The
University
g Of

(T

i . ..;"k.l':{éi Shﬁfﬁe]d.

This is a repository copy of A physiologically relevant, estradiol-17[3 [E2]-responsive in
vitro tissue-engineered model of the vaginal epithelium for vaginal tissue research.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/185163/

Version: Published Version

Article:

Shafaat, S., Mangir, N., Chapple, C. orcid.org/0000-0002-2960-9931 et al. (2 more
authors) (2022) A physiologically relevant, estradiol-17f3 [E2]-responsive in vitro tissue-
engineered model of the vaginal epithelium for vaginal tissue research. Neurourology and
Urodynamics, 41 (4). pp. 905-917. ISSN 0733-2467

https://doi.org/10.1002/nau.24908

Reuse

This article is distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs
(CC BY-NC-ND) licence. This licence only allows you to download this work and share it with others as long
as you credit the authors, but you can’'t change the article in any way or use it commercially. More
information and the full terms of the licence here: https://creativecommons.org/licenses/

Takedown
If you consider content in White Rose Research Online to be in breach of UK law, please notify us by
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request.

\ White Rose .
| university consortium eprints@whiterose.ac.uk
/‘ Universities of Leeds, Sheffield & York —p—%htt s://eprints.whiterose.ac.uk/




Received: 22 January 2022

W) Check for updates

Accepted: 11 February 2022

DOI: 10.1002/nau.24908

BASIC SCIENCE ARTICLE

trapuology gyjcs BRIl WILEY

A physiologically relevant, estradiol-17f [ E2]-responsive in
vitro tissue-engineered model of the vaginal epithelium for
vaginal tissue research

Sarah Shafaat' |
Sheila MacNeil' |

'Department of Materials Science and
Engineering, Kroto Research Institute,
University of Sheffield, Sheffield, UK

*Department of Urology, School of
Medicine, Hacettepe University, Ankara,
Turkey

*Department of Urology, Royal
Hallamshire Hospital, Urology Clinic,
Sheffield, UK

Correspondence

Sheila MacNeil, Department of Materials
Science and Engineering, Kroto Research
Institute, University of Sheffield, Sheffield
S10 2TN, UK.

Email: s.macneil@sheffield.ac.uk

Funding information

University of Sheffield for a Prize
Studentship; The Royal Academy of
Engineering/Turkish Government

Naside Mangir® ® |

Christopher Chapple® ® |

Vanessa Hearnden'!

Abstract

Aims: There are many situations where preclinical models of the human
vagina would be valuable for in vitro studies into the pathophysiology of
vaginally transmitted diseases, microbicide efficacy, irritability testing, and
particularly, for assessing materials to be inserted in the vagina for support of
the pelvic floor. The aim of this study is to develop a physiologically relevant,
low cost, and ethically suitable model of the vagina using sheep vaginal tissue
(SVT) to reduce the need for animal testing in gynecological research.
Methods: Tissue-engineered (TE) vaginal models were developed by culturing
primary vaginal epithelial cells and vaginal fibroblasts, isolated from the native
SVTs on decellularized sheep vaginal matrices at an air-liquid interface.
Morphological analyses of the models were conducted by performing
hematoxylin and eosin staining and further characterization was done by
immunohistofluorescence (IHF) of structural proteins and cytokeratins.
Results: Histological analysis of the models revealed a gradual formation of a
stratified epithelium on our decellularized matrices and cell metabolic activity
remained high for 21 days as measured by the resazurin assay. Our models
showed a dose-dependent response to estradiol-178 [E,] with an increase in
the vaginal epithelium thickness and cellular proliferation under higher E,
concentrations (100-400 pg/ml). The physiological relevance of these results
was confirmed by the IHF analysis of Ki67, and cytokeratins 10 and 19
expression.

Conclusion: In this study, we have developed an estradiol-responsive TE
vaginal model that closely mimics the structural and physiological properties
of the native SVT.
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1 | INTRODUCTION

The female vagina is an elastic muscular tube that
connects the cervix (lower part of the uterus) to the vulva
(female external genitalia). The vagina serves as a canal
for evacuation of the contents of the uterus (e.g.,
menstrual blood, fetus) and has a key role in protecting
against bacteria with its local flora, acidic pH, and
epithelial barrier." The vaginal epithelium is a nonker-
atinised, stratified squamous epithelium that forms a
continuous mucosal barrier separating the external
microenvironment of the vaginal canal from the under-
lying lamina propria and prevents the entry of patho-
gens.” Research into advancing the management of
vaginal diseases has been limited by the absence of
relevant, efficient, and easily accessible in vitro models of
the vagina. It is salutary to conclude that newly emerging
treatments have all undergone suboptimal preclinical
evaluation. For example, the well-known “vaginal mesh
scandal” where the biocompatibility of polymer meshes
in the vagina were not tested adequately in preclinical
models before inserting into the pelvic floor of women.”
In practice, experts agree on the need for better
preclinical models and testing pathways that can
evaluate the efficacy and safety of new therapies applied
to the vagina.®

