Human Reproduction Open, 2023, 2023(4), hoad052

https://doi.org/10.1093/hropen/hoad052
r @ Advance Access Publication Date: December 21, 2023
OXFORD Original article

Influence of ovarian stromal cells on human ovarian
follicle growth in a 3D environment

Monika Grubliauskaité ([2) *, Hanne Vlieghe ([2) ?, Saeid Moghassemi (%) *, Arezoo Dadashzadeh?, Alessandra Camboni**,
Zivile Gudlevi¢iené®, and Christiani A. Amorim (&) 3*

nstitute of Biochemistry, Life Sciences Center, Vilnius University, Vilnius, Lithuania

’Department of Biobank, National Cancer Institute, Vilnius, Lithuania

péle de Recherche en Physiopathologie de la Reproduction, Institut de Recherche Expérimentale et Clinique, Université Catholique de Louvain, Cliniques
Universitaires Saint-Luc, Brussels, Belgium

“Péle de Recherche en Gynécologie, Institut de Recherche Expérimentale et Clinique, Université Catholique de Louvain, Cliniques Universitaires Saint-Luc,
Brussels, Belgium

°Anatomopathology Department, Cliniques Universitaires Saint-Luc, Brussels, Belgium

6Faculty of Medicine, Vilnius University, Vilnius, Lithuania

*Correspondence address. Péle de Recherche en Physiopathologie de la Reproduction, Institut de Recherche Expérimentale et Clinique, Université Catholique de
Louvain, Cliniques Universitaires Saint-Luc, Avenue Hippocrate 54, bte B1.55.03, 1200 Brussels, Belgium. Tel: +32-(0)2-43-61017; E-mail: christiani.
amorim@uclouvain.be (® https://orcid.org/0000-0003-1794-0368

ABSTRACT

STUDY QUESTION: Do ovarian stromal cells (OSCs) influence the viability and growth of human preantral follicles in vitro?

SUMMARY ANSWER: A feeder layer of OSCs promotes the growth and transition of low developmental stage follicles to the pri-
mary/secondary stage while maintaining a high proportion of viable follicles.

WHAT IS KNOWN ALREADY: In the ovary, follicles rely on the support of ovarian cells, which secrete essential factors for their sur-
vival and development. This phenomenon has also been demonstrated in vitro through the 3D culture of isolated mouse primary and
secondary follicles on a feeder layer of OSCs. This co-culture notably enhances follicle survival and growth.

STUDY DESIGN, SIZE, DURATION: Pre-antral follicles were isolated from human frozen-thawed ovarian tissue biopsies and then en-
capsulated in 1% alginate scaffolds. These embedded preantral follicles were either placed directly on the OSCs feeder layer or at the
bottom of a culture dish for a 7-day in vitro culture (control). The study compared follicle viability, growth, and hormone production
between the different groups.

PARTICIPANTS/MATERIALS, SETTING, METHODS: Primordial/intermediate and primary follicles were isolated from frozen-thawed
ovarian tissue of cancer patients (n=6). OSCs were then isolated from ovarian tissue of post-menopausal women and cultured as a
feeder layer. Follicle diameter was measured on Days 0 and 7 using an inverted microscope to assess their development based on the
increase in diameter. Viability was evaluated by staining a subset of follicles (n = 87) with calcein AM and ethidium homodimer-I, fol-
lowed by classification into healthy/minimally damaged and damaged/dead follicles using confocal fluorescence microscopy.
Additionally, estradiol levels were measured using ELISA.

MAIN RESULTS AND THE ROLE OF CHANCE: A total of 382 human preantral follicles (370 primordial/intermediate and 12 primary)
with a mean diameter of 40.8+9.9 um (mean + SD) were isolated, embedded in 1% alginate hydrogel, and placed either on a mono-
layer of OSCs or directly on the plastic. By Day 7, the preantral follicles showed a significant size increase under both culture condi-
tions (P < 0.0001 for DO vs D7). The mean diameter of follicles (quiescent and growing) cultured on the feeder layer was 80.6 +11.0 pm
compared to 67.3+7.2 um without it (P=0.07). During the 7-day in vitro culture, the viability of the follicles significantly decreased
only in the group without an OSCs monolayer compared to the DO viability (P < 0.05). Additionally, more follicles transitioned to a
higher developmental stage in the presence of OSCs (DO primordial/intermediate: 184, primary: 7 vs D7 primordial/intermediate: 51,
primary/secondary: 93) compared to those cultured without OSCs (DO primordial/intermediate: 186, primary: 5 vs D7 primordial/in-
termediate: 84, primary/secondary: 65; P < 0.001). Specifically, 66 and 44 follicles reached the secondary stage (75< x <200 um) in the
presence and absence of OSCs, respectively. Moreover, the estradiol level was significantly higher (P =0.006) in the alginate beads
containing primordial and growing follicles cultured on the OSCs (54.1 + 14.2 pg/ml) compared to those cultured without OSCs (29.9 +

4.0 pg/ml).

LARGE SCALE DATA: N/A.

LIMITATIONS, REASONS FOR CAUTION: This study was conducted using a short-term culture, and none of the primordial/interme-
diate/primary follicles reached the antral stage. Further in vitro studies are required to investigate follicular developmental capacity,
physiology, and steroidogenesis in alginate scaffolds with human OSCs.

WIDER IMPLICATIONS OF THE FINDINGS: Activating and growing human primordial/intermediate follicles to a secondary stage in
in vitro short-term culture has posed a longstanding challenge. However, co-culturing with human OSCs has shown the potential to
overcome this limitation.

Received: July 20, 2023. Revised: November 30, 2023. Editorial decision: December 19, 2023.

© The Author(s) 2023. Published by Oxford University Press on behalf of European Society of Human Reproduction and Embryology.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https:/creativecommons.org/licenses/by/4.0/), which
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.


https://orcid.org/0000-0002-1882-8637
https://orcid.org/0000-0001-6466-3880
https://orcid.org/0000-0002-5337-2903
https://orcid.org/0000-0003-1794-0368
https://orcid.org/0000-0003-1794-0368
https://orcid.org/0000-0003-1794-0368

2 | Grubliauskaité et al.

