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1 |  INTRODUCTION

Located in the larynx, and responsible for voicing, vocal folds 
(VF) are a pair of tissue shelves whose mucosa consists of 
two main cell types; VF stratified squamous epithelial cells 
cover and protect the lamina propria where VF fibroblasts pro-
duce extracellular matrix.1 Interactions between these two cell 

populations dictate the architecture and biological function 
of VF mucosa which, in turn, determine ease of phonation, 
vocal quality, susceptibility to disease, and tissue repair out-
comes. Because of the importance of epithelial cell- fibroblast 
interactions in shaping VF architecture and behavior in health, 
disease, and healing, as well as the significant costs associ-
ated with vocal dysfunction or disorders, it is imperative to 
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Abstract
Study of vocal fold (VF) mucosal biology requires essential human vocal fold epithe-
lial cell (hVFE) lines for use in appropriate model systems. We steadily transfected 
a retroviral construct containing human telomerase reverse transcriptase (hTERT) 
into primary normal hVFE to establish a continuously replicating hVFE cell line. 
Immortalized hVFE across passages have cobblestone morphology, express epithe-
lial markers cytokeratin 4, 13 and 14, induced hTERT gene and protein expression, 
have similar RNAseq profiling, and can continuously grow for more than 8 months. 
DNA fingerprinting and karyotype analysis demonstrated that immortalized hVFE 
were consistent with the presence of a single cell line. Validation of the hVFE, in a 
three-dimensional in vitro VF mucosal construct revealed a multilayered epithelial 
structure with VF epithelial cell markers. Wound scratch assay revealed higher mi-
gration capability of the immortalized hVFE on the surface of collagen-fibronectin 
and collagen gel containing human vocal fold fibroblasts (hVFF). Collectively, our 
report demonstrates the first immortalized hVFE from true VFs providing a novel 
and invaluable tool for the study of epithelial cell-fibroblast interactions that dictate 
disease and health of this specialized tissue.
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understand how these two cell populations maintain VF ho-
meostasis and coordinate mucosal tissue repair.

Epithelial cell-fibroblast interactions that define the biol-
ogy of the VF mucosa, can be studied best in a controlled, 
in vitro environment. The development of human fibroblast 
cell (hVFF) lines by our group has made in vitro study of 
fibroblasts possible and important insights into the role of 
fibroblast behavior have been made as a result of having these 
robust cell lines. However, the difficulty of obtaining human 
vocal fold epithelial cells (hVFE) from primary sources, and 
the complete absence of hVFE lines, have severely limited 
the ability to advance the understanding of VF mucosa biol-
ogy in disease processes, which are common among the gen-
eral population. A lifetime prevalence of voice disorders has 
been reported at 29.9% for the adult population, with nearly 
7% of adults report having current voice problems.2

VF epithelial cells are heterogenous in their phenotype, 
composed of basal and suprabasal cells with a limited prolifer-
ative capacity. The development of immortalized hVFE would 
extend the life span of these cells and provide an almost unlim-
ited supply of cells for complex, continuous, long-term studies, 
and inter-laboratory comparisons of findings. There are several 
methods for immortalizing mammalian cells in culture. Viral 
genes, including Epstein-Barr virus (EBV), Simian virus 40 
(SV40) T antigen, adenovirus E1A and E1B, and human pap-
illomavirus (HPV) E6 and E7 can induce immortalization by a 
process known as viral transformation.3 Although the process 
is reliable and relatively straight-forward, immortalized cells 
may become genetically unstable and lose the properties of pri-
mary cells. These viral genes typically achieve immortalization 
by inactivating the tumor suppressor genes that put cells into a 
replicative senescent state,4 however, this also means that cell 
lines have the capacity to preferentially express tumor genes, 
which can alter the phenotype substantially. The preferred 
method for immortalizing cells is through expression of the 
human telomerase reverse transcriptase protein (hTERT). This 
gene is present but inactive in most somatic cells, when hTERT 
is exogenously expressed the cells are able to maintain telo-
meric lengths and thus avoid replicative senescence. Rigorous 
analyses of several telomerase-immortalized cell lines, includ-
ing the immortalized hVFF cell lines created in our laboratory 
using this technique5 have confirmed that the cells maintain a 
stable genotype and retain critical phenotypic markers in addi-
tion to normal karyotype.

The goal of the current work was to describe a method for 
in vitro primary culture and passaging of characterized hVFE 
from human VF tissue and to validate the proliferative hVFE 
cell line in an in vitro three-dimensional (3D) VF mucosa for 
the investigation of epithelial-fibroblast interactions. A 3D in 
vitro scratch wound model determined the applicability of the 
novel immortalized hVFE and highlighted how this model 
could be utilized to investigate important reciprocal interac-
tions between immortalized hVFE and hVFF in tissue repair. 

Taken together, immortalized hVFE and the 3D in vitro con-
struct reported herein will have far reaching significance for 
future research in VF mucosal biology.

2 |  MATERIALS AND METHODS

2.1 | Cells and culture

Primary normal hVFE (E67 and E80) were isolated from 
human true VF harvested from a 67-year-old female and 
80-year-old male donors approximately 10-24  hours from 
death. The Institutional Review Board of the University of 
Wisconsin-Madison approved collection of tissue. For cul-
ture of hVFE from the tissue explant, cell culture plates were 
coated with rat tail collagen I 30 µg/mL, fibronectin 10 µg/mL,  
and BSA 10 µg/mL. After a 1-hour incubation to allow proteins 
to adsorb to the surface, the remaining solution was removed, and 
the surface was washed twice with PBS. The epithelial layer was 
carefully removed from the remainder of the tissue with sterile 
scissors and forceps; the epithelium was rinsed with 70% ethanol 
and PBS, cut into smaller pieces and placed on the pre-coated 
plates. Epithelial cell culture medium (EPC) was composed of 
airway epithelial basal medium (ATCC, Manassas, VA), human 
serum albumin (HAS) 500 mg/mL, linoleic acid 0.6 Mm, lecithin 
0.6 mg/mL, L-glutamine 6 Mm, Extract P 0.4%, epinephnine 
1.0 Mm, transferrin 5 mg/mL, T3 10 nM, hydrocortisone 5 mg/
mL, rh EGF 5 ng/mL and rh insulin 5 mg/mL (ATCC), cholera 
toxin 25 µg/mL (Sigma, St. Louis, MO), and primocin 100 ng/mL  
(InvivoGen, San Diego, CA). After 10-14 days in primary cul-
ture, cells were passaged using low-concentration Trypsin-EDTA 
(0.05% Trypsin and 0.02% EDTA) for removing, contaminated 
fibroblasts. After 2-3 passages, hVFE (Figure 1) achieved 70%-
90% confluence and were used for downstream assays.

