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Abstract
Background Idiopathic pulmonary fibrosis (IPF) is a progressive fibrotic lung disease that is characterised
by aberrant proliferation of activated myofibroblasts and pathological remodelling of the extracellular
matrix. Previous studies have revealed that the intermediate filament protein nestin plays key roles in tissue
regeneration and wound healing in different organs. Whether nestin plays a critical role in the pathogenesis
of IPF needs to be clarified.
Methods Nestin expression in lung tissues from bleomycin-treated mice and IPF patients was determined.
Transfection with nestin short hairpin RNA vectors in vitro that regulated transcription growth factor
(TGF)-β/Smad signalling was conducted. Biotinylation assays to observe plasma membrane TβRI, TβRI
endocytosis and TβRI recycling after nestin knockdown were performed. Adeno-associated virus serotype
(AAV)6-mediated nestin knockdown was assessed in vivo.
Results We found that nestin expression was increased in a murine pulmonary fibrosis model and IPF
patients, and that the upregulated protein primarily localised in lung α-smooth muscle actin-positive
myofibroblasts. Mechanistically, we determined that nestin knockdown inhibited TGF-β signalling by
suppressing recycling of TβRI to the cell surface and that Rab11 was required for the ability of nestin to
promote TβRI recycling. In vivo, we found that intratracheal administration of AAV6-mediated nestin
knockdown significantly alleviated pulmonary fibrosis in multiple experimental mice models.
Conclusion Our findings reveal a pro-fibrotic function of nestin partially through facilitating Rab11-
dependent recycling of TβRI and shed new light on pulmonary fibrosis treatment.

Introduction
Pulmonary fibrosis is a pathological outcome of many chronic inflammatory and autoimmune pulmonary
diseases. The most common form of pulmonary fibrosis, idiopathic pulmonary fibrosis (IPF), is
characterised by alveolar epithelial cell injury, fibroblast proliferation, myofibroblast differentiation and
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progressive collagen deposition, eventually leading to organ malfunction and death [1–4]. Currently, there
is still a lack of an effective medical therapy for IPF, in part because its pathogenic mechanisms remain
unclear [5]. Thus, it is urgent to explore the exact molecular mechanism underlying IPF progression, with
the goal of developing new treatments.

Nestin is a type VI intermediate filament protein that was originally identified in neural progenitor/stem
cells of the developing central nervous system [6, 7]. Recent studies have shown that nestin is not only a
common marker of multilineage stem cells, but also plays direct biological roles in active proliferation and
tissue regeneration in different tissues and organs [8, 9]. Our previous studies showed that nestin could
regulate the structural and functional homeostasis of mitochondria [10]. We also demonstrated that nestin
regulated the antioxidant capacity of cells through the Keap1-Nrf2 feedback loop [11] and that nuclear
nestin regulated the homeostasis of nuclear lamin A/C and contributed to cellular senescence [12]. In
addition, nestin was reported to participate in the pathogenesis of fibrosis in multiple organs. For example,
nestin expression was increased in activated rat hepatic stellate cells, fibrotic kidney and heart tissues
[13–15], suggesting that it might be an activation marker of tissue fibrosis. However, the exact molecular
mechanisms through which nestin contributes to pulmonary fibrosis remain poorly understood.

Transforming growth factor (TGF)-β is a multifunctional cytokine that has been shown to play crucial roles
in the pathogenesis of organ fibrosis [16, 17]. TGF-β activates the phosphorylation of Smad by TGF-β
receptor I (TβRI) and TGF-β receptor II (TβRII) [16]. Furthermore, phosphorylated Smad translocates into
the nucleus, where it modulates the transcription of downstream target genes, including α-smooth muscle
actin (SMA) and collagen I [17]. Abundant evidence has demonstrated that endocytosis and trafficking of
TGF-β receptors significantly regulate the activation of TGF-β intracellular signalling [18–20]. Endosomal
TGF-β receptors follow two trafficking routes in cells: some are recycled to the plasma membrane, while
others are sorted to late endosomes/lysosomes for degradation [21]. In addition, small Ras-like GTPases
are well-recognised regulators of various membrane trafficking events [22–24]. For instance, Rab11 and
Rab4 are known to play essential roles in regulating recycling endosomes [25]. Therefore, whether nestin
participates in the endocytosis and trafficking of TGF-β receptors still needs to be clarified.

Here, we detected the expression and localisation of nestin in the lungs of bleomycin-induced murine
pulmonary fibrosis model mice and IPF patients, and investigated the potential role of nestin in regulating
TGF-β/Smad signalling and Rab11-mediated TβRI recycling. Additionally, we addressed whether targeting
nestin could be an attractive strategy for attenuating pulmonary fibrosis in vivo.

Material and methods
A detailed description of methods is provided in the supplementary material.

