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Abstract  

Following lung injury, alveolar regeneration is characterized by the transformation of alveolar 
type 2 (AT2) cells, via a transitional KRT8+ state, into alveolar type 1 (AT1) cells. In lung 
disease, dysfunctional intermediate cells accumulate, AT1 cells are diminished and fibrosis 
occurs. Using single cell RNA sequencing datasets of human interstitial lung disease, we found 
that interleukin-11 (IL11) is specifically expressed in aberrant KRT8 expressing KRT5-/KRT17+ 
and basaloid cells. Stimulation of AT2 cells with IL11 or TGFβ1 caused EMT, induced KRT8+ 
and stalled AT1 differentiation, with TGFβ1 effects being IL11 dependent. In bleomycin injured 
mouse lung, IL11 was increased in AT2-derived KRT8+ cells and deletion of Il11ra1 in lineage 
labeled AT2 cells reduced KRT8+ expression, enhanced AT1 differentiation and promoted 
alveolar regeneration, which was replicated in therapeutic studies using anti-IL11. These data 
show that IL11 maintains AT2 cells in a dysfunctional transitional state, impairs AT1 
differentiation and blocks alveolar regeneration across species. 
 
Teaser 

Interleukin-11 stalls type 2-to-type 1 alveolar epithelial cell differentiation and prevents lung 
regeneration 
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MAIN TEXT 

Introduction 

The alveolar epithelium plays a pivotal role in lung homeostasis and protects the lung from 
inhaled environmental insults and pathogenic infections. In the alveolus, alveolar type 2 cells 
(AT2 cells) become activated after injury and proliferate and trans-differentiate into alveolar type 
1 cells (AT1 cells) to restore alveolar structure and lung function (1, 2). A number of human lung 
pathologies, including idiopathic pulmonary fibrosis (IPF), chronic obstructive pulmonary 
disease (COPD) and post-infective lung damage, are characterized by failure of homeostatic 
AT2-to-AT1 transitions (3, 4).  

Recent large-scale single cell RNA sequencing (scRNA-seq) studies of human pulmonary 
fibrosis have identified transitional cells that exhibit a dysfunctional phenotype and have a 
reduced capacity to differentiate into AT1 cells (5–9). These disease-associated transitional AT2 
cells, coined  KRT5-/KRT17+ or aberrant basaloid cells, accumulate in the lungs of patients with 
IPF (6, 7) and after severe SARS-CoV-2 infection (10–12). An analogous population of 
transitional cells termed KRT8+ Alveolar Differentiation Intermediate (KRT8+ ADI) / Damage-
Associated Transient Progenitors (DATPS) / Pre-Alveolar type-1 Transitional cell State (PATS) 
are similarly seen in the damaged alveolus in mouse models of lung injury (13–15).  

In mice, transitional cells, herein referred to as KRT8+ transitional cells, can be derived from 
either AT2 cells or airway stem cells, and possess the capacity to differentiate into mature AT1 
cells (13, 16). Importantly, KRT8+ transitional cells in the mouse exhibit transcriptional 
similarities to human disease-associated KRT5-/KRT17+ / aberrant basaloid cells, including 
epithelial-mesenchymal transition (EMT), p53 and cell senescence pathways and expression of 
KRT8 itself (13, 15). Furthermore, KRT8+ transitional cells are thought to contribute to fibrosis 
via expression of profibrotic and proinflammatory mediators. Recent studies have shown that 
elevated TGFβ signaling in AT2 cells and IRE1α activity in DATPS maintain the KRT8+ cell 
state following lung injury in mice (17–19). Similarly, the persistence of senescent AT2 cells 
promotes progressive pulmonary fibrosis (20). 

Interleukin-11 (IL11), a member of the IL-6 family of cytokines, is upregulated in the airways 
following viral infections and has been associated with a range of respiratory disorders (21). We 
previously reported that IL11 was increased in the lungs and fibroblasts from patients with IPF, 
and its expression correlates with disease severity (22). A contemporaneous study found that 
IL11 was expressed in a range of cell types in fibrotic lungs of patients with Hermansky-Pudlak 
Syndrome (HPS) and also in SFTPC+ cells in IPF (23). More recent pharmacologic studies 
using siRNA have validated the role of IL11 in lung fibrosis (24). 
 
In the current study, we leveraged single cell RNA sequencing (scRNA-seq) datasets from 
patients with lung disease and analyzed IL11-lineage labeled cells in a mouse model to 
delineate the different lung cell types expressing IL11 in disease. We examined whether IL11 
signaling plays a role in alveolar regeneration via its specific activity in AT2 cells using 
conditional Il11ra1 deletion in AT2 cells and lineage tracing in mice that were subjected to 
bleomycin lung injury and also in studies of AT2 cells in vitro. We also tested whether a 
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neutralizing anti-IL11 antibody administered to mice with lung injury could promote alveolar 
regeneration by enhancing AT2-to-AT1 differentiation.  
 
Results 

 

IL11 is specifically expressed in aberrant alveolar KRT5-/KRT17+ cells in human 

pulmonary fibrosis 
To characterize IL11 expressing cells in human pulmonary fibrosis (PF), we re-analyzed large-
scale scRNA-seq data of lung cells from patients with pulmonary fibrosis from two independent 
studies by Habermann et. al., and Adams et. al. (GSE135893 and GSE136831 respectively) (6, 
7). Our analysis showed that, in health, IL11 was expressed at very low levels in the lung and its 
expression was barely detected across most lung cell types (Fig S1).  In contrast, in PF, IL11 
was elevated in mesenchymal and epithelial cells populations and rarely detected in immune 
and endothelial cells (Fig S1). Within mesenchymal cells, IL11 was most elevated in PLIN2+ 
lipofibroblasts and disease-specific HAS1high fibroblasts (Fig S1), which supports our previous 
findings (22, 25) and further associates IL11 with pathological fibroblast activity in PF.  
 
Amongst the various epithelial cell types identified in the two datasets, we observed particular 
enrichment of IL11 expression in disease-specific KRT5-/KRT17+ (P<2.2x10-16) and aberrant 
basaloid cells (P<2.2x10-16) but limited IL11 expression in basal, ciliated, MUC5B+, SCGB3A2+, 
AT2, transitional AT2 or AT1 epithelial cells (Fig 1A-D and Fig S1 and S2). In contrast, IL6, 
which was recently implicated in airway epithelial dysfunction in fibrotic lung diseases (26), was 
broadly expressed in AT2, Mesothelial, MUC5AC+ High, MUC5B+ and Goblet epithelial cell 
types (Fig S2) but seen rarely in transitional cells in both control and PF lungs. 
 
Since KRT5-/KRT17+ / aberrant basaloid cells may arise from defective AT2-to-AT1 
differentiation, we performed trajectory and pseudotime analysis on transitional AT2 cells, 
KRT5-/KRT17+ / aberrant basaloid and AT1 cells on combined Habermann et. al., and Adams 
et. al. datasets. To do this, we first confirmed that the transcriptional profiles between aberrant 
basaloid and transitional AT2 and KRT5-/KRT17+ cells were highly similar (Fig S3A). The 
aberrant cells in Adams et. al. dataset were then assigned using the classification from the 
Habermann et. al. dataset (i.e. transitional AT2 or KRT5-/KRT17+) by Seurat’s FindTransfer 
Algorithm (see Methods) to obtain a consistent nomenclature across these two datasets. Our 
trajectory analyses showed two distinct differentiation paths for transitional AT2 cells in PF 
samples: 1) transitional AT2 to AT1 trajectory and 2) a trajectory from transitional AT2 to KRT5-

/KRT17+ cells; with IL11 expressed only by KRT5-/KRT17+ cells (Fig 1E and Fig S3B). 
Pseudotime analysis revealed that IL11 was specifically upregulated along the differentiation 
trajectory towards KRT5-/KRT17+ cells but not towards AT1 cells (Fig 1F and Fig S3C).  
 
To delineate a transcriptional program co-expressed with IL11 along the KRT5-/KRT17+ cell 
trajectory, we performed co-expression analysis to the trajectory using cells assigned to the 
combined Habermann et. al., and Adams et. al. datasets and found that the IL11 co-expression 
module was enriched for genes involved in epithelial-to-mesenchymal transition (EMT) (such as 
COL1A1, SERPINE1, COL6A1, PTHLH, GLIPR1 and TGFBI), TNFa via NFκB signaling, IL-
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1/STAT5 signaling and p53 pathway (Fig 1G-H and Table S1). Furthermore, the association 
between IL11 and the IL11 co-expression module was highly specific to disease (Fig 1I and Fig 

S3D) suggesting a unique role of IL11 in dysfunctional alveolar epithelial cells in PF. 
 
 
 
 

 
Fig. 1. IL11 is specifically expressed by aberrant KRT5-/KRT17+ epithelial cells in human 

pulmonary fibrosis. Uniform manifold approximation and projection (UMAP) visualization of IL11 
expressing single cells (colored in dark blue) in various alveolar epithelial cell populations (colored by cell 
types) in scRNA-seq data from Control and pulmonary fibrosis (PF) samples in (A) Habermann et. al. 
(GSE135893) and (B) Adams et. al. (GSE136831) datasets. The number of IL11 expressing cells in each 
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cell cluster is indicated. P values determined by hypergeometric test  for enrichment in KRT5-/KRT17+ or 
aberrant basaloid versus other cell types. Violin plot indicating the expression of IL11 in various alveolar 
epithelial cell populations in (C) Habermann et. al. dataset and (D) Adams et. al. datasets. P values were 
determined by Mann-Whitney test between  KRT5-/KRT17+  or aberrant basaloid versus other cell types. 
(E) UMAP visualization of IL11 expressing single cells colored in dark blue (right panel) and colored dots 
indicate cell type clustering (left panel). Blue line indicates differentiation trajectory of transitional AT2 to 
AT1 cells; red line indicates differentiation trajectory from transitional AT2 to KRT5-/KRT17+. Data are 
composed of cells from PF samples in the Habermann et. al. dataset. (F) Expression of IL11 in the 
pseudotime trajectory from transitional AT2 to KRT5-/KRT17+ versus from transitional AT2 to AT1 cells in 
the Habermann et. al. dataset. (G) Network of genes in the IL11 co-expression module in the transitional 
AT2 to KRT5-/KRT17+ cell trajectory in combined Habermann et. al. and Adams et. al. datasets. IL11 is 
colored in red and genes related to epithelial to mesenchymal transition are colored in orange. (H) 
Pathway enrichment of genes in the IL11 co-expression module using MSigDB Hallmark database and (I) 
density plot showing the spearman correlation between IL11 and IL11 co-expression module in Control 
versus PF samples in combined Habermann et. al. and Adams et. al. datasets. P value was determined 
by Kolmogorov-Smirnov test. 
 
 

IL11 is upregulated in activated AT2 cells, alveolar KRT8+ cells and stromal cells after 

lung injury in mice 

To further characterize IL11 expressing cells in the injured lung, we used an IL11EGFP reporter 
mouse (27). We performed single dose oropharyngeal injections of bleomycin (BLM), a drug 
that causes lung epithelial damage and fibrosis, and performed preliminary characterization of 
lung cells 10 days post-injury by flow cytometry. Using antibodies against a range of lung cell 
type markers: CD31 (endothelial cells), CD45 (hematopoietic cells), CD326 / EpCAM (epithelial 
cells), our analysis revealed that IL11EGFP+ cells were rarely observed in the uninjured lung. 
However, following BLM injury, we found elevated proportions of IL11EGFP+ cells in 
hematopoietic (CD45+ CD31-; P=.0136), epithelial (CD45- CD31- EpCAM+; P=.0002) and stromal 
cell populations (CD45- CD31- EpCAM-; P=.0200) (Fig 2A-B and Fig S4). IL11EGFP was not 
detected in endothelial cells (CD45- CD31+) in both injured and uninjured lungs (Fig S4).  
 
Since the low detection/abundance of IL11EGFP+ cells preclude further FACS-based analysis, we 
next focused on immunohistochemistry to determine the identities of IL11 expressing cells in the 
injured lung. To do this, we assessed the lungs of IL11EGFP reporter mice at 7 or 21 days post-
BLM injury by staining for GFP and counter-stained for SFTPC (AT2 marker), PDPN (AT1 
marker), PDGFRA (pan-fibroblast marker) or CD45. Consistent with the flow cytometry analysis, 
IL11EGFP+ cells were very rarely observed in the lungs of uninjured IL11EGFP reporter mice. In 
contrast, in BLM injured lungs, IL11EGFP expression was notably upregulated in SFTPC+ AT2 
cells (Fig 2C-D), PDGFRA+ fibroblasts and a subset of CD45+ hematopoietic cells (Fig S5A-B) 
within injured alveolar regions that were marked by areas of dense consolidation of nuclei DAPI 
staining. IL11EGFP was localized to numerous SFTPC+ cells adjacent to regions of tissue 
disruption with an elongated morphology suggestive of AT2-to-AT1 differentiation (Fig 2C). 
Immunostaining for an AT1 marker Podoplanin (PDPN) revealed that IL11EGFP expression was 
very rarely detected in mature AT1 cells in injured or uninjured lungs (Fig 2C). 
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To investigate if IL11 is expressed by KRT8+ transitional cells, we performed immunostaining 
for GFP and KRT8 in lung sections from BLM-treated and uninjured IL11EGFP reporter mice and 
excluded airway regions for quantification. In uninjured mice, KRT8 expression was limited to 
the airways whereas BLM-treatment resulted in the appearance of KRT8+ cells in the damaged 
alveolar regions (Fig 2E). There was overlap of IL11EGFP expression in a proportion of KRT8 
expressing cells in alveolar regions following BLM injury (Fig 2F).  
 
To further test if IL11 expressing KRT8+ transitional cells are derived from AT2 cells during lung 
injury, we used Sftpc-CreER; R26-tdTomato (Sftpc-tdT) mice to trace AT2 cells and their 
descendants and monitored for the expression of IL11 specifically in this cell lineage after BLM 
injury. We exposed Sftpc-tdT mice to tamoxifen prior to BLM treatment and assessed the lungs 
14 days post-injury (Fig 2G). We performed immunostaining using an anti-IL11 antibody, which 
showed consistent overlap with anti-GFP in injured IL11EGFP lungs (Fig S5C), and 
counterstained for KRT8. This revealed the emergence of numerous IL11+ KRT8+ tdT+ cells with 
spread out/elongated morphologies 14 days after BLM injury (Fig 2H). IL11 and KRT8 
immunostaining were not observed in alveolar regions of uninjured Sftpc-tdT mice, as expected. 
These findings revealed that IL11 expressing KRT8+ transitional cells are derived from 
activated AT2 cells after lung injury. 
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Fig. 2. IL11 is expressed by KRT8+ transitional cells after bleomycin-induced lung injury in mice. 