Primary hVFF (T21) were isolated from the VF tissue 
from 21-year-old male donor and cultured in DMEM supple-
mented with 10% fetal bovine serum, 100 U/mL penicillin, 
0.01 mg/mL streptomycin sulfate, and 1× NEAA (all from 
Sigma) as detailed in the previous study.6 Passages 5-10 of 
primary hVFF were used for this study.

2.2 | Characterization of cultured cells

We characterized morphological features and cell markers 
of primary hVFE, primary hVFF, and immortalized hVFE 
by immunocytochemistry. Cells were cultured on coated 
slide chambers for 7-14 days and fixed for 15 minutes with 
4% paraformaldehyde and blocked in 5% normal goat serum 
for 1 hour. Slides were incubated with primary antibodies at 
4ºC overnight and, after subsequent washes in PBS, species-
specific fluorescence- conjugated secondary antibodies (Life 
Technologies Corporation, Carlsbad, CA) were applied 
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in the dark for 1 hour at room temperature (RT). DAPI dye 
provided nuclear staining. The following primary antibodies 
were used for immunocytochemistry: cytokeratin 4 (1:100, 
Abcam, Cambridge, MA), cytokeratin 13 (1:100, Abcam), cy-
tokeratin 14 (1:50, Proteintech, Rosemont, IL), cytokeratin 18 
(1:20, Abcam), collagen I (1:500, Abcam), fibronectin (1:200, 
Abcam), and hTERT (1:50, Abcam). Images were captured 
using a Nikon Eclipse E600 microscope (Nikon, Inc, Melvillin, 
NY) with Olympus DP71 digital camera (Tokyo, Japan).

2.3 | Retroviral vectors, 
transduction, and selection

Retroviral vector, pBABE-neo-hTERT (Addgene, 
Cambridge, MA), which contains SV40 promotor, hTERT 
gene, long terminal repeat (LTR) promotor sequence 
and a gene conferring neomycin resistance was utilized. 
Recombinant retroviruses were generated as previously 
described.7 Briefly, plasmid DNA was transfected into a 
RetroPact PT67 packaging cell line (Clontech, Mountain 
View, CA). Following transfection, the total virus RNA of 
survival clones was isolated using a virus RNA isolation kit 
according to the manufacturer's protocol (Macherey-nagel 
GmbH & Co. KG, Düren, Germany) and viral titers were 

assayed by quantitative polymerase chain reaction (qPCR) 
following the manufacture's procedures (Clontech). Clones 
with the highest titers (2.70 × 1014−1.75 × 1015 copies/mL) 
were selected. Virus produced from the selected clones were 
used to infect human hVFE.

Active proliferating primary hVFE (passage 2 to 4) were 
seeded into 6-well plates at a density of 3 × 105 cells/well. 
When cells reached approximately 50%-60% confluence, 
medium was removed and 1.5 mL retroviral suspension with 
4 µg/mL polybrene (MilliporeSigma, Burlington, MA), was 
added to the cells. Sixteen hours later, the viral supernatant 
was removed from the well and complete growth medium 
was added to the cells and incubated at 37ºC. Re-infection 
was completed 24  hours later with the same procedure. 
Following infection and selection in G418 (100  µg/mL for 
2 weeks), hVFE colonies were passed and expanded for fur-
ther identification and investigation.

2.4 | Identification and characterization of 
immortalized hVFE

In order to identify and characterize that the hVFE were 
steadily transfected by a retroviral vector containing 
the hTERT gene, immortalized hVFE were analyzed by 

F I G U R E  1  Morphology of primary hVFE from VF tissue samples, and their purification process under phase microscope. At Day 2, hVFE 
started growth from the edge of tissue, at Day 8 hVFF (white arrows) started mixed growth with hVFE (black arrows), at Day14 all hVFF and 
hVFE mixed growth together. After passing (P1, P2, and P3) with 0.05% trypsin, the mixed hVFF became less and less, hVFE population reached 
over 95% and demonstrated the typical “cobblestone” morphology. Scale bar: 100 µm
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polymerase chain reaction (PCR), telomerase activity 
assay, RNAseq, MTT proliferation assay, and immunocy-
tochemistry. For PCR, total RNA extraction was performed 
using a RNeasy mini plus kit (Qiagen, Hilden, Germany). 
The quantity and quality of RNA were measured using a 
NanoDrop2000 Spectrophotometer (Thermo Scientific, 
Wilmington, DE). Human telomerase-specific primers (for-
ward, 5′-GTGCTGGGCCTGGACGATATC-3″; reverse, 
5′-GTAGCACAGGCTGCAGAGCAG-3″, product size 
501 bp) were used. The PCR reaction were performed using 
a PCR machine with Go Taq Hot start polymerase (Promega, 
Madison, WI). The program consisted of initial denaturation 
95ºC for 2 minutes, and 35 cycles of denaturation 95ºC for 
30 seconds, annealing at 52ºC for 30 seconds, extension at 
72ºC for 1min. PCR products were separated by 1.5% aga-
rose gel electrophoresis and visualized with ethidium bro-
mide, imaged by BioDoc-It imaging system (VUP, Upland, 
CA).

Telomerase activity was measured using PCR ELISA 
method, a PCR-based telomeric repeat amplification pro-
tocol (TRAP assay) which was performed using a Telo 
TAGGG Telomerase PCR ELISA Kit (Roche, Basel, 
Switzerland). This assay is based on specific amplifica-
tion of telomerase-mediated elongation products combined 
with nonradioactive detection following an ELISA pro-
tocol. Briefly, 2  ×  105 immortalized hVFE were isolated 
and lysed, and lysates were adjusted to 1 × 103  cells/µL. 
Negative controls were obtained by heat inactivation of 
telomerase at 85°C for 10 minutes. Telomeric repeat am-
plification was performed using 2  µL lysate. Elongation 
of primers by telomerase took place at 25°C for 20 min-
utes and telomerase was inactivated by 94°C for 5  min-
utes. Elongation products, as well as internal positive and 
negative controls included in the reaction vessel were am-
plified by PCR. PCR conditions were: 30 cycles of 94°C 
for 30 seconds, 50°C for 30 seconds, and 72°C for 90 sec-
onds, followed by the elongation at 72°C for 10 minutes. 
PCR products were split into two aliquots, denatured and 
hybridized separately to digoxigenin-(DIG)-labeled de-
tection probes, specific for telomeric repeats and for the 
internal standard. The resulting product was immobilized 
via the biotin-labeled primer to a streptavidin-coated mi-
crotiter plate. Immobilized PCR product was detected with 
anti-digoxigenin peroxidase using 3,3′, 5,5′-tetramethyl-
benzidine as a substrate. Color development was stopped 
after 15 minutes. Absorbance values of the samples were 
reported as A450  nm reading against a blank (reference 
wavelength A690  nm) by FlexStation 3 absorbance plate 
reader (Bio-Tek instruments, Winooski, VT). Samples 
were regarded as telomerase-positive if the difference in 
absorbance (∆A  =  Asample−Anegative) was higher than 0.2 
A450 nm–A690 nm units. These experiments were performed 
in triplicated and repeated twice.