STUDY FUNDING/COMPETING INTEREST(S): This study was supported by grants from the Fonds National de la Recherche
Scientifique de Belgique (FNRS-PDR Convention grant number T.0004.20 awarded to C.A.A., PhD scholarship awarded to H.V.),
Fondation Louvain (awarded to C.A.A.; PhD scholarship awarded to S.M., as part of a legacy from Mr Frans Heyes, and PhD scholar-
ship awarded to A.D. as part of a legacy from Mrs Ilse Schirmer), Foundation Against Cancer (grant 2018-042 awarded to A.C.), and
the European Community Structural Funds and Lithuanian Research Council (Agreement registration No. D-19-0874). The authors

have no conflicts of interest to declare.

Keywords: ovarian follicle / / 3D culture environment/ / stromal cell / / artificial ovary / / fertility preservation/ / co-culture/ / fol-

licle development

WHAT DOES THIS MEAN FOR PATIENTS?

fertility preservation strategies for cancer patients.

Ovarian tissue cryopreservation can be the sole option to preserve fertility and endocrine function for prepubertal girls or repro-
ductive-age patients who cannot delay cancer treatment but still wish to have the ability to bear genetically related children.
However, cryopreservation and reimplantation of ovarian tissue during remission are not feasible for patients with hematological
malignancies due to the high risk of cancer cell recurrence within the ovarian tissue. One potential solution to overcome this limi-
tation could involve creating an artificial ovary using ovarian follicles isolated from cryopreserved ovarian tissue and other ovarian
tissue cells from the patients when in remission. Successful artificial ovary models have been achieved in rodents, and the signifi-
cance of ovarian cells in follicle development has been emphasized. Our study aimed to investigate the impact of human ovarian
cells from post-menopausal patients on the survival and development of isolated human dormant and growing follicles. Our find-
ings revealed that the ovarian cells positively influence follicle growth, quality, development, and hormone secretion in vitro.
These results suggest that our approach may have significant implications for enhancing assisted reproductive technologies and

Introduction

Ovaries are responsible for hormone production and gamete gen-
eration in women. However, these functions can be disrupted by
oncological treatment. Therefore, ovarian tissue cryopreserva-
tion can be the only option to preserve fertility and endocrine
function for prepubertal girls or reproductive-age patients who
cannot delay gonadotoxic therapy (Practice Committee of the
American Society for Reproductive Medicine, 2019). However,
while transplantation of ovarian tissue during remission in can-
cer patients has resulted in pregnancies and healthy newborns
worldwide (Andersen et al., 2019; Sheshpari et al., 2019), it harbors
the risk of reintroducing malignant cells in some malignancies,
such as leukemia (Practice Committee of the American Society
for Reproductive Medicine, 2019). While isolated primordial fol-
licles from the tissue minimize the risk of cancerous cell trans-
mission, the lack of stromal cells affects follicle activation and
growth in vitro.

Folliculogenesis is a complex process during which interac-
tions between somatic cells and the oocyte are required (Simon
et al., 2020). For the primordial follicle to transition to the primary
stage, granulosa cells around the oocyte have to start proliferat-
ing, releasing these signals from the ovarian somatic cells (Tagler
et al., 2011; Dolmans and Amorim, 2019; Simon et al., 2020). Once
activated, the follicles recruit surrounding cells for structural
support and provide the precursors for estrogen synthesis
(Dolmans and Amorim, 2019). Apart from these recruited cells,
the ovarian cortex consists of diverse cell populations (e.g. stro-
mal, immune, perivascular and endothelial cells) (Wagner et al.,
2020) that also play numerous roles which directly or indirectly
affect the follicles and are therefore necessary in in vitro culture
conditions. Indeed, a study on mouse preantral follicles revealed
that using a feeder layer, consisting primarily of theca cells and
macrophages (Tingen et al., 2011) or mouse embryonic fibroblasts
(Tagler et al., 2012), during in vitro culture significantly improved
follicle survival and growth. Beneficial effects of a peritoneum
mesothelial stem cell feeder layer were also observed in a short-
term in vitro culture of mouse preantral follicles as evidenced by

significantly increased follicular growth, estradiol production,
and a high eccentric follicular rate, while there was no impact on
follicle viability (Sarabadani et al., 2021). Based on these promis-
ing results in a rodent model, the goal of our study was to assess
the effect of a feeder layer of ovarian stromal cells (OSCs) on the
survival and development of isolated human preantral follicles.
We hypothesize that stromal cell paracrine signaling positively
influences follicle growth, quality, and activation in vitro.

Materials and methods

Experimental design

OSCs were isolated from five multiorgan donor patients who had
undergone menopause to establish a cell culture that closely
mimics the environment found in the ovaries of cancer survivors,
and the OSCs were allowed to grow in vitro to form a monolayer
to act as the feeder layer. Preantral follicles were isolated from
human frozen-thawed biopsies from six patients and embedded
in a 1% alginate matrix. They were cultured in vitro for 7 days, ei-
ther with or without the feeder layer of ovarian cells (Fig. 1A).
Thereafter, the follicles were analyzed for survival and develop-
ment, and the spent medium was assessed for hormone levels.

Ethical approval

The Review Board of the Université Catholique de Louvain
(2012/23MAR/125 and 2018/19DEC/475) and Vilnius Regional
Biomedical Research Ethics Committee (No. 15820-14-743-260)
approved the use of human ovarian tissue for this study.

Ovarian tissue freezing and thawing

After obtaining informed consent, ovarian tissue biopsies from
six patients (aged 25-30years) who had undergone surgery for
non-ovarian pathologies were taken for follicle isolation. For OSC
isolation, ovarian biopsies were taken from five post-menopausal
patients (aged 51-68years) who had provided informed consent
and undergone surgery for non-ovarian pathologies. All biopsies
were cryopreserved using a conventional slow-freezing protocol
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Figure 1. Experimental preparation design. (A) A schematic representation of the experimental workflow outlining the in vitro culture experiment.
(B) Details regarding the encapsulation of follicles within alginate beads and their arrangement for subsequent in vitro culture. Scheme created using

Biorender.com. oSC: ovarian stromal cells; DO: day zero.