(A) Schematic showing the induction of lung fibrosis via oropharyngeal injection of bleomycin (BLM) in 
IL11EGFP reporter mice. (B) Representative flow cytometry analysis and proportions of EGFP+ CD31- 

CD45- EpCAM+ epithelial cells from uninjured or bleomycin (BLM)-challenged IL11EGFP reporter mice. P 
value determined by two-tailed Student's t-test, n = 5 mice. Representative images and quantification of 
immunostaining for GFP and (C-D) SFTPC or PDPN 7 or 21 days post-BLM challenge. Data are 
represented as mean ± s.d. P value determined by one-way ANOVA (Tukey’s test), n = 3 mice / group. 
(E) Representative images of immunostaining for GFP and KRT8 after 7 or 21 days post-BLM challenge. 
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Airways regions are demarcated as A and white arrowheads indicate IL11EGFP+ KRT8+ cells. (F) 
Quantification of alveolar KRT8+ and IL11EGFP+ KRT8+ cells per field of view (FOV). (G) Schematic 
showing the period of tamoxifen (Tmx) administration and induction of lung fibrosis in Sftpc-CreER; R26-

tdTomato (Sftpc-tdT) mice. (H) Representative images of immunostaining for KRT8 and IL11 in the lungs 
of Sftpc-tdT mice post-BLM injury. Asterisks indicate IL11+ KRT8+ tdT+ cells. Scale bars: 100 µm. DAPI for 
nuclei.  
 

IL11 induces cytopathic features in AT2 cells and delays AT2-to-AT1 differentiation 

To investigate the functional importance of IL11 in alveolar epithelial cells, we performed 2 
dimensional (2D) cultures of primary Human Pulmonary Alveolar Epithelial Cells (HPEpiC). By 
immunostaining, we first confirmed that HPEpiC expressed high levels of SFTPC and did not 
stain positive for AGER (Fig S6A). HPAEpiC expressed high levels of IL11RA and its co-
receptor IL6ST (gp130) but lacked detectable IL6R expression (Fig S6A).  
 
To test whether IL11 directly induces EMT in AT2 cells, we stimulated HPEpiC with IL11 (5 
ng/ml, 24 h) and monitored for the expression of EMT related proteins (Collagen I, Fibronectin, 
SNAIL) along with KRT8 using immunostaining and immunofluorescence quantification (Fig 

3A). In parallel, we treated HPEpiC with TGFβ1 (5 ng/ml; 24 h), a potent inducer of both EMT 
and KRT8 expression in AT2 cells (28–30), and simultaneously added a neutralizing IL11 
antibody (X203) or an IgG control antibody to investigate the effect of IL11 signaling 
downstream of TGFβ stimulation (Fig 3A). This revealed that IL11 and TGFβ1 treatment led to 
upregulation of Collagen I, fibronectin, SNAIL and KRT8 expression, as compared to untreated 
cells (Fig 3B-C). By ELISA, we found that TGFβ1 stimulation significantly induced IL11 
secretion by HPEpiC (Fig S6B). The effects of TGFβ1 on the expression of EMT related 
proteins and KRT8 were significantly blunted by X203 (Fig 3B-C).  
 
AT2 cell proliferation is crucial for alveolar repair after injury (1, 31, 32) and we tested the effects 
of IL11 or TGFβ1 on AT2 cell proliferation. By EdU staining, we found that exposure of cells to 
either IL11 or TGFβ1 (24 h) significantly impaired HPEpiC proliferation (Fig 3D). Furthermore, 
the anti-proliferative effects of TGFβ1 on HPEpiC could be reversed by X203 (Fig 3D). These 
data shows that IL11 directly induces KRT8 expression and EMT processes while impairing 
proliferation of human alveolar epithelial cells.  
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Fig. 3. IL11 induces cytopathic features in alveolar epithelial cells and delays AT2-to-AT1 

differentiation in vitro. (A) Experimental design for the 2D culture of primary human pulmonary alveolar 
epithelial cells. (B) Representative image of immunostaining for KRT8, Fibronectin, Collagen I and SNAIL 
in human pulmonary alveolar epithelial cells treated with IL11 (5 ng/ml), TGFβ1 (5 ng/ml) in the presence 
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of anti-IL11 (X203) or IgG control antibodies (2 µg/ml). Scale bars: 100 µm. (C) Quantification of 
immunostaining in panel B. (D) Percentage of EdU positive cells in cells treated as in A. Data are 
represented as mean ± s.d. One representative dataset from three independent biological experiments is 
shown (14 measurements per condition per experiment). (E) Schematic of experimental design for the in 

vitro differentiation of AT2 to AT1 cells. (F) Representative images of immunostaining for KRT8, PDPN in 
2D cultures of Sftpc-tdT+ AT2 cells treated with IL11 (5 ng/ml), TGFβ1 (5 ng/ml), X203 or IgG control 
antibodies (2 µg/ml). Scale bars: 50 µm. Individual cells are highlighted within dotted lines.(G) Violin plot 
of cell sizes of tdT+ cells. Data are pulled from two independent experiments (n > 150 cells / group). P 
values were determined by one-way ANOVA (Tukey’s test). 
 

Next, we performed bulk RNA-sequencing (RNA-seq) of IL11- or TGFβ1-stimulated HPEpiC (5 
ng/ml, 24 h) to evaluate the transcriptional effects of these cytokines on AT2 cells. RNA-seq 
analysis revealed that TGFβ1 induced transcriptomic features characteristic of KRT5-/KRT17+ 
cells from human fibrotic lungs (such as the elevated expression of CDKN2A, CDKN2B, CDH2, 
COL1A1, FN1, SOX9, SOX4, KRT8, KRT17, KRT18 and reduced expression of NKX2-1) as 
compared to untreated cells (Fig S6C). Along with these changes, IL11 was amongst the top 
most upregulated genes in TGFβ1 treated HPEpiC (4.65 fold, Padj=1.28e-62) (Table S2). 
 
In contrast to TGFβ1 treatment and consistent with data from other cell types (22, 33), IL11 (5 
ng/ml, 24 h) did not result in significant changes in global transcription levels in HPEpiC (Fig 

S6D), despite inducing the expression of EMT-related and KRT8 proteins (Fig 2F-G). 
Additionally, the effects of IL11 on the expression of KRT8 and EMT proteins Collagen I and 
fibronectin expression was blocked by the ERK inhibitor U0126 (Fig S6E-F), supportive of an 
important role for IL11-ERK post-transcriptional gene regulation in AT2 cells. In keeping with 
this, we observed numerous p-ERK+ IL11+ tdT+ cells within injured regions of lungs from BLM-
injured Sftpc-tdT mice (Fig S6G) indicating the activation of IL11-ERK signaling in activated AT2 
cells after lung injury that was not apparent in uninjured lungs (Fig S6G).  
 
AT2 cells largely increase their cell area and spontaneously undergo differentiation towards AT1 
cells when cultured under prolonged 2D culture conditions. Under these conditions, AT2 cells 
upregulate KRT8 during early differentiation, followed by a decline of KRT8 and the subsequent 
upregulation of mature AT1 markers (such as PDPN) during late differentiation (13, 29). To test 
if IL11 stalls the transition of AT2 cells into mature AT1 cells, we isolated mouse AT2 cells from 
tamoxifen-exposed Sftpc-tdT mice by FACS sorting for tdT+ cells and cultured these cells under 
2D culture conditions followed by treatment with IL11 (5 ng/ml) from day 1 to day 5 (Fig 3E). By 
immunostaining and cell surface area analysis of tdT+ cells, we found that numerous cells 
expressed PDPN and greatly increased their surface area after 5 days of culture in untreated 
cells (Fig 3F-G). In contrast, exposure to IL11 from days 1 to 5 stalled AT1 differentiation with 
cells expressing higher levels of KRT8, lower levels of PDPN and with reduced surface area, as 
compared to controls (Fig 3F-G).  
 
Since prolonged TGFβ signaling impairs terminal AT1 maturation (17, 29, 34), we hypothesized 
that the maladaptive effects of TGFβ on AT1 maturation might be mediated, in part, by IL11. We 
tested for this by first priming AT2 cells with TGFβ1 for two consecutive days followed by 
subsequent treatment with TGFβ1 and X203 or IgG antibodies for an additional 2 days (Fig 3E). 
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Similar to the effects of sustained IL11 treatment, we found that cells treated with TGFβ1 
followed by coincubation with IgG resulted in stalled AT1 differentiation, with cells that were less 
elongated and expressed higher levels of KRT8 as compared to controls (Fig 3F-G). On the 
other hand, coincubation with X203 partially-relieved the stalled AT1 differentiation phenotype 
and significantly increased cell surface area and PDPN expression as compared to IgG-treated 
cells (Fig 3F-G). These data show that IL11 promotes AT2 cell dysfunction by causing the 
accumulation of KRT8+ transitional cells and delaying the terminal differentiation of AT1 cells. 
 

 
IL11 signaling in AT2 cells impairs AT2-to-AT1 cell differentiation during lung injury and 

promotes fibrosis 

To test the hypothesis that IL11 signaling in AT2 cells promotes the accumulation of KRT8+ 
transitional cells and delays AT1 differentiation after lung injury in vivo, we generated AT2 cell-
specific Il11ra1 deleted mice by crossing Sftpc-tdT mice and Il11ra1fl/fl mice to create Sftpc-tdT; 

Il11ra1fl/fl mice. This allowed the simultaneous deletion of Il11ra1 and the expression of tdT 
specifically in AT2 cells upon tamoxifen administration. Sftpc-tdT; Il11ra1+/+ mice were used as 
controls. We injected tamoxifen 14 days prior to BLM injury and assessed the lungs of mice 12 
days post-BLM treatment (Fig 4A).  
 
At baseline, mice with AT2 cell-specific Il11ra1 deletion appeared histologically normal (Fig 

S7A). Following BLM-injury, immunostaining revealed numerous KRT8+ tdT+ cells and few 
newly differentiated AT1 cells (PDPN+ tdT+ cells) in Sftpc-tdT; Il11ra1+/+ control mice (Fig 4B-D). 
In contrast, parenchymal damage in BLM-treated Sftpc-tdT; Il11ra1fl/fl mice was markedly 
reduced and KRT8+ tdT+ cells were rarely observed in alveolar regions from these mice. 
Instead, we found numerous newly differentiated AT1 cells including regions of completely 
formed alveoli that were tdT+ in BLM-treated Sftpc-tdT; Il11ra1fl/fl mice (Fig 4B-D). These results 
show that the deletion of Il11ra1 in AT2 cells only, reduces KRT8+ cell accumulation and greatly 
enhances AT2-to-AT1 differentiation after BLM-injury. 
 
To test the importance of IL11 signaling in AT2 cells for lung fibrogenesis, we used a separate 
cohort of Sftpc-CreER; Il11ra1fl/fl mice. We administered tamoxifen 14 days prior to BLM-injury 
and assessed the lungs 21 days post-BLM treatment (Fig 4E). Tamoxifen-exposed Sftpc-

CreER; Il11ra1+/+ mice were used as controls. The deletion of Il11ra1 in AT2 cells from 
tamoxifen-exposed Sftpc-CreER; Il11ra1fl/fl mice was verified by qPCR of FACS sorted CD31- 
CD45- EpCAM+ MHCII+ cells (Fig S7B).  
 
Histology assessment of lungs from BLM-injured Sftpc-CreER; Il11ra1+/+ control mice indicated 
severe disruption to the lung architecture, increased collagen deposition and higher 
histopathological fibrosis scores, as compared to uninjured mice (Fig 4F-G). These pathologies 
were significantly reduced in mice where Il11ra1 was deleted in AT2 cells (Fig 4F-G). Lung 
hydroxyproline content was also significantly reduced in mice lacking Il11ra1 specifically in AT2 
cells, as compared to controls (Fig 4H).  
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Fig. 4. IL11 signaling in AT2 cells disrupts AT2-to-AT1 differentiation after injury and is required 

for lung fibrosis. (A) Schematic showing the induction of lung injury in Sftpc-CreER; R26-tdT; Il11ra1fl/fl 

or Il11ra1+/+ mice via oropharyngeal injection of bleomycin (BLM). (B) Immunostaining of KRT8 and 
PDPN in the lungs of BLM-treated Sftpc-CreER; R26-tdTomato; Il11ra1-floxed or Il11ra1-WT mice. Scale 
bars: 100 µm. Yellow arrowheads indicate KRT8+ tdT+ cells. (C-D) Proportion of KRT8+ tdT+ or PDPN+ 
tdT+ to tdT+ cells (n =3 mice/group). P values were determined by two-tailed Student’s t-test. (E) 
Schematic showing the period of tamoxifen administration and the induction of lung fibrosis via 
oropharyngeal injection of BLM in Sftpc-CreER; Il11ra1fl/fl or Il11ra1+/+ mice. (F) Images of Masson’s 
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trichrome staining, (G) lung histopathological fibrosis scores, (H) lung hydroxyproline content of right 
caudal lobes and (I) serum SFTPD quantification of Sftpc-CreER; Il11ra1fl/fl or Il11ra1+/+ mice 21 days 
post-BLM injury. (n = 3-9 mice / group). P values were determined by one-way ANOVA (Tukey’s test). 
Data are represented as mean ± s.d in C and D and median and whiskers extend from minimum to 
maximum values in G to I.  
 

 
There was a non-significant trend of improved survival, body weights and decreased lung 
weights in AT2-specific Il11ra1-deleted mice by the end of the 21 day study period (Fig S7C-E). 
Serum surfactant protein D (SFTPD) levels, a marker of lung inflammation and epithelial injury 
(35) was elevated in BLM-injured control mice but was significantly reduced in injured mice with 
AT2 cell specific Il11ra1 deletion (Fig 4I). Consistent with the effects seen in Sftpc-tdT; Il11ra1fl/fl 

mice, immunostaining for KRT8 revealed that KRT8 expressing cells were rarely observed in 
the alveolar compartment of AT2 cell-specific Il11ra1 deleted mice 21 days post-BLM injury, as 
compared to controls (Fig S7F). 
 
Pharmacological blockade of IL11 promotes AT2-to-AT1 cell differentiation and alveolar 

regeneration after bleomycin-induced lung injury in vivo  

We next investigated whether anti-IL11 antibodies could promote AT2-to-AT1 differentiation and 
enhance alveolar regeneration when administered after lung injury. To test this, we performed 
BLM-induced injury to tamoxifen-exposed Sftpc-CreER; R26-tdT mice followed by X203 or IgG 
control antibody administration starting from 4 days after injury and assessed the lungs on day 
12 (Fig 5A).  
 
