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IGFBP2 derived from PO-MSCs
promote epithelial barrier destruction
by activating FAK signaling in nasal polyps

Bo You,1,2,6 Ting Zhang,1,2,6 Wei Zhang,1,2,6 Yinyin Pei,1,2 Danyi Huang,1,2 Yun Lei,1,2 Shaocong Zhang,1,2

Changyu Qiu,3,4 Jie Zhang,1,2 Zhifeng Gu,5,7,* Lei Cheng,3,4,7,* and Jing Chen1,2,7,*

SUMMARY

The nasal polyps (NPs) microenvironment comprises multiple cell types, including
mesenchymal stromal cells (MSCs). Insulin-like growth factor binding protein
2 (IGFBP2) plays crucial roles in cell proliferation, differentiation and more.
However, the role of NPs-derived MSCs (PO-MSCs) and IGFBP2 in NPs
pathogenesis remains poorly defined. Herein, primary human nasal epithelial
cells (pHNECs) and MSCs were extracted and cultured. Extracellular vesicles
(EVs) and soluble proteins were isolated to investigate the role of PO-MSCs on
epithelial-mesenchymal transition (EMT) and epithelial barrier function in NPs.
Our data showed that IGFBP2, but not EVs from PO-MSCs (PO-MSCs-EVs),
exhibited a crucial role in EMT and barrier destruction. Moreover, focal adhesion
kinase (FAK) signaling pathway is necessary for IGFBP2 to exert its functions in
human and mice nasal epithelial mucosa. Altogether, these findings may improve
the current understanding of the role of PO-MSCs in NPs microenvironment and
ultimately contribute to the prevention and treatment of NPs.

INTRODUCTION

As a common, complex upper respiratory condition, chronic rhinosinusitis with nasal polyps (CRSwNPs) is a

heterogeneous inflammatory disease of the sinuses and nasal mucosa, characterized by epithelial barrier

destruction, increased permeability, tissue remodeling, and nasal polyps (NPs) formation.1,2 The develop-

ment of NPs indicates a refractory clinical phenotype, with severe symptoms and poor prognosis.3,4 Loss of

epithelial cells function and aberrant tight junctions (TJs) protein expression may mediate the destruction

of the mucosal epithelial barrier and host defense in NPs.4–6 Despite extensive studies, the roles of local

microenvironmental elements such as mesenchymal stromal cells (MSCs) in NPs remain unclear.

MSCs are multipotent cells that can obtained from sources such as the umbilical cord, bone marrow, mus-

cles, neural tissues, and adipose tissues, including NPs.7,8 Owing to their multi-differentiation potential,

heterogeneity and immunogenicity, MSCs have attracted much attention in recent years.9 Previous studies

have shown that MSCs provide promising evidence for the elucidation of the pathogenesis of NPs and the

development of new therapeutic strategies due to their immunomodulatory properties.10 Of interest, NPs

derived MSCs (PO-MSCs) can be distinguished from those isolated from healthy inferior turbinate tissues

and may participate in NPs pathogenesis.11 In addition, the proliferation and growth capacity of PO-MSCs

are significantly decreased, leading to intractable and aberrant NPs remodeling.12 In 2007, Gregorio et al.

isolated PO-MSCs from various cells in the microenvironment of NPs tissue.8 These cells, designated PO-

MSCs, showed normal morphology and differentiation potential. However, immunophenotyping demon-

strated a deficiency in immune-related molecules compared with that of bone marrow-derived MSCs (BM-

MSCs) based on analyses of molecular characteristics and gene expression patterns. Importantly, Gene

Ontology analysis showed that the differentially expressed genes were associated with epithelial and ma-

trix remodeling in PO-MSCs, which may be linked to NPs pathogenesis.8 Notably, disruption of homeosta-

sis among the abnormal differentiation of PO-MSCs, decreased proliferation of nasal epithelial cells, and

the epithelial-mesenchymal transition (EMT) was shown to be closely correlated with the cellular pathogen-

esis of NPs.13 Although EMT and epithelial barrier destruction are known to affect the NPs persistent aber-

rant microenvironment and tissue remodeling,14–17 the potential functions of PO-MSCs have not been fully

elucidated.

1Institute of Otolaryngology
Head and Neck Surgery,
Affiliated Hospital of
Nantong University, Nantong
226001, China

2Department of
Otolaryngology Head and
Neck Surgery, Affiliated
Hospital of Nantong
University, Nantong 226001,
China

3Department of
Otorhinolaryngology &
Clinical Allergy Center, The
First Affiliated Hospital,
Nanjing Medical University,
Nanjing 210029, China

4International Center for
Allergy Research, Nanjing
Medical University, Nanjing
210029, China

5Research Center of Clinical
Medicine, Affiliated Hospital
of Nantong University,
Nantong 226001, China

6These authors contributed
equally

7Lead contact

*Correspondence:
chenjing0408@hotmail.com
(J.C.),
chenglei@jsph.org.cn (L.C.),
guzf@ntu.edu.cn (Z.G.)

https://doi.org/10.1016/j.isci.
2023.106151

iScience 26, 106151, March 17, 2023 ª 2023 The Authors.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1

ll
OPEN ACCESS

mailto:chenjing0408@hotmail.com
mailto:chenglei@jsph.org.cn
mailto:guzf@ntu.edu.cn
https://doi.org/10.1016/j.isci.2023.106151
https://doi.org/10.1016/j.isci.2023.106151
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2023.106151&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


MSCs tend to be recruited by injured tissues, exerting both positive and negative effects on diseases.9,18

MSCs regulate various diseases, mainly by secreting extracellular vesicles (EVs) or the secretome, i.e.,

growth factors, cytokines, and soluble proteins.19–21 Insulin-like growth factor binding protein-2

(IGFBP2), as an abundant secreted protein, is a vital member of the IGFBP family, which exert

functions either independently or through binding to IGF sites.22 IGFBP2 overexpression promotes

malignant biological behaviors by regulating the immune microenvironment, accelerating

proliferation and differentiation, and stimulating angiogenesis and EMT in various cancers, including

breast cancer,23 pancreatic cancer24, and hepatocellular carcinoma.25 Furthermore, IGFBP2

secreted from MSCs activates inflammatory process and immune-related signaling pathways to regulate

disease progression.26 In view of MSCs contributing to aggressive phenotype of diseases, the present

study was aimed to illustrate the role of PO-MSCs derived IGFBP2 in regulating epithelial barrier destruc-

tion in NPs. Focal adhesion kinase (FAK), a protein tyrosine kinase activated in several diseases, drives

disease progression and deterioration.27–29 As the core of the EMT phenotype, phosphorylation of

FAK is often used as an indicator of pathology, regulating the EMT, migration, and stem cells through

complex signaling networks.30,31 Of interest, IGFBP2 is significantly associated with FAK phosphoryla-

tion,32,33further increasing our interest in the interaction between FAK and IGFBP2 in NPs

microenvironment.