Animal experiments
Animal use was approved by the ethical committee of Sun Yat-sen University (Guangzhou, China).
C57BL/6 mice were purchased from Beijing Vital River Laboratory. Nestin–GFP mice (expressing nestin
promoter-driven green fluorescent protein (GFP) in the C57BL/6 genetic background) were provided by
Masahiro Yamaguchi (Graduate School of Medicine, University of Tokyo, Bunkyo-ku, Japan) [26].
All mice were provided free access to food and water and kept in a colony room on a 12:12 h light/dark
cycle in the Sun Yat-sen University animal centre. For bleomycin or amiodarone instillation, 8-week-old
mice were anaesthetised with isoflurane and injected intratracheally with bleomycin (Teva Pharmaceutical;
3 U·kg−1) or with amiodarone (Sigma-Aldrich; 0.8 mg·kg−1 per 5 days). Control groups received
injections with an equal volume of PBS or 4% ethanol. The TGF-β1-overexpression lung fibrosis model
has been described previously [27, 28]. Adenovirus expressing constitutively active TGF-β1 and control
virus vector were purchased from the Hanbio Biotechnology (Shanghai, China). For AdTGF-β1
instillation, 8-week-old mice were anaesthetised with isoflurane and injected intratracheally with
AdTGF-β1 (1.5×1012 pfu) or with Advector (1.5×1012 pfu).

Study population
Human lung tissues with fibrosis were obtained by diagnostic surgical lung biopsies from patients who
fulfilled the diagnostic criteria for IPF at the First Affiliated Hospital of Guangzhou Medical University
(Guangzhou, China). Control human lung tissue samples were collected from surgical lung resections from
patients with lung cancer at the same hospital. All patients signed informed consent for their samples to be
used for research, and approval was obtained from the committees for ethical review of research.
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Statistics
All data are reported as the mean±SD of at least three independent experiments. Sample sizes are all
presented in the figure legends. Statistical analysis between two groups was performed using unpaired
t-test. Statistical analysis between multiple groups was performed by one-way ANOVA, with Tukey’s
multiple comparison test. All data were analysed using Prism software (GraphPad Software). Statistical
significance was taken as p<0.05, with significance defined as p<0.05, p<0.01 and p<0.001.

Results
Nestin is upregulated in experimental pulmonary fibrosis and localises mainly in lung myofibroblasts
First, we confirmed that bleomycin instillation led to lung collagen deposition and fibrosis, as
demonstrated by haematoxylin and eosin (H&E), Masson trichrome and α-SMA staining. Meanwhile, we
found that nestin protein levels and the proportion of nestin+ cells gradually increased during the
development of lung fibrosis (figure 1a–c and supplementary figure S1a and b). Then, we further
confirmed that both mRNA and protein levels of nestin increased markedly in fibrotic lung tissues as the
degree of lung fibrosis increased (figure 1d–f ). In addition, analysis of bulk RNA-sequence data from
GSE110533 revealed significant upregulation of nestin in bleomycin-induced lung fibrosis mice [29]
(supplementary figure S1c). In addition, overexpression of nestin observed in bleomycin-induced
pulmonary fibrosis was predominantly localised to lung myofibroblasts, as validated by flow cytometry
and immunofluorescent staining (figure 1g–j and supplementary figure S1d). Besides, these findings were
further evidenced by single-cell RNA-seq analyses from GSE132771 [30] (supplementary figure S1e–i).
Furthermore, we found that some nestin+ cells co-expressed pericyte marker (NG2+) or smooth muscle
cell marker (calponin 1+) in lung tissues and there was a slight increase of these two cell types in
pulmonary fibrosis, although the percentage of nestin+NG2+ and nestin+calponin 1+ cells in all nestin+
cells decreased (figure 1g–j). Meanwhile, there was little to no colocalisation between nestin and CD31
(vascular endothelial cells), surfactant protein C (type II alveolar epithelial cells) or aquaporin 5 (type I
alveolar epithelial cells) (figure 1g–j). These results suggested that nestin expression in lung
myofibroblasts is positively correlated with the severity of pulmonary fibrosis.

Nestin is upregulated in the lungs of patients with IPF
Next, we examined nestin expression in the lungs of IPF patients and healthy donors. Similarly, we found
that nestin was markedly overexpressed in IPF fibrotic lungs compared with normal lungs (figure 2a–e).
This was further confirmed by bulk RNA-seq data analysis of lungs from IPF samples and control samples
from GSE124685 [31] (supplementary figure S2a). Single-cell RNA-sequencing of normal and fibrotic
human lungs (GSE132771) also proved the similar phenomenon as in mice [30] (supplementary figure
S2b–f ). In addition, we analysed the correlation between nestin expression in patients with IPF and certain
clinical lung function test parameters. Interestingly, nestin expression was negatively correlated with
percentage predicted values for total lung capacity, diffusing capacity of the lung for carbon monoxide,
forced expiratory volume in 1 s and forced vital capacity (figure 2f–i, supplementary tables S1 and S2).
Furthermore, immunofluorescence assays and single-cell RNA-seq analysis both revealed that nestin was
primarily expressed in myofibroblasts, as evidenced by colocalisation with both α-SMA and collagen I
(figure 2j–m and supplementary figure S2b–h). The results suggested that nestin may play an important
role in regulating the progression of IPF.