As compared to uninjured lungs, we observed widespread architectural disruption in IgG treated 
mice, with a large increase in KRT8+ cells that adopted elongated morphologies, along with a 
decline in the number of tdT+ cells (Fig 5B-C). Additionally, in IgG treated mice, we found an 
increase in non-lineage labeled KRT8+ cells (KRT8+ tdT-) that stained weakly for the AT1 marker 
PDPN (Fig 5B-D), likely reflecting an influx of airway/progenitor cells that have committed to 
alveolar fates in regions of severe lung injury (13, 16, 36, 37).  
 
As compared to IgG treated mice, BLM-induced parenchymal damage was attenuated by X203 
treatment and this coincided with reduced numbers of KRT8+ cells and proportions of lineage 
labeled transitional cells (KRT8+ tdT+ cells) and lineage negative cells (KRT8+ tdT- cells) (Fig 

5B-E). Furthermore, X203 treatment restored tdT+ cell numbers after injury to levels similar to 
those seen in uninjured lungs, which was associated with increased proliferation of surviving 
tdT+ AT2 cells as determined by immunostaining for Ki67 (Fig 5B-C and Fig S8A).  
 
Consistent with the role of IL11-ERK signaling in promoting a dysfunctional KRT8 cell state in 
vitro, we found numerous p-ERK+ KRT8+ cells in the lungs after BLM-injury in IgG-treated mice. 
The occurrence of p-ERK+ KRT8+ cells was reduced in the lungs of X203-treated mice (Fig 

S8B). Finally, immunostaining for PDPN or AGER revealed that X203 treatment led to 
significantly enhanced differentiation of lineage labeled cells into AT1 cells (PDPN+ tdT+ or 
AGER+ tdT+ cells) as compared to IgG (Fig 5B and E and Fig S8C-D).  
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Fig. 5. Pharmacological inhibition of IL11 enhances AT2 to AT1 cell differentiation during lung 

injury in vivo. (A) Schematic showing the administration time points of tamoxifen, bleomycin (BLM) and 
X203 or IgG antibodies in Sftpc-CreER; R26-tdT mice. Lung tissues were assessed at day 12 post-BLM 
challenge. (B) Representative images of immunostaining for KRT8 and PDPN in lung sections from 
tamoxifen-exposed Sftpc-CreER; R26-tdT mice treated with X203 or IgG antibodies. Yellow arrowheads 
indicate KRT8+ tdT+ cells. White arrowheads indicate flattened PDPN+ tdT+ cells. Recognisable airway 
regions are demarcated by white dotted lines. Scale bars: 100 µm. (C) Numbers of KRT8+, tdT+ and (D) 
KRT8+ tdT+, KRT8+ tdT- per field of view (FOV), and (E) the proportions of KRT8+ tdT+ cells or PDPN+ tdT+ 
cells divided by the number of tdT+ cells in the injured lung regions from Sftpc-CreER; R26-tdT mice 
treated with X203 or IgG antibodies. n = 3 - 6 mice / group. Data are represented as mean ± s.d. P values 
were determined by one way ANOVA (Tukey’s test). 
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Discussion 
Severe respiratory diseases such as IPF and SARS-COV-2 pneumonia are associated with 
defects in alveolar epithelial repair and irreversible loss of alveolar epithelial cells, which 
ultimately leads to fibrosis and a decline in lung function. We previously discovered an important 
role for IL11 in lung fibrosis, mediated via its profibrotic activity in lung fibroblasts and IL11 
expression was confirmed in diseased fibroblasts in the current study (22, 25, 38). Here, we 
show that IL11 is specifically upregulated in aberrant alveolar epithelial cells in human PF and 
its expression is associated with pathological pro-EMT and inflammatory gene signatures in 
diseased epithelial cells. In complementary studies of mice with severe lung injury, we found 
that IL11 is expressed by activated AT2 cells and KRT8+ transitional cells. 
 
Due to the complex signaling milieu that occurs following severe lung injury, multiple pathways 
likely contribute to the emergence and maintenance of KRT8+ transitional cells, among which 
TGFβ, which shows IL11 dependency for its effects, is of particular importance (17, 34). While 
inflammatory cytokines such as IL-1β and TNFα induce AT2 cell proliferation, IL-1β also primes 
a subset of Il1r1-expressing AT2 cells for differentiation into DATPS (14, 39). Intriguingly, while 
IL6 is a therapeutic target in some forms of PF (26, 40), we show that the cell types expressing 
IL6 in the fibrotic lung differ from those expressing IL11 and only IL11 expression is enriched in 
aberrant epithelial cells .   
 
Our data identify an IL11-stimulated ERK-dependent signaling pathway that promotes and 
maintains AT2 cells in a KRT8+ state and induces EMT features in AT2 cells. Furthermore, we 
found that the anti-proliferative effects of TGFβ and its induction of EMT genes and KRT8 
expression in AT2 cells was, in part, mediated by IL11 signaling. These findings may have 
implications for other airway/lung disorders such as Hermansky-Pudlak Syndrome-associated 
pulmonary fibrosis, severe asthma and severe viral pneumonitis, including SARS-COV-2 
infection, where elevated IL11 levels are elevated and implicated in disease pathogenesis (11, 
23, 41–43).  
 
Specialized lung mesenchymal cells form a supportive niche that maintains the progenitor 
properties of AT2 cells under homeostatic conditions (44, 45). In disease, impaired alveolar 
repair may arise due to disruption of this supportive niche and the development instead of a 
profibrotic niche composed of pathological fibroblasts and dysfunctional alveolar epithelial cells 
(46). Given the elevated expression of IL11 in aberrant mesenchymal and epithelial cell types in 
PF and its role in both fibroblasts activation and AT2 cell dysfunction, we propose that IL11 may 
cause multiple aspects of pathobiology across cell types in the diseased niche.  
 
There are limitations to our study. Although several recent studies have shown that IL11 is 
upregulated in the lungs and SFTPC+ cells from patients with IPF (22–24), in situ studies of IL11 
expression in diseased human lung tissue are required to further validate findings. We did not 
dissect the specific cell type expressing IL11 that impacts AT2-to-AT1 differentiation, although 
our earlier studies suggest a dominant role for IL11 secretion from fibroblasts for fibrosis 
phenotypes (25). In light of recent evidence highlighting the importance of distal airway 
secretory/basal cells in aberrant alveolar repair and fibrosis (46–49), the effects of IL11 on the 
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recruitment and differentiation of airway / progenitor cells towards KRT8+ and AT1 cells 
requires study. 
 
In conclusion, we suggest that IL11 causes lung pathology in severe lung disease through at 
least two pathological processes. First, causing AT2 dysfunction and maintenance of a KRT8+ 
cell state, thus limiting terminal AT1 differentiation and impairing alveolar regeneration. And 
second, stimulating fibroblast-to-myofibroblast transformation that leads to lung fibrosis and 
inflammation (25). Hence, anti-IL11 therapeutics, which are advancing towards clinical trials in 
patients with PF, may promote alveolar regeneration and mitigate lung fibrosis that would 
differentiate anti-IL11 therapy from anti-fibrotics currently used in the clinic.  
 
 
Materials and Methods 

 

Computational analysis of scRNA-seq datasets of human pulmonary fibrosis. Processed 
human IPF scRNAseq dataset by Habermann et al and Adams et. al., were downloaded from 
GEO with the accession number GSE135893 and GSE136831 respectively. Cell-type 
annotations and Uniform Manifold Approximation and Projection (UMAP) coordinates provided 
by the authors were used in subsequent analyses.  

Trajectory analysis. We re-classified alveolar epithelial cells in the Adams et. al., dataset with 
cell-type annotations defined by Habermann et. al., using Seurat’s default label transfer pipeline. 
Quality of label transfer was evaluated by Jaccard Index (See Assessment of transcriptomic 

similarities between epithelial cell-types below). Transitional AT2, KRT5-/KRT17+, and AT1 cells 
were extracted from Habermann and Adams et al dataset for Slingshot trajectory analysis 
(Slingshot 1.4.0) (50), and the analysis was performed separately for each dataset. Briefly, 
Slingshot derives differentiation paths from a specified origin and calculates for each cell a 
pseudotime, which approximates differentiation progression of a cell toward the destination of 
the trajectory. In this analysis, transitional AT2 cells were specified as the origin, and two 
differentiation trajectories were derived, one to KRT5-/KRT17+ cells and the other to AT1 cells. 
Change in IL11 expression was evaluated along the two trajectories by fitting a Generalized 
Additive Model (GAM) with the expression of IL11 against pseudotime.  

Assessment of transcriptomic similarities between epithelial cell-types. We examined 
transcriptional similarities of different epithelial clusters using the Jaccard index (a cluster here 
refers to cells of the same cell-type from a specific study, e.g., AT2 cells from Habermann et al 
dataset). First, we performed differentially expressed gene (DEGs) analysis in epithelial cells 
from the same study and for each cell-type retained upregulated DE genes with log2 fold 
change (log2FC) above the 85th percentile of the FC distribution and discarded genes with 
expression proportion in a cluster less than 40% compared to other cell-types. We refer to these 
genes as “markers'' of a cluster, and a Jaccard index value was derived for all possible cluster 
pairing (of all epithelial clusters pooling together both datasets). A Jaccard index between a 
cluster A and a cluster B was calculated by dividing the size of the intersection of their markers 
over the size of the union of their markers.  
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Network analysis. Cells assigned to the differentiation trajectory from transitional AT2 to KRT5-
/KRT17+ cells by Slingshot analysis were selected for IL11 co-expression analysis, done 
individually in Habermann et. al., and Adams et. al., dataset. Briefly, spearman correlations 
were calculated between the expression of IL11 and genes expressed in the selected cells. 
Genes with spearman correlation with FDR < .2 were kept. In summary, 103 genes were found 
to be significantly correlated with IL11 in Adams et al dataset, 378 genes in Habermann et al 
dataset, and 32 genes in both datasets. Using the R package EnrichR (enrichR 2.1.0) (50, 51), 
functional pathway enrichment analysis was performed on genes significantly correlated with 
IL11 (in individual datasets and combined) querying several annotation database including 
KEGG 2019 and MSigDB Hallmark 2020. Pathway terms with FDR < .1 were retained. De-novo 
network construction was performed on the 32 genes significantly correlated with IL11 in both 
datasets. Each node in the network represents a gene and each edge (connecting a pair of 
genes) the spearman correlation between the expression of the two genes in transitional AT2 
and KRT5-/KRT17+ cells from Habermann et. al., dataset. Graphical representation of the 
network was constructed in Cytoscape (Cytoscape 3.8.2) (52), and genes overlapping with 
MSigDB Hallmark EMT process were colored.  

Mouse studies. The animal experiments were approved and conducted in accordance with 
guidelines set by the Institutional Animal Care and Use Committee at SingHealth (Singapore) 
and the SingHealth Institutional Biosafety Committee. Animals were maintained in a specific 
pathogen-free environment and had ad libitum access to food and water. The following mice 
strains were maintained on C57BL/6 background and used for the study: Sftpctm1(cre/ERT2)Blh 
(Sftpc-CreER) (53), B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J (R26-tdTomato mice), C57BL/6-
Il11ra1em1Cook/J (Il11ra1fl/fl mice) (25), C57BL/6-Il11tm1.1Cook/J (IL11EGFP reporter mice) (27). Sftpc-

CreER mice were crossed with R26-tdTomato mice to generate Sftpc-CreER; R26-tdTomato 
(Sftpc-tdT) mice for lineage tracing experiments. To model the deletion of Il11ra1 in AT2 cells, 
Sftpc-CreER mice were crossed with Il11ra1fl/fl mice to generate Sftpc-CreER; Il11ra1fl/fl mice. 
Sftpc-tdT were further crossed with Il11ra1fl/fl mice to generate Sftpc-CreER; R26-tdTomato; 

Il11ra1fl/fl mice. Sftpc-tdT mice were injected intraperitoneally with 3 doses of 100 mg/kg 
tamoxifen (Sigma-Aldrich) starting from 14 days prior to bleomycin administration. Sftpc-CreER; 

Il11ra1fl/fl mice and Sftpc-CreER; R26-tdTomato; Il11ra1fl/fl mice were injected intraperitoneally 
with 4 doses of 75 mg/kg tamoxifen (Sigma-Aldrich) starting from 14 days prior to bleomycin 
administration. Therapeutic doses of monoclonal anti-IL11 (X203, Aldevron) were established 
previously (22). X203 or IgG control antibodies were injected intraperitoneally at 20 mg/kg 
starting from day 4 and subsequently on day 7 and day 10 post-bleomycin administration.  

Bleomycin model of lung injury. The bleomycin model of lung fibrosis was performed as 
previously described (22). Briefly, female mice at 10-14 weeks of age were anesthetized by 
isoflurane inhalation and subsequently administered a single dose of bleomycin (Sigma-Aldrich) 
oropharyngeally at 0.75 U/kg body weight (for IL11EGFP reporter mice) or 1.5 U/kg body weight 
(for all other mouse strains) in a volume of saline not exceeding 50 µl per mouse. Uninjured 
control mice received equal volumes of saline oropharyngeally. Mice were sacrificed at 
indicated time points post-bleomycin administration and lungs were collected for downstream 
analysis.  
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Mouse lung dissociation and FACS analysis. Mice lung dissociation was performed as 
previously described with slight adjustments (54). Briefly, lungs were perfused with cold sterile 
saline through the right ventricle. The lungs were then intratracheally inflated with 1.5 ml of 
Dispase 50 U/ml (Corning) followed by installation of 0.5 ml of 1% low melting agarose (BioRad) 
via the trachea. The lungs were excised and incubated on an orbital shaker for 45 min at room 
temperature. Each lobe was then minced into small pieces in DMEM (GIBCO) supplemented 
with 10% FBS (GIBCO) and 0.33 U/ml DNase I (Roche) and placed on the orbital shaker for an 
additional 10 minutes. The cells were then filtered through a 100 µm cell strainer and 
centrifuged at 400 g for 5 min at 4°C. The cell pellet was resuspended in ACK-buffer (GIBCO), 
incubated for 2 min on ice and then filtered through a 40 µm cell strainer. The cells were 
centrifuged at 400 g for 5 min at 4°C and resuspended in DPBS (GIBCO) supplemented with 
5% FBS, and then stained with the following antibodies: EpCAM-BV785 (BioLegend #118245), 
CD45-APC (BioLegend, 103112), CD31-APC/Cy7 (BioLegend, 102534), I-A/I-E - AlexaFluor488 
(MHC-II) (BioLegend, 107616) and 4’, 6-diamidino-2-phenylindole (DAPI) (Life Technologies, 
62248) was used to eliminate dead cells. The cells were then sorted on the BD FACS Aria III 
system (BD Bioscience) and the data was analyzed using FlowJo software (BD Bioscience). 