Current preclinical vaginal models require the use of
animals (e.g., mice, rat, or sheep) or human explanted
tissues. Animal models have many advantages as data are
produced in a complex organ system that can recapitu-
late whole organism physiology. However, several
aspects including species discrepancy, anatomical, and
physiological differences of the reproductive tissue and
variations in hormone responsiveness limit their appli-
cability.” Vaginal explant cultures are often used in
preclinical studies but are impractical due to their short
life span (approximately a week in culture), limited
availability of human explanted tissues, and high
variability among donors.® Accordingly, in vitro tissue-
engineered (TE) vaginal models can offer potential
solutions to these limitations as they are more physio-
logically relevant and ethically sound.

There are several published approaches to produce
three-dimensional (3D) vaginal models, but none are
ideal. Ayehunie et al.” first reported the development of a
3D organotypic vaginal-ectocervical model using human
vaginal cells cultured on collagen gel matrix. Later, their
model was further developed to produce EpiVaginal™
tissue (VEC-100) and EpiVaginal™ tissue (VEC-100-
FT).”” While these models showed morphological
similarities with the native human vaginal tissue, but
the collagen gel substrate fails to accurately model the
complexity of the native lamina propria. Other

commercially available models of the human vaginal
mucosa include human vaginal epithelium (SkinEthic™
HVE) and reconstructed HVE that uses cancer-derived
cell lines to construct the epithelium. The use of
immortalized cells limit their physiological relevance'’
and also commercial models can only be used for a few
days and are very expensive.

Access to human tissue and primary human vaginal
cells is a serious limitation for many researchers;
therefore, in this study, we have used sheep vaginal
tissue (SVT) as this has been shown to be anatomically
close to the human vaginal tissue in terms of similar
reproductive anatomy, pathophysiology, hormonal lev-
els, and anatomical development of prolapse."’ Other
advantages include low cost, less ethical concerns than
human tissue, and ease of availability as a waste product
from the meat industry without the need to sacrifice
additional animals for these models.

The HVE physiological and immunological func-
tions are regulated by the two female reproductive
hormones: (I) estrogen (estradiol-178 [E,]) and (II)
progesterone (P,). Therefore, the response of any TE
model to hormone treatment is an important considera-
tion in model development. Estradiol-178 [E,] promotes
vaginal epithelial cell proliferation, stratification, and
cytodifferentiation by binding with the estrogen
receptor-oc.12 Furthermore, it is well documented that
estradiol-178 [E,] administration affects multiple cellu-
lar pathways, pathogen defense, inflammatory
responses, regulation of oxidative stress, and neovascu-
larization at the molecular level."”

Molecular understanding of the effects of reproduc-
tive hormones on the vaginal epithelium micro-
environment and other molecular targets, such as
epithelial differentiation proteins (cytokeratins), could
enhance our knowledge of the pathophysiology of
vaginal diseases, mechanisms of cell growth and
differentiation, tumorigenesis, and/or toxicity of drugs
that enable researchers to develop improved treatments.
Cytokeratins are expressed differently in different
epithelial cell types and have been shown to be valuable
diagnostic markers for squamous cell carcinomas.'* For
example, in nonkeratinised stratified squamous epithelia,
such as the oral mucosa and vaginal tissue, cytokeratin
19 (cyt19) has been reported to be a characteristic marker
of the proliferating cells."”

The aim of this study is to develop a physiologically
relevant in vitro animal based TE vaginal model using
decellularized-SVT (de-SVT). Through exposing this TE
vaginal model to estradiol-178 [E,], we aimed to
demonstrate the physiological relevance by investigating
its role in maintaining the structure and functionality of
the vaginal epithelium in an in vitro environment.
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2 | MATERIALS AND METHODS
2.1 | Source of SVT and primary vaginal
cells

Intact sheep urogenital tracts were collected from
healthy sheep killed at R.B Elliott & Son, Ltd. Tissues
were processed within 24h of surgical removal
and treated with Cambridge Antibiotic Solution
(CAS-04-301) (source BioScience Healthcare UK,
Ltd). Sheep vaginas were dissected across the length
of vaginal tissue vertically until the vulva at the
posterior end.

