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SUMMARY
Idiopathic pulmonary fibrosis is a common form of interstitial lung disease resulting in alveolar remodeling and progressive loss of

pulmonary function because of chronic alveolar injury and failure to regenerate the respiratory epithelium.Histologically, fibrotic lesions

and honeycomb structures expressing atypical proximal airway epithelialmarkers replace alveolar structures, the latter normally lined by

alveolar type 1 (AT1) andAT2 cells. Bronchial epithelial stemcells (BESCs) can give rise to AT2 andAT1 cells or honeycomb cysts following

bleomycin-mediated lung injury. However, little is known about what controls this binary decision or whether this decision can be

reversed. Here we report that inactivation of Fgfr2b in BESCs impairs their contribution to both alveolar epithelial regeneration and

honeycomb cysts after bleomycin injury. By contrast overexpression of Fgf10 in BESCs enhances fibrosis resolution by favoring the

more desirable outcome of alveolar epithelial regeneration over the development of pathologic honeycomb cysts.
INTRODUCTION

Idiopathic pulmonary fibrosis (IPF) is a common form of

interstitial lung disease resulting in alveolar remodeling

and progressive loss of pulmonary function, respiratory

failure, and death, often within 5 years of diagnosis (King

et al., 2011; Steele and Schwartz, 2013). IPF pathogenesis

encompasses fibrotic remodeling, inflammation, and loss

of lung architecture (Barkauskas and Noble, 2014).

Although the underlying causes of IPF remain elusive,

genetic, and experimental evidence support the concept

that chronic alveolar injury and failure to properly repair

the respiratory epithelium represent key pathogenic mech-

anisms (Camelo et al., 2014; Thannickal et al., 2004; Yang

et al., 2013). Histologically, respiratory epithelial cells of

the lung parenchyma express atypical proximal airway

epithelial and indeterminate cell-type markers (Plantier

et al., 2011; Seibold et al., 2013), including goblet and basal

cell (BC) characteristics that are normally restricted to

conducting airways. Fibrotic lesions and bronchiolized or

honeycomb structures replace alveolar structures, the latter

normally lined by alveolar type 1 (AT1) and AT2 cells.

Genome-wide transcriptome analyses of lung tissue and

isolated epithelial cells from IPF patients demonstrate dra-

matic changes in ciliated, basal, and goblet cell-associated
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gene expression and loss of normal alveolar epithelial cells,

reflecting profound changes in epithelial cell differentia-

tion and function in IPF (Kropski et al., 2015; Seibold

et al., 2013; Xu et al., 2016).

It is now generally accepted that insults to the alveolar

epithelium, resulting in a loss of AT2 stem cells ormutations

in alveolar epithelial cells that either impair their self-

renewal and/or impair their differentiation into AT1 cells,

can serve as a trigger of pulmonary fibrosis (Barkauskas and

Noble, 2014). However, functional abnormalities in bron-

chiolar epithelial cells (and not just alveolar epithelial cells)

can predispose patients to development of IPF. A gain-of-

function mutation in mucin 5B (MUC5B), which is specif-

ically expressed by club, mucous, and goblet cells (Evans

et al., 2004; Ostedgaard et al., 2017; Roy et al., 2011, 2014),

andwhich results ina30-fold increase inMUC5B expression,

is associatedwith increased riskof both familial and sporadic

IPF (Seibold et al., 2011; Zhang et al., 2011). Overexpression

ofMuc5b also causesmucociliary dysfunction and enhances

lung fibrosis in mice (Hancock et al., 2018). The precise

mechanism by which this genetic variant leads to fibrosis

is unknown, but one possibility is that trapped harmful

agents cause damage to this stem cell population and there-

fore affect bronchial epithelial-mediated alveolar epithelial

regeneration (Li et al., 2012; Roy et al., 2014).
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Several studies have shown that subsets of SCGB1A1+

bronchial epithelial club cells can give rise to AT1 and

AT2 cells following bleomycin-mediated lung injury, yet

these findings remain somewhat controversial in the field

largely because of the reliance on single CreER(T2) lines

(Barkauskas et al., 2013; Guha et al., 2017; Kim et al.,

2005; Kumar et al., 2011; Lee et al., 2014; McQualter

et al., 2010; Rock et al., 2011; Zheng et al., 2012, 2013).

In the mouse bleomycin model, �50% of new AT2 cells

which appear after bleomycin injury are thought to be

derived from subsets of bronchial epithelial cells, whereas

�40% are thought to be derived from pre-existing AT2 cells

(Barkauskas et al., 2013). However, the contribution of each

stem cell population largely depends on the severity of the

injury. p63+/Scgb1a1+/Sox2+ bronchial epithelial stem cell

(BESCs) have been shown to invade the lung parenchyma

after severe influenza-mediated lung injury and give rise

to neo-BCs in response toHIF1a-mediatedNotch signaling,

or AT2 cells in response to increased b-catenin signaling

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

2015; Xi et al., 2017; Yang et al., 2018; Zuo et al., 2015).

Whether these cells respond in a similar fashion to other

types of injury such as bleomycin injury has not yet been

investigated. BESCs are thought to be a reserve stem cell

population that helps in regeneration of the alveolar

epithelium when most AT2 stem cells have been ex-

hausted. However, in IPF it appears that this backup repair

mechanism is severely impaired, resulting instead in the

development of bronchiolized regions in the lung paren-

chyma lined with BCs that are referred to as ‘‘honeycomb

cysts.’’

