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Summary: 

Nestin regulates the vesicular trafficking system by promoting Rab11-dependent 

recycling of TβRI and thereby contributes to the progression of pulmonary fibrosis. 

Precise targeting of Nestin may represent a potential therapeutic strategy for IPF. 
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Abstract 

Idiopathic pulmonary fibrosis (IPF) is a progressive fibrotic lung disease that is 

characterized 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. 

Nestin expression in lung tissues from bleomycin-treated mice and IPF patients 

was determined. Transfection with Nestin shRNA vectors in vitro that regulated 

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 6 (AAV6)-mediated Nestin knockdown 

was assessed in vivo. 

We found that Nestin expression was increased in a murine pulmonary fibrosis 

model and IPF patients, and that the upregulated protein primarily localized in lung 

α-SMA+ 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 adeno-associated virus serotype 6 

(AAV6)-mediated Nestin knockdown significantly alleviated pulmonary fibrosis in 

multiple experimental mice models. 

In 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 characterized by alveolar epithelial cell injury, 

fibroblast proliferation, myofibroblast differentiation, and 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 multi-lineage 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 also 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-β (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 

alpha-smooth muscle actin (α-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-recognized 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 localization 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. We also 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 online data supplement. 

 

Animal experiments 

Animal use was approved by the Ethical Committee of Sun Yat-sen University. 

C57BL/6 mice were purchased from Beijing Vital River Laboratory. Nestin-GFP mice 

(expressing Nestin promoter-driven GFP in the C57BL/6 genetic background) were 

provided by Dr. Masahiro Yamaguchi [26]. All mice were provided free access to food 

and water and kept in a colony room on a 12:12 hour light/dark cycle in the Sun 

Yat-sen University Animal Center. For bleomycin or amiodarone instillation, 

8-week-old mice were anesthetized with isoflurane and intratracheally injected with 

bleomycin (Teva Pharmaceutical; 3 U/kg) or with amiodarone (Sigma-Aldrich; 

0.8mg/kg/5d). Control groups received injections with an equal volume of PBS or 4% 

Ethanol. TGF-β1–overexpression lung fibrosis model was described previously [27, 

28]. Adenovirus expressing constitutively active TGF-β1 and control virus vector were 

purchased from the Hanbio Biotechnology Co., Ltd (Shanghai, China). For AdTGF-β1 

instillation, 8-week-old mice were anesthetized with isoflurane and intratracheally 

injected 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 resection 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. 

 

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 analyzed using Prism software (GraphPad Software). Statistical 

significance was taken as a P value less than 0.05, with significance defined as P < 

0.05 (*) P < 0.01 (**) P < 0.001 (***). 

 

Results 

Nestin is upregulated in experimental pulmonary fibrosis and localizes mainly 

in lung myofibroblasts 

First, we confirmed that bleomycin instillation led to lung collagen deposition and 

fibrosis, as demonstrated by 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-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). Also, overexpression of Nestin observed in 

bleomycin-induced pulmonary fibrosis was predominantly localized to lung 



myofibroblasts, as validated by flow cytometry and immunofluorescent staining  

(supplementary figure S1d and figure 1g-j). Besides, the above findings were further 

evidenced by single-cell RNA-seq analyses from GSE132771 [30] (supplementary 

figure S1e-i). We also 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 colocalization between Nestin and CD31 

(vascular endothelial cells), SPC (type II alveolar epithelial cells) or AQP5 (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-sequence data analysis of lungs from IPF samples and control samples from 

GSE124685 [31] (supplementary figure S2a). Single-cell RNA-seq data from 

GSE132771 also proved the similar phenomenon as in mice [30] (supplementary 

figure S2b-f). Also, 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 TLC% pred, DLCO% pred, FEV1% pred 

and FVC% pred (figure 2f-i, supplementary table S1 and S2). Furthermore, 

immunofluorescence (IF) assays and single-cell RNA-seq analysis both revealed that 

Nestin was primarily expressed in myofibroblasts, as evidenced by colocalization 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 

idiopathic pulmonary fibrosis. 

 

Nestin knockdown inhibits the TGF-β/Smad signaling 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 

(shRNAs) and the TGFβ-inducible SBEs luciferase activities were accordingly 

decreased (figure 3a-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 foetal lung fibroblast 

cell line (MRC-5) as reported in our previous study [12]. Consistent with the above 

results, TGF-β mediated phosphorylated Smad2 and α-SMA expression were 

markedly decreased (supplementary figure S3e-j). We also 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 signaling by regulating the stability of TβRI 

TGF-β signalling is a canonical pathway that involves the phosphorylation of 

Smad by TGF-β receptor I (TβRI) and TGF-β receptor II (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-e). Accordingly, we treated primary mouse lung fibroblasts with 

the protein synthesis inhibitor, cycloheximide (CHX) and detected that Nestin 

knockdown resulted in a shortened half-life of TβRI (figure 4f-g). These data 

suggested that Nestin may modulate the stability of TβRI at the posttranslational 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 reintroduction of TβRI (figure 4h-j and supplementary 

figure S5d). We also 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-c). 

Similarly, this result was further confirmed by flow cytometry (figure 5d-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 internalized TβRI 

was recycled in Nestin-knockdown cells compared to 75% in control cells (figure 5f-i). 

On the other hand, we also found that Nestin knockdown significantly increased the 

amount of TβRI that reached LAMP1+ or LAMP2+ vesicles (figure 5j-k). Moreover, 

knockdown of Nestin destabilized TβRI in primary mouse lung fibroblasts, which could 

be partially rescued by the lysosome inhibitor, chloroquine (Chlq) (figure 5l-n). 

Together, the above data indicated that Nestin knockdown may suppress TβRI 

recycling. 

 

Nestin overexpression promotes TGF-β/Smad signaling 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-k), and Nestin overexpression significantly enhanced 

TβRI recycling to the cell surface, but showed no apparent effects on TβRI 

internalization (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 colocalize with Rab11 but not Rab4 in primary mouse lung 

fibroblasts (figure 6a-c). Moreover, Nestin knockdown inhibited Rab11 GTPase 

activity (figure 6d-e). Furthermore, IF and co-IP showed that TβRI colocalized 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 colocalized 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 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 suggested 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 AAV6-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 suggested that Nestin knockdown 

attenuated bleomycin-induced pulmonary fibrosis in vivo, and similar effects were 

observed in mouse 3D-lung tissue model and amiodarone-induced pulmonary fibrosis 

mouse model (supplementary figure S8e-m and S9a-h). We also made a 

non-inflammatory 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 signaling pathway, which indicated the function of Nestin in 

pulmonary fibrosis may be dependent on TGF-β/Smad signaling rather than 

inflammation (figure 7k and supplementary figure S10b-l). Besides the therapeutic 

role of Nestin knockdown in bleomycin-induced pulmonary fibrosis, pretreated with 

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 TGF-β/Smad signaling 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 signaling pathway in a 

human background. 

  



Discussion 

IPF is a deadly disease with a high prevalence and affects 1 million people 

worldwide, and 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 smooth muscle α-actin, indicating they play a role in 

facilitating the reactive fibrotic response [33]. In an asthmatic Nestin-Cre; 

ROSA26-EYFP mouse model, Ke X et al. observed that Nestin+ cells could 

differentiate into fibroblasts/myofibroblasts through RhoA/ROCK signalling activation 

[35]. 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. On the other hand, 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 F et al. reported that 

Nestin-expressing pulmonary vascular smooth muscle cells drive the development of 

pulmonary hypertension [36]. 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 

characterize the heterogeneity of Nestin+ cells in lung fibrosis via single-cell 

sequencing and lineage tracing tools in the future. 

