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Abstract

Purpose Our purpose was to identify human ovarian extracellular matrix (ECM) components that would support in vitro culture
of human ovarian tissue and be compatible with possible future clinical applications. We characterized ovarian expression of
laminins and selected three laminin tripeptides for culture experiments to be compared with Matrigel, an undefined and animal-
based mixture of ECM components.

Methods Expression of the 12 laminin genes was determined on transcript and protein levels using cortical tissue samples (7 = 6),
commercial ovary RNA (n=1), follicular fluid granulosa cells (7 =20), and single-cell RNA-sequencing data. Laminin 221
(LN221), LN521, LN511, and their mixture were chosen for a 7-day culture experiment along with Matrigel using tissue from 17
patients. At the end of the culture, follicles were evaluated by scoring and counting from serial tissue sections, apoptosis
measured using in situ TUNEL assay, proliferation by Ki67 staining, and endocrine function by quantifying steroids in culture
media using UPLC-MS/MS.

Results Approximately half of the cells in ovarian cortex expressed at least one laminin gene. The overall most expressed laminin
«-chains were LAMA2 and LAMAS, (3-chains LAMBI and LAMB?2, and y-chain LAMCI. In culture experiments, LN221
enhanced follicular survival compared with Matrigel (p < 0.001), whereas tissue cultured on LN521 had higher proportion of
secondary follicles (»p < 0.001). LN511 and mixture of laminins did not support the cultures leading to lower follicle densities and
higher apoptosis. All cultures produced steroids and contained proliferating cells.

Conclusions LN221 and LN521 show promise in providing xeno-free growth substrates for human ovarian tissue cultures, which
may help in further development of folliculogenesis in vitro for clinical practices. The system could also be used for identification
of adverse effects of chemicals in ovaries.
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Introduction

In vitro growth and maturation of human ovarian follicles
has been attempted since the 1990s. Successful produc-
tion of developmentally competent oocytes in vitro would
revolutionize the field of assisted reproductive technolo-
gies and fertility preservation, as well as provide
completely new opportunities for studying
folliculogenesis, factors affecting oocyte quality and com-
petence, reproductive toxicity of chemicals, reproductive
failure, and germline epigenetics, for example. From the
start, two main approaches have been presented including
the culture of isolated secondary follicles [1] and ovarian
cortical tissue strip culture [2]. Since isolated primordial
follicles survive poorly in culture, techniques combining
initial growth within strips followed by isolation of sec-
ondary follicles have been developed [3, 4], in addition to
techniques involving the encapsulation of isolated second-
ary follicles to provide them with 3D structural support
[5, 6]. The newest culture approaches involve tissue-
engineered artificial ovaries, into which primordial folli-
cles can be seeded for possible future transplantation into
patients [7-9]. It is important to continue developing cul-
ture conditions for primordial follicles because tissue
cryopreserved in fertility preservation programs is ovarian
cortex that mainly contains primordial follicles. Not all
patients can receive the tissue back as a transplant due
to cancer cell contamination, and for these patients,
in vitro growth of follicles represents the only opportunity
for fertility restoration.

Only two reports to date provide proof-of-concept for full
growth and maturation of human pre-antral follicles in vitro.
Xiao et al. used ovarian cortical tissue from 44 women to
isolate secondary follicles for culture and successfully stimu-
lated the growth of four mature oocytes [10]. A few years
later, McLaughlin et al. reported in vitro growth and matura-
tion of oocytes starting from ovarian cortical strip culture
followed by secondary follicle isolation for further growth
and maturation of isolated oocytes [4]. Using cortical tissue
from 10 cesarean section (c-sec) patients containing thousands
of primordial follicles, nine mature oocytes were produced
[4]. In both cases, substantial amount of ovarian tissue was
required for production of rather few oocytes. Hence, despite
significant advances in the field, the progress in human
in vitro folliculogenesis is still modest compared with mice.
The first live mouse pups derived from in vitro matured folli-
cles were born already in 1996 [11], and the newest protocols
describe full mouse gametogenesis in vitro starting from plu-
ripotent stem cells and leading to developmentally competent
oocytes that give rise to live pups when fertilized and trans-
ferred to surrogate dams [12].

