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Introduction
Chronic lung diseases are associated with significant morbidity and mortality and, collectively, constitute 
the fourth leading cause of  death in the United States. Chronic obstructive pulmonary disease (COPD) and 
pulmonary fibrosis are 2 such diseases with increasing prevalence. Both conditions involve pathological 
changes in the gas exchange (or alveolar) region of  the lung, which normally consists of  a delicate arrange-
ment of  thin-walled air sacs with type 1 and type 2 alveolar epithelial cells (AEC1s and AEC2s), stromal 
cells, and blood vessels. COPD can involve airspace enlargement and loss of  this lung tissue, while fibrosis 
is associated with alveolar scarring and overproduction of  extracellular matrix. In addition, lung fibrosis is 
typically associated with the appearance in the alveoli of  tracts of  epithelial cells expressing ectopic mark-
ers. Such tissue includes hyperplastic type 2 pneumocytes lining alveolar septae (1, 2) and the “bronchio-
larized” epithelium typically present in areas of  honeycomb cysts (3), the variably sized cystic structures 
found in scarred areas of  lung in advanced pulmonary fibrosis.

Understanding the etiology of  COPD and pulmonary fibrosis and devising new treatments for both 
diseases require knowledge of  the cellular and molecular mechanisms that regulate the growth and dif-
ferentiation of  cells in the alveolar region. We hypothesize that the development and progression of  both 
diseases involves a failure in the reciprocal interactions that normally sustain the AEC2s, which function as 
the epithelial stem cells in the alveolar space, and the fibroblasts that inhabit the stem cell niche (4). Over 
the past few years, considerable progress has been made in identifying some of  the critical trophic factors in 
the stem cell niche using technologies such as lineage tracing, transcriptomics, and in vitro organoid assays 
(in which isolated AEC2s are cultured with niche fibroblasts) (5). This has led to the recognition that FGF, 
EGF, Wnt, and bone morphogenetic protein (BMP) signaling pathways are all involved in alveolar growth 
and differentiation, both in vivo and in organoid cultures (6–9). Less attention, however, has been paid to 
a potential effect of  inflammatory cytokines on the proliferation and differentiation of  alveolar cells (10). 
To address this question, we conducted a targeted screen of  cytokines implicated in respiratory disease. 
Unexpectedly, we made the potentially novel observation that interleukin-13 (IL-13) has a profound effect 
on AEC2 stem cell self-renewal and differentiation.

IL-13 is a pleiotropic T helper type 2 (Th2) cytokine that has a variety of  functions in pulmonary 
biology. Typically, these have been associated with allergy and allergic airway disease. In this context, 
IL-13 promotes mucus synthesis (11) from airway epithelial cells, production of  IgE by B cells (12), and 

The T helper 2 (Th2) inflammatory cytokine interleukin-13 (IL-13) has been associated with both 
obstructive and fibrotic lung diseases; however, its specific effect on the epithelial stem cells in 
the gas exchange compartment of the lung (alveolar space) has not been explored. Here, we used 
in vivo lung models of homeostasis and repair, ex vivo organoid platforms, and potentially novel 
quantitative proteomic techniques to show that IL-13 disrupts the self-renewal and differentiation 
of both murine and human type 2 alveolar epithelial cells (AEC2s). Significantly, we find that 
IL-13 promotes ectopic expression of markers typically associated with bronchiolar airway cells 
and commonly seen in the alveolar region of lung tissue from patients with idiopathic pulmonary 
fibrosis. Furthermore, we identify a number of proteins that are differentially secreted by AEC2s 
in response to IL-13 and may provide biomarkers to identify subsets of patients with pulmonary 
disease driven by “Th2-high” biology.
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regulation of  cytokine production by macrophages (12). Significantly, however, a polymorphism in the 
IL13 gene promoter that enhances gene transcription has been associated with both COPD (13) and worse 
pulmonary function in patients with pulmonary fibrosis (14). In addition, increased IL13 gene and pro-
tein expression have been observed in lung tissue (15) and bronchoalveolar lavage fluid (16, 17), from a 
subset of  patients with idiopathic pulmonary fibrosis (IPF), notably in patients with rapidly progressive 
disease (15). In animal models, inducible pulmonary overexpression of  IL-13 causes alveolar airspace 
enlargement, increased lung compliance, and mucus metaplasia (18, 19), characteristics usually associated 
with an emphysema phenotype. IL-13 signaling has also been shown to be involved in tissue fibrosis (20), 
where it appears to activate fibroblast proliferation and extracellular matrix deposition through transform-
ing growth factor–β (TGF-β) production (20–22). Surprisingly, given the strong evidence supporting a role 
for IL-13 in alveolar biology and disease, the effect of  IL-13 on alveolar epithelial stem cell function and 
response to injury has not been previously studied.

Here, we exploit a combination of  in vivo lung models of  both homeostasis and repair, ex vivo organ-
oid platforms, and potentially novel quantitative proteomic techniques to show that IL-13 disrupts the 
normal differentiation of  murine and human AEC2s. Specifically, we find that IL-13 promotes ectopic 
expression in AEC2s of  markers typically associated with bronchiolar cells and with a phenotype similar to 
that of  the “hyperplastic AEC2s” seen in IPF lungs. We also identify a number of  factors AEC2s secrete in 
response to IL-13 that could be used as clinical biomarkers to distinguish subsets of  patients with chronic 
and heterogeneous lung disease who have a “high Th2 phenotype.” Collectively, these data support a role 
for IL-13 in lung biology that moves beyond IL-13–mediated chemokine and inflammation-driven respons-
es. Our data not only demonstrate that IL-13 has specific and direct interactions with alveolar epithelial 
cells but also suggest how dysregulated or unchecked IL-13 expression can impair alveolar regeneration 
and contribute to persistence and progression of  chronic lung diseases.

Results
IL-13 overexpression in vivo leads to airspace enlargement and an altered ratio of  AEC2s to AEC1s. Models have been 
established previously to explore the role of  IL-13 overexpression in the murine lung. Constitutive overex-
pression of  IL-13 under the control of  the uteroglobin (Scgb1a1/Cc10) promoter (23) in Scgb1a1-Il-13-Tg 
mice results in numerous airway changes, including tissue inflammation, mucus hyperproduction, goblet 
cell hyperplasia, and subepithelial airway fibrosis as well as alveolar airspace enlargement. Further studies 
using a doxycycline-inducible IL-13 transgene (19) revealed that this IL-13–induced alveolar enlargement is 
not a developmentally driven phenotype but rather can be due to destruction of  previously normal alveoli in 
adult tissue. Although these studies highlighted the contributions of  matrix metalloproteinases and cysteine 
proteases to the IL-13 phenotype, they did not address a potential direct effect of  IL-13 on AEC2s. Here, 
we demonstrated the presence of  airspace enlargement in the Scgb1a1-Il-13-Tg mice by histology (Figure 1A) 
and found a trend toward increased proliferation of  AEC2s at steady state in transgenic lungs compared 
with controls (P = 0.052; Supplemental Figure 1, A and B; supplemental material available online with this 
article; https://doi.org/10.1172/jci.insight.131232DS1). Moreover, the significantly higher ratio of  AEC2s 
to AEC1s in the transgenic lungs raises the possibility that IL-13, directly or indirectly, blocks the generation 
of  AEC1s from AEC2s (Figure 1B).

To test the hypothesis that IL-13 directly affects differentiation of  AEC2s in vivo, it was necessary to 
use an experimental model in which AEC2s are induced to both robustly proliferate and differentiate into 
AEC1s because their turnover in the normal lung is very slow. The injury model we chose was left lobe 
pneumonectomy (PNX). This manipulation prompts regrowth of  the remaining lung lobes to restore the gas 
exchange area of  the lung and involves both proliferation of  AEC2s and their differentiation into AEC1s. 
We carried out this procedure in both WT mice and mice overexpressing IL-13 and compared the outcome.