Accordingly, in this study, we evaluated the roles of PO-MSCs-derived IGFBP2 in regulating epithelial

barrier destruction in NPs. We hypothesized that PO-MSCs may mediate the destruction of the epithelial

barrier through protein secretion and signaling pathway activation in the local microenvironment, thereby

contributing to NPs pathogenesis. We observed the aberrant epithelial barrier functions in NPs tissues and

TGF-b1-induced pHNECs EMT model in vitro. We also determined that PO-MSCs could mediate the

destruction of the epithelial barrier through the activation of FAK signaling pathway in NPs. Importantly,

the soluble protein IGFBP2 in PO-MSCs conditioned medium (CM), but not PO-MSCs-EVs, plays a crucial

role in NPs.

RESULTS

Impairment of barrier function and enhancement of EMT in NPs

Barrier function is closely associated with TJs.34 ZO-1 is the primary constituent of TJs and can be a

marker of barrier function.35 Therefore, we first detected the expression of ZO-1 and EMT-related

markers in NPs and inferior turbinate tissues (Patient characteristics detail in Table 1). ZO-1 was ex-

pressed at low levels in NPs compared with that in control tissues (Figures 1A and 1B). Moreover, the

epithelial marker E-cadherin was markedly downregulated, whereas TGF-b1, N-cadherin, and Vimentin

were upregulated in NPs compared with controls (Figures 1C and 1D). Immunohistochemical analysis

was consistent with these findings (Figures 1E and 1F), and correlation analysis between ZO-1 and the

EMT phenotype indicated a significant correlation. Indeed, ZO-1 immunoreactivity was significantly posi-

tively associated with E-cadherin expression and negatively correlated with N-cadherin and Vimentin

expression in NPs tissues (Figures 1G–1I). Taken together, these results demonstrated the aberrant

EMT and barrier functions in NPs.

Table 1. Patient characteristics

Characteristics Controls Patients with CRSwNP p value

Total no. of patients 36 80 –

Tissue used IT NP –

Sex, male, N (%) 20 (55.6) 44 (55) 0.956

Age (years), mean (SD) 41.75（3.93） 43.3（3.93） 0.052

Asthma, N (%) 0（0） 5 (6.25) 0.322

Aspirin intolerance, N (%) 0（0） 0（0） –

AR, N (%) 0（0） 4 (5) 0.309

Lund-Mackay CT score, mean (SD) 0 13.21（2.78） –

Lund-Kennedy score, mean (SD) 0 6.08（0.96） –

NP, nasal polyps; IT, inferior turbinate; AR, allergic rhinitis; SD, SDp< 0.05 was considered statistically significant.
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Figure 1. Expression of ZO-1, TGF-b1, and EMT-related phenotypes in NPs tissues

(A and C) Protein expression of (A) ZO-1, (C) TGF-b1, and EMTmarkers in control and NPs tissues, as detected via western blot. GAPDHwas used as a loading

control.
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TGF-b1 treatment enhanced EMT and barrier disruption of pHNECs in vitro

Next, TGF-b1 was uesd to induce EMT15,36 to explore the underlying molecular mechanisms of the local

microenvironment in pHNECs. Stimulation of TGF-b1 downregulated ZO-1 and E-cadherin and upregu-

lated Vimentin in pHNECs, which indicated that pHNECs underwent EMT (Figures 2A and 2B). Moreover,

wound-healing assays showed that the migratory abilities of pHNECs were markedly enhanced after

TGF-b1 stimulation (Figures 2C and 2D). ZO-1 (green) and Occludin (red) abundances staining were

determined by immunofluorescence (IF) to assess barrier function. The results showed that TGF-b1 pro-

moted disruption of epithelial integrity (Figures 2E and 2F). Destruction of the epithelial barrier is mainly

manifested as an increase in epithelial cell permeability. Therefore, dextran labeling was used to assess

the permeability changes of the pHNECs treated with TGF-b1. As shown in Figure 2G, the permeability

of pHNECs was increased after TGF-b1 stimulation, which was consistent with the increased permeability

of NPs. Thus, TGF-b1 induced EMT and facilitated the loss of epithelial integrity.

PO-MSCs promoted the EMT and epithelial barrier destruction in pHNECs

NPs tissues are a source of MSCs, which maintain stemness, differentiation, and clonogenicity capabilities

in vitro.10 In this study, PO-MSCs showed a typical spindle-shaped morphology, and differentiation

potential into mesodermal lineages such as osteocytes and adipocytes (Figure 3A). The flow cytometry

immunophenotyping analysis revealed positive expression of the mesenchymal surface markers CD73,

CD90 and CD105 with absence of the hematopoietic surface marker CD34, CD45 and HLA-DR (Figure 3B).

Then, labeling of PO-MSCs with CD105, CD73and CD90 in frozen NPs tissue sections revealed PO-MSCs

mainly located in the epithelial layer (Figure 3C). These observations supported the role of PO-MSCs in tar-

geting the damaged NPs epithelium, which may directly regulate epithelial barrier function.

Next, pHNECs were co-cultured with PO-MSCs to investigate the potential roles of PO-MSCs on EMT and

epithelial barrier function. Meanwhile, TGF-b1 was utilized as a positive control to assess the change of

EMT. Similar results were obtained with TGF-b1 treatment. Western blot revealed that ZO-1, Occludin,

Claudin-1 and E-cadherin were substantially downregulated, whereas N-cadherin and Vimentin were up-

regulated after co-culture with PO-MSCs (Figure 3D). Besides, RT-qPCR analysis confirmed these results

at mRNA level (Figure 3E). Wound-healing assays showed that PO-MSCs promoted migration ability of

pHNECs as well as TGF-b1(Figure 3F). Subsequently, ZO-1 (green) and Occludin (red) immunofluorescence

staining demonstrated that, like TGF-b1, PO-MSCs further strengthened the destruction of the epithelial

barrier (Figures 3G and 3H). Permeability assays also showed that, as expected, PO-MSCs promoted the

permeability ability of pHNECs (Figure 3I). Overall, these findings indicated that PO-MSCs facilitated

the EMT and epithelial barrier destruction, which may contribute to NPs formation and progression.

Conditioned medium from PO-MSCs (CM), but not extracellular vesicles derived from PO-

MSCs (PO-MSCs-EVs), was crucial for PO-MSCs functions

MSCs are recruited to pathological microenvironments and secrete EVs with the same effects as MSCs.21,37

To further confirm whether PO-MSCs regulated the EMT and epithelial barrier function by secreting EVs,

we isolated EVs from PO-MSCs (PO-MSCs-EVs). Western blot analysis demonstrated that specific EVs

markers, such as ALIX, TSG101, CD9, CD63, and flotillin-1 were highly enriched, whereas neither

actinin-4 and albumin were not expressed in PO-MSCs-EVs (Figure 4A). TEM analysis demonstrated that

the EVs had a typical lipid bilayer morphology (Figure 4B). Furthermore, PKH-67 labeling indicated that

PO-MSCs-EVs were taken up by pHNECs (Figure 4C). At the same time, we treated PO-MSCs with the

EVs biosynthesis inhibitor GW486938 and harvested CM.