Ovarian extracellular matrix (ECM) is known to affect
folliculogenesis [13], and ECM components are utilized in
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some culture systems. For example, Matrigel has been shown
to help human follicles grow and survive in vitro [2, 14] and in
xenotransplants in mice [7]. Matrigel has also been shown to
assist in the development of baboon follicles in 3D culture
[15]. However, Matrigel is a mouse-derived, undefined mix-
ture of ECM components and it is therefore not compatible
with clinical applications [16]. In addition, variability in com-
position could hamper studies aiming at understanding mech-
anisms of folliculogenesis or mechanisms of chemical toxicity
in ovaries. Our aim was to identify components of human
ovarian ECM that could support follicle survival and growth
at least as to the same extent as Matrigel. We focused on
laminins because these ECM components provide essential
pro-survival support and phenotypic stability for tissues
[17], and we successfully earlier developed protocols for
xeno-free derivation and culture of human embryonic stem
cells with the help of laminins that are naturally expressed
by pre-implantation embryos [18].

Laminins are heterotrimeric proteins formed of «-, 3-,
and y-chains that come in several isoforms and splice var-
iants [17]. There are altogether 12 separate laminin genes in
humans that are known to give rise to 16 different mature
laminin tripeptides combinations [17]. Mature laminins are
essential components of basal lamina, and together with
collagens, they provide both structure and function to all
tissues. The expression profile of laminin genes is tissue
specific and changes during differentiation processes, lead-
ing to specific mature laminins tripeptides being expressed
in different tissues and cell types. Laminins affect the func-
tionality of tissues by signaling via cell surface receptors
such as integrins to affect cell shape, polarization, function,
and survival [17]. Immunostaining studies have localized at
least laminins «2, 31, 32, and y1 to theca and granulosa
cell layers of growing bovine ovarian follicles [19]. In
mice, laminins 1, 31, and y1 are expressed in follicles
of all developmental stages [20]. In humans, &2, «5, 31,
32, and y1 have been localized to the corpora lutea with
changing expression pattern along with luteal regression
[21]. Laminins have significant effects on human granulosa
cell proliferation, survival, and steroidogenesis in vitro
[13], suggesting that laminins may play a role in
folliculogenesis. However, to our knowledge, there are no
systematic studies of laminin expression profiles in human
ovary or reports of ovarian tissue culture on specific
laminins in vitro. Here, our objective was to determine the
laminin expression profile in human ovarian cortex and test
human recombinant laminin tripeptides naturally expressed
by ovaries along with stem cell-grade Matrigel as growth
support for ovarian follicles in vitro. Our ambition was to
identify robust culture conditions for in vitro growth of pre-
antral follicle, which could be applied both for the study of
reproductive toxicants and to further development of
in vitro folliculogenesis.
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Materials and methods
Study participants and ethical approval

The study design is demonstrated in Fig. 1. Women undergoing
elective c-sec at the Karolinska University Hospital were recruit-
ed to the study with no formal exclusion criteria. All participants
received oral and written information on the project and gave a
written consent. A thin piece of the ovarian cortex (5 mm X

1 mm) was biopsied, collected in warm phosphate buffered sa-
line supplemented with calcium, magnesium, glucose, and pyru-
vate (PBS, Thermo Fisher Scientific, MA, USA) in the operating
theater, and transported to the research laboratory within 10 min.
Follicular fluid was obtained from women undergoing assisted
reproductive technology at the Reproductive Medicine Unit of
the Karolinska University Hospital. All participants received oral
and written information on the project and gave a written con-
sent. This study was approved by the Stockholm Region Ethics
Board (license numbers 2010/549-31/2 and 2015/798-31/12).
An overview of the clinical samples used in the different parts
of the study is described in Online Resource Table 1.