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 

internalization of TGF-β receptors [19, 38]. Internalization 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 turnoff 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-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 internalization 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 knock down Nestin in the lungs of mice and found that 

the efficacy of AAV6 transduction in α-SMA+ myofibroblasts was approximately 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 also several limitations in our study. Firstly, Nestin mRNA abundance 

was different from its protein expression, probably because firstly, 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]; and what’s more, this might be due to the 

sc-RNA-seq sensitivity, which limited the detection for some transcripts in a large 

proportion of cells [47, 48]. 



Besides, myofibroblasts are a group of heterogenous 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]; 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. 
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Figure Legends: 

 



Figure 1: Nestin is upregulated in experimental pulmonary fibrosis, and 

localized mainly in lung myofibroblasts. 

a) H&E staining, Masson’s trichrome staining and immunohistochemistry images 

obtained using anti-α-SMA, anti-Nestin antibody of lung sections from C57/BL6 mice 

on day 7, 14 and 21 days 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-GFP mice (n=6 per group). Scale bars: 100 µm. d) qPCR 

analysis of α-SMA and Nestin mRNA expression levels in lungs on 7, 14 and 21 days 

after bleomycin exposure (n=5 mice per group). e) Western blot analysis and f) 

quantification of Nestin and α-SMA expression in lungs on 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), 

SPC (type II alveolar epithelial cells), or AQP5 (type I alveolar epithelial cells) 

respectively 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-localization 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. 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). 



Data are presented as the mean ± SD; *P<0.05, **P<0.01, ***P<0.001; One-way 

ANOVA and Tukey’s multiple comparisons test.  

  



 



 

Figure 2: Nestin is upregulated in the lungs of patients with idiopathic 

pulmonary fibrosis. 

a) H&E staining, Masson’s trichrome staining, immunohistochemistry images of 

α-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) qPCR analysis of Nestin mRNA expression in the 

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) FVC% pred, g) FEV1% pred, h) DLCO% pred and i) TLC% pred (n=35 IPF 

patients). j) Immunofluorescence staining of Nestin and α-SMA in lung sections from 

IPF patients and healthy donors. 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). Scale bars: 

50 µm. l) Immunofluorescence staining of lung tissues from normal and IPF patients 

visualized 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). 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. 

  



 

  



 

Figure 3: Nestin knockdown inhibits TGF-β/Smad signaling. 

a) Nestin expression in primary mouse lung fibroblasts was analyzed by qPCR (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) for 

24 hours, and luciferase activity was measured (n=3 per group). c) qPCR analysis of 

α-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 hours with or without TGF-β (5 ng/ml) (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) (n=3 per group). i) Immunofluorescence staining of 

Nestin-knockdown primary mouse lung fibroblasts treated with or without TGF-β (5 

ng/ml) and visualized using anti-Nestin (green) and anti-p-Smad2 (red). Scale bars: 

10 µm. 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. 

  



 

 

Figure 4: Nestin knockdown inhibits TGF-β/Smad signaling via regulating the 

stability of TβRI in mice. 



a) qPCR 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) 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) harvested at the indicated 

times (0, 4, 8, 12 hours after CHX treated) 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) (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. 

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. 

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. 

  



 

  



 

Figure 5: Nestin knockdown inhibits the recycling of TβRI to the cell surface. 

a) Schematic overview of the biotinylation assay for quantifying plasma membrane 

TβRI level, TβRI endocytosis and recycling. b) Detect the protein levels of TβRI on the 

plasma membrane in biotinylated serum-starved Nestin-knockdown primary mouse 

lung fibroblasts after treated with chloroquine (Chlq,100μM) for 4h. c) quantification of 

surface TβRI protein levels in b) (n=3 per group). d) Live-cell FACS 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 (100μM) for 

4h, and subjected to streptavidin agarose pull down and western blot analysis of 

TβRI, g) Quantification of the percentage of internalized TβRI in f) (n=3 per group); 

TβRI internalization rate = total internalized 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 = (internalized 

and recycled TβRI at 60 min – internalized TβRI at 60 min) / total internalized TβRI at 

30 min × 100%). j) Immunofluorescence staining of LAMP1 or LAMP2 and TβRI in 

Nestin-knockdown primary mouse lung fibroblasts treated with TGF-β (5 ng/ml). Scale 

bars: 5 µm. k) Quantification of the percentage of TβRI co-localized 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 (100μM) (n=3 per group). n) 

Immunofluorescence staining of TβRI in Nestin-knockdown primary mouse lung 

fibroblasts treated with or without Chlq (100μM) for 4h. Scale bars: 20 µm. Data are 



presented as the mean ± SD of three independent experiments; *P<0.05, **P<0.01, 

***P<0.001; Unpaired t test and one-way ANOVA and Tukey’s multiple comparisons 

test. PM: plasma membrane. 

  



 

 



Figure 6: Rab11 is required for the ability of Nestin to promote the recycling of 

TβRI to the cell surface.  

a) Immunoprecipitation 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 colocalization 

between Nestin and Rab11, Rab4 in primary mouse lung fibroblasts. Scale bars: 10 

µm. c) Quantification of the percentage of Nestin co-localized 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 co-localized 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 Chlq (100μM) for 4h. 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 (100μM) 

for 4h. 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 co-localized with Rab11. (n=3; five fields 

assessed per sample). Scale bars: 5 µm. Data are presented as the mean ± SD of 

three independent experiments; *P<0.05, **P<0.01, ***P<0.001; Unpaired t test and 

one-way ANOVA and Tukey’s multiple comparisons test. 

  



 



 

Figure 7: Downregulation of Nestin attenuates bleomycin-induced pulmonary 

fibrosis and TGF-β overexpression-induced pulmonary fibrosis in mice. 

a) Experimental design. 8-week-old C57BL/6 mice were intratracheally injected with 

bleomycin (3U/kg) or PBS. Ten days later, the mice were intratracheally injected with 

AAV6-ShNES or AAV6-Scramble. Samples were collected for analysis 21 days after 

bleomycin administration. b) qPCR 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-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 intratracheally injected with AdTGF-β1 or Advector. Ten days later, the 

mice were intratracheally injected 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. 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. 

  



 



 

Figure 8: Nestin knockdown inhibits TGF-β/Smad signaling in human 

fibroblasts and pulmospheres. 

a) Nestin expression in primary human lung fibroblasts was analyzed by qPCR (n=3 

per group). b) qPCR analysis of α-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) TβRI expression in Nestin-knockdown human lung fibroblasts treated 

for 72 hours with or without TGF-β (5 ng/ml) (n=3 per group). i) Immunofluorescence 

staining of Nestin-knockdown human lung fibroblasts treated with or without TGF-β (5 

ng/ml) and visualized using anti-Nestin (green) and anti-α-SMA (red). Scale bars: 10 

µm. j) Immunofluorescence staining of Nestin-knockdown human lung fibroblasts 

treated with or without TGF-β (5 ng/ml) and visualized using anti-Nestin (green) and 

anti-p-Smad2 (red). Scale bars: 10 µm. k) Overview of human pulmospheres 

preparation from normal and IPF lung tissues and immunostaining. l) 

Immunofluorescence staining of Nestin-knockdown human pulmospheres and 

visualized 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 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. 