We have previously shown that FGFR2B signaling is

required for tracheal BC maintenance and that Fgf10

overexpression can induce p63 (BC marker) and SFTPC

(AT2 cell marker) expression in club cells (Balasooriya

et al., 2017; Volckaert et al., 2013, 2017). Importantly,

FGF10 levels are reduced in lungs from aged mice before

and after injury as well as in IPF subjects with progressive

compared with stable disease (Chanda et al., 2016). In

addition, we previously demonstrated that Fgf10-ex-

pressing lipofibroblasts (LIFs), which form the AT2 stem

cell niche, differentiate into myofibroblasts upon bleo-

mycin injury (El Agha et al., 2017). In the present study,

we demonstrate that FGF10-FGFR2B signaling also

actively maintains AT2 stem cells. We now demonstrate,

using single-cell RNA sequencing (RNA-seq), that these

Fgf10-expressing fibroblasts downregulate Fgf10 expres-

sion upon injury. Furthermore, we show that loss of

FGF10-FGFR2B signaling in bronchial epithelial cells

impairs the generation of both neo-BCs and alveolar

epithelial (AT1 and AT2) cells after bleomycin injury.

By contrast, Fgf10 overexpression in bronchial epithelial

cells promotes their differentiation along the AT2 lineage
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rather than the BC lineage after injury. Taken together,

our findings suggest that reduced levels of Fgf10 compro-

mise alveolar epithelial regeneration by BESCs and we

demonstrate that exogenous FGF10 can promote the dif-

ferentiation of BESCs along more desirable reparative

alveolar epithelial lineages.
RESULTS

FGF10-FGFR2B Signaling Is Required for Maintaining

AT2 Cells

We have recently shown that FGF10-FGFR2B signaling

drives BC development and is also required for adult BC

maintenance (Volckaert et al., 2013, 2017). However,

BCs are not the only stem cell population that depends

on an Fgf10-expressing niche in the adult lung. In the

adult lung, every AT2 cell sits adjacent to an Fgf10-

expressing LIF, which forms the AT2 stem cell niche (Fig-

ures 1A and 1B). However, these Fgf10-expressing AT2

niche cells differentiate into myofibroblasts upon bleo-

mycin injury (Figures 1C and 1D) (El Agha et al., 2017).

Interestingly, while lung FGF10 levels increase after bleo-

mycin injury, it is unclear whether this increase is caused

by an increase in the number of Fgf10-expressing fibro-

blasts or whether individual fibroblasts express more

Fgf10. To investigate this question, we reanalyzed single-

cell RNA-seq data on isolated EPCAM�CD31�CD45� stro-

mal cells from uninjured or injured aSMA-GFP;Tbx4-

Cre;Rosa26-tdTomato lungs 3 weeks after bleomycin

treatment (Xie et al., 2018). We found that individual

Fgf10-expressing stromal cells expressed lower levels of

Fgf10 in injured compared with uninjured lungs (Fig-

ure 1E), but that the total number of Fgf10-expressing fi-

broblasts increased after injury. Interestingly, haploinsuf-

ficiency for FGF10 has been linked to the development of

emphysema in humans (Klar et al., 2011) suggesting that

tonic FGF10 signaling may not only be required for BCs

but also for AT2 cell maintenance. As each AT2 cell is

closely juxtaposed to an Fgf10-expressing LIF (Figures 1A

and 1B), we hypothesized that AT2 stem cells require

high local levels of FGF10 for their maintenance.

To investigate this we inactivated the FGF10 receptor,

Fgfr2b, in mature AT2 cells of adult SftpcCreERT2;Fgfr2bf/f;

mTmG mice and found that this resulted in a nearly com-

plete loss of AT2 cells (Figure 1F) and have a reduced

capacity to regenerate alveolar epithelium after bleomycin

injury (Figure 1G) (note that Cre activity before and

after tamoxifen treatment of all the different mouse lines

used in this manuscript is documented in Figures S1 and

S2). In conclusion, our data demonstrate that FGFR2B

signaling is required to actively maintain AT2 and BCs

during adult life.



Figure 1. Fgf10-Fgfr2b Signaling Is
Required for AT2 Stem Cell Maintenance
(A) b-Gal (blue) and oil red (LIF marker)
staining on frozen sections of 3-month-old
Fgf10LacZ lungs shows that LIFs express Fgf10.
(B) b-Gal (blue) and immunostaining
for SFTPC (brown) on paraffin sections of
3-month-old Fgf10LacZ lungs shows LIFs
located adjacent to AT2 cells.
(C and D) b-Gal and eosin staining on
Fgf10LacZ lungs 21 days after saline (C) and
bleomycin treatment (D). Inset in (D) shows
coimmunostaining for a-SMA (MYF marker)
and b-gal (FGF10), demonstrating that LIFs
transdifferentiate into MYFs after bleomycin
injury.
(E) Single-cell RNA-seq analysis on GFP+,
EPCAM�, CD45�, TER119� sorted fibroblasts
isolated from Tbx4CreERT2;mTmG mice show
fewer LIFs expressing higher levels of Fgf10
in noninjured lungs compared with lungs
3 weeks after bleomycin injury.
(F) Immunostaining for GFP and SFTPC
(AT2 cell) on SftpcCreERT2;mTmG and
SftpcCreERT2;Fgfr2bf/f;mTmG lungs 4 weeks
after being placed on tamoxifen chow.
(G) Immunostaining for GFP (AT2 cell and
descendant) on SftpcCreERT2;mTmG and
SftpcCreERT2;Fgfr2bf/f;mTmG lungs 6 weeks
after bleomycin treatment.
Scale bars, 10mm(A), 100mm(C), 50mm,and
(F) 500 mm (G).
FGF10-FGFR2B Signaling in Bronchial Epithelium