To qualitatively assess the immortalized cells, using a pre-
viously published RNA-seq data set for primary hVFE cells 
comparisons were made between the newly immortalized VF 
cells at P1, P7, and P14. For RNA sequencing-Illumina assay, 
total RNA was extracted from immortalized hVFE (P1, P7, and 
P14) and primary hVFE using the RNeasy Mini Kit (Qiagen, 
Valencia, CA) according to the manufacture's instruction. 
RNA quantity and quality were assayed by Nanodrop1000, 
A260/280 is 1.8-2.1. RNA sequencing was performed by 
the University of Wisconsin-Madison Biotechnology Gene 
Expression Center and DNA Sequencing Facility. Quality 
control was done in FastQC v0.11.5 using standard defaults8; 
all samples passed and were used in downstream analysis.

To derive proliferation curves for primary and immortal-
ized hVFE, cells were seeded in a 96-well culture plate at a 
density of 5000 cells/well and grown in EPC medium. After 
incubating for 24, 96, and 168  hours (h), cell proliferation 
rates were measured using a MTT cell proliferation assay 
(ATCC). On the day of measurement, 10µl MTT reagent was 
added into each well and incubated at 37ºC for 4h. When pur-
ple precipitate was visible under a microscope, 100 µL deter-
gent reagent was add to each well, and left at RT in the dark 
for 4 hours to dissolve formazan crystals. MTT reduction was 
quantified by measuring light absorbance at 570 nm (refer-
ence wavelength 650 nm) using FlexStation 3 absorbance mi-
croplate reader (BioTek instruments). Each test was repeated 
at least four times.

2.5 | Genetic analysis

DNA fingerprinting and karyotype analysis were performed 
by Cell Line Genetics, Inc (Madison, WI). DNA was iso-
lated from the immortalized hVFE cells using the DNA IQ 
system (Promega). One nanogram of DNA was amplified 
using the Powerplex 16 kit (Promega) and amplified DNA 
was run through an ABI 3730XL DNA analyzer. STR pro-
files were analyzed by Gene Marker HID (Softgenetics, 
State College, PA). Mitotically active cells in log phase 
were incubated with 130 ng/mL colcemid (Gibco, Ireland) 
treatment for 20-40 minutes at 37°C. Cells were dislodged 
with 0.05% Trypsin-EDTA into single cells and centrifuged 
at 1000 rpm. The cell pellet was resuspended in hypotonic 
0.075  M KCl solution and fixed with methanol:glacial 
acetic acid (3:1) solution. Slides were prepared and baked 
at 90ºC for 1 hour before G-banding using trypsin-EDTA 
and Lieschman Stain (GTL). Slides were scanned and cells 
were imaged using the Leica GSL-120 slide scanner and 
cells were karyotyped using a CytoVysion digital imaging 
system.
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2.6 | Creation of a human VF 
mucosal construct

Prior to seeding on constructs, immortalized hVFE (passages 
10-20) were cultivated for in the DMEM stratified medium that 
was composed of DMEM/F12 medium with Glutamax (Gibco, 
Co Dublin, Ireland), supplemented with 10% B12 and 5% N2 
(Gibco), 0.4 µg/mL hydrocortisone (Millipore Sigma) 8.4 ng/
mL cholera toxin (Sigma), 5 µg/mL insulin (Millipore Sigma), 
24 µg/mL adenine (Millipore Sigma), 20 ng/mL EGF, 100 U/mL  
penicillin, and 0.01  mg/mL streptomycin sulfate (Invitrogen, 
Carlsbad, CA). After 4 days, the cells were detached using 2 U/mL  
Dispase II (Millipore Sigma). Our 3D in vitro construct con-
sisted of a collagen I gel seeded with primary hVFF, which 
served to mimic the collagen-rich VF lamina propria. Collagen-
fibroblast constructs were prepared by combining high- 
concentration rat tail collagen I (final concentration of 4 mg/ml,  
80% final volume; Corning, NY) and 10xDMEM (10% final 
volume; Sigma) on ice and adjusting pH with 1N NaOH. 
Primary hVFF T21, described previously6 were resuspended in 
ice-cold fetal bovine serum (10% final volume; 5 × 105 cells/mL 
final volume) and added to the collagen mixture as described by 
others.13-15 A mixture of collagen gel and hVFF was placed on 
transwell cell culture inserts (0.4 µm pore size, Corning), two 
milliliters per a 6-well culture insert, and solidified for 1 hour 
in a cell incubator at 5% CO2, 37ºC. Collagen was then gently 
detached with pasture pipette and constructs were flooded with 
DMEM stratified medium, returned into an incubator and left 
at least 24 hours to allow for gel contraction. The next day, im-
mortalized hVFE were placed in clumps on collagen-fibroblast 
constructs at high density in 100 µL DMEM stratified medium. 
Cells were allowed to attach for at least 2 hours, then flooded 
with DMEM stratified medium and remained flooded for addi-
tional 4 days to allow proper attachment and expansion with me-
dium changed every other day. Finally, the A/LI condition was 
initiated 4 days post seeding with flavinoid adenine dinucleotide 
(FAD) medium which consisted of the DMEM medium and F12 
in ratio 1:3 (Gibco), supplemented with 2.5% FBS, 0.4 µg/mL  
hydrocortisone (Millipore Sigma), 8.4  ng/mL cholera toxin 
(Sigma), 5 µg/mL insulin, 24 µg/mL adenine (Millipore Sigma), 
20 ng/mL epidermal growth factor, 100 U/mL penicillin, and 
0.01 mg/mL streptomycin sulfate (Invitrogen) to initiate stratifi-
cation. Medium was placed only in the basolateral chamber and 
changed three times a week. Cells were cultivated at A/Li inter-
face for additional three weeks. Organotypic cultures of human 
VF mucosa were collected and characterized.

2.7 | Characterization of human VF 
mucosal construct

Human VF mucosal constructs were washed in PBS, fixed 
in fresh 4% paraformaldehyde for 15  minutes at RT, and 

embedded in HistoGel (Thermo Fisher Scientific). Constructs 
were dehydrated in series of ethanol, treated with xylene, em-
bedded in paraffin, and cut to 5µm thick serial sections for 
hematoxylin and eosin (H&E) staining, and immunohisto-
chemical (IHC) staining using standard protocols.12 For IHC, 
sections were deparaffinized, rehydrated, and antigen retrieval 
was performed by heating sections in sodium citrate (pH 6) 
at 80°C water bath for 2  hours. After blocking in 5% goat 
serum for 90 minutes, sections were incubated with primary 
antibodies, anti-rabbit cytokeratin 4 (1:100, Abcam), anti-
rabbit cytokeratin 13 (1:100, Abcam), anti-rabbit cytokera-
tin 14 (1:100, Proteintech), anti-rabbit E-cadherin (1:200, 
Cell Signaling, Danvers, MA), and anti-rabbit Laminin alfa 5 
(1:100, Abcam) at 4°C overnight. Following with a secondary 
antibody, fluorescein anti-rabbit antibody (1:100 for 90 min-
utes at RT, Invitrogen), incubation, slides were mounted using 
Vectashield with DAPI (Vector Laboratories, Peterborough, 
UK), and images were captured with NikonE600 microscope 
(Nikon) and Olympus DP71 digital camera.

