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C E L L  B I O L O G Y

Mesenchymal growth hormone receptor deficiency 
leads to failure of alveolar progenitor cell function 
and severe pulmonary fibrosis
Ting Xie1, Vrishika Kulur1, Ningshan Liu1, Nan Deng2, Yizhou Wang3, Simon Coyle Rowan1, 
Changfu Yao1, Guanling Huang1, Xue Liu1, Forough Taghavifar1, Jiurong Liang1, 
Cory Hogaboam1, Barry Stripp1, Peter Chen1, Dianhua Jiang1, Paul W. Noble1*

Recent studies have identified impaired type 2 alveolar epithelial cell (ATII) renewal in idiopathic pulmonary fibro-
sis (IPF) human organoids and severe fibrosis when ATII is defective in mice. ATIIs function as progenitor cells and 
require supportive signals from the surrounding mesenchymal cells. The mechanisms by which mesenchymal 
cells promote ATII progenitor functions in lung fibrosis are incompletely understood. We identified growth 
hormone receptor (GHR) is mainly expressed in mesenchymal cells, and its expression is substantially decreased 
in IPF lungs. Higher levels of GHR expression correlated with better lung function in patients with IPF. Profibrotic 
mesenchymal cells retarded ATII growth and were associated with suppressed vesicular GHR expression. Vesicles 
enriched with Ghr promote ATII proliferation and diminished pulmonary fibrosis in mesenchymal Ghr-deficient 
mice. Our findings demonstrate a previously unidentified mesenchymal paracrine signaling coordinated by GHR 
that is capable of supporting ATII progenitor cell renewal and limiting the severity of lung fibrosis.

INTRODUCTION
The direct and indirect interactions between mesenchymal cells and 
epithelial progenitor cells in the developmental and adult lung are 
an evolutionarily conserved phenomenon (1–4). Normal mesen-
chymal cells can positively contribute to the maintenance and re-
newal of epithelial progenitor cells in development and homeostasis 
(5). In contrast, fibrotic mesenchymal cells are less supportive of 
epithelial progenitor cell renewal (4). Mesenchymal cells can secrete 
cytokines and growth factors that influence epithelial progenitor 
cell functions (6, 7). The nature of epithelial-mesenchymal interac-
tions that either promote or deter progenitor cell renewal is incom-
pletely understood. Understanding the mesenchymal contribution 
to the regenerative capacity of alveolar progenitor cells under ho-
meostatic and disease states could provide important new clues into 
the renewal of epithelial progenitors and pathogenesis of fibrosis.

Recent studies using elegant lineage tracing and/or single-cell 
analysis revealed that diverse mesenchymal cells influence the 
epithelial progenitor cell niche under homeostatic conditions. 
Parabronchial smooth muscle progenitors lineaged by Myh11  in 
the distal mesenchyme have been shown to secrete Fgf10 to pro-
mote Scgb1a1 cell proliferation after naphthalene injury (8). Pdgfra+ 
cells play an important role in lung development and alveolariza-
tion (9). Pdgfra+ cells facilitate the type 2 alveolar epithelial cell 
(ATII) formation of sphere-like colonies in vitro (10). Lgr5-expressing 
mesenchymal cells promote alveolar differentiation, and Lgr6- 
expressing cells direct airway differentiation of Scgb1a1+ progenitors 
(3). Axin2+/Pdgfra+ cells support alveolar growth and regeneration 
through functional signaling pathways, including interleukin-6 
(IL-6)/Stat3, Bmp, and Fgf (4, 6). Fibroblasts provide short-range 

Wnt signals to neighboring ATII stem cells and maintain their 
stemness (7). Ectopic hedgehog activation in the Pdgfra+ fibroblasts 
led to loss of distal alveoli and airspace enlargement (11). Trans-
forming growth factor– (TGF-), a central mediator of fibrogenesis, 
impairs fibroblast ability to support adult lung epithelial progenitor 
cell organoid formation in vitro (12). These reports raise the possi-
bility that the impairment of ATII renewal in idiopathic pulmonary 
fibrosis (IPF) lung could be due to the loss of supportive functions 
in profibrotic fibroblasts. However, it remains unclear what changes 
occur in secreted supportive factors from mesenchymal cells during 
fibrosis and what the subsequent impact on the epithelial niche is.

Growth hormone receptor (GHR) belongs to the class I cytokine 
receptor family and has been shown to signal, at least in part, 
through the Janus-family tyrosine kinase–signal transducer and 
activator of transcription (STAT) pathway (13). The only ligand of 
GHR is growth hormone (GH). GH is secreted by the pituitary 
gland and released into circulation at different concentrations over 
24-hour periods (14, 15). A clinical case report showed that a male 
with mutation in GHR exon 5(p.D137N) developed severe lympho-
cytic interstitial pneumonitis, parenchymal fibrosis, bronchiectasis, 
and emphysema, and treatment with GH had no clear improve-
ment (16). Ghr signaling can promote the regeneration of hepato-
cytes in adult liver (17). GHR deficiency exacerbates fibrosis in a 
mouse model of inflammatory cholestasis and liver fibrosis (18–20). 
Fibroblasts express GHR and through secretion of insulin-like 
growth factor 1 (IGF-1) can modulate mammary epithelial growth 
in breast tissue, especially in puberty (18). Although Ghr is ex-
pressed in the adult lung, it is unknown whether there is a role in 
regeneration under homeostatic and disease conditions.

Juxtaposing cells communicate by using extracellular vesicles 
(EVs) (21, 22), which are heterogeneous complex cargoes contain-
ing proteins, lipids, and nucleic acids. EVs can deliver their content 
into target cells, thereby influencing the behavior of the recipient 
cells (23). Exosomes are one type of EV, with size ranges from 
30 to 150 nm. EVs derived from different cell types have different 
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functions, and EVs have been found to play a role in the pathogen-
esis of lung fibrosis (21, 24). Evidence that stromal-derived exo-
somes support hematopoietic stem cells in vitro has been reported 
recently (25). Cancer stromal cell RNA can transfer to breast tumor 
cells through exosomes (26). A recent report showed that the lung 
spheroid cell secretome and exosomes could attenuate and resolve 
bleomycin- and silica-induced fibrosis by reestablishing normal alve-
olar structure and decreasing both collagen accumulation and 
myofibroblast proliferation (27). However, it is unclear whether the 
niche mesenchymal cells can execute functions through exosomes 
in solid organ regeneration and repair.

In the current study, we identified a previously unknown role for 
mesenchymal Ghr in supporting the epithelial progenitor cell niche 
in the adult lung in homeostasis and after lung injury. We have in-
vestigated both human and mouse lungs with single-cell RNA se-
quencing (RNA-seq) and found that GHR is mainly expressed in 
the mesenchymal cells in the lung and expression was decreased in 
fibrotic lungs. We then analyzed a clinical database of a cohort of 
patients with interstitial lung disease (ILD) and IPF and found that 
GHR is significantly reduced in pulmonary fibrosis and positively 
correlated with lung functions in patients with IPF. Profibrotic 
mouse and human mesenchymal cells suppress epithelial progeni-
tor cell renewal due to the diminished cellular and exosomal expres-
sion of Ghr. We found that Ghr-enriched vesicles promoted ATII 
regeneration and attenuated pulmonary fibrosis in mesenchymal 
Ghr-deficient mice. Our study establishes a new role for mesenchy-
mal Ghr in the regeneration of epithelial progenitor cell function 
and regulation of pulmonary fibrosis in mice. Restoring Ghr by ves-
icles that abrogate pulmonary fibrosis could provide a new potential 
therapeutic approach to fibrosing lung diseases.

RESULTS
GHR is down-regulated in severe fibrotic human lung
We mined publicly available global gene expression databases at-
tained from lung tissues of 254 individuals with ILD and 108 con-
trols, who went for surgery for the investigation of a nodule and 
have no chronic lung disease by computed tomography or pathology 
[Lung Genomics Research Consortium (LGRC) and Gene Expres-
sion Omnibus (GEO) number GSE47460]. These data indicated that 
patients with ILD exhibited significantly lower GHR mRNA levels 
in whole lung tissue (Fig. 1A). Next, we analyzed GHR expression 
in human lung tissue collected from seven IPF and seven matched 
controls by immunohistochemistry. Table S1 shows the demographic 
and clinical characteristics of participants in the immunofluores-
cence and RNAscope experiments. Consistent with the LGRC data, 
immunofluorescence revealed decreased GHR protein expression 
levels in severe fibrotic areas of human IPF lungs (Fig. 1, B and C). 
Furthermore, we performed RNAscope, a method that can detect 
mRNA expression in tissue sections. The GHR mRNA levels were 
significantly reduced in severe fibrotic areas of human IPF lungs 
compared with normal lungs (Fig. 1, D and E). The protein levels of 
GHR in IPF and healthy lung lysates did not show significant differ-
ences, but a trend toward reduced GHR in IPF lung lysates was ob-
served (fig. S1A). In IPF lungs, where patchy interstitial fibrosis 
alternates with nonfibrotic regions, we found that GHR expression 
was significantly decreased in the fibrotic areas compared to the 
nonfibrotic regions (Fig. 1, F and G). Together, these findings sug-
gest that GHR down-regulation is a feature of fibrotic lungs.