Next, PO-MSCs, PO-MSCs-EVs and CM were co-cultured with pHNECs, then changes in EMT and barrier

function were evaluated. TGF-b1 was a positive control to assess the change of EMT. Surprisingly, western

blot showed that CM, like PO-MSCs, promoted EMT and impaired epithelial barrier function, as evidenced

Figure 1. Continued

(B and D) The intensities of protein bands were quantified using densitometry and normalized to GAPDH expression.

(E) Expression of ZO-1, TGF-b1, and EMT markers in tissues, as measured via immunohistochemical analysis. Scale bar: 20 mm.

(F) Comparison of immunohistochemical staining scores between control and NPs tissues.

(G–I) Correlation analysis of ZO-1, N-cadherin, Vimentin, and E-cadherin. All data represent the mean G SEM of three independent experiments. *p< 0.05

compared with the control. NPs, nasal polyps; Control, control tissues; IHC, immunohistochemistry; EMT, epithelial-to-mesenchymal transition; ZO-1, zona

occludens-1; TGF-b1, transforming growth factor b1; E-Cad, E-cadherin; N-Cad, N-cadherin.
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Figure 2. TGF-b1 induced EMT and barrier disruption in pHNECs

(A) Protein expression of ZO-1, E-cadherin and Vimentin after stimulation, as detected via western blot at different times.

(B) The intensities of protein bands were quantified using densitometry and normalized to GAPDH.

(C) Wound-healing assays were used to determine the effects of TGF-b1 on the migration of pHNECs. Scale bar: 200 mm.

(D) Analysis of the relative area of wound healed rate of cells in wound-healing assays.

(E) Representative immunofluorescence photomicrographs of ZO-1 and Occludin showing changes in cellular tight

junctions after TGF-b1 stimulation. Scale bar: 20 mm.

(F) Quantification of total extent of barrier formation efficiency in each treatment group. Five visual fields were randomly

selected in each microscopic field and counted the number of cells forming tight intercellular adhesions. Each point

represents the mean of five visual fields.

(G) Permeability of pHNECs treated with TGF-b1, as measured via permeability assays. All data represent the mean G

SEM of three independent experiments. *p< 0.05 compared with the control or 0 h group. E-Cad, E-cadherin; ZO-1, zona

occludens-1; TGF-b1, transforming growth factor b1; Mock, mock treated.
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by reduction in ZO-1, Occludin, Claudin-1 and E-cadherin and increase in Vimentin and N-cadherin, as

compared to PO-MSCs-EVs (Figure 4D). Correspondingly, RT-qPCR analysis indicated the same results

at the mRNA level (Figure 4E). In addition, wound-healing assays also suggested that CM significantly pro-

moted pHNECs migration ability as same as PO-MSCs (Figure 4F). Consistent with above findings, perme-

ability assays and immunofluorescence staining showed that both PO-MSCs and CM significantly

enhanced permeability and epithelial barrier destruction compared with PO-MSCs-EVs, and CM had the

strongest effects (Figures 4G, 4H and 4I). Collectively, these findings indicated that CM, but not PO-

MSCs-EVs, significantly enhanced EMT and epithelial barrier destruction in pHNECs.

PO-MSCs derived IGFBP2 promoted EMT and epithelial barrier destruction in pHNECs

MSCs exert their functions through the secretome, including soluble proteins, nucleic acids, and lipids,

which show similar effects to those MSCs.39,40 Therefore, we next investigated whether PO-MSCs pro-

moted EMT and epithelial barrier destruction in pHNECs by secreted proteins, including IGFBP2, matrix

metalloproteinase 9 (MMP9), monocyte chemotactic protein-1 (MCP-1), vascular endothelial growth

factor A (VEGFA) and interleukin-1b (IL-1b), all of which are associated with pathogenic biological

behaviors.26,41,42 Remarkably, compared with mock control and PO-MSCs-EVs, only IGFBP2 was signifi-

cantly enriched in PO-MSCs-CM (Figure 5A). Moreover, we also examined the levels of IGFBP2, TGF-b1,

MMP9, MCP-1, VEGFA and IL-1b in CM from PO-MSCs and inferior turbinate tissues derived MSCs

(C-MSCs). Western blot found that only IGFBP2 was only significant differentially enriched in PO-MSCs-

CM compared with C-MSCs-CM, whereas TGF-b1 and MMP-9 enriched both in two cells, but no obvious

alteration was observed between them (Figure 5B). Next, we evaluated the roles of IGFBP2 in pHNECs.

As shown in Figures 5C and 5D, stimulation of IGFBP2 markedly promoted EMT and epithelial barrier

destruction, which was consistent with the treatment by PO-MSCs. We also found that silencing IGFBP2

in PO-MSCs was associated with inhibition of EMT and epithelial barrier destruction of pHNECs by

transfecting with siRNA against IGFBP2. Further analyses showed that IGFBP2 was mainly expressed by

CD73-positive and CD105-positive PO-MSCs in NPs tissues. Notably, co-localization of IGFBP2 and

PO-MSCs on the epithelium and lamina propria was clearly observed in NPs (Figure 5E). Subsequently,

we explored the correlations between PO-MSCs, ZO-1 and deposition of IGFBP2, and the results showed

that ZO-1 downregulation was related to PO-MSCs infiltration and IGFBP2 enrichment, with an inverse as-

sociation (Figure 5F). As expected, correlative analysis showed that the number of PO-MSCs is inversely

proportional to the expression of ZO-1 and positively correlated with IGFBP2. The fluorescence intensity

analysis showed a negative correlation between ZO-1 and IGFBP2 (Figures 5G–5I). TGF-b1, as a positive

control in this study, is a cytokine with pleiotropic functions including regulation of extracellular matrix re-

modeling. In humans, TGF-b1 has been found to be the most abundant isoform and is widely expressed by

most cells.43 We found that TGF-b1 was enriched both in PO-MSCs-CM and C-MSCs-CM, but no obvious

difference was observed between them. To verify the relation among TGF-b1 with PO-MSCs and ZO-1 via

Immunofluorescence staining. The results showed that ZO-1 reduction was associated with both CD73-

positive PO-MSCs infiltration and TGF-b1 enrichment in NPs (Figure 5J). To further clarify the major facil-

itator in EMT and epithelial barrier destruction of PO-MSCs, immunofluorescence staining and ELISA were

performed to probe the cellular origin of TGF-b1 in the NPs microenvironment. The results showed

that TGF-b1 was derived from fibroblasts, neutrophils, eosinophils and PO-MSCs, especially dominated

Figure 3. PO-MSCs promoted EMT and epithelial barrier destruction in pHNECs

(A) Microscopy reveals monolayer morphology of PO-MSCs. Scale bar:100 mm. Adipogenic and osteogenic differentiation potential of PO-MSCs. Scale

bar:20 mm and 50 mm.

(B) Flow cytometry analyses showed the both positive and negative surface markers of PO-MSCs.

(C) Immunofluorescence staining of PO-MSCsmarkers (CD105, CD73, CD90) demonstrated the localization of PO-MSCs in the epithelial layer of NPs tissues.

Scale bar:50 mm.