(Amorim et al., 2009). For the experiments, cryovials containing
frozen ovarian fragments (n=18) were thawed as described by
Amorim et al. (2009).

Preantral follicle isolation

Preantral follicles were isolated following the protocol described
by Chiti et al. (2017). Briefly, ovarian tissue fragments were me-
chanically minced with a tissue chopper (Mcllwain Tissue
Chopper, Loughborough, UK) and incubated in Dulbecco’s
phosphate-buffered saline (PBS) with Ca®" and Mg (Gibco,
Thermo Fisher Scientific, Ghent, Belgium) supplemented with
0.28 Wiunsch units/ml Liberase DH (Roche Diagnostics,
Mannheim, Germany) and 12 Kunitz units/ml DNase I (Roche
Diagnostics) in a water bath (37°C) for 30 min with agitation, and
the cells were pipetted every 15 min. To stop the enzymatic diges-
tion, the same volume of PBS + 10% heat-inactivated fetal bovine
serum (HIFBS; Gibco, Thermo Fisher Scientific) was added after
30min, and the suspension was filtered with a cell strainer of
70 um (PluriSelect Life Science, Leipzig, Germany). The digestion

step was repeated with ovarian tissue fragments collected from
the cell strainer. Every 30 min, the filtration and follicle recovery
steps were repeated until 90min of enzymatic digestion were
reached. Isolated follicles were investigated and picked up with a
130 um micropipette (Cook, Limerick, Ireland) under a stereomi-
croscope (Leica DMIL, Diegem, Belgium).

0OSCs isolation and in vitro culture

Isolation of human OSCs was adapted from the protocol de-
scribed above. Briefly, ovarian tissue pieces were mechanically
minced and incubated in PBS with Ca®* and Mg”*" supplemented
with Liberase DH and DNase I in a water bath (37°C) for 75min
with agitation and pipetting every 15min. The digestion was
inactivated with the same volume of PBS + 10% HIFBS and fil-
tered with a cell strainer of 70 um, then 30 um. The filtered cell
solution was centrifuged at 500xg for 10min at 4°C and the pellet
was suspended in DMEM/F12 (Gibco, Thermo Fisher Scientific)
supplemented with 10% HIFBS, 1% Antibiotic-Antimycotic (Anti-
Anti; Gibco, Thermo Fisher Scientific) and 1% insulin, transferrin,
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and selenium (ITS; Gibco, Thermo Fisher Scientific). Cells were
counted using Trypan blue (Sigma-Aldrich, Bornem, Belgium)
and a Burker chamber (VWR, Leuven, Belgium), with ~105 viable
cells being seeded per well. Cells obtained from individual
patients were cultured separately in vitro. The time required for
the cell monolayer to achieve confluence varied, ranging from 4
to 7 days depending on the patient.

Follicle viability

To assess the viability of isolated preantral follicles, 5 to 15 fol-
licles (freshly isolated or soon after encapsulation in the alginate
hydrogel) were incubated in 50 pl of PBS containing 2 pmol/l cal-
cein AM and 5umol/l ethidium homodimer-I (LIVE/DEAD®
Viability/Cytotoxicity Kit, Life Technologies, Amsterdam, the
Netherlands) for 30 min at 37°C in the dark and then analyzed us-
ing a Zeiss LSM 510 confocal microscope. The follicles were clas-
sified into four categories (V1 to V4) depending on oocyte and
granulosa cell (GC) viability (Martinez-Madrid et al., 2004)
(Supplementary Fig. S1): V1, live follicle with all GCs and oocyte
viable; V2, minimally damaged follicle with <10% of dead GCs;
V3, moderately damaged follicle with 10-50% of dead GCs; and
V4, dead follicle with more than 50% of dead GCs and/or a dead
oocyte. V1 and V2 were considered viable follicles; V3 and V4
were classified as damaged or dead. Data are presented as a sin-
gle pool of follicles on a specific day and condition.

Follicle encapsulation and in vitro culture

Follicles were in vitro cultured in 1% alginate hydrogel as this
polymer concentration yielded favorable outcomes in terms of
follicle viability and growth (Amorim et al., 2009; Camboni et al.,
2013; Vanacker et al., 2013; Chiti et al., 2022). Briefly, NovaMatrix
3% SLM alginate (NovaMatrix, Sandvika, Norway) was diluted to
1.11% with 3-(N-morpholino) propanesulfonic acid buffer (MOPS,
Sigma-Aldrich) (Vanacker et al., 2013). All follicles were pooled in
groups up to 10 (depending on total isolated follicle number: 8-10
follicles per bead) and were transferred into these alginate solu-
tion drops (to reach a final concentration of 1%), surrounded by
0.1 M CaCl, to cross-link, and washed three times in MOPS for
Smin. A total of 1-3 alginate beads, depending on the number of
isolated follicles (Fig. 1B), were placed into a separate well of a
4-well plate with or without an OSC monolayer and cultured in a
medium containing DMEM/F12 supplemented with 10% HIFBS,
1% Anti-Anti, 1% ITS, 50mg/ml pyruvic acid (Thermo Fisher
Scientific), 0.2% Menopur (751U of FSH and LH; Ferring, Malmo,
Sweden) and 30ng/ml recombinant human basic fibroblast
growth factor (PeproTech EC, London, UK), 50ng/ml insulin-like
growth factor 1 (IGF1; PeproTech EC), 30 ng/ml epidermal growth
factor (PeproTech EC), 40ng/ml growth differentiation factor 9
(Sigma-Aldrich), and 100ng/ml stem cell factor (PeproTech EC).
All follicles were cultured at 37°C, 5% CO, for up to 7 days. Every
2-3days, half of the culture medium was replaced.

