaining Hopx

expression. This progressive loss of Sftpc and gain of

Hopx expression in lineage-traced cells suggests that loss of

Fgfr2 in AT2 cells leads to a transition from an AT2 to an AT1

cell fate (Figures 1A–1C). We confirmed that Fgfr2 was function-

ally inactivated in Fgfr2 mutant AT2 cells using a custom RNA

fluorescence in situ hybridization (FISH) probe to detect the

deleted Fgfr2 exons 8–10 (Figure 1D).

AT2 cells are known to proliferate to a limited degree over the

course of alveologenesis (Frank et al., 2016; Yang et al., 2016).

Therefore, we compared AT2 cell proliferative potential between

control and Fgfr2 mutant lungs by 5-ethynyl-20-deoxyuridine
(EdU) incorporation around the earliest peak in AT2 cell prolifer-

ation at P5 (Frank et al., 2016). These data reveal more EdU

incorporation in Fgfr2-deficient AT2 cells compared to controls,

suggesting there is an increase in AT2 cell proliferation on loss of

Fgfr2 at this time (Figures 1E and 1F). EdU+ Fgfr2-deficient AT2-

derived AT1 cells were rare, consistent with the minimal prolifer-

ation of the normal AT1 cell population during postnatal develop-

ment (Frank et al., 2016; Yang et al., 2016). Additionally, there

was no apparent change in markers of cell death, suggesting

that the increased in the percentage of lineage-traced AT1 cells

was not due to loss of AT2 cells (Figure 1G). To determine

whether the loss of AT2 cell fate in Fgfr2 mutant lungs impacts

adult lung architecture, we performed mean linear intercept

(MLI) analysis on P28 lungs and found no significant morpho-

metric difference between control and mutant lungs (Figures

1H and 1I). Further, although the expansion of Fgfr2-deficient

AT2 cells we observed at P5 did not lead to a statistically
n AT1 cell marker (HOPX), and an AT2 cell marker (SFTPC) in P5, P15, and P28

mutant lungs over the course of alveologenesis. Zoomed in regions marked by

ircles and arrows indicate HOPX+ cells.

P15, and P28 between control and SftpcCreERT2;Fgfr2fl/fl (knockout [KO]) cells.

nd P28 between control and KO cells.

designed to bind the region of Fgfr2 flanked by loxP sites, demonstrates the

hite lines demarcate AT2 cells.

rease in EdU+ lineage-traced AT2 cells. Zoomed in regions marked by dashed

indicates an AT1 cell.

nt AT2 cells.

&E stained slides.

X2.1. Quantification of AT1 cells as a percentage of total epithelial cells and of

n, white circles mark an AT2 cell, and yellow circles indicate an AT1 cell.

significant; *p% 0.05, **p% 0.01, n = 4–7mice per group. All scale bars, 50 mm.
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significant increase in total lineage-traced cells at P28, it seemed

to increase the AT2 cell population enough that the percentage

of total AT1 cells of the total alveolar epithelium at P28 appeared

unchanged (Figures 1J–1L). These results show that Fgfr2 acts

to restrict AT2 cell fate during postnatal alveologenesis.

Fgfr2 is dispensable for AT2 cell homeostasis
To determine whether Fgfr2 is required for AT2 cell homeostasis

in the adult lung, we inactivated Fgfr2 in AT2 cells and lineage-

traced these cells in adult mice to assess lung morphometry

and AT2 cell fate at three time points: 1 month, 6 months, and

1 year. We observed no obvious change in lung architecture in

Fgfr2 mutant lungs compared to controls (Figure 2A). Moreover,

MLI analysis revealed no difference between mutant and control

lungs at any time point (Figure 2B). Although the lung is largely a

quiescent organ at homeostasis, AT2 cells are known to self-

renew and differentiate into AT1 cells slowly over time during

normal homeostasis (Barkauskas et al., 2013). To determine

whether loss of Fgfr2 would impact long term AT2 cell survival

or AT2 to AT1 cell differentiation at homeostasis, we compared

the number of lineage-labeled cells and the percentage of line-

age-labeled AT1 cells in Fgfr2-deficient versus control lungs.

We found no change in the number of lineage-labeled cells be-

tween Fgfr2 mutant and control lungs at any time point, suggest-

ing there was no change in AT2 cell survival over time (Figures 2C

and 2D). Even after 1 year, we did not observe a difference in the

percentage of lineage labeled AT1 cells between mutant and

control lungs, suggesting mutant AT2 cells exhibited normal ho-

meostatic turnover into AT1 cells over time (Figures 2C and 2E).

Together, our results demonstrate that Fgfr2 is not required in

AT2 cells to maintain lung alveolar homeostasis.

Zonal analysis reveals a spatially specific role for Fgfr2
in regulating AT2 cell proliferation
To examine whether Fgfr2 is required for AT2 cell-mediated lung

regeneration, we investigated the behavior of adult Fgfr2-defi-

cient AT2 cells after acute influenza infection. In control lungs

14 days post influenza infection (dpi), we found enriched expres-

sion of Fgfr2 ligands Fgf7 and Fgf10 in morphologically per-

turbed areas of tissue (Figures 3A and S1A). This enrichment is

consistent with previous reports that both the intracellular

signaling and the accompanying injury response differ across

the heterogeneously damaged tissue (Xi et al., 2017; Katsura

et al., 2019; Zacharias et al., 2018). Moreover, our lab previously

described the heterogenous damage caused by influenza and

identified distinct zones of injury (Zacharias et al., 2018). Howev-

er, the distinction between these zones can often be difficult to

discern, making analysis challenging. To ensure rigorous, repro-

ducible analysis, we developed a lung damage assessment pro-

gram, which leverages the heterogenous nature of lung injury

and computer vision to unbiasedly bin injured regions into

distinct zones. Using a computational image analysis approach

that clusters image pixels based on the degree of staining, we

defined three zones of injury for robust and simple analysis: ‘‘se-

vere,’’ ‘‘damaged,’’ and ‘‘normal’’ (Figure 3B). Severe zones are

characterized bymaximal alveolar damage. A hallmark of severe

influenza infection is the emergence of Keratin 5 (Krt5) express-

ing airway epithelial cells, which migrate into the alveolar space
4 Cell Reports 35, 109092, May 11, 2021
in an attempt to provide a rapid but dysplastic response to injury

(Kumar et al., 2011; Ray et al., 2016; Zuo et al., 2015; Vaughan

et al., 2015; Fernanda de Mello Costa et al., 2020). We found

Krt5+ cells exclusively in severe zones, whereas markers of

AT1 cells are largely absent from this zone (Figures 3C, 3E,

and 3F). Although these zones are typically thought to be alveolar

deserts, we find a small number of AT2 cells in some of these

zones (Figures 3C and 3G). The AT2 cells in severe zones are

highly proliferative and very rarely differentiate into AT1 cells in

this injury context as noted by the vast majority of

SftpcCreERT2-traced cells in these zones expressing Sftpc (Fig-

ure 3C). In contrast, damaged zones are defined by active

morphological remodeling, are devoid of Krt5+ cells, and harbor

dense collections of AT1 and AT2 cells (Figures 3D and 3E0–3G0).
These zones contain both proliferating and differentiating AT2

cells (Figure 3D). Normal zones similarly lack Krt5+ cells and

consist of largely homeostatic tissue architecture with both

AT1 cells lining the alveolar walls and AT2 cells distributed

throughout the alveoli. (Figures 3E00–G00). To determine whether

Fgfr2 regulates AT2 cell-mediated lung regeneration, we

compared the percentage of Ki67+ cells in control or Fgfr2-defi-

cient AT2 cells in both damaged and severe zones on 14 dpi.