(D) Analysis of protein expression of ZO-1, Occludin, Claudin-1 and EMTmarkers in pHNECs treated with TGF-b1 or co-cultured with PO-MSCs, as examined

using western blot.

(E) RT-qPCR showed the mRNA expression levels of EMT markers in pHNECs treated with TGF-b1 or co-cultured with PO-MSCs.

(F) Wound-healing assays were used to detect the relative migration rates of pHNECs. Scale bar: 200 mm.

(G) Representative immunofluorescence photomicrographs of ZO-1 and Occludin showing changes in cellular tight junctions of pHNECs under different

stimulation. Scale bar: 20 mm.

(H) Quantification of total extent of barrier formation efficiency in each treatment group. Five visual fields were randomly selected in each microscopic field

and counted the number of cells forming tight intercellular adhesions. Each point represents the mean of five visual fields.

(I) Permeability assays were used to measure the paracellular permeability of pHNECs. All data represent the mean G SEM of three independent

experiments. * &p< 0.05 compared with the control group. RT-qPCR, reverse transcription quantitative polymerase chain reaction (qPCR). ZO-1, zona

occludens-1; TGF-b1, transforming growth factor b1; E-Cad, E-cadherin; N-Cad, N-cadherin. Mock, mock treated.
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Figure 4. CM enhanced EMT and epithelial barrier destruction in pHNECs

(A) Western blot detected the EVs markers.

(B) Transmission electron microscopy of PO-MSCs-EVs. Scale bar: 200 nm.

(C) Confocal microscopy analysis of the uptake of PKH67-labeled (green fluorescence) PO-MSCs-EVs by pHNECs. Scale bar: 25 mm.
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by fibroblasts rather than PO-MSCs, which is consistent with previous studies44 (Figures S1A–S1E).

Meanwhile, ELISA was performed to detect the expression of IGFBP2 in pHNECs and those above cells,

the results suggested IGFBP2 was significantly enriched in PO-MSCs (Figure S1F). Finally, to determine

whether the role of IGFBP2 is related to TGF-b1, we added si-TGF-b1 to block the effects of it in

PO-MSCs before co-culture with PHNECs. Our results showed that PO-MSCs still promoted EMT and

epithelial damage, even in the presence of TGF-b1 knockdown, which indicating that IGFBP2 does not

rely upon TGF-b1 for its role (Figure 5K). Taken together, these results suggested that IGFBP2 was essential

for EMT and epithelial damage caused by PO-MSCs in NPs microenvironment.

Secreted IGFBP2 activated the FAK pathway to mediate dysregulation of EMT and epithelial

barrier function in NPs

To further investigate themechanism by which IGFBP2 induces EMT and barrier destruction, we focused on

the FAK pathways. We first evaluated the activation state of FAK in IGFBP2-treated pHNECs. As shown in

Figure 6A, in comparison with total FAK, phosphorylated FAK (p-FAK) activation was observed after

IGFBP2 stimulation or incubation with PO-MSCs, and downstream phosphorylated MEK1/2 (p-MEK1/2)

was also enhanced. In the light of the crucial function of p-FAK in EMT, which was regulated by IGFBP2,

we performed rescue experiments using PF573228 (a FAK-specific inhibitor45,46) to investigate the relative

contributions of FAK pathways to IGFBP2-mediated EMT and barrier destruction. pHNECs derived from

NPs tissues (PO-pHNECs) were stimulated with different concentrations of PF573228 (0, 2.5, 5 and

10 mmol) for 6 and 12 h, and then harvested for future experiments. We first evaluated the effects of con-

centration and exposure time of various treatments of the PF573228. Western blot showed that the active

suppressive effect of the FAK inhibitor was dose- and time-dependent (Figures S2A and S2B). Treatment of

PO-pHNECs with PF573228 resulted in upregulation of ZO-1, Occludin, Claudin-1 and E-cadherin, but

downregulation of IGFBP2, vimentin, and N-cadherin. Meanwhile, we also found that suppression of

FAK activity with PF573228 significantly inhibited EMT and barrier destruction mediated by IGFBP2. Recip-

rocally, suppression of FAK activity rescued EMT process and barrier destruction in IGFBP2-silenced

pHNECs (Figure 6B). Wound-healing assays also showed that pHNECs migration was inhibited by

PF573228compared with IGFBP2 alone. However, the combination of the two reagents rescued the inhib-

itory effects (Figures 6C and 6D). Finally, as further validation of these results, immunofluorescence and

permeability assays showed that PF573228 alone increased ZO-1 and Occludin expression and decreased

permeability. By contrast, the combination of PF573228 and IGFBP2 partially neutralized this suppressive

effect (Figures 6E–6G). Taken together, these findings illustrated that the FAK signaling pathway was a

crucial mechanism by which PO-MSCs-secreted IGFBP2 mediated EMT and barrier destruction in NPs

microenvironment.

FAK is essential for IGFBP2 to promote EMT and barrier destruction of nasal mucosa in vivo

To this end, we performed in vivo experiments to further certify our findings in vitro experiments. The

detailed description of the operation method is shown in Figure 7A. At the scheduled time, mice were

killed after anesthesia and collected the sinonasal specimens. As shown in Figure 7B, exogenous

IGFBP2 stimulation promoted the destruction of epithelial junctions, thickened basement membrane,

and eosinophil infiltration in the nasal mucosa of mice, which is in line with the TGF-b1 positive control

do. As expected, the high concentration of IGFBP2 (20 mg/kg) showed more dramatic in epithelial injury

and treatment with the FAK inhibitor PF573228 can reverse the effects of IGFBP2 in mice model. We

next examined the expression of IGFBP2 and EMT markers by immunofluorescence assay. The results dis-

played a co-localization among IGFBP2, E-cadherin and Vimentin in nasal epithelial layers of mice under

Figure 4. Continued

(D) Western blot detected the epithelial barrier and EMT-related markers.

(E) RT-qPCR detected the mRNA expression levels of EMT-related markers.

(F)Wound-healing assays were used to detect the migration ability of pHNECs. Scale bar: 200 nm.

(G) Permeability assays were used to measure the paracellular permeability of pHNECs.

(H) Representative immunofluorescence photomicrographs of ZO-1 and Occludin showing changes in cellular tight junctions of pHNECs under different

stimulation. Scale bar: 20 mm.

(I) Quantification of total extent of barrier formation efficiency in each treatment group. Five visual fields were randomly selected in each microscopic field

and counted the number of cells forming tight intercellular adhesions. Each point represents the mean of five visual fields. All data represent the mean G

SEM of three independent experiments. *p< 0.05 compared with the control group. &p< 0.05 compared with the control and PO-MSCs-EVs co-culture

group. RT-qPCR, reverse transcription qPCR. ZO-1, zona occludens-1; TGF-b1, transforming growth factor b1; E-Cad, E-cadherin; N-Cad, N-cadherin. Mock,

mock treated.
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the IGFBP2 stimulation, but these changes blocked in the presence of PF573228 (Figures 7C and 7D).