2.2 | Decellularization of SVT

Vaginal tissues measuring 4cm?® were decellularized
using two different methods (Table 1) on a Platform
Rocker STR6 at 40r/min for 5 days. Following decel-
lularization, the tissue samples were washed extensively
with sterile phosphate-buffered saline (PBS) and stored at
4°C until use.

2.3 | Isolation and culture of sheep
vaginal epithelial cells and fibroblasts

SVT was used for isolating vaginal epithelial cells and
fibroblasts and cultured following the technique of
Rheinwatd and Green.'® Briefly, 0.2 cm? tissue sections

TABLE 1 Methods used for the decellularization of SVT
Steps Detergent method
1) Primary 0.25% wt/vol sodium
decellularization deoxycholate + 0.25% vol/vol Triton
solution X-100 in PBS supplemented with

1% CAS

2) Epithelium removal  Gentle scraping with sterile forceps

3) Washing (twice) Sterile PBS

0.25% wt/vol sodium
deoxycholate + 0.5% vol/vol Triton
X-100 in 100 ml PBS supplemented
with 1% CAS

4) Secondary
decellularization
solution

5) Washing (twice) Sterile PBS

6) Storage of
decellularized
matrices

At 4°C in sterile PBS supplemented
with 1% vol/vol P/S

Hypertonic + detergent method
1M NacCl in PBS supplemented with

Sterile PBS

0.25% wt/vol sodium deoxycholate + 0.5%

Sterile PBS

At 4°C in sterile PBS supplemented with 1%

LJ ro urology_wl LE‘Y—k—3

were incubated at 4°C overnight in 0.1% wt/vol Difco
trypsin (Sigma-Aldrich). The underlying lamina propria
was separated and epithelial cells were collected by
scraping the epithelium and the upper surface of the
lamina propria. Freshly isolated epithelial cells were
centrifuged (1000 rpm, 5min), resuspended in fresh
Green's media (Table 2), and cultured with a feeder
layer of irradiated murine 3T3 fibroblasts at 37°C,
5% CO..

Vaginal fibroblasts were isolated from the minced
lamina propria of the native tissue by collagenase
treatment, 0.5% wt/vol collagenase A solution (collagen-
ase type 1, >125CDU/mg solid; Sigma-Aldrich) over-
night at 37°C with 5% CO,. The solution was centri-
fuged (2000 rpm, 10 min), cells resuspended in fresh
Dulbecco's modified Eagle's medium (Table 3), and
cultured at 37°C, 5% CO,. Both cell types were grown
to 70%-80% confluency, harvested by trypsinization,
cryopreserved until use, and used between Passage 2
and 3 in all experiments.

2.4 | TE in vitro vaginal models

Models were constructed using de-epithelialised, de-SVT
as scaffolds. Decellularized tissues (generated according
to protocols in Table 1) were aseptically cut
(1.5x1.5cm?), placed in a six-well cell culture plate
with stainless steel rings on top, and seeded with a
coculture of vaginal fibroblasts (3 X 10° cells/model) and
epithelial cells (6 x 10° cells/model). The models were

Duration of
treatment

Incubated for
overnight on a
Platform Rocker
STR6 at 40 r/min

1% CAS

Gentle scraping with sterile forceps -

30 min each

Incubated for 4 days
on a Platform
Rocker STR6 at 40
REV/min

vol/vol Triton X-100 in 100 ml PBS
supplemented with 1% CAS

30 min each

Upto 1 month
vol/vol P/S

Abbreviations: CAS, Cambridge Antibiotic Solution; PBS, phosphate-buffered saline; P/S, 100 IU/ml penicillin, 100 pug/ml streptomycin; SVT, sheep vaginal

tissue.
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TABLE 2 Composition of Green's medium

Component and supplier

Dulbecco’s modified Eagle's 330 ml
medium (GIBCO)

Nutrient mixture F12 (Ham's 108 ml
F12) (GIBCO)

Fetal bovine serum (Advanced Protein 50 ml

Products Ltd.)

Penicillin/streptomycin

Amphotericin B 1.25ml of 250 pg/ml

Adenine 2ml of 6.25 pug/ml
Insulin 2.5ml of 1 mg/ml

3,3,5-triiodothyronine/apotransferrin

apotransferrin
Hydrocortisone 80 ul of 2.5 mg/ml
Epidermal growth factor 25 ul of 100 pg/ml
Cholera toxin 500 pl of 8.47 ug/ml

Note: All components are from Invitrogen unless otherwise indicated.

