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Abstract

Although hormone replacement therapy is an option for the loss of ovarian function, hormone
delivery through pharmacological means results in various clinical complications. The present
study was designed to deliver sex steroids by a functional construct fabricated using encapsulation
techniques. Theca and granulosa cells isolated from ovaries of 21-day old rats were encapsulated
in multilayer alginate microcapsules to recapitulate the native follicular structure. Cells
encapsulated in two other schemes were used as controls to assess the importance of the multilayer
structure. The endocrine functions of the encapsulated cells were assessed in vitro for a period of
30 days. Encapsulated cells showed sustained viability during long-term /n vitro culture with those
encapsulated in multilayer capsules secreting significantly higher and sustained concentrations of
17 p-estradiol (Ey) than the two other encapsulation schemes (p<0.05, n=6) in response to follicle-
stimulating hormone (FSH) and luteinizing hormone (LH). In addition, cells in the multilayer
microcapsules also secreted activin and inhibin /n vitro. In contrast, when granulosa and theca
cells were cultured in 2-D culture, progesterone (P,4) secretion increased while E, secretion
decreased over a 30-day period. In summary, we have designed a multilayer engineered ovarian
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tissue that secretes sex steroids and peptide hormones and responds to gonadotropins, thus
demonstrating the ability to recapitulate native ovarian structure ex vivo.

Keywords

Cell-based hormone replacement therapy; ovarian cells; follicles; encapsulation; alginate;
multilayer microcapsules

2. Introduction

Ovaries serve as gonads as well as endocrine glands, and are the primary physiological
source for sex steroids. Ovarian follicles are the fundamental units of ovaries and each
produces a single oocyte (germ cell), steroids, and protein hormones to regulate the
reproductive cycles in females [1;2]. The ovarian hormones produced by the follicles play a
crucial role in maintaining the ovarian cycle, determining secondary sexual characteristics
and preparing the endometrium for implantation. The follicles become corpora lutea after
ovulation and produce hormones in order to maintain the pregnancy if the oocyte is
successfully fertilized [3;4]. During the follicular phase (pre-ovulatory phase) estrogens are
the predominant steroids produced by the functional follicle and in the luteal phase (post-
ovulatory phase) progesterone is the major steroid produced by the corpus luteum. As far as
estrogen biosynthesis is concerned there exists a two-cell two-gonadotropin concept [5-9],
which involves theca cells, granulosa cells, luteinizing hormone (LH) and follicle
stimulating hormone (FSH). Theca cells in the periphery of the follicle possess the key
enzyme CYP17A1 (17, 20 lyase) to synthesize the aromatizable androgens (androstenedione
and testosterone) under the influence of LH. These aromatizable androgens are then
converted by CYP19 (aromatase) in the granulosa cells into estrogens, a process regulated
by FSH [10;11]. This cyclic pattern of sex steroid synthesis and secretion occurs during
every ovarian cycle until all the embryonically formed primordial follicles for the
production of functional follicles are exhausted.

Loss of ovarian function caused by surgical resection, ablative therapy, or menopause not
only affects the reproductive ability but also leads to cessation of sex steroid production by
the ovary leading to various physiological consequences in women [12;13]. Ovarian
hormone-deprived conditions results in various pathological conditions ranging from
urogenital complications to osteoporosis [13;14]. Although hormone replacement therapy
(HRT) is able to compensate for the loss of ovarian hormone production, hormone delivery
through pharmacological means results in consistently higher serum concentrations and
clinical complications including increased incidence of heart disease and cancer depending
on the HRT regimen used [15-19]. Therefore, cell/tissue-based hormone therapy that
provides more physiological serum levels of hormones is an appealing alternative for
treatment of ovarian hormone-deprived conditions. We hypothesize that the endocrine cells
would respond to the endogenous levels of gonadotropins and secrete sex steroids and, in
turn, the gonadotropins would be regulated by sex steroids through the feed back
mechanism. In the present study, we have used encapsulation techniques in designing a
tissue-engineered endocrine ovary for a cell/tissue-based HRT.