Supplementary material and methods 

 

Cell isolation and culture  

Primary mouse and human lung fibroblast isolation were performed as 

previously described [1, 2]. Fresh lungs from 12-weeks old normal mice or 

normal human lung tissues were perfused, isolated under sterile conditions 

and excised into nearly 1-mm3 fragments, which were then digested in DMEM 

supplemented with 10 mg/ml dispase (Sigma-Aldrich, D4693) and 20 mg/ml 

Collagenase type I (Gibco, Thermo Fisher Scientific, 9001-12-1) at 37°C for 2 

hours and then sequentially filtered through 100-μm, 40-μm and 15-μm pore 

filters to remove undigested tissues. Single cells were washed to remove the 

enzyme and maintained for 1 week in DMEM supplemented with 10% fetal 

bovine serum (FBS, Gibco) and penicillin-streptomycin. The cells were then 

cultured in a humidified atmosphere of 5% CO2 at 37°C as described 

previously to allow fibroblasts to grow and become the dominant cell type [3, 

4]. Outgrowing fibroblasts were reached confluence and passaged by 

trypsinization. Cultured fibroblasts were used for experiments at passages 3 to 

6. Identification of fibroblasts was based on the expression of vimentin, 

collagen I, and α-SMA. Human fetal pulmonary fibroblasts (MRC5 cells) and 

HEK293T cells were purchased from American Type Culture Collection 

(ATCC). 

 



Vectors and reagents 

For loss of Nestin function, retrovirus vectors (pSM2) encoding Nestin shRNA 

were used as previously described [5]. Scramble shRNA served as a control. 

All shRNAs were constructed in our laboratory. Details on the plasmids are 

provided in Supplemental Table 3. ShRNA transfections were performed using 

the MegaTran 1.0 Transfection Reagent (OriGene) according to the 

manufacturer’s instructions. For Nestin overexpression, Full-length Nestin 

were cloned into pcDNA3.1-Myc vector (Invitrogen). Myc-Nestin vector was 

constructed using Invitrogen’s Gateway System. The pcDNA3.1-Myc served 

as the empty control vector. Flag-tagged TβRⅠ, Nestin and Rab11 were 

constructed using Invitrogen’s Gateway System. TGF-β, CHX and Chloroquine 

(Chlq) were purchased from Sigma-Aldrich. 

 

Generation of murine 3D-LTCs and AAV6 treatment 

3D-LTCs from C57BL/6 mice and bleomycin-induced pulmonary fibrosis mice 

model were performed as previously described [6, 7]. The procedure was 

performed under sterile conditions. Control and bleomycin-induced pulmonary 

fibrosis mice were anaesthetised with isoflurane. After intubation and 

dissection of the diaphragm, lungs were flushed via the heart with sterile 

sodium chloride solution. Using a syringe pump, lungs were infiltrated with 

warm, low gelling temperature agarose (2%, A9414; Sigma; kept at 40°C) in 

sterile cultivation medium (DMEM/Ham’s F12; Gibco, supplemented with 100 



U·mL−1 penicillin, 100 μg·mL−1 streptomycin and 2.5 μg·mL−1 amphotericin B; 

Sigma). The trachea was ligated with thread to retain the agarose inside the 

lung. The lung was excised, transferred into a tube with cultivation medium 

and cooled on ice for 10 min to allow gelling of the agarose. The lobes were 

separated and cut with a vibratome (VT1200s, Leica, Germany) to a thickness 

of 300 μm using a speed of 10-12 μm·s−1, a frequency of 150 Hz and an 

amplitude of 1.2 mm. The 3D-LTCs were cultivated in medium supplemented 

with 0.1% fetal calf serum (FCS, Gibco). Individual 3D-LTCs were cultivated at 

37°C in humidified conditions containing 5% (volume/ volume) CO2 in 24-well 

plates under submerged conditions with changes of medium every other day. 

3D-LTCs obtained from mice subjected to PBS or bleomycin were stimulated 

either with AAV6-Scramble or AAV6-ShNES (1*1012vg/slice) for 72h. 

 

Preparation of pulmospheres 

Lung biopsies (approximately 6 mm × 6 mm) from IPF patients or control 

subjects were perfused, isolated under sterile conditions and excised into 

nearly 1-mm3 fragments, washed with cold PBS solution. The tissue was then 

digested in DMEM supplemented with 20 mg/ml Collagenase type I (Gibco, 

Thermo Fisher Scientific, 9001-12-1) at 37°C for 1 hour. The tube containing 

tissue was then vigorously shaken for 1 min and the resulting suspension was 

filtered through a 100-μm strainer. The filtered cell suspension was centrifuged 

for 5 minutes at 300 g. The cell pellet was resuspended in DMEM and then 



seeded into HEMA-coated (5 mg/ml made in 95% ethanol) 96-well U-bottom 

plates in complete culture medium consisting of DMEM supplemented with 

10% fetal bovine serum (FBS, Gibco) and penicillin-streptomycin. The cells 

were cultured in a humidified atmosphere of 5% CO2 at 37°C as described 

previously. 

 

Real-time quantitative PCR 

Total RNA was extracted from lung tissues or cells using the TRIzol reagent 

(Molecular Research Center, Inc.) following the manufacturer's protocol. 

Quantification was performed with a NanoDrop 8000 spectrophotometer and 1 

µg of total RNA was used to reverse transcription with a RevertAid First Strand 

cDNA Synthesis Kit (Thermo Fisher Scientific, K1622). The obtained cDNAs 

were used as the template for real-time quantitative PCR (qPCR) reactions 

with the FastStart Essential DNA Green Master Mix (Roche, 06924204001). 

All samples were run in triplicate and the results were normalized to those 

obtained for the 18S rRNA or GAPDH. The primers designed and used for 

qPCR are described in Supplemental Table 4. 

 

Histopathological evaluation 

After sacrifice, mouse lung tissues were perfused with 4% paraformaldehyde 

and then subjected to paraffin embedding or saturation in 30% sucrose for 24 

hours for frozen sections. Paraffin-embedded human IPF and mouse lung 



tissue sections were exposed to H&E or Masson trichrome staining to analyze 

collagens and inflammation, respectively, in the lung tissue sections.  

 

Immunohistochemistry (IHC) and Immunofluorescent staining (IF) 

Paraffin-embedded human IPF and mouse lung tissue sections were 

subjected to immunostaining using an UltraSensitiveTM SP (Mouse/Rabbit) 

IHC Kit (MXB, KIT-9710). Following deparaffinization and antigen retrieval, the 

IPF lung tissue specimens were incubated overnight with corresponding 

antibodies listed in Supplemental Table 5. Signal amplification and detection 

were performed using a DAB system according to the manufacturer’s 

instructions (MXB, MAX-001).  

Immunofluorescent staining of human IPF and mouse lung tissue sections was 

performed using primary antibodies listed in Supplemental Table 5. 

Semi-quantitative analyses of Nestin staining were performed in mouse lungs 

using five non-overlapping tissue fields evaluated under ×20 magnification. 

Stained sections were imaged using a two-photon fluorescence microscopy 

(FVMPE-RS), a Zeiss 800 Laser Scanning Confocal Microscope, a Zeiss 880 

Laser Scanning Confocal Microscope with Airyscan and Dragonfly 

CR-DFLY-202 2540 (Andor, UK). All mean fluorescence intensity of 

immunofluorescent staining results were analyzed with the Image J software 

(NIH). 

 



Lung Tissue Dissociations 

Single-cell suspensions of lung cells were prepared by mincing and enzymatic 

digestion. Briefly, lungs were rinsed in sterile phosphate-buffered saline (PBS) 

following removal of tracheas, and were finely minced with sterile scissors and 

incubated in 3 mg/ml collagenase type I (#17018029, ThermoFisher) (Diluted 

with HBSS, in supplement with 0.1% BSA) in a volume of 2 ml per lung for 60 

minutes at 37°C in a shaking incubator. The resulting cell suspension was 

further filtered through a 40 µm sieve successively to avoid the cell 

aggregates, and washed twice in PBS supplemented with 1% FBS, 1 mM 

EDTA (#A100105, Sangon Biotech) by centrifugation (1,100 rpm, 5 minutes, 

room temperature). 