Human and mouse cell cultures. Human pulmonary alveolar epithelial cells (HPEpiC) 
(ScienCell Research Laboratories, 3200) were supplied at passage 1 and were used directly for 
experiments. Briefly, HPEpiC were seeded at a density of 1.5e4 cells per well in 96-well 
CellCarrier plates (PerkinElmer) or 3e5 cells per well in 6 well tissue culture plates (Corning) 
and cultured in AEpiCM (ScienCell Research Laboratories). The cells were cultured for 24 hours 
prior to being treated with: Human IL11 (UniProtKB:P20809, GenScript), human TGFβ1 
(PHP143B, Bio-Rad), anti-IL11 antibody (X203, Aldevron), IgG antibody (IIE10, Aldevron) or 
U0126 (Cell Signaling Technology, 9903). For mouse AT2 cell cultures, tdTomato positive (tdT+) 
cells were isolated from Sftpc-tdT mice lungs by FACS sorting for CD45- CD31- EpCAM+ tdT+ 
cells. The FACS sorted cells were then seeded at a density of 2e4 cells per well in rat tail 
collagen (Invitrogen, A1048301) coated 96-well CellCarrier plates (PerkinElmer) and cultured in 
DMEM supplemented with 10% FBS. The cells were allowed to adhere for 24 hours prior to 
treatment with mouse IL11 (UniProtKB: P47873, GenScript) or mouse TGFβ1 (R&D Systems, 
7666-MB).  

Operetta high-content immunofluorescence imaging and analysis. Immunofluorescence 
imaging and quantification of human pulmonary alveolar epithelial cells (HPAEpiC, (ScienCell 
Research Laboratories) were performed on the Operetta High Content Imaging System 
(PerkinElmer) as previously described (22). The cells were first fixed in 4% paraformaldehyde 
(Thermo Fisher Scientific) and permeabilized with 0.1% Triton X-100 in phosphate-buffered 
saline (PBS). Cell proliferation was monitored using EdU-AlexaFluor488 followed by using the 
Click-iT EdU Labelling kit (Thermo Fisher Scientific, C10350) according to manufacturer’s 
protocol. The cells were then incubated with the following primary antibodies: KRT8 (Merck 
Millipore, MABT329, 1:100), Collagen I (Abcam, ab260043, 1:100), fibronectin (Abcam, ab2413, 
1:100), SNAIL (Invitrogen, PA5-85493, 1:100), IL11RA (Abcam, ab125015, 1:100), gp130 
(Thermo Fisher Scientific, PA5-28932, 1:100), IL6RA (Thermo Fisher Scientific, MA1-80456, 
1:100), SFTPC (Abcam, ab211326, 1:100) or AGER (R&D Systems, MAB1179, 1:100) and 
visualized using Alexa Flour 488-conjugated secondary antibodies. Plates were scanned and 
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images were collected with the Operetta high-content imaging system (PerkinElmer). Each 
treatment condition was run in duplicate wells, and 14 fixed fields were imaged and analyzed 
per treatment group. The percentage of proliferating cells (EdU+ve cells) and SNAIL+ cells were 
quantified using the Harmony software version 3.5.2 (PerkinElmer). Quantification of 
immunostaining intensity was performed using the Columbus software (version 2.7.2, 
PerkinElmer), and fluorescence intensity was normalized to the cells area.  
 

RNA-seq. Total RNA was isolated from HPAEpiC with or without TGFβ1 or IL11 stimulation 
using RNeasy columns (Qiagen). RNA was quantified using Qubit™ RNA Broad Range Assay 
Kit (Life Technologies) and assessed for degradation based on RNA Quality Score (RQS) using 
the RNA Assay and DNA 5K/RNA/CZE HT Chip on a LabChip GX Touch HT Nucleic Acid 
Analyzer (PerkinElmer). TruSeq Stranded mRNA Library Prep kit (Illumina) was used to assess 
transcript abundance following standard instructions from the manufacturer. Briefly, poly(A)+ 
RNA was purified from 1ug of total RNA with RQS > 9, fragmented, and used for cDNA 
conversion, followed by 3' adenylation, adaptor ligation, and PCR amplification. The final 
libraries were quantified using Qubit™ DNA Broad Range Assay Kit (Life Technologies) 
according to the manufacturer's guide. The quality and average fragment size of the final 
libraries were determined using DNA 1K/12K/Hi Sensitivity Assay LabChip and DNA High 
Sensitivity Reagent Kit (PerkinElmer). Libraries with 16 unique dual indexes were pooled and 
sequenced on a NextSeq 500 benchtop sequencer (Illumina) using NextSeq 500 High Output 
v2 kit and 75-bp paired-end sequencing chemistry.  
 

RNA-seq analysis. Libraries were demultiplexed using bcl2fastq v2.20.0.422 with the --no-lane-
splitting option. Adapter sequences were then trimmed using trimmomatic v0.36 (55) in paired 
end mode with the options MAXINFO:35:0.5 MINLEN:35. Trimmed reads were aligned to the 
Homo sapiens GRCh38 using STAR v.2.7.9a (56) with the options --outFilterType BySJout --
outFilterMultimapNmax 20 --alignSJoverhangMin 8 --alignSJDBoverhangMin 1 --
outFilterMismatchNmax 999 --alignIntronMin 20 --alignIntronMax 1000000 --alignMatesGapMax 
1000000 in paired end, single pass mode. Only unique alignments were retained for counting. 
Counts were calculated at the gene level using the FeatureCounts module from subread v.2.0.3 
(57), with the options -O -s 2 -J -T 8 -p -R CORE -G. The Ensembl release 104 Homo sapiens 
GRCh38 GTF was used as annotation to prepare STAR indexes and for FeatureCounts. 
Differential expression analyses were performed in R v4.2.0 using the Bioconductor package 
DESeq2 v1.36.0 (58), using the Wald test for comparisons. For sample groups, the design for 
the model was specified as ~ stimulus (IL11/TGFβ1/baseline) + source (commercial tube 1-4), 
to account for the confounding effect of different batches of cells. 
 
Lung histology and immunohistochemistry. Mouse lung tissue (left lobes) were fixed in 10% 
formalin for 16-20 hr, dehydrated and embedded in paraffin and sectioned (7 µm) for Masson’s 
trichrome staining as described previously (22). Histological analysis for fibrosis was performed 
blinded to genotype and treatment exposure as previously described (22). For immunostaining, 
the lungs were fixed in 4% paraformaldehyde at 4°C for 6-16 hrs followed by serial 15% to 30% 
sucrose in PBS dehydration for 48 hours. The tissues were then embedded in OCT compound 
prior to sectioning (10 µm). The sections were incubated overnight at 4°C with the following 
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primary antibodies: KRT8 (Merck Millipore, MABT329, 1:100), p-ERK (Cell Signaling 
Technology, 4370, 1:100), Ki67 (Abcam, ab16667, 1:100), SFTPC (Abcam, ab211326, 1:100), 
GFP (Abcam, ab290 / ab6673, 1:100), AGER (R&D Systems, MAB1179, 1:200), Podoplanin 
(R&D Systems, AF3244, 1:200), IL11 (Invitrogen, PAS-95982, 1:100), CD45 (Proteintech, 
20103-1-AP, 1:50), PDGFRA (R&D Systems, AF1062, 1:100). Alexa Fluor-conjugated 
secondary antibodies (Invitrogen, 1:500) were incubated at room temperature for 60 min. Nuclei 
were stained with DAPI (Invitrogen, 1:1000). Images were captured using the Leica DMi8 
microscope (Leica Microsystems) with a 20X or 40X objective. The cells were counted based on 
positive staining for immunohistochemistry markers and DAPI using Fiji software. Five to ten 
non-overlapping images for each unique marker were analyzed per mouse lung and the mean 
values per mouse were presented.  

Colorimetric assays. Detection of secreted IL11 into the supernatant of HPAEpiC cultures was 
performed using the human IL-11 ELISA kit (R&D systems, D1100) according to manufacturers’ 
instructions. Detection of SFTPD in mouse serum was performed using the mouse SP-D ELISA 
kit (ab240683) according to the manufacturer's instructions. Total lung hydroxyproline content of 
the right lobes of mice were measured using the Quickzyme Total Collagen assay kit 
(Quickzyme Biosciences) as previously described (22). 

Statistical analysis. Statistical analyses were performed using Graphpad Prism (v9). Analyses 
were performed using two-tailed Student’s t-test, or one-way ANOVA as indicated in the figure 
legends. For comparisons between multiple treatment groups, P values were corrected for 
multiple testing using Sidak’s test or Tukey’s test. P values <0.05 were considered statistically 
significant.  

 
References 

1.  C. E. Barkauskas, M. J. Cronce, C. R. Rackley, E. J. Bowie, D. R. Keene, B. R. Stripp, S. 
H. Randell, P. W. Noble, B. L. M. Hogan, Type 2 alveolar cells are stem cells in adult lung. 
J. Clin. Invest. 123, 3025–3036 (2013). 

2.  T. J. Desai, D. G. Brownfield, M. A. Krasnow, Alveolar progenitor and stem cells in lung 
development, renewal and cancer. Nature. 507, 190–194 (2014). 

3.  M. C. Basil, J. Katzen, A. E. Engler, M. Guo, M. J. Herriges, J. J. Kathiriya, R. Windmueller, 
A. B. Ysasi, W. J. Zacharias, H. A. Chapman, D. N. Kotton, J. R. Rock, H.-W. Snoeck, G. 
Vunjak-Novakovic, J. A. Whitsett, E. E. Morrisey, The Cellular and Physiological Basis for 
Lung Repair and Regeneration: Past, Present, and Future. Cell Stem Cell. 26, 482–502 
(2020). 

4.  J. A. Zepp, E. E. Morrisey, Cellular crosstalk in the development and regeneration of the 
respiratory system. Nat. Rev. Mol. Cell Biol. 20, 551–566 (2019). 

5.  Y. Xu, T. Mizuno, A. Sridharan, Y. Du, M. Guo, J. Tang, K. A. Wikenheiser-Brokamp, A.-K. 
T. Perl, V. A. Funari, J. J. Gokey, B. R. Stripp, J. A. Whitsett, Single-cell RNA sequencing 
identifies diverse roles of epithelial cells in idiopathic pulmonary fibrosis. JCI Insight. 1, 
e90558 (2016). 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 12, 2022. ; https://doi.org/10.1101/2022.11.11.516109doi: bioRxiv preprint 

https://paperpile.com/c/2jpbCb/iBef
https://paperpile.com/c/2jpbCb/iBef
https://paperpile.com/c/2jpbCb/iBef
http://paperpile.com/b/2jpbCb/XXX4
http://paperpile.com/b/2jpbCb/XXX4
http://paperpile.com/b/2jpbCb/XXX4
http://paperpile.com/b/2jpbCb/XXX4
http://paperpile.com/b/2jpbCb/XXX4
http://paperpile.com/b/2jpbCb/XXX4
http://paperpile.com/b/2jpbCb/Ls8n
http://paperpile.com/b/2jpbCb/Ls8n
http://paperpile.com/b/2jpbCb/Ls8n
http://paperpile.com/b/2jpbCb/Ls8n
http://paperpile.com/b/2jpbCb/Ls8n
http://paperpile.com/b/2jpbCb/Ls8n
http://paperpile.com/b/2jpbCb/Yh3f
http://paperpile.com/b/2jpbCb/Yh3f
http://paperpile.com/b/2jpbCb/Yh3f
http://paperpile.com/b/2jpbCb/Yh3f
http://paperpile.com/b/2jpbCb/Yh3f
http://paperpile.com/b/2jpbCb/Yh3f
http://paperpile.com/b/2jpbCb/Yh3f
http://paperpile.com/b/2jpbCb/Yh3f
http://paperpile.com/b/2jpbCb/Yh3f
http://paperpile.com/b/2jpbCb/lj05
http://paperpile.com/b/2jpbCb/lj05
http://paperpile.com/b/2jpbCb/lj05
http://paperpile.com/b/2jpbCb/lj05
http://paperpile.com/b/2jpbCb/lj05
http://paperpile.com/b/2jpbCb/lj05
http://paperpile.com/b/2jpbCb/dFLZ
http://paperpile.com/b/2jpbCb/dFLZ
http://paperpile.com/b/2jpbCb/dFLZ
http://paperpile.com/b/2jpbCb/dFLZ
http://paperpile.com/b/2jpbCb/dFLZ
http://paperpile.com/b/2jpbCb/dFLZ
http://paperpile.com/b/2jpbCb/dFLZ
http://paperpile.com/b/2jpbCb/dFLZ
https://doi.org/10.1101/2022.11.11.516109
http://creativecommons.org/licenses/by-nd/4.0/


21 
 

6.  T. S. Adams, J. C. Schupp, S. Poli, E. A. Ayaub, N. Neumark, F. Ahangari, S. G. Chu, B. A. 
Raby, G. DeIuliis, M. Januszyk, Q. Duan, H. A. Arnett, A. Siddiqui, G. R. Washko, R. 
Homer, X. Yan, I. O. Rosas, N. Kaminski, Single-cell RNA-seq reveals ectopic and aberrant 
lung-resident cell populations in idiopathic pulmonary fibrosis. Sci Adv. 6, eaba1983 (2020). 

7.  A. C. Habermann, A. J. Gutierrez, L. T. Bui, S. L. Yahn, N. I. Winters, C. L. Calvi, L. Peter, 
M.-I. Chung, C. J. Taylor, C. Jetter, L. Raju, J. Roberson, G. Ding, L. Wood, J. M. S. Sucre, 
B. W. Richmond, A. P. Serezani, W. J. McDonnell, S. B. Mallal, M. J. Bacchetta, J. E. Loyd, 
C. M. Shaver, L. B. Ware, R. Bremner, R. Walia, T. S. Blackwell, N. E. Banovich, J. A. 
Kropski, Single-cell RNA sequencing reveals profibrotic roles of distinct epithelial and 
mesenchymal lineages in pulmonary fibrosis. Sci Adv. 6, eaba1972 (2020). 

8.  P. A. Reyfman, J. M. Walter, N. Joshi, K. R. Anekalla, A. C. McQuattie-Pimentel, S. Chiu, 
R. Fernandez, M. Akbarpour, C.-I. Chen, Z. Ren, R. Verma, H. Abdala-Valencia, K. Nam, 
M. Chi, S. Han, F. J. Gonzalez-Gonzalez, S. Soberanes, S. Watanabe, K. J. N. Williams, A. 
S. Flozak, T. T. Nicholson, V. K. Morgan, D. R. Winter, M. Hinchcliff, C. L. Hrusch, R. D. 
Guzy, C. A. Bonham, A. I. Sperling, R. Bag, R. B. Hamanaka, G. M. Mutlu, A. V. Yeldandi, 
S. A. Marshall, A. Shilatifard, L. A. N. Amaral, H. Perlman, J. I. Sznajder, A. C. Argento, C. 
T. Gillespie, J. Dematte, M. Jain, B. D. Singer, K. M. Ridge, A. P. Lam, A. Bharat, S. M. 
Bhorade, C. J. Gottardi, G. R. S. Budinger, A. V. Misharin, Single-Cell Transcriptomic 
Analysis of Human Lung Provides Insights into the Pathobiology of Pulmonary Fibrosis. 
Am. J. Respir. Crit. Care Med. 199, 1517–1536 (2019). 