FIGURE 1 Nestin is upregulated in experimental pulmonary fibrosis, and localised mainly in lung myofibroblasts. a) Haematoxylin and eosin (H&E)
staining, Masson’s trichrome staining and immunohistochemistry images obtained using anti-α-smooth muscle actin (SMA), anti-nestin antibody of
lung sections from C57/BL6 mice on days (d)7, 14 and 21 after bleomycin exposure (n=6 per group). b) Quantification of the area occupied by
fibrotic stroma in the Masson’s trichrome staining results presented in a) (n=6 per group). c) Two-photon fluorescent images of lung sections
obtained from nestin–green fluorescent protein (GFP) mice (n=6 per group). Scale bars=100 µm. d) Quantitative (q)PCR analysis of α-SMA and
nestin mRNA expression levels in lungs on days 7, 14 and 21 after bleomycin exposure (n=5 mice per group). e) Western blot analysis and
f) quantification of nestin and α-SMA expression in lungs 7, 14 and 21 days after bleomycin exposure (n=5 mice per group). g) Flow cytometry was
carried out to determine the co-expression of nestin and α-SMA and collagen I (myofibroblasts), NG2 (pericytes), calponin 1 (smooth muscle cells),
CD31 (vascular endothelial cells), surfactant protein C (SPC) (type II alveolar epithelial cells), or aquaporin (AQP)5 (type I alveolar epithelial cells) in
mice control and fibrotic lung samples. h) Statistical analysis of the number of nestin-positive cells in each positive cell type, as obtained from
g) (n=3 mice per group). i) Immunofluorescence was carried out to determine the co-localisation of nestin–GFP (green) and α-SMA (myofibroblasts),
collagen I (myofibroblasts), NG2 (pericytes), calponin 1 (smooth muscle cells), CD31 (vascular endothelial cells), SPC (type II alveolar epithelial
cells) or AQP5 (type I alveolar epithelial cells) (red) in lungs. Scale bars=50 µm. NC: negative control. j) Semiquantitative scoring of double-positive
cells as a percentage of nestin-positive cells, as obtained from immunofluorescent images (n=5 mice per group; five fields assessed per sample). NS:
nonsignificant. Data are presented as mean±SD; **: p<0.01, ***: p<0.001; one-way ANOVA and Tukey’s multiple comparisons test.
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FIGURE 2 Nestin is upregulated in the lungs of patients with idiopathic pulmonary fibrosis (IPF). a) Haematoxylin and eosin (H&E) staining,
Masson’s trichrome staining and immunohistochemistry images of α-smooth muscle actin (SMA) and nestin in lung sections from IPF patients and
healthy donors. Scale bars=200 µm. b) Quantification of nestin-positive cells of immunohistochemistry images from IPF patients and healthy
donors (n=27 IPF patients, n=9 healthy donors; five fields assessed per sample). c) Quantitative (q)PCR analysis of nestin mRNA expression in the
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Nestin knockdown inhibits the TGF-β/Smad signalling pathway
Next, we isolated primary fibroblasts from the lungs of mice and evaluated the functions of nestin. First,
nestin was significantly downregulated in primary mouse lung fibroblasts subjected to nestin knockdown
by two different short hairpin RNAs and the TGFβ-inducible Smad binding element (SBE) luciferase
activities were accordingly decreased (figure 3a and b). Then, we observed decreases in α-SMA and
collagen I mRNA and protein levels after nestin knockdown (figure 3c–f ). Furthermore, knockdown of
nestin suppressed Smad2 phosphorylation and nuclear translocation (figure 3g–i and supplementary figure
S3a–d). To further confirm the overall influences of nestin on TGF-β pathway, we knocked out nestin in
human fetal lung fibroblast cell line (MRC-5) as reported in our previous study [12]. Consistent with these
results, TGF-β-mediated phosphorylated Smad2 and α-SMA expression were markedly decreased
(supplementary figure S3e–j). In addition, we investigated the effect of nestin on the activities of
non-Smad TGF-β pathways through using luciferase reporters and found no significant differences in these
pathways after nestin knockdown (supplementary figure S4a–d). There were no marked changes in other
effectors, such as Cav1 and Akt phosphorylation and β-catenin translocation, except Pai-1 (supplementary
figure S4e–i). Taken together, these results revealed that nestin deficiency primarily inhibits the TGF-β/
Smad signalling pathway in vitro.

Nestin knockdown inhibits TGF-β signalling by regulating the stability of TβRI
TGF-β signalling is a canonical pathway that involves the phosphorylation of Smad by TβRI and TβRII.
Given that TGF-β receptors have been widely reported to significantly regulate the activation of the
intracellular TGF-β signalling pathway [18–20], we assessed whether nestin regulated the expression of
TGF-β receptors and found that nestin knockdown decreased the protein levels of TβRI instead of the
mRNA levels of TβRI or TβRII in primary mouse lung fibroblasts and MRC5 (figure 4a–c and
supplementary figure S5a–c). Furthermore, we tested the effect of nestin knockdown on TβRI at different
time points after TGF-β stimulation and found no differences with or without TGF-β stimulation (figure 4d
and e). Accordingly, we treated primary mouse lung fibroblasts with the protein synthesis inhibitor
cycloheximide and detected that nestin knockdown resulted in a shortened half-life of TβRI (figure 4f and
g). These data suggested that nestin may modulate the stability of TβRI at the post-translational level
independent of TGF-β stimulation. Furthermore, the nestin knockdown-induced inhibition of
TGF-β-mediated Smad2 phosphorylation and nuclear translocation was completely restored by the
re-introduction of TβRI (figure 4h–j and supplementary figure S5d). In addition, we found that nestin
knockdown suppressed the TGF-β-mediated upregulation of α-SMA and collagen I, and this effect could
be rescued by overexpression of TβRI (figure 4k–m). These data suggested that nestin knockdown inhibits
TGF-β signalling and myofibroblast activation by inducing downregulation of TβRI expression.