Cell encapsulation techniques are under investigation by an increasing number of research
groups for a wide variety of cell/tissue-based therapies and the delivery of therapeutic agents
[20-24]. However, despite the need for sustained delivery of sex hormone secretion, an
optimum encapsulation technique for ovarian endocrine cells is currently not available.
Since sex hormone production involves inter-cellular communication between two primary
types of endocrine cells of the ovary (granulosa and theca), we hypothesize that suitable
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spatial arrangement of these cells in hydrogel microcapsules would be important for their
optimum long-term function. Therefore, we have explored three approaches in encapsulating
these endocrine cells for the assessment of their functions as ex vivo endocrine tissue
constructs for HRT (see Fig. 1). In scheme 1, each cell type was encapsulated separately and
co-cultured using a transwell system in the presence of FSH and LH. In scheme 2, both cell
types were combined at equal proportion, co-encapsulated in the same microcapsule and
then cultured with gonadotropins. In scheme 3, the granulosa and theca cells were
encapsulated in different layers of multilayer microcapsules resembling the follicular
architecture of ovary and cultured in similar conditions to that of the other two schemes.

3. Methods

3.1 Materials

3.2. Animals

Medium 199 and McCoy’s 5A media were purchased from Gibco-BRL (Life Technologies/
Gibco-BRL, Grand Island, NY). Percoll, oFSH, oLH, 17 B-estradiol, sesame oil, insulin-
transferrin-selenium mix (ITS), deoxyribonuclease | (DNase 1), sodium azide, poly-L-
ornithine (PLO molecular weight 15 — 30KDa) were purchased from Sigma-Aldrich (St.
Louis, MO). Low viscosity (20-200 mPa:s) ultra-pure sodium alginate with high
mannuronic acid (LVM) content was purchased from Nova-Matrix (Sandvika, Norway).
LVM alginate was reported by the manufacturer to have molecular weights 75-200kDa and
guluronic acid to mannuronic acid (G/M) ratios of <1. Collagenase type 1 was from
Worthington (Lakewood, NJ) and insulin-like growth factor-1 (IGF-I) from Peprotech
(Rocky Hill, NJ). Solutions for alginate microcapsule synthesis were made using the
following chemicals: HEPES, sodium chloride and calcium chloride (Fisher Scientific,
Pittsburgh, PA). The vendors for other chemicals, reagents and antibodies used have been
indicated in the relevant areas of this method section.

All animal studies were conducted with the approval of the Wake Forest University Health
Sciences Animal Care and Use Committee. Immature female rats (21 day old Fisher 344
rats) purchased from Harlan Sprague-Dawley Inc. (Indianapolis, IN) were used as donors for
the isolation of granulosa and theca cells. The immature rats were injected with 1.5 mg/0.2
ml of E, dissolved in sesame oil, subcutaneously for three consecutive days to improve the
yield of cells (Ep-primed rats). The rats were euthanized 24 h after the last injection, ovaries
were excised and endocrine cells were isolated from the ovaries.

3.3. Cells isolation and purification

The endocrine cells were isolated from ovaries of E,-primed immature rats according to the
procedure described by Li and Hearn [25]. Ovaries were collected in ice cold medium 199
(M199) containing HEPES (25 mM), 1 mg/ml bovine serum albumin (BSA), L-glutamine (2
mM), penicillin (10 000 1U/ml), streptomycin (10 000 pg/ml), and amphotericin B (25 pg/
ml). After cleaning the extraneous tissues, the ovaries were washed twice with ice cold
M199 and then punctured gently with 27G syringe needles in order to release the loosely
packed granulosa from the follicles; cells thus collected were kept on ice. The remaining
ovaries were chopped into fine pieces of ~ 0.25 mm? and the cells released during this
process were also collected and kept on ice separately. The pieces of ovaries were then
incubated with collagenase (2 mg/ml) and DNase (10 pg/ml) in M199 for 90 min with
occasional mixing. The enzyme-digested pieces were dispersed using a Pasteur pipette to
obtain a single cell suspension stored on ice as separate fractions. Cells from different
fractions collected in the above mentioned steps were purified as described by Magoffin and
Erickson [26] using a discontinuous Percoll gradient. To purify granulosa and theca cells,
the density of Percoll was adjusted to 1.055 and added in between 44% and 20% Percoll as
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shown in Fig. 2B. The cells were then loaded on top of the discontinuous Percoll gradient
and centrifuged at 400 x g for 20 min at 4°C. Cells from the first interphase (bet ween 20%
and d = 1.055 layers) were recovered as granulosa cells and those from the second
interphase (between d = 1.055 and 44% layers) were collected as theca cells. The viability of
the cells checked using the Trypan blue method was found to be between 85-95%, with
some experiment-to-experiment variability. The purity of each cell type was assessed by
flow cytometric analysis using cell-specific markers.