Generates Neo-Basal andAlveolar Epithelial Cells after

Bleomycin Injury

We recently reported that overexpression of Fgf10 is suffi-

cient to induce the expression of basal and AT2 cellmarkers

in club cells (Volckaert et al., 2017). The dependence of

both BCs and AT2 cells on FGF10-FGFR2B signaling raises

the question of whether different levels of FGF10-FGFR2B

signaling in bronchial epithelial cells may be required for

alveolar epithelial regeneration versus BC expansion that

leads to distal bronchiolization and generation of honey-

comb cysts after bleomycin injury. To investigate this, we

inactivated Fgfr2b in all bronchial epithelial cells using

Sox2CreERT2;Fgfr2bf/f mice or in club cells specifically using

Scgb1a1CreERT2;Fgfr2bf/f mice while simultaneously lineage

tracing them with an mTmG or Confetti reporter. Our

data suggest that both alveolar epithelial regeneration

and the generation of neo-BCs at sites of injury is impaired

in these mice (Figures 2A, 2C–2L, and S3A–S3E). This inca-

pacity of BESCs to invade the lung parenchyma after bleo-

mycin injury resulted in large holes near the BADJ of

injured mutant lungs (Figure S3E). Inactivation of Fgf10
in the stromal niche, airway smooth muscle cells (ASMCs)

and myofibroblasts, using Acta2CreERT2;Fgf10f/f mice, also

blocks the generation of neo-BCs at the site of injury

(Figures 2A, 2C, 2J, and 2K). Furthermore, we find a signif-

icant reduction in lung compliance 5–6 weeks after

bleomycin injury in both Scgb1a1CreERT2;Fgfr2bf/f and

Acta2CreERT2;Fgf10f/f mice compared with control litter-

mates (Figures 2I, 2M, and S3E), indicating an impaired res-

olution of pulmonary fibrosis.

To verify that bronchial epithelial cells give rise to bona

fide BCs and alveolar epithelial cells we performed single-

cell transcriptome analysis on lineage-traced GFP+, Toma-

to�, CD45�, and TER119� isolated cells from uninjured

and bleomycin injured Sox2CreERT2;mTmG lungs, which

were treated with tamoxifen food for 3 weeks followed by

a 2-month washout period. We identified GFP+ tuftt, hill-

ock, ionocyte, club, goblet, neuroendocrine, UPK3a, and

ciliated cells in both uninjured and injured lungs, yet only

found basal, AT2 and AT1 cells in injured Sox2CreERT2;mTmG

lungs (Figure 3). A heatmap for gene expression levels of the

latter three cell types clearly shows segregation and enrich-

ment for classical basal, AT2, and AT1 cell markers in each
Stem Cell Reports j Vol. 12 j 1041–1055 j May 14, 2019 1043
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population, indicating that bronchial epithelial cells give

rise to bona fide basal, AT2, and AT1 cells after bleomycin

injury. Intriguingly, we found that AT2 cells express higher

levels of Fgfr2 than BCs suggesting a stronger dependence

on FGF10 signaling. Unexpectedly, injured lungs also

featured a distinct de novo previously undescribed ciliated

cell population, which was Gfp+, Sox2+, Foxj1+, but Epcam�

and E-cadherin� (Cdh1). Together, our data demonstrate

for the first time, to our knowledge, the crucial contribution

of BESCs to alveolar epithelial regeneration and the resolu-

tion of pulmonary fibrosis after bleomycin injury, suggest-

ing that BESCs may not merely be considered as a reserve

stem cell population.