Nestin knockdown inhibits the recycling of TβRI to the cell surface
Since TβRI is known to be endocytosed and recycled to the cell surface (figure 5a) and intracellular
trafficking of TβRI is known to be required for TGF-β signalling [18], we first used biotinylation of
cell-surface proteins to determine whether nestin affected TβRI protein levels on the plasma membrane.
Interestingly, the protein level of TβRI on the cell surface was decreased in nestin-knockdown cells (figure
5b and c). Similarly, this result was further confirmed by flow cytometry (figure 5d and e). Endosomal
receptors follow two trafficking routes in cells: some are recycled to the plasma membrane, while others
are sorted to late endosomes/lysosomes for degradation [21, 23]. Accordingly, we used biotinylation assays
to examine plasma membrane TβRI, TβRI endocytosis and TβRI recycling and found that only 50% of
internalised TβRI was recycled in nestin-knockdown cells compared to 75% in control cells (figure 5f–i).

lungs from IPF patients and healthy donors (n=6 IPF patients, n=5 healthy donors). d) Western blot analysis and e) quantification of nestin
expression in lung sections from IPF patients and healthy donors (n=3 IPF patients, n=3 healthy donors). Linear regression between nestin
expression in patients with IPF and clinical parameters such as f ) forced vital capacity (FVC) % pred, g) forced expiratory volume in 1 s (FEV1) %
pred, h) diffusing capacity of the lung for carbon monoxide (DLCO) % pred and i) total lung capacity (TLC) % pred (n=35 IPF patients).
j) Immunofluorescence staining of nestin and α-SMA in lung sections from IPF patients and healthy donors. Scale bars=50 µm. NC: negative
control. k) Semiquantitative scoring of double-positive cells as a percentage of nestin-positive cells, as obtained from immunofluorescent images
(n=6 IPF patients, n=6 healthy donors; five fields assessed per sample). l) Immunofluorescence staining of lung tissues from normal and IPF
patients visualised using anti-nestin (green) and anti-collagen I (red). Scale bars=50 µm. m) Semiquantitative scoring of double-positive cells as a
percentage of nestin-positive cells, as obtained from immunofluorescent images (n=6 IPF patients, n=6 healthy donors; five fields assessed per
sample). IHC: immunohistochemistry. Data are presented mean±SD of three independent experiments; ***: p<0.001; one-way ANOVA and Tukey’s
multiple comparisons test.
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Conversely, we also found that nestin knockdown significantly increased the amount of TβRI that reached
lysosome-associated membrane protein (LAMP)1+ or LAMP2+ vesicles (figure 5j and k). Moreover,
knockdown of nestin destabilised TβRI in primary mouse lung fibroblasts, which could be partially
rescued by the lysosome inhibitor, chloroquine (figure 5l–n). Together, these data indicated that nestin
knockdown may suppress TβRI recycling.

Nestin overexpression promotes TGF-β/Smad signalling and the recycling of TβRI
To further confirm the impact of nestin on TβRI expression, recycling and signalling, we overexpressed
flag-nestin in primary mouse lung fibroblasts (supplementary figure S6a). Consistently, nestin
overexpression increased the protein levels of TβRI instead of the mRNA levels of TβRI or TβRII, and the
TGFβ-inducible SBEs luciferase activities accordingly increased (supplementary figure S6b–e).
Overexpression of nestin promoted phosphorylated Smad2 nuclear translocation and upregulated the
mRNA and protein levels of α-SMA and collagen I (supplementary figure S6f–i). Furthermore, the protein
level of surface TβRI was increased in nestin-overexpressed cells (supplementary figure S6j and k), and
nestin overexpression significantly enhanced TβRI recycling to the cell surface, but showed no apparent
effects on TβRI internalisation (supplementary figure S6l–o).

Rab11 is required for the ability of nestin to promote the recycling of TβRI to the cell surface
Recycling of TβRI to the plasma membrane is known to depend on Rab-like GTPases [25]. Rab4 and
Rab11 play key roles in regulating the transport of cargo from early and late recycling endosomes to the
cell surface, respectively [22–25]. Accordingly, we found that nestin could colocalise with Rab11, but not
Rab4 in primary mouse lung fibroblasts (figure 6a–c). Moreover, nestin knockdown inhibited Rab11
GTPase activity (figure 6d–e). Furthermore, immunofluorescence and co-immunoprecipitation showed that
TβRI colocalised less with Rab11 in nestin-knockdown cells (figure 6f–i). Thus, nestin knockdown
appears to inhibit the Rab11-dependent transportation of TβRI-containing recycling endosomes. We then
investigated whether Rab11 was involved in nestin-mediated TβRI recycling and found that TβRI in
nestin-knockdown cells colocalised less with Rab11+ recycling vesicles, but more with lysosomes, which
could be partly rescued by overexpression of Rab11 (figure 6j–k and supplementary figure S7a–c).
Meanwhile, the suppression of TGF-β-mediated Smad2 phosphorylation and nuclear translocation by