Follicle classification

Follicle diameter was measured at Days 0, 3, and 7 of in vitro cul-
ture using an inverted microscope with a calibrated eyepiece
graticule. Follicles were classified according to Lierman et al.
(2015) as primordial (<60 um), primary (61-75um), or secondary
(76-200 pm). The primordial class encompasses both primordial
and intermediate follicles. Moreover, secondary follicles were
further classified into early/mid (75<x<100um), mid/late
(100<x <150 um), and late stages (150<xum) (Kristensen et al.,
2011). Data are presented as a single pool of follicles on a spe-
cific day.

Estradiol measurement using ELISA

Medium was collected from wells containing alginate beads en-
capsulating follicles at various stages of development. Frozen
medium from Day 0 and Day 7 of cell culture were thawed for es-
tradiol (E2) measurements using an ELISA assay (ELK1208; ELK-
Biotechnology, Wuhan, China) as instructed by the manufac-
turer. The samples from each patient were assessed in duplicate
and could be detected within the range of 15.63 to 1000 pg/ml.

Statistical analysis

Statistical analysis was performed using GraphPad Prism, version
9.1.2 (San Diego, CA, USA). The quantitative data (diameter of fol-
licles and E2 concentration) were reported as mean + SD and an-
alyzed using ANOVA and Tukey multiple comparisons post hoc
test or Student’s t-test complying with normal distribution and
homogeneity of variances. Qualitative data (viability and devel-
opmental stage) were analyzed using the Chi-square test or
Fisher’s exact test. Differences were considered statistically sig-
nificant when the P-value was <0.05.

Results

Follicle isolation

A total of 382 follicles were isolated from 18 ovarian tissue frag-
ments. The mean diameter of the isolated follicles was 40.8 +
9.9um (with 92% of the follicles ranging 30-50 pm). Most were
primordial/intermediate (97%; 370/382), while only 3% were at
the primary stage (12/382). Immediately after isolation, 96% of
the follicles were viable (24/25) (Table 1).

Follicle survival after in vitro culture

After 7 days of in vitro culture, 87 follicles (47 from the OSC mono-
layer group and 40 from the group without OSC monolayer) were
used for the viability assay. The analysis showed no significant
difference in the proportion of viable (V1+V2) and damaged
(V3 +V4) follicles between the two groups. However, when com-
pared to Day 0, we observed a significant decrease (P=0.043) in
the viability of the follicles grown without an OSC monolayer,
while those grown on an OSC monolayer did not experience sig-
nificant damage (P=0.225) (Table 1). Interestingly, there was a
significant difference (P=0.03) in the distribution pattern of V1,
V2, V3, and V4 follicles between the two groups on Day 7 (Fig. 2).
We observed almost twice as many follicles of V1 quality grade
and half as many dead (V4) follicles in the group grown on OSCs.

Follicle development during in vitro culture

The isolated follicles encapsulated in 1% alginate hydrogels were
divided into two groups: 184 were in vitro cultured on an OSC
monolayer, while 186 were in vitro cultured without the OSC.
During culture, a significant increase in the mean diameter of

Table 1. Follicle viability before and after in vitro culture.

Follicle classification DO D7
With OSC Without OSC
monolayer monolayer
Viable (V1 +V2) 96% 87% 77%*
(24/25) (41/47) (31/40)
Damaged/dead (V3 + V4) 4% 13% 23%*
(1/25) (6/47) (9/40)

OSC: ovarian stromal cells; V1/V2: live/live with minimally damaged follicles;
V3/V4: moderate damaged/dead follicles. One-tailed Fisher's exact test was
used to statistically evaluate the data.

* Significant difference between D0 and D7, P < 0.05.
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Figure 3. Growth of follicles during 7 day in vitro culture on an ovarian
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follicles maintaining follicular integrity in 1% alginate after 7 days of
being encapsulated in groups of ~10 follicles. Scale bar 200 pm.

the follicles was observed within both groups on different days of
in vitro culture (Fig. 3). On Day 7, follicles on the OSC monolayer
tended to grow faster and larger (80.65+10.98 um) compared to
those without the OSC monolayer (67.30 +7.19 pm). However, we
did not observe a significant difference between the two groups
(P=0.07). Throughout the 7 days of in vitro culture, we found a
significant change in the distribution of primordial/intermediate
and growing follicles within both groups (P <0.0001) (Table 2).

Nonetheless, a significantly higher number of growing follicles
were found after 3 (P<0.05) and 7 (P <0.0001) days of in vitro cul-
ture with OSC monolayer compared to the group cultured with-
out OSCs (Table 2). This suggests that, following 3 and 7 days of
in vitro culture, a higher number of primordial/intermediate fol-
licles progressed into primary and secondary follicles in the
group treated with an OSC monolayer (Supplementary Table S1).

On Day 3, we observed that 23 of the 28 secondary follicles
grown on the OSC monolayer group were at the early/mid-stage
and 5 were at the mid/late stage. In contrast, all 13 secondary fol-
licles in the group without OSC were at the early/mid-stage dur-
ing the same period. On Day 7, we found 46 early/mid, 16 mid/
late, and 2 late (170 and 200 um) secondary follicles after culture
on the OSC monolayer, compared with 36 early/mid, 7 mid/late,
and 1 late (170 pm) secondary follicle grown without OSC.

The measurement of E2 in the spent medium on Day 7
revealed that follicles at different developmental stages encapsu-
lated in alginate beads cultured on an OSC monolayer secreted a
significantly higher amount of this hormone compared to those
cultured without OSC (54.1+ 14.2 vs 29.9 £4.0 pg/ml; P=0.006).