To determine whether the GHR gene expression levels are asso-
ciated with pulmonary function in individuals with IPF, we ana-
lyzed lung functions including forced expiratory volume in one 
second (FEV1) and forced vital capacity (FVC) before bronchodila-
tor usage, as well as the diffusing capacity of the lung for carbon 
monoxide (DLCO) from an IPF patient cohort derived from the 
LGRC dataset. Using Pearson correlation analysis, we found that 
decreased GHR gene expression was positively correlated with dis-
ease severity, as reflected by FEV1, FVC, and DLCO (Fig. 1H). These 
data suggest there may be clinically relevant lung function differences 
in patients with IPF based on the gene expression levels of GHR.

GHR is mainly expressed in mesenchymal cells and is 
significantly decreased in fibrotic mesenchymal cells
We next sought to determine the cellular source of GHR. To deter-
mine the cell-specific expression of GHR in IPF and normal human 
lung tissue, we performed dual immunofluorescence staining of 
GHR with the mesenchymal cell marker COL1A1, ATII marker 
HTII-280, or endothelial cell marker CD31. GHR was ubiquitously 
expressed in the cell membrane and had good colocalization with 
the COL1A1+ mesenchymal cells in normal human lungs (Fig. 2A) 
but was markedly decreased in the COL1A1+ mesenchymal cells in 
the IPF lungs (Fig. 2B). Very few HTII-280+ ATIIs expressed GHR 
in normal human lungs and was even more rarely found in IPF 
fibrotic lungs (Fig. 2, C and D). Few CD31+ endothelial cells expressed 
GHR in the normal human lungs, and even fewer CD31+GHR+ en-
dothelial cells were detected in IPF fibrotic lungs (Fig. 2, E and F). 
These data suggest that GHR-expressing cells are mainly mesenchy-
mal cells in the human lungs, and GHR expression is down-regulated 
in mesenchymal cells, ATIIs, and endothelial cells of severe fi-
brotic lungs.

Next, we evaluated Ghr expression in murine lungs. We ana-
lyzed our single-cell RNA-seq datasets (GSE104154 and GSE134948) 
and found that within the total lung single cells, Ghr is mainly ex-
pressed in the Col1a1-expressing mesenchymal cell cluster (Fig. 3A). 
We then performed subset analysis and reclustered the mesenchy-
mal cells defined by Col1a1 and Acta2 (CAMC), and these CAMC 
cells clustered into at least three subpopulations (Fig. 3B). Ghr- 
expressing cells were scattered in all these clusters, and most of them 
(~88.35%, within 2756 Ghr+ cells, 2435 of them are Col1a1+) co-
express Col1a1 (Fig. 3B). These single-cell RNA-seq data suggested 
that similar to human lungs, Ghr expression is mainly in the mesen-
chymal cells of the mouse lungs. We further examined the relationship 
between Ghr and previously defined niche-supporting mesenchy-
mal cell markers, including Pdgfra, Tcf21, Axin2, Lgr5, and Lgr6. 
We found that Pdgfra, Tcf21, and Axin2 are mainly expressed in 
Col1a1-expressing mesenchymal clusters (CMC), whereas Lgr5 and 
Lgr6 are mainly expressed in Acta2-expressing mesenchymal clus-
ters (AMC). Ghr+Pdgfra+ cells (1743 cells) represent 76.81% of the 
total Ghr+ cells (2269 cells) in CMC (fig. S2A). Ghr and Tcf21 coex-
pression data showed that around 60% (1354 cells) of the total Ghr+ 
cells are Tcf21+ in the CMC (fig. S2B). There are 706 Axin2+ cells in 
the CMC of our dataset, and ~45% of them are Ghr+ (fig. S2C). In 
the AMC, there are 180 Lgr5+ cells and 200 Lgr6+ cells (fig. S2D). A 
total of 56% of the Lgr5+ cells and 62% of the Lgr6+ cells are Ghr+ 
(fig. S2E). These data suggest that most of the Ghr+ mesenchymal 
cells are niche-supporting mesenchymal cells.

To determine whether Ghr is expressed in mouse ATII cells, we 
reclustered ATII cells as defined by Sftpc+ expression and found a 
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small portion (~6.59%, of the 3122 Sftpc+ cells, 206 of them are 
Ghr+) of ATII cells are expressing Ghr (Fig. 3, C and D). These data 
suggest that Ghr is mainly expressed in mesenchymal cells but rarely 
expressed in ATII cells in mouse lungs, which is consistent with the 
Ghr cell type expression patterns we found in human lungs. Ghr+ 
mesenchymal cells were enriched with genes Eln, Cxcl14, Npnt, Fn1, 
Hspb1, Xist, Nebl, Tagln, and Cd74 (Fig. 3E). Of these, Eln, Cxcl14, 
Npnt, and Nebl are genes enriched in a previously defined cohort 
of Col13a1-expressing matrix fibroblasts (28). Npnt is a gene en-
riched in a recently defined distal mesenchymal cell subset with a pro-
posed role in alveolar stem cell regeneration (11).

We then evaluated Ghr expression in mesenchymal cells of 
mouse lungs following bleomycin-induced injury. We harvested 
mesenchymal cells from mouse lungs 7, 14, and 21 days after injury 
and cultured them in vitro. Ghr-positive cells represented 35% of 
the total normal mesenchymal cells by fluorescence-activated cell 
sorting (FACS) analysis, which decreased to 9.21% of the total mes-
enchymal cells from bleomycin-treated mouse lung on day 7, 5.24% 
of the day 14 mesenchymal cells, and 18.1% within the day 21 mes-
enchymal cells (Fig. 3F). These data demonstrated that Ghr expres-
sion is diminished in profibrotic mesenchymal cells from mouse 
lungs in vitro following lung injury.

Fig. 1. Decreased expression of GHR in fibrotic human lungs. (A) GHR gene expression in lung tissues of healthy and individuals with ILD or IPF (Ctrl, n = 136; ILD, 
n = 255; IPF, n = 68) in LGRC cohort. (B and C) Representative images of immunofluorescence (B) and quantitative analysis (C) for the protein levels of GHR in lung tissues 
of healthy and IPF individuals. (D and E) RNAscope analysis (D) and quantitative analysis (E) for the RNA levels of GHR in lung tissues of healthy and IPF individuals. 
(F) Representative confocal microscopy GHR immunostaining for IPF lung tissues shows decreased GHR protein expression in severe fibrotic area of IPF lung tissues. 
(G) Quantification of Ghr protein expression with DNA stain [4′,6-diamidino-2-phenylindole (DAPI), blue] from staining in (F). (H) Pearson correlation coefficients of FEV1 
and FVC before bronchodilator (bd) and DLCO as a function of GHR gene expression in the lungs of patients with IPF. R and P values, as well as the numbers of patients 
analyzed, are indicated in the figures. Scale bars, 100 m (D), 200 m (B), and 500 m (F). ****P < 0.0001 by unpaired two-tailed Student’s t test, Bars represent means ± SEM.
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Mesenchymal Ghr loss of function inhibited epithelial cell 
renewal and is associated with reduced chemokine expression
We then sought to determine whether mesenchymal Ghr provides a 
supportive signal in the epithelial progenitor cell niche. To deter-
mine whether mesenchymal Ghr can influence epithelial colony 

formation ex vivo, we performed colony formation assays by cocul-
turing Ghr-deficient (Ghr−/−) and littermate control mesenchymal 
cells with Scgb1a1+ Club cells and Sftpc+ ATII cells (Fig. 4A). The 
in vitro colony formation experiments showed that Ghr deficiency 
in mesenchymal cells led to the reduced colony formation, in terms 

Fig. 2. Most of the mesenchymal cells, and very few ATIIs, are GHR positive in normal lung but not in IPF fibrotic area. (A) Representative confocal microscopy 
images of GHR and COL1A1 coimmunostaining for healthy and IPF human lung tissues. (B) Quantification of GHR and COL1A1 coexpression by colocalization calculated 
from staining in (A). (C) GHR and HTII-280 coimmunostaining reveals that a small portion of HTII-280+ATII cells are GHR positive in normal human lungs and no 
GHR+HTII-280+ cells in fibrotic human lungs. (D) Quantification of GHR and HTII-280 coexpression by flow cytometry or by colocalization calculated from staining in (C). 
(E) Rare CD31+GHR+ endothelial cells were found in normal lungs but not IPF lungs. (F) Quantification of GHR and CD31 coexpression by colocalization calculated from 
staining in (E). Arrows show the coexpressing cells. Scale bars, 100 m (A to C, lower power images) and 10 m (A to C, higher power images). Bars represent means ± SEM, 
n = 7 biological replicates. ****P < 0.0001 by unpaired two-tailed Student’s t test.
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of both colony number and size, in both Scgb1a1+ Club cells and 
Sftpc+ ATII cells (Fig. 4B), suggesting that lack of mesenchymal Ghr 
retards epithelial progenitor cell colony formation. To determine 
whether epithelial progenitor cell differentiation can be affected 
by mesenchymal Ghr deficiency, reverse transcription polymerase 

chain reaction (RT-PCR) was performed to evaluate the gene expres-
sion of different types of differentiated epithelial cells. Coculturing 
with Ghr−/− mesenchymal cell resulted in decreased expression of 
Scgb1a1 (Club cell marker), Sftpc (ATII cell marker), Pdpn (AEC1 
cell marker), and Aqp5 (AEC1 cell marker) in Scgb1a1+ Club cell 