TABLE 3
Component and supplier
DMEM (GIBCO) 445 ml

Fetal bovine serum (Advanced Protein 50 ml

Products Ltd.)

Penicillin/streptomycin (Invitrogen)

Volume and stock solution

5ml of 10 000 IU/ml penicillin and
10000 pg/ml streptomycin

0.5ml of 1.36 ug/ml T3 and 5 mg/ml

Volume and stock solution

5ml of 10 000 IU/ml penicillin and

Composition of supplemented Dulbecco's modified Eagle's medium (DMEM)

Final concentration Storage
66% vol/vol 4°C
21.6% vol/vol 4°C
10% vol/vol —20°C
100 IU/ml penicillin 100 ug/ml —20°C
streptomycin
0.625 pg/ml —20°C
0.025 ug/ml —20°C
5 pg/ml 4°C
1.36 ng/ml T3 and 5 pg/ml —20°C
apotransferrin
4 ug/ml 4°C
5ng/ml —20°C
8.47 ng/ml 4°C
Final concentration Storage
89% vol/vol 4°C
10% vol/vol —20°C
100 IU/ml penicillin —20°C

10 000 pg/ml streptomycin

cultured in Green's media for 3 days under submerged
conditions and then for an additional 3 weeks at an
air-liquid interface (ALI) on stainless steel grids at 37°C,
5% CO,.

2.5 | Assessment of cell viability

The metabolic activity of cells cultured on de-SVT
scaffolds and human decellularized dermis
(collected under NHS research ethics approval YH/
15/0177) was measured by resazurin assay as previ-
ously described.'” Absorbance at A570 nm was mea-
sured in a colorimetric plate reader (Bio-TEK; North-
Star Scientific, Ltd.) after 24h, 7 and 14 days in
culture at ALI. Cell-free decellularized tissues were
included as controls. At Day 14, samples were fixed
with 3.7% formaldehyde for subsequent histological
analysis.

2.6 | Histology

2.6.1 | Hematoxylin and eosin staining

All tissue sections were processed in Leica TP 1020
Tissue Processor. Samples embedded in paraffin (using
HistoCore Arcadia; Leica Biosystems) were cut (5pum
thick) using a microtome (HistoCore AUTOCUT; Leica
Biosystems) and mounted on Polysine™ adhesion
microscopic slides (Epredia). Hematoxylin and eosin
staining was performed according to the protocol
described by Suzuki et al.'"® Slides were observed and
imaged with a light microscope (Motic).

2.6.2 | Picosirius red staining

Collagen analysis of decellularized tissues was performed
by picosirius red staining on 5.0-um-thick tissue sections
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Detergent Method Hypertonic + Detergent Method

BEFORE

AFTER

vaginal epithelial cells

vaginal fibroblasts

Clrodynamics

(B)

FIGURE 1 (A) Gross appearance of the sheep vaginal tissue (SVT) before and after decellularization in two different solutions showing
visible differences in appearance as the decellularized tissue is whiter in color and delicate upon handling with forceps compared to the
native SVT. (B) Light microscopy images of primary sheep vaginal epithelial cells and fibroblasts isolated from sheep vagina under

%10 magnification. Epithelial cells showing cobblestone-like appearance when cultured on irradiated mouse 3T3s (shown with red arrow
heads surrounding the colonies). Vaginal fibroblasts showing flat, elongated morphology (scale bar = 100 um)

as described previously.'” Slides were deparaffinized and
rehydrated in a series of ethanol dilutions and then
stained with Weigert's hematoxylin for 8 min at room
temperature (RT) followed by washing. Picosirius red
stain (0.1% Direct Red 80 [Sigma-Aldrich]) was added to
sections, incubated for 1 h at RT, and washed with two
changes of acidified water. Slides were dehydrated and
mounted to be imaged with a light microscope (Motic).

2.7 | Examination of the effect of
estradiol-17f [E,] on the TE vaginal models

Estradiol-178 (Sigma-Aldrich) stock solution was pre-
pared by solubilising estradiol in absolute ethanol (conc.
2x 107> mg/ml), then a second stock solution (conc.
2000 pg/ml) was prepared in sterile PBS using serial
dilutions. The working solutions were prepared in
Green's media at five concentrations (25, 50, 100, 200,

and 400 pg/ml). These concentrations were based on
clinical definitions of borderline (11-44 pg/ml), normal
menstruating female follicular phase (21-251 pg/ml), and
“supraphysiological”  (258-498 pg/ml)  estradiol-173
serum levels, as recommended by the Endocrine Society
guidelines.”