3.4. Flow Cytometry

A fraction of each cell type (5 x 10° cells/ cell type) purified using the discontinuous Percoll
gradient was fixed in 3.7% formaldehyde for 15 min. Cells from different interphases were
incubated with primary antibodies for CYP19 (mouse anti-CYP19; Abbiotech, San Diego,
CA) and CYP17A1 (goat anti-CYP17A1; Santa Cruz Biotechnology, Santa Cruz, CA) for 1
h. Unbound primary antibodies were then washed off before further incubation for 1 h with
FITC-conjugated donkey anti-mouse 1gG to detect aromatase positive cells (granulosa) and
PerCP-Cy5.5-conjugated donkey anti-goat 1gG to detect 17, 20 lyase-positive cells (theca).
After washing off the unbound secondary antibodies, cells were then analyzed using flow
cytometry. Cells incubated with secondary antibodies only were used as control.

3.5. Culture of granulosa and theca cells

Purified granulosa and theca cells were incubated at 37°C under an atmosphere of 5% CO»
in humidified air until they reached 80% — 90% confluency. The granulosa cells were
cultured in granulosa growth medium [McCoy’s 5A with 2 mM L-glutamine, 1 mg/ml BSA,
10 000 1U/ml penicillin, 10 000 ug/ml streptomycin, 25 pug/ml amphotericin B, ITS (10 pg/
ml insulin; 5.5 ug/ml transferrin; 5 ng/ml selenium; 0.5 mg/ml BSA; 4.7 ug/ml linoleic
acid), 200 ng/ml FSH, 100 nM E, and 10 nM IGF-1]. Similarly the theca cells were grown in
theca growth medium [McCoy’s 5A with 2 mM L-glutamine, 1 mg/ml BSA, 10 000 1U/ml
penicillin, 10 000 pg/ml streptomycin, 25 ug/ml amphotericin B, ITS (10 pg/ml insulin; 5.5
ug/ml transferrin; 5 ng/ml selenium; 0.5 mg/ml BSA,; 4.7 ug/ml linoleic acid), 100 ng/ml
LH, and 10 nM IGF-I]. Upon reaching 80% — 90% confluent stage (~ 96 h), the granulosa
and theca cells were lifted from the culture flask with a cell scrapper and used for further
studies.

3.6. Immuno-fluorescence staining

Each cell type was cultured on chamber slides in respective growth medium and was
screened for the expression of essential cellular components for steroidogenesis. After fixing
the cells in 3.7% formaldehyde for 15 min, they were washed with PBS and blocked with
PBS containing BSA (1% w/v). The monolayer was then incubated overnight with primary
antibodies at 4°C. Granulosa cells were incubated with rabbit anti-FSHR (Santa Cruz
Biotechnology, Santa Cruz, CA) and mouse anti-CYP19 (Abbiotech, San Diego, CA).
Similarly theca cells were incubated with rabbit anti-LHR (Santa Cruz Biotechnology, Santa
Cruz, CA) and goat anti-CYP17A1 (Santa Cruz Biotechnology, Santa Cruz, CA). After
overnight incubation with primary antibodies the slides were washed with PBS and
incubated with secondary antibodies for 2 h at 4°C. The unbound secondary antibodies were
washed away and the nucleus was counterstained with DAPI and cover slips were mounted.
The images were acquired using fluorescence microscope (Zeiss Axiovert 200M) and
composite images were made with the help of Image-Pro plus software (version 6.3.1.542).
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3.7 Evaluation of the steroidogenic potential of granulosa and theca cells in monolayer
(2D) culture system

To assess the steroidogenic potential of granulosa and theca cells in response to FSH and LH
during long-term monolayer culture, granulosa and theca cells (10° cells/cell type/well) were
co-cultured using a transwell system (EMD Millipore, Billerica, MA). Granulosa and/or
theca cells were seeded at the same density separately and cultured as single-cell controls.
Cells from all the groups (both in co-culture and the single-cell culture groups) were
cultured in the absence and the presence of 100 ng/ml FSH and 100 ng/ml LH for a period
of 30 days and the culture media were collected every alternate day to assess the secretion of
sex steroids. The removed incubation media were replaced with fresh media containing the
above-mentioned concentrations of gonadotropins.