Fig. 3. Mouse lung mesenchymal expression of Ghr. (A) Single-cell transcriptomic sequencing of wild-type (WT) mouse lung total single cells. Ghr gene expression is 
mainly in Col1a1+ cell cluster. (B) CAMC (mesenchymal cells defined by Col1a1 and Acta2) were reclustered and plotted for Ghr and Col1a1 coexpression. Around 88.35% 
of the total Ghr+ cells are Col1a1+. (C) Ghr expression in ATII cells by single-cell RNA-seq analysis. About 6.59% Sftpc+ ATII cells are Ghr+. (D) ATII expression of Ghr and 
Sftpc. (E) Top up-regulated genes for Ghr-positive mesenchymal cells compared with Ghr-negative mesenchymal cells. (F) Fluorescence-activated cell sorting (FACS) 
analysis of Ghr on cell surface of cultured passage 3 primary lung mesenchymal cells (Epcam+Cd31/45+ cells were excluded) from normal and bleomycin-treated mice (7, 
14, and 21 days after bleomycin administration).
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colonies (Fig. 4C). In addition, Ghr−/− mesenchymal cells reduced 
Sftpc and Aqp5 expression but increased expression of the cell cycle 
checkpoint molecule Cdkn1a in Sftpc+ ATII cell colonies (Fig. 4D). 
Moreover, we used pegvisomant (PEG), a GHR antagonist that can 
bind to GHR and interfere with functional GHR signaling, to treat 
mesenchymal cells before and during the coculture of ATII progenitors. 

The number of ATII colonies in the presence of Ghr+/+ mesenchy-
mal cells significantly decreased with the treatment of PEG in a 
dose-dependent manner (Fig. 4E). Lung mesenchymal cells isolated 
from Ghr−/− mice do not express surface Ghr (Fig. 4F), which is con-
sistent with a previous report (29). Ghr−/− mesenchymal cells showed 
significantly reduced Ghr, Ghr transcript variant (TV) 1 and 2, 

Fig. 4. Ghr-deficient mesenchymal cells are less supportive for epithelial progenitor cell colony formation. (A) Schematic of in vitro coculture colony formation 
assay for experiments in (B) to (D). (B) Scgb1a1-GFP+ (green fluorescent protein–positive) Club cell and Sftpc-GFP+ ATII organoids cocultured with mesenchymal cells 
isolated from Ghr−/− or control mouse lungs. The number and size of Scgb1a1-GFP+ Club cell and Sftpc-GFP+ ATII organoids were decreased when cocultured with Ghr−/− 
mesenchymal cells. (C) Expression of Scgb1a1, Sftpc, Pdpn, and Aqp5 in Scgb1a1+ Club cell organoids cocultured with lung mesenchymal cells isolated from Ghr−/− and 
control mice. (D) Expression of Sftpc, Pdpn, and Cdkn1a in Sftpc+ ATII cell organoids cocultured with lung mesenchymal cells isolated from Ghr−/− and control mice. 
(E) Pegvisomant (PEG) treatment for mesenchymal cells cocultured with ATII colonies. (F) FACS confirmation of Ghr expression on lung mesenchymal cells from Ghr−/− 
and control mice. (G) Ghr, Ghr TV1, Ghr TV2, Tbx4, Cemip, and Tgfbr3 expression in lung mesenchymal cells from Ghr−/− and control mice. (H) Has1, Has2, and Has3 expres-
sion in lung mesenchymal cells from Ghr−/− and control mice. (I) Chemokine gene (Cxcl1, Cxcl4, Cxcl5, Cxcl12, Cxcl14, and Cxcl16) expression in Ctrl and Ghr−/− mouse lung 
mesenchymal cells. (J) Il-6 gene expression in lung mesenchymal cells from Ghr−/− and control mice. Scale bars, 1 mm (B). n = 3, *P < 0.05, **P < 0.005, ***P < 0.001, and 
****P < 0.0001 by unpaired two-tailed Student’s t test [B (panels 3 and 4) and J], one-way analysis of variance (ANOVA) (E), and two-way ANOVA [B (panel 2), C, D, G, and H], 
means ± SEM.
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and Tbx4 expression but increased cell migration–inducing and 
hyaluronan-binding protein (Cemip) and Tgfbr3 mRNA expression 
(Fig. 4G). Ghr−/− mesenchymal cells also expressed reduced Has2 
gene expression, with no change in Has1 and Has3 mRNA expres-
sion (Fig. 4H). Ghr has been reported to signal through STATs, and 
STATs can activate downstream chemokines (30). We found that 
Ghr−/− mesenchymal cells demonstrated diminished gene expres-
sion of Cxcl1, Cxcl4, Cxcl5, Cxcl12, Cxcl14, and Cxcl16 (Fig. 4I). IL-6 
has been reported to promote ATII renewal, and its early interven-
tion in bleomycin-induced lung injury reduced lung fibrosis (31). 
We found that Ghr deficiency suppressed Il-6 gene expression in 
mouse lung mesenchymal cells (Fig. 4J). Together, our observations 
indicate that mesenchymal Ghr is required for supporting epithelial 
progenitor cell proliferation and differentiation and is associated 
with regulation of Cxc chemokines and cytokines.

GHR gain of function promotes ATII colony formation 
and increases CXC chemokine expression
To demonstrate the translatability of GHR to human lung and in-
vestigate gain-of-function assays, we interrogated the functions of 
GHR by using human lung fibroblasts in the epithelial colony for-
mation assay. The endogenous GHR function in human mesenchy-
mal cells was tested using a GHR overexpressing (GHRTg) human 
normal lung fibroblast (hLF) cell line generated by lentivirus trans-
fection (Fig. 5A). GHRTg hLFs significantly increased ATII colony 
formation. We found that GHRTg hLF augmented the numbers of 
both GhrLo and GhrHi ATII colonies (Fig. 5B), indicating that GHR 
overexpression in mesenchymal cells is beneficial for ATII cell 
growth and renewal. We further examined whether GHR overex-
pression alters CXC chemokine expression. We found that GHRTg 
hLFs demonstrated increased expression of chemokine CXCL1, 
CXCL2, CXCL3, CXCL5, CXCL6, CXCL8, and CXCL12 mRNAs 
(Fig. 5C). Wnt5a from juxtaposing mesenchymal cells can maintain 
ATII stemness (7). We found that WNT5A gene expression were 
increased in GHRTg hLFs (Fig. 5D). Furthermore, consistent with 
the CXC chemokine mRNA expression, GHR overexpression aug-
mented CXCL1, CXCL2, CXCL8, CXCL10, and CXCL12 chemokine 
protein secretion in the culture medium of GHRTg hLFs (Fig. 5E). 
GHR is reported to be upstream of IGF-1 (30), and GHR deficiency 
is associated with reduced serum levels of IGF-1 (32). We detected 
increased release of IGF-1 from GHRTg hLFs compared to control 
lung mesenchymal cells in response to tumor necrosis factor– 
(TNF-) and IL-6 stimulation (Fig. 5F). In addition, we found that 
IL-6 secretion was elevated in GHRTg hLF supernatants (Fig. 5G). 
Moreover, we found that gene expression levels of CXCL1, CXCL2, 
CXCL3, CXCL8, CXCL16, and IL-6 were decreased in lung tissues 
from the LGRC ILD patient cohort (Fig. 5H). Together with GHR 
reduction in ILD lung, these data suggest that the distinct molecular 
profiles correlated with clinical features. Collectively, Ghr mesen-
chymal deficiency and overexpression regulated epithelial colony 
formation and were associated with chemokine expression in hu-
man mesenchymal cells, suggesting that there could be a role for the 
Ghr axis in regulating pulmonary fibrosis.

GHR negatively mediates the activation and invasive 
capacity of lung fibroblasts
We next evaluated the role of GHR in mediating fibroblast activa-
tion and invasion of extracellular matrix (ECM). We have previously 
demonstrated that a subset of fibrogenic fibroblasts will invade 

ECM in vitro and promote fibrosis in vivo (33, 34). We found that 
smooth muscle actin (-SMA) accumulation was similar in both 
GHRTg human lung fibroblasts and control fibroblasts at baseline. 
Upon TGF- treatment, the expression of -SMA was significantly 
increased in control fibroblasts, while GHRTg human lung fibro-
blasts demonstrated a marked reduction in -SMA expression 
compared to control fibroblasts (fig. S3, A and B).

To gain additional insights into the potential mechanisms by 
which GHR regulates fibroblast behavior, we examined the effect of 
GHR on mouse lung fibroblast invasion. We isolated primary lung 
fibroblasts from Ghr−/− mice and littermate control and analyzed 
their invasive capacity. We found that invasive capacity was signifi-
cantly enhanced in Ghr-null mouse lung fibroblasts (fig. S3, C and 
D). Collectively, these data suggest that up-regulation of GHR can 
prevent the activation of fibroblasts, and loss of Ghr can promote an 
invasive fibroblast phenotype and severe fibrosis.

