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Abstract

Objective—Physiologically relevant, well-characterized /n vitro vocal fold coculture models are
needed to test the effects of various challenges and therapeutics on vocal fold physiology. We
characterize a healthy state coculture model, created by using bronchial/tracheal epithelial cells
and immortalized vocal fold fibroblasts. We also demonstrate that this model can be induced into a
fibroplastic state to overexpress stress fibers using TGFB1.

Method—Cell metabolic activity of immortalized human vocal fold fibroblasts incubated in
different media combinations were confirmed with MTT assay. Fibroblasts were grown to
confluence and primary bronchial/tracheal epithelial cells suspended in coculture media were
seeded directly over the base layer of the fibroblasts. Cells were treated with TGFB1 to induce
myofibroblast formation. Cell shape and position was confirmed by live cell tracking, fibrosis was
confirmed by probing for a smooth muscle actin (a-SMA) and phenotype was confirmed by
immunostaining for vimentin and E-cadherin.

Results—Fibroblasts retain metabolic activity in coculture epithelial media. Live cell imaging
revealed a layer of epithelial cells atop fibroblasts. a-SMA expression was enhanced in TGFp1
treated cells, confirming that both cell types maintained a healthy phenotype in coculture, and can
be induced into overexpressing stress fibers. Vimentin and E-cadherin immunostaining show that
cells retain phenotype in coculture.

Conclusion—These data lay effective groundwork for a functional coculture model that retains
the reproducibility necessary to serve as a viable diagnostic and therapeutic screening platform.

Level of Evidence—NA
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Introduction

In healthy vocal folds, the epithelium serves as a first line of defense, acting as a selective
biochemical barrier.1=3 Underlying fibroblasts in the lamina propria synthesize most of the
extracellular matrix (ECM) in response to autocrine and paracrine signals from the
surrounding environment.*> Homeostasis is thus maintained by complex interactions
between various cell types and the ECM.246.7 Scarring, the most common cause of vocal
deficiencies®-11 disrupts homeostasis by causing a cascade of events involving cell
signaling, wound healing, and matrix reorganization.11:12

Despite advances in understanding the pathophysiology, effective treatments for scarring
remain elusive. While matrix reorganization does take place in the lamina propria, the
epithelium is also disrupted upon injury and undergoes restoration.* Much research about
scarring has focused on lamina propria reorganization using fibroblasts alone3-19 or stem
cells, 2926 and there is emerging evidence on the response of epithelial cells to injury.5:26
The lack of an epithelial cell line for the vocal folds, poor proliferative capacity of primary
cells, limited viability of ex-vivo tissue, and difficulties associated with handling and cost of
animal models have limited investigations into the interactions between the two cell types.

It is widely accepted that cellular and molecular signaling between the epithelial cells and
fibroblasts is one of the many factors involved in maintaining homeostasis /77 vivo,527 but
the underlying mechanisms remain largely unexplored. Fibroblasts provide an incomplete
picture of wound healing response /n vivo, since epithelial restoration and signaling events
are also likely to play an important role in mediating wound-healing response. While stem
cells have advantages such as tunability and increased control of differentiation, there are no
models sourced from primary human cells to compare stem cell based approaches to. In
order to explore the combination of these epithelial-mesenchymal interactions, our goal was
to develop a reproducible, high throughput, physiologically relevant, /n vitro bench top
model, which takes into account direct interactions between epithelial cells and fibroblasts.

Direct signaling events between multiple cell types have been shown to be crucial in growth,
migration, and differentiation of cells.2”-32 Direct contact between cell types can be
facilitated in a scaffold-based18.24.26.33 or scaffold-free2”:28:31 platform. Cells respond
differently to the material properties of the scaffold.34 A scaffold-free model enables matrix
formation guided by cells themselves based on contact, independent of signaling cues from
the scaffold. To investigate whether epithelial-fibroblast interaction, affects cell morphology
and phenotype /n vitro, we established a direct contact, scaffold free cell culture model. We
also investigated whether our co-culture model could be induced into an /n vitro fibroplastic
state by the use of TGF-p1. TGF-B1 is a potent cytokine responsible for inducing a wide
range of functions such as tissue repair and homeostasis, inflammatory responses,
extracellular matrix production and cell proliferation and differentiation.3® Of particular
interest is its ability to induce continuous stress fiber formation and myofibroblast
differentiation in fibroblasts, which leads to excess collagen deposition;>17:36 thus
recapitulating an important aspect of fibrotic phenotype /n vitro. To the best of our
knowledge, such an /n vitro platform to study pathophysiology of TGF-B1 mediated fibrosis
and screen for therapeutics does not exist. Based on the assumption that primary cells from
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the airway are exposed to a similar environment as the larynx and to overcome the
shortcoming of limited availability of vocal fold epithelial cells, we chose airway, cuboidal
bronchial/tracheal epithelial cells for coculture. This simple coculture model can provide a
more physiologically relevant diagnostic and therapeutic platform to carry out more detailed
in vitrovocal fold research.