To accomplish these experiments, we generated mice with the genotypes Sftpc-CreERT2/+ R26R-tdTo-
mato/+ Scgb1a1-Il-13-Tg/+ (experimental) and Sftpc-CreERT2/+ R26R-tdTomato/+ (control) (hereafter abbre-
viated SftpcTmIl-13 and SftpcTm) and dosed them with tamoxifen (TMX) at least 2 weeks before PNX to 
induce lineage label expression in AEC2s. PNX and sham control surgeries were performed, and after 14 
days (Figure 1C), the right accessory lobe was analyzed with immunofluorescence and quantitative confocal 
microscopy to determine the ratio of  lineage-labeled AEC2s (defined by the presence of  surfactant asso-
ciated protein C [SFTPC] staining) and lineage-labeled AEC1s (lineage-labeled cell body with no SFTPC 
staining). As shown in Figure 1D, we found fewer lineage-labeled AEC1s in the SftpcTmIl-13 mice compared 
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with controls after PNX (Figure 1, D and E). By contrast, the proliferation rates of  lineage-labeled AEC2s 
in the SftpcTmIl-13 mice were higher than in controls (Supplemental Figure 1, C–E). We did not detect any 
qualitative change in the fibroblast population in the alveolar space of  these mice (Supplemental Figure 1F). 
These data suggest that overexpression of  IL-13 in the murine lung promotes AEC2 proliferation but at the 
same time inhibits their normal differentiation into AEC1s that occurs in the setting of  PNX.

IL-13 inhibits differentiation of  AEC2s in organoid culture. We next examined the effect of  IL-13 on AEC2s 
cultured in our ex vivo organoid “alveolosphere” culture system (5). To accomplish this, we isolated lin-
eage-labeled cells from SftpcTm mice. As we have previously shown (5), the vast majority of  cells labeled 
in these mice are AEC2s; less than 1% of  labeled cells are dual-positive SFTPC+SCGB1A1+ cuboidal cells 
in the terminal bronchioles (bronchoalveolar stem cells, or BASCs; ref. 24) and alveoli. Isolated AEC2s 
were cocultured in Matrigel with alveolar fibroblasts expressing platelet-derived growth factor receptor–α 
(Pdgfra), with or without IL-13 (or IL-4) (Figure 2A). After 14 days, the morphology of  the cytokine-treated 
alveolospheres was dramatically different from that of  controls; the IL-13–treated organoids were much 
larger although the colony-forming efficiency was lower (Figure 2B). These results were recapitulated with 
IL-4, another Th2 type cytokine that shares receptor subunits and signaling molecules with IL-13 (ref. 25 
and Figure 2C). Approximately 55% of  the IL-13–treated organoids had a “simple” (monolayer) morphol-
ogy, distinct from the multilayer morphology displayed by nearly all the control spheres (Supplemental 
Figure 2, A and B). Reduced colony-forming efficiency (CFE) and increased sphere diameter occurred in 
a dose-dependent manner with IL-13 (Supplemental Figure 2C). The increase in average sphere diameter 
is a result of  IL-13 treatment promoting a statistically significant increase in organoids that are more than 
200 μm in diameter (Supplemental Figure 2D). The IL-13–induced phenotype occurred if  IL-13 was added 
to the culture system at any time up to day 6. Addition beyond this time did not generate as exaggerated a 
phenotype (Supplemental Figure 3). Interestingly, IL-13 does not appear to permanently alter the ability of  
AEC2s to differentiate because the normal day 14 alveolosphere phenotype can be rescued if  the IL-13 is 
withdrawn as late as day 10 (Supplemental Figure 4). Of  note, although 45% of  the IL-13–treated spheres 
displayed a multilayer morphology, none of  these IL-13–treated organoids was phenotypically normal 
when analyzed for cellular composition and polarity (see below; Supplemental Figure 5). Also of  note, it 
does not appear that the change in architecture of  the organoids is related to changes in fluid and electrolyte 
transport. We treated control and IL-13–treated organoids with forskolin, a diterpenoid that is known to 
induce swelling of  organoids through modulation of  ion channels via activation of  adenylate cyclase and 
increase in cyclic adenosine monophosphate levels. Although we saw an increase in diameter of  organoids 
derived from tracheal basal cells, we saw no change in the diameter of  AEC2-derived organoids treated 
with forskolin either in the presence or absence of  IL-13 (Supplemental Figure 6).

IL-13–induced epithelial phenotype is STAT6 dependent. Our initial organoid studies could not distinguish 
whether the effects of  IL-13 are due to direct actions on AEC2s or via paracrine signaling by IL-13–stim-
ulated fibroblasts. Because it has been well described that IL-13 uses STAT6 as a downstream effector in 
both cell types, we generated mice of  the genotypes Sftpc-CreERT2/+ R26R-tdTomato/+ Stat6–/– (hereafter 
SftpcTm Stat6) and Pdgfra:H2B-GFP Stat6–/– (hereafter PGFP Stat6). Using FACS, we isolated lineage-la-
beled AEC2s from TMX-dosed SftpcTm Stat6 and SftpcTm mice and GFP+ stromal cells from PGFP Stat6 
and PGFP mice. We then established organoid cultures with mutant and WT cells in different combina-
tions, with and without IL-13 (Figure 2, D and F). When STAT6 signaling was abolished in the Pdgfra+ 
stromal cells, IL-13 treatment induced the typical phenotype (i.e., larger, simpler spheres) (Figure 2, D 
and E). In contrast, when STAT6 signaling was abolished in the SFTPC+ AEC2s, the IL-13–induced 
alveolosphere phenotype no longer developed (Figure 2, F and G). This suggests that the effect of  IL-13 
on AEC2 stem cell behavior is mediated directly by STAT6 in the epithelium and is not contingent upon 
a STAT6-dependent, IL-13–induced change in the supporting stromal cells.

IL-13 promotes an immature phenotype in AEC2s in organoid culture. We performed detailed histological 
analysis of  alveolospheres from both control and IL-13 conditions and scored sections for markers of  
alveolar epithelial cells. As described previously, control spheres had a multilayered architecture, with 
AEC2-like cells on the outside and AEC1-like cells on the inside, typically positive for HOPX, PDPN 
(also known as T1-α) (Figure 3A), or advanced glycosylation end-product specific receptor (RAGE) 
(Supplemental Figure 5A). By contrast, IL-13–treated spheres lacked this organization, and none of  
these spheres (neither simple nor multilayer) contained AEC1s positioned with a clear inside preference 
(Supplemental Figure 5B). The expression of  alveolar epithelial markers was noticeably attenuated in the 
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IL-13–treated spheres (Figure 3A). Of  note, a significantly higher proportion of  cells in IL-13–treated 
spheres were negative for typical AEC2 and AEC1 markers (Figure 3B and Supplemental Figure 5B).

Bulk RNA-Seq of  lineage-labeled epithelial cells isolated from organoids at day 16 showed that the 
IL-13–treated cells expressed lower levels of  both AEC2 and AEC1 markers (Hopx, Ager, Pdpn, Sftpc) (Fig-
ure 3C, Supplemental Figure 7A, and ref. 26) and genes associated with lipid processing (Supplemental 
Figure 7B) versus controls. Of  particular interest is that fact that IL-13 induced significant upregulation of  
transcripts for genes such as Scgb1a1 (+8-fold), Atp6v1b1 (+6-fold), Trp63, and Muc5b (Figure 3C) that are 
normally expressed in airway epithelium. In addition, immunofluorescence staining showed that IL-13–
treated spheres express higher levels of  SOX9 (Figure 3D), a transcription factor expressed in the develop-
ing lung that is involved in the balance of  proliferation and differentiation of  epithelial tip progenitor cells 
(27). We did not observe increased expression of  airway-related protein markers (e.g., SCGB1A1, SOX2, 
TRP63) or specific mucins (e.g., MUC5B) with conventional immunofluorescence staining (data not 
shown). Taken together, these results suggest that IL-13 treatment promotes dedifferentiation of  AEC2s 
and a reprogramming of  these cells toward a bronchiolar phenotype. These effects on the AEC2 transcrip-
tome were also observed when cultures were treated with IL-4 (Supplemental Figure 7C).