Then, prior to the next step, all the tissues were washed (a 5-min centrifugation 

at 1100rpm, room temperature) twice with FACS buffer, which was PBS in 

supplemented with 1% FBS, 1 mM EDTA (#A100105, Sangon Biotech). 

 

Flow Cytometric Assay 

Single-cell suspensions of lung cells where stained using corresponding 

antibodies listed in Supplemental Table 5, thereafter fixed with 4% PFA, 

permeabilized using PBS buffer (0.1% saponin in PBS with 0.1% BSA) for 

90min at room temperature. Cells were then stained with secondary antibody 

conjugated with Alexa Flour 647 in the dark for 45min on ice. Cells were then 

washed twice with FACS buffer and run on CytoFLEX (Beckman Coulter, 



USA). Data were analyzed using the Flow Jo software (Tree Star Inc., 

Ashland, Oregon). 

 

Quantification of cell surface TβRI using FACS analysis 

The cells were seeded at 2×105 cells per well of six-well plates, harvested from 

plates and washed with FACS buffer (1% bovine serum albumin in PBS 

containing 0.5 mM EDTA) twice. Cells were stained with anti-mouse TβRI-APC 

antibody or rat IgG2A APC isotype control and then incubated in the dark for 30 

min (on ice). Cells were then washed twice with FACS buffer and run on 

CytoFLEX (Beckman Coulter, USA). Data were analyzed using the Flow Jo 

software (Tree Star Inc., Ashland, Oregon). 

 

Adeno-associated virus (AAV) delivery 

Two versions of adeno-associated virus vector serotype 6 expressing ShNES 

under the control of the human CMV promoter were purchased from the 

Hanbio Biotechnology Co., Ltd (Shanghai, China). C57BL/6 mice (8-week-old, 

male) were deeply anesthetized and intratracheally administered with 1.5×1012 

viral genomes of a pseudotyped AAV6 GFP vector or 1.5×1012 viral genomes 

of a pseudotyped AAV6 Nestin vector.  

  



 

Cell fractionation 

Cytoplasmic and nuclear fractions were separated using a Nucleoprotein 

Extraction Kit (Sangon Biotech, C510001) according to the manufacturer’s 

instructions. The nuclear pellet was resuspended in 20 mM Hepes (pH 7.9), 1 

mM EGTA, 1 mM EDTA, 0.4 M NaCl, 1 mM dithiothreitol, and 1 mM 

phenylmethylsulfonyl fluoride. Purity of the fractions was assessed by western 

blot analysis of the obtained fractions. β-actin and Lamin B were marker 

proteins for the cytosolic extract and the nuclear extract respectively. 

 

Immunoprecipitation and immunoblotting 

p-Smad2, Collagen I, Nestin, Smad2, β-Actin, Flag, TβRI, TβRII, Rab11, 

Rab4, Lamin B, p-Akt, Akt, Cav1 protein expression in lung tissue samples and 

cells were measured by immunoblotting performed as previously described [5]. 

Antibodies are listed in Supplemental Table 5. Immunoprecipitation was 

assessed in cells using a previously described method [5]. Bands from at least 

three independent blots were quantified using Image J software. 

 

Gene targeting by the CRISPR/Cas9 system 

The plasimds used for CRISPR/Cas9 KO in MRC5 was constructed in our 

previous study according to the established cloning protocol [8, 9], and T7E1 

assay was also performed for sgRNA screening as previously described [5]. 



MRC5 Transfection Kit (Altogen Biosystems, Catalog #2175) was used for 

introducing the control (Cas9-GFP) and Nestin-knockout (G2-Cas9-GFP) 

plasmids into the MRC5 cells. Three days after transfection, MRC5 cells were 

single cell sorted using an Influx Cell Sorter (BD, USA) into a plastic 

flat-bottomed 96 well plate, and allowed to expand. Approximately 27.56% of 

these clones survived and were initially screened for Nestin gene deletion by 

PCR amplicons from selected genomic region on a duplicated plate and 

subjected to 2% agarose gel electrophoresis. Clones with negative results 

were further validated for Nestin KO by a western blot and were then cultured 

and harvested for further experiments.  

 

Luciferase reporter assays 

The pGL3-SRE luciferase reporter (Cat. #11545ES03) and pGL3-ELK-1 

luciferase reporter (Cat. #11567ES03) were purchased from Yeasen 

Biotechnology (Shanghai). The pGL3-FOXO luciferase reporter, pGL3-AP-1 

luciferase reporter were generous gifts from Junchao Cai. The 

pGL3-(SBE)9-reporter and Renilla luciferase vectors were purchased from 

Promega and the assays were performed as described by the provided 

manual (Cat.# E1960). Briefly, cells were transiently co-transfected with the 

Renilla luciferase vector and the respective reporters. At 24 h 

post-transfection, the cells were starved for 20 h in culture medium with 1% 

FBS and then treated with TGF-β (5 ng/ml) or vehicle (0.1% BSA; 4 mM HCl) 



for 24 h. The luciferase activity was analyzed using a Dual Luciferase Assay 

System (Promega). The luciferase data of the cells transfected with pGL3 

Basic vectors were calculated and normalized with respect to the Renilla 

luciferase activity. All transfection was carried out in triplicate. All data were 

plotted as mean values obtained from triplicate determinations, with SDs. 

 

Biotinylation assay for plasma membrane TβRI, TβRI endocytosis and TβRI 

recycling 

All cells were first treated with chloroquine (Chlq) (100μM) for 4h and then 

were performed the following experiments. 

To quantitate plasma membrane TβRI, cells were placed on ice, washed twice 

with ice-cold PBS, incubated with 0.2 mM biotin (Thermo Fisher Scientific) in 

PBS at 4°C for 30 min, and washed twice with 0.1 M glycine. Biotinylated 

proteins were pulled down with streptavidin agarose (S1638, Sigma-Aldrich) 

and immunoblotted for plasma membrane TβRI. 

To quantitate endogenous TβRI endocytosis, cells were moved to 4°C and 

labeled with cleavable biotin. Two washes were performed with ice-cold PBS, 

and then the cells were resuspended in pre-warmed culture medium and 

incubated at 37°C to allow for TβRI endocytosis. Thirty minutes later, the cells 

were then returned to 4°C and washed once with ice-cold PBS to stop 

membrane trafficking. To strip the remaining biotin from the cell surface, cells 

were treated twice with stripping buffer (50 mM glutathione, 75 mM NaCl, 10 



mM EDTA, 1% BSA, 0.075 N NaOH) at 4°C for 15 min. Cell lysates were then 

subjected to streptavidin agarose pull down and immunoblotted for TβRI. 

To quantitate TβRI recycling at 37°C, cells were moved to 4°C, labeled with 

cleavable biotin and incubated for 30 or 60 min in a 37°C incubator. Cells were 

treated without stripping buffer (50 mM glutathione, 75 mM NaCl, 10 mM 

EDTA, 1% BSA, 0.075 N NaOH) and harvested at the end of incubation or 

subjected to two additional washes at 4°C for 15 min with stripping buffer (50 

mM glutathione, 75 mM NaCl, 10 mM EDTA, 1% BSA, 0.075 N NaOH) to 

ensure the complete de-biotinylation of recycled TβRI. Cell lysates were 

subjected to streptavidin agarose pull down and analyzed by immunoblotting. 