Discussion

In recent years, numerous studies have explored various culture
conditions aimed at fostering follicle growth in vitro, predomi-
nantly relying on ovarian tissue culture (Laronda et al., 2014; Xiao
et al.,, 2015; Younis et al., 2017; Schallmoser et al., 2022). The
achievement of our study is the demonstrated development of
human ovarian primordial/intermediate follicles into secondary
follicles within a remarkably short span of one week in a three-
dimensional in vitro co-culture setting. This significant advance-
ment offers a distinct advantage over cultures involving portions
of the ovarian cortex, which typically contain a heterogeneous
mix of preantral follicles, making it challenging to pinpoint the
precise occurrence of primordial follicle activation. Nevertheless,
our assessment was limited to microscopic evaluation of follicle
developmental stages, grouping primordial and intermediate fol-
licles into a single group based on established classifications
(Griffin et al., 2006; Lierman et al., 2015) without detailed morpho-
logical scrutiny. This fusion categorizes both stages as non-
growing follicles, as outlined by Gougeon et al. (1994). While our
culture system did not enable the individual tracking of each fol-
licle’s growth, the initial sizes of follicles in the lower develop-
mental stage strongly indicate substantial growth to reach the
higher developmental stages.

Nonetheless, our study provides a unique perspective by spe-
cifically investigating the influence of the follicle co-culture with
a feeder layer of OSCs. An intriguing aspect of our research lies in
the utilization of OSCs derived from post-menopausal women.
This choice enables us to capture a cell population that more ac-
curately mirrors the ovarian tissue of patients who have under-
gone cancer treatment. For cancer patients, the development of
an artificial ovary utilizing preantral follicles isolated from cryo-
preserved ovarian tissue before cancer treatment, coupled with
ovarian cells isolated from the ovarian tissue of patients in re-
mission, holds significant promise. While our primary emphasis
lies in addressing the fertility concerns of women and young girls
facing hematological malignancies, the broader impact of this
approach extends to other high-risk patient groups. Specifically,
young women and prepubertal girls at risk of ovarian metastasis
from neuroblastoma and Ewing sarcoma (Grubliauskaite et al.,
2023), stand to benefit from our innovative methodology.
Furthermore, patients undergoing gonadotoxic treatment due to
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Table 2. Distribution of primordial/intermediate and growing (primary and secondary) follicles before and after in vitro culture.

Day 0 Day 3 Day 7
Primordial/intermediate =~ Growing Primordial/intermediate = Growing Primordial/intermediate = Growing
With OSC monolayer 96% 1% 70% 30%? 35.5% 64.5%%%¢
(184/191) (7/191) (124/177) (53/177) (51/144) (93/144
Without OSC monolayer 97% 3% 81% 19%%° 56% 4492
(186/191) (5/191) (141/175) (34/175) (84/149) (65/149)

OSC: ovarian stromal cells. Chi-square test was used to statistically evaluate the data. Distributions of (primordial/intermediate and growing) follicles with
different superscripts differ significantly between the groups on specific days: *°P < 0.05; ““P < 0.001, while distributions within the groups on all days ( "Day 0 vs

Day 3; ?Day 0 vs Day 7; *Day 3 vs D 7) had a significant difference of P < 0.0001.

autoimmune diseases (Marder et al., 2012) could benefit from this
fertility restoration approach. This broader clinical applicability
adds a layer of significance and relevance to our findings, under-
scoring the potential impact of our research on diverse patient
populations. The stroma of premenopausal ovaries is known to
comprise a diverse range of cell types, including oocytes, granu-
losa cells, immune system cells, endothelial and perivascular
cells, as well as stromal cells, all of which remain incompletely
characterized (Fan et al., 2019; Kinnear et al., 2020; Wagner et al.,
2020). In contrast, post-menopausal ovaries primarily consist of
populations such as endothelial cells, immune cells, lymphatic
endothelial cells, perivascular cells, smooth muscle cells, and
stromal cells (Lengyel et al., 2022). Notably, these aging ovaries
exhibit a characteristic inflammatory environment, which has
been identified as one of the mechanisms contributing to follicle
depletion (Ansere et al., 2021; Lliberos et al., 2021; Ouni et al.,
2022), suggesting that they are not conducive to supporting folli-
culogenesis. However, cells isolated from post-menopausal ova-
ries have demonstrated remarkable plasticity in vitro, being able
to survive, proliferate, differentiate, secrete hormones, and syn-
thesize extracellular matrix (Asiabi et al., 2020; Maruhashi et al.,
2020; Dadashzadeh et al., 2022). In our study, we demonstrated
that a high number of these cells can be successfully isolated
from frozen and thawed ovarian tissue, and their survival and
proliferative capacity are evident through the formation of a con-
fluent cell layer within a few days of in vitro culture. Although a
formal assessment of cell viability was not conducted at the con-
clusion of the experiments, it is noteworthy that cells from all
patients maintained a robust and healthy morphology through-
out the entire in vitro culture period. While our study did not in-
volve an in-depth characterization of the specific cell
populations after isolation or at the end of the study, previous
analyses from our group suggest that the majority of cells iso-
lated from post-menopausal ovarian cortex are likely fibroblasts
and other mesenchymal cells, with a minimal proportion of en-
dothelial cells (Dadashzadeh et al., 2022). Furthermore, supple-
mentation with fetal bovine serum has been shown to increase
the proportion of CD73+ and CD90+ cells, potentially comprising
fibroblasts, mesenchymal stem cells or pericytes, while further re-
ducing the numbers of endothelial and endothelial progenitor
cells (Dadashzadeh et al.,, 2022). These cells secrete a myriad of
growth factors known to exert significant influences on primor-
dial follicle activation and/or preantral follicle growth through
paracrine signaling. These factors include hepatocyte growth fac-
tor (Parrott et al., 1994), transforming growth factor alpha (Scurry
et al., 1994), basic fibroblast growth factor (Almeida et al., 2012),
epidermal growth factor (Scurry et al., 1994; Mao et al., 2004),
insulin-like growth factor (Monget et al., 1996), tumor necrosis
factor-alpha (Kaipia et al., 1996), interleukin-6 (Maeda et al., 2007),

and vascular endothelial growth factor (Danforth et al, 2003;
Yang and Fortune, 2007).

