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Laminins	and	their	integrin	receptors	are	implicated	in	epithelial	cell	differentiation	and	progenitor	cell	
maintenance.	We	report	here	that	a	previously	unrecognized	subpopulation	of	mouse	alveolar	epithelial	cells	
(AECs)	expressing	the	laminin	receptor	α6β4,	but	little	or	no	pro–surfactant	C	(pro-SPC),	is	endowed	with	
regenerative	potential.	Ex	vivo,	this	subpopulation	expanded	clonally	as	progenitors	but	also	differentiated	
toward	mature	cell	types.	Integrin	β4	itself	was	not	required	for	AEC	proliferation	or	differentiation.	An	in	
vivo	embryonic	lung	organoid	assay,	which	we	believe	to	be	novel,	was	used	to	show	that	purified	β4+	adult	
AECs	admixed	with	E14.5	lung	single-cell	suspensions	and	implanted	under	kidney	capsules	self-organized	
into	distinct	Clara	cell	10-kDa	secretory	protein	(CC10+)	airway-like	and	SPC+	saccular	structures	within		
6	days.	Using	a	bleomycin	model	of	lung	injury	and	an	SPC-driven	inducible	cre	to	fate-map	AECs,	we	found	
the	majority	of	type	II	AECs	in	fibrotic	areas	were	not	derived	from	preexisting	type	II	AECs,	demonstrat-
ing	that	SPC–	progenitor	cells	replenished	type	II	AECs	during	repair.	Our	findings	support	the	idea	that	
there	is	a	stable	AEC	progenitor	population	in	the	adult	lung,	provide	in	vivo	evidence	of	AEC	progenitor	cell	
differentiation	after	parenchymal	injury,	and	identify	a	strong	candidate	progenitor	cell	for	maintenance	of		
type	II	AECs	during	lung	repair.

Introduction
Basement membrane laminins and their integrin receptors are crit-
ical to lung development and implicated in epithelial cell differen-
tiation and progenitor cell maintenance (1–3). There are 3 major 
integrin laminin receptors, all of which are expressed in the lung 
and primarily in epithelial cells: α3β1, α6β1, and α6β4 (4). α6β4 
is thought to be particularly important in epithelial cell adhesion 
to basement membranes because this integrin has a uniquely long 
cytoplasmic tail that promotes assembly of α6β4 into hemidesmo-
somes (5). In humans, mutations of either α6 or β4, which only 
partners with α6, are known to result in varying degrees of a blis-
tering skin phenotype depending on the degree of loss of integrin 
function (6). Skin blistering and sloughing of mucosal epithelial 
cells have also been reported in integrin β4–deficient mice (7). To 
define the role of this integrin in lung homeostasis, we generated 
mice with epithelial-specific deletion of integrin β4 and charac-
terized the resulting effect on lung function. Unexpectedly, these 
mice appeared normal and had a normal lifespan. Although α6β4 
is thought to be primarily localized to conducting airways of the 
lung, in the course of this work we discovered that a substantial 
fraction of distal lung/alveolar epithelial cells (AECs) expressing 
little or none of the canonical Clara cell 10-kDa secretory protein 
(CC10) or pro–surfactant protein C (pro-SPC) also expressed α6β4. 
These cells were found to clonally expand ex vivo and to be capable 
of multiple passages in culture, suggestive of a possible progenitor 
population and leading us to characterize their lineage potential 

both ex vivo and in vivo. While this work was in progress, a sepa-
rate report indicated that epithelial cells isolated from single-cell 
preparations of whole lungs on the basis of α6β4 expression have 
stem-like properties ex vivo, but the location of these cells and 
their in vivo potential were not defined (8). We here confirmed 
the existence of a dynamic population of distal epithelial cells 
and demonstrated, using a lung organoid assay developed in our 
laboratory that we believe to be novel, the regenerative potential 
of these cells in vivo.

The replenishment of damaged epithelial cells in the lung paren-
chyma after injury is thought to depend on proliferation and dif-
ferentiation of SPC+ type II cells. Indeed, the timing and extent 
of type II cell hyperplasia covering damaged alveolar basement 
membranes is thought to be a protective process that minimizes 
the fibrogenic program in the lung (9, 10). To address the question 
of whether type II cells are in fact the major cell type repopulating 
damaged lung, we developed an in vivo fate-mapping system using 
tamoxifen-inducible cre recombinase placed within the endoge-
nous SPC locus. These experiments instead revealed a clear role 
for progenitor cells in lung repair, consistent with our finding that 
immature epithelial progenitors existed and responded dynami-
cally to injury. Collectively, these findings provide insights into the 
pathophysiology of lung repair.