Although we saw a decrease in proliferative AT2 cells in

damaged zones consistent with previous reports, we did not

see a statistically significant change in proliferation in AT2 cells

in severe zones (Figures 3H and 3I). The lack of a significant,

detectable difference in severe zones could not be explained

by an inability of Fgfr2-deficient AT2 cells to survive injury as

we confirmed the presence of Fgfr2-deficient AT2 cells in both

severe and damaged zones at 14 dpi (Figure S1B). Moreover,

although there is some AT2 cell proliferation in normal zones, it

is quite variable, and no difference was observed between

Fgfr2-deficient or replete AT2 cells at 14 dpi (Figures S1C and

S1D). Together, our data suggest that Fgfr2 is preferentially

important to promote AT2 cell proliferation in damaged zones,

which are sites of active tissue regeneration (Figure 3J).

Multiple and redundant inputs promote AT2 cell
proliferation
To investigate more directly whether Fgfr2 is required for AT2 cell

proliferation, we employed an ex vivo organoid model to compare

the growth of isolated, lineage-traced Fgfr2-deficient versus con-

trol AT2 cells from uninjured mice (Figure S2A) (Barkauskas et al.,

2013). Consistent with our previous findings in severe zones in

the influenza injury and regeneration model, we observed no

obvious difference in size between control and mutant organoids

after 21 days of culture (Figure 4A). To verify that this lack of a dif-

ferencewas not due to competitive loss ofFgfr2-deficient AT2 cells

from impeded survival or growth of Fgfr2-replete cells resulting

from incomplete inactivation of Fgfr2, we confirmed the loss of

Fgfr2 in these mutant organoid cultures (Figure 4A). Moreover,

we verified expression of Sftpc and Ager, an AT1 cell marker, in

these mutant organoids, suggesting that Fgfr2-deficient AT2 cells

were able to expand and differentiate comparably to controls (Fig-

ure 4A). Comparing control and mutant organoid growth over the

course of 21 days in culture,we found no statistically significant dif-

ference in organoid size or growth rate over time (Figures 4B and

4C). Additionally, we found no difference in colony forming



Figure 2. Fgfr2 is not required to maintain AT2 cell identity during adult homeostasis

(A) H&E staining of control and Fgfr2-deficient lungs 1 month, 6 months, and 1 year post tamoxifen induction.

(B) Morphometric analysis reveals no statistically significant difference in MLI between control and mutant lungs at any time point.

(C) IHC for the lineage tracemarker EYFP, HOPX, and SFTPC at 1month, 6months, and 1 year post tamoxifen induction. Dashedwhite boxes demarcate zoomed

in regions, dashed white circles mark AT2 cells, and dashed yellow circles demarcate AT1 cells.

(D and E) Quantification of the number of lineage-traced cells per mm3 and the percentage of lineage-traced AT1 cells shows no statistically significant difference

between control and Fgfr2-deficient lungs at any time point.

All quantification data are represented as mean ± SEM. Two-tailed t tests: ns, not significant; n = 4–5 mice per group. All scale bars, 50 mm.
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efficiency, suggesting that Fgfr2-deficient AT2 cells survive and

grow comparably to controls (Figure 4D). Because our findings

suggest that Fgfr2 is not required for AT2 cell proliferation, we
sought to determine whether loss of Fgfr2 would impact AT2 cell

responsiveness to other mitogenic signals (Figure 4E). Fgfr2 is

the primary receptor for Fgf7, which we have previously shown
Cell Reports 35, 109092, May 11, 2021 5
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stimulates mature AT2 cell proliferation (Zacharias et al., 2018;

Zepp et al., 2017). To investigate the responsiveness of control

versusFgfr2-deficient AT2cells to Fgf signaling,weprovidedexog-

enous Fgf7 to the organoid cultures. Control AT2 cell-derived orga-

noids exhibited robust growth on Fgf7 stimulation due to

augmented AT2 cell proliferation and differentiation into AT1 cells

consistent with our previous studies (Figure 4F) (Zacharias et al.,

2018; Zepp et al., 2017). Conversely, organoids generated from

Fgfr2-deficient AT2 cells did not respond to Fgf7 treatment (Fig-

ure 4F). Visualizing growth over time, we found that control organo-

ids responded rapidly to exogenous Fgf7 (Figure 4G). Fgf7-treated

control organoids demonstrated a statistically significant increase

in growth compared to untreated control and Fgf7-treated Fgfr2-

deficient organoids after 7 days of stimulation (14 days of culture)

(Figures 4G–4I). However, this growth plateaued after 9 days of

stimulation (16 days of culture) (Figure 4G). Thus, Fgfr2 deficient

AT2 cells do not respond to exogenous Fgf7, even though the level

added in these assays is likely higher than what occurs in vivo dur-

ing alveolar regeneration.

Recent reports have suggested that inflammatory signaling is

important for stimulating AT2 cell-mediated lung regeneration

(Choi et al., 2020; Katsura et al., 2019). To examine whether

loss of Fgfr2 impacts the AT2 cell response to immune cytokine

stimulation, we treated Fgfr2-deficient and control AT2 cell orga-

noids with interleukin (IL)-1a, IL-1b, and tumor necrosis factor

alpha (TNF-a). At 21 days of culture, both IL-1a and IL-1b stimu-

lated robust organoid growth, whereas TNF-a led to a slight but

not statistically significant increase in organoid size, regardless

of presence or absence of Fgfr2 (Figures 4J and 4K). Addition-

ally, we found no difference between the organoid growth of

Fgfr2-deficient and control organoids stimulated with any of

the three cytokines (Figures S2B–S4D). Together, our results

show that immune cytokines promote robust AT2 cell growth in-

dependent of Fgfr2 signaling, suggesting that Fgfr2 is not the

sole regulator of AT2 cell proliferation and alveolar regeneration

integrates multiple proliferative inputs.

Loss of Fgfr2 promotes AT2 to AT1 cell differentiation
To assess whether loss of Fgfr2 would alter the fate of AT2 cells

during lung regeneration similar to our findings during alveolo-
Figure 3. Fgfr2 drives AT2 cell proliferation in a spatially restricted ma

(A) Experimental schematic indicating the lungs were harvested 14 days post infl

(B) Representative images showing the workflow of the lung damage assessmen

(C) Left image: zoom in from the clustered image in (B). White lines demarcate the

Right image: representative IHC for the SftpcCreERT2 lineage trace marker EYFP, K

AT2 cells.