3.8. Encapsulation

The granulosa and theca cells were encapsulated in alginate hydrogel using a micro-fluidic
device recently described by our group [27] and cultured using three different schemes (Fig.
1D). In first scheme, each cell type was encapsulated in 1.5% (w/v) ultrapure LVM alginate
as separate microcapsules and then co-cultured using a transwell (EMD Millipore, Billerica,
MA) system (referred as co-culture microcapsules). In the second scheme, both cell types
were mixed together in equal proportion prior to encapsulation in 1.5% (w/v) LVM, so that
each microcapsule contained both cells (referred to as co-encapsulated microcapsules). In
the third scheme, using a multilayer microcapsule design, which we have previously
described [21;23], first the granulosa cells were encapsulated in 1.5% (w/v) LVM and
coated with PLO (0.1% w/v) for 20 min. The PLO-coated microcapsules were then mixed
with theca cells suspended in 1.5% (w/v) LVM and encapsulated again using the micro-
fluidic device in order to obtain multilayer microcapsules whose structural architecture
resembles that of native follicles as illustrated in Fig. 1 (referred to as multilayer
microcapsules). To demonstrate the differential compartmentalization of the different cell
types in the multilayer microcapsules, the granulosa cells were pre-stained with Cell Tracker
green (Life Technologies/Invitrogen, Grand Island, NY) and the theca cells were pre-stained
with Cell-tracker Orange (Life Technologies/Invitrogen, Grand Island, NY), prior to the
synthesis of the multilayered microcapsules. The multilayer microcapsules were then
imaged to visualize the cell types using confocal microscope (Zeiss LSM510). In addition,
to determine the importance of the cell-cell interactions between the theca cells (TC) and
granulosa cells (GC) each cell type was encapsulated individually as mentioned in scheme 1
and cultured separately in the presence of gonadotropins as “single-cell” controls for all the
experiments. In each group, the number of microcapsules was adjusted to accommodate 10°
cells of each cell type/ well.

3.9. Live/dead analysis of cells in micro-capsules

The viability of the encapsulated cells was assessed using live/dead assay as follows: Once
in every three days some of capsules from each scheme (cultured separately in the similar
conditions) were transferred to a 24-well plate and incubated with 25 pM CFDA SE
(carboxyfluorescein diacetate, succinimidyl ester) (Life Technologies/Invitrogen, Grand
Island, NYY) in serum-free medium for 15 min at 37°C under an atmosphere of 5% CO, in
humidified air. Then the CFDA SE containing medium was replaced with medium
containing 10% FBS and incubated again under the above-mentioned conditions for another
30 min. The serum-containing medium was then replaced with 50 pg/ml of propidium iodide
(PI) (Life Technologies/Invitrogen, Grand Island, NY) and incubated at room temperature
for 2 min and the microcapsules were washed to remove excess PI. The microcapsules were
then observed under inverted fluorescence microscope and imaged. The number of live and
dead cells was determined qualitatively from the composite image acquired using Image-Pro
plus software (version 6.3.1.542).
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3.10. Measurement of 17 B-estradiol, progesterone, activin and inhibin

To evaluate the endocrine functions of un-encapsulated and encapsulated ovarian cells, the
levels of E,, P4, activin and inhibin were measured in the culture media. Encapsulated
granulosa and theca cells of all three schemes were cultured in the absence and the presence
of FSH (100 ng/ml) and LH (100 ng/ml) for a period of 30 days and the culture media were
collected every alternate day to assess the secretion of sex steroids, activin and inhibin. The
levels of sex steroids (E,, P4) (Enzo, Life sciences, Plymouth Meeting, PA), activin (R&D
systems Inc., Minneapolis, MN) and inhibin (Life Sciences Advance Technologies Inc., St.
Petersburg, FL) in the culture media were measured using ELISA kits following the
manufacturers’ instructions. While E; and P4 were measured using competitive
immunoassay Kits, activin and inhibin were analyzed using sandwich immunoassay Kits.
According to manufacturer’s instructions, the inhibin ELISA kit detects both inhibin—A and
—B levels (total inhibin levels), whereas activin ELISA kit measures the levels of activin-A.