All immunoblotting results were analyzed with the Image J software (NIH). In 

the lysates of cell incubated for 60 min without glutathione treatment, the 

biotinylated TβRI included the internalized and recycled TβRI. While in the 

lysates of cells incubated for 60 min with glutathione treatment, all of the 

biotinylated TβRI was remained internalized TβRI. The recycling rate of TβRI 

after 60 min of incubation was calculated by the following formula: TβRI 

recycling rate = (internalized and recycled TβRI at 60 min – internalized TβRI 

at 60 min) / total internalized TβRI at 30 min × 100% [10, 11]. 

 

Rab11 activity assay 

Rab11 activity was determined using a Rab11 activity assay kit (NewEast 

Biosciences, King of Prussia, PA) according to the manufacturer's instructions. 



Cell lysates containing Rab11-GTP were incubated with anti-active Rab11 

mouse monoclonal antibody (Catalog No. 26919). The bound active Rab11 

was pulled down with protein A/G agarose (Catalog No. 30301) and detected 

by immunoblotting using anti-Rab11 rabbit polyclonal antibody (Catalog No. 

21157). 

 

Hydroxyproline assay 

Frozen lung tissue samples from mice were incubated in 250 μl PBS, after 

which 250 μl of 12 N HCl was added into samples for pellet hydrolysis at 

110°C were overnight. Samples were neutralized by the addition of 10 N 

NaOH. 100 μl of each sample was mixed with 400 μl oxidizing solution that 

contained 1.4% chloramine-T, 10% N-propanol, and 80% citrate-acetate 

buffer in PBS. Lung samples were then incubated for 20 minutes. Samples 

were finally incubated for 30 minutes at 65°C shortly after adding Ehrlich’s 

solution (Sigma-Aldrich). The reaction absorbance was measured at 550 nm. 

Sample concentrations were determined from the standard curve generated 

using trans-4-hydroxy-l-proline (Sigma-Aldrich). A standard curve was 

generated using trans-4-hydroxy-l-proline (Sigma-Aldrich). Hydroxyproline 

levels were expressed as micrograms hydroxyproline per microgram of lung 

tissue samples. 

  



 

Public bulk and single-cell RNA-sequencing dataset acquisition 

The gene expression and cell type annotation of bulk and single-cell 

RNA-sequencing data from lungs of normal and IPF human (GSE124685, 

GSE132771), of control and bleomycin-treated mice (GSE110533, 

GSE132771) were downloaded from the Gene Expression Omnibus. 

 

scRNA-seq data processing 

DESeq2[12], Seurat (version 2.3.2) and Scanpy (1.4.4.post1[13, 14]) were 

used to perform the bulk and single-cell RNA-seq data processing following 

the standard procedure (mentioned at 

https://scanpy.tutorials.readthedocs.io/en/latest/pbmc3k.html and 

https://satijalab.org/seurat/v3.1/pbmc3k_tutorial.html). 
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Supplementary Figure Legends 

 

Figure S1: Nestin expression in experimental pulmonary fibrosis and 

RNA-seq data, and co-expression of Nestin and Collagen I, α-SMA, NG2, 

Calponin 1, CD31, SPC or AQP5 in mice lungs. 



a) Immunofluorescence staining of Nestin in lung sections from C57/BL6 mice 

on day 7, 14 and 21 days after bleomycin exposure. Scale bars: 100 µm. b) 

Quantification of Nestin-positive cells from immunofluorescent images in a) 

(n=6 mice per group; five fields assessed per sample). c) Nestin gene 

expression extracted from GSE110533 in mice fibrotic and control lung 

samples. d) Gating strategies of Nestin-GFP positive cells in myofibroblasts 

(both α-SMA+ and Collagen I+), pericytes (NG2+), smooth muscle cells 

(Calponin 1+), vascular endothelial cells (CD31+), type II alveolar epithelial 

cells (SPC+), or type I alveolar epithelial cells (AQP5+) respectively in flow 

cytometry analysis. e) Cell clusters of the sc-RNA-seq data from GSE132771. 

f) UMAP plot of all cells of the scRNA-seq data in e). g) UMAP plots of Hhip, 

Aspn, Acta2, Col1a1, Cspg4 and Cnn1 of the scRNA-seq data in e). Blue 

indicates high expression. h) UMAP of Nestin of the scRNA-seq data in e). i) 

Violin plot of Nestin expression in each cell cluster. Green box indicates 

myofibroblast cluster. 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. 

  



 

 

Figure S2: Nestin expression in IPF and co-localization of Nestin and 

Collagen I, NG2, Calponin 1, CD31, SPC or AQP5 in IPF lungs. 



a) Nestin gene expression extracted from GSE124685 in IPF and control lung 

samples. b) Cell clusters of the sc-RNA-seq data from GSE132771. c) UMAP 

plot of all cells of the sc-RNA-seq data from GSE132771 in IPF and normal 

conditions. d) UMAP plots of ASPN, COL1A1, POSTN and CTHRC1 of the 

scRNA-seq data in IPF. Blue indicates high expression. e) UMAP plots of 

NESTIN of the scRNA-seq data in IPF. Blue indicates high expression. f) Violin 

plot of NESTIN in each cell cluster. Red box indicates myofibroblast cluster. g) 

Immunofluorescence assay was carried out to determine the co-localization of 

Nestin (green) and 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) respectively in IPF lungs. Scale bars: 40 

µm. h) Semiquantitative scoring of double-positive cells as a percentage of 

Nestin-positive cells, as obtained from immunofluorescent images (n=6 per 

group; five fields assessed per sample). 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. 

  



 

  



 

Figure S3: Nestin knockdown inhibits TGF-β/Smad signaling.  

a) Immunoblotting analysis of p-Smad2 and Smad2 protein levels in nucleus 

and cytoplasm. Control and Nestin-knockdown primary mouse lung fibroblasts 

were treated with or without TGF-β (5 ng/ml). b-d) Quantification of p-Smad2 

and Smad2 levels in total, cytoplasmic and nuclear cell lysates (n=3 per 

group). e) Western blot analysis and f) quantification of p-Smad2 and Smad2 

levels with CRISPR/Cas9-mediated Nestin knockout (Nestin KO1) or 

overexpression of Nestin treated with or without TGF-β (5 ng/ml) in MRC5s 

(n=3 per group). g) Western blot analysis and h) quantification of α-SMA levels 

with CRISPR/Cas9-mediated Nestin knockout (Nestin KO1) or overexpression 

of Nestin treated with or without TGF-β (5 ng/ml) in MRC5s (n=3 per group). i) 

Western blot analysis and j) quantification of p-Smad2, Smad2 and α-SMA 

levels with CRISPR/Cas9-mediated Nestin knockout (Nestin KO2) or 

overexpression of Nestin treated with or without TGF-β (5 ng/ml) in MRC5s 

(n=3 per group). 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. 

  



 

 

Figure S4: The effect of Nestin on the activity of non-smad TGF-β 

pathways.  

a-d) Nestin-knockdown primary mouse lung fibroblasts were transfected with 

pGL3-SRE, pGL3-FOXO, pGL3-AP-1 and pGL3-ELK-1 luciferase reporters 

and treated with or without TGF-β (5 ng/ml) for 24 hours, and luciferase 

activities were measured (n=3 per group). e) qPCR analysis of PAI-1 mRNA 

expression in Nestin-knockdown primary mouse lung fibroblasts (n=3 per 

group). f) Western blot analysis and g-h) quantification of Cav1, p-Akt and Akt 

expression in Nestin-knockdown primary mouse lung fibroblasts treated for 72 



hours with or without TGF-β (5 ng/ml) (n=3 per group). i) Immunofluorescence 

staining of Nestin-knockdown primary mouse lung fibroblasts treated with or 

without TGF-β (5 ng/ml) and visualized using anti-β-catenin (red). Scale bars: 

20 µm. 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. 