9.  C. Morse, T. Tabib, J. Sembrat, K. L. Buschur, H. T. Bittar, E. Valenzi, Y. Jiang, D. J. Kass, 
K. Gibson, W. Chen, A. Mora, P. V. Benos, M. Rojas, R. Lafyatis, Proliferating 
SPP1/MERTK-expressing macrophages in idiopathic pulmonary fibrosis. Eur. Respir. J. 54 
(2019), doi:10.1183/13993003.02441-2018. 

10.  T. M. Delorey, C. G. K. Ziegler, G. Heimberg, R. Normand, Y. Yang, Å. Segerstolpe, D. 
Abbondanza, S. J. Fleming, A. Subramanian, D. T. Montoro, K. A. Jagadeesh, K. K. Dey, 
P. Sen, M. Slyper, Y. H. Pita-Juárez, D. Phillips, J. Biermann, Z. Bloom-Ackermann, N. 
Barkas, A. Ganna, J. Gomez, J. C. Melms, I. Katsyv, E. Normandin, P. Naderi, Y. V. Popov, 
S. S. Raju, S. Niezen, L. T.-Y. Tsai, K. J. Siddle, M. Sud, V. M. Tran, S. K. Vellarikkal, Y. 
Wang, L. Amir-Zilberstein, D. S. Atri, J. Beechem, O. R. Brook, J. Chen, P. Divakar, P. 
Dorceus, J. M. Engreitz, A. Essene, D. M. Fitzgerald, R. Fropf, S. Gazal, J. Gould, J. Grzyb, 
T. Harvey, J. Hecht, T. Hether, J. Jané-Valbuena, M. Leney-Greene, H. Ma, C. McCabe, D. 
E. McLoughlin, E. M. Miller, C. Muus, M. Niemi, R. Padera, L. Pan, D. Pant, C. Pe’er, J. 
Pfiffner-Borges, C. J. Pinto, J. Plaisted, J. Reeves, M. Ross, M. Rudy, E. H. Rueckert, M. 
Siciliano, A. Sturm, E. Todres, A. Waghray, S. Warren, S. Zhang, D. R. Zollinger, L. Cosimi, 
R. M. Gupta, N. Hacohen, H. Hibshoosh, W. Hide, A. L. Price, J. Rajagopal, P. R. Tata, S. 
Riedel, G. Szabo, T. L. Tickle, P. T. Ellinor, D. Hung, P. C. Sabeti, R. Novak, R. Rogers, D. 
E. Ingber, Z. G. Jiang, D. Juric, M. Babadi, S. L. Farhi, B. Izar, J. R. Stone, I. S. Vlachos, I. 
H. Solomon, O. Ashenberg, C. B. M. Porter, B. Li, A. K. Shalek, A.-C. Villani, O. Rozenblatt-
Rosen, A. Regev, COVID-19 tissue atlases reveal SARS-CoV-2 pathology and cellular 
targets. Nature. 595, 107–113 (2021). 

11.  S. Sinha, V. Castillo, C. R. Espinoza, C. Tindle, A. G. Fonseca, J. M. Dan, G. D. Katkar, S. 
Das, D. Sahoo, P. Ghosh, COVID-19 lung disease shares driver AT2 cytopathic features 
with Idiopathic pulmonary fibrosis. EBioMedicine. 82, 104185 (2022). 

12.  J. C. Melms, J. Biermann, H. Huang, Y. Wang, A. Nair, S. Tagore, I. Katsyv, A. F. 
Rendeiro, A. D. Amin, D. Schapiro, C. J. Frangieh, A. M. Luoma, A. Filliol, Y. Fang, H. 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 12, 2022. ; https://doi.org/10.1101/2022.11.11.516109doi: bioRxiv preprint 

http://paperpile.com/b/2jpbCb/QOTM
http://paperpile.com/b/2jpbCb/QOTM
http://paperpile.com/b/2jpbCb/QOTM
http://paperpile.com/b/2jpbCb/QOTM
http://paperpile.com/b/2jpbCb/QOTM
http://paperpile.com/b/2jpbCb/QOTM
http://paperpile.com/b/2jpbCb/QOTM
http://paperpile.com/b/2jpbCb/QOTM
http://paperpile.com/b/2jpbCb/2cJO
http://paperpile.com/b/2jpbCb/2cJO
http://paperpile.com/b/2jpbCb/2cJO
http://paperpile.com/b/2jpbCb/2cJO
http://paperpile.com/b/2jpbCb/2cJO
http://paperpile.com/b/2jpbCb/2cJO
http://paperpile.com/b/2jpbCb/2cJO
http://paperpile.com/b/2jpbCb/2cJO
http://paperpile.com/b/2jpbCb/2cJO
http://paperpile.com/b/2jpbCb/2cJO
http://paperpile.com/b/2jpbCb/YPIg
http://paperpile.com/b/2jpbCb/YPIg
http://paperpile.com/b/2jpbCb/YPIg
http://paperpile.com/b/2jpbCb/YPIg
http://paperpile.com/b/2jpbCb/YPIg
http://paperpile.com/b/2jpbCb/YPIg
http://paperpile.com/b/2jpbCb/YPIg
http://paperpile.com/b/2jpbCb/YPIg
http://paperpile.com/b/2jpbCb/YPIg
http://paperpile.com/b/2jpbCb/YPIg
http://paperpile.com/b/2jpbCb/YPIg
http://paperpile.com/b/2jpbCb/YPIg
http://paperpile.com/b/2jpbCb/YPIg
http://paperpile.com/b/2jpbCb/YPIg
http://paperpile.com/b/2jpbCb/UhTy
http://paperpile.com/b/2jpbCb/UhTy
http://paperpile.com/b/2jpbCb/UhTy
http://paperpile.com/b/2jpbCb/UhTy
http://paperpile.com/b/2jpbCb/UhTy
http://paperpile.com/b/2jpbCb/UhTy
http://paperpile.com/b/2jpbCb/UhTy
http://paperpile.com/b/2jpbCb/UhTy
http://dx.doi.org/10.1183/13993003.02441-2018
http://paperpile.com/b/2jpbCb/UhTy
http://paperpile.com/b/2jpbCb/sa4W
http://paperpile.com/b/2jpbCb/sa4W
http://paperpile.com/b/2jpbCb/sa4W
http://paperpile.com/b/2jpbCb/sa4W
http://paperpile.com/b/2jpbCb/sa4W
http://paperpile.com/b/2jpbCb/sa4W
http://paperpile.com/b/2jpbCb/sa4W
http://paperpile.com/b/2jpbCb/sa4W
http://paperpile.com/b/2jpbCb/sa4W
http://paperpile.com/b/2jpbCb/sa4W
http://paperpile.com/b/2jpbCb/sa4W
http://paperpile.com/b/2jpbCb/sa4W
http://paperpile.com/b/2jpbCb/sa4W
http://paperpile.com/b/2jpbCb/sa4W
http://paperpile.com/b/2jpbCb/sa4W
http://paperpile.com/b/2jpbCb/sa4W
http://paperpile.com/b/2jpbCb/sa4W
http://paperpile.com/b/2jpbCb/sa4W
http://paperpile.com/b/2jpbCb/sa4W
http://paperpile.com/b/2jpbCb/sa4W
http://paperpile.com/b/2jpbCb/sa4W
http://paperpile.com/b/2jpbCb/NuIX
http://paperpile.com/b/2jpbCb/NuIX
http://paperpile.com/b/2jpbCb/NuIX
http://paperpile.com/b/2jpbCb/NuIX
http://paperpile.com/b/2jpbCb/NuIX
http://paperpile.com/b/2jpbCb/NuIX
http://paperpile.com/b/2jpbCb/NuIX
http://paperpile.com/b/2jpbCb/rOf4
http://paperpile.com/b/2jpbCb/rOf4
https://doi.org/10.1101/2022.11.11.516109
http://creativecommons.org/licenses/by-nd/4.0/


22 
 

Ravichandran, M. G. Clausi, G. A. Alba, M. Rogava, S. W. Chen, P. Ho, D. T. Montoro, A. 
E. Kornberg, A. S. Han, M. F. Bakhoum, N. Anandasabapathy, M. Suárez-Fariñas, S. F. 
Bakhoum, Y. Bram, A. Borczuk, X. V. Guo, J. H. Lefkowitch, C. Marboe, S. M. Lagana, A. 
Del Portillo, E. J. Tsai, E. Zorn, G. S. Markowitz, R. F. Schwabe, R. E. Schwartz, O. 
Elemento, A. Saqi, H. Hibshoosh, J. Que, B. Izar, A molecular single-cell lung atlas of lethal 
COVID-19. Nature. 595, 114–119 (2021). 

13.  M. Strunz, L. M. Simon, M. Ansari, J. J. Kathiriya, I. Angelidis, C. H. Mayr, G. Tsidiridis, M. 
Lange, L. F. Mattner, M. Yee, P. Ogar, A. Sengupta, I. Kukhtevich, R. Schneider, Z. Zhao, 
C. Voss, T. Stoeger, J. H. L. Neumann, A. Hilgendorff, J. Behr, M. O’Reilly, M. Lehmann, G. 
Burgstaller, M. Königshoff, H. A. Chapman, F. J. Theis, H. B. Schiller, Alveolar regeneration 
through a Krt8+ transitional stem cell state that persists in human lung fibrosis. Nat. 
Commun. 11, 3559 (2020). 

14.  J. Choi, J.-E. Park, G. Tsagkogeorga, M. Yanagita, B.-K. Koo, N. Han, J.-H. Lee, 
Inflammatory Signals Induce AT2 Cell-Derived Damage-Associated Transient Progenitors 
that Mediate Alveolar Regeneration. Cell Stem Cell. 27, 366–382.e7 (2020). 

15.  Y. Kobayashi, A. Tata, A. Konkimalla, H. Katsura, R. F. Lee, J. Ou, N. E. Banovich, J. A. 
Kropski, P. R. Tata, Persistence of a regeneration-associated, transitional alveolar epithelial 
cell state in pulmonary fibrosis. Nat. Cell Biol. 22, 934–946 (2020). 

16.  J. Choi, Y. J. Jang, C. Dabrowska, E. Iich, K. V. Evans, H. Hall, S. M. Janes, B. D. Simons, 
B.-K. Koo, J. Kim, J.-H. Lee, Release of Notch activity coordinated by IL-1β signalling 
confers differentiation plasticity of airway progenitors via Fosl2 during alveolar regeneration. 
Nat. Cell Biol. 23, 953–966 (2021). 

17.  H. Wu, Y. Yu, H. Huang, Y. Hu, S. Fu, Z. Wang, M. Shi, X. Zhao, J. Yuan, J. Li, X. Yang, E. 
Bin, D. Wei, H. Zhang, J. Zhang, C. Yang, T. Cai, H. Dai, J. Chen, N. Tang, Progressive 
pulmonary fibrosis is caused by elevated mechanical tension on alveolar stem cells. Cell. 
184, 845–846 (2021). 

18.  V. C. Auyeung, M. S. Downey, M. Thamsen, T. A. Wenger, B. J. Backes, D. Sheppard, F. 
R. Papa, IRE1α drives lung epithelial progenitor dysfunction to establish a niche for 
pulmonary fibrosis. Am. J. Physiol. Lung Cell. Mol. Physiol. 322, L564–L580 (2022). 

19.  J. Katzen, L. Rodriguez, Y. Tomer, A. Babu, M. Zhao, A. Murthy, P. Carson, M. Barrett, M. 
C. Basil, J. Carl, J. P. Leach, M. Morley, M. D. McGraw, S. Mulugeta, T. Pelura, G. Rosen, 
E. E. Morrisey, M. F. Beers, Disruption of proteostasis causes IRE1 mediated 
reprogramming of alveolar epithelial cells. Proc. Natl. Acad. Sci. U. S. A. 119, e2123187119 
(2022). 

20.  C. Yao, X. Guan, G. Carraro, T. Parimon, X. Liu, G. Huang, A. Mulay, H. J. Soukiasian, G. 
David, S. S. Weigt, J. A. Belperio, P. Chen, D. Jiang, P. W. Noble, B. R. Stripp, 
Senescence of Alveolar Type 2 Cells Drives Progressive Pulmonary Fibrosis. Am. J. 
Respir. Crit. Care Med. 203, 707–717 (2021). 

21.  B. Ng, S. A. Cook, S. Schafer, Interleukin-11 signaling underlies fibrosis, parenchymal 
dysfunction, and chronic inflammation of the airway. Exp. Mol. Med. 52, 1871–1878 (2020). 