Human granulosa cell collection

Follicular fluid obtained from women undergoing assisted re-
productive technology was centrifuged at 400g for 5 min.

Fig. 1 Flow chart of study design.
The expressions of laminins in
human ovarian cortex and
follicular fluid granulosa cells
were determined by qPCR,
immunofluorescence, and single-
cell sequencing. Based on these

Subsequently, the pellet was resuspended in DMEM/F12
(Gibco, MA, USA) and Percoll (Sigma-Aldrich, Darmstadt,
Germany) density gradient centrifugation was performed to
enrich granulosa cells. Mural granulosa cells were collected
at the interface of the cell suspension and Percoll. Red blood
cells were further depleted by red blood cell lysis buffer
(Sigma-Aldrich, Darmstadt, Germany). Dynabeads CD45
(Thermo Fisher Scientific, MA, USA) were used to
immunomagnetically deplete CD45-positive leukocytes from
the granulosa cell suspension according to the manufacturer’s
instructions for negative cell selection. The identity of the
mural granulosa cells was controlled by immunostaining for
FSHR and INH-« using antibodies listed in Online Resource
Table 2 and the same staining protocols as described for
laminins below. Positive staining for both markers confirmed
the identity of the cells (Online Resource Fig. 1). Cumulus
cells were collected manually from cumulus-oocyte com-
plexes during oocyte denudation process of patients undergo-
ing intracytoplasmic sperm injection (ICSI).

Laminin gene expression analyses

Total RNA was extracted from ovarian cortical strips from 6
consecutively consenting patients using the RNeasy Mini Kit
(Qiagen, Hilden, Germany) and from granulosa cells obtained
from 20 consecutively consenting patients using Arcturus

Collect human Collect mural granulosa cells
ovarian tissue (n=6) and cumulus cells (n=20)
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PicoPure Kit (Thermo Fisher Scientific, MA, USA) with on-
column DNase treatment following the manufacturer’s in-
structions. A total amount of 0.4—1 pg RNA was reverse tran-
scribed to cDNA using the High-Capacity cDNA Reverse
Transcription Kits with RNase Inhibitor (Life Technologies,
Grand Island, NY, USA). Quantitative polymerase chain re-
action (qPCR) analysis was carried out using Fast SYBR
Green Master Mix (Life Technologies, Grand Island, NY,
USA) on an Applied Biosystems 7500 Real-Time PCR
System equipped with 96-well optical reaction plates. Gene
expression was normalized to house-keeping gene RPLP( and
HPRTI via the ACt method. Primers were designed using
Primer-BLAST [22] and their specificity and efficiency were
validated by template dilution experiments, melt curve analy-
sis, and agarose gel electrophoresis of the qPCR products. The
sequences are provided in Online Resource Table 3. The anal-
ysis was carried out using the standard fast gPCR program in
the Applied Biosystems 7500 Fast Real-Time PCR system.
Human Ovary Poly A+ RNA (Clontech, Mountain View, CA,
USA) was used as a reference. This commercially available
RNA sample is a pool of normal human ovary samples col-
lected from 15 Caucasian women aged 20—60 years who died
of sudden death or trauma.