Cell-feeding layers have already shown positive effects on the
in vitro survival and/or growth of preantral follicles from mice
(Tingen et al., 2011; Itami et al, 2011; Tagler et al, 2012
Sarabadani et al., 2021), cows (Itoh and Hoshi, 2000), and women
(Wu et al., 2021). These cells were fibroblasts from different sour-
ces, like mouse embryos (Tagler et al., 2012) and skin (Itoh and
Hoshi, 2000) and human dermis (Wu et al., 2021) or specifically
isolated from the ovaries, such as mesenchymal cells (Itoh and
Hoshi, 2000), interstitial cells (Itami et al., 2011), and macro-
phages and theca cells (Tingen et al., 2011).

These studies demonstrate the interplay between cells and
follicles through the synthesis of cytokines, growth factors, and
hormones. Moreover, an additional evaluation of the reciprocal
relationship between the follicles and OSCs, potentially explain-
ing the follicular influence in our study of OSCs from post-
menopausal women, would determine the ideal level of factor
regulation essential for enhanced follicle growth and survival. To
this end, it is crucial to identify the specific cells and factors con-
tributing to the dynamics of our in vitro co-culture system. For
this, a comprehensive analysis both before and after in vitro cul-
ture is indispensable. This analytical approach is essential for
precisely identifying and quantifying the various cell populations
that contribute to follicle survival and growth. However, identify-
ing these cells can be a challenging task, as even advanced tech-
niques such as single-cell RNA sequencing have not been able to
fully characterize the distinct cell clusters within the ovarian
stroma (Fan et al., 2019). Alternatively, the identification of the
bioactive factors in the spent media could be performed by
enzyme-linked immunosorbent assay or liquid chromatography
with tandem mass spectrometry (Chiswick et al, 2012;
Nakashima et al., 2018) to reveal the interplay between OSCs
and follicles.

In conclusion, our study demonstrated that human OSCs
from post-menopausal tissue did not exert a major influence on
follicle growth. Nevertheless, incorporating an OSC feeder
layer, which presumably enriched the culture medium with spe-
cific growth factors and cytokines, notably enhanced the transi-
tion of non-growing follicles into functional growing follicles.
Furthermore, this strategy resulted in a notably higher viability
rate during the 7-day in vitro culture period compared to cultures
without a feeder layer.

Our promising findings propel us to further investigate
stage-specific follicle growth, developmental capacity, and main-
tenance of structural integrity. Future studies will focus on eluci-
dating the intricate paracrine signaling pathways mediated by an
optimal, yet complex variety of biomolecules derived from OSCs.
Such research holds the potential to advance our understanding
of follicle development and may have important implications for
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improving assisted reproductive technologies and fertility preser-
vation strategies for cancer patients.

Supplementary data

Supplementary data are available at Human Reproduction
Open online.

Data availability

The data underlying this article are available in the article and in
its online supplementary material.

Acknowledgements

We deeply thank the Kidney and Pancreatic Transplantation Unit
of UCLouvain’s Saint-Luc Hospital for donating ovaries for
this study.

Authors’ roles

M.G. performed the experimental part, acquired the data, collab-
orated in performing the statistical analysis, interpreted the
data, and wrote the first draft of the article. H.V. performed the
experimental part and acquired the data. S.M. performed the sta-
tistical analysis. A.D. performed the experimental part. A.C.
obtained ovarian tissue biopsies. Z.G. obtained ovarian tissue bi-
opsies and funding and collaborated on data interpretation. C.A.
A. wrote the study concept and design, performed the experi-
mental part and obtained funding. All authors have revised and
approved the manuscript and agreed to be accountable for
the article.

Funding

This study was supported by grants from the Fonds National de
la Recherche Scientifique de Belgique (FNRS-PDR Convention
grant number T.0004.20 awarded to C.A.A., PhD scholarship
awarded to H.V.), Fondation Louvain (awarded to C.A.A.; PhD
scholarship awarded to S.M., as part of a legacy from Mr Frans
Heyes, and PhD scholarship awarded to A.D. as part of a legacy
from Mrs Ilse Schirmer), Foundation Against Cancer (grant 2018-
042 awarded to A.C.), and the European Community Structural
Funds and Lithuanian Research Council (Agreement registration
No. D-19-0874).

Conflict of interest

The authors have no conflicts of interest to declare.

References

Almeida AP, Saraiva MVA, Alves Filho JG, Silva GM, Gongcalves RF,
Brito IR, Silva AWB, Lima AKF, Cunha RMS, Silva JRV et al. Gene
expression and immunolocalization of fibroblast growth factor 2
in the ovary and its effect on the in vitro culture of caprine prean-
tral ovarian follicles. Reprod Domest Anim 2012;47:20-25.

Amorim CA, Van Langendonckt A, David A, Dolmans MM, Donnez J.
Survival of human pre-antral follicles after cryopreservation of
ovarian tissue, follicular isolation and in vitro culture in a cal-
cium alginate matrix. Hum Reprod 2009;24:92-99.

Andersen ST, Pors SE, Poulsen LC, Colmorn LB, Macklon KT, Ernst E,
Humaidan P, Andersen CY, Kristense SG. Ovarian stimulation
and assisted reproductive technology outcomes in women

transplanted with cryopreserved ovarian tissue: a systematic re-
view. Fertil Steril 2019;112:908-921.

Ansere VA, Ali-Mondal S, Sathiaseelan R, Garcia DN, Isola JVV,
Henseb JD, Saccon TD, Ocanas SR, Tooley KB, Stout MB et al.
Cellular hallmarks of aging emerge in the ovary prior to primor-
dial follicle depletion. Mech Ageing Dev 2021;194:111425.

Asiabi P, Dolmans MM, Ambroise J, Camboni A, Amorim CA. In vitro
differentiation of theca cells from ovarian cels isolated from
postmenopausal ovaries. Hum Reprod 2020;35:2793-2807.