2.8 | Immunohistofluorescence/
immunofluorescence

Ki67, and cytokeratin 10 (cyt10) and cyt19 expressions in
TE vaginal models (SVT) and estradiol-17@ induced TE
models was measured. Slides were deparaffinized and
rehydrated using a graded series of ethanol (100% to 95%
to 70%) and antigen retrieval was performed by adding
100 pl of trypsin/CacCl, solution onto each tissue section
in a humidified chamber for 20 min at 37°C. Slides were
washed with PBS at RT and sections permeabilised by
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Hypertonic + Detergent
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Metaboli ivity of sheep vaginal epithelial cells and fibroblasts
cultured on decellularised scaffold: dbyr rin assay

Bl DED
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FIGURE 2 (A) Hematoxylin and eosin (H&E) stained sections of sheep vaginal tissue (SVT) samples after 5 days treatment in two
different decellularization solutions. Native SVT showing intact vaginal stratified squamous epithelial lining, invaginations, and underlying
lamina propria. Purple stained nuclei of the basal cells forming the demarcation between the epithelial tissue above and the connective
tissue below. Decellularized-SVT (de-SVT) by the detergent method showed removal of epithelial lining and absence of cellular components
(no noticeable purple-stained nuclei) compared to the other decellularization technique where the cellular components were not completely
removed from the connective tissue layer as purple-stained nuclei were still visible. Picosirius red staining of the native SVT showing deep
red stained collagen fibers in the extracellular matrix of the native SVT and cellular components could be seen stained light brown-colored
nuclei (pointed with black arrow heads) in both epithelial layer and lamina propria. de-SVT (by both methods) showed absence of cellular
components (visibly no brown stained nuclei) with collagen (red-colored fibers) in the matrix remained largely conserved. Scale

bar = 100 um. (B) Metabolic activity of primary sheep vaginal fibroblasts and epithelial cells cultured on both de-SVT estimated by resazurin
assay over 14 days (n =9 + SD for each group at each time point, ***p < 0.05). DED, de-epithelialised dermis; SVT(A), decellularization by

detergent method; SVT(B), decellularization by hypertonic + detergent method

adding 0.5% Tween20 (20 min at RT). Followed by 30 min
incubation with a serum-free protein blocking buffer
(ab64226; Abcam). Tissue sections were incubated with
the primary antibody Anti-Ki67 antibody (ab15580)
(1:100 dilution; Abcam) or anti-cytl0 antibody
[EP16071HCY]-(ab76318) (1:100 dilution; Abcam) or
cytl9 antibody [NBP1-78278SS] (1:100 dilution; Novus
Biologicals) overnight in a humidified chamber. Slides
were then incubated with the secondary antibody;
donkey anti-rabbit IgG H&L (Aex 6521nm, Ay 668 Nm)
(Alexa Fluor® 647) preadsorbed (ab150063) (1:200 dilu-
tion; Abcam) for 1h at RT and counterstained with 4/,
6-diamidino-2-phenylindole (A¢x 359 nm, A, 457 nm)
(ab228549) (1:800 dilution; Abcam), mounted with DPX,
and imaged with an epifluorescence microscope (Olym-
pus I1X73).

2.8.1 | Imaging

Samples were imaged using an Olympus IX73 inverted
microscope (Life Science Solutions, GB) and a RETIGA
6000 (Imaging®) interfaced to a Dell computer using

Micro-Manager V 1.4.23 20210215 software and analyzed
using Image]J software (National Institute of Health).

2.9 | Statistics

Statistical analysis was performed using GraphPad Prism
V9.1.0 (216). A one-way analysis of variance was
performed using Welch test to analyze the difference
between the means (represented as mean +SD) of
groups. Three or more groups were compared using
Dunnett's post hoc test and a p <0.05 was considered
statistically significant for differences between means of
each group. All experiments were run in triplicate
(N = 3) with three samples for each parameter (n=9).

3 | RESULTS

de-SVT was obtained after 5 days treatment using two
different decellularization treatments: 1) detergent
method and 2) hypertonic + detergent method
(Figure 1A). The de-SVT samples were delicate on
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Day 27 (B)