Materials and Methods

Cell culture

Immortalized Vocal Fold Fibroblasts—The immortalized vocal fold fibroblast (1-
hVFF) cell line3” was obtained from Dr. Susan Thibeault at the University of Wisconsin,
Madison. The fibroblast culture was maintained in 25 cm? tissue-culture (TC)-treated flasks
in a 5% CO5, and 37°C environment in Dulbecco’s modified eagle medium (DMEM, Sigma-
Aldrich) supplemented with 10% Fetal Bovine Serum (Corning, Corning, NY), 1%
Penicillin/Streptomycin (Invitrogen, Carlsbad, CA), 1% MEM non-essential amino acid
solution (Sigma-Aldrich, St. Louis, MO) and 200 pg/ml of Geneticin (G418, Teknova,
Hollister, CA). Cells from passage 8-12 were used throughout the experiments. All
experiments were performed on cell culture treated Ibidi p-slide Angiogenesis (Ibidi USA
Inc., Madison, WI1) at an initial seeding density of 3-4 x 10% cells/cm? unless otherwise
mentioned.

Primary Bronchial/Tracheal Epithelial Cells (ECs)—Primary bronchial/tracheal
epithelial cells were purchased from ATCC (Manassas, VA; Catalog # PCS-300-010) and
grown in complete airway epithelial cell serum free basal medium (ATCC-PCS-300-030)
supplemented with bronchial/tracheal cell growth kit (ATCC-PCS-300-040) and gentamicin/
amphotericin B solution (ATCC-PCS-999-025). The cells were maintained in 25 cm2 TC-
treated flasks in a 5% CO, and 37°C humidified environment. Cells from passage 2—7 were
used throughout the experiments at an initial seeding density of 6-7x10* cells/cm? unless
otherwise mentioned.

MTT assay for I-hVFF metabolic activity in coculture media

The effect of different media combinations and cell densities on I-hVVFF metabolic activity
was tested by using the Vybrant® MTT Cell Proliferation Assay Kit (Molecular Probes,
Eugene, OR). The purpose of the assay was to ensure that cells retained metabolic activity at
confluence. Cells were seeded in 96 well plates at densities of either 25,000 cells/cm? or
37,500 cells/cm?; and incubated in 4 respective media formulations consisting of: 1)
complete fibroblast growth media (control media), 2) complete epithelial growth media, 3)
modified media which consisted of complete epithelial growth media with non essential
MEM solution and 4) phenol red free complete epithelial growth media. After 48 hours of
incubation, 100uL media and MTT solution was added to each well and incubated for 4
hours. 100uL of SDS-HCI solution was then added to each well, mixed thoroughly and
incubated for 4 hours to dissolve the formazan formed. Absorbance was read at 570nm on a
Spectramax M5 microplate reader (Molecular Devices, Sunnyvale, CA) and was directly co-
related with cell viability.
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Coculture model

Healthy coculture model—I-hVVFFs were seeded and grown for 48 hours to confluence
in complete fibroblast growth medium with a media change after 24 hours. ECs were then
directly seeded on top of the confluent layer of I-h\VVFFs, in a suspension of complete
epithelial cell media with 2% FBS, which was chosen as the coculture media. After 18-24
hours, the ECs form a layer on top of the I-hVFFs, and are ready to be used as a coculture
model (Figure 1).

TGF-B1 coculture model—TGF-{31 was used to induce stress fiber formation in cells. I-
hVFFs were seeded and grown for 48 hours in complete fibroblast growth medium with a
media change after 24h. After 48 hours, ECs were seeded directly on top of the I-hVFFs in
complete epithelial media containing 10 ng/mL TGFB1. 18-24 hours after seeding, the ECs
formed a layer on top of the I-h\VVFFs (Figure 1).

Live Cell Imaging In Co-Culture

For live cell tracking, I-hVFFs were incubated with 10 uM Cell Tracker™ Orange CMRA
(Molecular Probes) for 45mins and washed 3 times with 1X D-PBS. Cells were then
trypsinized and seeded at a density of 3 x 104 cells/cm?. After 48 hours, ECs were labeled
with 10 pM Cell Tracker ™ Green CMFDA (Molecular Probes) for 45 minutes, trypsinized
and seeded directly on top of the I-hVFFs. Cultures were visualized using a Leica DMI16000
B inverted microscope with an EL6000 external light source (Leica Microsystems, Wetzler,
Germany) 24 hours after seeding ECs using a x10objective. A CooolSNAP HQ? camera and
Leica application suite (LAS) AF6000 software (Leica Microsystems) were utilized for
image acquisition. All images were taken using identical settings for exposure time. Images
were edited using ImageJ (National Institutes of Health, Bethesda, MD).