IL-13 induces expression of  keratin 5 in a subset of  AEC2-derived organoids. In our analysis of  immuno-
fluorescence staining for bronchiolar marker proteins in IL-13–treated organoids, we found expres-
sion of  keratin 5 (KRT5) in murine AEC2-derived, IL-13–treated spheres. KRT5 is a cytoskeletal pro-
tein that is characteristic of  basal cells in the mouse trachea and intralobar airways of  normal human 
lung. Significantly, KRT5 is expressed ectopically in many SFTPC+ “hyperplastic AEC2s” found in 
the alveolar space of  IPF lungs (Supplemental Figure 8, A and B, and refs. 1, 2). Immunofluorescence 
analysis of  day 14 organoids revealed the presence of  KRT5 in 7.9% of  lineage-labeled IL-13–treated, 

Figure 1. IL-13 overexpression leads to an increase in the proportion of AEC2s to AEC1s. (A) Constitutive overexpression 
of IL-13 from airway epithelial cells in the Scgb1a1-Il-13–transgenic mouse leads to airspace enlargement and a propor-
tional increase in the number of AEC2s (labeled with DC-LAMP [LAMP3]) compared with AEC1s (marked by podoplanin 
[PDPN] expression). (B) The proportion of AEC2s to AEC1s was assessed by counting AEC2s (DC-LAMP+ cells) and AEC1s 
(cells with nuclear expression of homeobox only protein X, HOPX) and expressing the results as a proportion (AEC2/
AEC1). There are more AEC2s relative to AEC1s in the IL-13–overexpressing mice. Unpaired t test; error bars indicate mean 
± SD. (C) Schematic for lineage-labeling AEC2s in adult mice with (SftpcTmIL13) and without (SftpcTm) constitutive 
overexpression of IL-13 and subsequent pneumonectomy procedure (PNX). (D) Control lungs 14 days after PNX contain 
many lineage-labeled AEC1s. (E) IL-13–overexpressing lungs (IL-13 PNX) contain fewer lineage-labeled AEC1s after PNX 
when compared with controls (control PNX) despite higher levels of post-PNX AEC2 proliferation (data not shown and 
Supplemental Figure 1). Unpaired t test; error bars indicate mean ± SD. Scale bars: 100 μm (A), 75 μm (D). **P < 0.005.
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Figure 2. AEC2-derived organoids 
grown with IL-13 display altered 
morphology. (A) 3D organoid cultures 
containing lineage-labeled AEC2s and 
PdgfraGFP+ stromal cells were grown 
with and without IL-13. Organoids 
grown with IL-13 appear larger and less 
dense. This morphology is observed 
with treatment with another Th2 
cytokine, IL-4, as well. (B) When 
compared with control organoids, 
IL-13–treated organoids display lower 
colony-forming efficiency (CFE) and 
higher average diameter. Paired t 
tests; error bars indicate mean ± SD. 
(C) IL-13–treated spheres lack AEC1 
staining (PDPN). Organoids treated 
with IL-4 display similar histological 
morphology. (D and F) Lineage-la-
beled AEC2s were isolated from 
WT SftpcTm mice (SpcTm WT) or 
from Stat6–/– SftpcTm mice (SpcTm 
Stat6–/–). PdgfraGFP+ stromal cells 
were isolated from WT PdgfraGFP 
mice or from Stat6–/– PdgfraGFP mice 
(PGFP Stat6–/–). These cells were 
plated in organoid culture in different 
combinations and grown to day 14. 
(D and E) Organoids derived from WT 
lineage-labeled AEC2s grow normally 
in control conditions, even if STAT6 
signaling is abolished in the stroma. 
When IL-13 is added to WT organoids 
supported by either WT or Stat6–/– 
stromal cells, the typical IL-13 effect is 
observed. (F and G) Stat6–/– organoids 
grown with IL-13 do not display an 
increase in average sphere diameter, 
and the morphology appears grossly 
normal. These data suggest that the 
IL-13 effect is due to STAT6 signaling 
in the epithelium. One-way ANOVA; 
error bars indicate mean ± SD. Scale 
bars: 500 μm (A), 100 μm (C), and 500 
μm (D). *P < 0.05; **P < 0.005.
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AEC2-derived alveolospheres; there was no KRT5 expressed in control spheres (Figure 3E). This find-
ing was supported by using a KRT5GFP reporter line (Figure 3F). These data support the hypothesis 
that AEC2s are induced to express KRT5 in the presence of  IL-13.

Interestingly, our data show that when AEC2s are supported by Stat6–/– fibroblasts and grown in the pres-
ence of  IL-13, there is an increase in the proportion of  organoids that contain KRT5+ cells. In attempting to 
determine the mechanism behind this, we assessed by ELISA levels of  a known IL-13 decoy receptor, IL-13 
receptor subunit α 2 (IL-13Rα2) (28) in conditioned medium collected at different times during organoid 
growth. IL-13Rα2 levels went up significantly by day 10 in the presence of  IL-13 when organoids were sup-
ported by normal fibroblasts, but IL-13Rα2 levels remained near or at baseline when organoids were support-
ed by Stat6–/– fibroblasts (Supplemental Figure 9).

Alveolar epithelial cells coexpressing SFTPC and SCGB1A1 may preferentially respond to IL-13 treatment. 
Because our data suggest that the AEC2s that respond to IL-13 take on a bronchiolar-like phenotype (with 
upregulation of  bronchiolar-related gene transcripts), we asked whether a subset of  AEC2s that normally 
express low levels of  the bronchiolar marker SCGB1A1 would be primed to respond to IL-13. Alveolar 
epithelial cells that are positive for SFTPC and SCGB1A1 have been shown to be located at and close to 
the BADJ (BASCs) (24) or scattered in low numbers throughout the alveoli (29); these cells have also been 

Figure 3. IL-13 disrupts AEC2 differentiation in vitro. (A) Control organoids express both AEC2 (DC-LAMP) and AEC1 (HOPX, 
PDPN) markers. The morphology of most IL-13–treated spheres is abnormal, with only a single layer of epithelial cells. There 
are AEC2 and AEC1 markers present, but these occur in an apparently random distribution not seen in control spheres. 
(B) Compared with control organoids, IL-13–treated organoids contain a higher proportion of cells that lack both AEC2 and 
AEC1 markers. One-way ANOVA; error bars indicate mean ± SD. **P < 0.005. (C) RNA-Seq of day 16 organoids grown in the 
presence of IL-13 (compared with control conditions) reveals increased expression of bronchiolar markers (n = 3 biological 
replicates per condition; asterisk indicates genes significantly differentially expressed). (D) Lineage-labeled (Tomato+) 
organoids grown in the presence of IL-13 express more SOX9 and display more proliferation (MKI67) than lineage-labeled 
organoids grown in control conditions. (E) IL-13 induces ectopic expression of KRT5 in AEC2s. An AEC2-derived sphere 
(arrow) grown in control conditions expresses AEC2 (DC-LAMP) and AEC1 (PDPN) markers but not KRT5. A rare contaminat-
ing basal cell–derived organoid (asterisk) serves as a positive control, demonstrating expected KRT5 staining. In contrast, 
a proportion of IL-13–treated spheres express KRT5. (F) KRT5 expression in IL-13–treated spheres is supported with use of a 
Krt5GFP reporter mouse line. Scale bars: 50 μm (A); 50 μm, insets 25 μm (D); 75 μm (E); and 50 μm (F).
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shown to respond preferentially in a model of  injury with Streptococcal pneumoniae (30). To test our hypoth-
esis that SCGB1A1-expressing AECs respond preferentially to IL-13, we isolated from Scgb1a1-CreER/+ 
R26R-tdTomato/+ mice (hereafter Scgb1a1Tm) lineage-labeled cells that were also “high” for LysoTracker 
(LT), a validated marker of  differentiated AEC2s (ref. 31 and Figure 4A) and compared their growth with 
that of  “bulk” AEC2s from the same mice (i.e., non–lineage-labeled, LT+ cells). In this experiment, the 
CFE of  IL-13–treated, lineage-labeled epithelial cells was higher than that of  control cells (Figure 4, B and 
C). This suggests that the subset of  AEC2s that express SCGB1A1 are capable of  more robust prolifera-
tion in the presence of  IL-13 than non–SCGB1A1-expressing AEC2s. A similar proportion of  organoids 
derived from SCGB1A1-expressing AEC2s grown in the presence of  IL-13 express KRT5 (Figure 4D; 
quantitative data not shown).

