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Abstract 

 

Autologously-Cultured Nasal Epithelium for Restoration of 
Mucosal Defect in Airway 

 
 

Chang-Hoon Kim 

 

Department of Medicine 

The Graduate School, Yonsei University 

 

(Directed by Professor Joo-Heon Yoon) 

 

SSkin graft is the most widely used method for reconstructing the luminal side of 

the airway. However, when skin, the squamous epithelium, is used as a substitute for 

the ciliated columnar epithelium of the airway, several problems such as mucus 

stagnation, constriction of the graft, desquamation, re-growth of hair, or an unpleasant 

odor may arise.  This study aimed to identify whether the autologously-cultured nasal 

epithelial cells can be used for restoration of mucosal defect in airway. First, we 

examined whether the nasal keratinizing squamous epithelium can be changed into 

mucociliary epithelium by retinoic acid in the genetic and phenotypic levels. Second, 

we identified the proteins that were related to the phenotypic change of squamous 

epithelium into mucociliary epithelium by retinoic acid with proteomics. Third, we 

examined whether the differentiation of the grafted autologously-cultured squamous 

epithelium into ciliated epithelium took place in vivo. Lastly, we examined the poly-

DL-lactic-co-glycolic acid (PLGA) membrane as a biodegradable scaffold for 

squamous epithelium transfer. Nasal epithelial cells were isolated from the middle 

turbinate of a patient and expanded by cell culture. Squamous epithelium was induced 

in vitro by deleting retinoic acid from the culture media, and then mucociliary 
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epithelium was induced by adding retinoic acid in the culture media. Messenger RNA 

was collected from each condition and RT-PCR for MUC5AC and MUC8, and 

Northern blot analysis for cornifin-α was conducted. Morphologic observation was 

conducted with light microscope and scanning electron microscope. Proteomic 

analysis was performed on the proteins that were regulated during mucociliary 

differentiation of squamous epithelium. Cultured squamous epithelium was used as a 

graft to reconstruct the luminal side of the airway in vivo. Thereafter, endoscopic and 

histologic examinations were performed to identify the phenotypic changes of the 

grafted squamous epithelium into mucociliary epithelium. To examine the cellular 

toxicity of PLGA membrane on NHNE cells, we cultured NHNE cells on newly 

synthesized PLGA membrane and analyzed the morphologic changes with scanning 

electron microscope. MUC5AC and MUC8 mRNA expression were decreased as a 

function of squamous differentiation and were increased as a function of mucociliary 

differentiation by retinoic acid. In the morphologic examination with light microscope 

and scanning electron microscope, keratinizing squamous epithelium was changed to 

mucociliary epithelium by retinoic acid treatment. In the proteomic analysis, 

cytokeratin 19 and cytokeratin 7 were upregulated by retinoic acid, and cytokeratin 1 

and squamous cell carcinoma antigen 1 were downregulated by retinoic acid. In vivo 

study, the grafted squamous epithelium differentiated into ciliated columnar 

epithelium, which is the typical phenotype of the human airway epithelium, three 

months after surgery. NHNE cells were well differentiated into mucociliary 

epithelium on the PLGA membrane indicating PLGA membrane has no cellular 

toxicity and can be used as a scaffold for squamous epithelial transfer. In conclusion, 

we suggest that autologously-cultured nasal squamous epithelium can be used for 

restoration of mucosal defect in airway. 

 

Key words: autologously-cultured nasal epithelium, squamous epithelium, 

mucociliary epithelium, retinoic acid, differentiation, graft, proteomics, PLGA
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I. INTRODUCTION 
 

Some cases of sinonasal malignancies and tracheal tumors require complex 

reconstruction of major facial defects after the primary lesion has been removed.  

Such surgical defects have been successfully reconstructed using a three-dimensional 

free-flaps.1,2 The airway side of the free flap is usually grafted with skin. In addition, 

a skin graft or an epithelial equivalent3 may be applied to the denuded area of the 

trachea after removing the lesion, especially in some cases of tracheal stenosis. To 

date, skin4,5 has been most widely used to reconstruct the luminal side of the airway, 

because it is the most effective graft material. 

 

However, there are well-known problems associated with the use of skin, when 

squamous epithelium is used to substitute for the ciliated columnar epithelium of the 

airway. These problems include mucus stagnation due to no mucociliary clearance, 

constriction of the graft, desquamation, re-growth of hair, and an unpleasant odor.6,7  
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On the other hand, if ciliated columnar epithelium were used as the graft material, 

theoretically these problems would not exist.  

 

Previously, the authors induced keratinizing squamous epithelium in vitro using nasal 

epithelial cells obtained from patients and were able to observe that squamous 

epithelium differentiated into mucociliary epithelium by retinoic acid (RA) 

treatment.8 This study aimed to identify whether autologously-cultured nasal 

epithelial cells can be used for restoration of mucosal defect in airway. First, we 

examined whether nasal keratinizing squamous epithelium can be changed into 

mucociliary epithelium by RA treatment in the genetic and phenotypic levels. Second, 

we identified the proteins that were related to the phenotypic change of squamous 

epithelium into mucociliary epithelium by RA treatment with proteomics. Third, we 

examined whether the differentiation of grafted autologously-cultured squamous 

epithelium into ciliated epithelium took place in vivo. Lastly, we examine the PLGA 

(poly-DL-lactic-co-glycolic acid) membrane as a biodegradable scaffold for 

squamous epithelium transfer. 
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II. MATERIALS AND METHODS 

 