Loss of Ghr in lung subepithelial mesenchyme increases 
mouse susceptibility to pulmonary fibrosis
We next sought to determine whether the loss of the niche-supporting 
factor Ghr from mesenchymal cells can affect mouse models of 
pulmonary fibrosis. We generated GhrBMC (Tbx4LME-CreER;Ghrfl/fl) 
mice to delete Ghr in lung mesenchymal cells and examined the 
impact in the bleomycin-induced fibrosis model (Fig. 6A). We have 
previously demonstrated that Tbx4-expressing mesenchymcal cells 
expand after lung injury and promote the invasive fibroblast pheno-
type (35). We initially deleted mesenchymal Ghr at baseline before 
injury to determine the basal impact on lung injury and fibrosis. 
This strategy resulted in 80% knockdown of Ghr in cultured lung 
mesenchymal cells of GhrBMC compared to littermate control mice 
(Fig. 6B). GhrBMC mice were more susceptible to bleomycin-induced 
fibrosis at day 21 (Fig. 6C), suggesting that mesenchymal Ghr regu-
lates fibrogenesis. To gain additional insights into potential patho-
genic mechanisms, we examined the impact of mesenchymal Ghr 
deficiency on Cxc chemokines in vivo. We collected bronchoalveolar 
lavage fluid (BALF) from mouse lungs and examined Cxc chemo-
kine protein concentrations. Secretion of Cxcl1, Cxcl2, Cxcl5, Cxcl10, 
Cxcl11, and Cxcl12 proteins was decreased in the BALF collected 
from GhrBMC mice 21 days after lung injury (Fig. 6D), which is 
consistent with our in vitro data that Ghr−/− mesenchymal cells show 
diminished Cxc chemokine expression. We observed greater structural 
distortion and collagen deposition in GhrBMC mice (Fig. 6, E and F), 
suggesting that mesenchymal Ghr deficiency may retard ATII re-
newal leading to enhanced fibrosis. These data suggest that mesen-
chymal Ghr is a significant regulator in vivo of fibrogenesis.

Fibrotic mesenchymal cells demonstrate diminished 
secreted vesicular GHR levels
To determine whether profibrotic mesenchymal cells have the same 
supportive ability as normal mesenchymal cells for epithelial pro-
genitor cell colony formation, human primary mesenchymal cell 
lines from normal and individuals with IPF were isolated and cocul-
tured with ATIIs for colony formation assays (table S1). ATII cells 
cultured with IPF mesenchymal cells yielded significantly reduced 
colony number and size compared to healthy mesenchymal cells 
(Fig.  7,  A  to  C). We sought to determine whether GHR mRNA 
could be secreted in vesicles from mesenchymal cells as a potential 
means of cell communication. We found that both IPF and normal 
lung fibroblasts secreted vesicles and GHR mRNA was selectively 



Xie et al., Sci. Adv. 2021; 7 : eabg6005     9 June 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

8 of 18

reduced in IPF mesenchymally derived vesicles (Fig. 7D). These 
data suggest that human fibrotic mesenchymal cells retard epithelial 
progenitor cell renewal and proliferation through a Ghr-mediated 
mechanism.

To explore whether these effects could extend to mouse primary 
mesenchymal cell lines, colony formation assays for epithelial pro-
genitor cells cocultured with normal and bleomycin-treated day 21 
mouse lung mesenchymal cells were performed (Fig. 7E). Fibrotic 
mesenchymal cells showed similar levels of colony supportive ability 
for Sftpc+ ATII cell colony growth when compared to the MLg cells 
(mouse lung fibroblast cell line) but reduced colony formation 
compared to unchallenged mesenchymal cells (Fig. 7, F to H). To 
determine whether vesicles from profibrotic mesenchymal cells 
have different Ghr gene expression levels compared with normal 
mesenchymal cells, we isolated vesicles from supernatants of 

profibrotic mesenchymal cells and unchallenged mesenchymal cells 
cultured in vitro. Secreted vesicles from bleomycin day 21 mesen-
chymal cells demonstrated reduced Ghr mRNA expression com-
pared with normal mesenchymal cells, consistent with the human 
data (Fig. 7I). These data suggest that diminished vesicular Ghr 
from fibrotic mouse mesenchymal cells could have a functional 
impact on the renewal and proliferation of the epithelial progeni-
tor cells.

Ghr-enriched vesicles facilitate ATII colony formation in vitro
We have shown that endogenous mesenchymal Ghr plays a sup-
portive role in the epithelial progenitor cell niche. We now sought 
to determine whether vesicles can transport functional Ghr to recip-
ient ATII cells and whether exogenous Ghr-enriched vesicles can 
promote epithelial colony forming in  vitro. To address these 

Fig. 5. GHR-enriched human lung mesenchymal cells promote ATII organoids associated with elevated CXC chemokine and cytokine expression. (A) Expression 
of GHR gene in GHR overexpressing (GHRTg) and control (Ctrl) human lung mesenchymal cells (n = 3 in each group). (B) Organoid culture of GhrLo and GhrHi ATIIs with Ctrl 
and GHRTg hLF (human lung fibroblasts). (C) CXC chemokine gene (CXCL1, CXCL2, CXCL3, CXCL4, CXCL6, CXCL8, and CXCL12) expression in GHRTg and Ctrl human lung 
mesenchymal cells (n = 3 in each group). (D) WNT5A gene expression in GHRTg and Ctrl human lung mesenchymal cells. (E) Bio-Plex Pro Human Chemokine analysis of 
secreted CXCL1, CXCL2, CXCL8, CXCL10, and CXCL12 levels in supernatants of cultured GHRTg and Ctrl human lung mesenchymal cells (Ctrl, n = 15; GHRTg, n = 13). (F) Enzyme-linked 
immunosorbent assay analysis of IGF-1 protein secretion in the supernatants of GHRTg and Ctrl human lung mesenchymal cells upon TNF- and IL-6 stimulation (n = 4 in 
each group). (G) IL-6 cytokine secretion in supernatants of cultured GHRTg and Ctrl human lung mesenchymal cells (Ctrl, n = 15; GHRTg, n = 13). (H) CXCL1, CXCL2, CXCL3, 
CXCL8, CXCL16, and IL-6 gene expression in lung tissues of ILD (n = 255) and Ctrl (n = 136) individuals in the LGRC cohort. *P < 0.05, **P < 0.005, ***P < 0.001, and 
****P < 0.0001 by unpaired two-tailed Student’s t test (A, D, E, G, and H) and two-way ANOVA (B and F), means ± SEM. ns, not significant.
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questions, we overexpressed the Ghr zipcode plasmid in human 
embryonic kidney (HEK) 293 cells and harvested vesicles secreted 
in the culture medium. We found that the zipcode plasmid signifi-
cantly increased Ghr expression in vesicles compared to the control 
plasmid (fig. S4A). The morphology of vesicles was analyzed by 
transmission electron microscopy (TEM). The vesicles showed a 
round morphology and a characteristic central depression in the 
vesicles (fig. S4B). Nanosight analysis delineated the number and 
the size of the mouse lung mesenchymal cells (fig. S4C). It has been 
reported that Ghr only exists as mRNA in mouse vesicles (36). Ghr 
protein expression was detected in mesenchymal cell lysate but not 
in vesicles from mouse lung mesenchymal cells (fig. S4D). The 
Sftpc+ ATII colony formation was significantly augmented following 
Ghr vesicle treatment compared with control vesicles and controls 
without treatment (fig. S4E). Expression of Ghr at both RNA (fig. 
S4F) and protein levels (fig. S4G) was significantly elevated in Sftpc+ 
ATII colonies treated with Ghr vesicles. Furthermore, we found that 
the cell surface Ghr expression on epithelial colonies was increased 

upon Ghr vesicle treatment (fig. S4H), suggesting that vesicle Ghr 
can be expressed on the epithelial cell surface following transfer. We 
further sought to determine whether fibroblasts respond to Ghr ves-
icle treatment. Expression of CXCL1 and IL-6 was significantly in-
creased in human normal lung mesenchymal cells upon Ghr vesicle 
treatment (fig. S4I). These data suggested that Ghr-enriched vesicles 
can enhance Ghr expression on epithelial cells following transfer 
and promote ATII proliferation in vitro and may be a relevant con-
tributor to cell-cell communication via the Ghr axis.