  



 

 

Figure S5: Nestin knockdown inhibits TGF-β/Smad signaling via 

regulating TβRI stability in MRC5s.  

a) qPCR analysis of TβRI and TβRII mRNA expression in Nestin-knockdown 

MRC5s (n=3 per group). b) Western blot analysis and c) quantification of TβRI 

and TβRII expression in Nestin-knockdown MRC5s (n=3 per group). d) 

Immunofluorescence staining of p-Smad2 in MRC5s with Nestin knockdown 

and overexpression of TβRI treated with or without TGF-β (5 ng/ml). Scale 

bars: 20 µm. 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. 

  



 

 

Figure S6: Nestin overexpression promotes TGF-β/Smad signaling and 

TβRI recycling. 

a) qPCR analysis of Nestin expression in Nestin-overexpressed primary 

mouse lung fibroblasts (n=3 per group). b) qPCR analysis of TβRI and TβRII 

mRNA expression levels in Nestin-overexpressed primary mouse lung 

fibroblasts (n=3 per group). c) Western blot analysis and d) quantification of 



TβRI and TβRII expression in Nestin-overexpressed primary mouse lung 

fibroblasts (n=3 per group). e) Nestin-overexpressed primary mouse lung 

fibroblasts were transfected with pGL3-SBE9-luciferase constructs and treated 

with or without TGF-β (5 ng/ml) for 24 hours, and luciferase activity was 

measured (n=3 per group). f) qPCR analysis of α-SMA and Collagen I 

expression in Nestin-overexpressed primary mouse lung fibroblasts (n=3 per 

group). g) Western blot analysis and h) quantification of α-SMA and Collagen I 

expression treated with or without TGF-β (5 ng/ml) in Nestin-overexpressed 

primary mouse lung fibroblasts (n=3 per group). i) Immunofluorescence 

staining of Nestin-overexpressed primary mouse lung fibroblasts treated with 

or without TGF-β (5 ng/ml) and visualized using anti-Nestin (green) and 

anti-p-Smad2 (red). Scale bars: 20 µm. j) Detect the protein levels of TβRI on 

the plasma membrane in biotinylated serum-starved Nestin-overexpressed 

primary mouse lung fibroblasts after treated with Chlq (100μM) for 4h. k) 

quantification of surface TβRI protein levels in j) (n=3 per group). l) Biotinylated 

serum-starved Nestin-overexpressed primary mouse lung fibroblasts were 

placed at 37°C for 30min and then treated with glutathione after treated with 

Chlq (100μM) for 4h, and then harvested and subjected to streptavidin 

agarose pull down and western blot analysis of TβRI, PM: plasma membrane. 

m) Quantification of the percentage of internalized TβRI in l) (n=3 per group); 

TβRI internalization rate = total internalized TβRI at 30 min / Plasma 

membrane TβRI × 100%. n) Western blot analysis of recycled TβRI at 60 min. 



o) Quantification of the percentage of recycled TβRI in n) (n=3 per group); 

TβRI recycling rate = (internalized and recycled TβRI at 60 min – internalized 

TβRI at 60 min) / total internalized TβRI at 30 min × 100%). Data are 

presented as the mean ± SD of three independent experiments; *P<0.05, 

**P<0.01, ***P<0.001; Unpaired t test and one-way ANOVA and Tukey’s 

multiple comparisons test. 

  



 

 

Figure S7: Rab11 is required for the ability of Nestin to promote the 

recycling of TβRI to the cell surface. 



a) Immunofluorescence staining of TβRI and LAMP1 in Nestin-knockdown 

primary mouse lung fibroblasts with or without overexpression of Rab11. Scale 

bars: 5 µm. b) Immunofluorescence staining of TβRI and LAMP2 in 

Nestin-knockdown primary mouse lung fibroblasts with or without 

overexpression of Rab11. Scale bars: 5 µm. c) Quantification of the 

percentage of TβRI co-localized with LAMP1 and LAMP2. (n=3; five fields 

assessed per sample). d) Western blot analysis and e) quantification of 

p-Smad2 and Smad2 expression levels in Nestin-knockdown primary mouse 

lung fibroblasts with Rab11 overexpression and treated with or without TGF-β 

(5 ng/ml) (n=3 per group). f) Immunofluorescence staining of p-Smad2 and 

Nestin in Nestin-knockdown primary mouse lung fibroblasts with Rab11 

overexpression and treated with or without TGF-β (5 ng/ml). Scale bars: 20 

µm. g) Western blot analysis and h) quantification of α-SMA and Collagen I 

expression levels in Nestin-knockdown primary mouse lung fibroblasts with 

Rab11 overexpression and treated with or without TGF-β (5 ng/ml) (n=3 per 

group). i) Immunofluorescence staining of α-SMA in Nestin-knockdown 

primary mouse lung fibroblasts with Rab11 overexpression and treated with or 

without TGF-β (5 ng/ml). Scale bars: 20 µm. 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. 

  



 

 

Figure S8: Downregulation of Nestin attenuates pulmonary fibrosis in 

bleomycin-induced pulmonary fibrosis model and 3D-LTC. 



a) H&E staining and Masson’s trichrome staining in lung sections from 

C57/BL6 mice of the different groups. Scale bars: 100 µm. b) 

Immunofluorescence staining with surface TβRI and α-SMA in lung sections 

from C57/BL6 mice of the different groups. Scale bars: 50 µm. c-d) Mean 

fluorescence intensity of surface TβRI and α-SMA in lung sections from 

C57/BL6 mice of the different groups (n=3; five fields assessed per sample). e) 

Experimental design. 8-week-old C57BL/6 mice were intratracheally injected 

with bleomycin (3U/kg) or PBS. Three weeks after the bleomycin, 3D-LTC was 

performed and treated with AAV6-ShNES or AAV6-Scramble after 48h. 

Samples were collected for analysis 72h after AAV6 administration. f) qPCR 

analysis of Nestin mRNA expression in lung slices from the different groups 

(n=6 mice per group). g) Immunofluorescence staining with collagen I in lung 

slices from the different groups. Scale bars: 70 µm. h) Mean fluorescence 

intensity of collagen I in lung slices from the different groups (n=3; five fields 

assessed per sample). i) Western blot analysis and j) quantification of Nestin 

expression levels in 3D-LTCs of the different groups (n=3 per group). k) qPCR 

analysis of α-SMA and Collagen I mRNA expression levels in 3D-LTCs of the 

different groups (n=6 mice per group). l) Western blot analysis and m) 

quantification of α-SMA, Collagen I expression levels in 3D-LTCs of the 

different groups (n=3 per group). Data are presented as the mean ± SD of 

three independent experiments; *P<0.05, **P<0.01, ***P<0.001; Unpaired t 

test and one-way ANOVA and Tukey’s multiple comparisons test. 



  



 

 

Figure S9: Downregulation of Nestin attenuates pulmonary fibrosis in 

amiodarone-induced mouse pulmonary fibrosis model. 

a) Experimental design. 8-week-old C57BL/6 mice were intratracheally 

injected with amiodarone (0.8mg/kg/d) or 4% Ethanol. The mice were 

intratracheally injected with AAV6-ShNES or AAV6-Scramble three days after 

first amiodarone administration. Samples were collected for analysis 14 days 

after first amiodarone administration. b) qPCR analysis of α-SMA and Collagen 

I mRNA expression levels in lungs from C57/BL6 mice of the different groups 



(n=6 mice per group). c) Western blot analysis and d) quantification of α-SMA, 

Collagen I expression levels in lungs from C57/BL6 mice of the different 

groups (n=3 per group). e) H&E staining and Masson’s trichrome staining in 

lung sections from C57/BL6 mice of the different groups. Scale bars: 100 µm. 

f) Immunofluorescence staining of α-SMA in lung sections from C57/BL6 mice 

of the different groups. Scale bars: 50 µm. g) Mean fluorescence intensity of 

α-SMA in lung sections from C57/BL6 mice of the different groups (n=3; five 

fields assessed per sample). h) Hydroxyproline levels in lungs of C57/BL6 

mice from the different groups (n=6 mice per group). 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. 