Potentially novel quantitative proteomics approach reveals IPF-related proteins in IL-13–treated AEC2s. To 
better understand the phenotype of  AEC2s exposed to IL-13 treatment, we isolated lineage-labeled 
(Tomato+) epithelial cells from day 16 organoids derived from lineage-labeled AEC2s grown with and 
without IL-13 after removing supporting stromal cells by FACS. We then analyzed protein expression in 
the Tomato+ cells by mass spectrometry–based proteomics (Figure 5) and compared the results to bulk 
RNA-Seq data from the same cells. The upregulation of  a number of  transcripts and their correspond-
ing gene products (Figure 5, B and C) — including chitinase-like proteins (CHIA, CHIL3, CHIL4, and 
CHI3L1) and resistin-like–α (FIZZ1; Supplemental Table 1) — mirrored a Th2 inflammatory phenotype 
that has been well described in murine lungs (32). In addition, the differential expression of  these pro-
teins (and all other proteins subsequently detected) was maintained in AEC2 cells cultured with Stat6–/– 
fibroblasts, demonstrating an effect of  IL-13 on the AEC2s that is not dependent on an IL-13–driven, 
STAT6-dependent response by supporting fibroblasts (Figure 5C).

We mapped differentially expressed genes/proteins to numerous other relevant pathways, including 
proliferation, surfactant function, bronchiolar cell markers, and extracellular matrix remodeling (Figure 
5B and Supplemental Table 1). An IL-13–dependent hyperproliferative phenotype was suggested by an 
increase in expression of  proliferation marker protein Ki-67 (MKI67) as well as condensin subunits SMC2 
and SMC4, all of  which localize to mitotic chromosomes (33). Also consistent with this phenotype was 
increased expression of  keratin 18 (34). IL-13–dependent AEC2 metabolic dysfunction was suggested by 
lower levels of  fructose-1,6-bisphosphatase 1 (FBP1), which is expressed in human AEC2s but not AEC1s 
(35), as well as other key enzymes in surfactant homeostasis (e.g., fatty acid synthase [FASN], acetyl-coA 
carboxylase [ACACA], and choline-phosphate citidylyltransferase A) (36, 37) and the surfactant-associated 
lysozyme C-2 (LYZ2) (38–40). In addition, FABP5, a transporter of  fatty acids that is believed to protect 
against oxidative damage to lipids and to regulate inflammatory functions of  macrophages (41, 42), was 
downregulated in IL-13–treated AEC2s. Of  note, the levels of  intracellular SFTPA, SFTPB, SFTPC, and 
SFTPD were not significantly altered by IL-13 treatment; secreted surfactant was not measured.

IL-13–induced extracellular matrix modification was suggested by increased expression in AEC2s of  
COL14A1, a fibril-associated collagen that has been shown to be increased in IPF lung (43, 44) and procol-
lagen-lysine,2-oxoglutarate 5-dioxygenase 2 (PLOD2), which catalyzes a critical step in collagen cross-link-
ing (45). Although expression of  surfactant-related genes is inhibited by IL-13, levels of  the club cell marker 
cytochrome P450 isoform 2F2 (CP2F2) was higher in IL-13–treated organoids, consistent with our findings 
that IL-13–responsive AEC2s take on bronchiolar characteristics in the setting of  IL-13 treatment. Further-
more, because club cells can produce surfactant proteins but not surfactant lipid, these data suggest that 
IL-13 promotes a secretory phenotype that may be defective in normal surfactant function.

In addition to the cell proteome, we used a potentially novel proteomic approach to quantify the 
secreted proteins from conditioned medium (Figure 5A). Specifically, we used isobaric labeling, frac-
tionation, and microflow liquid chromatography–tandem mass spectrometry (LC-MS/MS) to identify 
and quantify proteins secreted by cells into the organoid culture medium. Analysis of  the conditioned 
medium versus sham allowed us to differentiate these secreted factors from the background of  FBS 
and Matrigel, a basement membrane preparation from mouse sarcoma cells that contains extracellular 
matrix proteins. This analysis identified a small subset of  proteins differentially expressed in medi-
um from IL-13–treated organoids and present at much higher levels than in the medium-only control 
(Figure 5D). As in the cell proteome/transcriptome, the most highly upregulated proteins included 
the STAT6-inducible chitinases, FIZZ1, and polymeric Ig receptor. Likewise, levels of  lysozyme C2 
(LYZ2), a potentially important component of  surfactant, were significantly lower (Figure 5D).
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Impaired differentiation of  human alveolar epithelial cells in the presence of  IL-13. We next asked wheth-
er IL-13 also impairs the proliferation and differentiation of  human alveolar epithelial cells (hAEC2s) 
in organoid culture. We adapted our previously reported protocol (5) and isolated HTII-280+ hAEC2s 
(46) from normal human lung tissue (Figure 6A). Cells were grown in Matrigel with air-liquid interface 
(ALI) medium (47) for 21 days with and without IL-13 (Figure 6, A and B). There was no difference in 
CFE between control and IL-13–treated hAEC2-derived organoids, but there was a statistically significant 
increase in average sphere diameter in IL-13–treated organoids (Figure 6C). IL-13 promotes an abnor-
mal morphology in human alveolospheres. Strikingly, cells in IL-13–treated spheres have a more flattened 
appearance and are less cuboidal. We confirmed this finding by quantifying the number of  cells per unit 
of  circumference distance in each sphere (Figure 6D). Immunohistochemistry showed that HTII-280 was 
present on the luminal (apical) surface of  hAEC2-derived control organoids (Figure 6E), suggesting AEC2 
identity. Some cells in the spheres also expressed the AEC1 marker aquaporin 5 (AQP5) (Figure 6E), 
although none of  the AQP5+ cells resembled the highly attenuated AEC1s that we saw in murine alveolo-
spheres. This is consistent with reports from other groups suggesting that there is a paucity of  AEC1s in 
control hAEC2-derived organoids (6, 48), regardless of  treatment condition. Assessment of  proliferation 
using MKI67 revealed an increased rate of  epithelial cell proliferation in IL-13–treated hAEC2s at day 21 
compared with controls (Figure 6E), a finding consistent with the murine alveolosphere proteomic data. 
Analysis of  immunofluorescence markers revealed that there were fewer HTII-280+SFTPC+ dual-positive 
AEC2s in IL-13–treated spheres. A significant proportion of  cells in IL-13–treated spheres were HTII-280+ 
only, lacking normal coexpression of  SFTPC (Figure 6F).

Discussion
In this work, we used a combination of  in vivo lineage tracing in an injury/repair model, ex vivo organoid 
culture, and quantitative proteomics to reveal previously unappreciated STAT6-dependent effects of  the Th2 
cytokine, IL-13, on alveolar epithelial stem cells. Our observations have important implications for AEC2 
stem cell biology and potentially for the diagnosis and treatment of  patients with chronic lung disease.

Our in vivo lineage-tracing experiments clearly showed that IL-13 causes impaired differentiation of  
AEC2s to AEC1s in the PNX model of  compensatory lung regrowth, suggesting that IL-13 can affect the 
stem cell responses of  the alveolar epithelium. We did not observe any obvious phenotypic changes in the 
alveolar fibroblasts in histological sections, although we did not perform transcriptomic or proteomic pro-
filing on this population to evaluate their response to IL-13 more completely. We are able to discern, how-
ever, from our in vitro organoid culture models, that the effect of  IL-13 on AEC2s is mediated by STAT6 
signaling in the epithelium and that this effect is not mediated by a STAT6-dependent response of  the 
supporting stromal cells. This is important because many prior studies have focused on the effect of  IL-13 
on fibroblasts (49), with the dogma being that lung fibroblasts act as effector cells in the lung after activation 
by IL-13 or IL-4. In contrast, our study suggests that IL-13–exposed AEC2s can serve as effector cells to 
perpetuate an IL-13–induced inflammatory response through production of  profibrotic and proinflamma-
tory proteins (such as FIZZ1 [ref. 50] and periostin, POSTN [ref. 51]) and through expression of  increased 
levels of  structural and ECM-relevant proteins, such as COL14A1 and PLOD2.