22.  B. Ng, J. Dong, G. D’Agostino, S. Viswanathan, A. A. Widjaja, W.-W. Lim, N. S. J. Ko, J. 
Tan, S. P. Chothani, B. Huang, C. Xie, C. J. Pua, A.-M. Chacko, N. Guimarães-Camboa, S. 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 12, 2022. ; https://doi.org/10.1101/2022.11.11.516109doi: bioRxiv preprint 

http://paperpile.com/b/2jpbCb/rOf4
http://paperpile.com/b/2jpbCb/rOf4
http://paperpile.com/b/2jpbCb/rOf4
http://paperpile.com/b/2jpbCb/rOf4
http://paperpile.com/b/2jpbCb/rOf4
http://paperpile.com/b/2jpbCb/rOf4
http://paperpile.com/b/2jpbCb/rOf4
http://paperpile.com/b/2jpbCb/rOf4
http://paperpile.com/b/2jpbCb/rOf4
http://paperpile.com/b/2jpbCb/rOf4
http://paperpile.com/b/2jpbCb/AnR0
http://paperpile.com/b/2jpbCb/AnR0
http://paperpile.com/b/2jpbCb/AnR0
http://paperpile.com/b/2jpbCb/AnR0
http://paperpile.com/b/2jpbCb/AnR0
http://paperpile.com/b/2jpbCb/AnR0
http://paperpile.com/b/2jpbCb/AnR0
http://paperpile.com/b/2jpbCb/AnR0
http://paperpile.com/b/2jpbCb/AnR0
http://paperpile.com/b/2jpbCb/AnR0
http://paperpile.com/b/2jpbCb/AJ2C
http://paperpile.com/b/2jpbCb/AJ2C
http://paperpile.com/b/2jpbCb/AJ2C
http://paperpile.com/b/2jpbCb/AJ2C
http://paperpile.com/b/2jpbCb/AJ2C
http://paperpile.com/b/2jpbCb/AJ2C
http://paperpile.com/b/2jpbCb/AJ2C
http://paperpile.com/b/2jpbCb/o0pG
http://paperpile.com/b/2jpbCb/o0pG
http://paperpile.com/b/2jpbCb/o0pG
http://paperpile.com/b/2jpbCb/o0pG
http://paperpile.com/b/2jpbCb/o0pG
http://paperpile.com/b/2jpbCb/o0pG
http://paperpile.com/b/2jpbCb/o0pG
http://paperpile.com/b/2jpbCb/SbiH
http://paperpile.com/b/2jpbCb/SbiH
http://paperpile.com/b/2jpbCb/SbiH
http://paperpile.com/b/2jpbCb/SbiH
http://paperpile.com/b/2jpbCb/SbiH
http://paperpile.com/b/2jpbCb/SbiH
http://paperpile.com/b/2jpbCb/SbiH
http://paperpile.com/b/2jpbCb/SbiH
http://paperpile.com/b/2jpbCb/Kz4z
http://paperpile.com/b/2jpbCb/Kz4z
http://paperpile.com/b/2jpbCb/Kz4z
http://paperpile.com/b/2jpbCb/Kz4z
http://paperpile.com/b/2jpbCb/Kz4z
http://paperpile.com/b/2jpbCb/Kz4z
http://paperpile.com/b/2jpbCb/Kz4z
http://paperpile.com/b/2jpbCb/Kz4z
http://paperpile.com/b/2jpbCb/jL7V
http://paperpile.com/b/2jpbCb/jL7V
http://paperpile.com/b/2jpbCb/jL7V
http://paperpile.com/b/2jpbCb/jL7V
http://paperpile.com/b/2jpbCb/jL7V
http://paperpile.com/b/2jpbCb/jL7V
http://paperpile.com/b/2jpbCb/jL7V
http://paperpile.com/b/2jpbCb/aJlR
http://paperpile.com/b/2jpbCb/aJlR
http://paperpile.com/b/2jpbCb/aJlR
http://paperpile.com/b/2jpbCb/aJlR
http://paperpile.com/b/2jpbCb/aJlR
http://paperpile.com/b/2jpbCb/aJlR
http://paperpile.com/b/2jpbCb/aJlR
http://paperpile.com/b/2jpbCb/aJlR
http://paperpile.com/b/2jpbCb/aJlR
http://paperpile.com/b/2jpbCb/2L2C
http://paperpile.com/b/2jpbCb/2L2C
http://paperpile.com/b/2jpbCb/2L2C
http://paperpile.com/b/2jpbCb/2L2C
http://paperpile.com/b/2jpbCb/2L2C
http://paperpile.com/b/2jpbCb/2L2C
http://paperpile.com/b/2jpbCb/2L2C
http://paperpile.com/b/2jpbCb/2L2C
http://paperpile.com/b/2jpbCb/9Aqf
http://paperpile.com/b/2jpbCb/9Aqf
http://paperpile.com/b/2jpbCb/9Aqf
http://paperpile.com/b/2jpbCb/9Aqf
http://paperpile.com/b/2jpbCb/9Aqf
http://paperpile.com/b/2jpbCb/9Aqf
http://paperpile.com/b/2jpbCb/iBef
http://paperpile.com/b/2jpbCb/iBef
https://doi.org/10.1101/2022.11.11.516109
http://creativecommons.org/licenses/by-nd/4.0/


23 
 

M. Evans, A. J. Byrne, T. M. Maher, J. Liang, D. Jiang, P. W. Noble, S. Schafer, S. A. 
Cook, Interleukin-11 is a therapeutic target in idiopathic pulmonary fibrosis. Sci. Transl. 
Med. 11 (2019), doi:10.1126/scitranslmed.aaw1237. 

23.  A. Strikoudis, A. Cieślak, L. Loffredo, Y.-W. Chen, N. Patel, A. Saqi, D. J. Lederer, H.-W. 
Snoeck, Modeling of Fibrotic Lung Disease Using 3D Organoids Derived from Human 
Pluripotent Stem Cells. Cell Rep. 27, 3709–3723.e5 (2019). 

24.  X. Bai, G. Zhao, Q. Chen, Z. Li, M. Gao, W. Ho, X. Xu, X.-Q. Zhang, Inhaled siRNA 
nanoparticles targeting inhibit lung fibrosis and improve pulmonary function post-bleomycin 
challenge. Sci Adv. 8, eabn7162 (2022). 

25.  B. Ng, J. Dong, S. Viswanathan, A. A. Widjaja, B. S. Paleja, E. Adami, N. S. J. Ko, M. 
Wang, S. Lim, J. Tan, S. P. Chothani, S. Albani, S. Schafer, S. A. Cook, Fibroblast‐specific 
IL11 signaling drives chronic inflammation in murine fibrotic lung disease. FASEB J. 34, 
11802–11815 (2020). 

26.  I. T. Stancil, J. E. Michalski, C. E. Hennessy, K. L. Hatakka, I. V. Yang, J. S. Kurche, M. 
Rincon, D. A. Schwartz, Interleukin-6–dependent epithelial fluidization initiates fibrotic lung 
remodeling. Sci. Transl. Med. 14, eabo5254 (2022). 

27.  A. A. Widjaja, J. Dong, E. Adami, S. Viswanathan, B. Ng, L. S. Pakkiri, S. P. Chothani, B. K. 
Singh, W. W. Lim, J. Zhou, S. G. Shekeran, J. Tan, S. Y. Lim, J. Goh, M. Wang, R. 
Holgate, A. Hearn, L. E. Felkin, P. M. Yen, J. W. Dear, C. L. Drum, S. Schafer, S. A. Cook, 
Redefining IL11 as a regeneration-limiting hepatotoxin and therapeutic target in 
acetaminophen-induced liver injury. Sci. Transl. Med. 13 (2021), 
doi:10.1126/scitranslmed.aba8146. 

28.  B. C. Willis, Z. Borok, TGF-beta-induced EMT: mechanisms and implications for fibrotic 
lung disease. Am. J. Physiol. Lung Cell. Mol. Physiol. 293, L525–34 (2007). 

29.  P. Jiang, R. Gil de Rubio, S. M. Hrycaj, S. J. Gurczynski, K. A. Riemondy, B. B. Moore, M. 
B. Omary, K. M. Ridge, R. L. Zemans, Ineffectual Type 2–to–Type 1 Alveolar Epithelial Cell 
Differentiation in Idiopathic Pulmonary Fibrosis: Persistence of the KRT8hi Transitional 
State. Am. J. Respir. Crit. Care Med. 201, 1443–1447 (2020). 

30.  L. Zhao, M. Yee, M. A. O’Reilly, Transdifferentiation of alveolar epithelial type II to type I 
cells is controlled by opposing TGF-β and BMP signaling. Am. J. Physiol. Lung Cell. Mol. 
Physiol. 305, L409–18 (2013). 

31.  D. C. Liberti, M. M. Kremp, W. A. Liberti 3rd, I. J. Penkala, S. Li, S. Zhou, E. E. Morrisey, 
Alveolar epithelial cell fate is maintained in a spatially restricted manner to promote lung 
regeneration after acute injury. Cell Rep. 35, 109092 (2021). 

32.  N. Khalil, R. N. O’Connor, K. C. Flanders, W. Shing, C. I. Whitman, Regulation of type II 
alveolar epithelial cell proliferation by TGF-beta during bleomycin-induced lung injury in 
rats. Am. J. Physiol. 267, L498–507 (1994). 

33.  S. Schafer, S. Viswanathan, A. A. Widjaja, W.-W. Lim, A. Moreno-Moral, D. M. DeLaughter, 
B. Ng, G. Patone, K. Chow, E. Khin, J. Tan, S. P. Chothani, L. Ye, O. J. L. Rackham, N. S. 
J. Ko, N. E. Sahib, C. J. Pua, N. T. G. Zhen, C. Xie, M. Wang, H. Maatz, S. Lim, K. Saar, S. 
Blachut, E. Petretto, S. Schmidt, T. Putoczki, N. Guimarães-Camboa, H. Wakimoto, S. van 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 12, 2022. ; https://doi.org/10.1101/2022.11.11.516109doi: bioRxiv preprint 

http://paperpile.com/b/2jpbCb/iBef
http://paperpile.com/b/2jpbCb/iBef
http://paperpile.com/b/2jpbCb/iBef
http://paperpile.com/b/2jpbCb/iBef
http://paperpile.com/b/2jpbCb/iBef
http://paperpile.com/b/2jpbCb/iBef
http://paperpile.com/b/2jpbCb/iBef
http://dx.doi.org/10.1126/scitranslmed.aaw1237
http://paperpile.com/b/2jpbCb/iBef
http://paperpile.com/b/2jpbCb/40Bn
http://paperpile.com/b/2jpbCb/40Bn
http://paperpile.com/b/2jpbCb/40Bn
http://paperpile.com/b/2jpbCb/40Bn
http://paperpile.com/b/2jpbCb/40Bn
http://paperpile.com/b/2jpbCb/40Bn
http://paperpile.com/b/2jpbCb/40Bn
http://paperpile.com/b/2jpbCb/0jnO
http://paperpile.com/b/2jpbCb/0jnO
http://paperpile.com/b/2jpbCb/0jnO
http://paperpile.com/b/2jpbCb/0jnO
http://paperpile.com/b/2jpbCb/0jnO
http://paperpile.com/b/2jpbCb/0jnO
http://paperpile.com/b/2jpbCb/0jnO
http://paperpile.com/b/2jpbCb/3SEE
http://paperpile.com/b/2jpbCb/3SEE
http://paperpile.com/b/2jpbCb/3SEE
http://paperpile.com/b/2jpbCb/3SEE
http://paperpile.com/b/2jpbCb/3SEE
http://paperpile.com/b/2jpbCb/3SEE
http://paperpile.com/b/2jpbCb/3SEE
http://paperpile.com/b/2jpbCb/3SEE
http://paperpile.com/b/2jpbCb/KJvL
http://paperpile.com/b/2jpbCb/KJvL
http://paperpile.com/b/2jpbCb/KJvL
http://paperpile.com/b/2jpbCb/KJvL
http://paperpile.com/b/2jpbCb/KJvL
http://paperpile.com/b/2jpbCb/KJvL
http://paperpile.com/b/2jpbCb/KJvL
http://paperpile.com/b/2jpbCb/slbZ
http://paperpile.com/b/2jpbCb/slbZ
http://paperpile.com/b/2jpbCb/slbZ
http://paperpile.com/b/2jpbCb/slbZ
http://paperpile.com/b/2jpbCb/slbZ
http://paperpile.com/b/2jpbCb/slbZ
http://paperpile.com/b/2jpbCb/slbZ
http://paperpile.com/b/2jpbCb/slbZ
http://paperpile.com/b/2jpbCb/slbZ
http://paperpile.com/b/2jpbCb/slbZ
http://dx.doi.org/10.1126/scitranslmed.aba8146
http://paperpile.com/b/2jpbCb/slbZ
http://paperpile.com/b/2jpbCb/HS3X
http://paperpile.com/b/2jpbCb/HS3X
http://paperpile.com/b/2jpbCb/HS3X
http://paperpile.com/b/2jpbCb/HS3X
http://paperpile.com/b/2jpbCb/HS3X
http://paperpile.com/b/2jpbCb/HS3X
http://paperpile.com/b/2jpbCb/Rt88
http://paperpile.com/b/2jpbCb/Rt88
http://paperpile.com/b/2jpbCb/Rt88
http://paperpile.com/b/2jpbCb/Rt88
http://paperpile.com/b/2jpbCb/Rt88
http://paperpile.com/b/2jpbCb/Rt88
http://paperpile.com/b/2jpbCb/Rt88
http://paperpile.com/b/2jpbCb/Rt88
http://paperpile.com/b/2jpbCb/9Rdu
http://paperpile.com/b/2jpbCb/9Rdu
http://paperpile.com/b/2jpbCb/9Rdu
http://paperpile.com/b/2jpbCb/9Rdu
http://paperpile.com/b/2jpbCb/9Rdu
http://paperpile.com/b/2jpbCb/9Rdu
http://paperpile.com/b/2jpbCb/9Rdu
http://paperpile.com/b/2jpbCb/cuas
http://paperpile.com/b/2jpbCb/cuas
http://paperpile.com/b/2jpbCb/cuas
http://paperpile.com/b/2jpbCb/cuas
http://paperpile.com/b/2jpbCb/cuas
http://paperpile.com/b/2jpbCb/cuas
http://paperpile.com/b/2jpbCb/cuas
http://paperpile.com/b/2jpbCb/uhXd
http://paperpile.com/b/2jpbCb/uhXd
http://paperpile.com/b/2jpbCb/uhXd
http://paperpile.com/b/2jpbCb/uhXd
http://paperpile.com/b/2jpbCb/uhXd
http://paperpile.com/b/2jpbCb/uhXd
http://paperpile.com/b/2jpbCb/uhXd
http://paperpile.com/b/2jpbCb/8ELV
http://paperpile.com/b/2jpbCb/8ELV
http://paperpile.com/b/2jpbCb/8ELV
http://paperpile.com/b/2jpbCb/8ELV
https://doi.org/10.1101/2022.11.11.516109
http://creativecommons.org/licenses/by-nd/4.0/


24 
 

Heesch, K. Sigmundsson, S. L. Lim, J. L. Soon, V. T. T. Chao, Y. L. Chua, T. E. Tan, S. M. 
Evans, Y. J. Loh, M. H. Jamal, K. K. Ong, K. C. Chua, B.-H. Ong, M. J. Chakaramakkil, J. 
G. Seidman, C. E. Seidman, N. Hubner, K. Y. K. Sin, S. A. Cook, IL-11 is a crucial 
determinant of cardiovascular fibrosis. Nature. 552, 110–115 (2017). 

34.  K. A. Riemondy, N. L. Jansing, P. Jiang, E. F. Redente, A. E. Gillen, R. Fu, A. J. Miller, J. 
R. Spence, A. N. Gerber, J. R. Hesselberth, R. L. Zemans, Single cell RNA sequencing 
identifies TGFβ as a key regenerative cue following LPS-induced lung injury. JCI Insight. 5 
(2019), doi:10.1172/jci.insight.123637. 

35.  M. Q. Gaunsbaek, K. J. Rasmussen, M. F. Beers, E. N. Atochina-Vasserman, S. Hansen, 
Lung surfactant protein D (SP-D) response and regulation during acute and chronic lung 
injury. Lung. 191, 295–303 (2013). 

36.  A. E. Vaughan, A. N. Brumwell, Y. Xi, J. E. Gotts, D. G. Brownfield, B. Treutlein, K. Tan, V. 
Tan, F. C. Liu, M. R. Looney, M. A. Matthay, J. R. Rock, H. A. Chapman, Lineage-negative 
progenitors mobilize to regenerate lung epithelium after major injury. Nature. 517, 621–625 
(2015). 