Immunofluorescent staining of ovarian tissue and
follicular fluid granulosa cells

Laminin expression analysis by immunostaining in tissues
was carried out using the same sample set as in qPCR analyses
(n=06). A piece of every tissue sample was fixed freshly upon
collection in formalin over night at room temperature, trans-
ferred to 70% ethanol, embedded in paraffin, and cut to 4-um
sections. Laminin expression was analyzed in 2 to 4 sections
per patient. The sections were dewaxed in xylene, rehydrated
in increasing ethanol concentrations of 70—-100%, and rinsed
in Tris-buffered saline (TBS). Antigen retrieval was per-
formed by 30-min incubation in citrate buffer (pH 6) at
96 °C water bath. After cooling, tissue sections were treated
with 3% H,0, in methanol for 30 min. Sections were then
treated with blocking buffer for 15 min before incubation with
primary antibodies overnight at 4 °C. After washing three
times in TBS, sections were treated with horse radish
peroxidase—conjugated secondary antibodies for 30 min and
incubated in fluorophore tyramide working solution in order
to amplify the signal (TSA Fluorescein System, Perkin Elmer
Life Sciences, Waltham, USA) for 8 min. After washing in
TBS, sections were placed in mounting solution with DAPI
nuclear stain. Granulosa cells were cultured in DMEM/F12
(Life Technologies, Grand Island, NY, USA) with 15% FBS
(Life Technologies) and 1% penicillin-streptomycin (Life
Technologies) in chamber slides (Nunc, Roskilde, Denmark)
overnight to allow the cells to attach. The cells then were
washed in PBS and fixed with 4% paraformaldehyde (PFA)
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for 10 min. After 10-min permeabilization with 0.3% Triton
X-100, cells were washed three times in PBS and blocked
with blocking solution (0.1% Tween20 and 4% FBS in
PBS) 1 h at room temperature. Subsequently, the cells were
incubated with primary antibodies diluted in blocking solution
overnight at 4 °C followed by three times wash in blocking
solution and incubation with fluorochrome-conjugated sec-
ondary antibodies diluted in blocking solution for 1 h at room
temperature. After washing in blocking solution, chambers
were removed from the slides and granulosa cells were
mounted in mounting medium with DAPI nuclear stain
(VECTASHEILD Antifade Mounting Medium, Vector labo-
ratories, Peterborough, UK). In negative controls, primary an-
tibodies were replaced by IgGs. All antibodies and dilutions
are listed in Online Resource Table 2. The excitation and
emission wave lengths were 360 nm and 460 nm for DAPI
and 494 nm and 517 nm for fluorescein. Images were taken
using an Olympus IX-81 microscope and were compiled for
publication in Image J (NIH, USA) and Adobe Photoshop
(Adobe, California, USA).

Analysis of single-cell transcriptomic data

We retrieved the Seurat-normalized expression data of lami-
nin genes as well as cell identities from the 10 x Genomics
single-cell RNA-sequencing data set previously described
[23]. All data processing and formatting were done in
R/Bioconductor. The plotting was done using the ggplot2
and ggbeeswarm libraries. Average laminin expression levels
within a cell type were compared with each other using Tukey
HSD test in base R. The full ovarian single-cell transcriptomic
data set is available in the ArrayExpress database at EMBL-
EBI under the accession code E-MTAB-8381.

Ovarian tissue culture

Ovarian cortical tissues were biopsied from 17 consecutively
consenting patients, and each biopsy was cut into six strips
(3% 1x1 mm) with one strip immediately fixed in Bouin’s
solution as fresh control. Remaining five tissue fragments
from each biopsy were randomly assigned to different study
groups including LN521, LN511, LN221, mix of the three,
and Matrigel. Millicell cell culture plate inserts (Merck
Millipore, Darmstadt, Germany) were coated with a total con-
centration of 10 pg/ml of LN521, LN511, LN221, or their
mixture (3.3 pg/ml each, tot concentration 10 pg/ml)
(BioLamina, Sundbyberg, Sweden) over night at + 4 °C, and
washed with PBS before the plates were used in tissue culture.
Matrigel (hESC qualified, Corning, NY, USA) diluted 1:3
into a culture medium was used as a control matrix. Tissue
was cultured on coated inserts in 24-well plates in air-liquid
interphase in normoxia for 7 days. Culture media consisted of
high glucose DMEM with glutamax (Life Technologies,
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Grand Island, NY, USA) supplemented with 10% human se-
rum albumin solution (Vitrolife, Géteborg, Sweden), 1%
insulin-transferrin-selenium (Life Technologies, Grand
Island, NY, USA), 1% antibiotic-antimycotic (Life
Technologies, Grand Island, NY, USA), and 0.5 IU/ml human
recombinant follicle-stimulating hormone (FSH, Puregon,
MSD, Stockholm, Sweden). Culture media were changed to
fresh every 48 h. On the last day, all tissue strips were fixed in
Bouin’s solution and culture media were collected and stored
in — 80 °C for later steroid hormone analyses.