Clrodynamics

Recellularised SVT

Day 3 Day 7

Meatabolic activity of sheep vaginal epithelial cells and fib
cultured on decellularised scaffolds by the Detergent method
measured by resazurin assay
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FIGURE 3 Hematoxylin and eosin stained sections of the TE sheep vaginal models. (From top left to bottom right) de-SVT from

detergent method showed absence of epithelial layer and cellular components. (A) Recellularized tissues showed a gradual formation of a
stratified epithelial layer from Days 3-7 (3-5 layers) that became denser and more stratified between Days 7 and 14 (7-9 layers). At Day 21 of
the ALI culture, superficial layers of the epithelia were seen more keratinized, and at Day 27, the epithelia were observed detached from the

underlying matrix (scale bar = 100 um). (B) Metabolic activity of primary sheep vaginal fibroblasts and epithelial cells cultured on the de-
SVT by the detergent method estimated by resazurin assay over 27 days at ALI culture conditions (n =9 + SD for each group at each time
point, ***p < 0.05). ALI, air-liquid interface; de-SVT, decellularized sheep vaginal tissue; TE, tissue engineered

handling and the epithelium came off easily following
both decellularization protocols. Isolated primary vaginal
epithelial cells and fibroblasts depicted typical morpho-
logical characteristics when observed under light micro-
scope (Figure 1B).

Histological analysis of the de-SVT showed complete
epithelium removal following both treatments
(Figure 2A); however, the detergent method was more
effective in complete removal of cellular components in
the lamina propria. No purple stained nuclei could be
seen in the detergent method samples compared to the
hypertonic + detergent method where nuclei of vaginal
fibroblasts were still present after 5 days of treatment.
Picosirius red staining showed that the collagen was
largely preserved by both decellularization methods. de-
SVT from the detergent method supported higher
cellular metabolic activity of cultured primary sheep
vaginal fibroblasts and epithelial cells compared to both
de-epithelialised dermis and de-SVT from the hyper-
tonic + detergent method (SVT-B) (Figure 2B). Thus, all

subsequent experiments were performed on de-SVT
processed with only the detergent method.

Our recellularized models showed histological simi-
larities to the native SVT (Figure 3A), and there was a
gradual thickening of a stratified epithelium over three
weeks at an ALI culture. Between Days 7 and 14, the
vaginal epithelium became more stratified (7-9 layers).
After 21 days, the upper layers of the TE models began to
keratinize with epithelial cells appearing more flattened.
The most superficial 2-3 layers of the epithelium started
to flake off from the surface of the models. At Day 27, the
TE vaginal models’ epithelia detached from the under-
lying lamina propria as the integrity of the basement
membrane was compromised under prolonged ALI
culture. The metabolic activity of the vaginal epithelial
cells and fibroblasts cultured on de-SVT showed increas-
ing viability up to 3 weeks in ALI culture but eventually
it declined beyond 3 weeks (Figure 3B). Hence, models
were not cultured beyond three weeks in subsequent
experiments.
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E2 induction at different concentrations
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FIGURE 4 (A) Hematoxylin and eosin stained sections of sheep TE vaginal models after estradiol induction on models cultured at

air-liquid interface (ALI) upto 3 weeks. TE models treated with higher concentrations of estradiol-17 [E,] (100-400 pg/ml) showed more
stratified and cornified epithelium (10-19 layers) compared to the control (without E,) (5-7 layers). Scale bar = 100 um. (B) Metabolic
activity of primary vaginal epithelial cells and fibroblasts seeded on decellularized-SVT estimated by resazurin assay after 3 weeks at ALI
under E, induction (n =9 + SD for each group, ***p < 0.05). SVT, sheep vaginal tissue; TE, tissue engineered

Figure 4A demonstrates the effect of different
concentrations of estradiol 17-8 [E,] on the TE vaginal
model epithelium. Our results showed that increasing E,
concentrations (from 50 to 400 pg/ml) in the culture
medium led to an increase in the epithelium thickness
and stratification (Figure 4A). A higher concentration of
E, (from 100 to 400 pg/ml) also had a significant effect on
cellular metabolic activity on the models compared to the
control (without E,) (Figure 4B).

Immunohistofluorescence detection of Ki67 showed that
there were more proliferative cells in models cultured with
increasing dose of E, (Figure 5). Higher concentrations of E,
(50-400 pg/ml) increased the number of Ki67 positive cells
in both the epithelium and the lamina propria of the TE
vaginal models compared to the control (without E,) as
shown in Figure 5.

Staining for cyt10 was observed in the superficial and
suprabasal epithelium of the native SVT and TE models
(Figure 6). Models cultured in all E, concentrations
(25-400 pg/ml) showed more cytl0 positive cells com-
pared to the untreated models. cyt19 was not expressed
in the native SVT or TE models treated with no or low
levels of E, (0-50 pg/ml) (Figure 7). The expression of
cyt19 in the suprabasal and superficial epithelium of TE
models cultured in high concentrations of E,

(100-400 pg/ml) indicated an abnormal pattern of kera-
tin production.