FIGURE 4 Nestin knockdown inhibits transforming growth factor (TGF)-β/Smad signalling via regulating the stability of TGF-β receptor I (TβRI) in
mice. a) Quantitative (q)PCR analysis of TβRI and TβRII mRNA expression levels in nestin-knockdown primary mouse lung fibroblasts (n=3 per
group). b) Western blot analysis and c) quantification of TβRI and TβRII expression in nestin-knockdown primary mouse lung fibroblasts (n=3 per
group). d) Western blot analysis and e) quantification of TβRI expression in nestin-knockdown primary mouse lung fibroblasts at different time
points after TGF-β (5 ng·mL−1) stimulation (n=3 per group). f ) Half-life analysis and g) quantification of TβRI in nestin-knockdown primary mouse
lung fibroblasts. All cell groups were treated with cycloheximide (CHX, 50 μg·mL−1) harvested at the indicated times (0, 4, 8, 12 h after CHX
treatment) and subjected to immunoblotting (n=3 per group). h) Western blot analysis and i) quantification of Smad2 phosphorylation levels with
nestin knockdown and TβRI overexpression treated with or without TGF-β (5 ng·mL−1) (n=3 per group). j) Immunofluorescence staining of p-Smad2
in primary mouse lung fibroblasts by nestin knockdown and overexpression of TβRI. Scale bars=20 µm. NC: negative control. k) Western blot
analysis and l) quantification of α-SMA and collagen I expression levels in primary mouse lung fibroblasts by nestin knockdown and overexpression
of TβRI (n=3 per group). m) Immunofluorescence staining of α-SMA in primary mouse lung fibroblasts by nestin knockdown and overexpression of
TβRI. Scale bars=20 µm. NS: nonsignificant. Data are presented as the mean±SD of three independent experiments; ***: p<0.001; one-way ANOVA and
Tukey’s multiple comparisons test.

FIGURE 3 Nestin knockdown inhibits transforming growth factor (TGF)-β/Smad signalling. a) Nestin expression in primary mouse lung fibroblasts
was analysed by quantitative (q)PCR (n=3 per group). b) Nestin-knockdown primary mouse lung fibroblasts were transfected with
pGL3-SBE9-luciferase constructs and treated with or without TGF-β (5 ng·mL−1) for 24 h, and luciferase activity was measured (n=3 per group).
c) qPCR analysis of α-smooth muscle actin (SMA) mRNA expression in primary mouse lung fibroblasts with nestin knockdown (n=3 per group).
d) qPCR analysis of collagen I mRNA expression in primary mouse lung fibroblasts with nestin knockdown (n=3 per group). e) Western blot analysis
and f) quantification of α-SMA and collagen I expression in nestin-knockdown primary mouse lung fibroblasts treated for 72 h with or without
TGF-β (5 ng·mL−1) (n=3 per group). g) Western blot analysis and h) quantification of p-Smad2 and Smad2 expression in nestin-knockdown primary
mouse lung fibroblasts treated with or without TGF-β (5 ng·mL−1) (n=3 per group). i) Immunofluorescence staining of nestin-knockdown primary
mouse lung fibroblasts treated with or without TGF-β (5 ng·mL−1) and visualised using anti-nestin (green) and anti-p-Smad2 (red). Scale
bars=10 µm. NC: negative control. Data are presented as the mean±SD of three independent experiments; **: p<0.01, ***: p<0.001; one-way ANOVA
and Tukey’s multiple comparisons test.
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nestin knockdown could be blocked by Rab11 overexpression (supplementary figure S7d–f ). Similarly, the
inhibition of α-SMA and collagen I upregulation in nestin-knockdown cells after TGF-β stimulation was
also rescued by reintroducing Rab11 (supplementary figure S7g–i). Taken together, these data suggest that
Rab11 plays a critical role in nestin-mediated recycling of TβRI to the plasma membrane.

Downregulation of nestin attenuates pulmonary fibrosis in multiple experimental mice models
To examine the role of nestin in the pathogenesis of pulmonary fibrosis in vivo, we subjected C57/BL6
mice to bleomycin or PBS injection and then intratracheally delivered Adeno-associated virus serotype
(AAV)6-Scramble or AAV6-ShNES to the mice 10 days later (figure 7a). At 11 days after AAV6 delivery,
we harvested lung tissues for analysis and found that both nestin, collagen I and α-SMA expression and
Smad2 phosphorylation in lung tissues from the AAV6-ShNES group were significantly lower than in lung
tissues from the AAV6-Scramble group (figure 7b–g). Consistently, the administration of AAV6-ShNES
could attenuate bleomycin-induced pulmonary fibrosis, which was evidenced by hydroxyproline assays,
H&E and Masson trichrome staining (figure 7h and supplementary figure S8a). Furthermore, knockdown
of nestin dramatically downregulated the bleomycin-induced expression of surface TβRI and α-SMA
(supplementary figure S8b–d). Together, these data suggest that nestin knockdown attenuated
bleomycin-induced pulmonary fibrosis in vivo, and similar effects were observed in a mouse
three-dimensional lung tissue model and amiodarone-induced pulmonary fibrosis mouse model
(supplementary figure S8e–m and S9a–h). In addition, we made a noninflammatory lung fibrosis model by
administration of adenovirus containing TGF-β1 cDNA (figure 7i–j and supplementary figure S10a).
Consistently, collagen I and α-SMA levels in lungs of AAV6-ShNES group were decreased compared with
those of AAV6-Scramble group in AdTGF-β1-treated mice and nestin knockdown inhibited TGF-β/Smad
signalling pathway, which indicated the function of nestin in pulmonary fibrosis may be dependent on
TGF-β/Smad signalling rather than inflammation (figure 7k and supplementary figure S10b–l). Besides the
therapeutic role of nestin knockdown in bleomycin-induced pulmonary fibrosis, pre-treatment with