Ghr-enriched vesicles ameliorate pulmonary fibrosis 
in mesenchymal Ghr deficiency
We have shown that administration of exogenous Ghr vesicles play 
a supportive role in the epithelial progenitor cell niche in vitro. We 
sought to determine whether Ghr-enriched vesicles could attenuate 
pulmonary fibrosis in mesenchymal Ghr-deficient mice. We first 
determined whether epithelial progenitor cells can take up vesicles 
following intratracheal administration. Confocal images of mouse 

Fig. 6. Mesenchymal Ghr-deficient mice are more susceptible to pulmonary fibrosis. (A) A schematic diagram depicting the administration of bleomycin into the 
lungs of GhrBMC and littermate control mice. Mouse lungs were harvested on day 21. (B) Quantitative RT-PCR analysis of Ghr mRNA expression (means ± SEM) in the lungs 
of GhrBMC and littermate control mice. (C) Hydroxyproline content in the lungs of GhrBMC and littermate control mice harvested before and 21 days after belomycin in-
jection (Ctrl, n = 3; GhrBMC, n = 3; Ctrl + Bleo, n = 19; GhrBMC + Bleo, n = 15). (D) Cxcl1, Cxcl2, Cxcl5, Cxcl10, Cxcl11, and Cxcl12 protein secretion in BALF of GhrBMC and 
littermate control mice harvested on day 21 after bleomycin injury. (E and F) Representative images of hematoxylin and eosin (H&E) staining (E) and Masson’s trichrome 
staining (F) in GhrBMC and littermate control mouse lungs 21 days after bleomycin injury (Ctrl, n = 19; GhrBMC, n = 15). Ctrl, control. Scale bars, 10 m (E and F, higher 
power images) and 100 m (E and F, lower power images). *P < 0.05, ***P < 0.001, and ****P < 0.0001 by unpaired two-tailed Student’s t test (B) and two-way ANOVA (C), 
means ± SEM.
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lungs treated with mCherry-tagged Ghr vesicles showed the uptake 
of vesicles by Scgb1a1+ and Sftpc+ epithelial cells (Fig. 8A). To fur-
ther examine whether Ghr vesicles carry Ghr mRNA to ATIIs, we 
sorted ATIIs from mice treated with mCherry-tagged Ghr vesicles 
or control vesicles. A real-time quantitative RT-PCR was used to 

evaluate the Ghr mRNA expression on ATIIs treated with Ghr or 
control vesicles. Ghr vesicles markedly increased Ghr mRNA expres-
sion on recipient ATIIs (Fig. 8B). The total Ghr protein was also 
elevated in ATIIs receiving Ghr vesicles compared to control vesi-
cles (Fig. 8C). These results suggest that vesicles can carry functional 

Fig. 7. Fibrotic lung mesenchymal cells retard epithelial regeneration and express less GHR. (A) Schematic of in vitro coculture human ATII colony formation assay 
for experiments in (B) and (C). (B) Representative images of ATII organoids cocultured with lung mesenchymal cells from healthy and IPF individuals. (C) Bar graph depicting 
the organoid-forming efficiency and colony area in (B). (D) GHR mRNA expression in secreted vesicles from cultured lung mesenchymal cells of healthy and IPF individuals 
(n = 7 in each group). (E) Schematic of in vitro cocultured mouse ATII colony formation assay for experiments in (F) to (H). (F) Representative images of ATII organoids 
cocultured with mesenchymal cells isolated from normal and bleomycin-treated mice (21 days after treatment), as well as the MLg mouse fibroblast cell line. (G) Organoid- 
forming efficiency of ATII cocultured with normal, bleo d21, and MLg mesenchymal cells. (H) Colony size of ATII cocultured with normal, bleo d21, and MLg mesenchymal 
cells. (I) Vesicular expression of Ghr from normal and bleomycin-treated day 21 mouse lung mesenchymal cells cultured in vitro. Scale bars, 1 mm (B and F). *P < 0.05 and 
****P < 0.0001 by unpaired two-tailed Student’s t test (C, D, and I) and one-way ANOVA (G and H), means ± SEM.
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Ghr to epithelial progenitor cells in vivo. We further examined the 
therapeutic potential for Ghr-enriched vesicles by intratracheally 
administrating Ghr-enriched vesicles to GhrBMC mice after bleo-
mycin injury. These mice were pretreated with two courses of 
tamoxifen to knockdown Ghr in Tbx4+ mesenchymal cells before 
the bleomycin challenge (Fig. 8D). The GhrBMC mice treated with 
Ghr vesicles showed decreased hydroxyproline content compared 
to control vesicle–treated GhrBMC mice (Fig. 8E). The BALF col-
lected from GhrBMC mice with Ghr vesicle treatments showed ele-
vated concentrations of Cxcl1, Cxcl2, Cxcl5, Cxcl10, Cxcl11, Cxcl12, 
and Cxcl16 in relative to the control vesicle–treated group (Fig. 8F). 
GhrBMC mice with Ghr vesicle treatment also exhibited less dam-
aged lung morphology compared to the control vesicle group 
(Fig. 8, G and H). These data support the concept that Ghr vesicles 
can ameliorate pulmonary fibrosis in mice with mesenchymal Ghr 
deficiency (Fig. 8I).

DISCUSSION
One of the hurdles to developing novel therapeutics for IPF is the 
insufficient understanding of the molecular mechanisms that pro-
mote epithelial progenitor cell renewal. While U.S. Food and Drug 
Administration–approved therapies have been shown to reduce the 
loss of lung function, there is no evidence that fibrosis improves 
(37–39). This may be because both pirfenidone and nintedanib tar-
get fibroblast production of ECM but do not affect the underlying 
cause of IPF that may be ATII failure (40, 41). Emerging data have 
shown that mesenchymal cells can provide niche supportive signals 
to promote epithelial progenitors in the normal lung (3, 4, 7). To 
date, no data have delineated whether epithelial progenitors can re-
ceive supportive signals from mesenchymal cells in fibrotic lungs or 
whether key supportive signals are missing. In the current study, we 
demonstrate that mesenchymal GHR contributes to ATII renewal 
in vitro, is lost in fibrotic mesenchyme, and, when restored by exog-
enous vesicle delivery, ameliorates pulmonary fibrosis in vivo.

GHR is significantly reduced in profibrotic lung tissue, and its 
expression is correlated with lung function in a cohort of patients 
with IPF. We further found that GHR is mainly expressed in mes-
enchymal cells and the gain and loss of GHR function in mesenchymal 
cells promotes or retards epithelial progenitor function, respectively, 
suggesting that mesenchymal cell GHR is supportive of the epithe-
lial niche under homeostatic conditions. In bleomycin-induced 
lung fibrosis, the vesicular delivery of Ghr transfers mRNA to epi-
thelial progenitor cells and restores diminished Ghr expression in 
fibrotic mesenchymal cells. These data suggest that GHR supports 
the mesenchymal epithelial niche, and deficiency in mesenchymal 
cells suppresses epithelial renewal in fibrotic lung.

Our results support a model in which Ghr-expressing mesen-
chymal cells provide paracrine signals through vesicular Ghr trans-
fer to epithelial progenitor cells. Epithelial progenitor cells can 
receive and transcribe vesicular-conserved Ghr mRNA that then 
function in promoting progenitor cell renewal and regeneration. 
GHR is expressed in very few ATII cells in the lungs, and mesenchy-
mal GHR may serve as the reservoir for supplying epithelial pro-
genitors GHR. The observation that GHR mRNA levels in AT2 are 
low but present and could mean that most of the ATIIs themselves 
are not producing GHR mRNA, only the ATIIs that are more recep-
tive to receiving mesenchymal GHR mRNA and are expressing 
GHR protein by translating GHR mRNAs from the transporting 

vesicles. It is also possible that these GHR-positive ATII cells may 
be ATII progenitors. It is suspected that the progenitors in the 
healthy adult lung only represent around 1% of the total population, 
and slow renewal is observed in homeostasis (10). The demand for 
high GHR in these progenitors may be low in homeostasis. Last, it 
could mean rapid translation of mRNA in this cell population. GHR 
expression on ATIIs can presumably interact with circulating GH 
to stimulate cell growth and regeneration. Profibrotic mesenchymal 
cells are unable to provide the nutrient GHR to promote epithelial 
progenitor cell function. These data support mesenchymal Ghr as 
an important niche-supporting signal in health and disease.

Mesenchymal cells can provide a microenvironment to support, 
maintain, and regulate the functions and fate of epithelial progeni-
tors (3, 4, 7, 10). It has been shown that the functions of vesicles 
reflect, at least in part, those of their originating cells (42). Vesicles/
exosomes play an important role in intracellular communication 
and are capable of modifying the activity of target cells through hor-
izontal transfer of genetic information (43). Vesicles are involved in 
cellular processes such as cell proliferation and immune regulation 
(44). Vesicles/exosomes are therefore particularly attractive for 
their therapeutic potential. Our current data indicate that Ghr 
mRNA conserved in vesicles can change the behavior of epithelial 
progenitor cells. Vesicular Ghr can act as a paracrine signal capable 
of modulating the epithelial progenitor cell microenvironment, 
such as promoting CXC chemokine release, and potentially orches-
trating epithelial progenitor cell renewal.

In addition to the direct effect that mesenchymal GHR provides 
to support epithelial progenitor renewal through vesicular trans-
port of GHR mRNA to AT2 cells, there could be indirect effects 
through secreted factors, such as Wnts and cytokines/chemokines. 
Our data show that the lung mesenchymal cells from Ghr−/− mice 
expressed reduced Cxcl1, Cxcl4, Cxcl5, Cxcl12, Cxcl14, and Cxcl16 
and were less supportive of epithelial progenitor cell colony forma-
tion. GHR-enriched human lung mesenchymal cells expressed ele-
vated levels of CXCL1, CXCL2, CXCL3, CXCL5, CXCL6, CXCL8, 
CXCL12, WNT5A, IL-6, and IGF-1 and were more supportive of 
epithelial progenitor cell colony formation. CXCL1, CXCL2, CXCL3, 
CXCL8, and CXCL16 gene expression was significantly reduced in 
the lung tissues of patients with ILD compared with control indi-
viduals in the LGRC cohort. Mesenchymal Ghr-deficient mice had 
reduced Cxcl1, Cxcl2, Cxcl5, Cxcl10, Cxcl11, and Cxcl12 secretion 
in BALF and increased pulmonary fibrosis 21 days after bleomycin 
treatment. When administrating Ghr-enriched EVs, these mice 
showed restored levels of Cxcl1, Cxcl2, Cxcl5, Cxcl10, Cxcl11, Cxcl12, 
and Cxcl16 and mitigated pulmonary fibrosis. Ghr-enriched EVs 
induced CXCL1 and IL-6 expression in human lung fibroblasts and 
promoted epithelial progenitor cell colony formation. These results 
indicate that mesenchymal Ghr is required for optimal epithelial 
progenitor cell niche function, through the direct effect of EV Ghr 
mRNA, and potentially an indirect effect by providing Cxc chemo-
kines. Ghr deficiency in mesenchymal cells decreased BALF Cxc 
chemokines and promoted pulmonary fibrosis, while Ghr-enriched 
EVs restored the Cxc chemokines and alleviated pulmonary fibrosis.