1. Induction of squamous and mucociliary epithelium in vitro  
 

A. Cell culture and sample collection 

The passage-2 normal human nasal epithelial (NHNE) cells (1 x 105cells/culture) 

were seeded in 0.5 ml of the culture medium on a 24.5 mm, 0.45 µm pore size, 

Transwell-clear (Costar Co., Cambridge, MA, USA) culture insert. The cells were 

cultured in a 1:1 mixture of basal epithelial growth medium (BEGM): Dulbecco's 

modified Eagle's medium (DMEM) containing all the supplements previously 

described.8 The cultures were grown submerged for the first 9 days without retinoic 

acid (RA), during which time the culture medium was changed on day 1 and every 

second day thereafter. The air-liquid interface (ALI) was created on day 9 by 

removing the apical medium and only feeding the cultures from the basal 

compartment. The culture medium was changed daily after creating the ALI. The 

total RNA was collected as described previously8 at 2, 7, and 14 days after confluence 

to determine the MUC5AC and MUC8 mRNA levels and samples for morphologic 

observation were collected at 7 and 14 days after confluence. Thereafter, remaining 

wells were fed with RA containing media. The total RNA and morphologic samples 

were collected at 1, 2, 4, 7, and 14 days after RA treatment. 

 

B. Reverse transcription-polymerase chain reaction (RT-PCR) for MUC5AC 

and MUC8 

The oligonucleotide primers for MUC5AC and MUC8 were designed according 

to the published sequences.9 The oligonucleotide amplimers for β2M, which was used 

as a control gene for RT-PCR, were purchased from Clontech Laboratories (Palo Alto, 

CA, USA; they generated a 335-bp PCR fragment). RT-PCR was performed using a 

Perkin-Elmer Cetus DNA Thermal Cycler (Perkin-Elmer, Norwalk, CT, USA) 
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according to the manufacturer’s recommendations. The total RNA (1 µg/20 µL 

reaction volume) was reverse transcribed into the complementary DNA (cDNA) 

using random hexanucleotide primers and the Moloney murine leukemia virus reverse 

transcriptase (RT). Denaturation was carried out at 95°C for 1 minute. The annealing 

temperature was 60°C for MUC5AC for 1 minute and was 55°C for MUC8 for 1 

minute. Extension was performed at 72°C for 1 minute. Comparative kinetic analysis 

was used to compare the mRNA levels for each gene. The PCR products were 

separated by electrophoresis on a 2% Seakem agarose gel (FMC, Rockland, ME, 

USA) containing 50 ng/mL ethidium bromide and photographed using the Polaroid 

type 55 film. Negative controls were performed by omitting reverse transcriptase 

from the RT reaction in order to verify that the amplified products were from the 

mRNA and not genomic DNA contamination. No PCR products were observed in the 

absence of RT. 

 

C. Northern blot analysis for cornifin-α 

Total RNA was isolated from pools of triplicate cultures using Tri-Reagent 

(Molecular Research Center, Cincinnati, OH, USA). Five micrograms of RNA 

samples were separated in 1.4% agarose-formaldehyde gel electrophoresis and 

transferred overnight onto Nytran membrane (Schleicher & Schuell, Keene, NH, 

USA) by capillary action. The filters were dried, baked for 2 h at 80°C, and 

prehybridized for 30 min at 68°C in 15 ml of QuickHyb Hybridization solution 

(Stratagene, La Jolla, CA, USA). Radiolabeling of 20 to 50 ng of cornifin-α cDNA10 

fragment was performed using redi-Prime random primer labeling kit (Amersham 

Biosciences, Piscataway, NJ, USA) and [α-32P] deoxycitidine triphosphate (DuPont 

NEN, Wilmington, DE, USA) according to manufacturer's recommendations. The 

filters were hybridized with the radiolabeled probes (specific activity of ~ 109 cpm/µg 

DNA) and 1 mg of boiled salmon sperm DNA for 1 h at 68°C. Membranes were 

washed three times with 2× saline sodium citrate (SSC)/0.1% sodium dodecyl sulfate 

(SDS) for 15 min at room temperature, once for 30 min at 60°C in 0.1× SSC/ 0.1% 
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SDS, and once for 5 min at room temperature in 0.1× SSC/0.1% SDS. Membranes 

were placed in contact with Hyperfilm-MP autoradiography film (Amersham 

Biosciences, Piscataway, NJ, USA) with an intensifying screen at room temperature 

for 30 to 60 min. Equivalent loading of the RNA samples was determined by ethidium 

bromide staining of 28S ribosomal RNA of the agarose-formaldehyde gel.  

 

D. Morphologic examination 

Cultured cells were examined daily using a phase contrast light microscope 

(Olympus Light Microscope, Vanox-S type, Japan). For examination of cell 

morphology, the cultured cells on the permeable membrane were fixed in 10% 

buffered neutral formalin, embedded in paraffin, and then sectioned. They were 

stained with hematoxylin and eosin. For scanning electron microscopic studies, the 

cultured cells on the porous membrane were fixed with chilled 2.5% glutaraldehyde 

for 4 – 6 hours and were then washed with 0.1 M phosphate-buffered saline (PBS). 

The cells were post-fixed with 1% osmium tetroxide for 2 hours. Specimens were 

observed using a scanning electron microscope (SEM; H-800, Hitachi, Japan). 

 

2. Proteomic analysis of regulated proteins when NHNE cells differentiate 

from squamous to mucous epithelium in vitro 

 

A. Cell culture and treatment 

The passage-2 NHNE cells were cultured with ALI technique as mentioned above. 