Overexpression of Fgf10 in Bronchial Epithelium

Promotes the Generation of AT2 Cells over BCs

As our data suggest that FGF10-FGFR2B signaling is

involved in BC generation and bronchiolization, as well

as in alveolar epithelial regeneration, we questioned if the

fate decision to either BCs or AT2 cells might depend on

FGF10-FGFR2B signal strength. To investigate whether

increased FGF10 signaling specifically in bronchial epithe-

lial cells but not AT2 cells, promotes alveolar epithelial

regeneration instead of bronchiolization, we generated

Sox2CreERT2;Rosa26-LSL-rtTA;Tet-Fgf10 mice, in which we

can inducibly overexpress Fgf10 specifically in bronchial

epithelial cells and their descendants by placing mice on

doxycycline chow. We found that overexpressing Fgf10 in

BESCs for 3 weeks starting 2 weeks after bleomycin injury

pushed BESCs along the AT2 cell lineage (Figure 4A) result-
Figure 2. Distal Bronchial Epithelial Cells Reprogram into Neo
Fgf10-Fgfr2b Signaling
(A) Experimental strategy of (C, J, and K).
(B) Western blotting for FGF10 on wild-type (wt) saline-treated lung
(C) Immunostaining on ctrl, Sox2-Fgfr2bf/f, and Acta2-Fgf10f/f lung
bleomycin injury.
(D) Immunostaining on Sox2-mTmG and Sox2-Fgfr2bf/f-mTmG lungs
bleomycin injury.
(E) Experimental strategy of (D and F–H).
(F) Immunostaining on Scgb1a1ER-Confetti lung for K5 (red), SCGB1A1
after bleomycin injury. White arrowheads show K14, p63, and G/Y/
airway club cells into neo-BCs.
(G) Immunostaining on Scgb1a1ER-Fgfr2bf/f-Confetti lung for Scgb1
(green), showing no basal cells near injury.
(H) Immunostaining on Scgb1a1ER-Confetti and Scgb1a1ER-Fgfr2bf/f-C
Y/CFP (green) (RFP and G/Y/CFP label the four different confetti clon
(I) Flexivent pulmonary function analysis (static compliance) on ctrl
(J) Relative mRNA levels of K5 and p63 in ctrl, Sox2-Fgfr2bf/f, and Ac
(K) Quantification of BC numbers in ctrl, Sox2-Fgfr2bf/f, and Acta2-Fg
(L) qPCR of relative mRNA levels of K5 and p63 in ctrl and Scgb1a1ER
(M) Flexivent pulmonary function analysis (static compliance) on c
Nuclei were stained with DAPI (blue).
**p < 0.01, *p < 0.05; nR 14; error bars mean ± SEM. Scale bars, 100
ing in a significant reduction in neo-BCs (Figure 4D). We

further hypothesized that these new AT2 cells would differ-

entiate into AT1 cells once Fgf10 induction is terminated.

To investigate this, we overexpressed Fgf10 in BESCs for

3 weeks starting 2 weeks after bleomycin injury and har-

vested the lungs 1 week after Fgf10 induction was stopped

(i.e., 6 weeks after bleomycin injury). Our findings indeed

showed that bronchial epithelial cells acquire an AT2 fate

as long as Fgf10 is overexpressed (Figure 4A). However,

once Fgf10 expression was stopped, some of the new AT2

cells spontaneouslydifferentiated intoAT1cells (Figure4B).

Thus, our data highlight the importance of a strict tempo-

rally regulated regimen of Fgf10 induction and suggest that

FGF10 could be exploited as a novel therapeutic approach

to promote alveolar epithelial regeneration in IPF patients

by quickly and transiently boosting their endogenous

stem cell population. Interestingly, our findings also sug-

gest that overexpression of Fgf10 results in a decrease in

collagen deposition as measured by hydroxyproline levels

(Figure 4C), and a significant reduction in neo-BCs (Fig-

ure 4D). These data are consistent with the idea that fibrosis

is a wound-healing response that occurs when epithelial

stem cells are exhausted.

Neo-BCs Exhibit Indeterminate States of

Differentiation

Our findings suggest that FGF10-FGFR2B signaling in distal

airway SCGB1A1+ cells drives both alveolar epithelial

regeneration and bronchiolization following bleomycin

injury. These findings further suggest the possibility that
-BCs and AT1/2 Cells upon Bleomycin Injury in Response to

s and wt lungs 3 and 6 weeks after bleomycin injury.
s for SCGB1A1 (green) and keratin 5 (K5) (red) at 3 weeks after

for SFTPC (white), RAGE (red), and GFP (green) at 6 weeks after

(white), or K14 (red), p63 (white), and G/Y/CFP (green) at 6 weeks
CFP triple-positive cells, indicating the dedifferentiation of distal

a1ER-Confetti lung for K5 (red), SCGB1A1 (white), and G/Y/CFP

onfetti lungs for SFTPC (red), or RAGE (red) and RFP (white) and G/
e cells) at 6 weeks after bleomycin injury.
and Scgb1a1ER-Fgfr2bf/f lungs 6 weeks after bleomycin injury.
ta2-Fgf10f/f lungs 3 and 6 weeks after bleomycin injury.
f10f/f lungs at 3 weeks after bleomycin injury.
-Fgfr2bf/f lungs 6 weeks after bleomycin injury.
trl and Acta2CreERT2-Fgfr10f/f lungs 5 weeks after bleomycin injury.

mm (C and H), 200 mm (F, left and G), 20 mm (F, right), 250 mm (D).
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Figure 3. Single-Cell RNA-Seq Analysis of
Lineage-Traced Sox2CreERT2;mTmG Cells 6
Weeksafter SalineorBleomycinTreatment
t-SNE plots show neuroendocrine cells, cili-
ated cells, hillock cells, tuft cells, ionocytes
(IO), distal and proximal club cells, goblet
cells, UPK3A cells, AT2, AT1, and BCs. Heat-
maps show differential gene expression
between the different subpopulations and/or
AT1, AT2, and neo-BCs specifically high-
lighting cell-type signatures among both
injured and uninjured lungs.
some bronchial epithelial cells may initially, transiently

reprogram into neo-BCs before giving rise to alveolar

epithelial cells. Interestingly, recent single-cell transcrip-

tome analyses show that individual epithelial cells within

bronchiolized honeycomb regions of IPF lungs frequently

co-express AT1, AT2, basal, and other conducting airway

selective markers, and even mesenchymal or epithelial-

mesenchymal transition (EMT) markers, demonstrating

‘‘indeterminate’’ states of differentiation not seen during

normal lung development or homeostasis (Gokey et al.,

2018; Xu et al., 2016). Our data also suggest that some of

the neo-BCs in bronchiolized regions in IPF ormouse lungs

after bleomycin injury co-express basal (p63), and AT2 cell

(SFTPC) markers or mesenchymal (alpha smooth muscle
1046 Stem Cell Reports j Vol. 12 j 1041–1055 j May 14, 2019
actin [a-SMA]) markers indicating

that the same indeterminate states of

differentiation observed in IPF also

occur in mice after bleomycin injury

(Figures 4E–4H and S4C).

It could be argued that these neo-

BCs are derived from (broncho-alve-

olar stem cells [BASCs]) (Kim et al.,

2005), which are club cells that

co-express SCGB1A1+ and SFTPC+.