Niche mesenchymal cells are not mesenchymal stem cells. Lung 
mesenchymal cells are local mesenchymal cells that contribute to 
the epithelial progenitor niche. Mesenchymal stem cells are recruit-
ed hematopoietic cells to sites of inflammation during injury and 
repair. The EVs derived from mesenchymal stem cell have shown to 
be beneficial in acute respiratory distress syndrome (ARDS), asthma, 
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pulmonary arterial hypertension, pneumonia, and experimental mod-
els of pulmonary fibrosis (45–51). We found that mesenchymal 
GHR is beneficial for the epithelial progenitor niche. Vesicles that 
are enriched with Ghr are supportive of the epithelial progenitor 
niche, and Ghr vesicle delivery can reduce pulmonary fibrosis in 
bleomycin-induced mouse models.

The 25-nucleotide zipcode can shuttle specific RNA cargo 
into secreted vesicles (52). We used this method to enrich Ghr in 
vesicles. The Ghr expression in zipcode-transfected vesicles was 
around 100-fold higher than nonzipcode-transfected vesicles. 
The Ghr-enriched vesicles were able to induce ATII colony forma-
tion, increase the cellular and cell surface expression of Ghr in 

Fig. 8. Ghr vesicles reduce pulmonary fibrosis in mesenchymal Ghr-deficient mice. (A) Immunostaining of red fluorescent protein, Scgb1a1, Sftpc, and DAPI in mouse 
lungs administrated with mCherry sequence containing Ghr vesicles. Yellow solid line, mCherry and Scgb1a1 or Sftpc colocalized cells; white dotted line, Scgb1a1- or 
Sftpc-negative cells. (B) Ghr mRNA expression in ATII cells sorted from mouse lungs treated with Ghr or control vesicles. (C) Ghr protein expression in ATII cells sorted from 
mouse lungs treated with Ghr or control vesicles. (D) A schematic diagram depicting the administration of Ghr or control vesicles into the lungs of GhrBMC mice after 
bleomycin treatment. Mouse lungs were harvested on day 21. (E) Significantly decreased hydroxyproline levels were detected in Ghr vesicles and control vesicle– 
administered GhrBMC mouse lungs (Ctrl, n = 18; GhrBMC + Ctrl vesicle, n = 16; GhrBMC + Ghr vesicle, n = 18). (F) Cxcl1, Cxcl2, Cxcl5, Cxcl10, Cxcl11, Cxcl12, and Cxcl16 protein 
secretion in BALF of GhrBMC mice with Ghr or control vesicle treatments. (G and H) Representative images of H&E staining (G) and trichrome staining (H) in Ghr or control 
vesicle–treated GhrBMC mouse lung 21 days after bleomycin injury. (I) A diagram illustrating how subepithelial mesenchymal cells support ATII cells through Ghr vesicle 
and Ghr-coordinated CXC chemokines in normal and fibrotic conditions in the lung. Scale bars, 10 m (A), 100 m (G and H, higher power), and 1 mm (G and H, lower 
power). *P < 0.05, **P < 0.005, ***P < 0.001, and ****P < 0.0001 by unpaired two-tailed Student’s t test (B and C) and one-way ANOVA (E), means ± SEM.
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recipient ATII cells, and stimulate the expression of CXCL1 and 
IL-6 in human lung mesenchymal cells. Multiple intratracheal instil-
lations of Ghr-enriched vesicles reduced bleomycin-induced pul-
monary fibrosis in long-term mesenchymal Ghr-deficient mice and 
increased Cxc chemokine secretion in BALF. These results suggest 
that Ghr-enriched vesicles have the ability to ameliorate pulmonary 
fibrosis presumably through supporting the epithelial progenitor 
cell niche. In wild-type (WT) mice, we observed a trend toward re-
duced fibrosis with the administration of Ghr-enriched vesicles but 
not to the same magnitude as in the mesenchymal Ghr-deficient 
mice (fig. S5A). This may be related to the degree of Ghr deficiency 
needed to observe a treatment effect. Collectively, these data suggest 
that there is a relative Ghr deficiency in IPF and fibrotic mouse 
models, and Ghr-enriched vesicles facilitate epithelial progenitor 
cell niche functions in vitro through direct contact with epithelial 
progenitor cells and reduce the fibrotic response in vivo.

Our data suggest that the IPF lung demonstrates mesenchymal 
loss of GHR. The role of GH secretion lung fibrosis is unknown. 
GH is secreted from the pituitary gland in the brain (53). It has been 
reported that GH can regulate lung size and hypoxemia. Deficient 
pituitary secretion of GH led to a decrease in lung size and restric-
tive ventilatory impairment in adult patients with hypopituitarism 
(54). A clinical case report showed that a patient lost GH secretion 
after the surgical removal of craniopharyngioma-developed hy-
poxemia, and GH replacement therapy significantly increased the 
serum GH level and improved hypoxemia (55). IPF is an aging- 
related lung disease, most of the patients are more than 65 years of 
age (56). Normal aging is accompanied by a gradual decline in GH 
levels (57). Old rodents showed a lower average peak of GH pulses 
than young rodents (58). Further studies will be needed to deter-
mine whether GH levels are impaired in patients with IPF.

In conclusion, these data suggest a novel Ghr-mediated axis that 
regulates epithelial repair and importantly offers a new potential 
therapeutic approach to fibrosing lung diseases. As approaches to 
deliver vesicles to human diseases are further developed, restor-
ing Ghr to the IPF lung could alter the natural history of this unre-
mitting disease.

MATERIALS AND METHODS
Ethical compliance
All mouse maintenance and procedures were done under the guid-
ance of the Cedars-Sinai Medical Center Institutional Animal Care 
and Use Committee in accordance with the institutional and regu-
latory guidelines. All human lung experiments were approved by 
the Cedars-Sinai Medical Center Institutional Review Board (IRB) 
and were in accordance with the guidelines outlined by the Board. 
Informed consent was obtained from each subject.

Mice
The Sftpc–green fluorescent protein (GFP) mice were described 
previously (31). The genotyping and generation of Scgb1a1CreER 
mice have previously been described (59). RosaGFP were purchased 
from the Jackson laboratory. Scgb1a1CreER mice were crossed with 
RosaGFP mice to generate Scgb1a1CreER-GFP mice. The Ghr−/− mouse 
line was a gift from V. Chesnokova and has been previously described 
(29). Ghrfl/fl were purchased and rederived from KOMP KO-6206 
Ghrtm1c(KOMP)Wtsi line (The Jackson laboratory). Tbx4LME-CreER has 
been described previously (35). Tbx4LME-CreER were crossed with 

Ghrfl/fl to generate Ghr△BMC (Tbx4LME-CreER;Ghrfl/fl) mice. All mice 
were on a C57BL/6 background.

All the mice were housed in micro-isolator cages, up to five per 
cage, in Cedars-Sinai Medical Center (CSMC) pathogen-free facili-
ties. All the mice received standard chow and autoclaved sterile 
drinking water.

Age-matched adult (8 to 16 weeks old) Ghr△BMC mice (and litter-
mate controls) were given two courses of intragastric tamoxifen 
(0.2 mg/g body weight per dose, two courses of four doses within 
2-month period; T5648, Sigma-Aldrich, dissolved in corn oil) to in-
duce Cre-mediated recombination (60) before any injury.
Animal injury experiments
Mice were given one dose of intratracheal bleomycin (1.25 U/kg body 
weight; Hospira, dissolved in saline) to induce noninfectious murine 
lung alveolar injury.

Histology, immunofluorescence, and confocal imaging
At the time of tissue collection, mice were euthanized by intraperi-
toneal injection of a mixture of ketamine (100 mg/kg; Fort Dodge) 
and xylazine (10 mg/kg; Shenandoah). The chest cavity was ex-
posed, and the lungs were cleared of blood by perfusion with cold 
phosphate-buffered saline (PBS) via the right ventricle. Lungs were 
inflated with 10% formaldehyde under constant pressure and allowed 
to fix for 16 hours. Tissues were then prepared for optimal cutting 
temperature (O.C.T.) compound embedding or paraffin embedding. 
Cryosections were used for immunofluorescent detection and staining. 
Antibodies used in immunofluorescent staining were Sftpc (Goat 
and Rabbit; 1:200; B. Stripp laboratory), COL1A1 (NB600-408; 1:200; 
Novus Biologicals), HTII-280 (1:200; a gift of the L. G. Dobbs labora-
tory, University of California, San Francisco, San Francisco, CA), 
CD31 (1:200; mouse, 303101, BioLegend), GHR (Goat, AF1210; 1:200; 
R&D Systems), red fluorescent protein (Rabbit; 1:200; 600-401-379, 
Rockland), and correspondent secondary antibodies conjugated to 
Alexa 546 or 488 (1:500; A-21085, A-11056, and A-11008, Thermo 
Fisher Scientific). Paraffin sections were used for hematoxylin and 
eosin (H&E) and Masson’s trichrome staining.