Samples for proteomic analysis were harvested 0, 6, 12, 24, 48 and 96 hours after RA 

treatment (previously cultured without RA for 14 days). Cell surface was washed with 

sterile PBS twice, and samples were harvested. 
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B. Two-dimensional polyacrylamide gel electrophoresis (2-D PAGE) 

(A) Sample preparation 

The cells were removed immediately and stored at –80°C after freezing in liquid 

nitrogen prior to preparation for 2-D PAGE. The samples were collected and 

homogenized in 400 µl lysis buffer (7M urea, 2M thiourea, 2% CHAPS, 2% 

Pharmalyte pH 3-10 [Pharmacia Corporation, Peapack, NJ, USA], 100 mM DTE) and 

protease inhibitor (complete protease inhibitor cocktail tablets, Roche Applied 

Science, Indianapolis, IN, USA) was added. To remove solid parts, the samples were 

centrifuged at 12,000 x g at 4°C for 1 hr. The supernatant was transferred into new 

microcentrifuge tube. Solubilized protein samples were analyzed quantitatively by 

Bradford methods, and divided into 1 mg protein per aliquots and stored at –80°C. 

 

(B) 2-D PAGE 

The proteins were diluted in lysis buffer to make final 450 µl. The samples were 

applied to the 240 mm, immobilized pH gradient (IPG) strips of pH 3-10, nonlinear 

(IPG Drystrips, Amersham Biosciences, Piscataway, NJ, USA), which was rehydrated for 

at least 10 hrs. After rehydration, the strips were focused at 100V for 1 hr, 300V for 1 

hr, 600V for 1 hr, 1,000 V for 1 hr, 2,000V for 1 hr and finally at 3,500V for 22 hrs so 

as to obtain approximately 75,000 VHr (Multiphore, Amersham Biosciences., 

Piscataway, NJ, USA). Once isoelectric focusing (IEF) was completed, the strips 

were equilibrated in 6M urea containing 20% glycerol, 2% SDS and 0.01% 

bromophenol blue (BPB) with 10 mM tributyl phosphine (TBP). SDS-PAGE was 

performed using 10-18% T, gradient gel without stacking gel using the EttanDalt 

system (Hoefer, San Francisco, CA, USA). Two-dimensional electrophoresis was 

carried out overnight with 2 W/gel at 20°C. The gels were stained with Coomassie 

Blue G-250 (Bio-rad, Hercules, CA, USA). 
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(C) Protein visualization and software analysis 

The stained gels were scanned using GS-800 Calibrated Densimeter (Bio-rad, 

Hercules, CA, USA) and analyzed with the Mellanie III (SIB, Sweden). Digitized 

images were compared by matching method. Differentially expressed spots were 

analyzed (greater than 3-fold increase and more than 0.33-fold decrease in intensity).  

 

(D) Sample preparation for mass spectrometry 

The gel pieces were washed in water for 1 hr, then in 40% methanol, 100% 

acetonitrile (ACN), 50 mM ammonium bicarbonate (ABC), pH 8.0 (1-3 times, 

approximately for 10 min each) in pre-siliconized Eppendorf tubes (PGC Scientific, 

Frederick, MD, USA) and finally dehydrated in a vacuum evaporator (approximately 

15 min). The gel pieces were reswollen with a trypsin solution containing 0.1-0.2 µg 

Promega modified trypsin in 50 mM ABC, pH 8.0. Additional ABC buffer was added 

until the gel pieces had recovered their original size. The gels were incubated at 37°C 

overnight. Prior to matrix assisted laser desertion/ionization – time of flight (MALDI-

TOF) mass spectrometry (MS) analysis, the tryptic peptides were concentrated by 

POROS R2 column (Applied Biosystems, Foster city, CA, USA). After subsequent 

washing steps of column with 5% formic acid and 100% ACN, the sample was loaded 

into the R2 column and was eluted in 2 µl α-cyano-4-hydroxycinnamic acid (CHCA) 

and then was dropped onto MALDI plate (96 x 2, Applied Biosystems, Foster city, 

CA, USA).  

 

(E) Mass spectrometry 

MALDI-TOF MS was performed using the Applied Biosystems Voyager DE-

PRO spectrometer (Applied Biosystems, Foster city, CA, USA), equipped with a 337 

nm nitrogen laser. The instrument was operated in accelerating voltage 20 kV, 

positive ion reflection mode, voltage grid 74.5%, guide wire voltage 0%, delay-time 

120 ns. Spectra were internally calibrated using trypsin autolysis products (842.51 Da 

and 2211.11 Da), and the resulting peptide masses were searched database managed 
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by the SWISS-PROT (http://kr.expasy.org/) and National Center for Biotechnology 

Information (http://www.ncbi.nlm.nih.gov). All searches were used in 50 ppm mass 

tolerance.  

 

3. Application of cultured epithelium for airway luminal reconstruction  

 

A. Isolation and expansion of nasal epithelial cells from a patient 

Nasal mucosa from the left middle turbinate was obtained from a 55 year-old 

male patient. This patient had been suffering from a right nasal cavity mass involving 

skin, which was diagnosed as an adenoid cystic carcinoma 4 weeks prior to his 

reconstructive surgery. The procedure described in this study was approved by the 

Institutional Review Board for clinical research at Yonsei University College of 

Medicine (IRB: CR0246). 