Histomorphometric analysis of tissue

Ovarian tissue was fixed in Bouin’s solution at + 4 °C over-
night, rinsed thoroughly with 70% ethanol, and embedded in
paraffin. Serial tissue sections at a thickness of 4 um were
prepared through the tissue block. Every 7th and 8th sections
were stained with hematoxylin-eosin (HE) and the sections
were scanned with a Mirax Slide Scanner (Zeiss, Gottingen,
Germany) at x 20 objective. Remaining sections were spared
for TUNEL and Ki67 analysis as described below. Follicles
with a visible oocyte were counted and scored using
Panoramic Viewer software (3DHistech, Budapest,
Hungary) as follows. Follicles with mostly flattened granulosa
cells surrounding the oocyte were considered primordial fol-
licles; follicles with one layer of mainly cuboidal granulosa
cells were classified as primary follicles; and follicles with at
least two full layers of cuboidal granulosa cells were classified
as secondary follicles. Follicles were considered atretic if the
oocyte was eosinophilic, of irregular shape or had crumped
chromatin, or if the follicle had > 5% pyknotic granulosa cells.
Tissue section surface area was measured manually.

Hormone measurements

Medium samples collected at termination of cultures from five
patients were chosen for steroid hormone analysis based on the
presence of follicles because resources did not allow analysis of
media from all 17 patients. Samples used in these analyses are
indicated in Online Resource Data 1. Progesterone, androstene-
dione, testosterone, and estradiol were measured using our
UPLC-MS/MS method as described earlier [24].

In situ apoptosis and proliferation assays

To evaluate apoptosis in situ, terminal deoxynucleotidyl trans-
ferase dUTP nick end labeling (TUNEL) assay was used fol-
lowing the manufacturer’s instructions (in situ cell death detec-
tion kit with fluorescein, Roche, Penzberg, Germany). Samples
from nine patients were selected for analysis based on the pres-
ence of follicles because resources did not allow analysis of all
17 patients. Samples used in these analyses are indicated in
Online Resource Data 1. Paraffin sections were deparaffinized,

dehydrated, and rehydrated in xylene, ethanol, distilled water,
and TBS pH 7. Sections were incubated for 20 min at 37 °C with
100 puL of proteinase K (1:1333 dilution in PBS) to permeabilize
the cells and rinsed with PBS. Positive controls were prepared
by incubating sections with DNase I (1:50 dilution in PBS) and
negative controls by omitting the terminal transferase from the
reactions. TUNEL reaction mixture (1:10 enzyme:label) was
added to the samples, incubated for 1 h at 37 °C in the dark,
and then rinsed with PBS. Glasses were mounted using DAPI-
containing mounting medium (VECTASHEILD Antifade
Mounting Medium, Vector laboratories, Peterborough, UK).
Images were taken with Olympus IX-81 microscope fitted with
Olympus XM10 camera. The TUNEL label (fluorescein) and
DAPI were excited with 470—495-nm and 360-—370-nm filters
and emission was collected using 510—550-nm and 420—460-
nm filters, respectively. Same imaging parameters were used for
all samples. Four to five fields-of-view from one to two sections
per patient were imaged for quantification. Quantification was
carried out using Image J software (NIH, University of
Wisconsin, USA) as described [24]. Briefly, DAPI images were
used to count the nuclei; the images were converted into 8-bit
grayscale, the threshold was adjusted, and binary watershed op-
eration used to highlight individual nuclei that were counted
using the “analyze particles” function. The TUNEL images were
converted into 8-bit images, inverted, and calibrated using blank
background as reference. Signal was quantified using integrated
optical density function. The signal was adjusted to cell number
in the same region, and the 3—4 regions quantified per sample
were averaged for statistical analyses. Ki67 staining was carried
out using Bouin-fixed tissue sections. Samples from three pa-
tients were selected for analyses as indicated in Online Resource
Data 1. The sections were deparaffinized and rehydrated as de-
scribed above, and antigens were retrieved using Tris-EDTA
buffer pH 9 in 96 °C for 30 min. Primary antibodies (Online
Resource Table 2) were added at 1:500 dilution and incubated
over night at + 4 °C followed by exposure to secondary antibod-
ies for 1 h at room temperature and mounting with Fluorescent
Mounting Medium (VECTASHEILD Antifade Mounting
Medium, Vector laboratories, Peterborough, UK).