Camboni A, Van Langendonckt A, Donnez J, Vanacker J, Dolmans
MM, Amorim CA. Alginate beads as a tool to handle, cryopreserve
and culture isolated human primordial/primary follicles.
Cryobiology 2013;67:64-69.

Chiswick EL, Duffy E, Japp B, Remick D. Detection and quantification
of cytokines and other biomarkers. Methods Mol Biol 2012;
844:15-30.

Chiti MC, Dolmans MM, Hobeika M, Cernogoraz A, Donnez ],
Amorim CA. A modified and tailored human follicle isolation pro-
cedure improves follicle recovery and survival. ] Ovarian Res 2017;
10:71.

Chiti MC, Vanacker J, Ouni E, Tatic N, Viswanath A, Des Rieux A,
Dolmans MM, White LJ, Amorim CA. Ovarian extracellular
matrix-based hydrogel for human ovarian follicle survival
in vivo: a pilot work. J Biomed Mater Res B Appl Biomater 2022;
110:1012-1022.

Dadashzadeh A, Moghassemi S, Grubliauskaité M, Vlieghe H, Brusa
D, Amorim CA. Medium supplementation can influence the hu-
man ovarian cells in vitro. ] Ovarian Res 2022;15:137.

Danforth DR, Arbogast LK, Ghosh S, Dickerman A, Rofagha R,
Friedman CI. Vascular endothelial growth factor stimulates pre-
antral follicle growth in the rat ovary. Biol Reprod 2003;
68:1736-1741.

Dolmans MM, Amorim CA. FERTILITY PRESERVATION: construction
and use of artificial ovaries. Reproduction 2019;158:F15-F25.

Fan X, Bialecka M, Moustakas I, Lam E, Torrens-Juaneda V,
Borggreven NV, Trouw L, Louwe LA, Pilgram GSK, Mei H et al.
Single-cell reconstruction of follicular remodeling in the human
adult ovary. Nat Commun 2019;10:3164.

Gougeon A, Ecochard R, Thalabard JC. Age-related changes of the
population of human ovarian follicles: increase in the disappear-
ance rate of non-growing and early-growing follicles in aging
women. Biol Reprod 1994;50:653-663.

Griffin J, Emery BR, Huang I, Peterson CM, Carrell DT. Comparative
analysis of follicle morphology and oocyte diameter in four
mammalian species (mouse, hamster, pig, and human). ] Exp Clin
Assist Reprod 2006;3:2.

Grubliauskaite M, van der Perk MEM, Bos AME, Meijer AJM,
Gudleviciene Z, van den Heuvel-Eibrink MM, Rascon J. Minimal
infiltrative disease identification in cryopreserved ovarian tissue
of girls with cancer for future use: a systematic review. Cancers
(Basel) 2023;15:4199.

Itami S, Yasuda K, Yoshida Y, Matsui C, Hashiura S, Sakai A,
Tamotsu S. Co-culturing of follicles with interstitial cells in colla-
gen gel reproduce follicular development accompanied with
theca cell layer formation. Reprod Biol Endocrinol 2011;9:159.

Itoh T, Hoshi H. Efficient isolation and long-term viability of bovine
small preantral follicles in vitro. In Vitro Cell Dev Biol Anim 2000;
36:235-240.

Kaipia A, Chun SY, Eisenhauer K, Hsueh AJ. Tumor necrosis factor-
alpha and its second messenger, ceramide, stimulate apoptosis
in cultured ovarian follicles. Endocrinology 1996;137:4864—4870.

Kinnear HM, Tomaszewski CE, Chang FL, Moravek MB, Xu M,
Padmanabhan V, Shikanov A. The ovarian stroma as a new fron-
tier. Reproduction 2020;160:R25-R39.


https://academic.oup.com/hropen/article-lookup/doi/10.1093/hropen/hoad052#supplementary-data

8 | Grubliauskaite et al.

Kristensen SG, Rasmussen A, Byskov AG, Andersen CY. Isolation of
pre-antral follicles from human ovarian medulla tissue. Hum
Reprod 2011;26:157-166.

Laronda MM, Duncan FE, Hornick JE, Xu M, Pahnke JE, Whelan KA,
Shea LD, Woodruff TK. Alginate encapsulation supports the
growth and differentiation of human primordial follicles within
ovarian cortical tissue. J Assist Reprod Genet 2014;31:1013-1028.

Lengyel E, Li Y, Weigert M, Zhu L, Eckart H, Javellana M, Ackroyd S,
Xiao J, Olalekan S, Glass D et al. A molecular atlas of the human
postmenopausal fallopian tube and ovary from single-cell RNA
and ATAC sequencing. Cell Rep 2022;41:111838.

Lierman S, Tilleman K, Cornelissen M, De Vos WH, Weyers S, T'Sjoen
G, Cuvelier CA, Sutter PD. Follicles of various maturation stages
react differently to enzymatic isolation: a comparison of differ-
entisolation protocols. Reprod Biomed Online 2015;30:181-190.

Lliberos C, Liew SH, Mansell A, Hutt KJ. The inflammasome contrib-
utes to depletion of the ovarian reserve during aging in mice.
Front Cell Dev Biol 2021;8:628473.

Maeda A, Inoue N, Matsuda-Minehata F, Goto Y, Cheng Y, Manabe
N. The role of interleukin-6 in the regulation of granulosa cell ap-
optosis during follicular atresia in pig ovaries. ] Reprod Dev 2007;
53:481-490.

Marder W, Fisseha S, Ganser MA, Somers EC. Ovarian damage during
chemotherapy in autoimmune diseases: broad health implications
beyond fertility. Clin Med Insights Reprod Health 2012;2012:9-18.

Mao J, Smith MF, Rucker EB, Wu GM, McCauley TC, Cantley TC,
Prather RS, Didion BA, Day BN. Effect of epidermal growth factor
and insulin-like growth factor I on porcine preantral follicular
growth, antrum formation, and stimulation of granulosal cell
proliferation and suppression of apoptosis in vitro. ] Anim Sci
2004;82:1967-1975.