The nasal mucosa was treated with 1.0% Pronase (type XIV protease, Sigma, St 

Louis, MO, USA) in a 1:1 mixture of Dulbecco’s modified Eagle’s medium and 

Ham’s nutrient F12 (DMEM/F12) supplemented with penicillin G sodium (50 

IU/mL) and streptomycin sulfate (50 ㎍/mL) for 16 to 20 hours at 4°C. The 

dissociated epithelial cells were washed 3 times in DMEM/F12 containing antibiotics 

and suspended in DMEM/F12 supplemented with antibiotics and 10% fetal bovine 

serum. The cells were then plated on a plastic dish at 37°C for 1 hour in order to 

eliminate fibroblast, endothelial cells, and red blood cells. The suspended epithelial 

cells were plated and seeded again at 3 x 104 cells per dish (500 cells per square 

centimeter) into 2.4 cm plastic culture dishes. The culture medium used was bronchial 

epithelial growth medium (BEGM; Clonetics Corp), which contains, hydrocortisone 

21-hemisuccinate (0.5 ㎍ /mL), insulin (5 ㎍ /mL), transferrin (10 ㎍ /mL), 

epinephrine hydrochloride (0.5 ㎍ /mL), 3,3’,5-triiodothyronine (6.5 ng/mL), 

gentamycin sulfate (50 ㎍/mL), and amphotericin B (50 ㎍/mL) and this was further 

supplemented with epidermoid growth factor (EGF; 25 ng/ml; Collaborative Research, 
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Bedford, MA, USA), all-trans retinoic acid (10-7 mol/L; Sigma), and bovine serum 

albumin (BSA, 1.5 ㎍/mL; Sigma). The cultures were maintained at 37  ℃ in an 

atmosphere of 5% carbon dioxide in air. This culture medium was changed on day 

one after seeding and then every other day until the cultures were 50% to 60% 

confluent. The cells were then dissociated with trypsin-ethylene diamine tetra-acetic 

acid (EDTA) treatment using the methods and reagents supplied by Clonetics Corp. 

Cell numbers were determined by hemocytometry, and cultures were plated. When 

these passage-2 cell cultures reached 50% to 60% confluence, they were again 

dissociated and stored frozen in liquid nitrogen at 1.8×106cells/vial. 

 

B. Induction of squamous differentiation 

The passage-2 nasal epithelial cells (105 cells per culture, 2 × 104 cells per square 

centimeter) from the patient were seeded in 0.5 mL of culture medium onto the 

surface of 24.5-mm, 0.45-µm pore size, Tranwell-clear (Costar Co, Cambridge, MA, 

USA) culture inserts.  The cells were cultured in a 1:1 mixture of BEGM:DMEM 

containing the same concentration of supplements as described above, except that it 

contained 0.5 ng/mL of EGF and the retinoid acid was depleted.  The cultures were 

grown in submersion for the first 9 days; the culture medium was changed on day one 

and every other day thereafter.  The ALI was created on day 9 by removing the 

apical medium and feeding the cultures only from the basal compartment.  The RA-

deleted culture medium was changed daily after the creation of an ALI until 14 days 

after confluence to obtain the squamous epithelium.  

 

C. Prefabrication of autologously-cultured squamous epithelium on the 

radial forearm free flap & reconstruction 

On the 14th day after confluence, the cultured squamous epithelium was elevated 

from each culture insert with an elevator, placed onto petrolatum gauzes and then 

sutured to the inner side of the right osteomyocutaneous radial forearm free flap.  

This would be exposed to the nasal side after reconstruction surgery. The donor site 
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was covered with a split thickness skin graft from the right thigh. To examine whether 

cultured squamous epithelium could be taken from the muscle, a staged operation was 

performed 10 days after prefabricating the forearm free flap. The tumor mass was 

completely removed, including nasal bone and skin, and the surgical defect was 

reconstructed with a prefabricated osteomyocutaneous radial forearm free flap.  

 

D. Histologic examination 

At one and three month intervals after the reconstructive surgery, intranasal 

punch biopsies were performed under endoscopic guidance to determine the 

histological phenotype. Specimens were fixed in 10% neutral buffered formalin, 

sectioned at 5 ㎛ and hematoxylin-eosin stained. 

 

4. PLGA (poly-DL-lactic-co-glycolic acid) membrane as a biodegradable 

scaffold for squamous epithelium transfer 
A. Synthesis of poly-DL-lactic-co-glycolic acid (PLGA) 

Glycolide and D,L-lactide were purchased form Boehringer Ingelheim (Germany), 

which were recrystallized from ethyl acetate and dried under vacuum before use. 

Stannous octoate and mPEG (monomethoxy polyehthylene glycol, molecular weight 

550) were form Sigma Chemical Co. Poly(D,L-lactide-co-glycolride)(PLGA) with a 

weight-average molecular weight of 130,000, whose copolymer ratio of D,L-lactide 

to glycolide is 75:25 was purchased from Purac Biochem Co. Methylene chloride 

(MC), dimethyl sulfoxide (DMSO) were used as solvents. Distilled water was Milli-Q 

quality (Millipore, USA-Bedford, MD). Organic solvents were American Chemical 

Society analytical grade reagents. 

 

Ring-opening polymerization  

Lactide and glycolide at a molar ratio 75:25 were put in PYREX ampoule. 

Particularly, the specified amount of mPEG was added for the preparation of mPEG-

PLGA block copolymer. Stannous octoate (dissolved in toluene) was added at a 
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specified concentration. The ampoule was evacuated by vacuum pump and the sealed 

by torch. The ampoule was heated in the oil bath at 130°C for 12 hrs. After the 

reaction was completed, the ampoule was broken. The resulting polymers were 

purified by dissolving in methylene chloride (MC) and the precipitated into excess 

methanol. The purified polymers were dried under vacuum. 

 

Membrane preparation  

mPEG-PLGA membranes were prepared by casting the polymer a solution of 

mPEG-PLGA block copolymer and Purac PLGA into 24 mm-diameter glass mold. 