  



 

 

Figure S10: Downregulation of Nestin attenuates pulmonary fibrosis in 

TGF-β overexpression-induced pulmonary fibrosis model. 

a) H&E staining and Masson’s trichrome staining in lung sections from 

C57/BL6 mice of the different groups. Scale bars: 100 µm. qPCR analysis of b) 

α-SMA and c) Collagen I mRNA expression levels in lungs from C57/BL6 mice 

of the different groups (n=6 mice per group). d) Western blot analysis and 

quantification of e) Nestin, f) Collagen I, g) α-SMA, h) p-Smad2 and Smad2 

expression levels in lungs from C57/BL6 mice of the different groups (n=3 per 

group). Mean fluorescence intensity of i) collagen I, j) TβRI and k) p-Smad2 in 



lung slices from the different groups as obtained from images in figure 7k (n=3; 

five fields assessed per sample). l) Hydroxyproline levels in lungs of C57/BL6 

mice from the different groups (n=6 mice per group). 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. 

  



 

 

Figure S11: Downregulation of Nestin exerts preventive effects on 

bleomycin-induced pulmonary fibrosis in mice. 

a) Experimental design. 8-week-old C57BL/6 mice were intratracheally 

injected with AAV6-ShNES or AAV6-Scramble. 21 days after the AAV 

administration, the mice were intratracheally injected with bleomycin (3U/kg) or 



PBS. Samples were collected for analysis 21 days after bleomycin 

administration. b) qPCR 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-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) H&E staining and Masson’s trichrome staining in lung 

sections from C57/BL6 mice of the different groups. Scale bars: 100 µm. j) 

Immunofluorescence staining with surface TβRI and α-SMA lung sections from 

C57/BL6 mice of the different groups. Scale bars: 50 µm. k-l) Mean 

fluorescence intensity of surface TβRI and α-SMA in lung sections from 

C57/BL6 mice of the different groups (n=3; five fields assessed per sample). 

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. 

  



 

 

Figure S12: AAV6 exposure targets α-SMA positive myofibroblasts in 

bleomycin-induced mouse pulmonary fibrosis model. 

a) Immunofluorescence was carried out to determine the co-localization of 

AAV6-GFP (green) and α-SMA (red). Scale bars: 20 µm. b) Statistical analysis 

of efficacy of AAV6 transduction in α-SMA positive myofibroblasts (n=6 mice 

per group; five fields assessed per sample). c) Gating strategies of AAV6-GFP 



positive cells in myofibroblasts (α-SMA+). d) Flow cytometry was carried out to 

determine cell specificity of the AAV exposure. e) Statistical analysis of 

efficacy of AAV6 transduction in α-SMA positive myofibroblasts (n=3 mice per 

group). Data are presented as the mean ± SD. 

  



 

 

Figure S13: Illustration of Nestin-TβRI-Rab11 trimeric complexes in the 

regulation of pulmonary fibrosis.  

Some endosomal TGF-β receptors are recycled to the plasma membrane 

while others are sorted to late endosomes/lysosomes for degradation. Nestin 

can form trimeric complexes with TβRI and Rab11. Nestin knockdown inhibits 

the recycling of TβRI to the cell surface in a Rab11-dependent manner and 

promotes the degradation of TβRI via lysosome-dependent way, thereby 

suppressing TGF-β/Smad signaling. 

  



 



 



 

 



 

 



 

Figure S14-S18. Full length images of immunoblots. 

  



Table S1. Clinicopathological variables and quantification for Nestin 

expression by staining scores in freshly IPF clinical samples. 

Patient 

No. 
Gender Age(y) 

Smoking 

status 

FVC% 

pred 

FVC 

absolute 

L 

FEV1% 

pred 

FEV1 

absolute 

L 

DLCO% 

pred 

TLC% 

pred 

Nestin 

staining 

score 

#1 M 62 Y 73.8 2.45 69.725 1.84 22.6 54.77 3 

#2 M 73 N 54.22 1.72 64.71 1.57 42.5 46.4 6 

#3 F 31 Y 45.87 1.43 45.65 1.24 33.6 62.9 9 

#4 M 60 Y 62.33 2.32 70 2.05 76 61 4 

#5 M 51 N 48.33 2.32 50 1.74 36.4 44.3 12 

#6 M 68 N 65.63 1.81 79.77 1.72 49.7 59.4 1 

#7 M 68 Y 49 1.71 53 1.44 29 42 8 

#8 M 69 Y 90.33 2.42 98 2.06 66 74 2 

#9 M 59 N 81.33 2.6 93 2.4 79 70 2 

#10 M 62 N 84 3.08 91.3 2.63 82 75 1 

#11 M 62 Y 83.33 3.09 91.48 2.52 60.84 72.36 2 

#12 M 52 Y 54.94 2.11 61.95 1.93 29.8 52.5 16 

#13 M 65 N 70.83 2.62 72.74 2.1 44.5 58.8 4 

#14 M 54 N 80 3.64 85.6 3.09 73 77 6 

#15 M 51 Y 62.29 2.28 65.54 1.96 41.8 58.6 16 

#16 M 65 N 82.36 3.12 86.85 2.57 71 74.3 2 

#17 M 57 Y 90.62 3.65 93.1 2.99 47.2 73.8 1 

#18 F 48 N 77.37 2.09 78.99 1.82 49.78 74.28 4 

#19 M 56 Y 100.89 3.8 106.55 3.22 47.18 73.37 1 

#20 M 66 Y 58.28 1.98 66.3 1.76 38.74 53.86 2 

#21 F 66 N 92.2 2.37 94.43 2.03 52.72 69.42 4 

#22 M 62 Y 68.6 2.83 74 2.39 50.2 64.2 2 

#23 M 49 Y 72.03 3.11 74.28 2.6 36.89 56.48 6 

#24 M 53 Y 47.18 1.73 53.95 1.61 53.5 68.1 12 

#25 M 70 N 49.27 1.66 51.16 1.32 27.12 43.62 12 

#26 M 60 Y 104.63 4.25 87.06 2.79 42.3 76.6 4 

#27 F 49 N 44.42 1.22 49.35 1.15 48.4 25.6 12 

#28 M 59 Y 48.65 1.84 54.11 1.62 14.98 45.05 12 

#29 M 67 Y 74.22 2.12 86.29 1.98 47.53 57.06 2 

#30 M 63 Y 68.33 2.74 71.95 2.26 47.16 62.99 3 

#31 M 61 Y 38.1 1.47 45.78 1.4 19.2 24.6 12 

#32 M 70 Y 55 1.85 66 1.71 36 54 3 

#33 F 28 N 67.5 2.33 72.3 2.17 51.15 75.13 1 

#34 M 66 Y 104.34 3.78 111.66 3.15 84.9 86.4 1 

#35 F 61 N 66.23 1.6 69.17 1.4 55.4 62.3 4 



IPF: idiopathic pulmonary fibrosis; % pred: % predicted; FVC: forced vital capacity; FEV1: 

forced expiratory volume in 1 s; DLCO: diffusing capacity of the lung for carbon monoxide; 

TLC: total lung capacity. 

 

  



Table S2. Summary of clinicopathological characteristics of study 

subjects. 