To be clear, this work does not rule out a contribution of  the stromal cells that could be contribut-
ing to the epithelial phenotype that we observe. In fact, our findings that IL-13Rα2 is present in condi-
tioned medium (CM) when organoids are supported by normal fibroblasts (but is not present in CM at 
similar levels when organoids are supported by Stat6–/– fibroblasts) and that the presence of  IL-13Rα2 
attenuates the level of  KRT5 expression in IL-13–treated organoids suggests that an IL-13–induced 
response of  the stromal cells can affect the epithelial phenotype. Further, our experiments have not 
ruled out that IL-13 signals in fibroblasts in a STAT6-independent manner to promote the production 
of  a secreted factor that, in turn, acts on AEC2s in a STAT6-dependent fashion. It will be important 
to investigate this possibility in future work so that the specific IL-13–driven pathway(s) that lead(s) to 
AEC2 stem cell dysfunction can be elucidated further.

One of  the most interesting findings from this work is the suggestion that IL-13 can promote a bronchi-
olar phenotype in AEC2s. Our transcriptomic data show that IL-13 impairs the stem cell function of  AEC2s 
and induces ectopic expression of  genes normally associated with bronchiolar and more proximal airway 
cell types. Specifically, IL-13 promotes increased transcript levels of  Scgb1a1, Scgb3a2, Atp6v1b1, and Trp63 
and increased protein expression of  transformation related protein 63 (TRP63) and CP2F2 (among others). 
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Figure 4. AEC2s that coexpress SCGB1A1 are more capable of growth in the presence of IL-13 than AEC2s that do 
not express SCGB1A1. (A) Lungs were isolated from Scgb1a1CreER/+ Tm/+ (Scgb1a1Tm) mice following TMX admin-
istration. Airway cells and scattered alveolar epithelial cells (white arrowheads) are labeled in these mice; rare 
BASCs (SFTPC+SCGB1A1+ cells located in the terminal bronchiolar region; yellow arrowhead) are labeled. Lungs were 
dissociated and a single-cell suspension was stained for LysoTracker (LT) in order to mark AEC2s. Both Tomato+ 
(Sgcb1a1–lineage-labeled) LT+ cells (AEC2s that coexpress SCGB1A1; gray box) and Tomato– (non–lineage-labeled) 
LT+ cells (AEC2s that do not coexpress SCGB1A1; magenta box) were sorted via FACS and cultured in equal numbers 
with PGFP+ stromal support cells for 14 days with and without IL-13. (B and C) The CFE of Tomato+ Scgb1a1–lin-
eage-labeled AEC2s increases with IL-13 exposure (calculated based on fold change in CFE from control). The 
baseline CFE of Scgb1a1Tm LT+ control cultures is 3.58%. This CFE increases to 5.25% in the presence of IL-13. The 
baseline CFE of non–lineage-labeled AEC2s that are LT+ is 14.42% in control conditions. This CFE drops to 11.68% 
in the presence of IL-13. The average sphere diameter of IL-13–treated organoids derived from Tomato+ Scgb1a1-ex-
pressing AEC2s is higher than IL-13–treated organoids derived from Tomato– Scgb1a1 lineage– AEC2s. (D) There 
is notable KRT5 staining in organoids derived from Tomato+ Scgb1a1–lineage-labeled, LT+ AEC2s compared with 
control spheres. One-way ANOVA with multiple comparisons; error bars represent mean ± SD. Scale bars: 100 μm 
(A), 500 μm (B), and 100 μm (D). *P < 0.05; **P < 0.005.
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One possible explanation for these changes is that they are orchestrated by ectopic expression of  SOX9, a 
transcription factor normally involved in distal epithelial progenitor fate decisions in the developing lung (27), 
holding AEC2s in an immature state. Our work does not reveal, however, whether all AEC2s are capable of  
developing this bronchiolar phenotype or whether only a subset of  AEC2s can do so. Our data show that Scg-
b1a1–lineage-traced AEC2s have a competitive growth advantage in culture with IL-13 compared with bulk 
AEC2s, and this suggests that alveolar epithelial cells that already express low levels of  bronchiolar markers 

Figure 5. Proteomic analysis. (A) Schematic. For cell-based proteomic analysis, lineage-labeled cells were dissociated from Matrigel, and protein isolated from 
them was trypsinized and peptides analyzed by nanoflow liquid chromatography–tandem mass spectrometry (nano–LC-MS/MS). For secretomic analysis, condi-
tioned medium was collected at day 14 and protein trypsinized, labeled, fractionated, and analyzed by LC-MS/MS. (B) Heatmap showing differential expression 
of proteins in lineage-labeled epithelial cells from control and IL-13–exposed cultures. Proteins depicted are significant at P < 0.05 and fold change > ±1.5 in IL-13 
vs. control. (C) Three representative differentially expressed proteins from cell-based proteomic analysis in B. Chitinase-like protein A (CHIA) and collagen α 1(XIV) 
chain (COL14A1) were significantly upregulated in AEC2-derived cells in IL-13–treated cultures compared with controls. Conversely, there was less expression of 
fatty acid binding protein 5 (FABP5) in AEC2-derived cells from IL-13–treated cultures compared with controls. CHIA WT, IL-13 vs. control, P = 0.001965; CHIA STAT6, 
IL-13 vs. control, P = 0.005662; COL14A1 WT, IL-13 vs. control, P = 0.011875; COL14A1 STAT6, IL-13 vs. control, P = 0.0.00319; FABP5 WT, IL-13 vs. control, P = 0.015991; 
FABP5 STAT6, IL-13 vs. control, P = 0.0.004382. *P < 0.05; **P < 0.005; paired, 2-tailed t test. (D) Volcano plot depicting proteins that are differentially expressed 
in the secretome of cultures treated with IL-13 versus control. Error bars represent mean ± SD. Analysis done with 3 biological replicates for each condition.
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Figure 6. Human lung cell culture. (A) Schematic for processing of normal human lung for culture of hAEC2s. (B) Representative example of human 
alveolospheres grown with and without IL-13. (C) CFE is similar with and without IL-13, but average sphere diameter is higher in IL-13–treated cultures. (D) 
Quantification of cell number per unit circumference. The cells in IL-13–treated spheres cover more surface area and appear elongated. Two-tailed t test; 
error bars represent mean ± SD. (E) Representative immunohistochemistry of AEC2s (HTII-280+) and AEC1s (AQP5+) in human alveolospheres grown with 
and without IL-13. Note the morphology of IL-13–treated spheres is different from controls and there is less staining for both AEC2 and AEC1 markers. There 
are more proliferating (MKI67+) cells in the IL-13–treated organoids. Two-tailed t test; error bars represent mean ± SD. (F) Representative spheres from a 
separate donor. Note larger diameter of IL-13–treated sphere and less expression of the AEC2 marker, SFTPC. One-way ANOVA; error bars represent mean ± 
SD. Dot colors correspond to separate donors. Donors are listed as HLT-xxx. Scale bars: 500 μm (B), 60 μm (D), 50 μm (E), 30 μm (F). *P < 0.05; **P < 0.005.
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such as SCGB1A1 are primed and more capable of  turning on a bronchiolar program in the presence of  
IL-13. To determine whether there is heterogeneity in the response of  AEC2s to IL-13, it would be reasonable 
to perform single-cell RNA-Seq analysis of  AEC2s grown with and without IL-13 in culture to explore further 
the heterogeneity that exists in the alveolar response to IL-13.

As IL-13–exposed AEC2s become more bronchiolarized, it is perhaps not surprising to see that 
IL-13 exposure also causes AEC2s to express reduced levels of  typical AEC2 genes, including Sftpc 
and Lyz2, as well as proteins that are involved with fatty acid metabolism and processing, such as 
FBP1, FABP5, FASN, and ACACA. How these fatty acid–based transcriptomic and proteomic chang-
es affect the reparative capacity of  alveolar epithelial stem cells is currently unknown and is worthy 
of  future study.