(D) Left image: zoom in from the clustered image in (B).White lines demarcate the b

Right image: representative IHC for the SftpcCreERT2 lineage trace marker EYFP,

zoomed in area, dashed white circles mark a lineage-traced AT2 cell, and dashe

(E–G00) IHC for KRT5 (E), PDPN (F), and SFTPC (G) in severe zones, damaged zo

(H) IHC for the lineage trace marker EYFP, KI67, and SFTPC in control and Fgfr2

KI67+ lineage-traced AT2 cells.

(I) Quantification of the percentage of KI67+ lineage-traced AT2 cells shows a s

specifically in damaged zones and not in severe zones.

(J) Summary diagram showing the distribution of AT2 cells (green, proliferating A

(red) across severe, damaged, and normal zones. Dashedwhite box outlines a sing

Fgfr2 drives AT2 cell proliferation in damaged zones.

All quantification data are represented as mean ± SEM. Two-tailed t tests: ns, no
genesis, we lineage-traced Fgfr2-deficient and control AT2 cells

and evaluated AT2 to AT1 cell differentiation through expression

of Sftpc and Hopx in damaged zones at 14 and 28 dpi. Fgfr2-

deficient AT2 cells differentiated more readily into AT1 cells in

damaged zones leading to an increase in lineage-traced AT1

cells in mutant lungs at 14 dpi (Figures 5A, 5B, S3A, and S3B).

This difference persisted to 28 dpi (Figures 5C and 5D). More-

over, the increase in lineage-traced AT1 cells in mutant lungs

led to an overall increase in total AT1 cells as a percentage of to-

tal alveolar epithelium in damaged zones (Figures 5E and 5F).

AT1 cells are known to spread dramatically during normal devel-

opment, contributing to the complex architecture of the adult

lung alveolus (Wang et al., 2016; Yang et al., 2016). We surmised

that the differentiation of AT2 cells into large squamous AT1 cells

serves not only to replace lost epithelium destroyed as a conse-

quence of injury, but also as a mechanism to restore the homeo-

static alveolar architecture and that this architectural remodeling

process would become altered if the ratio of AT1:AT2 cells was

perturbed.We found that the increase in AT2 to AT1 cell differen-

tiation, which results in an overall increase in AT1 cells in Fgfr2-

deficient lungs, did impact the alveolar architecture of mutant

lungs (Figure 5G). Because it is difficult to know the extent of

injury in normal zones where the tissue has largely regenerated

by 28 dpi, we focused our morphological analysis in damaged

zones. Morphologic analysis of damaged zones in Fgfr2-defi-

cient versus control lungs at 28 dpi revealed an increase in the

average alveolar area of mutant lungs resulting from large,

extended air spaces due to an increase in AT1 cells (Figures

5H and 5I). This H1N1 influenza model does not commonly elicit

a fibrotic response, and we confirmed there was no obvious

change in collagen deposition or infiltration of Acta2 expressing

myofibroblasts between control and mutant lungs (Figures S3C

and S3D) (Kumar et al., 2011). Moreover, although we did note

the presence of airway-derived Krt5+ pods common to severe

influenza injury in both control and mutant lungs, we did not

observe an obvious difference between the size or frequency

of these pods between control and mutant lungs (Figure S3E)

(Kumar et al., 2011; Zacharias et al., 2018; Vaughan et al.,

2015). Together, these data demonstrate that Fgfr2 acts to

restrain AT2 cell fate, promote expansion of the AT2 cell pool,
nner

uenza infection (dpi).

t program run on an H&E stained control mouse lung section 14 dpi.

border between the severe and damaged clusters encircling the severe zone.

I67, and SFTPC in the severe zone. White arrows indicate KI67+ lineage-traced

order between the damaged and normal clusters encircling the damaged zone.

HOPX, and SFTPC in the damaged zone. The dashed white box demarcates

d yellow circles mark a lineage-traced AT1 cell.

nes (E0)–(G0), and normal zones (E00)–(G00).
-deficient lungs in both damaged and severe zones. White dashed lines mark

tatistically significant decrease in Fgfr2-deficient lungs compared to controls

T2 cells drawn with pink nuclei and segregating chromosomes) and AT1 cells

le AT2 cell in a damaged zone. Expanded dashed white box demonstrates that

t significant; *p % 0.05, n = 5–6 mice per group. All scale bars, 50 mm.
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and regulate AT2 to AT1 cell differentiation to drive restoration of

the homeostatic alveolar architecture (Figure 5J).

AT2 cell division and differentiation are uncoupled
processes
Because Fgfr2 regulates both AT2 cell proliferation and identity

in a spatially restricted manner, we sought to determine whether

these two cellular processes were linked during tissue regener-

ation in the lung. To investigate whether cell division and differ-

entiation are coupled processes in the lung alveolus, we em-

ployed an Ect2 genetic deletion model to block cell division.

Ect2 is essential for cytokinesis, and loss of Ect2 leads to a failure

in cell division (Cook et al., 2011; Windmueller et al., 2020). We

hypothesized that genetic inactivation of Ect2 would leave AT2

cells receptive to proliferative stimuli while preventing AT2 cell

division, resulting in the generation of binucleated cells during

lung regeneration (Figure 6A). As expected, we confirmed the

presence of binucleated AT2 cells, containing lamellar bodies

and indication of functional surfactant production (Figure 6B).

Both binucleated AT1 and AT2 cells are present at 14 and 28

dpi, but binucleated AT1 cells are found exclusively in damaged

zones at 14 dpi, consistent with AT2 cell differentiation occurring

in these zones (Figures 6C, 6D, and S4A–S4F). Importantly, the

presence of binucleated AT2 cell-derived AT1 cells demon-

strates that cell division is not required for differentiation to

occur. The presence of binucleated AT1 cells exclusively in

damaged zones at 14 dpi along with the appearance of binucle-

ated AT2 cells in normal and severe zones at 28 dpi suggests that

blocking cytokinesis alone is not sufficient to drive an AT2 cell to

differentiate into an AT1 cell (Figures 6C and S4C–S4F). Howev-

er, Ect2-deficient AT2 cells can become binucleated at any time

during regeneration in any injury zone, highlighting the impor-

tance of determining when these binucleated cells arise and

whether they stably maintain their identity. To address this point

and to further determine whether cytokinesis is required tomain-

tain AT2 cell identity, we performed an EdU pulse-chase exper-
Figure 4. Fgfr2 is not required for AT2 cell proliferation

(A) Left: images using endogenous fluorescence of a representative well of

SftpcCreERT2;Fgfr2fl/fl;R26RtdTomato (bottom) mice at 21 days of culture, white arrow

representative control (top) and Fgfr2-deficient (bottom) AT2 cell-derived organ

SFTPC on representative control (top) and Fgfr2-deficient (bottom) AT2 cell-deri

(B) Analysis of organoid size from 11 to 21 days of culture. Each dot represents t

demarcates 21 days of culture.