Meanwhile, immunofluorescence assay also showed that exogenous IGFBP2 stimulation resulted in

ZO-1 downregulation, whereas the addition of PF573228 reversed IGFBP2-induced ZO-1 reduction and

barrier disruption in mice. (Figures 7E and 7F). To further confirm that we performed histochemical assay

again. The results were consistent with above data (Figures S3A and S3B). In sum, our experimental data

from in vivo assay illustrated that IGFBP2 mediated EMT and epithelial barrier dysfunction through the

FAK signaling pathway, which was concordant with the in vitro findings.

DISCUSSION

CRSwNP is a common chronic inflammatory disease of the respiratory tract, affecting approximately 0.5–

4% of the total population,1 causing considerable reductions in patient quality of life, and increasing the

economic burden on society. EMT and mucosal epithelial barrier disruption are commonly observed in

NPs and are crucial for elucidating the mechanisms that underlie the development of NPs.2,5,15 The barrier

function of the nasal mucosa is orchestrated by epithelial cell-cell junctions, including apical TJs and under-

lying adherens junctions.47 Particularly critical for maintaining epithelial integrity, ZO-1, Occludin and

Claudin-1 are important component of TJs.35 During EMT, intercellular adhesions and junctions are weak-

ened, nasal mucosa is damaged and basement membrane thickens, ultimately leading to NPs formation.48

In this study, we confirmed the downregulation of ZO-1 and aberrant epithelial barrier function in tissues

and pHNECs in NPs microenvironment. Moreover, EMT was involved in NPs, consistent with previous

findings.4,6 However, certain factors still require consideration. Although emerging evidence highlights

the important role of the microenvironment containing various cell types and bioactive molecules in the

pathogenesis of NPs,8,49 the specific underlying molecular mechanisms have not yet been fully elucidated,

particularly in regarding the role of PO-MSCs in the pathogenesis of NPs.

MSCs can be isolated from various tissues and effectively cultured in vitro. PO- MSCs, a type of MSCs

derived from NPs tissues, have the basic characteristics of MSCs, but share different gene expression

profiles compared with BM-MSCs.8 In addition, Chiarella et al. showed that although PO-MSCs exhibit

the same typical antigen expression as MSCs from non-NPs mucosa tissues, they are deficient in adipose

differentiation.50 These results suggest that PO-MSCs may play roles different from other MSCs in the local

microenvironment of the nasal cavity, which may be implicated in the development of NPs. Thus, in the

current study, we assessed the impact of PO-MSCs on modulation of the NPs microenvironment. First,

we isolated PO-MSCs from fresh NPs tissues. After characterization of the PO-MSCs phenotype and differ-

entiation, the cells were co-cultured with pHNECs, and destruction of the epithelial barrier was observed.

We found that ZO-1, Occludin, Claudin-1 and E-cadherin were downregulated, whereas N-cadherin and

Vimentin were upregulated in pHNECs after co-treatment with PO-MSCs, indicating that PO-MSCs act

similarly to TGF-b1. Moreover, PO-MSCs promotedmigration and permeability of pHNECs. These findings

revealed that PO-MSCs damaged the NPs epithelium, directly driving epithelial barrier dysfunction

and EMT.

MSCs affect the pathological process by secreting EVs and secretome.19–21 Intriguingly, MSCs-EVs play

important roles in inflammatory diseases and have promising roles in various treatments.37,51 However,

in this study, we found that CM obtained from PO-MSCs treated with GW4869, but not PO-MSCs-EVs,

played crucial roles in destroying the epithelial barrier of pHNECs. Accordingly, we hypothesize that the

soluble factors released by PO-MSCs may modulate the inflammatory microenvironment of NPs. Among

the identified PO-MSCs derived pathogenic proteins, we focused on IGFBP2, which regulates EMT.52

Figure 5. PO-MSCs derived IGFBP2 promoted the EMT process and epithelial barrier disruption in pHNECs

(A and B) Western blot detected the expression levels of different soluble proteins.

(C) Western blot detected the epithelial barrier and EMT-related markers in pHNECs.

(D) The intensities of protein bands were quantified using densitometry and normalized to GAPDH expression.

(E) Immunofluorescence staining of CD105, CD73 and IGFBP2 in tissues. Scale bar: 10 mm.

(F) Immunofluorescence staining of CD105, ZO-1 and IGFBP2 in tissues. Scale bar: 10 mm.

(G) Pearson correlations between ZO-1 and IGFBP2.

(H and I) Pearson correlations among ZO-1, IGFBP2 and PO-MSCs numbers.

(J) Immunofluorescence staining of TGF-b1, CD73 and ZO-1 in tissues. Scale bar: 20 mm.

(K)Western blot detected the epithelial barrier and EMT-relatedmarkers in pHNECs. All data represent themeanG SEMof three independent experiments.

*p< 0.05 compared with the control group. &p< 0.05 compared with the IGFBP2 treated group. ZO-1, zona occludens-1; E-Cad, E-cadherin; N-Cad,

N-cadherin. MMP9, matrix metalloproteinase 9; MCP-1, monocyte chemotactic protein-1; VEGFA, vascular endothelial growth factor A; IL-1b, interleukin-1b.
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IGFBP2, as the second most abundant circulating protein, activates inflammatory and immune-related

signaling pathways to regulate disease development.26 In this study, we found that IGFBP2 was signifi-

cantly enriched in CM and co-localized with PO-MSCs in NPs epithelium. In addition, stimulation of

IGFBP2 downregulated ZO-1, Occludin, Claudin-1 and E-cadherin, but upregulated N-cadherin and

Vimentin in pHNECs, suggesting IGFBP2 promotes EMT as well as barrier disruption. Simultaneously,

our findings showed that there was a correlation between ZO-1 reduction and PO-MSCs infiltration. Collec-

tively, these results suggested that IGFBP2 was essential for the effects of PO-MSCs in promoting EMT and

epithelial dysfunction.

Overexpression and activation of FAK is closely associated with cell proliferation, differentiation,

migration, and EMT.30,53,54 In addition, IGFBP2 is significantly associated with FAK phosphorylation.33

Our findings, together with other studies, suggested that IGFBP2 stimulation could activate FAK and

the downstream signaling molecule p-MEK1/2.

In summary, our findings indicated that IGFBP2 secreted from PO-MSCs mediated EMT and epithelial bar-

rier dysfunction through the activation of the FAK signaling pathway in the NPs local microenvironment.

These findings may improve our current understanding of the roles of PO-MSCs in the NPs microenviron-

ment and ultimately contribute to the prevention and treatment of NPs.

Limitations of the study

However, this current study had several limitations. We constructed an EMT model using TGF-b1, which

induced EMT but may partly mirror the pathogenesis of NPs in humans. Importantly, the population

heterogeneity of PO-MSCs needs to be further distinguished and explored based on a large popula-

tion-based sample, which awaits in-depth analysis in follow-up studies. Moreover, to achieve novel

PO-MSCs/IGFBP2-targeted therapies, a further trial with bulk specimens and population-based data are

warranted to probe the effects of PO-MSCs on NPs physiological processes.
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Figure 6. Secreted IGFBP2 activated the FAK pathway to mediate dysregulation of EMT and epithelial barrier function in NPs

(A) Western blot determined the expression of FAK signaling pathway components.