RNAscope
GHR mRNA on human lung tissue was detected by an RNAscope 
Fluorescent Multiplex kit (320850, Advanced Cell Diagnostics). 
Probe region 1136-2136 of NM_000163.4 was used to design probes 
for targeting human GHR (444211, Advanced Cell Diagnostics). 
Frozen sections were used for GHR mRNA detection, according to 
the RNAscope assay protocol.

Hydroxyproline assay
Collagen content in mouse lungs was measured with a conventional 
hydroxyproline method (35). Lung tissues were vacuum-dried and 
hydrolyzed with 6N hydrochloric acid at 120°C for overnight. 
Hydroxyproline concentration was expressed as micrograms per 
milliliter per milligram dry lung weight, unless specified otherwise. 
The ability of the assay to completely hydrolyze and recover hydro-
xyproline from collagen was confirmed by using standards contain-
ing known amounts of purified collagen.

Mesenchymal cell isolation and culture
Mouse lung mesenchymal cells were isolated as described (33). The 
lungs from either unchallenged mice or mice 7, 14, and 21 days after 
bleomycin treatment were minced, digested for 30 min at 37°C in 
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digestion buffer, which contains Dulbecco’s modified Eagle’s medium 
(DMEM) with deoxyribonuclease (DNase) I (100 g/ml), type IV 
collagenase (1 mg/ml), and bovine serum albumin (1 mg/ml), 
passed through a 100-m filter, centrifuged at 1500 rpm for 10 min, 
and plated in DMEM supplemented with 10% fetal bovine serum 
(FBS), penicillin (100 U/ml), and streptomycin (100 g/ml). Exper-
iments were performed using mesenchymal cells at passages 3 to 7. 
Ghr-deficient mesenchymal cells were isolated from Ghr−/− mice, 
and control cells were from littermate control mice.

Human lung mesenchymal cells were isolated from surgical lung 
biopsies or lung transplant explants obtained from patients with IPF 
(35). The diagnosis of IPF was according to the American Thoracic 
Society recommendations (61). The specimens were obtained under 
the auspices of IRB-approved protocols. The tissues were minced and 
cultured in DMEM supplemented with 15% FBS, penicillin (100 U/ml), 
streptomycin (100 g/ml), gentamicin (5 g/ml), and amphotericin B 
(0.25 g/ml). The cells of passages 5 to 8 were used for colony for-
mation assays and exosome/secreted vesicle isolation. All experi-
ments were approved by the Cedars-Sinai Medical Center IRB and 
in accordance with the guidelines outlined by the board.

Human lung mesenchymal cell line overexpressing GHR
Lentivirus plasmid encoding GHR TV1 (NM_000163) open read-
ing frame with mCherry fused on the N-terminal was constructed. 
Lentivirus particles were produced by cotransfection of GHR lentivirus 
plasmid and packaging plasmids to HEK293 cells by Lipofectamine 
3000 (L3000015, Thermo Fisher Scientific). Human normal lung 
mesenchymal CCD-19Lu cell line (American Type Culture Collec-
tion) was purchased and infected with GHR lentivirus particles to 
generate GHRTg human lung mesenchymal cells.

Flow cytometry analysis
HTII-280 and GHR expression on single human lung cells, Ghr 
expression on lung mesenchymal cells from bleomycin-treated and 
control mice, Ghr−/− and littermate control mice, and Ghr expres-
sion on ATII colonies treated with Ghr or control vesicles (cultured 
for 14 to 21 days) were analyzed with Fortessa (BD Biosciences).

Flow cytometry sorting for mouse epithelial cells
Single-cell suspensions from mouse lungs were isolated as previ-
ously described (31). Mouse lungs were perfused with 10 ml of PBS 
and digested with elastase (4 U/ml; Worthington Biochemical Cor-
poration) and DNase I (100 U/ml; Sigma-Aldrich) to obtain single-cell 
suspensions. Antibodies against CD31 (1:40; 102404, BioLegend), 
CD34 (1:20; 119304, BioLegend), CD45 (1:200; 103104, BioLegend), 
Sca-1 (1:200; 122511, BioLegend), and CD24 (1:50; 103104, BioLegend) 
and secondary antibody anti-streptavidin (1:150) were all from 
BioLegend (San Diego, CA). Mouse anti-EpCAM (1:200; 324221, 
BioLegend) and annexin V (1:100; BDB556419, BD Biosciences) 
were purchased. Mouse anti-GHR antibody (B-10) phycoerythrin 
(PE) (sc-137185 PE; 1:200) was from Santa Cruz Biotechnology. 
7-aminoactinomycin D (7-AAD) (BDB559925; 1:20) was from BD 
Biosciences (San Diego, CA) and was used to discriminate dead cells. 
Flow cytometry staining methods were performed according to pre-
vious reports (35). Briefly, primary antibodies, including CD31-Biotin, 
CD34-Biotin, CD45-Biotin, EpCAM-PE-Cy7, and Ghr-PE, were added 
to incubate cells. Biotin-conjugated antibodies were detected fol-
lowing incubation with streptavidin-APC-Cy7 (47-4317-82, eBioscience). 
Dead cells were discriminated by 7-AAD staining. Flow cytometry 

was performed using a Fortessa flow cytometer and FACSAria III 
sorter (BD Immunocytometry Systems, San Jose, CA) and analyzed 
using FlowJo 10.5.3 software (Tree Star, Ashland, OR).

Ex vivo epithelial colony culture and measurement
Flow-sorted mouse 7AAD−Epcam+CD31/34/45−, Sftpc-GFP ATIIs, 
and Scgb1a1-GFP Club cells were cultured in Matrigel (354230, BD 
Biosciences) and medium (1:1) mixture in the presence of MLg lung 
mesenchymal cells (31, 62). Matrigel medium mix (100 l) contain-
ing 3 × 103 epithelial progenitor cells and 2 × 105 mesenchymal cells 
were plated into each 0.4-m Transwell insert of a 24-well plate 
(82050-022, Greiner Bio-One), and 400 l of medium was added in 
the lower chambers. For PEG experiments, we treated the mesen-
chymal cells with PEG at different concentrations 30 min before 
and during the coculture of ATII progenitors. Colonies were cul-
tured in a humidified 37°C and 5% CO2 incubator. A Zeiss AXIO 
inverted fluorescent microscope (Carl Zeiss AG, Oberkochen, 
Germany) was used to visualize the colonies. Colonies derived from 
Matrigel culture were pictured, and numbers were counted manu-
ally at days 10 to 14 after plating. Colonies with a diameter of ≥50 m 
were counted, and the colony-forming efficiency was calculated 
by the percentage of colonies derived from input ATIIs at day 12 
after plating. If all colonies in a well could not be measured, then 
several random nonoverlapping pictures were acquired from each 
well. ImageJ software was used to measure the surface area of the 
pictured organoids. Organoid perimeters for area measurements 
were defined manually. Automated determination of the defined 
area was calculated by the Analyze Particle function of ImageJ soft-
ware, with investigator verification of the automated determina-
tions, as automated measurements allowed for unbiased analyses of 
increased numbers of organoids. For automated size measurements, 
images were set as monochrome for organoid threshold identifica-
tion. The largest and smallest organoid sizes were measured manu-
ally, and their areas were used as the reference values for setting the 
minimal and maximal particle sizes. Organoids touching the edge 
of the images were excluded from counting.

Quantitative real-time PCR
Lung tissues or ex vivo–cultured lung colonies and vesicles were 
collected and immediately snap-frozen and stored at −80°C. The 
RNeasy Mini Kit (74106, QIAGEN) was used for both mouse lung 
tissue and cultured colonies RNA isolation. Extracted RNA was 
stored at −80°C. RT was performed with a high-capacity cDNA RT kit 
with ribonuclease inhibitor by using 0.1 g of total RNA (4374966, 
Thermo Fisher Scientific). Quantitative real-time PCR analysis was 
performed by using the SYBR Green PCR Master Mix per its man-
ual (4364346, Thermo Fisher Scientific). Specific primers were used 
to detect gene expression levels (table S2).

Single-cell RNA-seq
10x Genomics single-cell RNA-seq was performed according to the 
manufacturer’s protocol as described previously (28). Lung single 
cells were sorted to eliminate dead cells and subsequently loaded 
onto a GemCode single-cell instrument (10x Genomics) to generate 
single-cell gel beads in emulsion (GEMs). GEM-RT were performed 
in a Veriti 96-well thermal cycler (Thermo Fisher Scientific). After 
RT, GEMs were harvested, and the cDNAs were amplified and 
cleaned with the SPRIselect Reagent Kit (Beckman Coulter). In-
dexed sequencing libraries were constructed using the Chromium 
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Single-Cell 30 Library Kit (10x Genomics) for enzymatic fragmen-
tation, end-repair, A-tailing, adaptor ligation, ligation cleanup, 
sample index PCR, and PCR cleanup. The barcoded sequencing 
libraries were quantified by quantitative PCR using the KAPA Library 
Quantification Kit (KAPA Biosystems). Sequencing libraries were 
loaded on a NextSeq500 (Illumina) with a custom sequencing set-
ting (26 bp for read 1 and 98 bp for read 2). The GEO accession 
numbers for the raw data files of the single-cell RNA-seq analyses 
reported in this paper are GSE134948 and GSE104154.