(C and D) Analysis of organoid size and colony forming efficiency at 21 days of cu

mouse for a total of n = 3 mice per group.

(E) Experimental schematic outlining the timing of cytokine treatment. Transform

7 days of culture, cytokines were added for the remainder of the experiment.

(F) Left: images using endogenous fluorescence of a representative well of

SftpcCreERT2;Fgfr2fl/fl;R26RtdTomato (bottom)mice at 21 days of culture after treatm

bar, 500 mm). Middle: RNA FISH for Fgfr2 on representative control (top) and Fg

zoomed in regions. Right: IHC for AGER and SFTPC on representative control (t

(G) Analysis of organoid size from 11 to 21 days of culture. Each dot on this grap

demarcates 14 days of culture.

(H and I) Analysis of organoid size in untreated versus FGF7 treated control and F

represents the average of at least three replicate wells from one mouse for a tot

(J) Representative images of AT2 cell-derived organoids from either SftpcCreE

21 days of culture after treatment with IL-1a, IL-1b, or TNF-a for the last 14 days

(K) Organoid size at 21 days of culture. Each dot represents the average of at le

All quantification data are represented as mean ± SEM. Two-tailed t tests: ns, no
iment to mark cells that had undergone the S phase of the cell

cycle, including emerging binucleated cells, and followed their

fate decisions. We pulsed mice with EdU once a day for 5

consecutive days beginning at 9 dpi when AT2 cells should be

proliferating and chased for 2 weeks until 28 dpi (Figure 6E) (Kat-

sura et al., 2019). The presence of EdU+ binucleated AT1 and

AT2 cells in damaged zones at 28 dpi confirms that binucleated

AT2 cells can differentiate into and maintain an AT1 cell fate, and

these data show that AT2 cells can stably maintain their identity

independent of their ability to divide for at least 2 weeks after

injury (Figures 6F and 6G). Our data demonstrate that cell divi-

sion is not required to maintain AT2 cell fate, demonstrating

that loss of the ability to undergo cytokinesis does not determin-

istically result in differentiation of AT2 cells into an AT1 cell fate.

To test this possibility further, we investigated whether blockade

of AT2 cell division would increase the number of AT1 cells as a

percentage of the total alveolar epithelium during regeneration.

Quantification of the number of AT1 cells as a percentage of

Nkx2.1+ cells in damaged zones in Ect2-deficient and control

lungs at 28 dpi shows that loss of AT2 cell division does not

change the overall number of AT1 cells as a percentage of the to-

tal alveolar epithelium (Figures 6H and 6I). Together, these data

show that AT2 cell division and differentiation are uncoupled pro-

cesses and that cell fate is maintained independent of prolifera-

tive competency.

DISCUSSION

Restoration of gas exchange after lung injury requires both

replenishment of alveolar epithelial cells and re-establishment

of alveolar architecture. The major facultative progenitor of the

lung alveolus, the AT2 cell, is thought to play a critical role in

these processes through proliferating and differentiating into

AT1 cells. However, it remains unclear how AT2 cells balance

the decision to divide versus differentiate. Our studies reveal

that multifarious parallel pathways converge to drive AT2 cell
AT2 cell-derived organoids from either SftpcCreERT2;R26RtdTomato (top) or

s indicate a single organoid (scale bar, 500 mm). Middle: RNA FISH for Fgfr2 on

oids. Dashed white boxes mark zoomed in regions. Right: IHC for AGER and

ved organoids.

he average of organoids derived from three individual mice. Dashed black box

lture. Each dot represents the average of at least three replicate wells from one

ing growth factor b (TGF-b) inhibitor was added for the first week of culture. At

AT2 cell-derived organoids from either SftpcCreERT2;R26RtdTomato (top) or

ent with FGF7 for the last 14 days, white arrows indicate a single organoid (scale

fr2-deficient (bottom) AT2 cell-derived organoids. Dashed white boxes mark

op) and Fgfr2-deficient (bottom) AT2 cell-derived organoids.

h represents the average from three individual mice, n = 3. Dashed black box

gfr2-deficient (KO) organoids at 14 days of culture highlighted in (G). Each dot

al of n = 3 mice per group.
RT2;R26RtdTomato (top) or SftpcCreERT2;Fgfr2fl/fl;R26RtdTomato (bottom) mice at

of culture (scale bar, 500 mm).

ast three replicate wells from one mouse for a total of n = 3 mice per group.

t significant; *p% 0.05, **p % 0.01. Scale bars, 50 mm unless otherwise noted.
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proliferation and that Fgfr2 acts to restrain AT2 cell identity in a

spatially restricted manner to balance proliferation versus differ-

entiation to restore alveolar architecture and normal lung func-

tion after lung injury.

Fgf signaling is essential for prenatal development in the lung

and it serves to guide branching morphogenesis and to maintain

AT2 cell fate (Abler et al., 2009; Chang et al., 2013; Lebeche et al.,

1999; Li et al., 2018; Liberti et al., 2019; Weaver et al., 2000; Mori

et al., 2019; Sekine et al., 1999; De Moerlooze et al., 2000). Our

results demonstrate that although Fgf signaling via Fgfr2 is likely

not the only regulator of AT2 cell identity, it remains critical during

postnatal development to maintain AT2 cell fate long after alve-

olar epithelial fate specification (Frank et al., 2019). Prior work

has suggested that Fgfr2 is important for adult lung epithelial ho-

meostasis and repair after injury, but whether Fgfr2 acts purely

as a mitogenic signal transducer in the lung epithelium has re-

mained unclear (Dorry et al., 2020; Balasooriya et al., 2017;

Yuan et al., 2019). During airway homeostasis, loss of a single

Fgfr2 allele leads to depletion of the basal cell lineage into an

immature luminal cell fate, whereas after injury overexpression

of Fgf10 increases airway cell contribution to the AT2 cell line-

age, suggesting a role for Fgfr2 signaling in regulating lung

epithelial cell fate (Balasooriya et al., 2017; Yuan et al., 2019).

Although our data show that AT2 cell-specific loss of Fgfr2 for

up to 1 year did not lead to any change in lung morphometry,

AT2 cell survival, or AT2 to AT1 cell differentiation, our results

are consistent with Fgfr2 being critical for regulating AT2 cell

fate both during development and lung regeneration.