Results
Generation of mice with epithelial-specific loss of α6β4 integrin. Mice 
with selective lung epithelial loss of α6β4 (referred to herein as 
Fβ4SC mice) were generated by crossing floxed integrin β4 mice 
with mice carrying the human SPC promoter-rtTA and tetO-CMV-
Cre transgenes (refs. 11, 12, and Supplemental Figure 1A; supple-
mental material available online with this article; doi:10.1172/
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JCI57673DS1). Lung epithelial-specific recombination of triple 
transgenics was verified by immunostaining for β4 (Supplemen-
tal Figure 1C). In sections, β4 was detected in near-linear basilar 
staining of airway cells throughout the conducting airways that 
colocalized with basement membrane laminin 5 (Supplemental 
Figure 1, C and D). In Fβ4SC mice, there was marked loss (range, 
75%–90%, n > 12) of integrin staining in all distal conducting air-
ways lined by a layer of cuboidal epithelial cells, but much less or 
no loss in more proximal airways lined by ciliated cells (Supple-
mental Figure 1, B–D), consistent with prior reports of cre expres-
sion patterns in this transgenic system (13). Inspection of Fβ4SC 
mice indicated that adult mice had no discernible morphological 
abnormalities in their lungs.

To assess the role of α6β4 during injury and repair, Fβ4SC mice 
were injected with saline or bleomycin (2.5 U/kg) intratracheally 
(12). Lung permeability at baseline and after 5 days was not differ-
ent between WT and Fβ4SC mice (Supplemental Figure 2A). How-
ever, beginning at approximately day 6, Fβ4SC mice began to die, 
and most succumbed by day 14, whereas WT mice mostly survived 
(Supplemental Figure 2B). Inspection of the lungs of Fβ4SC mice 
at 6–10 days after bleomycin injection showed marked sloughing 
of intact epithelial sheets from the distal airways (Supplemental 
Figure 2C). These findings are consistent with prior observations 
of integrin β4 deficiency in skin and nasal mucosa (7) but indicate 

that, in the lung, epithelial cells appear to remain adhesive until 
stressed. Although we cannot be sure that the mice die of epithelial 
sheet sloughing in conjunction with the alveolar injury induced 
by bleomycin, this complication appears likely to exacerbate the 
degree of injury and precipitate death.

Fβ4SC mice were also examined after airway injury with naph-
thalene (14). Both WT and Fβ4SC mice survived the injury and by 
day 14–21 showed near-complete recovery of CC10+ lining cells. 
Immunostaining confirmed that repopulating Clara cells in the 
bronchioles of Fβ4SC mice had undetectable integrin β4. Thus, 
although α6β4 was required for strong adhesion, the integrin 
per se was not required for proliferation and/or differentiation 
of these cells during repair, consistent with prior studies of α6β4 
deficiency in keratinocytes (11).

Localization of α6β4+ epithelial cells in the lung parenchyma. Flow 
cytometric analysis of preparations of type II alveolar cells revealed 
expression of α6β4 on a small fraction (8%–10%) of AECs (Figure 
1A). The presence of α6β4 in a minor population of AECs raised 
the possibility that α6β4 expression might reveal population het-
erogeneity among AECs, as suggested by prior studies (14–16).  
β4+  cells  were  located  both  in  the  bronchoalveolar  junction 
regions and within alveoli (Figure 1C and Supplemental Figure 3).  
Notably, the pattern of β4 staining changed near the junction 
region and within alveoli. Whereas in the bronchiolar and larger 
airways, β4 staining was quite basilar in hemidesmosomes, in the 
junctional regions, β4 was more diffuse and difficult to detect. 
Costaining with the Clara cell marker CC10 indicated that only 
some junctional cells were β4+, and these appeared to have lower 
CC10 expression (Figure 1C). CC10–β4+ cells were also found spo-
radically (less than 1 per ×20 field) in alveolar walls (Figure 1C 
and Supplemental Figure 3), where they did not colocalize with 
pro-SPC. Both junctional and alveolar β4 staining was largely lost 
in Fβ4SC mice (Supplemental Figure 1C).

To assess the relative airway and alveolar contributions to the 
β4+ AEC population, cytospins of freshly isolated cells were ana-
lyzed with antibodies to mature epithelial cell types. Cytospins of 
β4– AECs purified by flow cytometry were almost uniformly SPChi 
and CC10–, indicating mature type II AECs, whereas more than 
80% (83% ± 10%, n = 4) of β4+ AECs were dim or negative for SPC 
and CC10 (Figure 1B). These cells were also not stained with the 
type I AEC marker T1α, and ciliated cells were not observed. A por-
tion of β4+ cells were strongly CC10+ (9% ± 3%), likely reflecting 
contamination with Clara cells, which suggests that the β4+ cell 
population is itself heterogeneous. Less than 1% of the purified 
β4+ cells were SPC+. Given that the fraction of CC10+ cells within 
the β4+ cell population is less than 10%, and yet β4+ cells repre-