To explore this possibility we line-

age-labeled AT2 cells and BASCs

using an SftpcCreERT2;mTmG mouse

line. We found that labeling the

BASCs required high doses of tamox-

ifen, likely because Sftpc expression

is lower in these cells than in AT2

cells. With lower doses of tamoxifen

administration only AT2 cells were

labeled (Figures S4A and S4B). Inter-

estingly, we found that, when only

AT2 cells were labeled before bleomy-

cin injury, none of the neo-BCs that

arose after injury were GFP+ (Fig-

ure S4A). However, when BASCs
were labeled before injury neo-BCs were also lineage

labeled (Figures 4I and 4J). Note that the lineage-labeled

cells are SCGB1A1+ and K5+.

Our data further suggest that some neo-BCs that appear

after bleomycin injury transiently express the mesen-

chymal marker a-SMA (Figure 4H) approximately 2 weeks

after injury. This is indicative of a partial EMT-like migra-

tory phenotype, and is remarkably similar to myoepithe-

lial cells, a stem cell population located in the submucosal

glands (Anderson et al., 2017; Lynch et al., 2016; Volck-

aert and De Langhe, 2014), which also co-express BC

(K5, p63) and mesenchymal markers (a-SMA) (Lynch

et al., 2018; Tata et al., 2018). Interestingly, we previously

reported how FGF10-FGFR2B signaling induces a partial



Figure 4. Overexpression of Fgf10 in Bronchial Epithelial Cells after Bleomycin Injury Promotes AT2 Cell Differentiation
(A and B) Coimmunostaining for RAGE (AT1 cell) and/or SFTPC (AT2 cell) on Sox2CreERT2;LSL-rtTa;Tet-Fgf10 lungs that received intratracheal
bleomycin at 2 months of age and were placed on doxycycline-containing chow 2 weeks after bleomycin injury for 3 weeks and were
harvested either at 5 (A) or 6 (B) weeks after injury.
(C) Hydroxyproline measurements for collagen content in ctrl and Sox2CreERT2; LSL-rtTa;Tet-Fgf10 mice 6 weeks after bleomycin
injury (n R 15).
(D) Relative mRNA levels of K5, p63 in ctrl and Sox2CreERT2;LSL-rtTa;Tet-Fgf10 mice 6 weeks after bleomycin injury (n R 15).
(E–J) Coimmunostaining for SFTPC (green) and p63 (red) (E and F) or a-SMA (green) and K5 (red) and (G and H) on honeycomb
regions in lungs from IPF patients and mouse lungs 18 days after bleomycin injury. White arrowheads (E and F) show SFTPC and p63
double-positive cells. (I and J) Immunostaining on SftpcCreERT2;mTmG lungs for SCGB1A1 (red) or K5 (red) and GFP (green) at 3 weeks
after bleomycin injury. Nuclei were stained with DAPI (blue). White arrowheads (H) show a-SMA (green) and K5 (red) double-
positive cells.
*p < 0.05; n R 14; error bars mean ± SEM. Scale bars, 500 mm (A and B), 100 mm (G and H), and 50 mm (E, F, I, and J).
EMT-like phenotype in a subset of club cells that drive

airway epithelial regeneration after naphthalene injury

(Volckaert et al., 2011). While single-cell transcriptomics

has identified a population of indeterminate epithelial

cells with mesenchymal traits in IPF lungs (Xu et al.,

2016), we have not yet been able to visualize K5+

a-SMA+ double-positive cells in IPF lungs (Figure 4G).

This suggests the possible transient nature of these

‘‘elusive’’ cells, which may be more abundant during the

early stages of disease.
FGFR2B Signaling Is Required for Neo-BCs to

Differentiate into AT2 Cells during the Resolution of

Bleomycin IPF

To investigate the possibility that some neo-BCs might be

able to differentiate into alveolar epithelial cells during

the resolution of bleomycin-mediated injury in mice, we

lineage-traced neo-BCs after bleomycin injury using

Krt5CreERT2;mTmGmice (with tamoxifen treatment starting

at 17 days after bleomycin injury; because the first neo-BCs

only appear 14 days after injury). When we followed the
Stem Cell Reports j Vol. 12 j 1041–1055 j May 14, 2019 1047



Figure 5. Neo-BCs Require Fgfr2b Signaling for their Maintenance
(A) Experimental strategy of (B). Induction with tamoxifen was performed at days 17, 19, and 21 after bleomycin injury.
(B and C) Immunostaining on Krt5-mTmG lungs and Krt5-Fgfr2bf/f-mTmG lungs to localize keratin 5 (K5) (red), SCGB1A1 (white), and GFP
(green) (left) at 4 (B) or 8 weeks (C) after bleomycin injury. White arrowheads (B and C) show K5 (red) positive and SCGB1A1 (white)
negative cells. Nuclei were stained with DAPI (blue). Scale bars, 100 mm (B and C).
fate of these cells to 11 days or 4 weeks after bleomycin

injury, we found that �65% of the GFP-labeled cells were

still positive for KRT5 and p63; however, �35% of GFP-

labeled cells no longer expressed these BC markers. Inter-

estingly, we found that, at 4 weeks after bleomycin injury,

�13% of GFP+ cells were positive for the AT1 cell marker

RAGE, whereas about �4% stained positive for SFTPC, an

AT2 cell marker (Figures 5A, 5B, and 6A–6C). Intriguingly,

we also found that �81% of GFP+ cells were positive for

SCGB1A1, a club cell marker (Figures 5A, 5B, and 6A–6C),

again indicating that neo-BCs that appear after bleomycin

injury are derived from Sox2+/Scgba1a1+ bronchial epithe-

lial cells or that these BCs also give rise to club cells. As

fibrosis resolution is not complete by 4 weeks after bleomy-

cin injury, we lineage traced these cells until 8 weeks after

injury. At 8 weeks after bleomycin injury, only �35% of

GFP+ cells still expressed BC markers, whereas �28% of

GFP+ cells had differentiated into RAGE+ AT1 cells, and

�9% had differentiated in SFTPC+ AT2 cells (Figures 5A,

5C, 6A–6C, and S5). Interestingly, �49% of GFP+ cells

stained for SCGB1A1 at 8 weeks after bleomycin injury.