Immunofluorescence studies to assess phenotype

24 hours after seeding ECs in epithelial media containing 2% serum, cultures were fixed in
3% paraformaldehyde for 30 min, permeabilized using 0.5% Triton X-100 (Sigma) in PBS
for 30 min, and blocked in 5% milk for 2 hours. Cultures were immunostained for a-smooth
muscle actin (aSMA), vimentin and E-cadherin sequentially. To identify stress fibers,
cultures were incubated with mouse anti-human aSMA (Sigma; 1:200 dilution) overnight at
4°C followed by incubation with goat anti-mouse AlexaFluor® 488 (Invitrogen, 1:400
dilution) for 2 hours. To identify I-hVFFs in culture, we used Vimentin, a mesenchymal cell
marker. Cultures were incubated overnight at 4°C with rabbit anti-human vimentin (Cell
Signaling Technology, 1:100 dilution), followed by incubation with goat anti-rabbit
AlexaFluor® 555 (Cell Signaling Technology, 1:400 dilution) for 2 hours. To identify ECs
in culture, we used E-cadherin, an adherens junction protein. Cultures were incubated
overnight at 4°C with rabbit anti-human E-cadherin (Cell Signaling Technology, 1:50
dilution), followed by incubation with goat anti-rabbit AlexaFluor® 555 (Cell Signaling
Technology, 1:400 dilution) for 2 hours. Primary antibody was eliminated from the negative
control to confirm specificity of secondary antibodies. Samples were washed 3 times to
ensure removal of previous antibody. The samples were counterstained with 4”, 6 -
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Diamidino-2-phenylindole (DAPI) for nuclear staining and were visualized using the Leica
DMI6000 B inverted microscope at a x10 objective.

Statistical Analysis

Statistical Analysis was completed using Minitab 17 (State College, PA). The data for the
MTT assay are represented as mean with error bars corresponding to standard deviation.
Single factor analysis of variance (ANOVA) and Tukey’s significant difference post hoc tests
were performed to look for differences in both, cell seeding density and different media
formulations, and a p value at or below 0.05 was considered statistically significant.

Results
MTT Assay for I-hVFF Metabolic Activity

Data comparing different I-hVVFF cell seeding densities and different media combinations is
shown in Figure 2. A statistically significant difference in I-h\VFF metabolic activity was
seen between seeding densities of 37,500 cells/cm? and 25,000 cells/cm? (p < 0.05). To
achieve a monolayer of I-hVFFs, cell seeding density of 37,500 cells/cm? was selected for
all future experiments. I-h\VVFF viability was highest for control media (p < 0.05), but was
preserved in epithelial media, which was used as the media for subsequent studies.

Live Cell Coculture Visualization

Fibroblasts and epithelial cells retained viability, as seen from live cell tracker imaging.
Fibroblasts displayed an elongated, spindle-shaped morphology and were spread out, and the
epithelial cells retained cobblestone-like morphology, and formed a layer on top of the
fibroblasts (Figure 3).

a-SMA Expression

a-SMA, a well-known marker of myofibroblastic phenotype, was observed in all cells types
(Figure 4). Induction with TGF-B1 increased stress fiber formation in both, fibroblasts and
coculture models, indicating myofibroblast differentiation.

E-cadherin Expression

E-cadherin, a common epithelial adherens junction marker, was retained in epithelial cells in
monoculture and coculture. E-cadherin expression was maintained after addition of TGF-p1
(Figure 5).

Vimentin Expression

Vimentin, a common mesenchymal cell marker, was expressed by fibroblasts in monoculture
and coculture, with and without the addition of TGF-p1 (Figure 6). Mild vimentin staining
was observed in epithelial cells.

Discussion

Here we characterize a scaffold-free, direct contact epithelial-fibroblast coculture model for
the larynx. We demonstrate that both epithelial cells and fibroblasts retain their morphology
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in coculture, and express cell-specific proteins. We also show that the addition of TGFB1
induces stress-fiber formation. Activation of myofibroblasts, which express a-SMA, is a
characteristic marker of fibrosis.38 Fibroblasts were grown to confluence for 48 hours to
facilitate matrix formation before epithelial cell seeding. This coculture model lays the
groundwork for developing a reproducible test bed for high throughput, controlled screening
of therapeutics for laryngeal pathologies in the future.