Figure 1
Identification and location of β4+ AECs in murine lungs. (A) FACS plot 
of α6 and β4 on AECs from WT and Fβ4SC mice. Residual β4 staining 
in the Fβ4SC mice is nonspecific secondary antibody. Percentages 
denote the fraction of cells within the boxed regions. (B) Differential 
cell counts of β4+ and β4– cells purified by flow cytometry from normal 
lungs (mean ± SD, n = 6). (C) β4 immunostaining in WT lungs show-
ing diffusely stained cells near the bronchoalveolar junction along with 
CC10 staining and the merged images. Note that not all CC10+ cells 
were β4+. Basilar staining of airway β4 was apparent near the airway 
end of the junctional region. There was a lack of costaining of SPC 
with β4+ cells in the alveolar region (see also Supplemental Figure 3). 
Scale bar: 50 μm.
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sent 8%–10% of all AECs, we interpret this result to mean that the 
majority of β4+ AECs low or negative for SPC and CC10 in our 
preparations must come from the alveolar compartment. To date, 
we have no method to reliably separate β4+ cells located in termi-
nal airways/bronchoalveolar junctions from those within alveoli; 
thus, the term β4+ AEC used herein encompasses mainly alveolar 
cells, but also terminal airway/junctional cells.
β4+ AECs proliferate and expand clonally ex vivo. β4+ cells were puri-

fied from standard AEC preparations by positive E-cadherin anti-
body selection followed by sorting for β4+ cells. Immunoblotting 
confirmed that the β4+ and β4– cell populations were distinct (Fig-
ure 2A). β4+ AECs cultured on Mg developed large cell colonies 
within 7 days, whereas β4– AECs remained as single cells or small 
clusters (Figure 2B). Ki67 staining confirmed proliferation within 
the developing colonies of β4+ AECs (Figure 2B), and quantitative 
BrdU incorporation revealed that greater than 90% of the prolif-
erative potential of AECs resided in the β4+ fraction (Figure 2C). 
The colonies of β4+ cells could be recovered (by pipetting) and pas-
saged onto new Mg for at least 6 passages. Differential cell counts 
of dispersed, single colonies (n = 12) that had expanded over 7 days 
revealed colony heterogeneity. The colonies were greater than 60% 
SPC–CC10–, but almost all colonies now also contained both SPC+ 
(22% ± 30%) and CC10+ (13% ± 6%) cells. Accounting for the large 
SD for this marker, 2 colonies were exclusively SPC–CC10–, and  
2 colonies were exclusively SPC+. A small percentage (3% ± 3%) was 
SPC+CC10+, a cell type never observed among the freshly isolated 
β4+ AECs. Notably, approximately 10%–15% of the colony cells 
were β4−, indicative of some tendency to lose this marker in cul-
ture. Colony formation by β4+ AECs plated on irradiated embry-
onic feeder fibroblasts for 1–2 weeks was not observed.

To determine the role of integrin β4 in the proliferation of β4+ 
AECs, β4+ AECs were isolated from mice homozygous for the non-
recombined conditional β4 allele and treated with cre recombinase 
for 72 hours ex vivo. Remarkably, colonies that emerged in 7 days 
were exclusively β4– or β4+, and the sizes of the colonies were indis-
tinguishable (Figure 2D), which indicates that these colonies likely 
developed independently of β4 and from single cells. To further 
explore the latter point, β4+ AECs were purified from transgenic 
mice constitutively expressing either GFP or tomato red fluorescent 
protein. When single β4+ cell suspensions from either mouse were 
mixed and placed in culture, all of the individual colonies (n = 65) 

were exclusively red or green, indicative of clonal expansion rather 
than cell aggregation (Supplemental Figure 4). This observation, 
together with the finding of both CC10+ and SPC+ cells in 1 β4+ col-
ony, implies that single SPC– or CC10– β4+ AECs can differentiate in 
culture into cells with markers of either airway or alveolar cells. We 
next attempted to test the progenitor potential of β4+ AECs in vivo.

Development of an in vivo organoid assay of lung development. Prior 
studies have demonstrated that dissociated mouse E14.5 lung 
cells cultured as high-density mixed cell aggregates (lung organ-
oids) at an air-fluid interface can form lung histotypic structures, 
including alveolar-like spheres, lined by appropriately differenti-
ated epithelial cells (17). We have improved upon this method to 
achieve extensive development of lung organoids in vivo that reca-
pitulated normal development. We implanted high-density mixed 
cell aggregates (organoids) prepared from single-cell suspensions 
from E14.5 lungs underneath the renal capsule of immunodefi-
cient (nude) mice. These grafted lung organoids grew and became 
easily visible after 6 days (Figure 3, A and B). This model was 
highly reproducible, and almost all engraftments resulted in fully 
developed organoids. Notably, a vasculature developed within the 
structure and connected with the host vasculature, as rbcs were 
apparent in tubular structures within the grafts (Figure 3C). Graft 
development required both epithelial and mesenchymal cells, 
which indicates that specific cell populations can be examined for 
their developmental potential in this assay.