Statistical analyses

Statistical analyses were performed using R [25] with RStudio
program [26]. Pearson correlation was used to test association
between follicle density and patient age. Repeated measures
ANOV A was used for comparing tissue volumes, follicle den-
sities, steroid concentrations, and TUNEL data. All data was
LOG transformed to conform to normality assumptions. In
case of significant findings (p < 0.05), the groups were com-
pared with each other using paired ¢ tests and Bonferroni-
Holm adjusted two-tailed p values are shown in figures. Chi-
square test was used to analyze follicles in different categories
(healthy vs. degenerate; primordial, primary vs. secondary).
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All p values are two tailed and corrected for multiple compar-
isons. Results were considered significant if the corrected
p<0.05. Results 0.05 <p < 0.1 are also indicated in figures.

Results

Laminin expression in human ovary

We studied the expression of the 12 human laminin genes in
human ovarian samples. The expression on RNA level was

measured using six individual human ovarian cortex samples
and a commercially available pooled whole ovary RNA

ovarian tissue
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Fig. 2 Laminin expression in human ovaries. The expression of the 12
laminin genes was analyzed by qPCR in human ovarian cortex (n =6)
and commercially available pooled whole ovary RNA sample from 15
women (n = 1) (a), and in mural (n = 10) and cumulus (n = 10) granulosa
cells isolated from ovarian follicular fluid (b). The results were
normalized to house-keeping gene RLPL(O and HPRT! and are shown
as average relative expression (+ SEM). The same commercial reference
“whole ovary” sample was included in every run. Main laminin chains
expressed were LAMA2, LAMB2, and LAMCI in ovarian tissue.
Follicular fluid granulosa cells expressed LAMAI, LAMA3, LAMB?2,
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sample. Genes found to be robustly expressed in both sample
types were LAMA2, LAMB2, and LAMC| (Fig. 2a). We fur-
ther studied the expression in mural and cumulus granulosa
cells isolated from ovarian follicular fluid samples obtained
from women undergoing in vitro fertilization (IVF) treat-
ments. The expression profile of 3- and y-chains was very
similar to tissue with LAMB2 and LAMC]! being the most
abundant isoforms present (Fig. 2b). However, o-chain ex-
pression differed. Instead of LAMA2, cumulus granulosa cells
mainly expressed LAMA3 and mural granulosa cells both
LAMAI and LAMA3 (Fig. 2b).