Our results reveal that Fgfr2-deficient AT2 cells remain

competent to respond to other mitogenic stimuli, in particular in-

flammatory cytokines. This is especially relevant in the context of

an influenza injury model, where the immune response plays an

important role in both injury resolution and regeneration. In

particular, immune cytokines such as IL-1a and IL-1b play key

roles in promoting AT2 cell-mediated alveolar regeneration (Kat-

sura et al., 2019). A recent study revealed that IL-1 receptor-ex-

pressing AT2 cells respond to acute lung injury by proliferating,

but chronic IL-1b stimulation decreased AT2 to AT1 cell differen-

tiation (Choi et al., 2020). These results demonstrate that multi-

ple, parallel, and possibly redundant proliferative stimuli

encourage AT2 cell proliferation, highlighting the importance of

AT2 cell proliferation to promote rapid tissue regeneration in

the lung. Moreover, the similarity of our organoid results to the

behavior of AT2 cells in severe versus damaged zones under-
Figure 5. Fgfr2 maintains AT2 cell identity

(A–D) IHC for the lineage tracemarker EYFP, HOPX, and SFTPC 14 and 28 dpi in d

(marked by yellow arrows and dashed yellow circles). Zoomed in regions marke

(E and F) IHC for HOPX and NKX2.1 at 28 dpi shows a statistically significant in

percentage of total epithelium in damaged zones. Zoomed in regions marked by

(G) H&E staining at 28 dpi demonstrates stark morphological differences between

boxes (scale bars, 500 mm and 100 mm).

(H and I) Morphological analysis of alveolar area in damaged zones using IHC fo

alveolar area in Fgfr2-deficient versus control lungs. Zoomed in regions marked

(J) Summary diagram showing the distribution of AT2 cells (green, proliferating A

(red) across severe, damaged, and normal zones. Dashedwhite box outlines a sing

Fgfr2 maintains AT2 cell identity in damaged zones.

All quantification data are represented as mean ± SEM. Two-tailed t tests: *p %

noted.
scores the importance of comparing ex vivo experiments in the

context of in vivo biology and suggests that additional advances

in culturing conditions will benefit these organoid models (Kat-

sura et al., 2020; Weiner et al., 2019; Shiraishi et al., 2019a,

2019b).

Although cell proliferation is an essential aspect of robust tis-

sue regeneration, how this process is balanced by the need for

differentiation has remained less clear in the lung. We demon-

strate that although AT2 cells do not require the ability to divide

to differentiate into AT1 cells, AT2 cells similarly do not require

proliferative competency to maintain their identity. Indeed, the

persistence of binucleated cells versus further multinucleation

or death as a result of blocking cytokinesis suggests that AT2

cells actively balance the decision to divide versus differentiate.

These findings suggest that not only division, but also prolifera-

tion may be uncoupled from fate choice in AT2 cells during

regeneration. Moreover, the loss of the ability to divide does

not perturb the balance between AT1 and AT2 cells as with the

loss of Fgfr2, suggesting that Fgfr2 acts to maintain AT2 cell

identity independently of its role in mitogenesis. Previous work

showed that a Wnt-responsive alveolar epithelial progenitor

(AEP) sublineage within the AT2 cell population contributes pri-

marily to the proliferative response of AT2 cells (Zacharias

et al., 2018; Nabhan et al., 2018). In light of our current findings,

it is possible that the non-AEP fraction of the AT2 cell population

more readily converts into AT1 cells versus undergoing cell divi-

sion. This differential fate choice likely hinges both on the local

signaling niche as well cell intrinsic factors reinforcing a more

or less plastic AT2 cell identity, consistent with epithelial progen-

itor cell behavior in other organs like the skin and intestine (Nab-

han et al., 2018; Zepp et al., 2017; Xi et al., 2017; Rompolas et al.,

2012, 2013; Gehart and Clevers, 2019). Such a balance between

cellular responses within the AT2 cell population may allow for

rapid regeneration to occur, while maintaining the surfactant

production required for alveolar homeostasis.

One of the challenges of defining the molecular mechanisms

driving pro-regenerative cellular behaviors during lung repair is

the heterogeneous nature of lung injury. To overcome this diffi-

culty, we developed an unbiased computational imaging

approach, which takes advantage of the heterogenous architec-

tural distortion typical to lung injury, to bin different domains of

injury and regeneration in the lung. Our analysis demonstrates

that most of the morphological remodeling of the tissue due to

AT2 cell differentiation into AT1 cells occurs in areas separate
amaged zones and quantification of the percentage of lineage labeled AT1 cells

d by dashed white boxes.

crease in AT1 cells (marked by yellow arrows and dashed yellow circles) as a

white boxes.

control and Fgfr2-deficient lungs. Zoomed in regions marked by dashed black

r PDPN to outline alveoli shows a statistically significant increase in average

by dashed white boxes.

T2 cells drawn with pink nuclei and segregating chromosomes) and AT1 cells

le AT2 cell in a damaged zone. Expanded dashed white box demonstrates that

0.05, **p % 0.01, n = 5–6 mice per group. Scale bars, 50 mm unless otherwise
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from the formation of dysplastic keratinized epithelium, consis-

tent with previous reports (Zacharias et al., 2018). Our studies

underscore the importance of examining lung repair and regen-

eration in a zonally specific manner as the AT2 cell response dif-

fers significantly across different regions of injured tissue. More-

over, utilizing this imaging approach to analyze morphological

changes in specific zones allows unbiased assessment of sec-

ondary defects and promotes reproducibility in comparison be-

tween conditions by controlling for injury heterogeneity. Use of

this lung damage assessment program may better define and

clarify future studies on the impact of severe injury and subse-

quent regeneration in the lung.

Given the complex signaling milieu that occurs after severe

lung injury, multiple parallel and competing pathways are likely

required to provide a robust balance between cell proliferation

and differentiation and to promote proper restoration of func-

tional homeostasis. Our findings reveal that a combination of

pathways and inputs are required for the proliferative response

to acute injury in the lung alveolus. Moreover, we have demon-

strated that cytokinesis is uncoupled from AT2 to AT1 cell differ-

entiation, indicating a complex and flexible molecular response

of the alveolar epithelium to injury.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Acta2 Millipore Sigma Cat#: A5228; RRID: AB_262054

Rat anti-Ager (Rage) R&D Systems Cat#: MAB1179; RRID: AB_2289349

Rabbit anti-Cleaved Caspase 3 Cell Signaling Cat#: 9664s; RRID: AB_2070042

Rat anti-Lamp3 (DC-Lamp) Novus Cat#: DDX0191P-100; RRID: AB_2827532)

Rabbit anti-Cdh1 (E-Cadherin) Cell Signaling Cat#: 3195; RRID: AB_2291471

Chicken anti-GFP Aves Labs Cat#: GFP-1020; RRID: AB_10000240

Mouse anti-Hopx Santa Cruz Cat#: sc-398703; RRID: AB_2687966

Rabbit anti-Keratin 5 Abcam Cat#: ab52635; RRID: AB_869890

Mouse anti-Ki67 BD Biosciences Cat#: 550609; RRID: AB_393778

Rabbit anti-Nkx2.1 (TTF1) Santa Cruz Cat#: sc-13040; RRID: AB_793532

Mouse anti-Nkx2.1 (TTF1) Thermo Fisher Scientific Cat#: MS-699-P1; RRID: AB_142087

Syrian hamster anti-Pdpn Developmental Studies Hybridoma Bank Cat#: 8.1.1; RRID: AB_531893