Examination of histological sections of the grafts at days 2–6 
showed that the grafts underwent a series of developmental stages 
resembling that of normal embryonic lung (Figure 3D): day 2 grafts 
resembled pseudoglandular-stage lungs, containing epithelial tubes 
surrounded by abundant mesenchyme; day 4 grafts resembled cana-
licular-stage lungs, containing epithelial tubes lined by columnar 
epithelial cells typical of proximal airways as well as branching struc-
tures lined by more flattened epithelial cells typical of distal airspac-
es; and day 6 grafts contained structures resembling saccules com-
posed of interconnected airspaces lined by flattened epithelial cells, 
typical of E18.5 lungs. To directly test whether the embryonic single-
cell suspensions are both organizing and differentiating under the 
kidney capsule, organoid sections were immunostained for CC10, 
SPC, and Pecam-1. E14.5 lungs showed SPC in airway epithelial 
cells (Supplemental Figure 5B), whereas in the day 5 organoid, SPC 
was found in cells lining saccular structures (Figure 3, E and F, and 

Figure 2
Ex vivo proliferation and clonal expansion of β4+ AECs. 
(A) Immunoblot verifying separation of β4+ and β4– cells. 
(B) Phase-contrast images of β4+ and β4– AECs from 
WT mice cultured 7 days on Matrigel revealed large clus-
ters only in the β4+ population. Ki67 and pro-SPC stain-
ing of cultured β4+ and β4– AECs revealed proliferation 
of β4+ cells and appearance of SPC+ cells, especially in 
the smaller clusters. Cells were initially SPClo or SPC–. 
β4– AECs were strongly SPC+ and had little or no prolifer-
ation. The same number of β4+ and β4– cells were initially 
seeded. (C) BrdU assay at 24 hours (Chemicon) con-
firmed that greater than 90% of the proliferation among 
AECs resided in the β4+ fraction. WT, cell mixture before 
sorting. (D) AECs from floxed β4 mice treated ex vivo 
with adenovirus encoding cre recombinase. Developing 
clusters (>15 per culture well) were either all β4+ or all 
β4–. Scale bars: 50 μm.
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Figure 4, A and C), consistent with the pattern of SPC expression 
in saccular-stage lungs. CC10 was not detectable in day 14.5 lungs 
(Supplemental Figure 5B), since it is normally found only at low 
levels starting at E15.5 and increases thereafter (18, 19). In day 5  
organoids, vivid CC10 staining was apparent in cuboidal epithelial 
cells (Figure 3F and Figure 4B), consistent with expression in bron-
chiolar epithelial cells. Strikingly, there were virtually no SPC+CC10+ 
cells and even little mixing of single-positive cells. Regions of the 
developing organoid were commonly CC10+ airway-like, leading 
into “blind” SPC+ saccules (Figure 3F). True quantification of the 
fraction of airway and saccular structures was not attempted, but 
SPC+ saccules were always more abundant than CC10+ airway-like 
structures. Whether all saccules were connected to an airway-like 
structure could not be reliably assessed. We next tested the potential 
of adult β4+ or β4– AECs to incorporate into and differentiate in the 
developmental environment of a lung organoid.
β4+ adult AECs differentiate in vivo. Organoids were made from E14.5 

lung cells depleted of epithelial (E-cadherin+) cells and reconstituted 

with purified β4+ or β4– AECs admixed with E-cadherin+ embryonic 
cells in various ratios and grafted under the renal capsule for 5–6 
days. Preliminary experiments indicated that a 1:10 ratio of adult 
AECs to embryonic epithelial cells resulted in organoids similar 
in size to unperturbed E14.5 cell suspensions. Under these condi-
tions, GFP+β4– AECs only occasionally persisted as single cells in the 
organoids, but were unable to form discernible structures (Supple-
mental Figure 5A). However, GFP+β4+ AECs were found to organize 
and incorporate extensively into the developing lung organoids 
(Figure 4A). As evident in the scanning view (Figure 4A), GFP+ cells 
were not distributed as single cells, but instead appeared as foci 
or clusters of cells (Figure 4, B and C). Closer inspection revealed 
that GFP+β4+ AECs developed into either discrete SPC+ saccules or 
CC10+ airway-like structures. There were only rare SPC+CC10+ cells 
and few SPC–CC10– cells: most GFP+β4+ AECs were at least weakly 
SPC+, if not CC10+. Intriguingly, the organoid structures develop-
ing from mixtures of embryonic/adult GFP+β4+ cells (10:1) were 
almost exclusively either wholly adult cell derived or wholly embry-