4 | DISCUSSION

In the field of women's reproductive health research,
there is an urgent need to access affordable and
physiologically relevant preclinical models of vaginal
tissue which can be used as an alternative to animal
testing, in line with the 3Rs principles. In this study we
have developed a TE vaginal model which is structurally
similar to the native vaginal tissues of sheep and
human.”’ Our models comprised of de-SVT cultured
with primary sheep vaginal epithelial cells and fibro-
blasts making them accessible, ethically sound and
affordable. We have demonstrated that our model was
estradiol-178 [E,] responsive and that it has several
advantages over existing preclinical models used in
vaginal tissue research.

Existing commercially available in vitro TE vaginal
models such as EpiVaginal™ or the HVE models are
used in the research community for toxicity and
irritability studies of vaginal formulations and under-
standing the transmission of sexually transmitted
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FIGURE 5

Immunohistofluorescence detection of Ki67, a marker for proliferative cells in the TE sheep vaginal models. The basal cells

of the vaginal epithelium are stained intensely for Ki67 (red channel) in the native sheep vaginal tissue (top left), whereas no cellular
expression for either Ki67 or DAPI could be seen in the decellularized sheep vaginal tissue (SVT) (negative control). In the reconstructed TE
vaginal models, under estradiol-17f [E,] induction, a dose-dependent response of cells positive for Ki67 could be seen with an increase in E,

concentration. An increase in E, concentration (from 50 to 400 pg/ml) showed an increase in the intensity and number of positive cells for
Ki67 in both the vaginal epithelium (E) and the underlying lamina propria (LP). All tissue sections were counterstained with DAPI (blue
channel). Scale bar = 100 um (applies to all). DAPI, 4’,6-diamidino-2-phenylindole; TE, tissue engineered

infections.” These tools are extremely valuable, however,
they have several limitations which we aimed to over-
come in this study. These models can be prohibitively
expensive, have limited culture times, do not include
physiologically relevant lamina propria components, and
either rely on immortalized cell lines or regular access to
human tissue samples. In contrast, our model presented
here is developed using cultured expanded primary sheep
vaginal cells on decellularized vaginal tissues that
showed gradual formation of a stratified epithelium in
culture and the resulting vaginal constructs resembled
the native SVT histologically.

Managing the ethical, legal, and logistical challenges
associated with accessing human tissues can be a barrier
to many researchers. Furthermore, small sample size and
variability among patients is a serious limitation. Hence,
we developed a vaginal model utilizing waste animal
tissue from the meat industry, making it widely
accessible and affordable. SVT and human vaginal
tissue have comparable reproductive anatomy, equiva-
lent epithelial morphology, and structural similarities.”
For this reason, sheep are commonly used in in vivo
studies on vaginal repair as they have similar pelvic

tissue components with that of humans.”” The cultured
expanded sheep vaginal cells could be obtained in large
volumes and genetically matched models could be
created, improving the reproducibility and volume of
experiments which could be performed.

Decellularized scaffolds retain the complex bio-
molecular and physical cues of the native tissue
extracellular matrix, that have previously been shown
to redirect cell growth and viability by providing a
natural microenvironment.”* Our vaginal matrices were
successfully decellularized in 5 days using low concen-
trations of detergent mix and physical rocking. This
technique is much faster compared to the previous
reports by Zhang et al.,”> where 10 days was needed for
successful decellularization of porcine vaginal tissue.
Current vaginal models rely on collagen gels (VEC-100-
FT and VLC-100-FT by MatTek) or polycarbonate
membrane filters (SkinEthic™ HVE from EpiSkin) which
are not as relevant as the decellularized tissues pre-
sented here.

The HVE is composed of 7-14 layers of nonkerati-
nised squamous epithelial cells which are regulated by
the ovarian steroids oestradiol, testosterone and
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Immunohistofluorescence detection of cytokeratin 10 (cyt10), a marker of stratification in the TE sheep vaginal models. The

suprabasal cells and the superficial layers of the vaginal epithelium are stained intensely for cyt10 (green channel) in the native sheep

vaginal tissue (top left), whereas no cellular expression for either cyt10 or DAPI could be seen in the decellularized sheep vaginal tissue

(SVT) (negative control). In the reconstructed TE vaginal models, under estradiol-178 [E,] induction, a dose-dependent response of cells

positive for cyt10 could be seen. Higher E, concentration (from 50 to 400 pg/ml) showed an increase in the intensity and number of positive

cells for the expression of cyt10 in the parabasal layers of the vaginal epithelium (E) while none of the vaginal fibroblasts in the lamina

propria (LP) were positive for the cyt10 expression. All tissue sections were counterstained with DAPI (blue channel). Scale bar = 100 pm