Rabbit anti-Sftpc Millipore Sigma Cat#: AB3786; RRID: AB_91588

Rat anti-Epcam Thermo Fisher Scientific Cat#: 14-5791-85; RRID: AB_953626

Mm-Fgf7-no-XHs (RNA FISH probe) Advanced Cell Diagnostics Cat#: 443521

Mm-Fgf10 (RNA FISH probe) Advanced Cell Diagnostics Cat#: 446371

Fgfr2-O1 (RNA FISH probe) Advanced Cell Diagnostics Cat#: 806301

Bacterial and virus strains

H1N1 Pr8 John Wherry Lab (University of

Pennsylvania)

N/A

Chemicals, peptides, and recombinant proteins

Fgf7 R&D Systems Cat#: 5028-KG-025

IL-1a BioLegend Cat#: 575002

IL-1b BioLegend Cat#: 575102

TNFa BioLegend Cat#: 575202

Small Airway Epithelial Cell Growth

Medium (SAGM) supplements

Lonza Cat#: CC-4124

Small airway epithelial cell growth

basal media (SABM)

Lonza Cat#: CC-3119

Cholera toxin Millipore Sigma Cat#: C9903

EGF Peprotech Cat#: AF-100-15

Y-27632 Millipore Sigma Cat#: Y0503

Antibiotic-Antimycotic GIBCO Cat#: 15240062

Fetal Bovine Serum Denville Cat#: FB5001

Matrigel Corning Cat#: 356231

EdU Santa Cruz Cat#: sc-284628B

Vectashield Antifade Mounting Medium Vector Laboratories Cat#: H-1000

Slowfade Diamond Antifade Mountant Invitrogen Cat#: S36972

Critical commercial assays

Click-iT EdU Cell Proliferation Kit Invitrogen Cat#: C10340

Experimental models: Organisms/strains

Sftpc-CreERT2 PMCID: PMC3223845 N/A

Fgfr2-flox Jackson Laboratories Cat#: 007569

(Continued on next page)

e1 Cell Reports 35, 109092, May 11, 2021



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Ect2-Flox PMCID: PMC7194103 N/A

R26R-EYFP Jackson Laboratories Cat#: 007903

Ai14(RCL-tdT)-D (R26R-tdTomato) Jackson Laboratories Cat#: 007914

Software and algorithms

LungDamage program This paper https://github.com/WALIII/LungDamage

Graphpad Prism8 GraphPad https://www.graphpad.com/scientific-software/prism/

Illustrator Adobe https://www.adobe.com/products/illustrator.html

MATLAB MathWorks https://www.mathworks.com/products/matlab.html

Fiji PMID: 22743772 https://fiji.sc/

Other

Falcon Cell Culture Insert Thermo Fisher Scientific Cat#: 08770
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Lead contact
Requests for further information and resources related to this study may be directed to the Lead Contact, Edward Morrisey

(emorrise@pennmedicine.upenn.edu).

Materials availability
The RNAscope probe Fgfr2-O1 (Cat#: 806301) was generated by and is available from Advanced Cell Diagnostics upon request.

Data and software availability
Lung damage assessment software (LungDamage) is publicly available on Github (https://github.com/WALIII/LungDamage).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse lines
Development and genotyping information for mouse lines SftpcCreERT2, Fgfr2fl/fl (Jackson Laboratory stock # 007569) , R26REYFP

(Jackson Laboratory stock # 007903), Ai14(RCL-tdT)-D (R26RtdTomato) (Jackson Laboratory stock # 007914), and Ect2fl/fl have

been previously described (Chapman et al., 2011; Madisen et al., 2010; Windmueller et al., 2020; Yu et al., 2003). Fgfr2fl/fl,

R26RtdTomato, and R26REYFP mouse lines were purchased from the Jackson Laboratory. All mice were maintained on a mixed back-

ground (C57BL/6 and CD1). No obvious defects were observed in heterozygous mice, so SftpcCreERT2;Fgfr2fl/+;R26REYFP and

SftpcCreERT2;Ect2fl/+;R26REYFP littermates were used as controls for all experiments except for the organoid experiments in Figure 4

where SftpcCreERT2;R26RtdTomato mice were used and the adult one month or longer influenza experiments in Figures 5C–5I, 6B, and

6D–6I where SftpcCreERT2;R26REYFP mice, including littermates, were used. Experiments were all performed with a minimum of n = 3

mice per condition of mixed gender, and unless otherwise stated each dot on a graph represents one mouse. All procedures for an-

imal experiments were performed under the guidance of the University of Pennsylvania Institutional Animal Care and Use Committee.

Lung alveolar organoid assay
Organoid assays were performed as previously described with modification (Barkauskas et al., 2013; Frank et al., 2016; Peng et al.,

2015; Zacharias et al., 2018; Zepp et al., 2017). In brief, single cell suspensions were made from SftpcCreERT2;R26RtdTomato or

SftpcCreERT2;Fgfr2fl/fl; R26RtdTomato mice by physical and enzymatic dissociation and tdTomato+ cells were sorted into FACS buffer

(Hanks Balanced Salt Solution (HBSS, GIBCO, catalog # 14175095), 25mM HEPES (GIBCO, catalog # 15630080), 2mM EDTA

(Invitrogen, catalog # 15575020), and 2% Fetal Bovine Serum (FBS) (Deville, catalog # FB5001)). Live cell number was verified using

a hemocytometer and Trypan Blue Solution, 0.4% (GIBCO, catalog # 15250061). In each technical replicate, 5x103 tdTomato+ cells

were combined with 5x104 primary lung fibroblasts in 50% Matrigel (Corning, catalog # 356231) and 50%MTEC-SAGM in a Falcon

Cell Culture Insert (Thermo Fisher Scientific, catalog # 08770). The MTEC-SAGMmedia was made as previously described. In brief,

Small Airway Epithelial Cell Growth Basal Media (SABM) (Lonza, catalog # CC-3119) wasmixed with selected Small Airway Epithelial

Cell GrowthMedium supplements (SAGM) (Lonza, catalog # CC-4124): Insulin/Transferrin, Bovine Pituitary Extract, Gentamycin, and

Retinoic Acid aswell as 0.1 mg/mLCholera Toxin (Millipore Sigma, catalog #C9903), 25ng/mL EGF (Peprotech, catalog # AF-100-15),

and 5% FBS (Zepp et al., 2017; Barkauskas et al., 2013). Cell/matrigel mixtures were allowed to solidify for fifteen minutes

before MTEC-SAGM media was added under the transwell into the bottom of the well. Media was changed every other day.
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Antibiotic-Antimycotic (GIBCO, catalog # 15240062) and 10 mM rock inhibitor (Y-27632 dihydrochloride, Millpore Sigma, catalog

# Y0503) were added to the media for the first two days of culture. A Tgfbr1 inhibitor (SB431542, Abcam, catalog # ab120163)

was added to the media to a final concentration of 10 mM for the first seven days of culture to promote organoid formation (Katsura

et al., 2019). Experiments involving IL-1a (10ng/mL, BioLegend, catalog # 575002), IL-1b (10ng/mL, BioLegend, catalog # 575102),

TNFa (10ng/mL, BioLegend, catalog # 575202), or mFGF7 (25ng/mL, R&D Systems, catalog # 5028-KG-025) treatment involved

cytokine addition beginning after the first seven days of culture. Concentrations may differ from endogenous levels but were consis-

tent with previous studies (Katsura et al., 2019; Zepp et al., 2017). Treatment occurred during normal media changes and continued

for the final two weeks of culture. Images were captured over the course of culture using an EVOS FL Auto 2 Imaging System. On the

final day of culture, organoids were removed from transwell inserts, embedded in 4% UltraPure Low Melting Point Agarose (Invitro-

gen, catalog # 16520050) in HBSS, fixed in 2% paraformaldehyde solution (Thermo Fisher Scientific, catalog # AAJ19943K2) for

30minutes at room temperature, washed in Phosphate Buffered Saline (PBS) (Quality Biological, catalog # 119-068-151), dehydrated

in a graded series of ethanol washes (30%, 50%, 70%, 95%, and 100%), embedded in paraffin wax, and sectioned at a 6 mm thick-

ness. Results are reflective of three independent experiments with at least three replicate wells per condition.