In the context of  our ex vivo human experiments, we have shown that IL-13 affects the growth 
of  hAEC2s in organoid culture. At this time, we cannot determine whether the effect is direct (as it 
appears to be in the mouse) or indirect (mediated through the supporting stromal cells). However, IL-13 
clearly has an effect on the self-renewal capacity of  AEC2s and on the morphology of  hAEC2-derived 
organoids. This supports our hypothesis that IL-13 influences human lung remodeling in vivo. Taken 
together, our murine and human data suggest that IL-13 exerts pleiotropic effects on alveolar epithelial 
stem cells and that the AEC2 response to IL-13 has the potential to influence lung remodeling, either 
directly or indirectly.

As outlined in the introduction, IL-13 has been implicated in the pathogenesis of  IPF (14–17). Most 
of  the data supporting the role of  IL-13 in IPF are correlative: IL-13 mRNA levels are increased in lung 
tissue from patients with IPF (15), and IL-13 protein levels are increased in bronchoalveolar lavage fluid 
(BALF) from a subset of  patients with IPF (16); however, the biology behind this association has not 
been elucidated. Studies have shown that alveolar macrophages can produce IL-13 in fibrotic lungs (17) 
and that fibrotic lung tissue has increased levels of  expression of  IL-13 receptors (52). Nevertheless, a 
clear cellular source of  IL-13 production in IPF lungs and biological data suggesting downstream tar-
get(s) of  IL-13 signaling in the context of  disease have not been shown. Our study, therefore, provides 
a foundation from which to consider how the AEC2-specific effects of  IL-13 may relate to the develop-
ment, pathogenesis, and progression of  IPF.

In beginning to consider how AEC2-specific effects of  IL-13 can promote disease pathogenesis, 
we have considered the IL-13–induced phenotypic changes to AEC2s in the context of  published IPF 
single-cell sequencing data. Interestingly, the “intermediate” epithelial cell type in IPF lungs identified 
by Xu et al. (53) shares many of  the characteristics of  our AEC2-derived IL-13–treated cells (increase 
in KRT5, SOX9, MKI67; decrease in SFTPC and FABP5) (54). We hypothesize that these “intermediate” 
epithelial cells may in fact be similar to the “hyperplastic AEC2s” found in regions of  fibrotic alveolar 
septae lacking typical AEC1s. Currently, the origin of  these cells is not known, but our data suggest that 
at least some of  these cells could arise from AEC2s responding to high levels of  IL-13 in the alveolar 
regions. According to our model, once the phenotypic switch has occurred and high IL-13 levels persist, 
the “hyperplastic cells,” having lost a normal AEC2 phenotype, are unable to differentiate to AEC1s 
and normal repair is disrupted. In turn, incomplete epithelial repair leads to secretion of  profibrotic and 
ECM remodeling–related proteins, which sets up a negative feedback loop (see schematic, Figure 7). 
We hypothesize that this biological scenario could be relevant in a subset of  patients with IPF who have 
high levels of  Th2 cytokines in the BALF.

Given our experimental findings and what has been previously reported regarding IL-13 and the 
pathogenesis of  fibrosis, we hypothesized that anti–IL-13 treatments might improve the clinical course 
in patients with IPF. Three recent phase II trials (55–58), however, did not demonstrate evidence of  
benefit associated with anti–IL-13 therapy. It is important to consider these clinical trial results in light 
of  our experimental data and the limited clinical data that exist about lung IL-13 levels in patients 
with IPF. First of  all, we contend that only a subset of  patients included in these studies had a “high” 
IL-13 phenotype, and as a result, the clinical trials were not powered adequately to observe a benefit. 
The limited published data demonstrating IL-13 and IL-4 elevations in IPF BALF reveal that there is 
substantial heterogeneity in the levels of  these Th2 cytokines in individual patients (59, 60). Although 
1 trial attempted to address this concern (with analysis of  POSTN-dichotomized groups), we contend 
that POSTN may not be a reliable surrogate marker for IL-13 activity in IPF (61) given that it can be 
induced not only by IL-13, but also by other factors, such as TGF-β1, -β2, and -β3; BMPs 2 and 4; 
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VEGF; and other interleukins (briefly reviewed in ref. 62). POSTN has been identified as a biomarker 
that is associated with IPF prognosis (63, 64), but to the best of  our knowledge, POSTN levels have not 
been directly correlated with IL-13 levels in IPF. Next, it has been proposed by others that direct target-
ing of  IL-13 may enhance the expression of  profibrotic/inflammatory transcripts (65), and alternative 
indirect IL-13–targeting strategies should be considered. Moreover, our data suggest that IL-4 and 
IL-13 have redundant effects on AEC2 stem cell biology, and targeting only 1 of  these cytokines with 
a specific monoclonal antibody may be insufficient. This redundancy was addressed in the recent trial 
with SAR156597, a drug that neutralizes both IL-13 and IL-4, and notably, a positive trend on acute 
exacerbations was observed (56). Finally, we argue that targeting IL-13 (or IL-13 and IL-4) beyond the 
early stages of  IPF is probably too late because remodeling of  the ECM will have occurred and the 
lung is stiff. The resulting biomechanical alterations in the niche may prevent alveolar epithelial repair 
from proceeding normally (66).

Moving forward, we envision a number of  scenarios in which it would be beneficial to pheno-
type patients with chronic lung disease based on Th2 cytokine levels so that clinical care and clinical 
trial design can become more personalized. Because IL-13 is present in the serum at very low levels 
(making detection difficult) (59), alternative biomarkers must be explored. Our data show that IL-13 
induces the expression of  a number of  other Th2-related proteins from AEC2s. This raises the pos-
sibility that a biomarker panel incorporating these proteins to phenotype patients would have great 
clinical utility, allowing the clinical research community to characterize disease trajectory or treatment 
response in Th2-high versus -low patients and allowing for more nuanced clinical trial design in the 
future. Using this approach, inhibition of  IL-13 in IPF and other respiratory diseases may represent a 
promising path for treatment (60).

Figure 7. Model for the potential role of IL-13 in the pathogenesis of IPF. Normal lung is capable of epithelial repair, 
characterized by self-renewal and differentiation of AEC2s. In normal circumstances, injury can be repaired through 
these mechanisms. In the setting of genetic predisposition, endoplasmic reticulum stress, aging, or, as we propose, 
high IL-13 levels, AEC2s proliferate but are unable to differentiate normally, leading to denuded basement membrane, 
proliferation, and differentiation of mesenchymal cell types, and deposition of extracellular matrix. AEC2s are 
“hyperplastic” in appearance, have reduced expression of lipid biosynthesis genes, and acquire a more bronchiolar 
phenotype. As such, they are not capable of normal repair and a fibrotic response is perpetuated.
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Methods
Mice. Mice used were Sftpc-CreERT2 (67) and Rosa26R-CAG-tdTm (Rosa-Tm) (previously described in ref. 67); 
B6.129S4-Pdgfratm11(EGFP)sor/J (Pdgfra-H2B:GFP) from The Jackson Laboratory (strain 007669); Stat6-null mice 
from The Jackson Laboratory (strain 005977, ref. 68); Krt5GFP-Tg mouse line (previously described in ref. 
69); and Scgb1a1-CreERT2 (previously described in ref. 29); and Scgb1a1-Il-13-Tg mice, a gift from Jack Elias 
(previously described in ref. 23). All mice were on a C57BL/6 background and were older than 8 weeks at the 
outset of experiments detailed herein. Males and females were used in roughly equal numbers, 3–11 per group.

TMX administration. TMX (T5648; MilliporeSigma) was a 20 mg/mL stock solution in corn oil and 
given via oral gavage. Mice received 2–4 doses of  0.2 mg/g every other day to induce cell labeling.

PNX and sham surgery. Mice were anesthetized with isoflurane for 3 minutes until breathing slowed. The 
left chest and neck were shaved and cleaned with betadine and 70% ethanol. The neck was dissected to reveal 
the trachea, and the trachea was intubated for mechanical ventilation. Buprenorphine SR (1 mg/mL) 1 μL/g 
was injected subcutaneously at the outset of  the procedure for pain control. The chest wall was dissected by 
layers, and the thorax was opened to expose the left lung. For mice undergoing PNX, the main bronchus and 
blood vessels were exposed, isolated, and clamped. The left lung was removed. Sham-operated mice had the 
thorax opened similarly but no lung removal. The rib cage was sutured back together, and chest wall layers 
were re-approximated with staples after aspiration of  0.5 mL remaining air inside the hemithorax. Additional 
anesthetic (50 μL bupivacaine) was injected into each wound. Anesthetic gas was weaned and mice remained 
on a ventilator until able to breathe without support. Mice were sacrificed 2 weeks from surgery date, and 
lungs were embedded for immunohistochemical staining.