(B) Expression of ZO-1, Occludin, Claudin-1 and EMT markers in pHNECs treated with IGFBP2 or PF573228, as determined using western blot.

(C) Wound-healing assay was used to detect the migration ability of pHNECs treated with IGFBP2 or PF573228.

(D) Permeability of pHNECs treated with IGFBP2 or PF573228, as measured via in vitro permeability assays.

(E) Representative immunofluorescence photomicrographs of ZO-1 and Occludin showing changes in cellular tight junctions of pHNECs under different

stimulation. Scale bar: 20 mm.

(F) Quantification of total extent of barrier formation efficiency in each treatment group. Five visual fields were randomly selected in each microscopic field

and counted the number of cells forming tight intercellular adhesions. Each point represents the mean of five visual fields. All data represent the mean G

SEM of three independent experiments. *p< 0.05 compared with the control group. #p< 0.05 compared with the IGFBP2-treated group. &p< 0.05 compared

with the IGFBP2-treated group. *&p< 0.05 compared with the IGFBP2-treated and PF573228-treated alone group. # &p< 0.05 compared with the si-IGFBP2-

treated and PF573228-treated alone group. PF573228: FAK signaling pathway inhibitor; ZO-1, zona occludens-1; TGF-b1, transforming growth factor b1;

E-Cad, E-cadherin; N-Cad, N-cadherin. Mock, mock treated.
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Antibodies

IGFBP2 Proteintech 11065-3-AP (WB, 1:500; IHC, 1:200)

IGFBP2 Abcam ab188200 (IF, 1:300)

ZO-1 Proteintech 66452-1-Ig (WB, 1:500; IHC, 1:200)

E-cadherin Cell Signaling Technology 14472S (WB, 1:1000; IHC, 1:200; IF,1:100)

N-cadherin Cell Signaling Technology 13116T (WB, 1:1000; IHC, 1:150; IF,1:100)

Vimentin Cell Signaling Technology 5741T (WB, 1:1000; IHC, 1:200; IF,1:100)

TGF-b1 Proteintech 21898-1-AP (WB, 1:500; IHC, 1:200; IF,1:200)

GAPDH Proteintech 10494-1-AP (1:500)

Occludin Proteintech 27260-1-AP (WB, 1:500; IHC, 1:2000; IF,1:500)

Claudin-1 Proteintech 28674-1-AP (WB, 1:500; IHC, 1:200; IF,1:200)

CD73 Fcmacs Biotech Co 12-0739-41

CD90 Fcmacs Biotech Co 12-0909-41

CD105 Fcmacs Biotech Co 12-1057-41

CD34 Fcmacs Biotech Co 12-0349-41

CD45 Fcmacs Biotech Co 12-0459-41

HLA-DR Fcmacs Biotech Co 12-9956-41

IgG Fcmacs Biotech Co 12-4714-82

ALIX Abcam ab275377 (WB,1:1000)

TSG101 Abcam ab125011 (WB,1:1000)

CD9 Abcam ab236630 (WB,1:1000)

CD63 Proteintech 25682-1-AP (WB,1:1000)

Actinin-4 Abcam ab108198 (WB,1:1000)

Albumin Abcam ab207327 (WB,1:1000)

Flotillin-1 Abcam ab133497 (WB,1:1000)

MMP9 Cell Signaling Technology 13667T (WB,1:1000)

MCP-1 Proteintech 66272-1-Ig (WB, 1:500)

VEGFA Proteintech 66828-1-Ig (WB, 1:500)

IL-1b Cell Signaling Technology 12703S (WB,1:1000)

p-FAK Cell Signaling Technology D20B1 (WB,1:1000)

t-FAK Cell Signaling Technology 71433T (WB,1:1000)

p-MEK1/2 Cell Signaling Technology 2338S (WB,1:1000)

t-MEK1/2 Cell Signaling Technology 8727T (WB,1:1000)

CK7 Cell Signaling Technology 4465T (IF,1:200)

MBP Cell Signaling Technology 78896T (IF,1:100)

a-SMA Cell Signaling Technology 19245T (IF,1:200)

MPO Proteintech 6617-1-Ig (IF,1:200)

CY3-TSA Servicebio G1223

FITC-TSA Servicebio G1222

CY5 Servicebio GB27303

Bacterial and virus strains

Synthetic IGFBP2 si-RNA Shanghai Genechem Target seq: ACAGCACCATGAACATGTT
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER (DILUTION)

Synthetic TGF-b1 si-RNA Shanghai Genechem Target seq: CACTGCAAGTGGACATCAA

Biological samples

Mouse tissues This paper N/A

Human IT and NP specimens Affiliated Hospital of

Nantong University

N/A

Chemicals, peptides, and recombinant proteins

DMSO Thermo Fisher Scientific Cat#BP231-100

TGF-b1 PeproTech AF-100-21C

Proteinase K YEASEN 10401ES60

GW4869 Bromisoval 6823-69-4

Alexa Fluor-conjugated secondary antibodies Invitrogen 1832039

Hochest Thermo Fisher Scientific 62249

DAPI Sigma D9542

Fetal Bovine Serum Biological Industries 04-001-1ACS

DMEM Biological Industries C3133-P050K

BEGM Promo Cell C21060

TRIzol reagent BBI B511311

fluorescein isothiocyanate–dextran 4kDa Thermo Fisher Scientific D1844

Critical commercial assays

RIPA Lysis and Extraction Buffer Thermo Fisher Scientific 89900

BCA protein assay kit Pierce 23227

SYBR Green PCR Master Mix Biosystems 00675137

Osteogenesis Cyagen HUXMA-90021

Adipogenic Cyagen HUXMA-90031

PKH-67 labeling kit Sigma PKH67GL

Oligonucleotides

Primer1 for E-cadherin, Forward ATTGCTCAC

ATT TCC CAA CTC C

This paper N/A

Primer1 for E-cadherin, Reverse CTC TGT CAC

CTT CAG CCA TCC

This paper N/A

Primer1 for N-cadherin Forward ATCCTCCAG

AGT TTA CTG CCA TG

This paper N/A

Primer1 for N-cadherin, Reverse ACG GTG

ACT AAC CCG TCG TT

This paper N/A

Primer1 for Vimentin, Forward CCT TGA ACG

CAA AGT GGA ATC

This paper N/A

Primer1 for Vimentin, Reverse GTG AGG TCA

GGC TTG GAA ACA

This paper N/A

Primer1 for GAPDH, Forward ACA TCA AGA

AGG TGG TGA AGC A

This paper N/A

Primer1 for GAPDH, Reverse AAA GGT GGA

GGA GTG GGT GTC

This paper N/A

Primer1 for b-actin, Forward CAG CCA TGT

ACG TTG CTA TC

This paper N/A

Primer1 for b-actin, Reverse CAT GAG GTA

GTC AGT CAG GT

This paper N/A
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by

the lead contact, Jing Chen (chenjing0408@hotmail.com).

Materials availability

This study did not generate new unique reagents.

Data and code availability

Data: All data reported in this paper will be shared by the lead contact upon request.