METHOD DETAILS

Tamoxifen delivery
Tamoxifen administration to P0 mice was performed by intraperitoneal injection of 20 mL of a 20mg/mL mixture of tamoxifen in

ethanol (10%) and corn oil (90%). Tamoxifen delivery to adults was performed by oral gavage at a dose of 200mg/kg for three consec-

utive days. All adult experiments were performed on 6-12 week old mice. A two week washout period was observed after the final

tamoxifen dose for all in vivo lineage tracing experiments.

EdU incorporation
EdU (Santa Cruz, catalog # sc-284628B) was dissolved in filtered H2O and given via intraperitoneal injection at a dose of 50mg/kg. P5

mice treated with EdU were harvested four hours after treatment. Adult mice were given EdU once per day for five consecutive days

from 9 to 13 dpi. EdU stainingwas performedwith theClick-iT EdU cell proliferation kit (Invitrogen, catalog #C10340) according to the

manufacturer’s instructions.

Influenza infection
PR8 H1N1 influenza was a kind gift from Dr. John Wherry at the University of Pennsylvania. Virus was diluted in cold PBS and 50uL

was delivered to anesthetized mice intranasally at a dose of approximately 1LD50 (determined experimentally based on delivery to

six to eight week old C57BL/6 female mice).

Histology, immunohistochemistry, and RNAscope
Lungs were harvested at a constant pressure of 25cm H2O and were fixed overnight at 4�C in 2% paraformaldehyde. Lungs were

washed, dehydrated, embedded, and sectioned as stated above for organoids. Hematoxylin and eosin (H&E) and Masson’s tri-

chrome staining were performed according to standard procedures. Immunohistochemistry was performed with the following anti-

bodies: Acta2 (mouse, Millipore Sigma, A5228, 1:200), Ager (Rage) (rat, R&D Systems, MAB1179, 1:50), cleaved Caspase 3 (rabbit,

Cell Signaling, 9664s, 1:50), Lamp3 (DC-Lamp) (rat, Novus, DDX0191P-100, 1:100), Cdh1 (E-Cadherin) (rabbit, Cell Signaling, 3195,

1:100), GFP (chicken, Aves Labs, GFP-1020, 1:200), Hopx (mouse, Santa Cruz, sc-398703, 1:100), Keratin 5 (Krt5) (rabbit, Abcam,

ab52635, 1:500), Ki67 (mouse, BD Biosciences, 550609, 1:200), Nkx2.1 (Ttf1) (rabbit, Santa Cruz, sc-13040, 1:50), Nkx2.1 (Ttf1)

(mouse, Thermo Fisher Scientific, MS-699-P1, 1:25), Pdpn (hamster, Developmental Studies Hybridoma Bank, 8.1.1, 1:100), and

Sftpc, (rabbit, Millipore Sigma, AB3786, 1:100). Slides were mounted in Vectashield Antifade Mounting Medium (Vector Laboratories

catalog # H-1000) or Slowfade Diamond Antifade Mountant (Invitrogen, catalog # S36972). Slowfade Diamond Antifade Mountant

was used to avoid the quenching action of Vectashield on Alexa Fluor 647 secondary antibodies. RNAscope was performed accord-

ing to the manufacturer’s instructions using the following probes: Mm-Fgf7-no-XHs (Catalog # 443521), Mm-Fgf10 (Catalog #

446371), Fgfr2-O1 (custom probe designed to bind specifically within the floxed region of Fgfr2flox allele). H&E, Masson’s trichrome,

and widefield fluorescence images in Figures S3C–S3E were acquired with either a Nikon Eclipse 80i or an EVOS FL Auto 2 Imaging

System. All other fluorescence images, including all images used for quantification, were captured using a Zeiss LSM 710 confocal

microscope.

Transmission Electron microscopy
Influenza infected lungs 34 dpi were digested as for the lung alveolar organoid assay and total Epcam+ cells were isolated using the

Dynabeads FlowComp Flexi Kit according to the manufacturer’s instructions. Briefly, a purified Epcam antibody (Rat, Thermo Fisher

Scientific, 14-5791-85) was biotinylated and incubated with digested lung tissue for 20 minutes at 4�C. The cells were subsequently

washed with FACS buffer and incubated with FlowCompDynabeads on a rotating platform for 15minutes at 4�C before being placed

on amagnetic stand. The cells were washedwith FACSbuffer, thenwere released from the beads by adding Release Buffer for 20mi-

nutes at 4�C. The magnetic beads were removed using the magnetic stand, and the cells were fixed in 2.5% glutaraldehyde, 2.0%
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paraformaldehyde in 0.1M sodium cacodylate buffer, pH 7.4 overnight at 4�C. Samples were washed, post-fixed in 2.0% osmium

tetroxide with 1.5% K3Fe(CN)6 for 1 hour at room temperature, and rinsed in dH2O. After dehydration through a graded acetone se-

ries, the samples were infiltrated and embedded in EMbed-812 (Electron Microscopy Sciences, Fort Washington, PA). Thin sections

were cut then stained with uranyl acetate and SATO lead and were subsequently imaged on a JEOL 1010 electron microscope fitted

with a Hamamatsu digital camera using AMT Advantage NanoSprint500 software.

QUANTIFICATION AND STATISTICAL ANALYSIS

Immunohistochemistry quantification
All image quantification was performed on confocal acquired z stack images through 6 mm thick tissue sections. For a given stain, at

least 200 cells or five confocal stacks taken at 40x magnification were used for quantification for each individual mouse.

Mean linear intercept
Morphometric analysis of mean linear intercept was performed on images acquired automatically from a scan of an entire lobe using

an EVOS FL Auto 2 Imaging System at 20x. Images were manually sorted to avoid large airways and vessels to concentrate analysis

on alveolar regions. At least seven images were randomly selected per mouse for analysis. Quantification was performed using

custom MATLAB software described previously (Paris et al., 2020; Obraztsova et al., 2020).