Figure 3
Embryonic lung organoid assay. (A) Aggregates of single-cell preparations of E14.5 lung cells placed under renal capsules developed visible 
structures (white) after 5 days in vivo. The red structure is the underlying kidney. (B) Low-power view of H&E stains of the organoid revealed 
fluid-filled lacy structure under the capsule with visible airway-like and saccular elements. (C) Higher-power view revealed rbcs in blood vessel 
(arrowhead), suggestive of vascular continuity with the host kidney. (D) H&E-stained sections of day 2, day 4, and day 6 organoids showing 
development of the organoid to the saccular stage by day 6, similar to that of the E18.5 lung (see Supplemental Figure 5). (E) Distribution of 
SPC and Pecam-1 in a day 5 organoid. See Supplemental Figure 5 for distribution of Pecam-1 and SPC and absence of CC10 staining in E14.5 
lungs. (F) CC10 and pro-SPC double staining of day 5 organoid sections. Airway-like regions led to SPC+ saccules with few, if any, SPC+CC10+ 

cells. Scale bars: 5 mm (A); 200 μm (B); 50 μm (C and E); 100 μm (D and F).
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onic, indicative of a clear capacity for self-organization. This point 
is illustrated in Figure 4B, which juxtaposes 2 airway-like structures 
lined by CC10+ cells, one fully of embryonic origin and the other 
fully derived from GFP+ cells. A similar pattern was observed with 
SPC+ saccules (Figure 4C). Collectively, these data indicate that 
adult β4+ AECs can both differentiate ex vivo and regenerate epi-
thelial structures in vivo. The almost exclusive differentiation into 
distinct SPC+ or CC10+ structures, even though β4+ colonies ex vivo 
were multipotential (Figure 2), indicates a strong influence of the 
organoid microenvironment on differentiation in vivo, a conclusion 
consistent with the spatial separation of CC10 and SPC expression 
in the day 6 embryonic organoid itself (Figure 3D).
β4+ AECs expand and populate alveolar regions after lung injury. We 

next asked whether the pool size of β4+ AECs changes in response 
to injury. Mice were exposed to bleomycin (2.5 U/kg), and AECs 
were isolated after 14 days. Flow cytometry consistently showed 
an increased fraction of β4+ AECs 7–10 days after bleomycin injury 
(Figure 5B). In 5 experiments, the recovered β4+ cells increased on 
average from approximately 10% of the total AECs in saline-treated 
mice to 27% ± 10% in bleomycin-injured mice. This was reflected 
in increased amounts of integrin β4 assessed by immunoblotting 
of AECs recovered from bleomycin- compared with saline-injected 
mice (Figure 5A). Cytospins of the cells recovered from injured 
mice following sorting for β4 revealed substantially more CC10+ 
cells (20%), likely reflecting either increased airway contamination 
or bronchiolization of the alveoli, which was evident in sections 
of injured lung (Figure 5, D and E). Still, the majority of recov-

ered β4+ AECs after bleomycin injury remained low or negative 
for CC10 and SPC. Moreover, unlike the case with normal lungs, 
SPC+β4+ cells (4%) were recovered from bleomycin-injured lungs. 
Consistent with this observation, some alveolar β4+ cells in injured 
lungs also stained for SPC (Figure 5C).

Is there evidence of AEC progenitor cell differentiation after lung injury? 
Given the increased numbers of β4+ AECs low or negative for CC10 
and SPC — likely with progenitor potential — after parenchymal 
injury (Figure 5), we asked whether maintenance of the type II 
cell population after major injury involves AEC progenitors. To 
address this issue, we created an inducible system for fate-mapping 
alveolar type II cells using homologous recombination. The termi-
nal stop codon of the endogenous mouse SPC gene (exon 5; Figure 
6A) was replaced with an estrogen-dependent cre cDNA (CreERT2) 
preceded in frame by a E2A peptide sequence to interrupt transla-
tion between SPC and cre mRNAs coexpressed on a single tran-
script (20). A Nde1 site was introduced to facilitate ES cell screen-
ing, and correctly targeted clones were generated, as confirmed by 
Southern blotting (Figure 6B). ES cell–derived mice homozygous 
for the mutation showed normal SPC levels by immunoblotting, 
and cross-breeding of these mice with a cre-dependent transmem-
brane GFP (loxp-tm-TR/GFP) reporter strain revealed tamoxifen-
inducible GFP expression specifically in type II cells (Figure 6C). 
In the absence of tamoxifen, less than 1 GFP+ cell per ×20 field was 
detected, whereas 50%–60% of all type II AECs were GFP+ 7 days 
after 2 total 4-hydroxy-tamoxifen i.p. injections (0.5 mg) 24 hours 
apart (Figure 6C). No GFP expression was observed in airway cells 
of tamoxifen-exposed mice, as expected.