The role of vocal fold epithelium in wound healing response has been gaining increased
attention.® Vocal fold epithelial cells play a pivotal role as a physical and biochemical
barrier.1=3 Little is known about the impact of epithelial-fibroblast signaling in the larynx,
precluding advances in disease diagnosis and new candidate drug screenings. /n vitro models
provide the advantage of a controlled environment for simulating disease states and
screening therapeutics, and are capable of significantly decreasing the cost and amount of
time required to screen therapeutics. An /n vitro direct contact coculture model between
primary bronchial/tracheal epithelial cells and vocal fold fibroblasts, two predominant cell
types, can enumerate some of the signal transduction and cell-cell interactions /n vivo.

Current bench top models of the vocal folds use polymeric scaffolds made of collagen,
decellularized ECM, hyaluronan or fibrin scaffolds by themselves, or in combination with
stem cells and fibroblasts.24:26:33.39 These models have focused on engineering a functional,
multi-layered mucosa but not on establishing a test bed for therapeutics. Our model offers
information about cell interactions in fibrotic state while retaining the tunability and
reproducibility necessary to serve as a viable diagnostic and therapeutic test platform.

There are some potential limitations to this study. Cell phenotype was maintained in
coculture for 24 hours. Future studies will include testing therapeutics in this model. The
media for the coculture experiments was epithelial growth media. We chose to use this
media because primary epithelial cells are more susceptible to phenotypic changes than
immortalized fibroblasts. This might explain why some epithelial cells in monoculture
stained for vimentin. Follow-up studies will probe for epithelial-mesenchymal transition
using the coculture model. This question is of interest because epithelial-mesenchymal
transition, characterized by the reduction in expression of epithelial adhesion proteins like E-
cadherin, and increase in expression of mesenchymal markers such as vimentin and a-SMA,
has been associated with multiple diseases such as cancers*0-42 and fibrosis*344 in multiple
tissues. The addition of 2% FBS was further shown to preserve epithelial and fibroblast
phenotype and hence was used for immunofluorescence studies. Overall, the epithelial cells
and fibroblasts survived in coculture and could be induced into a fibrotic model with TGF-
B1. While mild a-SMA expression was observed in the control group, significantly higher
expression was seen after treating with TGF-p1, suggesting fibrosis. This finding
corroborates with published reports.38 Finally, The use of a non-vocal fold source of
epithelial cells is also a limitation. However, cuboidal epithelial cells, which line the airway,
are exposed to a similar environment as vocal fold epithelia, and can provide important
insights into epithelial-mesenchymal interactions.
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Conclusion

In summary, we characterized an epithelial-fibroblast coculture. We demonstrated that
epithelial cells expressed E-cadherin and that fibroblasts expressed vimentin in coculture at
24 hours. We further showed that the addition of TGF-p1 could induce the model into
overexpressing stress fibers. Although, an /n vitro test bench model has its limitations of
being contrived, it provides an important platform for high throughput and targeted
screening of a variety of therapeutics before translations into animal models.
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Figurel.
Visualization of experimental design. I-hVFFs were seeded at 3-4 x 10% cells/cm? and

allowed to grow to confluence for 48 hours to enable extracellular matrix formation. After
48 h, ECs were seeded directly on top at a seeding density of 6-7 x 10% cells/cm?, either in
(i) complete epithelial media to create a healthy coculture or in (ii) complete epithelial
media supplemented with 10 ng/ml TGFB1 to induce into a fibrotic coculture model
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Figure 2.

MTT assay on I-hVVFFs for metabolic activity. I-hVFFs performed better in epithelial media
at a seeding density of 37,500 cells/cm? and was hence, chosen for future experiments. As
metabolic activity was retained in all medias, epithelial media was chosen as coculture

media to ensure that the primary ECs maintain phenotype
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Figure 3.
Coculture visualization using live Cell Tracker®. I-hVFFs were tracked with Cell Tracker®

Orange CMRA, and ECs were tracked with Cell Tracker® Green CMFDA. Both cells
maintain morphology in coculture. Imaged after 24 h of coculture. Scale bar = 150 pm
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Figure 4.
Representative images of a-SMA expression in monocultures of I-hVFFs and ECs, and in

coculture, with and without addition of TGFB1. Increased expression of a-SMA was seen
after induction with TGFB1, suggesting a fibrotic phenotype. Scale bars = 150 um
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Figureb.
Representative images of E-cadherin expression seen in monocultures of ECs and in

coculture. Addition of TGFB1 did not seem to change expression levels. Scale bars = 150
pm
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Figure 6.
Representative images of Vimentin expression seen in monocultures of I-hVFFs and in

coculture, with and without addition of TGFB1. Scale bars = 150 um
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