Code: This paper does not report original code. Any additional information required to reanalyze the data

in this paper is available upon request from the lead contact.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human subjects

In total, 116 patients were recruited for this study. 80 patients with NPs diagnosed according to the Euro-

pean Position Paper on Rhinosinusitis and Nasal Polyps 2020 guidelines (EPOS 2020). Patients with ciliary

dysfunction, cystic fibrosis, autoimmune disease, immunodeficiency, and history of sinus surgery were

excluded. None of the patients had aspirin intolerance. During surgery, polyp tissues from NPs (36 female

and 44 male, 43.3 G 3.93 years old), and inferior turbinate tissues from control subjects (16 female and 20

male, 41.75 G 3.93 years old) were collected.

This study was approved by the Human Ethics Committee of theNantong University Affiliated Hospital, and

all patients provided written informed consent for participation in the study. This study followed the

principles guidelines of the Declaration of Helsinki. Additional patient details are described in Table 1.

Experimental animals BALB/c mice

BALB/c male mice (5-week-old, average weight 20g) were obtained from Laboratory Animal Center of Nan-

tong University, and raised in specific pathogen-free rooms, and maintained conditions were comparable

between all treatments and controls between all groups. All experimental protocols complied with the

Guidelines of the National Institute of Health and the Declaration of Helsinki and were approved by the

Committee on the Use and Care of Animals (No. S20220301-040).

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER (DILUTION)

Primer1 for RPLP0, Forward CAT TGA AAT

CCT GGG TGT CCG

This paper N/A

Primer1 for RPLP0, Reverse TTG ACC TTT TCA

GCA AGT GGG

This paper N/A

Primer1 for RPLP1, Forward AGC TCG CCT

GCA TCT ACT CG

This paper N/A

Primer1 for RPLP1, Reverse GCA TTGATC TTA

TCC TCC GTG A

This paper N/A

Experimental models: Cells

Human: pHNECs This paper N/A

MSCs This paper N/A

Software and algorithms

GraphPad Prism Graphpad Software www.graphpad.com/scientific- software/

prism/

Image processing and analysis ImageJ https://imagej.nih.gov/ij/in Java
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The model-building process consists of two stages: the sensitization stage and challenged stage, but we

made some modifications. First, we took TGF-b1 as the positive control and set the IGFBP2 concentration

gradients (4ug/kg and 20ug/kg) referent to the literature,55–58 we opted for the latter. Mice were divided

into 5 groups (n = 5; either sex): Control, TGF-b1, 4ug/kg IGFBP2, 20ug/kg IGFBP2 and 20ug/kg

IGFBP2 + PF573228. To sensitize the mice, intraperitoneal injection (i.p.) of 200 ml PBS containing oval-

bumin (OVA, 100 mg）emulsified in alum (2mg). Simultaneously, intranasal instillation (i.n.) of 100 ml mixture

combinations of OVA（50 mg）and Aspergillus oryzae (AP, 2 U) for 7 consecutive days. Then, intranasal

instillation 100 ml PBS mixture dissolved OVA, AP and different stimulus on 14 consecutive days from 8

to 21 to challenge the mice. Following 21 days treatments, mice were sacrificed after anesthesia and

collected the sinonasal specimens to measure the nasal epithelial EMT and barrier function of different

groups. EMT and epithelial disruption were microscopically examined from three coronal sections. The

criteria included (1) the expression of epithelial and mesenchymal phenotype, (2) more elevated lesion

than surrounding mucosal folds, and (3) eosinophilic infiltration.59,60

METHOD DETAILS

Cells culture, stimulation and transfection

Primary human nasal epithelial cells (pHNECs) were isolated using an enzymatic method. The obtained

specimens of human healthy mucosa were rinsed recurrently and digested with Proteinase K (YEASEN,

China) in serum-free medium DMEM to further prepare suspensions. Then, cell pellets were resuspended

in serum-free Airway Epithelial Cell Growth-Medium (BEGM, PromoCell, Germany) and cultured under the

condition with 95% humidified air and 5% CO2 at 37
�C. After pHNECs reached about 80% confluency, they

were changed to air-liquid interface (ALI) culture.

For MSCs purification and culture. Single-cell suspensions were prepared by enzymatic digestion of inferior

turbinate and NPs tissues. Simultaneously, suspensions incubation with anti-CD45 and anti-epithelial cell

adhesion molecule (EpCAM) magnetic beads (Miltenyi Biotech), and then passage through amagnetic col-

umn for negative sorting. Subsequently, the bead-negative population were cultured separately at 37�C
with 5% CO2 in complete MesenCult�-ACF Plus Medium (STEMCELL Technologies, China). Trypan blue

exclusion was utilized to assess the viability, and finally calculated the purity and yield of sorted cells. Fresh

medium was replaced every 2–3 days. After reaching 70% confluence and incubated for 48 h to collect

conditioned medium (CM). Moreover, once a uniform monolayer of adherent cells is reached, PO-MSCs

were treated with GW486938 (an inhibitor for EVs release) for 48 h and then collected CM for subsequent

experiments. All experiments were performed with MSCs at passage 3 or 4.

For construction of the EMT cells model, pHNECs were treated with 10 ng/mL human recombinant trans-

forming growth factor-b1 (TGF-b1, PeproTech, USA) for 48 h.

For PO-MSCs and pHNECs siRNA transfection experiments, synthetic IGFBP2 siRNA, TGF-b1 siRNA and

their corresponding controls were obtained from Genechem (Shanghai, China). Lipofectamine 2000 (Invi-

trogen, USA) was used in siRNAs transfection. After 72 h, qRT-PCR or western blot were performed to verify

transfection efficiency. The cells were harvested and utilized for subsequent experiments.

Histology and immunohistochemistry

Histology and immunohistochemistry were performed to verify the expression levels of E-cadherin, Vimen-

tin, N-cadherin, TGF-b1 and zona occludens-1 (ZO-1) in tissue specimens. The following antibodies were

used: anti-E-cadherin (CST, USA), anti-N-cadherin (CST, USA), anti-Vimentin (CST, USA), anti- TGF-b1

(CST, USA) and anti-ZO-1 (Proteintech, China).

Immunofluorescence and triple fluorescence staining

pHNECs were fixed with 4% paraformaldehyde at room temperature for 20 min. Thereafter, cells were

blocked with 5% bovine serum albumin for 1 h, incubated with antibodies at 4 �C overnight, incubated

with Alexa Fluor-conjugated secondary antibodies (Invitrogen, USA), and counterstained with DAPI

(Sigma, USA). Fluorescent images were acquired using a fluorescence microscope.