Membranes were dried for 5 hrs at room temperature. The dried membranes on glass 

mold were immersing in DDI water. The temperature of water bath was kept at about 

22°C. The membranes were kept in the DDI water for 5 hrs and afterwards 10 hrs 

dried at room temperature. Thereafter the membranes were characterized by scanning 

electron microscopy (SEM). The resulting membrane’s thickness was about 50 ㎛ 

and the pore size of membrane was 3~5 ㎛.  

 

B. Morphologic examination and degradation test of PLGA membrane in 

culture media  

PLGA membrane was observed using a SEM (H-800, Hitachi, Japan). 

Degradation test was performed with PLGA membrane soak with culture media in 

incubator and SEM observation was performed after 0, 1, 2, 3, 4, 6 weeks. 

 

C. NHNE cells culture on PLGA membrane  

Passage-2 NHNE cells were plated on PLGA membrane (2 x 105 cells/well) 

placing on the Transwell-clear (Costar Co., Cambridge, MA, USA) culture insert. 

Cells were grown with submerged culture technique for 9 days and ALI was created. 

SEM observation was performed 2, 4, 7, 14, 21 days after ALI creation. 
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III. RESULTS 

 

1. Induction of squamous epithelium and phenotypic changes into 

mucociliary epithelium by RA in vitro  
 

A. MUC5AC and MUC8 mRNA expression by RT-PCR 

We used MUC5AC as a mucous differentiation marker and MUC8 mRNA as a 

ciliary differentiation marker. MUC5AC and MUC8 mRNA expression were 

decreased as a function of squamous differentiation in the absence of RA and 

increased as a function of mucous differentiation by RA treatment (Figure 1). 

 

 

 

Figure 1. MUC5AC and MUC8 mRNA expression according to the phenotypic 

changes of NHNE cells from squamous to mucociliary epithelium by RA.  
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B. Cornifin-α expression by Northern blot analysis 

We used cornifin-α as a squamous differentiation marker. Cornifin-α mRNA 

expression was increased as a function of squamous differentiation in the absence of 

RA and decreased as a function of mucous differentiation by RA treatment (Figure 2). 

 

 

 
 

Figure 2. Cornifin-α mRNA expression according to the phenotypic changes of 

NHNE cells from squamous to mucociliary epithelium by RA.  
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C. Morphologic examination 

(A) Light microscopic examination 

In the morphologic examination with light microscope, keratinizing squamous 

epithelium was changed to mucociliary epithelium by RA treatment (Figure 3). On 

the 7 days after confluence without RA treatment, 3-4 layers of NHNE cells were 

differentiated into squamous-like cells (Figure 3A). Keratin layers were observed in 

the 14th day after confluence without RA treatment (Figure 3B). After 2 days of RA 

treatment, keratin layers were detached from NHNE cells (Figure 3C) and all keratin 

layers were disappeared after 4th day after RA treatment (Figure 3D). After 7 days of 

RA treatment, NHNE cells were cuboidal and some cilia were observed (Figure 3E). 

After 14 days of RA treatment, NHNE cells were differentiated into ciliated columnar 

epithelium with abundant cilia (Figure 3F). 

 

A                                B 

  
C                               D 
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E                               F 

  
 

Figure 3. Light microscopic examination of NHNE cells according to the 

phenotypic changes from squamous to mucociliary epithelium by RA. A: 7 days 

after confluence cultured without RA. B: 14 days after confluence cultured without 

RA. C: 2 day-RA treated-NHNE cells. D: 4 day-RA treated-NHNE cells. E: 7 day-

RA treated-NHNE cells. F: 14 day-RA treated-NHNE cells. (x 200) 
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(B) SEM examination 

In the morphologic examination with scanning electron microscope, keratinizing 

squamous epithelium was changed to mucociliary epithelium by RA treatment 

(Figure 4). On the 7 days after confluence without RA treatment, NHNE cells were 

differentiated into squamous-like flat cells (Figure 4A). Keratin layers covered the 

whole area of NHNE cells on the 14th day after confluence without RA treatment 

(Figure 4B). After 2 days of RA treatment, keratin layers were detached and 

disappeared from NHNE cells (Figure 4C, 4D). After 7 days of RA treatment, some 

cilia were observed (Figure 4E). After 14 days of RA treatment, NHNE cells were 

differentiated into ciliated epithelium with abundant cilia (Figure 3F). 

 

 

 

A                          B 
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C                          D 

  
E                          F 

  
 

Figure 4. Scanning electron microscopic examination of NHNE cells according to 

the phenotypic changes from squamous to mucociliary epithelium by RA. A: 7 

days after confluence cultured without RA. B: 14 days after confluence cultured 
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without RA. C: 2 day-RA treated-NHNE cells previously cultured without RA for 14 

days. D: 4 day-RA treated-NHNE cells. E: 7 day-RA treated-NHNE cells. F: 14 day-

RA treated-NHNE cells. (x 1000) 
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2. Proteomic analysis of proteins  
Well-resolved spots were evident on each pH 3.0 – 10.0 gels (Figure 5). There 

were 2 up-regulated and 2 down-regulated proteins induced by mucous differentiation 

of NHNE cells previously squamously differentiated for 14 days. Post-translational 

modifications of proteins, such as changes of molecular weight were observed in 2 

proteins. 

A                     B                    C 

 
D                     E                    F 

 
 
Figure 5. Master image of 2-D PAGE gel stained with Coomassie Blue G250. 

Thirteen hundred discrete spots were visualized with Coomassie blue staining. A: 2-D 

PAGE gel of NHNE cells cultured without RA for 14 days (control NHNE cells).  