2.8 | In vitro scratch wound healing assay

One milliliter of solution containing collagen-fibronectin-BSA 
was pipetted into 12-well plate. After a 1-hour incubation to allow 
proteins to adsorb to the surface, the remaining solution was re-
moved, and surface was washed twice with PBS. Immortalized 
hVFE were seeded on collagen-fibronectin-coated plate (as 
above described) and plate contained collagen gel with or with-
out primary human hVFF T21 (as above described). A reference 
point was drawn on the bottom of each well. The plates were 
incubated until the cells reached confluence. Afterwards, epithe-
lial cell monolayers were scratched with a sterile 200µl pipette 
tip to create cell-free area and washed with medium to remove 
any loose cells. Prior to imaging, the cultured cells were gently 
rinsed three times with medium. The cells at the same position 
along the scratch wound were imaged using an inverted phase-
contrast microscope (Olympus CKX41) and Spot software 
(Version 5.2; Diagnostic Instruments) at day 0, 1, 3, 5, and 7.  
Images were further analyzed using ImageJ software to quan-
tify the distance between migrated cells and wound edge. Day 0 
was treated as our reference, wound width (pixel) was measured 
by ImageJ software for quantification of scratch wound assay. 
The progression of “healing” of the scratch wound, designed as 
migration in (%), was calculated in percent comparing scratch 
width at each time point to the initial scratch width at Day 0. 
Four independent experiments were completed.

2.9 | Statistical analysis

Telomerase activity (PCR ELISA), cell proliferation, and cell 
migration are expressed as mean ± standard deviations (SD) 
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of triplicated or quadruplicated samples per condition at each 
experiment, repeated three times. Telomerase activity, cell 
proliferation, and migration were assessed using a one-way 
ANOVA to compare telomerase activity OD readings, prolif-
eration rates, and migration percentage at each time point with 
post hoc analyses. A p-value less than 0.05 was considered sta-
tistically significant. All analyses were performed using SAS 
statistical software version 9.1.3 (SAS Institute, Cary, NC).

For RNAseq analysis, reads were mapped back to the ge-
nome using the short-read aligner Bowtie v1.0.0,13 followed 
by RSEM v1.2.714 to estimate gene expression. R/EBSeq15 
was applied to identify genes as differentially or equivalently 
expressed (DE or EE, respectively). EBSeq is an empirical 
Bayesian approach that models a number of features observed 
in RNA-seq data, and provides gene-specific posterior proba-
bilities of DE and EE. A gene was labeled DE if the posterior 
probability of DE, PPDE, is greater than 0.95, which controls 

the overall false discovery rate (FDR) at 5%; similarly, EE 
genes were those for which PPEE  >  0.95. Enrichment of 
common functions was assessed using Enrichr15,16 for GO bi-
ological processes analysis on each gene set. Enriched terms 
were sorted using score-based rankings to generate the top 
10 enriched GO terms. For each comparison, two biological 
replicates and two technical replicates for primary cells and 
one biological replicate and one technical replicate for im-
mortalized cells (n = 6) were used.

3 |  RESULTS

3.1 | Isolation and cultivation of hVFE

The morphologic appearance of primary hVFE from tissue ex-
plant, and their purification process under phase microscope 

FIGURE 2  Identification of hVFE from hVFF. Immunocytochemistry revealed epithelial cell markers, cytokeratin 4 (CK4), cytokeratin 13 (CK13), 
and cytokeratin 14 (CK14), were positive in hVFE (A-C) and fibronectin (FN) and collagen I (Col1) were negative in hVFE (D and E). hVFF showed 
positive staining for FN (I) and Col1 (J), negative for CK4 (F), CK13 (G), and CK14 (H). Nuclei were counted-stained with DAPI. Scale bar: 50 µm

F I G U R E  3  Process of hVFE immortalization. Primary hVFE (A) were transduced by retrovirus containing hTERT gene. Because large 
amounts of virus were applied, a significant number of cells underwent apoptosis (B). After 2-week G418 treatment (C), only a few cells survived 
with the transfection efficiency being less than 3%. After 5-week continued culture (D), cells that survived formed colonies. E-H shows control hVFE 
transfected by empty vector without hTERT gene. After 2-week G418 treatment (G) and 5-week additional culture (H), there were no living cells
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are displayed in Figure 1. On day 2, hVFE cells grew from the 
edge of VF tissue sample, day 8 hVFF (white arrow) started their 
growth and mixed with hVFE (black arrow), day14 all hVFF and 
hVFE grew together until confluent. Because hVFE were very 
sensitive to Trypsin action, we selected 0.05% trypsin and shorter 
incubating time to detach hVFE from culture dishes. After three 
passages (P1, P2, and P3), the presence of hVFF were virtually 
eliminated; the final hVFE population reached approximately 
95% pure and demonstrated typical “cobblestone” morphology.

3.2 | Characterization of hVFE

We utilized immunocytochemistry to characterize and con-
firm the etiology of primary cells were hVFE (Figure 2). First, 
we performed staining for typical markers of stratified squa-
mous epithelium. hVFE expressed cytokeratin (CK) 4, which 
is a marker of the mucosal squamous epithelium (Figure 2A), 
CK13, a marker of suprabasal cells (Figure 2B) and CK14, 
a marker of the basal cellular compartment (Figure 2C). In 
parallel, we performed staining for typical fibroblast mark-
ers. hVFE were negative for fibronectin (Figure  2D) and 
collagen I (Figure 2E). Moreover, hVFF were negative for 
CK4, CK13, and CK14 (Figure 2F-H) and stained positive 
for fibronectin (Figure 2I) and collagen I (Figure 2J). These 
results demonstrate successful separation of hVFE and hVFF 
with hVFE maintaining VF epithelial cytokeratin markers.

3.3 | Immortalization and 
Identification of hVFE

Primary hVFE were transduced by the retrovirus containing 
hTERT gene (Figure 3A). Secondary to the large volume of 
virus applied, a substantial number of cells underwent apop-
tosis and death after a second transduction (Figure 3B). After 
2 weeks of G418 selection, a few cells survived (Figure 3C) 
with a transfection efficiency of less than 3%. Following an 
additional 5 weeks of culture, the surviving cells maintained 
proliferation and formed colonies (Figure 3D). Figure 3E-H 
shows control hVFE transfected by empty vector without 
hTERT gene. After 2 weeks of G418 treatment (Figure 3G) 
and an additional 5 weeks of culture (Figure 3H), live cells 
could not be found.