37.  Q. Liu, K. Liu, G. Cui, X. Huang, S. Yao, W. Guo, Z. Qin, Y. Li, R. Yang, W. Pu, L. Zhang, 
L. He, H. Zhao, W. Yu, M. Tang, X. Tian, D. Cai, Y. Nie, S. Hu, T. Ren, Z. Qiao, H. Huang, 
Y. A. Zeng, N. Jing, G. Peng, H. Ji, B. Zhou, Lung regeneration by multipotent stem cells 
residing at the bronchioalveolar-duct junction. Nat. Genet. 51, 728–738 (2019). 

38.  B. Ng, A. A. Widjaja, S. Viswanathan, J. Dong, S. P. Chothani, S. Lim, S. G. Shekeran, J. 
Tan, N. E. McGregor, E. C. Walker, N. A. Sims, S. Schafer, S. A. Cook, Similarities and 
differences between IL11 and IL11RA1 knockout mice for lung fibro-inflammation, fertility 
and craniosynostosis. Sci. Rep. 11, 14088 (2021). 

39.  H. Katsura, Y. Kobayashi, P. R. Tata, B. L. M. Hogan, IL-1 and TNFα Contribute to the 
Inflammatory Niche to Enhance Alveolar Regeneration. Stem Cell Reports. 12, 657–666 
(2019). 

40.  D. Khanna, C. J. F. Lin, D. E. Furst, J. Goldin, G. Kim, M. Kuwana, Y. Allanore, M. Matucci-
Cerinic, O. Distler, Y. Shima, J. M. van Laar, H. Spotswood, B. Wagner, J. Siegel, A. 
Jahreis, C. P. Denton, focuSSced investigators, Tocilizumab in systemic sclerosis: a 
randomised, double-blind, placebo-controlled, phase 3 trial. Lancet Respir Med. 8, 963–974 
(2020). 

41.  E. Minshall, J. Chakir, M. Laviolette, S. Molet, Z. Zhu, R. Olivenstein, J. A. Elias, Q. Hamid, 
IL-11 expression is increased in severe asthma: association with epithelial cells and 
eosinophils. J. Allergy Clin. Immunol. 105, 232–238 (2000). 

42.  A. M. Gamage, K. S. Tan, W. O. Y. Chan, J. Liu, C. W. Tan, Y. K. Ong, M. Thong, A. K. 
Andiappan, D. E. Anderson, L.-F. Wang, Others, Infection of human Nasal Epithelial Cells 
with SARS-CoV-2 and a 382-nt deletion isolate lacking ORF8 reveals similar viral kinetics 
and host transcriptional profiles. PLoS Pathog. 16, e1009130 (2020). 

43.  E. S. Winkler, A. L. Bailey, N. M. Kafai, S. Nair, B. T. McCune, J. Yu, J. M. Fox, R. E. Chen, 
J. T. Earnest, S. P. Keeler, J. H. Ritter, L.-I. Kang, S. Dort, A. Robichaud, R. Head, M. J. 
Holtzman, M. S. Diamond, SARS-CoV-2 infection of human ACE2-transgenic mice causes 
severe lung inflammation and impaired function. Nat. Immunol. 21, 1327–1335 (2020). 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 12, 2022. ; https://doi.org/10.1101/2022.11.11.516109doi: bioRxiv preprint 

http://paperpile.com/b/2jpbCb/8ELV
http://paperpile.com/b/2jpbCb/8ELV
http://paperpile.com/b/2jpbCb/8ELV
http://paperpile.com/b/2jpbCb/8ELV
http://paperpile.com/b/2jpbCb/8ELV
http://paperpile.com/b/2jpbCb/8ELV
http://paperpile.com/b/2jpbCb/8ELV
http://paperpile.com/b/2jpbCb/8ELV
http://paperpile.com/b/2jpbCb/1rFi
http://paperpile.com/b/2jpbCb/1rFi
http://paperpile.com/b/2jpbCb/1rFi
http://paperpile.com/b/2jpbCb/1rFi
http://paperpile.com/b/2jpbCb/1rFi
http://paperpile.com/b/2jpbCb/1rFi
http://paperpile.com/b/2jpbCb/1rFi
http://paperpile.com/b/2jpbCb/1rFi
http://dx.doi.org/10.1172/jci.insight.123637
http://paperpile.com/b/2jpbCb/1rFi
http://paperpile.com/b/2jpbCb/7XRX
http://paperpile.com/b/2jpbCb/7XRX
http://paperpile.com/b/2jpbCb/7XRX
http://paperpile.com/b/2jpbCb/7XRX
http://paperpile.com/b/2jpbCb/7XRX
http://paperpile.com/b/2jpbCb/7XRX
http://paperpile.com/b/2jpbCb/7XRX
http://paperpile.com/b/2jpbCb/5Izo
http://paperpile.com/b/2jpbCb/5Izo
http://paperpile.com/b/2jpbCb/5Izo
http://paperpile.com/b/2jpbCb/5Izo
http://paperpile.com/b/2jpbCb/5Izo
http://paperpile.com/b/2jpbCb/5Izo
http://paperpile.com/b/2jpbCb/5Izo
http://paperpile.com/b/2jpbCb/5Izo
http://paperpile.com/b/2jpbCb/YupJ
http://paperpile.com/b/2jpbCb/YupJ
http://paperpile.com/b/2jpbCb/YupJ
http://paperpile.com/b/2jpbCb/YupJ
http://paperpile.com/b/2jpbCb/YupJ
http://paperpile.com/b/2jpbCb/YupJ
http://paperpile.com/b/2jpbCb/YupJ
http://paperpile.com/b/2jpbCb/YupJ
http://paperpile.com/b/2jpbCb/jWFH
http://paperpile.com/b/2jpbCb/jWFH
http://paperpile.com/b/2jpbCb/jWFH
http://paperpile.com/b/2jpbCb/jWFH
http://paperpile.com/b/2jpbCb/jWFH
http://paperpile.com/b/2jpbCb/jWFH
http://paperpile.com/b/2jpbCb/jWFH
http://paperpile.com/b/2jpbCb/jWFH
http://paperpile.com/b/2jpbCb/iLaK
http://paperpile.com/b/2jpbCb/iLaK
http://paperpile.com/b/2jpbCb/iLaK
http://paperpile.com/b/2jpbCb/iLaK
http://paperpile.com/b/2jpbCb/iLaK
http://paperpile.com/b/2jpbCb/iLaK
http://paperpile.com/b/2jpbCb/iLaK
http://paperpile.com/b/2jpbCb/kg2T
http://paperpile.com/b/2jpbCb/kg2T
http://paperpile.com/b/2jpbCb/kg2T
http://paperpile.com/b/2jpbCb/kg2T
http://paperpile.com/b/2jpbCb/kg2T
http://paperpile.com/b/2jpbCb/kg2T
http://paperpile.com/b/2jpbCb/kg2T
http://paperpile.com/b/2jpbCb/kg2T
http://paperpile.com/b/2jpbCb/kg2T
http://paperpile.com/b/2jpbCb/ZMVb
http://paperpile.com/b/2jpbCb/ZMVb
http://paperpile.com/b/2jpbCb/ZMVb
http://paperpile.com/b/2jpbCb/ZMVb
http://paperpile.com/b/2jpbCb/ZMVb
http://paperpile.com/b/2jpbCb/ZMVb
http://paperpile.com/b/2jpbCb/ZMVb
http://paperpile.com/b/2jpbCb/rlTs
http://paperpile.com/b/2jpbCb/rlTs
http://paperpile.com/b/2jpbCb/rlTs
http://paperpile.com/b/2jpbCb/rlTs
http://paperpile.com/b/2jpbCb/rlTs
http://paperpile.com/b/2jpbCb/rlTs
http://paperpile.com/b/2jpbCb/rlTs
http://paperpile.com/b/2jpbCb/rlTs
http://paperpile.com/b/2jpbCb/f0mi
http://paperpile.com/b/2jpbCb/f0mi
http://paperpile.com/b/2jpbCb/f0mi
http://paperpile.com/b/2jpbCb/f0mi
http://paperpile.com/b/2jpbCb/f0mi
http://paperpile.com/b/2jpbCb/f0mi
http://paperpile.com/b/2jpbCb/f0mi
http://paperpile.com/b/2jpbCb/f0mi
https://doi.org/10.1101/2022.11.11.516109
http://creativecommons.org/licenses/by-nd/4.0/


25 
 

44.  A. N. Nabhan, D. G. Brownfield, P. B. Harbury, M. A. Krasnow, T. J. Desai, Single-cell Wnt 
signaling niches maintain stemness of alveolar type 2 cells. Science. 359, 1118–1123 
(2018). 

45.  J. A. Zepp, W. J. Zacharias, D. B. Frank, C. A. Cavanaugh, S. Zhou, M. P. Morley, E. E. 
Morrisey, Distinct Mesenchymal Lineages and Niches Promote Epithelial Self-Renewal and 
Myofibrogenesis in the Lung. Cell. 170, 1134–1148.e10 (2017). 

46.  J. J. Kathiriya, C. Wang, M. Zhou, A. Brumwell, M. Cassandras, C. J. Le Saux, M. Cohen, 
K.-D. Alysandratos, B. Wang, P. Wolters, M. Matthay, D. N. Kotton, H. A. Chapman, T. 
Peng, Human alveolar type 2 epithelium transdifferentiates into metaplastic KRT5 basal 
cells. Nat. Cell Biol. 24, 10–23 (2022). 

47.  B. Jaeger, J. C. Schupp, L. Plappert, O. Terwolbeck, N. Artysh, G. Kayser, P. Engelhard, T. 
S. Adams, R. Zweigerdt, H. Kempf, S. Lienenklaus, W. Garrels, I. Nazarenko, D. Jonigk, M. 
Wygrecka, D. Klatt, A. Schambach, N. Kaminski, A. Prasse, Airway basal cells show a 
dedifferentiated KRT17Phenotype and promote fibrosis in idiopathic pulmonary fibrosis. 
Nat. Commun. 13, 5637 (2022). 

48.  P. Kadur Lakshminarasimha Murthy, V. Sontake, A. Tata, Y. Kobayashi, L. Macadlo, K. 
Okuda, A. S. Conchola, S. Nakano, S. Gregory, L. A. Miller, J. R. Spence, J. F. Engelhardt, 
R. C. Boucher, J. R. Rock, S. H. Randell, P. R. Tata, Human distal lung maps and lineage 
hierarchies reveal a bipotent progenitor. Nature. 604, 111–119 (2022). 

49.  M. C. Basil, F. L. Cardenas-Diaz, J. J. Kathiriya, M. P. Morley, J. Carl, A. N. Brumwell, J. 
Katzen, K. J. Slovik, A. Babu, S. Zhou, M. M. Kremp, K. B. McCauley, S. Li, J. D. Planer, S. 
S. Hussain, X. Liu, R. Windmueller, Y. Ying, K. M. Stewart, M. Oyster, J. D. Christie, J. M. 
Diamond, J. F. Engelhardt, E. Cantu, S. M. Rowe, D. N. Kotton, H. A. Chapman, E. E. 
Morrisey, Human distal airways contain a multipotent secretory cell that can regenerate 
alveoli. Nature. 604, 120–126 (2022). 

50.  K. Street, D. Risso, R. B. Fletcher, D. Das, J. Ngai, N. Yosef, E. Purdom, S. Dudoit, 
Slingshot: cell lineage and pseudotime inference for single-cell transcriptomics. BMC 
Genomics. 19, 477 (2018). 

51.  E. Y. Chen, C. M. Tan, Y. Kou, Q. Duan, Z. Wang, G. V. Meirelles, N. R. Clark, A. Ma’ayan, 
Enrichr: interactive and collaborative HTML5 gene list enrichment analysis tool. BMC 
Bioinformatics. 14, 128 (2013). 

52.  P. Shannon, A. Markiel, O. Ozier, N. S. Baliga, J. T. Wang, D. Ramage, N. Amin, B. 
Schwikowski, T. Ideker, Cytoscape: a software environment for integrated models of 
biomolecular interaction networks. Genome Res. 13, 2498–2504 (2003). 

53.  J. R. Rock, C. E. Barkauskas, M. J. Cronce, Y. Xue, J. R. Harris, J. Liang, P. W. Noble, B. 
L. M. Hogan, Multiple stromal populations contribute to pulmonary fibrosis without evidence 
for epithelial to mesenchymal transition. Proc. Natl. Acad. Sci. U. S. A. 108, E1475–83 
(2011). 

54.  Q. Chen, Y. Liu, Isolation and culture of mouse alveolar type II cells to study type II to type I 
cell differentiation. STAR Protoc. 2, 100241 (2021). 