 

Variable IPF Controls 

Subjects 35 13 

Male % 82.86 53.85 

Age years 58.94±9.94 49.91±8.30 

Ever-smoker % 60.00 15.38 

FVC% pred 69.04±18.03 100.62±12.79 

FVC absolute L 2.43±0.77 3.43±1.03 

FEV1% pred 73.88±17.59 94.79±12.03 

FEV1 absolute L 2.06±0.57 2.76±0.82 

DLCO% pred 48.23±17.60  

TLC% pred 60.86±14.44  

Data are presented as mean ± SD. IPF: idiopathic pulmonary fibrosis; % pred: % predicted; 

FVC: forced vital capacity; FEV1: forced expiratory volume in 1 s; DLCO: diffusing capacity of 

the lung for carbon monoxide; TLC: total lung capacity. 

 

  



Table S3: Target sequences of shRNAs. Related to Experimental 

Procedures. 

Name Sequences (5′ to 3′) 

Human： 

NESTIN shRNA#1 

 

5′-GCTAGTCCCTGCCTGAATA-3′ 

NESTIN shRNA#2 

Mouse： 

5′-GCAGACATCATTGGTGTTAAT-3′ 

NESTIN shRNA1 5′-GGAAGAAGTTCCCAGGCTTCT-3′ 

NESTIN shRNA2 5′-GCTGAAGCTGCATTTCCTTGG-3′ 

NESTIN shRNA（AAV-6） 

Scramble shRNA（AAV-6） 

5′-GTGAGACTCTGGAATGCAA-3′ 

5′-TTCTCCGAACGTGTCACGTAA-3′ 

 

  



Table S4: Primer used to amplify the human transcripts or genome DNA 

during PCR. Related to Experimental Procedures. 

Gene Sequences (5′ to 3′) application 

hNESTIN 

 

hGAPDH 

 

Forward: 5’-CTGCTACCCTTGAGACACCTG-3’ 

Reverse: 5’-GGGCTCTGATCTCTGCATCTAC-3’ 

Forward: 5’-GTCGGAGTCAACGGATTT-3’ 

Reverse:5’-GGAATCATATTGGAACATGTAAACC-3’ 

qPCR 

 

qPCR 

mNESTIN Forward: 5’-GCAGGAGAAGCAGGGTCTAC-3’ 

Reverse: 5’-GGGGTCAGGAAAGCCAA-3’ 

qPCR 

mActa2 Forward: 5’-TGAGACCTTCAATGTCCCCGC-3’ 

Reverse: 5’-TCACACCATCTCCAGAGTCCAGC-3’ 

qPCR 

mCollagen I Forward: 5’-CCCAGAGTGGAACAGCGATT-3’ 

Reverse: 5’-ATGAGTTCTTCGCTGGGGTG -3’ 

qPCR 

mTβRI Forward: 5’-TGGGACTTGCTGTGAGACAT-3’ 

Reverse: 5’-ATGTCAGCGCGTTTGAAGGA-3’ 

qPCR 

mTβRII Forward: 5′-AACGACTTGACCTGTTGCCT-3′ 

Reverse: 5′-TCCGTCTGCTTGAACGACTC-3′ 

qPCR   

m18S Forward: 5’-GTGACGTTGACATCCGTAAAGA-3’ 

Reverse: 5’-GCCGGACTCATCGTACTCC-3’ 

qPCR 

 

 

  



Table S5: Primary and secondary antibodies.  

Product Catalogue Number Supplier 

Primary antibody:   

WB:   

mouse anti-Nestin 

mouse anti-Nestin 

611658 

MAB353 

BD Biosciences 

Millipore 

rabbit anti-DYKDDDDK（Flag Tag） 

mouse anti-DYKDDDDK（Flag Tag） 

mouse Anti-β-actin 

14793 

8146 

600081 

Cell Signaling Technology 

Cell Signaling Technology 

Proteintech 

rabbit anti-Collagen I ab34710 Abcam 

rabbit anti-TβRI ab31013 Abcam 

rabbit anti-TβRII ab186838 Abcam 

rabbit Anti-p-Smad2 

rabbit Anti-Smad2 

18338 

5339 

Cell Signaling Technology 

Cell Signaling Technology 

mouse anti-α-SMA ab7817 Abcam 

rabbit anti-Rab4 ab109009 Abcam 

rabbit anti-Rab11 

mouse anti-Rab11 

rabbit anti-Lamin B 

rabbit anti-Caveolin-1 

rabbit anti-Phospho-Akt 

rabbit anti-Akt 

5589 

610656 

12586 

ab2910 

4060 

4691 

Cell Signaling Technology 

BD Biosciences 

Cell Signaling Technology 

Abcam 

Cell Signaling Technology 

Cell Signaling Technology 



IP:   

mouse anti-DYKDDDDK（Flag Tag） 8146 Cell Signaling Technology 

rabbit anti-TβRI ab31013 Abcam 

rabbit anti-Rab11 5589 Cell Signaling Technology 

IF:   

rabbit anti-Nestin  ABD69 Millipore 

mouse anti-Nestin 

mouse anti-Nestin 

MAB5326 

MAB353 

Millipore 

Millipore 

rabbit anti-CD31 

rabbit anti-CD31 

ab28364 

ab76533 

Abcam 

Abcam 

mouse anti-α-SMA ab7817 Abcam 

rabbit anti-NG2 

rabbit anti-NG2 

AB5320 

ab183929 

Millipore 

Abcam 

rabbit anti-Prosurfactant Protein C 

rabbit anti-Rab11 

mouse-anti-Rab11 

AB3786 

5589 

05-853 

Millipore 

Cell Signaling Technology 

Millipore 

mouse anti-Aquaporin 5 

rabbit anti-Aquaporin 5 

mouse anti-TβRI 

rabbit anti-Rab4 

rabbit anti-Calponin 1 

rabbit Anti-p-Smad2 

sc-514022 

ab92320 

sc-518086 

ab109009 

ab46794 

18338 

Santa Cruz Biotechnology 

Abcam 

santa crauz 

Abcam 

Abcam 

Cell Signaling Technology 



rat Anti-LAMP1 

rat Anti-LAMP2 

rabbit anti-β-catenin 

MABC39 

428019 

ab16051 

Millipore 

Millipore 

Abcam 

IHC: 

rabbit anti-Nestin 

mouse anti-Nestin 

 

ABD69 

MAB353 

 

Millipore 

Millipore 

mouse anti-α-SMA 

mouse anti mouse IgG1 

mouse anti mouse IgG2a 

mouse anti human IgG2a 

rabbit anti human IgG 

ab7817 

5415 

61656 

ab200699 

ab195574 

Abcam 

Cell Signaling Technology 

Cell Signaling Technology 

Abcam 

Abcam 

Flow: 

Mouse TGF-β RI/ALK-5 

APC-conjugated Antibody 

Rat IgG2A Allophycocyanin Isotype 

Control 

 

Secondary antibody: 

WB: 

anti-mouse IgG HRP-linked Ab 

anti-rabbit IgG HRP-linked Ab 

IF: 

 

FAB5871A-100 

 

IC006A 

 

 

 

 

7076 

7074 

 

 

R&D Systems 

 

R&D Systems 

 

 

 

 

Cell Signaling Technology 

Cell Signaling Technology  

 



goat anti-mouse IgG Alexa 488 

goat anti-rabbit IgG Alexa 488 

goat anti-rabbit IgG Alexa 555 

goat anti-mouse IgG Alexa 555 

goat anti-rat IgG Alexa 488 

goat anti-rat IgG Alexa 555 

A11001 

A11008 

A21428 

A21422 

A11006 

A21434 

Invitrogen 

Invitrogen 

Invitrogen 

Invitrogen 

Invitrogen 

Invitrogen 

 