For triple fluorescence staining, tissue sections were deparaffinized, rehydrate and incubated with citrate

buffer for antigen retrieval. Then, immersed sections in 3% and incubated to block endogenous
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peroxidase. Sections were incubated with primary antibody, followed by incubation with HRP-labeled sec-

ondary antibody in Rocker device. Afterwards, the slides were immersed in CY3-TSA (Servicebio, G1222,

China) and FITC-TSA (Servicebio, G1223, China) solutions and incubated with the second primary antibody

and the third primary antibody and their corresponding secondary antibodies, respectively. The third cor-

responding secondary antibody wasmarked with CY5 (Servicebio, G1223, China). After counterstaining the

nucleus with DAPI and quenching the fluorescence, the slice scanner was used to detect and collect im-

ages. DAPI glows blue by UV excitation wavelength 330–380 nm and emission wavelength 420 nm; FITC

glows green by excitation wavelength 465–495 nm and emission wavelength 515–555 nm; CY3 glows red

by excitation wavelength 510–560 nm and emission wavelength 590 nm. CY5 glows pink by excitation wave-

length 608-648 nm and emission wavelength 672-712nm. (CY5 was originally red, in order to distinguish it

from CY3, we set it to pink light.) The primary antibodies as following: anti-ZO-1 (Proteintech, China), anti-

Occludin (Proteintech, China), anti-IGFBP2 (Proteintech, China), anti-CD105 (CST, USA), anti-CD90 (CST,

USA), anti-CD73 (CST, USA), anti-TGF-b1 (CST, USA), anti-CK7 (CST, USA), anti-MPO (Proteintech, China),

anti-MBP (CST, USA) and anti-a-SMA (CST, USA).

Western blot analysis

Briefly, total protein was extracted using RIPA lysis buffer containing protease inhibitor, phenylmethylsul-

fonyl fluoride and phosphatase. BCA protein assay kit (Pierce, USA) was used to measure protein

concentrations in samples. Approximately 10 mg protein was separated using sodium dodecyl sulfatepo-

lyacrylamide gel electrophoresis. Proteins were then transferred to polyvinylidene difluoride membranes

(Millipore; cat. no. ISEQ00010, USA). The membranes were incubated with the following primary

antibodies: anti-E-cadherin (CST, USA), anti-Vimentin (CST, USA), anti-N-cadherin (CST, USA), anti-TGF-

b1(CST, USA), anti-ZO-1(Proteintech, China), anti-IGFBP2 (Proteintech, China), anti-Occludin (Proteintech,

China), anti-Claudin-1 (Proteintech, China), anti-FAK (CST, USA), anti-MEK1/2 (CST, USA), and anti-glycer-

aldehyde 3-phosphate dehydrogenase (GAPDH; Proteintech, China). ImageJ software was used for

quantification.

Reverse transcription quantitative polymerase chain reaction (RT-qPCR)

pHENCs total RNA was extracted using TRIzol reagent (Invitrogen, USA) and then reverse transcribed into

cDNA. qPCR amplification was conducted using SYBR Green PCR Master Mix (Biosystems, USA) to detect

mRNA expression levels. The relative gene expression was calculated by the change-in-threshold 2-DCT

method. GAPDH served as endogenous control for normalization.

Epithelial permeability assay

To assess epithelial permeability, a surrogate marker of layer integrity was measured by using fluorescein

isothiocyanate–dextran 4 kDa (Thermo, USA). pHNECs were seeded into 0.4 mm Transwell chambers

(Costar, USA) in 24-well plates. After cells reached confluence, fluorescein isothiocyanate-dextran (1 mg/

mL) was added to the upper chamber in ALI culture. Fifty microliters sample was collected from the lower

chamber at different time points, and a fluorescence plate reader (Lambda Fluoro 320; Germany) was used

to measure the optical density value to quantify permeability changes.

Wound-healing assay

pHNECs were plated into six-well plates and performed different treatment for 48 h. Next, the confluent

cell layer was scratched and rinsed with phosphate-buffered saline (PBS), and then the fresh medium

was replaced. The area of wound healed was monitored, and representative wounds were photographed

using an optical microscope (Zeiss, Jena, Germany).

Flow cytometry

Single-cell suspensions of PO-MSCs were incubated with anti-CD73, anti-CD90, anti-CD105, anti-CD34,

anti-CD45, and anti-HLA-DR antibodies in the dark. All antibodies were purchased from Fcmacs Biotech

Co (China). PO-MSCs were washed and resuspended in PBS, and then detected using a flow cytometer.

Propidium iodide (Sigma-Aldrich, Germany) was used to eliminate dead cells and debris. All data were

analyzed by FlowJo software (FlowJo).
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Osteogenesis and adipogenic differentiation

To evaluate the multipotential differentiation, third-passage PO-MSCs were seeded in six-well plates and

cultured at a density of 2 3 105 cells per well. After the PO-MSCs reached about 80% confluence, their

culture medium was changed to osteogenesis differentiation medium or adipogenic differentiation

medium (all from Cyagen, Guangzhou, China) and induction 21 days according to the manufacturer’s

protocol, respectively. Then, Oil Red staining and Alizarin Red S staining were subjected to verify the

adipogenic differentiation and osteogenic differentiation, respectively.

Isolation and identification of extracellular vesicles (EVs)

In short, supernatants were conducted differential centrifugation to remove the cell debris. Then, 0.2-mm

filter (Sarstedt, Germany) and qEV size-exclusion columns (iZON Science, Christchurch, New Zealand) were

utilized to further purification. Subsequently, the supernatant was ultracentrifuged (Type 90 Ti rotor; Beck-

man Coulter, CA, USA) at 100,000 3 g for 60 minat 4�C to generate EVs pellets. Finally, the pellets were

washed once with PBS and frozen at �80�C for further experiments.

For identification of EVs, western blot analysis showed that the EVs specific markers (ALIX, TSG101, CD9,

CD63 and Flotillin-1) were highly enriched in EVs derived from PO-MSCs. The primary antibodies we used

were: anti-CD9 antibody (Abcam, USA), anti-CD63 antibody (Proteintech, China), anti-TSG101 antibody

(Abcam, USA), anti-ALIX antibody (Abcam, USA), anti-Flotillin-1 antibody (Abcam, USA), anti-actinin-4

antibody (Abcam, USA) and anti-albumin antibody (Abcam, USA). Transmission Electron Microscope

(JEM-1230; JEOL, Ltd., Tokyo, Japan) was utilized to observe the morphology of EVs. Uptake experiments

were performed with a PKH-67 labeling kit (Sigma, USA) for labeling EVs to observe cellular uptake of EVs.

Cell culture and ELISA aassay

Neutrophils (BFN-60804794) and eosinophils (BFN-607200671) were purchased from BFB company (China).

Fibroblasts (KCB 200537) were obtained from Cell Bank of Typical Culture Preservation Commission,

Chinese academy of Sciences.

TGF-b1 and IGFBP2 in the cells supernatant were determined via an enzyme-linked immunosorbent assay

(ELISA) by available ELISA sets (ExCellBio and Elabscience, China) in accordance with the manufacturer’s

instructions. Optical densities were measured in an ELISA platereader at 450-nm wave length. All samples

were measured in triplicate.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using GraphPad Prism and SPSS software (IBM Corp.,USA). All data were

expressed as meansG standard deviations from at least three independent experiments. Student’s t-tests

and one-way analysis of variance were applied to determine statistical significance. Qualitative variables

were evaluated using Fisher exact tests. Correlation analysis was performed using Spearman and Pearson

correlation analyses. Results with p values less than 0.05 were considered statistically significant.
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