A time course of BC abundance after bleomycin injury

further indicated that neo-BCs first appeared in the paren-
1048 Stem Cell Reports j Vol. 12 j 1041–1055 j May 14, 2019
chyma around 2weeks after injury (not shown) and peaked

at around 4–6 weeks after injury after which their numbers

slowly declined (Figure 6D). However, when total lung Gfp

expression levels were measured we observed a trend

toward increasedGfp levels (and GFP+ cells) at 8 weeks after

bleomycin injury compared with 4 weeks after bleomycin

injury (Figure 6E) suggesting that the lineage-labeled neo-

BCs can differentiate and that their offspring persists,

contributing to alveolar epithelial regeneration.

We next hypothesized that FGF10-FGFR2B signaling

could also be required for the maintenance of these neo-

BCs after bleomycin injury as well as their subsequent dif-

ferentiation into AT1 and AT2 cells. To investigate this we

inactivated Fgfr2b in bleomycin injury-induced neo-BCs

using Krt5CreERT2;Fgfr2bf/f;Rosa26mTmG mice. Interestingly,

these mice die around 30 days after bleomycin injury or

13 days after inactivation of FGFR2B. By 4 weeks after

injury we found a strong reduction in Krt5 and p63 expres-

sion, suggesting decreased BCs, but not in lineage-labeled

Gfp expression, suggesting that FGFR2B signaling is also

required for neo-BCmaintenance (Figure 6E). Consistently,

we found that at 4 weeks after bleomycin injury, only

�39% of the GFP-labeled cells in Krt5-Fgfr2bf/f-mTmG lungs
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remain positive for KRT5, whereas �21% of GFP+ cells

differentiated into RAGE+ AT1 cells, while none of the

GFP+ cells had differentiated into AT2 cells (Figures 6A–

6C). The lack of AT2 cell differentiation is consistent with

a requirement for FGF10-FGFR2B signaling in AT2 cell

maintenance (Figure 1F). Interestingly, similar to control

mice,�82%ofGFP-labeled cells were positive for SCGB1A1

(Figures 5A, 5B, and 6A–6C). Furthermore, pulmonary

function testing indicated that Krt5CreERT2;Fgfr2bf/f;mTmG

mice, whereby we effectively inactivated Fgfr2b in neo-

BCs after bleomycin injury, showed a significant reduction

in static lung compliance compared with control mice

4 weeks after bleomycin injury, suggestive of impaired res-

olution of pulmonary fibrosis (Figure 6F). These data, there-

fore, suggest that neo-BCs play a regenerative role

following lung injury, by slowly giving rise to AT1 and

AT2 cells and that FGFR2B signaling is required for their

maintenance and proper differentiation.

In summary, our data suggest that FGF10-FGFR2B

signaling drives the reprogramming of p63+/Scgb1a1+/

Sox2+ BESCs in the distal airway into neo-BCs after bleomy-

cin injury and their further differentiation into AT1 and

AT2 cells. When FGF10-FGFR2B signaling is inhibited

before injury, neo-BCs are not generated, leaving behind

large cystic structures arising as a result of impaired alveolar

epithelial regeneration by conducting airway epithelium

(Figure S3E). Our data also suggest that FGF10-FGFR2B

signaling is required for the maintenance of these injury-

induced neo-BCs, some of which differentiate back into

club cells or slowly give rise to AT1 but not AT2 cells

when FGF10-FGFR2B signaling is abrogated.

Translation Significance of FGF10 Signaling inHuman

IPF Lung Slices in which FGF10 Promotes the

Differentiation of BCs in Honeycomb Cysts along the

AT2 Lineage

Based on our findings inmice we further validated a role for

FGF10 signaling in the reprogramming of BCs within hon-

eycomb cysts in IPF tissue along the AT2 cell lineage. To

assess the potential for FGF10 to reprogram the BCs in the

honeycomb cysts of IPF patients into AT2 cells we cultured
Figure 6. BCs that Appear through Reprogramming of Scgb1a1+