FIGURE 5 Nestin knockdown inhibits the recycling of transforming growth factor (TGF)-β receptor (TβR)I to the cell surface. a) Schematic overview
of the biotinylation assay for quantifying plasma membrane TβRI level, TβRI endocytosis and recycling. b) Detection of the protein levels of TβRI on
the plasma membrane in biotinylated serum-starved nestin-knockdown primary mouse lung fibroblasts after treatment with chloroquine (Chlq,
100 μM) for 4 h. c) Quantification of the surface TβRI protein levels in b) (n=3 per group). d) Live-cell fluorescence-activated cell sorting analysis of
surface TβRI levels in nestin-knockdown primary mouse lung fibroblasts. e) Quantification of TβRI levels shown in panel d) (n=3 per group).
f ) Biotinylated serum-starved nestin-knockdown primary mouse lung fibroblasts were placed at 37°C for 30 min and then treated with glutathione
after treated with Chlq (100 μM) for 4 h, and subjected to streptavidin agarose pulldown and Western blot analysis of TβRI. g) Quantification of the
percentage of internalised TβRI in f) (n=3 per group); TβRI internalisation rate=total internalised TβRI at 30 min/plasma membrane TβRI×100%.
h) Western blot analysis of recycled TβRI at 60 min. i) Quantification of the percentage of recycled TβRI in h) (n=3 per group); TβRI recycling rate=
(internalised and recycled TβRI at 60 min−internalised TβRI at 60 min)/total internalised TβRI at 30 min×100%. j) Immunofluorescence staining of
lysosome-associated membrane protein (LAMP)1 or LAMP2 and TβRI in nestin-knockdown primary mouse lung fibroblasts treated with TGF-β
(5 ng·mL−1). Scale bars=5 µm. NC: negative control. k) Quantification of the percentage of TβRI colocalised with LAMP1 or LAMP2 (n=3; five fields
assessed per sample). l) Western blot analysis and m) quantification of TβRI expression levels in nestin-knockdown primary mouse lung fibroblasts
treated with or without Chlq (100 μM) (n=3 per group). n) Immunofluorescence staining of TβRI in nestin-knockdown primary mouse lung
fibroblasts treated with or without Chlq (100 μM) for 4 h. Scale bars=20 µm. PM: plasma membrane; NS: nonsignificant. Data are presented as
mean±SD of three independent experiments; ***: p<0.001; unpaired t-test and one-way ANOVA and Tukey’s multiple comparisons test.

FIGURE 6 Rab11 is required for the ability of nestin to promote the recycling of transforming growth factor (TGF)-β receptor (TβR)I to the cell
surface. a) Immunoprecipitation (IP) was performed using an anti-flag-nestin antibody, and immunoblotting of the protein levels of Rab11 and
Rab4 in nestin-knockdown primary mouse lung fibroblasts. b) Immunofluorescence staining showed the colocalisation between nestin and Rab11,
Rab4 in primary mouse lung fibroblasts. Scale bars=10 µm. NC: negative control. c) Quantification of the percentage of nestin co-localised with
Rab11 and Rab4 (n=3; five fields assessed per sample). d) Rab11 activity assays were performed in nestin-knockdown primary mouse lung
fibroblasts. e) Quantification of Rab11GTPase activity (n=3 per group). f ) Immunofluorescence staining of Rab11 and TβRI in nestin-knockdown
primary mouse lung fibroblasts. Scale bars=5 µm. g) Quantification of the percentage of TβRI colocalised with Rab11 (n=3; five fields assessed per
sample). h) Immunoprecipitation was performed using an anti-TβRI antibody, and immunoblotting of the protein levels of Rab11 in
nestin-knockdown primary mouse lung fibroblasts treated with chloroquine (Chlq) (100 μM) for 4 h. i) Immunoprecipitation was performed using an
anti-Rab11 antibody, and immunoblotting of the protein levels of TβRI in nestin-knockdown primary mouse lung fibroblasts treated with Chlq
(100 μM) for 4 h. j) Immunofluorescence staining of TβRI and Rab11 in nestin-knockdown primary mouse lung fibroblasts with overexpression of
Rab11. Scale bars=5 µm. k) Quantification of the percentage of TβRI colocalised with Rab11 (n=3; five fields assessed per sample). Scale bars=5 µm.
Data are presented as mean±SD of three independent experiments; ***: p<0.001; unpaired t-test and one-way ANOVA and Tukey’s multiple
comparisons test.
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AAV6-ShNES prior to bleomycin instillation further demonstrated the preventive effects of nestin
knockdown on bleomycin-induced pulmonary fibrosis (supplementary figure S11a–l and supplementary
figure S12a–e).