A cohort of adult littermates expressing SPCcre-ER and loxp-tm-
TR/GFP was injected with tamoxifen, and lungs were examined 
7 or 30 days later. In some mice, bleomycin was injected intratra-
cheally 14 days prior to sacrifice. The fraction of GFP+SPC+ cells 
was quantified by independent observers examining at least 10 
×20 fields of at least 3 sections of lung. The fraction of GFP+SPC+ 
cells 30 days after tamoxifen exposure (60% ± 10%) was not discern-
ibly different from that observed at 7 days (Figure 6D). However, 
the fraction of GFP+SPC+ cells in fibrotic areas after bleomycin 
was markedly reduced to less than 15% (Figure 6, D and E). This 
was not caused by global lack of cre expression, because some 
less-injured lung areas of the same mouse had vivid GFP expres-
sion in SPC+ cells (Figure 6E). Hyperplastic type II AECs lining 
alveoli within injured areas were consistently GFP– (Figure 6E and 
Supplemental Figure 6). The reporter strain used in this analysis, 
loxp-tm-TR/GFP, also expressed tomato red fluorescent protein 
from the same allele in nonrecombined cells, and red fluorescence 
was easily detected throughout injured areas (Figure 6F), which 
indicated that the reporter gene itself was not silenced in bleo-
mycin-injured lungs. Therefore, the data imply that SPC+ type II 

Figure 4
Development of adult β4+ AEC-derived structures in lung organoids. 
(A) Low-power view of organoid with scattered clusters of GFP+β4+ 
AECs. Multiple images (original magnification, ×20) were captured and 
tiled into a single composite image. (B) Adjacent airway-like CC10+ 
structures, one completely GFP–, the other entirely GFP+. Such dichot-
omy in the origin of CC10+ structures was the most common pattern 
in these mixed organoids. (C) SPC+ saccules, again showing entire 
saccular structures either GFP+ or GFP–. Although this was the most 
common pattern, occasional saccules did contain both embryonic and 
adult SPC+ cells. Scale bars: 200 μm (A); 20 μm (B and C).
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cells in day 14 bleomycin-damaged areas are largely derived from 
non–SPC-expressing progenitor cells existing at the time of injury. 
Similar results were observed in 4 independent experiments.

Discussion
There is substantial evidence that the adult distal lung parenchyma, 
composed of bronchioles and alveoli, contains relatively quiescent 
epithelial cells that have proliferative and progenitor capacity (15, 
21, 22). The current thinking is that Clara cells (or variant Clara 
cells with low CC10 expression) and alveolar type II cells are the 
main cell types with progenitor function in the distal lung paren-
chyma (22, 23). Our findings here showed that in the normal lung, 
α6β4 expression marked a strikingly fixed population of non–SPC-
expressing AECs that possessed the capacity for proliferation and 
further differentiation ex vivo and regeneration of lung structures 
in vivo. These β4+ AECs were distinguished from Clara cells or alve-
olar type II cells by their lack of high levels of differentiation mark-
ers and the lack of proliferation of mature cells in culture (Figure 2).  
β4+ AECs were found to reside in the bronchoalveolar junction 
regions, but also sporadically in alveolar walls. Based on the small 
fraction of CC10+ cells within the isolated β4+ AEC population and 
the observation that β4+ AECs accounted for almost 10% of total 
AECs recovered from normal lungs, the bulk of these cells appeared 
to be in the alveolar compartment, where they may be difficult to 

detect in situ because of diffuse distribution of α6β4. Diffuse stain-
ing of β4, indicative of dissolution of hemidesmosomes, has been 
previously observed in tumor cells (24). Although this population 
was stable in normal lungs, its proportion increased in bleomycin-
injured murine lungs. In vivo, there was expansion of α6β4+ epithe-
lial cells, some of which were either CC10+ or SPC+, into or within 
alveolar spaces during the fibrogenic phase of bleomycin injury. 
Finally, we provided the first direct evidence to our knowledge that 
maintenance of type II AECs after major lung injury prominently 
involved AEC progenitor differentiation and not simply expansion 
of preexisting type II cells. Although we cannot prove at this point 
that β4+ AECs within alveoli are the only progenitor source of type II  
AECs within the injured lung parenchyma, our data identify a 
strong candidate stem/progenitor cell that could account for these 
data. Further definition of the requirement for AEC progenitors in 
lung repair after different types and degrees of lung injury, and the 
specific requirement for β4+ AECs in this process, are important 
areas for further study.

While the present work was in progress, McQualter and colleagues 
reported the isolation of stem-like cells from adult mouse lungs 
using integrin α6β4 expression as a defining biomarker (8). Our 
findings support and extend this work. In the McQualter report, the 
starting material was a single-cell suspension of whole adult lung, 
but the location of the α6β4+ cells with stem-like properties in the 
lung could not be defined. No immunostaining for β4 in the bron-
choalveolar regions or alveoli was observed. In contrast, the start-
ing material for the present study were cells from the distal airways 
and alveoli. We were able to capitalize on the generation of a lung 
epithelial-specific β4-null mouse to verify that immunostaining 
for β4 in the bronchoalveolar and alveolar compartments was real. 
Nonetheless, in situ immunostaining appeared insensitive, and it is 
likely that at least a portion of the cells isolated by McQualter and 
colleagues is identical to the β4+ AECs described in this study.