B: 2-D PAGE gel of 6 hour-RA treated control NHNE cells.  C: 2-D PAGE gel of 

12 hour-RA treated control NHNE cells. D: 2-D PAGE gel of 24 hour-RA treated 

control NHNE cells. E: 2-D PAGE gel of 48 hour-RA treated control NHNE cells. F: 

2-D PAGE gel of 96 hour-RA treated control NHNE cells. 
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A. Up-regulated proteins induced by RA 

Up-regulated proteins induced by RA were cytokeratin 19 (CK 19) (Figure 6) and 

cytokeratin 7 (CK 7) (Figure 7). 

 

 
Figure 6. 2-DE images of up-regulated CK 19 protein induced by RA in NHNE cells. 
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Figure 7. 2-DE images of up-regulated CK 7 protein induced by RA in NHNE cells. 

 



 24

B. Down-regulated proteins induced by RA 

Down-regulated proteins induced by RA were cytokeratin 1 (CK 1) (Figure 8) 

and squamous cell carcinoma antigen 1 (SCCA-1) (Figure 9). 

 

 

Figure 8. 2-DE images of down-regulated CK 1 protein induced by RA in NHNE cells. 
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Figure 9. 2-DE images of down-regulated SCCA-1 protein induced by RA in NHNE 

cells. 
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C. Post-translational modification of proteins induced by RA 

Post-translational modification comprised increased molecular weight and 

decreased molecular weight with the references adjacent several fixed protein spots. 

 

(A) Increased molecular weight 

Molecular weight of interleukin-1 receptor antagonist protein precursor (IL-1RA) 

was increased substantially (Figure 10). These spots were located upward compared 

to control spots.  

 

 

Figure 10. 2-DE images of increased-molecular weight of IL-1RA protein induced by 

RA in NHNE cells. 
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(B) Decreased molecular weight 

Molecular weight of ATP synthase D chain (mitochondrial) protein was 

decreased (Figure 11). These spots were located downward compared to control spots. 

 

 

Figure 11. 2-DE images of decreased-molecular weight of ATP synthase D chain 

protein induced by RA in NHNE cells. 
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3. Application of cultured epithelium for airway luminal reconstruction  
 

A. Induction of squamous differentiation 

The nasal epithelial cells were cultured on 2.4 cm culture inserts in the RA-

deficient culture medium for 23 days (Figure 12A).  We found that the plated cells 

differentiated into fully-differentiated squamous epithelium, which included keratin 

layers (Figure 12B). 

 

 
 

Figure 12. Cultured squamous epithelium. Six 2.4 cm sheets of the cultured 

squamous epithelium were made by deleting retinoic acid from the culture media (A). 

The plated cells were found to differentiate into fully-differentiated squamous 

epithelium, which included keratin layers (B, x 200). 

 

B. Uptake of graft  

The cultured squamous epithelium was grafted onto the forearm muscle 10 days 

before the reconstructive surgery using a petrolatum gauze carrier (Figure 13A).  

Well-attached cultured squamous epithelium to the donor muscle was identified under 

the operating microscope on the day of the reconstructive surgery.  The endoscopic 

view was obtained using a 70o endoscope 1 year after the reconstructive surgery.  

The site grafted with skin (Figure 13B, arrow) and the other site grafted with cultured 
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nasal squamous epithelium (Figure 13B, asterisk) were observed.  The site grafted 

with cultured nasal squamous epithelium appeared as normal nasal mucosa. 

 

 
 

Figure 13. Graft of the cultured squamous epithelium onto the forearm muscle 

and endoscopic view after the graft uptake. Cultured squamous epithelium was 

grafted onto the forearm muscle 10 days prior to the reconstructive surgery, using a 

petrolatum gauze carrier (A, arrow). B: The endoscopic view was obtained using a 

70o endoscope 1 year after the reconstructive surgery (B).  The site grafted with skin 

(B, arrow) and another site grafted with cultured nasal squamous epithelium (B, 

asterisk) were observed.  The site grafted with cultured nasal squamous epithelium 

appeared as healthy normal nasal mucosa. 

 
C. Change of cellular phenotype 

The cultured squamous epithelium (Figure 14A) differentiated into cuboidal 

epithelium (Figure 14B) one month after surgery.  Interestingly, basement 

membrane and connective tissue had formed between the cultured squamous 

epithelium and the muscle.  At 3 months after surgery, the cuboidal epithelium had 

further changed into ciliated columnar epithelium (Figure 14C), the typical phenotype 

of human airway epithelium. 
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Figure 14. Change of cellular phenotype.  Cultured squamous epithelium with 

keratin layers (A) differentiated into cuboidal epithelium (B) one month after surgery. 

Furthermore, 3 months after surgery, the cuboidal epithelium becomes ciliated 

columnar epithelium (C), the typical phenotype of human airway epithelium. (x 200) 
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4. PLGA (poly-DL-lactic-co-glycolic acid) membrane as a biodegradable 

scaffold for squamous epithelium transfer 

A. Synthesis of poly-DL-lactic-co-glycolic acid (PLGA) 

PLGA membrane for squamous epithelium transfer was made with 24 mm-

diameter and 50 μm-thickness. This membrane was designed for fitting in Transwell-

clear culture insert (Figure 15). 

 

 
 

Figure 15. PLGA biodegradable membrane. Its diameter is 24 mm and thickness is 

50 μm. 

 



 32

B. Morphologic examination and Degradation test of PLGA membrane in 

culture media  

PLGA membrane was observed with scanning electron microscope. PLGA had 

numerous pores (Figure 16A) and its diameter was about 3 μm (Figure 16B). 

       A         B 

  
Figure 16. SEM observation of PLGA biodegradable membrane. Numerous pores 

were observed (A, x 1000) and its diameter was about 3 μm (B, arrow, x 10000). 