Maintenance and to Differentiate into Alveolar Epithelial Cells
(A) Experimental strategy of (B–F). Tamoxifen induction was perform
(B) Immunostaining on Krt5-mTmG lungs and Krt5-Fgfr2bf/f-mTmG lung
(green) (middle) or SFTPC (red) and GFP (green) (right) at 4 and/or 8
(white), and GFP (green) triple-positive cells.
(C) Quantification of the distribution of GFP+ cells in (B).
(D) Relative mRNA levels of K5 and p63 at 3, 4, 6, 8, and 12 weeks a
(E) Relative mRNA levels of K5, p63, and Gfp in control and Krt5-Fgfr2
(F) Flexivent pulmonary function analysis measured static compliance
Nuclei were stained with DAPI (blue). **p < 0.01, *p < 0.05; n R 14
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live precision cut IPF lung slices in the presence or absence

of FGF10. Treatment with FGF10 resulted in a �1.6-fold in

CK5� HTII-280+ AT2 cells and a 1.5-fold increase in CK5+

HTII-280+ double-positive cells versus a 13% decrease in

CK5+ HTII-280� BCs after FGF10 treatment, supporting

the concept that FGF10 signaling can push BCs in IPF tissue

along the AT2 cell lineage (Figure 7A).
DISCUSSION

The major finding of our study is that upon acute bleomy-

cin-mediated lung injury, FGF10-FGFR2B signaling gener-

ates BCs and drives alveolar epithelial regeneration by

BESCs to promote the resolution of pulmonary fibrosis (Fig-

ures 7B and 7C). Upon airway epithelial injury, ASMCs,

which wrap the conducting airways, as well as myofibro-

blasts, are activated and release FGF10 to become an

injury-induced stem/progenitor cell niche. FGF10 from

the stromal niche drives the dedifferentiation of distal

airway club cells into neo-BCs and alveolar epithelial cells.

Interestingly our data suggest that FGF10/FGFR2B

signaling is necessary to maintain and amplify the pool

of neo-BCs and that it is critical to drive their differentia-

tion into AT2 cells, whereas in the absence of FGFR2B

signaling these neo-BCs primarily give rise to AT1 cells.

This is consistent with our findings that FGF10-FGFR2B

signaling is essential for AT2 stem cell maintenance.

Our lineage-tracing data argue that the inductionof Fgf10

expression by the stromal niche allows for the dedifferenti-

ation of a subset of distal airway club cells. As such, we

found that basal stem/progenitor cells were lineage labeled

within each clonal expansion and dispersal of labeled club

daughter cells into the alveoli of Scgb1a1CreER;Confetti lungs.

In addition, when neo-BCs were lineage tagged after bleo-

mycin injury using Krt5-mTmG mice, �80% were found

to co-express the club cellmarker SCGB1A1. These findings

are consistent with recent reports (Yang et al., 2018).

Our finding that FGF10-FGFR2B signaling is critical for

club cell dedifferentiation and subsequent differentiation

into alveolar epithelial cells allowed us for the first time
Cells after Bleomycin Injury Require Fgfr2b Signaling for their

ed on days 17, 19, and 21 after bleomycin injury.
s for p63 (red), K5 (white), and GFP (green) or RAGE (red) and GFP
weeks after bleomycin injury. White arrowheads show p63 (red), K5

fter bleomycin injury showing time course of BC abundance.
bf/f lungs at 4 weeks after bleomycin injury.
on control and Krt5-Fgfr2bf/f lungs at 4 weeks after bleomycin injury.
; error bars mean ± SEM. Scale bars, 50 mm (B).
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to investigate the importance of these distal airway club

cells or BASCs (Kim et al., 2005) in alveolar epithelial regen-

eration. Our data suggest for the first time that under

normal conditions BESCs do play an essential role in alve-

olar epithelial regeneration. This is particularly intriguing

because these cells are also the source of Muc5b, which

has been associated with the development of pulmonary

fibrosis (Nakano et al., 2016; Seibold et al., 2011).

With age, Fgf10 expression goes down and our data

strongly suggest that in young lungs FGF10-FGFR2B

signaling drives the reprogramming of bronchial epithelial

cells into alveolar epithelial cells, and that FGF10 treatment

can possibly helpmisguided BCs in honeycomb cysts in IPF

tissue along the right path. However, we believe that this

process does not take place in patients with IPF likely

because Fgf10 expression goes down with age. It is to be

hoped that these novel findings will result in new thera-

peutic options for the treatment of IPF.

Finally, the bleomycin mouse model for modeling

human IPF has its pros and cons. For a long time, themouse

bleomycinmodel was not thought to generate honeycomb

cysts-like structures. However, bronchiolarization and the

appearance of BCs only occurs upon severe or repetitive

bleomycin injury and is not observed under conditions of

mild injury. The bleomycin mouse model in young mice

also resolves over time, which allows us to study the regen-

erative capacity of the different epithelial stem cells. While

human IPF is a fatal disease that does not resolve, it is also a

disease of aging and stem cell exhaustion. It is therefore

likely that the capacity to recover from injury also dimin-

ishes with time in humans.
EXPERIMENTAL PROCEDURES

Experimental Model and Subject Details
All mice were bred and maintained in a pathogen-free environ-

ment with free access to food and water. Both male and female

mice were used for all experiments. Fgfr2bf/f (De Moerlooze et al.,

2000), Sox2CreERT2 (JAX 017593), Tet-Fgf10 (Clark et al., 2001),

Rosa26-rtTa (Volckaert et al., 2011), Rosa26-rtTaf/f (JAX 005670),

Rosa26 Rosa26R-Confetti (JAX 017492), Scgb1a1CreER (JAX

016225), Rosa26-mTmG (JAX 007676), Krt5CreERT2 (Van Keymeu-

len et al., 2011), Acta2CreERT2 (Wendling et al., 2009), Fgf10f/f
Figure 7. BCs in Precision Cut IPF Lung Slices Treated with Fgf10
(A) Flow sorting for alveolar AT2 marker HTII-280 and CK5 on precision
displayed as the log of the fold change shows an increase in CK5� HT
CK5+ HTII-280� cells after FGF10 treatment. **p < 0.01, *p < 0.05; n
(B and C) Model showing how FGF10-FGFR2B maintains and generate
meostasis and epithelial regeneration. (B) During homeostasis, BCs are
the intercartilage stromal tissue. (C) The dedifferentiation of distal air
FGF10-FGFR2B signaling. Note that, in addition to Fgf10-expressin
additional source of FGF10 to allow for BC mobilization to injured reg
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(Urness et al., 2010), SftpcCreERT2 (Chapman et al., 2011), and

Fgf10LacZ (Kelly et al., 2001) mice have been described.