3.11. Statistical Analysis

Statistical analyses were performed using SPSS software (version 10.0.1). Results are
presented as the mean + S.E.M unless stated otherwise. Comparisons between the means of
hormone levels in different groups were performed using analysis of variance (ANOVA)
followed by post-hoc testing using Bonferroni correction when appropriate. Differences
were considered to be statistically significant when p<0.05.

4. Results

4.1. Expression of gonadotropin receptors and steroidogenic enzymes

The purity of granulosa and theca cells separated on the discontinuous Percoll gradient was
assessed by flow cytometry using cell-specific markers. While antibody for CYP19 and
FITC-conjugated secondary antibody was used to detect the granulosa cells, antibody for
CYP17A1 and PerCP Cy5.5-conjugated secondary antibody was used to detect the theca
cells. The flow cytometric analysis revealed that 74.15% of the cells recovered from the first
interphase in the Percoll gradient stained positive for CYP19 (Fig. 2A) and 69.91% of the
cells obtained from the second interphase were stained for CYP17A1 (Fig. 2C). To ensure
that both endocrine cells possess other essential cellular components for steroidogenesis, the
granulosa and theca cells were screened for the expression of cell-specific gonadotropin
receptor and steroidogenic enzyme by immunofluorescence staining. While granulosa cells
stained positive for FSH receptor (FSHR) and CYP19 (Fig. 2D-G), theca cells stained
negative for both FSHR and CYP19 (Fig. 2H-K). On the other hand theca cells and some of
the granulosa cells stained positive for LH receptor (LHR), but CYP17A1 was detectable
only in theca cells (Fig. 2L-S).

4.2. Endocrine functions of granulosa and theca cells in vitro 2D culture

In order to determine the baseline steroidogenic potential of these cells cultured in 2-D for
comparison to our 3-D encapsulation system, the granulosa and theca cells were co-cultured
in the absence and the presence of FSH and LH in a two-dimensional culture system using
culture inserts and their secretion of E, and P4 were measured in the culture media collected
every alternate day. When compared to either granulosa or theca cells alone, the co-cultured
cells secreted significantly higher levels of E, after 48 h of treatment with FSH and LH, but
the levels of E, declined with time and reached their basal detectable levels after 3 weeks
(Fig. 3A). Similarly, progesterone secretion in co-culture was also significantly higher than
that of individual cell culture. In contrast to E,, progesterone secretion in the culture media
was at the basal detection limit initially, but increased after two weeks and reached
maximum by the end of the long-term culture (Fig. 3B).
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4.3. Serial encapsulation facilitates the synthesis of multi-layered microcapsules

In an effort to fabricate a more physiologically-relevant construct for the tissue-engineered
ovarian tissue, the architectural design of native follicle was adopted wherein the granulosa
cells were placed in a central alginate core enveloped by a semi-permeable membrane made
with PLO, which was then surrounded by an outer layer of alginate with theca cells (Fig. 1A
— B). To demonstrate the differential compartmentalization of cells in the multilayer
microcapsules, the granulosa and theca cells were stained with different Cell-Tracker
flurophores as mentioned earlier. Confocal imaging showed the distribution of granulosa
cells in the inner alginate core and the theca cells in the outer alginate layer (Fig. 1C).

4.4. Viability of encapsulated ovarian endocrine cells

The viability of encapsulated ovarian endocrine cells was determined by live/dead staining
using CFDA and PI respectively. The images presented in Fig. 4 are representative of
several microcapsules stained at each time point. As shown in Fig. 4, cell viability was
maintained over the course of 30 days in culture (indicated by green pseudocolor
fluorescence for CFDA). While the presence of dead cells increased over time (as indicated
by red pseudocolor fluorescence for Pl), there were relatively few dead cells observed even
at 30 days in culture. The images shown are for the multilayer scheme, but similar results
were obtained with all schemes (data not shown).