Bio-Plex Pro human and mouse chemokine assay
Human chemokines including CXCL1, CXCL2, CXCL8, CXCL10, 
and CXCL12, as well as human IL-6, were analyzed by customized 
Bio-Plex Pro Human Chemokine Assay (Bio-Rad). Nondiluted 50 l 
of serum-free medium collected from 48-hour cultured GHRTg and 
control cells were used. Mouse chemokines including Cxcl1, Cxcl2, 
Cxcl5, Cxcl10, Cxcl11, Cxcl12, and Cxcl16 were analyzed by Bio-
Plex Pro Mouse Chemokine Assay (Bio-Rad). BALF collected from 
mice 21 days after bleomycin injury was used. The assay procedures 
were carried out according to the manual and were automatically 
analyzed by the Bio-Plex 200 system (Bio-Plex Multiplex Immuno-
assay System, Bio-Rad).

Enzyme-linked immunosorbent assay
The level of IGF-1 was analyzed for the 48-hour cultured serum-free 
medium collected from GHRTg and control cells by a human IGF-1 
Duoset enzyme-linked immunosorbent assay kit (DY291-05, R&D).

LGRC dataset analysis
GHR, CXCL1, CXCL2, CXCL3, CXCL8, and CXCL16 gene expres-
sion in lungs from patients with ILD and healthy controls were an-
alyzed by using the LGRC dataset (63) (GEO: GSE47460).

Matrigel invasion assay
The invasive behavior of fibroblasts isolated from Ghr−/− and litter-
mate control mouse lungs was performed essentially as described 
previously (33, 35). Equal numbers (5 × 104) of fibroblasts were plated 
onto the BioCoat Matrigel Invasion Chamber (BD Biosciences), 
and the cell invasion was performed in the presence of 10% FBS 
complete medium. After 24 hours of incubation in a CO2 incubator, 
media were removed, and the polycarbonate filters with the invaded 
cells were washed once with PBS followed by fixing and staining 
with the Protocol Hema 3 stain set. Matrigel matrix and noninvad-
ing cells on the upper surface of the filter were removed by wiping 
with a cotton swab, and the filters were removed from the insert by 
a scalpel blade and were mounted onto glass slides. The slides were 
imaged by using the ECL system (Bio-Rad), the Red Green Blue (RGB) 
images were then separated by www.dcode.fr/rgb-channels, and red 
channel images were analyzed by ImageJ for density value.

Exosome/vesicle isolation and electron microscopy
The cell culture supernatant was centrifuged at 300g for 10 min at 
4°C, followed by 2000g for 10  min at 4°C, and then 10,000g for 
30 min at 4°C. The supernatant was then centrifuged at 100,000g for 
70 min at 4°C, washed in PBS, and then centrifuged at 100,000g 
for 70 min at 4°C. Exosomes were resuspended in PBS. Sample ali-
quots of 6 l were pipetted onto a 200-mesh copper grid (catalog no. 
1GC200, Ted Pella Inc.) with carbon-coated formvar film and incu-
bated for 1 hour. Excess liquid was removed by blotting. The 

exosome sample was fixed in 2% glutaraldehyde (v/v; G7526, Sigma- 
Aldrich, Saint Louis, MO) for 1 min. The grid was washed twice by 
brief contact with 100 l of MilliQ water, each time for 1 min. Next, the 
grid was placed on 30 l of 1.5% uranyl acetate (w/v) for 12 s, followed 
by using filter paper to remove excess liquid and air dry. JEOL 
100CX TEM was used to acquire the images of the morphology of 
the exosome. The method was used for experiments in fig. S4B.

OptiPrep buoyant density gradient isolation 
of exosomes/vesicles
To obtain discontinuous density gradients, Optiprep (D1556, 
Sigma-Aldrich) solution was diluted with PBS to obtain 40, 30, 25, 15, 
10, and 5% iodixanol solutions. Exosomes resuspended in 200 l of 
PBS were mixed with 1 ml of 50% iodixanol, the aliquots of 2 ml 
with increasing density were loaded layered atop sequentially in 
13.2-ml ultracentrifuge tubes, and centrifuged at 100,000g at 4°C for 
16 hours. Six 2-ml fractions were collected from the top and centri-
fuged at 100,000g at 4°C for 1 hour. The pellet was collected for ex-
periments in fig. S4 (B and C).

Western blot analysis of exosomes/vesicles
Vesicle samples were lysed in 10× cell lysis buffer (Cell Signaling 
Technology, catalog no. 9803). Western blot was performed as de-
scribed previously (62). To detect protein expression of Ghr, exo-
some cargo protein TSG101 (involved in multivesicular biogenesis), 
CD63, and CD81 (tetraspanins), 50 g of exosome lysate was run 
through NuPAGE 4 to 12% bis-tris gel (Thermo Fisher Scientific, 
Waltham, MA) and blotted onto a polyvinylidene difluoride mem-
brane (Thermo Fisher Scientific, Waltham, MA). Polyclonal anti-
body to Ghr (Boster Biological Technology, PA1726; R&D, AF1210), 
monoclonal antibody to Ghr (sc-137185, Santa Cruz Biotechnology; 
ab134078, Abcam), TSG101 (Ab125011, Abcam), CD63 (Ab68418, 
Abcam), and CD81 (catalog no. 10630D, Thermo Fisher Scientific, 
Waltham, MA), as well as associated horseradish peroxidase– 
conjugated secondary antibodies (Cell Signaling Technology), were 
used as per the manufacturer’s instructions. The bands were imaged 
and analyzed using the ECL system (Bio-Rad, Hercules, CA).

Zipcode plasmid, transfection, and Ghr-enriched 
vesicle isolation
To insert GHR mRNA with an N-terminal mCherry tag into the 
secreted vesicles. “Zipcode” technology was used; two tandem cop-
ies of the zipcode sequence (5′- ACCCTGCCGCCTGGACTCCG-
CCTGT-3′) were inserted at the 3′ untranslated region of the GHR 
gene under the control of the cytomegalovirus promoter (64). This 
plasmid was used for the transient transfection of HEK293 cells. 
Cell medium was changed to serum-free medium 2 days after trans-
fection. The cell culture supernatant was collected from the 2-day 
cell culture, sequential centrifugation steps at 500g for 10 min and 
2000g for 10 min. The resulting supernatant was then filtered using 
0.2-m filters, Last, exosomes were collected by spinning at 100,000g 
for 70 min twice. Alternatively, serum-free medium was collected 
for vesicle isolation using ExoQuick-TC (EXOTC50A-1, SBI Sys-
tem Biosciences). The serum-free medium was collected and centri-
fuged at 3000g for 15 min to remove cells and cell debris. Then, 
medium and ExoQuick-TC were combined at the ratio of 5:1, incu-
bated overnight at 4°C, and centrifuged at 1500g for 30 min to iso-
late vesicles. The pellet was collected or lysed in lithium dodecyl sulfate 
(LDS) loading buffer for Western blotting or in lysis buffer from the 

http://www.dcode.fr/rgb-channels
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RNeasy Mini Kit (74104, QIAGEN) for isolating RNA for ex-
periments in Figs. 7 (D and I) and 8 (A to H) and figs. S4 (A and D 
to I) and S5.

Nanosight exosome analysis
Purified exosomes/vesicles were diluted 1:100 before Nanosight 
NS300 (Malvern Panalytical) for analysis. One-milliliter diluted 
sample was introduced to the viewing unit with a disposable sy-
ringe. The remnant media from EV isolation were collected and 
tested for particle existence to ensure the EV enrichment/purity.

Secreted vesicle treatment
For vesicle treatment, vesicles were freshly used or with one- to 
three-time thaw and freeze cycle. GHR vesicles or control vesicles 
4 × 108/ml were added to the colony culture medium, and the me-
dium was changed every other day. Five doses of GHR and Ctrl ves-
icles (4 × 1010/ml, 1 l/g mouse weight per dose) were administrated 
to Ghr△BMC and littermate control mice through nonsurgical intra-
tracheally instillation start from day 7 after bleomycin injury every 
other day. Five doses of GHR and Ctrl vesicles (4 × 108/ml, 1 l/g 
mouse weight per dose) were intratracheally administrated to WT 
mice through nonsurgical instillation start from day 7 after bleomycin 
injury every other day.

Statistics and reproducibility
Data are expressed as the means ± SEM. Differences in measured 
variables between experimental and control groups were assessed 
by unpaired two-tailed student’s t tests or Wilcoxon rank-sum test 
with nonparametric data. One-way or two-way analysis of variance 
(ANOVA) followed by Sidak’s multiple comparison test with Bon-
ferroni test was used for multiple comparisons. The survival curves 
were compared using the log-rank test. The results were considered 
statistically significant at P ≤ 0.05. GraphPad Prism software was 
used for statistical analysis.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/24/eabg6005/DC1

View/request a protocol for this paper from Bio-protocol.
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