For bleomycin injury, adult 8- to 12-week-old mice were intratra-

cheally instilled with 50 mL bleomycin (0.8–2 U/kg body weight

optimized for each strain, batch of bleomycin, and gender) as

described previously (Redente et al., 2014). Lung function was

analyzed using lung measurements of static compliance by Flexi-

vent (SQIREQ). Bleomycin injury was induced after a 21-day

washout period following tamoxifen induction. For tamoxifen in-

duction, mice were placed on tamoxifen-containing food (rodent

diet with 400 mg/kg tamoxifen citrate; Harlan Teklad TD.130860)

for 2 to 3 weeks. Scgb1a1CreER;Fgfr2bf/f;Rosa26R-Confetti and control

mice also received two additional intraperitoneal tamoxifen citrate

shots (0.20 mg/g body weight, Enzo Life Sciences) in the last week

of tamoxifen citrate feed. Krt5CreER;Fgfr2bf/f;Rosa26-mTmG and

control mice received intraperitoneal tamoxifen citrate shots

(0.125 mg/g body weight) on day 17, 19, and 21 after bleomycin

injury. For doxycycline induction: mice were placed on doxycy-

cline-containing food (rodent diet with 625 mg/kg dox; Harlan

Teklad TD.09761). All experiments were approved by the National

Jewish Health and University of Alabama at Birmingham Institu-

tional animal care and use committee.

Single-Cell RNA-Seq
Sox2CreERT2;mTmGmicewere placed on tamoxifen food for 3weeks

starting at 2months of age, followed by a 2-monthwashout period

before saline or bleomycin treatment. Whole lung tissues were

collected, from lineage-traced mice 6 weeks after saline or bleomy-

cin treatment. Single cells were processed through the GemCode

Single Cell Platform using the GemCode Gel Bead, Chip and

Library Kits (V1) or single-cell suspensions were loaded onto 30

library chips for the Chromium Single Cell 30 Library (V2, PN-

120267) according to the manufacturer’s recommendations (10X

Genomics). Libraries were sequenced on an Illumina NextSeq

500 at >190,000 reads per cell. Further details on single-cell RNA-

seq analysis and the fluorescence-activated cell sorting (FACS) pro-

tocol can be found in the Supplemental Experimental Procedures.

Immunofluorescence Microscopy and qRT-PCR
Details of all immunostaining protocols, antibodies employed,

and quantitation of gene expression by qRT-PCR are provided in

the Supplemental Experimental Procedures.

Microscopy and Imaging
Tissuewas imaged using amicrometer slide calibrated Zeiss LSM800

Laser scanning confocalmicroscopeusingZEN imaging software. In
Differentiate into AT2 Cells
-cut lung slices cultured in the absence or presence of FGF10. Graph
II-280+ and CK5+ HTII-280+ double-positive cells but a decrease in
= 5; error bars mean ± SEM.
s basal-like stem cells by activating the stromal niche during ho-
only found in the trachea, where they depend on FGF10 secreted by
way club cells after major lung epithelial injury critically depends on
g ASMCs, activated myofibroblasts may further provide a strong
ions. At injured sites, neo-BCs give rise to AT cells.



the lung, cells were counted using tiled stitched 203 images

covering the entire cross-section of the left lung lobe from R6

different lungs. Images were processed and analyzed using ZEN

blue (Zeiss) andAdobePhotoshopCreative Suite 3 (Adobe) software.

Differentiation of GFP+ cells was determined by quantifying the to-

tal number of GFP+ cells that also showed a DAPI-stained nucleus,

andhowmanyof thosewereRAGE,K5,p63,orSFTPC+. Imagequan-

tification and analysis were performed in a double-blinded fashion.

Precision Cut Lung Slices
Human lung tissues from non-IPF donors and IPF patients under-

going lung transplantation were obtained from the Giessen bio-

bank. The study protocol was approved by the ethics committee

of the University of Giessen that conforms to the principles out-

lined in the declaration of Helsinki.

Vibratome slices (400 mm) were made from low melting agarose

filled de-identified human IPF transplant lung tissue. Precision cut

lung slices were then cultured at the air-liquid interface in

RPMI +10% Human Serum (Seraclot), ITS, Pen/Strep, Amphoteri-

cin B in the presence or absence of 500 ng/mL FGF10 for 3 to

7 days. Subsequently, slices were analyzed via FACS for basal

(Abcam and AT2; Terrace Biotech, HT2-280, 1:150) cell markers.

Quantification and Statistical Analysis
All results are expressed as mean values ± SEM. The ‘‘n’’ represents

biological replicates and can be found in the figure legends. The

significance of differences between two sample means was deter-

mined by unpaired Student’s t-test (assuming unequal or equal

variances as determined by the F test of equality of variances). All

datasets followed a normal distribution and p values < 0.05 were

considered statistically significant. The number of samples to be

used was based on the number of experimental paradigms multi-

plied by the number in each group that is necessary to yield statis-

tically significant results based on power analysis, to reject the null

hypothesis with 80% power (type I error = 0.05).
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