Downregulation of nestin inhibits the TGF-β/Smad signalling pathway in human fibroblasts and
pulmospheres
Furthermore, in order to demonstrate the potential of nestin in a human background, we separated
fibroblasts from human lung tissues and treated with nestin expression interference [32]. The results
showed that nestin knockdown not only inhibited the expression of collagen I and α-SMA, but also
decreased TβRI expression and suppressed Smad2 phosphorylation and nuclear translocation in human
fibroblasts with TGF-β treatment (figure 8a–j). Moreover, to clarify the therapeutic potential role of nestin
inhibition in human fibrosis model, we obtained human pulmospheres from normal and IPF lung biopsies
(figure 8k). We observed decrease in α-SMA levels after nestin knockdown in IPF pulmospheres (figure
8l–n). These data further confirmed that nestin played a critical role in regulating TGF-β/Smad signalling
pathway in a human background.

Discussion
IPF is a deadly disease with a high prevalence which affects 1 million people worldwide; its management
remains an ongoing challenge because of its complex and undefined aetiology [5]. Recent results indicate
that nestin expression is induced during fibrosis development in multiple organs, suggesting that this
protein might be involved in the development of organ fibrosis [13, 33, 34]. Here, we provide evidence
showing that nestin regulates the vesicular trafficking system by promoting recycling of TβRI to the cell
membrane through Rab11 and thereby contributes to the progression of pulmonary fibrosis (supplementary
figure S13). More importantly, precise targeting of nestin expression within lung myofibroblasts can
alleviate lung fibrogenesis and may represent a potential therapeutic strategy for IPF.

Nestin is an intermediate filament protein. While it is widely known as a marker of neural stem cells, it is
also expressed in the mesenchymal parts of various organs during the development and wound repair [8,
9]. Previous studies identified nestin+ fibroblasts in rat lungs, and a subpopulation exhibited a
myofibroblast phenotype delineated by co-expression of α-SMA, indicating that they play a role in
facilitating the reactive fibrotic response [33]. In an asthmatic nestin-Cre; ROSA26-EYFP mouse model,
KE et al. [35] observed that nestin+ cells could differentiate into fibroblasts/myofibroblasts through RhoA/
ROCK signalling activation. In this study, we found that the nestin level primarily increased in α-SMA+
myofibroblasts in the lungs of IPF patients and bleomycin-treated mice, which resulted in collagen
deposition and pulmonary fibrosis, similar to observations in previous studies. Conversely, we also found
that several nestin+ cells co-expressed pericyte marker (NG2+) or smooth muscle cell marker (calponin 1
+), with an increase of the absolute number of nestin+NG2+ and nestin+calponin 1+ cells, although the
percentage of these two cell types decreased in lung fibrosis. Using a pulmonary hypertension nestin–GFP
mouse model, SABOOR et al. [36] reported that nestin-expressing pulmonary vascular smooth muscle cells
drive the development of pulmonary hypertension. Moreover, NG2+ pericytes also accumulate and
produce collagen near the fibrotic tissue in the lungs after injury, which leads to scar formation [37].
Considering that nestin+NG2+ or nestin+calponin 1+ cells might also participate in the pathogenesis of
pulmonary fibrosis, it will be interesting to further characterise the heterogeneity of nestin+ cells in lung
fibrosis via single-cell sequencing and lineage tracing tools in the future.

FIGURE 7 Downregulation of nestin attenuates bleomycin-induced pulmonary fibrosis and transforming growth factor (TGF)-β
overexpression-induced pulmonary fibrosis in mice. a) Experimental design. 8-week-old C57BL/6 mice were injected intratracheally with bleomycin
(3 U·kg−1) or PBS. 10 days later, the mice were injected intratracheally with Adeno-associated virus serotype (AAV)6-ShNES or AAV6-Scramble.
Samples were collected for analysis 21 days after bleomycin administration. b) Quantitative (q)PCR analysis of nestin mRNA expression in the lungs
of C57/BL6 mice from the different groups (n=6 mice per group). c) Western blot analysis and d) quantification of nestin expression levels in lungs
from C57/BL6 mice of the different groups (n=3 per group). e) qPCR analysis of α-smooth muscle actin (SMA) and collagen I mRNA expression
levels in lungs from C57/BL6 mice of the different groups (n=6 mice per group). f ) Western blot analysis and g) quantification of α-SMA, collagen I,
p-Smad2 and Smad2 expression levels in lungs from C57/BL6 mice of the different groups (n=3 per group). h) Hydroxyproline levels in lungs of
C57/BL6 mice from the different groups (n=6 mice per group). i) Experimental design. 8-week-old C57BL/6 mice were injected intratracheally with
AdTGF-β1 or Advector. 10 days later, the mice were injected intratracheally with AAV6-ShNES or AAV6-Scramble. Samples were collected for analysis
21 days after bleomycin administration. j) TGF-β1 levels in the lungs of C57/BL6 mice from the different groups (n=6 mice per group).
k) Immunofluorescence staining with nestin, α-SMA, TβRI and p-Smad2 in lung slices from the different groups. Scale bars=70 µm. NC: negative
control. Data are presented as the mean±SD of three independent experiments; *: p<0.05, **: p<0.01, ***: p<0.001; one-way ANOVA and Tukey’s
multiple comparisons test.
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The TGF-β/Smad family pathway plays a critical role in the activation of myofibroblasts and the
progression of pulmonary fibrosis [17]. Many studies have demonstrated that endocytosis, intracellular
trafficking and recycling of TGF-β receptors take part in TGF-β downstream signalling [23].
Clathrin-mediated and caveolae-mediated endocytosis are the two major pathways participating in the
internalisation of TGF-β receptors [19, 38]. Internalisation of TGF-β receptors via clathrin-coated pits can
enhance TGF-β signalling [18], whereas caveolae-mediated endocytosis of TGF-β receptors facilitates
receptor degradation and thus the turn-off of signalling [39]. In this study, we demonstrated that nestin is a
central regulator of the intracellular vesicular trafficking system and promotes the recycling of TβRI to the
cell membrane via Rab11. However, we did not observe significant changes on caveolin-1 protein
expression after nestin knockdown in primary mouse lung fibroblasts (supplementary figure S4f and g),
which indicates that nestin might not be mainly involved in caveolae-mediated endocytosis of TβRI in
pulmonary fibrosis. Because the clathrin-mediated pathway also participates in internalisation and
transportation of TGF-β receptors to early endosomes [40], whether nestin regulates TGF-β receptors
endocytosis and recycling through the clathrin-mediated pathway needs to be clarified in future studies.