Lung dissociation and FACS. Murine lungs were dissociated as described previously (67). Sorting was per-
formed on FACSVantage SE, and data were analyzed with FACSDiva (BD Biosciences). LT staining was per-
formed per manufacturer instructions (LysoTracker Deep Red; Invitrogen, Thermo Fisher Scientific L12492). 
FACS-sorted cells were used in cell culture, as described below. Human tissue was dissociated in a similar 
manner with protease solution; important differences in processing and sorting for culture are described below.

Murine cell culture. Sorted cells were plated as described previously (5). For secretomic analysis, medi-
um was collected for each condition separately before each feeding starting at day 6. Collected medium 
was stored at –80°C.

Histology and immunohistochemistry. Lungs were inflated to 20 cm H2O pressure with 4% paraformaldehyde 
for 20 minutes. After inflation, lungs and airways were removed together and fixed for 3 hours in 4% PFA at 
4°C with the trachea tied off, followed by PBS wash overnight. Cell culture inserts were fixed with 4% para-
formaldehyde for 30 minutes at 4°C, followed by a wash in PBS overnight. Tissue/inserts were embedded 
in paraffin or OCT. Paraffin sections (7 μm) and cryosections (12 μm) were prepared as described previously 
(67). Paraffin sections underwent 10 mM sodium citrate antigen retrieval. Antibodies were as follows: rat, 
DC-LAMP/CD208 (1:250; DDX0191; Dendritics); rabbit, SFTPC (1:1000; ab3786; Abcam); rabbit, HOPX 
(1:250; SC-30216; Santa Cruz Biotechnology); rabbit, keratin 5 (1:1000; PRB-160P; Covance); hamster, PDPN 
(T1-α) (1:1000; clone 8.1.1; DSHB); rabbit, RFP (1:250; 600–401379; Rockland); goat, SCGB1A1 (CC10) 
(1:200; gift from Barry Stripp, Cedars Sinai, Los Angeles, California, USA); guinea pig, LPCAT (1:2000, gift 
from John Shannon, Cincinnati Children’s Hospital, Cincinnati, Ohio, USA); rat, KI-67 (1:250; 14-5698-82; 
Invitrogen, Thermo Fisher Scientific); chicken, GFP (1:500; GFP1020; Aves Lab); rabbit, SOX9 (1:1000, 
ab53121; Abcam); mouse, p63 (1:200; 58033; One World Lab); rat, RAGE (1:200, MAB1179, R&D Systems); 
rabbit, AQP5 (1:200, ab78486, Abcam); rabbit, ABCA3 (1:250, WRAB-ABCA3, Seven Hills); mouse, MUC-
5ac (1:200, ab77995, Abcam); mouse, α-SMA (1:250, A2547, MilliporeSigma); and human, HTII-280 (1:60, 
gift from Leland Dobbs, UCSF, San Francisco, California, USA). Alexa Fluor–coupled secondary antibodies 
(Invitrogen, Thermo Fisher Scientific) were used at 1:500: 488–anti-rat (A21208), 488–anti-rabbit (A21206), 
488–anti-goat (A11055), 488–anti-mouse (A21202), 488–anti-hamster (A21110), 555–anti-mouse (A31570), 
555–anti-rabbit (A31572), 555–anti-rat (A21434), 647–anti-goat (A21447), 647–anti-hamster (A21451), 647–
anti-mouse (A31571), 647–anti-rabbit (A31573), and 647–anti-rat (A21247).

Confocal microscopy. All images for scoring cells and immunohistochemical staining analysis consisted 
of  a Z stack of  multiple optical sections and were captured using either an Olympus Fluoview FV3000 
confocal microscope (associated software system used was Fluoview FV31S-SW) or a Zeiss 710 Inverted 
Confocal. Image analysis and counting were performed using ImageJ/Fiji (NIH).

Cell harvest from Matrigel for FACS sorting and downstream RNA-Seq, proteomic analysis, and Western blot. 
Matrigel inserts were dissociated with Dispase (60 μL per well; 30 minutes at 37°C; catalog 354235, 5 U/mL;  
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BD Biosciences) and organoids were retrieved. Organoids were trypsinized (0.1% trypsin-EDTA) to gen-
erate a single-cell suspension, and this was subjected to FACS for separation and collection of  lineage-la-
beled epithelial cells. Cells were pelleted and frozen at –80°C before protein isolation.

ELISA for IL-13Rα2 levels in conditioned medium. Conditioned medium was collected at defined time 
points. ELISA was performed with the Mouse IL-13 R alpha 2 Quantikine ELISA Kit (M13RA2; R&D 
Systems) per manufacturer instructions.

RNA-Seq. RNA was isolated from FACS-isolated, lineage-labeled epithelial cells using RNAqueous-Mi-
cro Total RNA Isolation Kit (AM1931, Invitrogen, Thermo Fisher Scientific). cDNA synthesis and sequenc-
ing were performed by IGSP Genome Sequencing and Analysis Core Resource (Duke University). Data 
quality control was performed to remove adapter and low-quality bases using Cutadapt. Reads were aligned 
to reference using TopHat2 with strand-specific and multiple-hit options. Differential expression analysis 
was performed using Cuffdiff  (upper quartile normalization, multiple-hit corrections, and strand-specific 
options) (Supplemental Table 2). The data discussed in this publication have been deposited in National 
Center for Biotechnology Information’s Gene Expression Omnibus (GEO) and are accessible through GEO 
accession number GSE142629 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE142629).

Proteomic analysis of  sorted cells. Cell pellets in residual sorting buffer were adjusted to 0.2% acid-labile 
surfactant synthesized as described previously (70) in 50 mM ammonium bicarbonate, pH 8, followed 
by probe sonication (Misonix 1/8″ microprobe). After centrifugation at 15,000 g for 10 minutes, protein 
concentrations were determined by Bradford assay (Pierce Coomassie Plus), and 10 μg of  each sample was 
reduced with 10 mM DTT at 80°C for 5 minutes and alkylated with 25 mM iodoacetamide (IAM) at room 
temperature for 30 minutes. Excess IAM was quenched with an additional 10 mM DTT, and proteins were 
digested overnight with 1:25 (w/w) trypsin/protein as previously described (71).

Protein digests were analyzed by nanoflow LC-MS/MS using a nanoACQUITY UPLC system 
(Waters) coupled to a Fusion Lumos high-resolution accurate mass tandem mass spectrometer (Thermo 
Fisher Scientific) via a nanoelectrospray ionization source. Briefly, 800 ng of  peptide was trapped on a 
Symmetry C18 180 μm × 20 mm trapping column (5 μL/min at 99.9/0.1 v/v H2O/MeCN) followed 
by an analytical separation using a 1.7-μm ACQUITY UPLC HSS T3 C18 75 μm × 250 mm column 
(Waters) with a 90-minute gradient of  5%–30% acetonitrile (MeCN) with 0.1% formic acid at a flow 
rate of  400 nL/min and column temperature of  55°C. Data collection on the Fusion Lumos MS was 
performed in data-dependent acquisition (DDA) mode with a 240,000-resolution (at m/z 200) full MS 
scan from m/z 375 to m/z 1600 with a target automatic gain control (AGC) value of  2e5 ions and 50-ms 
maximum injection time (IT) and advanced precursor determination and internal calibration enabled. 
Peptides were selected for MS/MS using charge state filtering (2–5), monoisotopic precursor selection, 
and a dynamic exclusion of  20 seconds. MS/MS was performed using higher energy C-Trap dissociation 
with a collision energy of  30% ± 5% with detection in the ion trap using rapid scanning, an AGC target 
of  1e4, and maximum IT of  30 ms. A time-dependent (1 second) method was used.