 

 

 

 

 

In degradation test (Figure 17), PLGA membrane began to be degraded from 2 

weeks after soaking in culture media (Figure 17C) and significant destruction of pore 

structure was note in 6 weeks of degradation (Figure 17F). 
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       A           B 

  
          C         D 

  
          E         F 
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Figure 17. Degradation test for PLGA biodegradable membrane. SEM 

observation of PLGA membrane after soaking in culture media for 0 (A), 1 (B), 2 (C), 

3 (D), 4 (E), 6 weeks (F). (x 1000)  

 

C. NHNE cells culture on PLGA membrane  

To test the cytotoxicity of PLGA membrane, NHNE cells were grown on the 

PLGA membrane for 3 weeks. Although mucociliary differentiation of NHNE cells 

was somewhat slow than usual condition (Figure 18), complete mucociliary 

differentiation of NHNE cells were observed 21 days after ALI creation (Figure 18E). 

  A    B 

  
 C     D      E 
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Figure 18. NHNE cells cultured on PLGA biodegradable membrane. Mucociliary 

differentiation of NHNE cells 2 (A), 4 (B), 7 (C), 14 (D) and 21 days (E) after ALI 

creation. (x 1500) 
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IV. DISCUSSION 

 

In the proteomic study, we identified that 2 cytokeratins, CK19 and CK7, were 

upregulated by RA treatment. Cytokeratin polypeptides constitute the intermediate 

filament cytoskeleton of epithelial cells. The patterns of CK expression can be 

regarded as specific markers for the epithelial differentiation status.11 CK19 is known 

to be a specific marker for bronchial epithelial injury12 and to be specifically 

expressed in basal, ciliated, and nonciliated cells of nasal respiratory epithelium.11 

CK7 is known to be expressed in glands and columnar epithelium of nasal cavity.11 

There were 2 downregulated proteins, CK1 and squamous cell carcinoma antigen 1 

(SCCA-1), by RA treatment. CK1 is known to be expressed in suprabasal cells of 

squamous epithelium of nasal cavity.11 SCCA-1 is widely used as a squamous cell 

marker and takes some part in the malignant behavior of squamous cancer, e.g. 

invasion or metastasis.13 SCCA is also present in the spinous and granular 

compartments of the mature squamous epithelium. Thus, SCCA appears to play 

important roles in the stratification or differentiation of the malignant and 

nonmalignant squamous cells. Functions of these 4 proteins are yet to be explored in 

the differentiation of airway epithelium. 

 

In this study, we found that cultured squamous epithelium can be used as a 

substitute for skin graft in airway reconstruction. The nasal epithelium was taken 

from a patient with a nasal tumor 4 weeks prior to the airway reconstruction surgery.  

Using these nasal epithelial cells obtained from the patient, fully-differentiated 

squamous epithelium was induced in vitro and grafted onto the radial forearm free 

flap 10 days before the surgery. Finally, we found that the cultured nasal squamous 

epithelium became ciliary columnar epithelium 3 months after grafting. 
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Since it is believed to be physiologically proper to use ciliated columnar 

epithelium for reconstructing the luminal side of the airway, we had previously 

attempted to use ciliated columnar epithelium directly in airway reconstruction.  

However, our past efforts were unsuccessful because it proved impossible to handle 

ciliated columnar epithelium, not containing intercellular tight junctions, in the form 

of a sheet that can be sutured. 

 

Therefore, we thought that induced squamous epithelium, which has tight 

junctions, might be a useful graft material instead of skin for airway reconstruction.  

Moreover, in our previous in vitro experiment, we found that airway basal cells can 

differentiate into squamous epithelium in RA-depleted culture condition, and that 

fully-differentiated squamous epithelium can return to ciliated columnar epithelium 

when RA is re-added to the culture medium.8,14 Additionally, in light of the fact that 

there are only a few vitamin A-deficient patients these days, we believed that 

sufficient retinoic acid would be present in the serum of most patients. Therefore, we 

decided to examine the usefulness of autologously-cultured squamous epithelium as a 

substitute for skin graft in airway reconstruction.  

 

In this study, cultured nasal squamous epithelium was observed to change into 

ciliated columnar epithelium 3 months after grafting in vivo. This result is consistent 

with our previous in vitro experiment.14 Thus, the in vivo conversion of cultured nasal 

squamous epithelium into ciliated columnar epithelium appears to be relevant in the 

presence of a sufficiency of RA in human serum. Interestingly, basement membrane 

and connective tissue were newly formed between the cultured squamous epithelium 

and the muscle. More research is required to find out how these were formed.  

 

Unlike cases that underwent skin graft, the patient did not complain of severe 

crust formation or mucus stagnation 3 months after reconstructive surgery. This result 
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may be attributed to the presence of ciliary movement on the ciliated epithelium, 

which differentiates it from the squamous epithelium.  

 

In terms of the size and number of cultured squamous epithelial grafts, there is no 

obvious limitation. They can be produced in quantities sufficiently large to meet the 

needs of individual patients. Presently, however, this method does have a drawback, 

as the cultured squamous epithelium was too thin to handle easily in the operation 

room. Although petrolatum gauzes were used as a delivery vehicle for the cultured 

cells in this study, they had to be removed after the grafting, and this is a very likely 

source of infection. Recently, many efforts have been made to use physiological 

biodegradable membranes15 like polyglactin 910 as delivery vehicles in the grafting 

cultured epithelium. However, since biodegradable membranes have life spans of 

around several weeks only, their viability can not be maintained until tight junctions 

are achieved between cells, and as yet such systems have not been used in respiratory 

epithelium culture.16,17 If an appropriate biodegradable membrane is developed as a 

delivery vehicle for respiratory epithelial cell culture, it would be much easier to 

handle the cultured nasal squamous epithelium during the operation.  