(applies to all). DAPI, 4’,6-diamidino-2-phenylindole; TE, tissue engineered

progesterone.”® Buchanan et al.'” first explored the role
of estradiol 17-f [E,] in promoting vaginal epithelium
stratification, proliferation, and cytodifferentiation in in
vivo mouse models. Similar results were reported in the
current study which is the first in vitro model to mimic
the in vivo physiological response of vaginal epithelium
towards E, induction. In the absence of E,, the vaginal
epithelia of our models consisted of 3-5 layers of
squamous epithelial cells while models treated with
higher E, concentrations displayed an increase in the
epithelium thickness (10-19 layers), enhanced cell
proliferation, and an increase in cornified cells in the
superficial layers. This data shows that our models
closely resemble the native vaginal tissue in terms of
oestradiol responsiveness and hence can be a valuable
preclinical model in vaginal research where hormone
responsive behavior is desirable.

Expression of Ki67 in our models cultured with and
without E, showed a pattern of expression similar to
those observed in human vaginal tissue samples.”” We
observed Ki67 expression in cells within the lamina
propria and the basal and suprabasal layers of the

epithelium. As our models were treated with increasing
doses of E,, Ki67 expression increased demonstrating
higher levels of epithelial cell proliferation which, in
turn, increased epithelium thickness. We also compared
the expression of cyt10 and cyt19 in our models with that
in the native human vaginal tissue reported in the
literature. cytl0 is typically expressed in the suprabasal
layers of cornifying stratified epithelia.”® In our models,
cytl0 expression is observed with a similar distribution
and intensity as in the previously reported in vivo
studies.'”

The expression of cyt19 in our models suggests that a
few epithelial cells in the suprabasal transient and
superficial layers of the epithelium acquired an abnormal
phenotype. Previously, the expression of cyt19 in
different epithelial layers in 3D in vitro cervical cancer
tissue models®” and from MCF-7 cells culture have been
reported in literature.”” The expression of cyt19 in our
models suggests that this might be a transitional
epithelium. Our models could be used to carry out
further studies on the dedifferentiation and abnormal
epithelial transformation under “supraphysiological”
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DAPI Cyt19+DAPI

Immunohistofluorescence detection of cytokeratin 19 (cyt19) in the TE sheep vaginal models. The native SVT did not show

any cellular expression for cyt19 (either in the epithelium [E] or the lamina propria [LP]); however, the cultured cells were exhibiting DAPI
(blue channel) expression (top left). In the decellularized SVT, both cyt19 and DAPI staining was absent (negative control). In the
reconstructed TE sheep vaginal models, without estradiol-17§ [E,] and under low E, concentrations (25-50 pg/ml), there was no cyt19
expression observed from the cultured cells. However, an increase in the E, concentration (from 100 to 400 pg/ml) induced the epithelial
cells present in the transient suprabasal and superficial layers of the TE models' epithelia (E) to express cyt19 in a dose-dependent manner
(green channel). All tissue sections were counterstained with DAPI (blue channel). Scale bar = 100 um (applies to all). DAPI, 4/,
6-diamidino-2-phenylindole; SVT, sheep vaginal tissue; TE, tissue engineered

concentrations of E, as these models allows us to culture
normal epithelial cells under a range of physiological
conditions for 3 weeks.

The mechanism of E,-induced epithelial cell prolifer-
ation has clinical implications as this is the key
mechanism regulating the controlled cellular differentia-
tion processes in the female genitalia and any alterations
in the normal regulatory process may lead to the
development of endometrial, vaginal, and/or cervical
cancers.’! To the best of our knowledge, our model is the
first in vitro hormone-responsive model of animal origin
that depicts the fundamental role of estradiol-178 [E,]
comparable to other in vivo studies as well as in the
native tissue.

5 | CONCLUSION

In conclusion, we have developed a full thickness in vitro
TE vaginal model based on SVT and primary sheep
vaginal epithelial cells and fibroblasts that closely mimics

the physiological attributes of the native vaginal tissue.
This new model overcomes many of the limitations seen
in the existing tools for vaginal tissue research as it
incorporates a physiologically relevant lamina propria
component, can be cultured for up to 3 weeks, and is
more accessible and affordable, expanding its potential
use for a range of applications. Our models showed
estradiol-173 [E,] responsiveness in a dose-dependent
manner resulting in changes in the vaginal epithelium
thickening, differentiation, and cellular proliferation.
These features have confirmed the applicability of our
model as a valuable preclinical tool in vaginal tissue
research.
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