Immortalized hVFE (T4) were confirmed and identified 
by standard PCR, PCR ELISA and immunocytochemistry 
(Figure 4). A standard PCR reaction showed a strong specific 
band of hTERT gene observed in the immortalized hVFE of 
passages 1, 7, 14, and 21 (Figure 4A). Telomerase activity 
of the immortalized hVFE was measured by PCR ELISA. 
Similarly, high level of telomerase activity was observed in 
the immortalized hVFE at passages 3, 7, 14, and 21 (2.880, 
3.040, 3.031, and 3.018, respectively, P = .071, Figure 4B). 

Confocal imaging (Figure 4C) showed induced hTERT ac-
cumulated in the nuclei (red) of the immortalized hVFE 
co-labeled with CK14 (green). These results confirmed that 
hTERT gene was successfully incorporated into the hVFE 
nucleus.

To assess whether immortalized hVFE cells were capa-
ble of maintaining their genotype during passaging and cell 
expansion, we conducted RNA-sequencing (RNA-seq) and 
compared transcriptional profiles of immortalized hVFE at 
passages P1, P7, and P14 to human adult primary hVFE char-
acterized recently.17 EBSeq analysis was applied to identify 
EE and DE genes with FDR controlled at 5% for each list. Our 
results show that from 16 966 sequenced genes in primary vs 
immortalized hVFE at P1, 8545 EE genes and 7329 DE were 

F I G U R E  4  Immortalization of hVFE was identified and 
confirmed by standard PCR, PCR ELISA, and immunocytochemistry. 
A, PCR was performed following RNA extraction from immortalized 
hVFE at four different passages using the primers specific to hTERT 
gene and product was resolved on 1.5% agarose gel for confirming 
hTERT gene in immortalized hVFE. Strong hTERT gene expression 
(501bp band) was observed in immortalized hVFE at passages 1, 7, 14, 
and 21 (P1, P7, P14, and P21). B, telomerase activity of immortalized 
hVFE was measured by PCR ELISA. Similar level of telomerase 
activity was observed in immortalized hVFE at passages 3, 7, 14s and 
21 (P3, P7, P14, and P21). C, cellular location of induced hTERT was 
identified by immunocytochemistry. Immortalized cells were labeled 
by epithelial cell marker, cytokeratin 14 (green), and hTERT (red) and 
imaged by confocal microscope demonstrating hTERT was positive in 
the nucleus of the epithelial cells. Scale bar: 50 µm
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found. Similar proportions of EE and DE genes were found 
in primary vs immortalized hVFE at P7 (8544 EE genes vs 
7361 DE genes) and P14 (8724 EE genes vs 7057 DE genes). 
Across all conditions there were 6046 overlapping EE genes 
and 4940 DE genes. These results suggest that the immortal-
ized cells share similarity to the primary cells and are stable 
in their expression across time.

Our data show that the top 10 EE enriched terms obtained 
from primary hVFE vs P1, P7, and P14 passages were mainly 
related to calcium ion transport (Tables  1 and 2), protein 
transport targeting the cell membrane and/or the endoplasmic 
reticulum (Tables 2 and 3) and cell signaling, such as posi-
tive regulation of cAMP-mediated signaling (Tables 2 and 3).  
Moreover, the top 10 DE enriched terms were involved in 
regulation of the mitotic cell cycle (Table  1), mitotic cell 
cycle transition from G2 to M phase (Tables 2 and 3), pos-
itive regulation of telomerase maintenance and lengthening 
(Table  3) as well as processes such as protein degradation 
associated with centromere assembly and nuclear envelope 
disassembly (Tables  1-3). When comparing the top 10 EE 

and DE enriched terms across passages 3, 7, and 9 similar 
EE enriched terms and 2, 7, and 8 DE enriched terms were 
found. Taken together, these data show that immortalized 
hVFE are capable of maintaining their phenotype with al-
most comparable genotypes across cell passages. Moreover, 
similar to primary hVFE, immortalized hVFE are capable of 
carrying out their function related to ion and protein transport 
and cell signaling. DE genes, moreover, show that in con-
trast to primary hVFE, immortalized hVFE were successfully 
transformed and can generate the machinery important for 
successful mitotic cell division.

Under phase microscopy, immortalized hVFE (Figure 5A) 
showed similar cobblestone morphology as the primary 
hVFE (Figure  5B). However, hTERT expression (red) was 
present only in the immortalized hVFE (Figure 5C-E), not in 
primary hVFE (Figure 5F-H). Epithelial cell markers, cyto-
keratin CK 4, 13, and 14, were expressed in both immortal-
ized hVFE (Figure 5I-K) and primary hVFE (Figure 5L-N) 
suggesting that immortalized hVFE maintained their epithe-
lial phenotype. Next, we investigated short-term proliferation 

T A B L E  1  (a) GO biological processes analysis for top 10 equally expressed genes (EE) in primary hVFE and immortalized hVFE at passage 
P1. (b) GO biological processes analysis for top 10 differentially expressed genes (DE) in primary hVFE and immortalized hVFE at passage P1

Index Name P-value
Adjusted 
P-value

Odds 
ratio

Combined 
score

(a)

1 negative regulation of interleukin-10 production (GO:0032693) .0002905 .2118 2.16 17.59

2 membrane depolarization during action potential 
(GO:0086010)

.0001075 .1098 1.72 15.76

3 modulation of chemical synaptic transmission (GO:0050804) .00005097 .1301 1.51 14.95

4 piRNA metabolic process (GO:0034587) .0005081 .2881 1.95 14.79

5 positive regulation of NK T-cell activation (GO:0051135) .002597 .4142 2.34 13.93

6 positive regulation of isomerase activity (GO:0010912) .002597 .4016 2.34 13.93

7 terpenoid metabolic process (GO:0006721) .002597 .4275 2.34 13.93

8 positive regulation of calcium ion-dependent exocytosis 
(GO:0045956)

.001235 .3318 2.01 13.43

9 cardiac myofibril assembly (DO:0055003) .001001 .3193 1.93 13.31

10 membrane depolarization (GO:0051899) .0003069 .1958 1.63 13.21

(b)

1 regulation of cholesterol biosynthetic process (GO:0045540) 1.580e−7 .0001612 2.12 33.13

2 proteasome-mediated ubiquitin-dependent protein catabolic 
process (GO:0043161)

2.404e−10 .000001227 1.49 33.03

3 cellular protein modification process (GO:0006464) 1.242e−9 .000003168 1.25 25.55