Organoid size and colony forming efficiency
Organoid images were captured using endogenous fluorescence on an EVOS FL Auto 2 Imaging System. Images were processed in

Fiji using simple thresholding, and were then binarized, subjected to dilation and erosion to remove background. To enable proper

visualization of whole organoids, images were subjected to the fill holes function followed by watershedding to prevent organoid

overlap. Organoids were then quantified in Fiji using the analyze particles function with a cutoff of 1000 mm2. Organoid areas

were pooled from three to four replicate wells per mouse to calculate average size per condition. Colony number was divided by

the number of input tdTomato+ cells to determine colony forming efficiency.

Lung damage assessment program
Our lung damage assessment program was developed to enable the direct comparison of similarly injured areas in tissue sections

from the same mouse and between different mice. We leveraged previous work from our lab where we identified and binned injured

regions by the level of morphological perturbation to develop an unbiased method of mapping the severity of damaged regions

across tissue sections (Zacharias et al., 2018). Our MATLAB software utilizes a K-means clustering algorithm to rank and sort points

on H&E slides according to staining intensity and density which varies with injury severity (Zacharias et al., 2018). We independently

sort all pixels from the tissue images into four clusters. We find that pixels are reproducibly well-sorted into clusters comprised of a

background component and three clusters that highly correlate with injury zones, as compared tomanual curation. To account for the

possibility of bias in the relative clustering of heterogeneously injured tissue into distinct clusters, an image of a single lobe is defined

as a means of comparison and each image is clustered together with that image. To further ensure reproducibility, sections from

whole lobes were tile-scanned using an EVOS FL Auto 2 Imaging System at 20x, and tissue sections were only compared if they

were acquired from the same slide and from a single imaging session to control for differences in acquisition settings or staining.

We are able to use the pixel-wise labeling of tissue to identify locations of overlap of clusters that correlate with the two most

damaged regions (false-colored in red and green, each region is displayed surrounded by a boundary line). We demarcate the areas

of maximal damage (red) as Severe zones, the areas of active morphological remodeling (green) asDamaged zones, and the homeo-

static appearing regions (blue) as Normal zones. Once the maps are generated, they are used to identify the corresponding zones on

immediately adjacent slides, stained for various markers of interest.

Alveolar area measurement
Alveolar area analysis was performed on z stack images of Pdpn stained slides captured using a Zeiss LSM 710 confocal micro-

scope. Maximum projections were created from these stacks in Fiji to produce 2D images with sharp alveolar boundaries. These

images were further processed in Fiji using simple thresholding. Images were then binarized, inverted, and subjected to dilation

and erosion to remove background. Quantification was performed in Fiji using the analyze particles function with a cutoff of

10 mm2 and a circularity cutoff of 0.2.

Statistics
All results are reported as mean ± SEM. Comparisons were made using two-tailed t tests with p% 0.05 considered significant. Sta-

tistical tests were conducted in Graphpad Prism8 software.
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Figure S1: Fgf signaling varies across injured areas, related to Figure 3. 
(A) RNA FISH demonstrating the enrichment of Fgf7 and Fgf10 in injured areas of the lung. 
Dashed white box indicates a non-morphologically perturbed region, dashed green box 
indicates a morphologically perturbed region (scale bar: 50 μm). (A’) Zoomed in view of the 
dashed white box region. (A’’) Zoomed in view of the dashed green box region.  
(B) RNA FISH for Fgfr2 and immunohistochemistry for the lineage marker EYFP, showing the 
loss of Fgfr2 in SftpcCreERT2;Fgfr2fl/fl;R26REYFP animals in both damaged and severe zones. 
Dashed white lines demarcate lineage labelled AT2 cells (scale bars: 50 μm).  
(C) Immunohistochemical staining for the lineage trace marker EYFP, KI67, and SFTPC in 
control and Fgfr2-deficient lungs in normal zones. Dashed white lines mark KI67+ lineage 
traced AT2 cells (scale bar: 50 μm).  
(D) Quantification of the percentage of KI67+ AT2 cells reveals no difference between control 
and mutant lungs.  
All quantification data are represented as mean ± SEM. Two-tailed t-test: ns: not significant, 
n=5-6 mice per group. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
Figure S2: Comparison of isolated Fgfr2-deficient and control AT2 cells treated with 
inflammatory cytokines, related to Figure 4. 
(A) Representative sort gates used to isolate AT2 cells using the SftpcCreERT2 driven R26RtdTomato 
reporter (SSC: side scatter; FSC: forward scatter).  
(B-D) Organoid size at 21 days of culture after 14 days of cytokine treatment.  
All quantification data are represented as mean ± SEM. Two-tailed t-tests: ns: not significant, 
n=3 mice per group. 
 
 
 
 
 
 
 



 
 
Figure S3: AT2-AT1 cell differentiation is rare in normal zones 14 dpi, related to Figure 5. 
(A) Immunohistochemical staining for the lineage trace marker EYFP, HOPX, and SFTPC in 
control and Fgfr2-deficient lungs in normal zones at 14 dpi. White dashed lines mark SFTPC+ 
lineage traced AT2 cells (scale bar: 50 μm).  
(B) Quantification reveals almost no lineage traced AT1 cells in normal zones and no difference 
between control and mutant lungs. 
(C) Masson’s trichrome staining of control and mutant lungs 28 dpi (scale bar: 100 μm).  
(D and E) Immunohistochemical staining of control and mutant lungs for ACTA2 and KRT5 28 
dpi (scale bars: 100 μm).  
All quantification data are represented as mean ± SEM. Two-tailed t-test: ns: not significant, 
n=5-6 mice per group. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
Figure S4: Analysis of binucleation of AT2 and AT2-derived AT1 cells 14 dpi, related to 
Figure 6. 
(A and B) Immunohistochemistry for CDH1 and LAMP3 at 14 dpi. Quantification shows the 
percentage of binucleated AT2 cells in damaged zones in Ect2-deficient and control lungs. 
Zoomed in regions marked by dashed white boxes and individual AT2 cell nuclei marked by 
dashed white circles. Quantification shows the percentage of binucleated AT2 cells in control 
versus mutant lungs (scale bar: 50 μm).  
(C and D) Immunohistochemistry for HOPX and AGER at 14 dpi. Quantification shows the 
percentage of binucleated AT1 cells in damaged zones in Ect2-deficient and control lungs. 
Zoomed in regions marked by dashed white boxes, yellow arrow indicates binucleated AT1 cell, 
and individual AT1 cell nuclei marked by dashed yellow circles. Quantification shows the 
percentage of binucleated AT1 cells in control versus mutant lungs (scale bar: 50 μm).  
(E and F) Immunohistochemistry for the lineage marker EYFP, CDH1, and LAMP3 in Ect2-
deficient lungs at 28 dpi in (E) normal and (F) severe zones. Zoomed in regions marked by 
dashed white boxes and individual AT2 cell nuclei marked by dashed white circles (scale bars: 
50 μm).  
All quantification data are represented as mean ± SEM. Two-tailed t-tests: **** P ≤ 0.0001, n=3 
mice per group. 
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