This line of investigation emanated from the finding that only 
a fraction of primary AECs cultured ex vivo on fibronectin under-
went epithelial-to-mesenchymal transition (EMT) when exposed to 
active TGF-β1, and this population proved to be mainly β4+ AECs 
(Supplemental Figure 7). There is accumulating evidence of func-
tional similarities between the capacity of cells to undergo EMT and 
their display of stem-like properties (25). Our observations raise the 
possibility that EMT previously reported in vivo in mouse models 
of fibrosis (26) — and commonly thought to result from type II 
cells undergoing EMT — could mainly result from the enhanced 
plasticity of the β4+ AEC progenitors located in the normal lung 
and expanded after bleomycin injury in response to TGF-β1.

Figure 5
Expansion of β4+ AECs in lungs of bleomycin-treated mice. (A) 
Immunoblot for β4 in purified β4+ AECs from mice injected with saline 
(Ctl) or bleomycin (Bleo) 10 days earlier. (B) The higher proportion of 
β4+ AECs from bleomycin-injected mice was confirmed by flow cytom-
etry of β4 and α6. Percent cells within boxed regions is indicated. (C) 
β4 and SPC staining of a lung section from mouse injected intratrache-
ally with bleomycin 14 days earlier. Arrowheads denote SPC+β4+ cells. 
(D) IgG-negative control for β4 immunostaining on a lung section adja-
cent to that in C. (E) Compared with normal lungs, there were many 
more β4+ cells in the alveolar compartment 21 days after bleomycin, 
but there were also CC10+β4+ cells extending into the alveolar region 
from the distal airway/bronchoalveolar junction. Scale bars: 50 mm (C 
and D); 100 μm (E).



research article

	 The	Journal	of	Clinical	Investigation      http://www.jci.org      Volume 121      Number 7      July 2011  2861

The in vivo organoid assay we developed and used herein is, to 
our knowledge, the first in vivo transplantation assay beginning 
with  single-cell  suspensions  that  recapitulates  lung morpho-
genesis. Among the many possible applications of this assay, of 
particular interest here is our finding that adult β4+ AECs self-
organized into structures bearing a single lineage marker in the 
day 6 organoids (Figure 4). How these cells sort themselves from 
the more abundant embryonic epithelial cells and self-organize 
as they differentiate is currently unknown. The adult β4+ AECs 
used included cells located at the bronchoalveolar junction and 
within alveoli. One limitation of these experiments is that we can-
not separate β4+ AECs present in the bronchoalveolar junction 
regions from those within alveoli, and thus we cannot determine 
to what degree cells from either site contribute to the CC10+ and 
SPC+ structures that developed in vivo (Figure 4). Hence, we could 
not formally exclude the possibility that bronchoalveolar β4+ cells, 
rather than β4+ AECs, account for all progenitor activity in the 
organoid assay. However, we believe the findings that almost all 
colonies derived from single β4+ cells ex vivo contained SPC+ cells 
(Figure 2) and that most β4+ cells appeared to reside within alve-
oli, where progenitor activity for type II cell maintenance appears 
important (Figure 6), are more consistent with the view that β4+ 
AECs in both locations have progenitor potential, but their dif-

ferentiation in vivo is restricted by their niches. This conclusion is 
consistent with prior in vivo evidence that bronchoalveolar CC10+ 
cells do not give rise to SPC+ cells in vivo, even after injury (22). 
It is likely that cells similar to the β4+ AECs exist in more than 
one anatomical niche, and it remains to be defined to what degree 
more proximal airway basal cells or other bronchiolar epithelial 
cells with stem cell properties (27, 28) function similarly to β4+ 
AECs in the organoid assay.

The finding that a stable but dynamically responsive population 
of immature progenitor cells exists in the parenchyma of adult 
lungs and likely contributes to alveolar repair has implications for 
the pathogenesis of common lung diseases in which tissue remodel-
ing is a dominant feature. The current thinking has been that SPC+ 
type II cells are the main stem cells of the alveolar compartment  
(9, 23). Our observations suggest instead that, at least in the context 
of severe insult, preexisting SPC– epithelial progenitors expand and 
contribute substantially to repair. However, little is known about 
the degree to which such cells contribute to resistance to alveolar 
unit loss under stress, such as with cigarette smoking, or promote 
pathological mesenchymal expansion during fibrogenesis. Under-
standing the determinants of β4+ AEC population size and how 
these cells expand, self-organize, and differentiate along particular 
lineages should provide further insights into the processes of lung 
repair, the foundation for better therapeutics.