4 microtubule anchoring at centrosome (GO:0034454) .0001186 .01164 2.73 24.67

5 nuclear migration (GO:0007097) .0001186 .01187 2.73 24.67

6 proteasomal protein catabolic process (GO:0010498) 6.779e−8 .0001153 1.46 24.14

7 regulation of mitotic cell cycle phase transition (GO:1901990) 3.188e−7 .002324 1.50 22.41

8 positive regulation of cell cycle arrest (GO:0071158) .000002223 .001134 1.70 22.10

9 ubiquitin-dependent protein catabolic process (GO:0006511) 1.083e−7 .0001382 1.38 22.08

10 cytoplasmic sequestering of protein (GO:0051220) .00009762 .01083 2.37 21.84
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rates of immortalized and primary hVFE (Figure 5O). During 
a 7-day period, two primary cell lines at passage 2-3 showed 
rather flat proliferation curves, while immortalized hVFE at 
passage 3 presented a statistically significant raising growth, 
(P  =  .0009 and 0.0002, day 4 and day 7, respectively), as 
compared to primary cells. Immortalized hVFE maintained 
stable proliferative ability for more than 8 months, compared 
to primary hVFE, which stopped proliferating after three to 
four passages. These data show that hTERT gene was suc-
cessfully incorporated into the genome, which significantly 
extended the lifetime of hVFE.

3.4 | Genetic analysis of immortalized hVFE

Next, we performed the karyotypic analysis. The DNA STR 
profile demonstrated that our immortalized epithelial cell line 

was consistent with the presence of a single cell line, which 
did not match the DNA fingerprint pattern of any cell line 
published in ATCC, NIH, or DSMZ websites. Cytogenetic 
analysis was performed on 20 G-banded metaphase cells 
from the immortalized hVFE cell line, and all 20 cells dem-
onstrated an abnormal female karyotype with trisomy 7, tri-
somy 20, loss of one copy of chromosome 11, and gain of 
two marker chromosomes of unknown origin (Figure 6).

3.5 | Identification of 3D human VF 
mucosal model

To address the potential of immortalized cells to differen-
tiate into VF stratified squamous epithelium, we created 
3D model of human VF mucosa (Figure 7A). Immortalized 
hVFE were seeded on the top of collagen-fibroblast 

T A B L E  2  (a) GO biological processes analysis for top 10 equally expressed genes (EE) in primary hVFE and immortalized hVFE at passage 
P7. (b) GO biological processes analysis for top 10 differentially expressed genes (DE) in primary hVFE and immortalized hVFE at passage P7

Index Name P-value Adjusted P-value
Odds 
ratio

Combined 
score

(a)

1 nuclear-transcribed mRNA catabolic process, 
nonsense-mediated decay (GO:0000184)

.000001306 .006664 1.53 20.67

2 SRP-dependent cotranslational protein targeting to 
membrane (GO:0006614)

.000002156 .003667 1.58 20.59

3 muscle contraction (GO:0006936) .000001683 .004293 1.47 19.54

4 regulation of synapse assembly (GO:0051963) .00003599 .02624 1.81 18.48

5 cotranslational protein targeting to membrane 
(GO:0006613)

.000007013 .008947 1.54 18.22

6 protein targeting to ER (GO:0045047) .000008101 .008267 1.52 17.82

7 calcium ion transport (GO:0006816) .000009160 .007791 1.47 17.03

8 positive regulation of cAMP-mediated signaling 
(GO:0043950)

.001107 .2825 2.34 15.93

9 regulation of lymphocyte proliferation (GO:0050670) .0006021 .2363 2.03 15.04

10 piRNA metabolic process (GO:0034587) .0005065 .2154 1.95 14.80

(b)

1 DNA metabolic process (GO:0006259) 5.593e−17 2.854e−13 1.63 60.88

2 DNA replication (GO:0006260) 5.526e−13 1.410e−9 1.88 53.04

3 regulation of cholesterol biosynthetic process 
(GO:0045540)

2.826e−8 .00001803 2.17 37.78

4 DNA-dependent DNA replication (GO:0006261) 3.184e−8 .00001805 1.99 34.34

5 mitotic cell cycle phase transition (GO:0044772) 2.894e−10 4.923e−7 1.56 34.29

6 regulation of mitotic cell cycle phase transition 
(GO:1901990)

1.163e−9 .000001484 1.59 32.81

7 DNA biosynthetic process (GO:0071897) 3.771e−7 .0001132 2.09 30.91

8 centromere complex assembly (GO:0034508) 6.246e−7 .0001678 2.11 30.19

9 nuclear envelope disassembly (GO:0051081) 3.309e−7 .0001126 2.01 29.97

10 mitochondrial translational elongation (GO:0070125) 4.926e−8 .00002514 1.78 29.95
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constructs, let differentiate at the A/Li for 3  weeks and 
then, collected for histological analyses. Our results show 
that after 3 weeks of culture of immortalized hVFE at the 
A/Li presented a typical multilayered stratified squamous 
phenotype (Figure 7B). Cells in the epithelium were posi-
tive for epithelial cell-specific markers, CK4 (Figure 7E) 
and 14 (Figure 7G). Cells in suprabasal layers showed posi-
tive staining for anti-CK13 (Figure 7F). The adherent junc-
tion marker, E-cadherin (Figure  7C) was also present in 
the constructed epithelium suggesting that the cells tightly 
adhered to each other and formed a compact epithelium. 
However, Laminin alfa 5 (Figure 7D), a component of the 
basement membrane was not observed in the construct. 

These results indicate that immortalized hVFE are capable 
to differentiate into the multilayered epithelium that resem-
bles the VF stratified squamous epithelium in its structure 
and function.

3.6 | Cell migration of hVFE

Finally, we investigated whether the immortalized hVFE cells 
could be utilized to create a 3D mucosa model with underlying 
VF fibroblasts to investigate wound healing and tissue repair. 
To test this, we created a scratch in a confluent layer of immor-
talized hVFE seeded on collagen gel without or with hVFF, and 

T A B L E  3  (a) GO biological processes analysis for top 10 equally expressed genes (EE) in primary hVFE and immortalized hVFE at passage 
P14. (b) GO biological processes analysis for top 10 differentially expressed genes (DE) in primary hVFE and immortalized hVFE at passage P14

Index Name P-value
Adjusted 
P-value

Odds 
ratio

Combined 
score

(a)

1 muscle contraction (GO:0006936) .000002055 .01049 1.46 19.06

2 omega-hydroxylase P450 pathway (GO:0097267) .0005704 .1940 2.29 17.12

3 SRP-dependent cotranslational protein targeting to 
membrane (GO:0006614)

.00001300 .03317 1.52 17.10

4 protein targeting to ER (GO:0045047) .00001806 .03072 1.49 16.26

5 positive regulation of cAMP-mediated signaling 
(GO:0043950)