55.  A. M. Bolger, M. Lohse, B. Usadel, Trimmomatic: a flexible trimmer for Illumina sequence 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 12, 2022. ; https://doi.org/10.1101/2022.11.11.516109doi: bioRxiv preprint 

http://paperpile.com/b/2jpbCb/DUMo
http://paperpile.com/b/2jpbCb/DUMo
http://paperpile.com/b/2jpbCb/DUMo
http://paperpile.com/b/2jpbCb/DUMo
http://paperpile.com/b/2jpbCb/DUMo
http://paperpile.com/b/2jpbCb/DUMo
http://paperpile.com/b/2jpbCb/DUMo
http://paperpile.com/b/2jpbCb/g0pv
http://paperpile.com/b/2jpbCb/g0pv
http://paperpile.com/b/2jpbCb/g0pv
http://paperpile.com/b/2jpbCb/g0pv
http://paperpile.com/b/2jpbCb/g0pv
http://paperpile.com/b/2jpbCb/g0pv
http://paperpile.com/b/2jpbCb/g0pv
http://paperpile.com/b/2jpbCb/pjoZ
http://paperpile.com/b/2jpbCb/pjoZ
http://paperpile.com/b/2jpbCb/pjoZ
http://paperpile.com/b/2jpbCb/pjoZ
http://paperpile.com/b/2jpbCb/pjoZ
http://paperpile.com/b/2jpbCb/pjoZ
http://paperpile.com/b/2jpbCb/pjoZ
http://paperpile.com/b/2jpbCb/pjoZ
http://paperpile.com/b/2jpbCb/HMeU
http://paperpile.com/b/2jpbCb/HMeU
http://paperpile.com/b/2jpbCb/HMeU
http://paperpile.com/b/2jpbCb/HMeU
http://paperpile.com/b/2jpbCb/HMeU
http://paperpile.com/b/2jpbCb/HMeU
http://paperpile.com/b/2jpbCb/HMeU
http://paperpile.com/b/2jpbCb/HMeU
http://paperpile.com/b/2jpbCb/YOMV
http://paperpile.com/b/2jpbCb/YOMV
http://paperpile.com/b/2jpbCb/YOMV
http://paperpile.com/b/2jpbCb/YOMV
http://paperpile.com/b/2jpbCb/YOMV
http://paperpile.com/b/2jpbCb/YOMV
http://paperpile.com/b/2jpbCb/YOMV
http://paperpile.com/b/2jpbCb/YOMV
http://paperpile.com/b/2jpbCb/SIr9
http://paperpile.com/b/2jpbCb/SIr9
http://paperpile.com/b/2jpbCb/SIr9
http://paperpile.com/b/2jpbCb/SIr9
http://paperpile.com/b/2jpbCb/SIr9
http://paperpile.com/b/2jpbCb/SIr9
http://paperpile.com/b/2jpbCb/SIr9
http://paperpile.com/b/2jpbCb/SIr9
http://paperpile.com/b/2jpbCb/SIr9
http://paperpile.com/b/2jpbCb/SIr9
http://paperpile.com/b/2jpbCb/Vx9g
http://paperpile.com/b/2jpbCb/Vx9g
http://paperpile.com/b/2jpbCb/Vx9g
http://paperpile.com/b/2jpbCb/Vx9g
http://paperpile.com/b/2jpbCb/Vx9g
http://paperpile.com/b/2jpbCb/Vx9g
http://paperpile.com/b/2jpbCb/Vx9g
http://paperpile.com/b/2jpbCb/9Ctm
http://paperpile.com/b/2jpbCb/9Ctm
http://paperpile.com/b/2jpbCb/9Ctm
http://paperpile.com/b/2jpbCb/9Ctm
http://paperpile.com/b/2jpbCb/9Ctm
http://paperpile.com/b/2jpbCb/9Ctm
http://paperpile.com/b/2jpbCb/9Ctm
http://paperpile.com/b/2jpbCb/mB9V
http://paperpile.com/b/2jpbCb/mB9V
http://paperpile.com/b/2jpbCb/mB9V
http://paperpile.com/b/2jpbCb/mB9V
http://paperpile.com/b/2jpbCb/mB9V
http://paperpile.com/b/2jpbCb/mB9V
http://paperpile.com/b/2jpbCb/mB9V
http://paperpile.com/b/2jpbCb/MmXR
http://paperpile.com/b/2jpbCb/MmXR
http://paperpile.com/b/2jpbCb/MmXR
http://paperpile.com/b/2jpbCb/MmXR
http://paperpile.com/b/2jpbCb/MmXR
http://paperpile.com/b/2jpbCb/MmXR
http://paperpile.com/b/2jpbCb/MmXR
http://paperpile.com/b/2jpbCb/MmXR
http://paperpile.com/b/2jpbCb/ZpBY
http://paperpile.com/b/2jpbCb/ZpBY
http://paperpile.com/b/2jpbCb/ZpBY
http://paperpile.com/b/2jpbCb/ZpBY
http://paperpile.com/b/2jpbCb/ZpBY
http://paperpile.com/b/2jpbCb/ZpBY
http://paperpile.com/b/2jpbCb/Jc2Z
https://doi.org/10.1101/2022.11.11.516109
http://creativecommons.org/licenses/by-nd/4.0/


26 
 

data. Bioinformatics. 30, 2114–2120 (2014). 

56.  A. Dobin, C. A. Davis, F. Schlesinger, J. Drenkow, C. Zaleski, S. Jha, P. Batut, M. 
Chaisson, T. R. Gingeras, STAR: ultrafast universal RNA-seq aligner. Bioinformatics. 29, 
15–21 (2013). 

57.  Y. Liao, G. K. Smyth, W. Shi, The Subread aligner: fast, accurate and scalable read 
mapping by seed-and-vote. Nucleic Acids Res. 41, e108 (2013). 

58.  M. I. Love, W. Huber, S. Anders, Moderated estimation of fold change and dispersion for 
RNA-seq data with DESeq2. Genome Biol. 15, 550 (2014). 

 

 

 

Acknowledgements: We thank J.Dong, D.Yeong and B.George for their technical and 
administrative support. Funding: This work was supported by the National Medical Research 
Council (NMRC) Singapore (NMRC/STaR/0029/2017 to S.A.C. and NMRC-OFYIRG21jun-0022 
to B.N. and S.V.), NMRC Central Grant to NHCS (MOH-CIRG18nov-0002 to S.A.C.), Goh 
Cardiovascular Research Award (Duke-NUS-GCR/2015/0014 to S.A.C.), Tanoto Foundation (to 
S.A.C.). Advanced Manufacturing and Engineering Young Individual Research Grant (AME 
YIRG) of Agency for Science, Technology and Research (A*STAR) award (A2084c0157 to W.-
W.L. and B.N.); and a research grant from Boehringer Ingelheim Pharmaceuticals, Inc. Author 

contributions: B.N. and S.A.C conceived and designed the study. K.Y.H. and C.J.P. performed 
computational analyses. B.N. and S.V. performed in vitro experiments. B.N., W.-W.L. and F.K. 
performed in vivo studies and histological evaluations. C.J.P. and H.A.A. performed RNA-seq 
experiments. B.N., E.P. and S.A.C. supervised the study. B.N. and S.A.C. wrote the manuscript 
with input from all other authors. Competing interests: S.A.C is a co-inventor of the patent 
applications (WO/2017/103108) and (WO/2018/109170). S.A.C., W.-W.L. and B.N are co-
inventors of the patent application (WO/2019/073057). S.A.C. is a co-founder and shareholder 
of Enleofen Bio PTE LTD, a company that develops anti-IL11 therapeutics, which were acquired 
for further development by Boehringer Ingelheim. All other authors declare no competing 
interests. Data and materials availability: All data associated with this study are presented in 
the paper or in the Supplementary Materials. RNA sequencing data generated for this study are 
currently being uploaded onto GEO.  
 
 

 

 

 

 

 

 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 12, 2022. ; https://doi.org/10.1101/2022.11.11.516109doi: bioRxiv preprint 

http://paperpile.com/b/2jpbCb/Jc2Z
http://paperpile.com/b/2jpbCb/Jc2Z
http://paperpile.com/b/2jpbCb/Jc2Z
http://paperpile.com/b/2jpbCb/Jc2Z
http://paperpile.com/b/2jpbCb/Jc2Z
http://paperpile.com/b/2jpbCb/iNIX
http://paperpile.com/b/2jpbCb/iNIX
http://paperpile.com/b/2jpbCb/iNIX
http://paperpile.com/b/2jpbCb/iNIX
http://paperpile.com/b/2jpbCb/iNIX
http://paperpile.com/b/2jpbCb/iNIX
http://paperpile.com/b/2jpbCb/iNIX
http://paperpile.com/b/2jpbCb/RFEA
http://paperpile.com/b/2jpbCb/RFEA
http://paperpile.com/b/2jpbCb/RFEA
http://paperpile.com/b/2jpbCb/RFEA
http://paperpile.com/b/2jpbCb/RFEA
http://paperpile.com/b/2jpbCb/RFEA
http://paperpile.com/b/2jpbCb/5vfz
http://paperpile.com/b/2jpbCb/5vfz
http://paperpile.com/b/2jpbCb/5vfz
http://paperpile.com/b/2jpbCb/5vfz
http://paperpile.com/b/2jpbCb/5vfz
http://paperpile.com/b/2jpbCb/5vfz
https://doi.org/10.1101/2022.11.11.516109
http://creativecommons.org/licenses/by-nd/4.0/


27 
 

Supplementary Figures. 
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Fig S1. IL11 is elevated across mesenchymal and epithelial cell subsets in human pulmonary 

fibrosis. Violin plot of IL11 expression in individual cell types in scRNA-seq data from control and PF 
samples in (A-D) Habermann et. al. (GSE135893) and (E-I) Adams et. al. (GSE136831) datasets. Data 
are further grouped by PF or control in mesenchymal, epithelial, immune (myeloid or lymphoid) or 
endothelial cell types. 
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Fig. S2. IL6 and IL11 expression in various epithelial cell types in the human lung. UMAP 
visualization of IL6 or IL11 expressing single cells in scRNA-seq data from control and PF samples in the 
(A-C) Habermann et. al. (GSE135893) and (D-F) Adams et. al. (GSE136831) dataset. IL6 or IL11 
expressing cells are colored in dark blue in A, B, D, E and colored dots indicate different cell clusters in C 
and F. 
 
 
 
 
 

 
Fig. S3. IL11 is expressed by aberrant basaloid cells in human pulmonary fibrosis. (A) Heatmap 
showing the transcriptional similarities between selected epithelial cell types from Habermann et. al., 
(GSE135893) and Adams et. al. (GSE136831) datasets as assessed by the Jaccard index. (B) UMAP 
visualization of IL11 expressing single cells in the Adams et. al. dataset. IL11 expressing cells are colored 
in dark blue (left panel) and colored dots indicate cell type clustering (right panel). Cell labels were 
assigned using the classification from Habermann et. al. by Seurat’s FindTransfer Algorithm (see 
Methods). Blue line indicates differentiation trajectory from transitional AT2 to AT1 cells; red line indicates 
differentiation trajectory from transitional AT2 to KRT5-/KRT17+. Data are composed of PF samples in the 
Adams et. al. dataset. (C) Expression of IL11 in the pseudotime trajectory from transitional AT2 to KRT5-

/KRT17+ versus from transitional AT2 to AT1 cells. Data are composed from PF samples in the Adams et. 
al. dataset. (D) Expression of IL11 co-expression module in transitional AT2, KRT5-/KRT17+ and AT1 
cells from control versus PF in combined Habermann et. al. and Adams et. al. datasets. 
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Fig. S4. Flow cytometry gating of EGFP+ cells from IL11EGFP reporter mice lungs. (A) Representative 
gating for flow cytometry analysis of lung stromal and epithelial cells isolated from IL11EGFP reporter mice 
based on antibody staining for CD31, CD45 or CD326 (EpCAM). Rightmost panel indicates the 
predetermined threshold for IL11EGFP+ expression based on the EGFP signal in CD31- CD45- CD326+ 
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epithelial cells from IL11+/+ littermate control mice. Percentages of (B) EGFP+ immune cells (CD31-

CD45+), (C) EGFP+ endothelial cells (CD31+CD45-) and (D) EGFP+ stromal cells (CD31-CD45-EpCAM-) in 
uninjured and bleomycin (BLM)-treated IL11EGFP reporter mice based on the EGFP signal in the 
respective cell types in IL11+/+ control. P value determined by two-tailed Student's t-test, n = 4 mice. Data 
are represented as median and whiskers extend from minimum to maximum values. 
 
 
 
 

 

 
Fig. S5. IL11 is upregulated in lung fibroblasts and CD45+ cells after bleomycin-induced lung 

injury in mice. Immunostaining for GFP and (A) CD45 or (B) PDGFRA in the lungs of IL11EGFP reporter 
mice post-BLM injury. White arrowheads indicate marker positive IL11EGFP+ cells. Scale bars: 50 µm. (C) 
Immunostaining of lungs from IL11EGFP reporter mice post-BLM injury with anti-GFP and anti-IL11 
antibodies, showing considerable overlap of GFP and IL11 signals. Scale bars: 100 µm. 
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Fig. S6. IL11-dependent ERK signaling promotes cytopathic features in AT2 cells in vitro. (A) 
Representative images of immunostaining for SFTPC, AGER, IL6ST (gp130), IL11RA and IL6R in 
primary human pulmonary alveolar epithelial cells. Scale bars: 100 µm. (B) ELISA-based quantification of 
IL11 in culture supernatant of TGFβ1-treated HPEpiC (5 ng/ml, 24 hours, n = 6). P value determined by 
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two-tailed paired t-test. (C-D) RNA-seq analysis of TGFβ1- or IL11-treated human pulmonary alveolar 
epithelial cells (5 ng/ml, 24 hours). Red and blue dots indicate significantly differentially upregulated or 
downregulated genes respectively (FDR < 0.05). (E) Representative images of immunostaining of 
Fibronectin, Collagen I and KRT8 in HPEpiC treated with IL11 (5 ng/ml) in the presence of MEK inhibitor 
U0126 (10 µM) for 24 hours. Scale bars: 100 µm. (F) Quantification of immunostaining in panel E. Data 
are represented as mean ± s.d. P values were determined by one-way ANOVA (Tukey’s test). (G) Images 
of immunostaining of IL11 and p-ERK in lung sections from Sftpc-tdT mice after BLM-induced lung injury. 
Scale bars: 50 µm. White arrowheads indicate p-ERK+ IL11+ tdT+ cells.  
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Fig. S7. Characterization of AT2 cell-specific Il11ra1-deleted mice after bleomycin injury. (A) 
Immunostaining for KRT8 and PDPN in lungs of uninjured Sftpc-tdT; Il11ra1fl/fl or Il11ra1+/+ mice. Scale 
bars: 100 µm. (B) qPCR analysis of Il11ra1 expression in AT2 cells (CD45- CD31- EpCAM+ MHCII+) and 
CD45+ immune cells isolated from the lungs of Sftpc-CreER; Il11ra1fl/fl and Sftpc-CreER; Il11ra1+/+ mice. 
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(C) Percentage body weight change post-BLM injury (day 21 versus day 0), (D) Lung weight to body 
weight indices and (E) survival analysis of Sftpc-CreER; Il11ra1fl/fl or Il11ra1+/+ mice 21 days post-BLM 
treatment. (F) Images of immunostaining for KRT8, SFTPC and PDPN in lung sections from Sftpc-CreER; 

Il11ra1fl/fl or Il11ra1+/+ mice 21 days post-BLM treatment. Scale bars: 100 µm. Data are represented as 
mean ± s.d. P values were determined by two-tailed Student’s t-test in panel A and one-way ANOVA 
(Tukey’s test) in panel B to D and by Log-rank (Mantel-Cox) test in panel E. 
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Fig. S8. Pharmacological inhibition of IL11 promotes AT2 cell proliferation and reduced p-ERK+ 

KRT8+ cells after bleomycin-induced lung injury. (A) Representative images of immunostaining for 
Ki67 and PDPN or (B) KRT8 and p-ERK in lung sections from BLM-injured Sftpc-CreER; R26-tdT mice 
treated with X203 or IgG antibodies. Scale bars: 50 µm in A and 100 µm in B. Yellow arrowheads indicate 
Ki67+ tdT+ cells in panel A or p-ERK+ KRT8+ tdT+ cells in panel B. (C) Representative images of 
immunostaining for AGER and (D) the ratio of AGER+ tdT+ to tdT+ cells in lung sections from BLM-injured 
Sftpc-CreER; R26-tdT mice treated with X203 or IgG antibodies. Scale bars: 100 µm. Data are 
represented as mean ± s.d. P values were determined by one way ANOVA (Tukey’s test), n = 3 - 6 mice / 
group. 
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