Methods
Genetically modified mice. β4loxP mutant mice and SPC and Cre transgenic 
mice were described previously (11, 26). Pregnant females were main-
tained on doxycycline throughout gestation, and resulting litters were 
genotyped as previously described (11, 26). Both β-actin promoter–driven 
GFP-expressing (Tg[CAG-EGFP]B5Nagy) and β-actin–driven tomato red/
transmembrane GFP  (Gt[ROSA]26Sortm4[ACTB-tdTomato,-EGFP]Luo),  termed 
loxp-tm-TR/GFP, transgenic mice were obtained from Jackson Laborato-
ries. Mice were engineered to express tamoxifen-responsive cre-ERT2 and 
rtTA in frame with SPC but separated by “self-cleaving” E2A/T2A peptide 
sequences (Figure 6A) using standard recombineering methodologies and 
129/C57BL6 hybrid ES cells (iGeniousTL Inc.). See Supplemental Methods 

Figure 6
Role for SPC– progenitor cells in type II cell replenishment after bleo-
mycin-induced injury. (A) Insertion site of CreER2T, rtTA, and Neo 
cassette cDNAs into the stop codon of the endogenous SPC gene. 
A new stop codon was created at the 3′ end of rtTA, which was not 
used in these experiments. The Neo cassette had not been removed. 
See Supplemental Methods for details. (B) Southern blot of ES cell 
DNA using 5′ probe positioned as indicated in A revealed 4 correctly 
targeted clones (21-kb band in the Nde1 digest). (C) Merged image of 
pro-SPC and endogenous GFP fluorescence of SPCcreT2/loxp-tm-
TR/GFP lungs 7 days after i.p. injection of 1 mg 4OH-tamoxifen. (D) 
Quantification of GFP+SPC+ cells as a fraction of total SPC+ cells in 
noninjured lungs (7 or 30 days after tamoxifen) or in injured regions 
of day 30 littermates injected with bleomycin 14 days before sacrifice. 
Greater than 200 SPC+ cells in more than 10 ×20 fields were counted 
in 3 sections per lung. Fibrotic areas were identified by crowded nuclei 
and distorted/collapsed alveolar architecture and confirmed by α-SMA 
staining of adjacent sections. *P < 0.0001. (E) Merged images of pro-
SPC and GFP fluorescence of fibrotic and less-injured or uninjured 
lung areas of SPCcreT2/loxp-tm-TR/GFP mice 30 days after tamoxifen 
and 14 days after bleomycin. Arrowheads denote 2 GFP+SPC+ cells in 
fibrotic region. (F) Endogenous red fluorescence of bleomycin-injured 
loxp-tm-TR/GFP lung in the absence of cre. Scale bars: 50 μm.
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for details. All animal procedures were approved by the Institutional Ani-
mal Care and Use Committee of UCSF. All mice were bred and maintained 
in a specific pathogen–free environment.

Mouse type II and α6β4 AEC isolation. Isolation of primary AECs was per-
formed as previously described (8); see Supplemental Methods for details. 
In most experiments, suspended AECs from standard AEC preparations 
were further purified by positive selection for E-cadherin using MACS mag-
netic bead technology. These cells were then sorted for β4 expression with 
a rat monoclonal β4 antibody directly conjugated with Alexa 647 using a 
MoFlo Cell Sorter (Dako) within the UCSF Flow Cytometry Core Facility.

Immunofluorescence microscopy and flow cytometry. Isolated cells and 5- to 
7-μm cryosections were stained by immunofluorescence, X-gal, or H&E as 
previously described (26). Cells were analyzed by flow cytometry using an 
LSR II cytometer (BD Biosciences) and FlowJo.

Where indicated in the figure legends, mosaic images were generated 
from multiple ×20 images captured on a Zeiss Axio upright fluorescent 
microscope and tiled using 10% image overlap by Axiovision 4.7 software.

Immunoblot. Tissue and cells were lysed in RIPA buffer (150 mM NaCl, 
50 mM Tris, pH 8.0, 1% Triton X-100, 0.5% sodium deoxycholate, 0.1% 
SDS, supplemented with protease and phosphatase inhibitors) and ana-
lyzed by immunoblotting (26).

Preparation of mixed embryonic lung cell organoids. Mouse E14.5 lungs were 
dissected, diced, and digested in 0.2% collagenase/dispase at 37°C for  
45 minutes. The digests were washed and resuspended in medium (BGJB 
with 5% FBS, 1 mg/ml ascorbic acid, 1× penicillin/streptomycin). Debris 
was removed from mechanically dissociated cells through a 70-μm nylon 
cell strainer. The single-cell suspension was then centrifuged, washed, 
resuspended in culture medium, and counted. For each organoid, 2 × 106 
embryonic cells in single-cell suspension were concentrated by centrifu-
gation, and the suspension (approximately 5–8 μl) was pipetted onto a  

13-mm polycarbonate filter with 8-μm pore size floating on culture medi-
um. The organoids were placed in a CO2 incubator overnight, and then 
implanted under the renal capsule, as described previously (29). To assess 
the potential of adult β4+ AECs to incorporate into the organoids, β4+ 
AECs were isolated as described above and expanded for 7 days by culture 
on Mg, after which single-cell suspensions were mixed in varying ratios 
(1:10–1:100) with purified E-cadherin+ E14.5 cells and reconstituted with 
embryonic mesenchymal E14.5 cells (E-cadherin–) prior to engraftment.

Statistics. Variance for all group data is expressed as ± SD. For evaluation 
of group differences, the unpaired 2-tailed Student’s t test was used assum-
ing equal variance. A P value less than 0.05 was accepted as significant.
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