.001308 .2903 2.29 15.22

6 nuclear-transcribed mRNA catabolic process, 
nonsense-mediated decay (GO:0000184)

.00004267 .05444 1.43 14.42

7 piRNA metabolic process (GO:0034587) .0006641 .1993 1.91 13.98

8 modulation of chemical synaptic transmission 
(GO:0050804)

.00009898 .06314 1.48 13.66

9 cotranslational protein targeting to membrane 
(GO:0006613)

.00009031 .06583 1.45 13.54

10 positive regulation of NK T-cell activation 
(GO:0051135)

.003001 .4503 2.29 13.32

(b)

1 DNA replication (GO:0006260) 6.222e−13 1.588e−9 1.91 53.77

2 DNA metabolic process (GO:0006259) 5.438e−15 2.775e−11 1.61 52.77

3 mitotic cell cycle phase transition (GO:0044772) 7.244e−11 1.232e−7 1.60 37.43

4 regulation of mitotic cell cycle phase transition 
(GO:1901990)

1.828e−10 2.332e−7 1.65 36.95

5 regulation of cholesterol biosynthetic process 
(GO:0045540)

5.867e−8 .00002722 2.20 36.57

6 positive regulation of telomere maintenance via 
telomere lengthening (GO:1904358)

1.755e−17 .00006396 2.25 35.01

7 DNA-dependent DNA replication (GO:0006261) 3.815e−8 .00001947 2.02 34.58

8 Mitochondrial translational elongation 
(GO:0070125)

0.034e−8 .00001720 1.82 31.58

9 DNA repair (GO:0006281) 7.347e−10 7.498e−7 1.50 31.46

10 mitochondrial translational termination 
(GO:0070126)

2.988e−8 .00001906 1.82 31.45
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on collagen-fibronectin coated surface, and measured hVFE mi-
gration over 7 days in vitro. Visual analysis (Figure 8A) shows 
that hVFE starts to migrate into the wound within 24 hours on 
all these substrates. On a collagen gel without VFF migrated 
hVFE covered only about 20%-25% of the defect from day 3 to 

day 7 (Figure 8A). In collagen-fibroblast constructs there was a 
significantly higher rate of hVFE migration over a 7-day period 
compared to collagen gel alone (P < .05, Figure 8B). We found 
that on collagen-fibronectin surface hVFE migrated over half 
of the defect by day 3 and completely covered the defect by 

F I G U R E  5  Characterization of 
immortalized hVFE. Immortalized (A) and 
primary cultured hVFE (B) showed similar 
cobblestone morphology feature of epithelial 
cells; Immortalized cells were positively 
labeled by hTERT (red, D), comparing to 
primary hVFE (hTERT negative, G). DAPI 
(blue) was cell nuclei-counter stained (C, 
F), merged images of DAPI and hTERT in 
immortalized (E) and primary hVFE (H). 
Stratified epithelial cell markers, cytokeratin 
4 (CK4), 13 (CK13), and 14 (CK14), were 
positively expressed in immortalized hVFE 
(I, J, K) and primary hVFE (L, M, N). DAPI 
(blue) was cell nuclei-counter stained. 
Scale bar: 50 µm; (O) Cell proliferation 
rates of immortalized and primary hVFE 
were measured by MTT assay. During 
7-day period, two primary hVFE cells at 
passages 2-3 (♦ and ■) showed rather flat 
proliferation curves, while immortalized 
hVFE at passage 3 (▲) showed significant 
higher cell numbers at Day4 and Day7 
compared with primary cells (P = .0009 and 
P = .0002, respectively)
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day 5 in most trials; which was significantly faster than for the 
collagen gel constructs (P < .05, Figure 8B). Collectively we 
show that immortalized hVFE are capable of migration to initi-
ate the wound closure and repair. The speed of immortalized 
hVFE migration likely depends on the presence of fibronectin 
and hVFF that enhance migration of epithelial cells.

4 |  DISCUSSION

Primary culture of epithelial cells is challenging and difficult 
as these specialized cells depend upon cell to cell and cell to 
matrix interactions and require many growth factors, with 
loss of either leading to apoptosis and cell death. To date, lim-
ited primary culture of VF epithelial cells has been reported 
from porcine VF tissue and humans.18,19 Immortalization of 
epithelial cells from various human tissues (subglottis, pos-
terior commissure, and ventricles) that are in close proxim-
ity to and surround the true membranous VF have also been 
described.20 In each of these aforementioned immortaliza-
tions, the type of human epithelial cells immortalized were 
pseudostratified ciliated epithelium which differs from the 
stratified squamous epithelium from the free edge of the true 
membranous VF. Herein we describe and characterize, to 
the best of our knowledge, the first generation of immortal-
ized hVFE cells obtained from the luminal surface of the 
true VF.

Immortality of cell lines could be achieved by different 
approaches, including inactivating tumor suppressor genes 
(p53, Rb, and others) that can induce a replicative senes-
cent state in cells7,21 or introducing oncogenes.22,23 We were 
successful in immortalizing our hVFE through the ectopic 
expression of TERT using pBABE-neo-hTERT retrovirus. 
Prior to our success with this methodology, we attempted 
Nucleofector technology,24 which enables highly efficient 
transfection of primary cells, stem cells, neurons, and estab-
lished cell lines as well as other nonviral transfection meth-
ods, such as a Cytofect Epithelial Cell Transfection Kit,25 
which is a plasmid DNA delivery system designed especially 
for epithelial cells. Unfortunately, none of these methods 
were successful suggesting that retroviral transfection is cur-
rently a method for efficient TERT gene nuclear delivery.

The TERT gene is inactive in most somatic cells, but 
when it is exogenously expressed cells are able to maintain 
sufficient telomere lengths to avoid replicative senescence. 
However, overexpression of hTERT in some cell types can be 
challenging, especially in primary epithelial cells. To over-
come these problems, we applied a very high-titer recombi-
nant retrovirus (approximately1000-times concentrated virus 
used for normal transfection-2.4 × 1011copies/mL)26 to our 
primary hVFE cell cultures, which also resulted in a very low 
transfection efficiency, and generated one positive cell clone 
(out of more than 20 plated) that maintained proliferation for 
more than 8  months and beyond, without presenting signs 