Although the TGF-β/Smad signalling pathway is one of the drivers of organ fibrosis progression, TGF-β
receptor inhibitors might not be suitable for treating pulmonary fibrosis [41], because TGF-β receptors are
widely distributed in various cell types and participate in the pleiotropic functions including cellular
proliferation, differentiation and migration [42]. Therefore, more precise cellular and molecular targets are
urgently needed. Recently, AAV vectors have come to be regarded as an effective and relatively safe gene
delivery tool in clinical trials, due to their low oncogenicity and weak immunogenicity [43, 44]. In the
present study, we injected AAV6 vectors intratracheally to knockdown nestin in the lungs of mice and
found that the efficacy of AAV6 transduction in α-SMA+ myofibroblasts was ∼80%, indicating a relatively
high targeting effect of AAV6-ShNES on lung myofibroblasts. Compared with the AAV6-Scramble group,
those subjected to AAV6-mediated nestin knockdown exhibited dramatic attenuation of pulmonary fibrosis,
as indicated by the alleviation of collagen accumulation and improvement of histopathological alterations.
Further exploration of the therapeutic effects of targeting nestin in lung fibrosis will be of interest.

There are several limitations to our study. Firstly, nestin mRNA abundance was different from its protein
expression, probably because there might exist multiple processes beyond transcript concentration
contributing to establishing the expression level of a protein [45]. Secondly, there existed different types of
protein–mRNA correlations [46], which might be due to the single-cell RNA-seq sensitivity, which limited
the detection of some transcripts in a large proportion of cells [47, 48].

Besides, myofibroblasts are a group of heterogeneous cells, which are the major source of accumulated
extracellular matrix during organ fibrosis [49], and the origin of these cells may come from multiple cell
types, such as proliferating lung resident fibroblasts [50], CD73+ and Pdgfrb1+ pericytes [51], Gli1+
mesenchymal stromal cells [52] and dysfunctional epithelial cells [53]. Meanwhile, as for the regulation
and cell-type expression of nestin in normal and fibrotic lungs, it was demonstrated that nestin was
expressed heterogeneously in various cell populations in lungs such as fibroblasts/myofibroblasts or
pulmonary vascular smooth muscle cells [33, 35, 36]. In our study, we found that nestin mainly expressed
in myofibroblasts and some expressed in pericytes and smooth muscle cells in normal and fibrotic lungs.
Therefore, lineage tracing experiments will need to be performed to determine whether nestin+ cells can
serve as the origin of lung myofibroblasts in vivo in future studies.

FIGURE 8 Nestin knockdown inhibits transforming growth factor (TGF)-β/Smad signalling in human fibroblasts and pulmospheres. a) Nestin
expression in primary human lung fibroblasts was analysed by quantitative (q)PCR (n=3 per group). b) qPCR analysis of α-smooth muscle actin (SMA)
mRNA expression in human lung fibroblasts with nestin knockdown (n=3 per group). c) qPCR analysis of collagen I mRNA expression in human lung
fibroblasts with nestin knockdown (n=3 per group). d) Western blot analysis and quantification of e) α-SMA, f) collagen I, g) p-smad2, smad2 and
h) TGF-β receptor (TβR)I expression in nestin-knockdown human lung fibroblasts treated for 72 h with or without TGF-β (5 ng·mL−1) (n=3 per group).
i) Immunofluorescence staining of nestin-knockdown human lung fibroblasts treated with or without TGF-β (5 ng·mL−1) and visualised using
anti-nestin (green) and anti-α-SMA (red). Scale bars=10 µm. NC: negative control. j) Immunofluorescence staining of nestin-knockdown human lung
fibroblasts treated with or without TGF-β (5 ng·mL−1) and visualised using anti-nestin (green) and anti-p-Smad2 (red). Scale bars=10 µm. k) Overview
of human pulmospheres preparation from normal and idiopathic pulmonary fibrosis (IPF) lung tissues and immunostaining. l) Immunofluorescence
staining of nestin-knockdown human pulmospheres and visualised using anti-nestin (green) and anti-α-SMA (red). Scale bars=50 µm. m) Quantification
of nestin-positive cells per pulmosphere in l). n) Quantification of α-SMA positive cells per pulmosphere in l). Data are presented as mean±SD of three
independent experiments; *: p<0.05, **: p<0.01, ***: p<0.001; one-way ANOVA and Tukey’s multiple comparisons test.
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