 

So we examine the usage of PLGA biodegradable membrane for squamous 

epithelium transfer. PLGA is a biodegradable polymer that has been studied 

extensively since the 1960s and is commonly used as suture material18 and in drug-

delivery devices.19 PLGAs are polyesters made of lactic and glycolic acids at molar 

ratios ranging between 50:50 and 100:0. Copolymer composition and molecular 

weight both determine the hydrophobicity and biodegradation of the PLGA. PLGA is 

biological inert polymer which degrades if it meets water (Figure 17). PLGA 

biodegradable membrane has also been used as a scaffold for various cell culture 

systems, such as fibroblasts,15,20 uroepithelium,21,22 bladder smooth muscle cells,23 

osteocyte,24 neural stem cells,25 chondrocyte,26 retinal pigment epithelium,27,28 corneal 

endothelial cells,28 salivary epithelial cells,29 liver cells,30 and adipose cells.31 



 39

However, there have been no studies that airway epithelial cells were successfully 

cultured on PLGA membrane. We examined the cellular toxicity of PLGA membrane 

by culturing the NHNE cells on PLGA membrane whether we can use PLGA 

membrane as a squamous epithelium transfer. We could successfully culture the 

NHNE cells on PLGA membrane for 3 weeks indicating that PLGA has no cellular 

toxicity on NHNE cells. As a result, we suggest that PLGA membrane can be used as 

a scaffold for squmous epithelium transfer. 
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V. CONCLUSION 

 
In conclusion, we suggest that autologously-cultured nasal squamous epithelium 

can be used for restoration of mucosal defect in airway. 
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Abstract (in Korean) 

 

기도 점막 결손 복원을 위한 배양된 자가 코점막 상피세포의 

이용 

 

< 지도교수 윤 주 헌 > 

연세대학교 대학원 의학과 

김 창 훈 

피부이식은 기도의 관강 쪽 재건에 가장 널리 쓰이는 방법이다. 하지만 

섬모원주 상피세포 대용으로 쓰이는 피부상피이식은 점액의 저류, 

이식편의 위축, 탈상피, 악취 등의 문제점을 가지고 있다.  이번 연구는 

자가배양된 코점막 상피세포가 기도의 점막결손 복원에 사용될 수 

있는가에 대하여 알아보고자 하였다. 먼저, 편평상피세포가 레티노익산에 

의해 점액섬모상피세포로 변화하는 지를 유전자와 표현형으로 관찰하였다. 

두번째로, 편평상피세포가 레티노익산에 의해 점액섬모상피세포로 

표현형이 변화할 때 관여하는 단백을 단백체분석을 이용하여 알아보았다. 

셋째로, 실제로 자가배양된 코점막 편평상피세포를 기도재건에 

사용함으로써 점액섬포상피세포로 그 표현형이 변화하는지를 생체에서 

실험하였다. 마지막으로, poly-DL-lactic-co-glycolic acid (PLGA) 막이 

편평상피 이식에 쓰이는 생체분해성 막으로 사용될 수 있는지 알아보았다. 

코점막 상피세포는 사람의 중비갑개 점막에서 채취하여 배양하였다. 

배양액에서 레티노익산을 배제함으로써 세포를 편평상피로 분화유도 

하였으며, 이후 레티노익산을 첨가하여 점액섬모상피세포로 분화유도 
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하였다. MUC5AC 와 MUC8 에 대한 RT-PCR 을 시행하였으며 cornifin-

α 에 대한 Northern 분석을 시행하였다. 형태학적 관찰은 광학현미경과 

주사전자현미경으로 관찰하였다. 단백체분석은 편평상피세포가 

점액섬모상피세포로 분화될 때 발현이 변화하는 단백을 대상으로 하였다. 

생체를 이용한 실험은 기도의 관강 쪽 점막의 결손부위를 편평상피세포를 

이용하여 재건한 후 내시경 검사 및 조직검사를 통하여 시행하여 

점액섬모상피세포로 변화하는지를 알아보았다. PLGA 생체분해성 막을 

합성하여 그 위에 정상 사람 코점막상피세포를 배양함으로써 PLGA 의 

세포독성을 주사전자현미경을 이용한 형태분석으로 조사하였다. 

MUC5AC 와 MUC8 mRNA 발현은 편평상피세포 분화에 따라 감소하였고, 

점액섬모상피세포 분화에 따라 증가하였다. 광학현미경과 

주사전자현미경을 통한 형태학적 분석에서 레티노익산에 의해 

편평상피세포가 점액섬모상피세포로 변화하였다. 단백체분석에서 

레티노익산에 의해 cytokeratin 19 와 cytokeratin 7 의 발현이 증가하였고 

cytokeratin 1 과 Squamous cell carcinoma antigen 1 의 발현이 

감소하였다. 생체에 이식된 자가배양 편평상피세포는 이식 3 개월 후, 

인체기도와 같은 표현형인 섬모원주상피로 분화하였다. 정상 사람 코점막 

상피세포는 PLGA 막 위에서 점액섬모상피세포로 잘 분화되어 PLGA 막이 

세포독성 없이 편평상피세포 이식의 지지체로 사용할 수 있음을 확인할 수 

있었다. 결과적으로 자가배양된 코점막 편평상피세포는 기도의 점막결손 

재건에 유용하게 사용될 수 있는 가능성을 확인하였다. 

 

핵심되는 말: 자가배양 코점막 상피, 편평상피, 점액섬모상피, 레티노익산, 

분화, 이식, 단백체학, PLGA 

 