F I G U R E  6  Cytogenetic analysis of immortalized hVFE cell line (passage 9) show an abnormal female karyotype with trisomy 7, trisomy 20, 
loss of one copy of chromosome 11, and gain of two marker chromosomes of unknown origin
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of senescence. In earlier reports, multiple human epithelial 
subsites have been immortalized by SV40 or HPV E6/E7, in-
cluding ovarian, subglottic, esophageal, and corneal.3,20,27,28 
Furthermore, previous work report that human epithelial 
cells from airway, nasopharyngeal, and ovarian were immor-
talized with combination of oncogene expression and activa-
tion of telomerase.4,29,30 Use of both virus oncogenes, such 
as HPV E6/7 and SV40 T antigen and expression of hTERT 
has produced immortal epithelial cell lines with abrogated 
cell cycle control and apoptosis machinery, with spontaneous 
malignant transformation during prolong culture.31,32 In our 
approach, we avoided using viral oncoproteins as these pro-
teins inactive both Rb and p53 pathways.4 We demonstrated 
that hTERT alone was sufficient for cell immortalization, 

similar to a previous report,33 albeit with small variations in 
their karyotype, similar to other reports in epithelial cells im-
mortalized via hTERT33-37 Investigators have suggested that 
small variations in chromosomes may contribute to cellular 
immortalization.35,36 However, chromosomal gain could also 
be the result of mitotic nondisjunction due to integration of 
the proviral cDNA into the cell's genome after retroviral trans-
fection.35 Ramirez et al have reported comparable studies for 
immortalized human bronchial epithelial cells lines and pa-
rental cells.35 Their results showed that despite duplication 
of parts of chromosomes 5 and 20 in their immortalized cell 
lines, the cells had intact p53 checkpoint pathways, which 
impact cellular homeostatic mechanisms that monitor DNA 
replication, chromosome segregation and cell division.38 

F I G U R E  7  Characterization of immortalized hVFE in 3D VF mucosa construct. A, Schematic of VF mucosa construct by co-culturing of 
immortalized hVFE and primary hVFF. B, H&E staining shows morphology of the VF mucosa construct developed with immortalized hVFE. C, 
Anti-E-cadherin staining shows E-cadherin expressed in all layers of immortalized hVFE. D, Anti-Laminin alfa 5 staining demonstrates lack of 
basement membrane found in developed VF mucosa construct. E-G, IHC staining for stratified epithelial markers, CK4 (E), CK13 (F), and CK14 
(G). CK4 and CK14 were expressed in all layers of hVFE, CK13 expressed in super-basal layers of epithelium. DAPI (blue) was cell nuclei-count 
stain. Scale bar: 200 µm
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Further investigation of the effect of the chromosomal alter-
nations found in our cells warrant investigation, however our 
RNAseq results indicate similar cell functions and signaling.

To validate the differentiation potential of immortal-
ized hVFE, we created a 3D model of human VF mucosa 
using immortalized hVFE and primary hVFF and assessed 
the expression of key stratified markers which were similar 
to native human VF mucosa.9,39 Our immortalized hVFE 
showed similar cell morphologic features and cell markers 
as the primary hVFE, similar with our previous work with 
iPSC-derived VFE in a VF mucosa model.17 The difference 
is that iPSC-derived VFE can be induced from iPSC over the 
course of a month, but the immortalized hVFE can be easily 

frozen, stored, and recovered. It can be shipped to other re-
search institutions and widely used for various in vitro re-
search in laryngeal field. Specialized training and time for 
culture is mitigated Unfortunately, Laminin-alfa 5, a basal 
membrane component, was not expressed in our model sug-
gesting that anchorage of immortalized hVFE to collagen 
matrix could be impaired and/or immature. These results are 
similar to work utilizing primary hVFE in a 3D VF mucosa 
construct.19 In this investigation the developed 3D model 
of human VF provides a valuable tool for investigation of 
human VF in physiological and pathological conditions.

Wound healing is a complex process which involve ex-
tracellular matrix (ECM) components, multiple kinds of 

F I G U R E  8  Cell migration evaluation of immortalized hVFE from the surface of collagen gel, collagen gel with primary hVFF, and 
collagen-fibronectin coated plate. A, Immortalized hVFE were grown on the surface of the collage gel (4 mg/mL collagen I, Col-Gel), collagen 
gel containing hVFF (Col-Gel with hVFF), and collagen-fibronectin coated plate (30 µg/mL collagen I and 10 µg/mL fibronectin, Col-FN) until 
confluent. A cell-free area was introduced with a pipette tip, and migration was evaluated after 24 hours. Representative examples of cells at Day 
0, 1, 3, 5, and 7 from four independent experiments are shown. Scale bar: 100 µm. B, Quantification of the results of four separated scratch wound 
assays using ImageJ. On Col-FN surface, cells began to infiltrate the wound area by Day 1 and completely covered the wound by Day 5, compared 
to cells on Col-Gel that had 20%-30% of the area covered over the same 7-day period. On collagen gel with fibroblasts, by Day 3 epithelial cell 
migration covered the 40% of the wound and by Day 5-7 covered 60% of the wound. Asterisks (*) indicate a significant difference (P < .05) in 
scratch wound healing compared to the different substrate at same time point
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cells (epithelial cells, fibroblasts, and macrophages), and 
various secreted growth factors.40 In previous reports, fi-
broblasts play a key role in the deposition and remodeling 
of ECM components and wound.41 Epithelial cell migra-
tion during the wound healing process is an important step 
to complete healing when the VF are injured.42 The vast 
majority of existing wound healing models use only one 
type of ECM protein and one cell type whereby lacking 
the complexity of the wound bed microenvironment.43,44 
In this study, we present a novel 3D wound healing model 
that closely mimics the VF environment allowing study 
of hVFE cell migration and regulation between hVFE 
and hVFF. We plated of our immortalized hVFE on 3D 
collagen- fibroblast construct and controls being collagen 
gel alone and collagen-fibronectin coated plates. We found 
that the migration of immortalized hVFE on collagen- 
fibroblast constructs was significantly faster than in the 
model without fibroblasts. These results suggest that fibro-
blasts promote migration of epithelial cells, which might 
be caused by the growth factors released from fibroblasts 
and ECM components (such as fibronectin and collagen).45 
This is in agreement with previous study demonstrating that 
exogenous epidermal growth factor can increase the rate of 
wound healing in an embryonic stem cell-derived model of 
VF mucosa.46 Notably, the fastest migration occurred when 
the immortalized hVFE were cultured on culture dishes 
coated with collagen-fibronectin. These findings indicate 
that fibronectin can also enhance the migration of VF epi-
thelial cells as reported previously for fibroblasts47 or vas-
cular smooth muscle cells.48 However, our culture system 
cannot distinguish between the role of fibronectin and the 
stiffness of the substrate, which can facilitate migration as 
well. Further experiments utilizing this novel construct are 
needed to provide the evidence about the role of fibronectin 
and various growth factors in stimulation of VFE migration 
during wound closure and elucidate the possible mecha-
nisms involved in the VF wound healing.

In summary, this report provides the scaffold for the profi-
cient generation of immortalized hVFE from primary culture 
with validation of their usefulness in a 3D in vitro VF mucosa 
model. This tool will allow for the improved understanding of 
the reciprocal interactions between epithelial cells and fibro-
blasts in VF mucosal biology whereby providing an opportu-
nity for disease modeling and testing therapeutic approaches 
for the treatment of VF remodeling, inflammation, or other 
laryngeal diseases.
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