4.5. Sex steroid secretion by the encapsulated ovarian cells in vitro

4.6. Ovarian

To assess the endocrine function of encapsulated ovarian cells, the two cell types were
encapsulated in alginate hydrogel and cultured using three different schemes as mentioned
earlier (Fig. 1D). In the first scheme E, secretion by encapsulated cells in response to FSH
and LH was detected only after 2 weeks where their levels were twice that of the single-cell
controls (p<0.05, n = 6; Fig. 5A). Unlike scheme 1, cells encapsulated in the second scheme
responded to gonadotropins from day 2 onwards and the levels constantly increased with
time and reached four fold around the fourth week in comparison with their initial levels
(Fig. 5B). Similarly, the cells encapsulated in multilayer microcapsules also exhibited an
early response to FSH and LH in E, secretion. However importantly, there was a ten-fold
increase in the E; secretion observed in the third scheme (multilayer) compared to their
initial levels after two weeks, which was significantly higher than the other two schemes
(p<0.05, n=6; Fig. 5A). Progesterone (P,) secretions by cells from all three encapsulation
schemes were significantly higher with FSH and LH stimulation at all the time points when
compared to the basal levels and single-cell controls (Fig. 5B). The secretion of E, and P4 in
response to FSH and LH were significantly higher than the basal conditions in all three
schemes at most of the time points (Supplement to figure 5).

peptide secretion by the encapsulated ovarian cells in vitro

In addition to secreting sex steroids, the ovary is also responsible for the secretion of activin
and inhibin that establish the feedback loop with the hypothalamus and pituitary. Owing to
the profound response of cells in the multilayer capsules to the gonadotropins, we further
explored the production of these two key polypeptide hormones, activin and inhibin secreted
by the follicular cells, in scheme 3. Compared with the basal condition (without LH/FSH),
cells encapsulated in the multilayer microcapsules secreted significantly higher levels of
activin in response to FSH and LH after 48 h, but its levels gradually declined with time
during the long-term culture (Fig. 6A). In contrast to activin, the levels of inhibin production
remained at baseline up to day 6 and increased ~ 2 fold basal after two weeks of the culture
(Fig. 6B).
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5. Discussion

Even though HRT has been reported to rectify the imbalance in the hormonal levels after the
loss of ovarian function [17;28], the risks with such therapies may outweigh the benefits
[15;18;19]. The major drawback in using the current pharmacological means is that the
hormone delivery is not controlled by the innate hypothalamo-pituitary-gonadal (HPG) axis.
To address this problem, we have designed an ovarian endocrine cell/tissue construct for
cell-based HRT as an alternative to the pharmacological agents. The construct would permit
endocrine tissue interaction with the HPG axis to release sex steroids accordingly. The
greatest challenge for cell/tissue-based HRT has been the lack of an appropriate means of
delivering these cells into the body. Cell encapsulation techniques with biomaterials such as
alginate have the potential to provide an elegant solution to this problem.

Alginate has been predominantly used in encapsulation because of its several appealing
properties [29]. The anchorage-independent culture helps the cells to attain a more natural,
physical configuration resembling /n vivo three-dimensionality. In addition, this
configuration provides much better exposure of the cell membrane which augments the
exchange of nutrients and gases from multiple directions unlike the 2D system. The suitable
pore size formed by the hydrogel facilitates the exchange of bio-molecules in and out of the
microcapsules quickly [30;31]. The soft nature of the hydrogel has been shown to allow the
expansion of the growing cells in this 3D scaffold structure [32;33]. The controllable
gelation property adds advantage to this material in attaining desired shape and size [34].
The anionic nature of the alginate allows the interaction with polycationic molecules like
poly-L-Lysine (PLL), poly-D-Lysine (PDL) and poly-L-Ornithine (PLO) and helps not only
in the immunoisolation of the cells but also in making layer-by-layer architecture for the
synthesis of follicle-like microcapsules [35-37].

Since encapsulation with alginate has been successfully employed for delivering insulin in
type-1 diabetes [23;35], we reasoned that the use of an alginate-based system would be
suitable for the delivery of sex hormones. In addition, alginate or alginate-composite
materials have been successfully employed for /n vitro maturation of ovarian follicles
[31;38;39], suggesting that endocrine cells of the ovary may possess sustained viability ex
vivo. Lastly, the encapsulation techniques employed for alginate-based materials and the
resulting microcapsules serendipitously mimic the native shape of ovary follicles and
techniques to achieve multiple alginate layers have previously been reported [23] suggesting
that similar techniques could be employed to further recapitulate the native architecture of
the endocrine ovary as a means to create a cell/tissue-based HRT.