Proteomic analysis of  conditioned media. Five hundred microliters of  conditioned media was concen-
trated using Millipore Amicon Ultra-0.5 centrifugal filters (10 kDa) followed by buffer exchange with 50 
mM triethammonium bicarbonate (TEAB) at pH 8.5 and Bradford assay. One hundred micrograms of  
each sample was adjusted to 5% (w/v) deoxycholate and reduced and alkylated as above, then digested 
with 1:10 (w/w) N-tosyl-l-phenylalanine chloromethyl ketone–trypsin for 4 hours. Samples were acid-
ified with a final 1% (v/v) trifluoroacetic acid (TFA) and 2% (v/v) MeCN followed by centrifugation 
15,000 g for 5 minutes, and supernatants were lyophilized. Peptides were reconstituted in 200 mM TEAB 
followed by labeling with Tandem Mass Tag (TMT) reagents (Thermo Fisher Scientific) according to 
the manufacturer’s protocol. Labeling was as follows: 127N, control rep 1; 127C, control rep 2; 128N, 
control rep 3; 129N, IL-13 rep 1; 129C, IL-13 rep 2; 130N, IL-13 rep 3; 130C, control media rep 1; 131N, 
control media rep 2; and 131C, control media rep 3. After quenching with hydroxylamine, TMT reac-
tions were combined to a single sample and lyophilized.

Labeled peptides were reconstituted in 0.1% (v/v) formic acid, and 550 μg of  total peptide was frac-
tionated using high pH reversed phase chromatography. Briefly, peptides were fractionated using a 2.1 mm 
× 5 cm ethylene bridged hybrid C18 column (Waters) and Agilent 1100 HPLC. Separations utilized a flow 
rate of  0.4 mL/min and column temperature of  55°C, and mobile phases consisted of  20 mM ammonium 
formate, pH 10 (MPA), and neat MeCN (MPB). Separations used a gradient of  7%–35% MPB over 50 
minutes and 35%–90% MPB over 10 minutes. Ninety-six equal fractions were collected over 60 minutes 
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(~0.25 mL each fraction) and reconcatenated into 24 fractions (e.g., fraction 1 was pooled from wells 1, 25, 
49, and 73) followed by lyophilization and reconstitution in 1% TFA/2% MeCN.

Individual fractions were analyzed using microflow LC-MS/MS using a Waters ACQUITY LC inter-
faced to a Thermo Fisher Scientific Q-Exactive HF-X MS. Briefly, approximately 20 μg of  fractionated pep-
tide was separated on a 1 mm × 15 mm 1.7-μm charged surface hybrid C18 column using a flow rate of  100 
μL/min, a column temperature of  55°C, and a gradient of  3%–28% (v/v) MeCN/H2O containing 0.1% 
formic acid over 60 minutes and interfaced to the HF-X via a heated electrospray ionization source with 
default tune parameters for the 100 μL/min flow rate. DDA used the TMT method (with advanced peak 
detection disabled) with 120,000-resolution precursor ion (MS1) scan from 375–1500 m/z, AGC target of  
3E6, and maximum IT of  50 ms. MS/MS used a top10 method with 45,000 resolution, AGC target of  1e5 
and minimum AGC target of  1e4 with 96-ms IT, an normalized collision energy of  32, isolation width of  
0.7 m/z, and dynamic exclusion of  20 seconds.

Proteomics data analysis. Data were analyzed using Proteome Discoverer v. 2.2 (Thermo Fisher 
Scientific). For label-free quantitation of  the AEC2 proteome, MS/MS data were searched against a 
UniProt database with Mus musculus taxonomy (downloaded on September 5, 2017), which contained 
additional entries for EGFP, tdTomato, BSA, and yeast alcohol dehydrogenase 1 (16,898 total entries). 
Search parameters included trypsin specificity, up to 2 missed cleavage sites, 5-ppm precursor and 0.6-Da 
product ion tolerances, fixed modification on Cys (carbamidomethyl) and variable deamidation (NQ), 
Gln → pyroGlu, and acetyl protein N-terminus. Percolator was used for estimation of  false discovery 
rate (FDR), and data were annotated at a 1% peptide and protein FDR. Label-free quantitation used 
the Minora Feature Detection and Feature Mapper nodes with chromatographic alignment using fine 
parameter tuning, a max rt shift of  5 minutes and tolerance of  5 ppm, and feature linking using a 2-min-
ute retention time (rt) tolerance, a 5-ppm mass tolerance, and min signal-to-noise (s/n) threshold of  1. 
Protein quantitation used unique and razor peptides. Data were normalized to total peptide quantity 
across, with the exclusion of  serum albumin peptides, and imputation used low-abundance resampling. 
Fold changes were calculated based on the average of  each of  the individual paired ratios, and P values 
were calculated from log2-transformed data using a paired, 2-tailed t test in Excel.

For TMT quantitation of  the organoid secretome, database searching used Sequest HF as described 
above with semitryptic specificity, a 0.02-Da product ion tolerance, fixed Cys carbamidomethylation, Lys 
and peptide N-terminal TMT label, and variable deamidation. The Reporter Ion Quantifier processing 
node used a 10-ppm integration tolerance, and the Reporter Ion Quantifier consensus node used unique 
and razor peptides, a coisolation threshold of  50%, and an average reporter s/n threshold of  5. Quan values 
were corrected for TMT reagent isotype impurities. Normalization, imputation, and statistical analyses 
were as described for the cell proteome.

Proteomic data availability. The mass spectrometry proteomics data have been deposited to the Proteo-
meXchange Consortium via the PRoteomics IDEntifications partner repository with the data set identifier 
PDX013006.

Human cell culture. Dissociated human lung tissue was resuspended in 10 mL of  DMEM/F12 + 
10% at 37°C. Cell suspension was centrifuged for 5 minutes at 300 g. Supernatant was aspirated before 
resuspending in blocking solution (2% BSA, 2% FBS in PBS with 1:100 Human True Stain FcX block; 
BioLegend) for 15 minutes at 4°C. Primary antibodies (human, HTII-280 1:60) were added directly 
to blocking solution for 1 hour away from light. Samples were rinsed with 5 mL FACS buffer, centri-
fuged, and resuspended with secondary antibody (40 μL magnetic beads and 160 μL FACS buffer) for 
30 minutes at 4°C. Samples were rinsed with 5 mL FACS buffer, centrifuged, and resuspended in 1 
mL FACS buffer before being sorted via magnetic-activated cell sorting (MACS). All cells expressing 
HTII-280 were collected after samples passed through the MACS column, then were centrifuged and 
resuspended in FACS buffer at a concentration of  1000 cells/μL, confirmed by manual counting. 
MRC5s (fetal human fibroblast cell line obtained from ATCC and verified mycoplasma clean by dis-
tributor) were cocultured with human AEC2s: 10,000 AEC2s and 50,000 MRC5s were plated in each 
24-well 0.4-μm Transwell insert (Falcon) combined in a 1:1 ratio with growth factor–reduced Matrigel 
(BD Biosciences). Each well was fed every other day with 500 μL of  ALI medium (47) in the lower 
chamber. Rho-associated protein kinase inhibitor (10 μM, Y0503; MilliporeSigma) was included in the 
medium for the first 4 days of  growth. Cultures were incubated at 37°C in 5% CO2/air. Plates were 
imaged every 7 days.
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Statistics. Data are expressed as the mean ± SD in the main text and figure legends. All experiments 
were repeated 3 or more times, with the exception of  the IL-13 dose-response experiment (Supplemental 
Figure 2) and the experiment to test the addition/removal of  IL-13 at different times from culture (Supple-
mental Figures 3 and 4). No animals were excluded from analysis. Biological replicates were sex and age 
matched whenever possible. Variable differences between experimental and control groups were assessed 
using 2-tailed t test. One-way ANOVA was used for multiple comparisons. Statistical significance is indicat-
ed by the following: *P < 0.05; **P < 0.005; and ***P < 0.0005.

Study approval. Mouse experiments were performed under IACUC guidelines and approved protocols 
at Duke University. Human lung epithelial cells were isolated under protocols approved by the Institutional 
Review Boards at both Duke University and University of  North Carolina at Chapel Hill.
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