Martinez-Madrid B, Dolmans MM, Langendonckt AV, Defrére S, Van
Eyck AS, Donnez J. Ficoll density gradient method for recovery of
isolated human ovarian primordial follicles. Fertil Steril 2004;
82:1648-1653.

Maruhashi E, Ouni E, Vilela J]MV, Amorim CA. Xeno-free human
ovarian cell-derived extracellular matrix—prospects for a trans-
plantable engineered ovary and beyond. In: 11th World
Biomaterials Congress. Poster WBC2020-3820. Spain: GesconOnline
S.L.U. Madrid, 2020.

Monget P, Besnard N, Huet C, Pisselet C, Monniaux D. Insulin-like
growth factor-binding proteins and ovarian folliculogenesis.
Horm Res 1996;45:211-217.

Nakashima Y, Nahar S, Miyagi-Shiohira C, Kinjo T, Toyoda Z,
Kobayashi N, Saitoh I, Watanabe M, Fujita J, Noguchi H. A liquid
chromatography with tandem mass spectrometry-based proteo-
mic analysis of the proteins secreted by human adipose-derived
mesenchymal stem cells. Cell Transplant 2018;27:1469-1494.

Ouni E, Nedbal V, Da Pian M, Cao H, Haas KT, Peaucelle A, Van Kerk
O, Herinckx G, Marbaix E, Dolmans MM et al. Proteome-wide and
matrisome-specific atlas of the human ovary computes fertility
biomarker candidates and open the way for precision oncofertil-
ity. Matrix Biol 2022;109:91-120.

Parrott JA, Vigne JL, Chu BZ, Skinner MK. Mesenchymal-epithelial
interactions in the ovarian follicle involve keratinocyte and
hepatocyte growth factor production by thecal cells and their
action on granulosa cells. Endocrinology 1994;135:569-575.

Practice Committee of the American Society for Reproductive
Medicine. Fertility preservation in patients undergoing

gonadotoxic therapy or gonadectomy: a committee opinion. Fertil
Steril 2019;112:1022-1033.

Sarabadani M, Tavana S, Mirzaeian L, Fathi R. Co-culture with
peritoneum mesothelial stem cells supports the in vitro
growth of mouse ovarian follicles. J Biomed Mater Res A 2021,
109:2685-2694.

Schallmoser A, Einenkel R, Farber C, Sdnger N. In vitro growth (IVG)
of human ovarian follicles in frozen thawed ovarian cortex tissue
culture supplemented with follicular fluid under hypoxic condi-
tions. Arch Gynecol Obstet 2022;306:1299-1311.

Scurry JP, Hamand KA, Astley SB, Leake RE, Wells M.
Immunoreactivity of antibodies to epidermal growth factor,
transforming growth factors alpha and beta, and epidermal
growth factor receptor in the premenopausal ovary. Pathology
1994;26:130-133.

Sheshpari S, Shahnazi M, Mobarak H, Ahmadian S, Bedate AM,
Nariman-Saleh-Fam Z, Nouri M, Rahbarghazi R, Mahdipour
M. Ovarian function and reproductive outcome after ovarian
tissue transplantation: a systematic review. J Transl Med 2019;
17:396.

Simon LE, Kumar TR, Duncan FE. In vitro ovarian follicle growth: a
comprehensive analysis of key protocol variables. Biol Reprod
2020;103:455-470.

Tagler D, Tu T, Smith RM, Anderson NR, Tingen CM, Woodruff TX,
Shea LD. Embryonic fibroblasts enable the culture of primary
ovarian follicles within alginate hydrogels. Tissue Eng Part A 2012;
18:1229-1238.

Tagler DJ, Shea LD, Woodruff TK. Contributions of ovarian stromal
cells to follicle culture. In: Donnez J, Kim SS (eds). Principles and
practice of fertility preservation. Cambridge: Cambridge University
Press, 2011, 409-420. doi:10.1017/CB09780511921896.037.

Tingen CM, Kiesewetter SE, Jozefik J, Thomas C, Tagler D, Shea L,
Woodruff TK. A macrophage and theca cell-enriched stromal cell
population influences growth and survival of immature murine
follicles in vitro. Reproduction 2011;141:809-820.

Vanacker J, Luyckx V, Amorim C, Dolmans MM, Van Langendonckt
A, Donnez J, Camboni A. Should we isolate human preantral fol-
licles before or after cryopreservation of ovarian tissue? Fertil
Steril 2013;99:1363-1368.€2.

Wagner M, Yoshihara M, Douagi I, Damdimopoulos A, Panula S,
Petropoulos S, Lu H, Pettersson K, Palm K, Katayama S et al.
Single-cell analysis of human ovarian cortex identifies distinct
cell populations but no oogonial stem cells. Nat Commun 2020;
11:1147.

WuY, Sun Z, WangY, Chen H, Bian J. Human dermal fibroblasts sup-
port the development of human primordial/primary follicles in a
3-dimensional alginate matrix culture system. Ann Transl Med
2021;9:868.

Xiao S, ZhangJ, Romero MM, Smith KN, Shea LD, Woodruff TK. In vi-
tro follicle growth supports human oocyte meiotic maturation.
Sci Rep 2015;5:17323.

Yang MY, Fortune JE. Vascular endothelial growth factor stimulates
the primary to secondary follicle transition in bovine follicles
in vitro. Mol Reprod Dev 2007;74:1095-1104.

Younis AJ, Lerer-Serfaty G, Stav D, Sabbah B, Shochat T, Kessler-
Icekson G, Zahalka MA, Shacher-Goldenberg M, Ben-Haroush A,
Fisch B et al. Extracellular-like matrices and leukaemia inhibitory
factor for in vitro culture of human primordial follicles. Reprod
Fertil Dev 2017;29:1982-1994.


https://doi.org/10.1017/CBO9780511921896.037

	Active Content List
	Introduction
	Materials and methods
	Results
	Discussion
	Supplementary data
	Data availability
	Acknowledgements
	Authors&#x02019; roles
	Funding
	Conflict of interest
	References