Since the ovary involves two cell types for the biosynthesis and secretion of estrogens, both
granulosa and theca cells were isolated from immature rats and cultured in the presence of
FSH and LH, respectively in order to maintain their phenotypes. The immuno-fluorescence
staining confirmed the presence of essential receptor and enzymes in each cell type for the
successful steroidogenesis of estrogens. Still these cells were not able to produce sustained
levels of estrogens during the long-term co-culture in a 2D system, instead, the levels of
progesterone increased with time in the culture media. Ovarian cells cultured on 2D surfaces
have been previously reported to differentiate into luteal cells due to the limitation of space
for the growing cells in the 2D system and the morphological phenotype acquired on such
surfaces [40;41]. Moreover, the two dimensional culture does not replicate the conditions of
in vivo system. It has been shown in several studies that cells grown in a hydrogel system
exhibited improved function that resembles that of /n vivo conditions [42—-45].

In contrast to the 2D culture, we found that 3D culture promoted maintenance of several key
physiological aspects of ovary endocrine cells. First, the alginate hydrogel supported the
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long-term survival of encapsulated cells in our study, probably because of its soft material
properties, 3D aspects, and porous nature to allow nutrient diffusion in and waste and
hormonal secretions out of the microcapsules. The 3D spatial arrangement of these two
endocrine cell types in the native ovarian follicle is known to be very critical, since
intercellular communications are required between them for their functions [46-48]. This
important property of the /n vivo system was the motivation for exploring the multi-layer
approach (scheme 3) in the present study. Our results highlight the importance of the
structure-function relationship of the granulosa and theca cells as evidenced by the
significantly increased levels of E;, secretion in the multi-layer scheme compared to schemes
1 and 2. The multilayer microcapsules also produced a steady level of progesterone
suggesting that this design mimics the /n vivo set-up of the cells within the pre-ovulatory
follicles. In scheme 2 where both cells were mixed and co-encapsulated in same capsule, the
levels of progesterone levels increased with time indicating enhanced luteal differentiation
of the endocrine cells over time. This may have been due to the over-crowding of cells in the
capsules with time or mixing of both cell types, as both conditions are known to induce
luteal differentiation, where biosynthesis of estrogen diminishes and progesterone increases
[41;49]. The presence of FSH and E; has been reported not only to prevent ovarian cell
atresia but also to maintain the aromatase activity during the long term culture. In addition,
the inhibin secreted by these cells has been shown to potentiate steroidogenesis which may
have contributed to the improved E, secretion by these endocrine cells [50;51].

Since cells in the multilayer capsules were observed to function in similar fashion to the
native follicle, and it is possible to expand the isolated endocrine cells in culture, large
quantities of endocrine tissue constructs could be fabricated from the limited number of
available follicles. The inhibin secretion by these constructs suggests that these multilayer
microcapsules could function as a potential tissue-engineered endocrine ovary by
synchronizing with the innate HPG axis. Addition of another layer of PLO around the theca
cells in the multilayer microcapsule would provide protection from host immune system for
both the granulosa cells and theca cells, thus making it possible to use the construct as either
allografts or xenografts.

5. Conclusion

Our study demonstrates that cell encapsulation techniques applied to ovarian endocrine cells
can be used to achieve sustained release of key sex hormones. More importantly, our results
indicate that recapitulating the structure-function relationships of the native follicles of
ovary in a construct (see Fig. 1) leads to sustained secretion of adequate levels of 17 -
estradiol (Ey), progesterone (Py), activin and inhibin. Specifically, the multilayer alginate
microcapsule that recapitulates the structural architecture of native follicle demonstrates the
importance of spatial arrangement of two cell types in order to maximize the function of the
ovarian endocrine cells. We have found that tissue-engineered ovarian endocrine tissue are
capable of enhanced secretion of Ey, P4, activin, and inhibin /n vitro, thus showing that the
endocrine unit of ovaries could be recapitulated ex vivo. This study thus underlies the
importance of maintaining structure-function relationships within tissue engineered
constructs and highlights the role that biomaterials can play in forming these relationships in
tissue engineering.
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A. Native Follicle B. Construct design C. Tissue construct

Scheme - 1: Co — cultured microcapsules
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Fig 1.

(A) Schematic diagram of an ovarian follicle. (B) Approach of using multilayered alginate
microcapsule to mimic native follicular structure. (C) 3D - confocal image of microcapsules
demonstrating compartmentalization of different cells - distribution of CellTracker green-
labeled cells (granulosa) in the inner layer and CellTracker orange-labeled cells (theca) in
the outer layer. (D) Outline of the study demonstrating the co-cultured/co-encapsulated/
multilayer microcapsules as the three approaches used. GC — granulosa cells; OC — oocyte;
TC —theca cells; PLO — poly-L-ornithine.

Biomaterials. Author manuscript; available in PMC 2014 March 01.



1duosnuey Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sittadjody et al.

Page 14

t T oto% 3.98% (M t o 69.91% 5.48%

20%

Cyp17A1 Positive cells
Cyp17A1 Positive cells

21.76% 74.15% 24.01% 0.60%

Cyp19 Positive cells Cyp19 Positive cells
FSHR Composite
3 ¢
o ’ b
2 . K »
2 5
i $ >
o Y ie :
N )
E 1 G
©
[*]
@
-
-
J .
Composite
©
13
&
3
c
il
o
© 3
o
]
- !
A

Granulosa Theca
Anti-rabbit IgG-FITC

Anti-mouse IgG-TR Anti-rabbit IgG-FITC Anti-goat IgG-TR

Negative controls

Fig 2.

Flow cytometric analysis of purity of isolated granulosa cells (A) retrieved from the first
interphase of the discontinuous Percoll gradient (B) and theca cells (C) from the second
interphase. Immuno-fluorescent staining for FSHR and CYP19 in granulosa (D-G) and
theca cells (H-K); LHR and CYP17ALl in granulosa (L-O) and theca cells (P-S); Negative
controls with secondary antibodies only on each cell type (T-W). Images acquired at 100 x
magnification. FSHR — follicle-stimulating hormone receptor, LHR — luteinizing hormone
receptor, CYP19 — aromatase, CYP17A1 - 17, 20 lyase, 1gG — immunoglobulin G, FITC —
Fluorescein isothiocyanate, TR — Texas Red.
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Fig 3.

(A) 17 p-estradiol production as a function of time by co-cultured granulosa cells with theca
cells in the presence of FSH and LH in a 2D co-culture system. (B) Progesterone production
by co-cultured granulosa cells with theca cells in response to FSH and LH in 2D system.
The results indicate the loss of estrogen production with time and the increase in
progesterone, indicating luteal differentiation. Each data point represents mean + SEM of 6
values (3 wells/group assayed in duplicates). * denotes statistical significance at P <0.05
compared to granulosa and/or theca cells alone. The figures represent data from one of two
separate experiments.
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Fig 4.

Live/Dead staining of cells in the multilayer microcapsules at specified time points. The
image presented for each time point is a single construct and representative of several
constructs stained at each time point. The number of live and dead cells was determined
qualitatively from the composite image. Green represents live cells and red represents the
dead cells and the results indicate that cell viability was maintained over the course of 30
days in culture. Scale bar on the images depict 100 pm.
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Sustained E, (A) and P4 (B) secretion by granulosa and theca cells encapsulated using three
different schemes. In contrast to 2-D cultures, E; levels are maintained or increased with
time and the presence of both GC and TC (either through Schemes 1, 2, or 3) led to
increased levels of E, production compared to GC or TC alone. Multi-layer cultures led to
significantly increased levels of E, production. Each data point represents mean = SEM of 6
values (3 wells/group assayed in duplicates). * denotes statistical significance at P <0.05
compared to granulosa and/or theca cells alone. The figures represent data from one of two

separate experiments.
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Secretion of activin (A) and inhibin (B) /n vitro by the encapsulated cells in the multilayered
microcapsules suggesting that the construct is also capable of secreting peptide hormones in
addition to the sex steroids. Each data point represents mean + SEM of 6 values (3 wells/
group assayed in duplicates). * denotes statistical significance at P <0.05 compared to the

basal level (without FSH/LH). The figures represent data from one of two separate

experiments.
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