Immunostainings were then used to study laminin protein
expression. LAMA4, LAMB3, LAMB4, LAMC2, and
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and LAMCI. The expression was further studied on protein level by
immunostaining of ovarian cortical tissue sections (¢) and mural and
cumulus granulosa cells isolated from ovarian follicular fluid (d). DAPI
was used as nuclear counter stain, and IgG as negative control. Tissue
from 6 patients was used in stainings and representative images are
shown. In pre-antral follicles, LAMA2, LAMA3, LAMBI1, LAMB?2,
and LAMCI1 showed robust staining, whereas LAMA1, LAMA?2,
LAMBI, and LAMCI1 dominated in walls of small antral follicles. In
isolated granulosa cells, LAMA1, LAMA2, and LAMA3 showed posi-
tive staining in addition to LAMB2 and LAMC1
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LAMC3 were excluded from these analyses due to non-
detectable RNA expression (Fig. 2a, b). Formalin-fixed ovar-
ian cortical tissue sections containing pre-antral and occasion-
al small antral follicles were used in the analyses. In pre-antral
follicles and cortical stroma, abundant expression of LAMA2
and LAMB2 was found in stroma and follicles (Fig. 2c).
LAMA3, LAMBI, and LAMCI were detected mainly in the
granulosa cells of follicles. In walls of small antral follicles,
LAMAI1, LAMA2, LAMBI, and LAMCI1 showed most
abundant staining (Fig. 2¢). Isolated mural and cumulus gran-
ulosa cells mainly expressed LAMA1, LAMA2, LAMA3,
LAMB?2, and LAMCI1 (Fig. 2d).

Cell type-specific expression of laminins in ovarian
cortex

We recently published a single-cell transcriptomic map of
human ovarian cortex [23]. We used this dataset to study cell
type—specific expression and co-expression of laminin iso-
forms in 12,160 ovarian cells. Only cells expressing at least
one laminin gene were included, leaving 6514 cells available
for analysis. This data set consisted of 8 oocytes, 23 immune
cells, 112 granulosa cells, 501 endothelial cells, 772
perivascular cells, and 5098 stromal cells.

Expression level of each laminin gene was plotted by cell
type (Fig. 3a). Most laminin genes were expressed in at least
one cell type, except for LAMB4 that was not detected. In
agreement with the qQPCR and immunostaining data, the ex-
pression of laminin «-chains was more varied than that of 3-
and y-chains. (Fig. 3a). The expression of all laminins was
compared with each other within each cell type. The dataset
contained only few oocytes, immune cells, and granulosa
cells, and they were excluded from statistical analyses. In
endothelial cells, LAMB2 was expressed on a significantly
higher level (p <0.001) and in a bigger fraction of cells
(53%) than LAMBI (16%), and LAMC1 was expressed on a
significantly higher level (p <0.05) and in more cells (28%)
than LAMC3 (4%) (Fig. 3a, Online Resource Table 4). Of the
«-chains, LAMAS5 was expressed by most endothelial cells
(35%), but the median expression level did not differ from
other -isoforms. In perivascular cells, median expression
levels did not differ between laminin isoforms; however, the
cells were found to most often express LAMAS (18%),
LAMB?2 (35%), and LAMC1 (17%). Within stromal cells, the
most often expressed isoforms were LAMA2 (16%), LAMB2
(27%), and LAMC1 (11%). The median expression level of
LAMA?2 was significantly higher than that of LAMA3
(p<0.05) and LAMAS5 (p<0.001), and the expression of
LAMAB? was significantly higher than that of LAMBI
(p<0.001) (Fig. 3a, Online Resource Table 4). To visualize
the relative abundance of the different laminin isoforms per
cell type, the percentage of cells expressing a specific laminin
was plotted (Fig. 3b). The blood vessel cells (endothelial and

perivascular) expressed most often LAMAS, LAMBZ2, and
LAMCI, while the stromal cells preferably expressed
LAMA2, LAMB?2, and LAMC1 (Fig. 3b).

We next evaluated co-expression of laminin genes by sin-
gle ovarian cells. In total, 54% of ovarian cells expressed at
least one laminin (6514 of 12,160 cells). Most commonly,
only one laminin gene was expressed per cell within each cell
type (Fig. 3c). We listed the most common forms of
(co-)expression by cell type ranging from only one laminin
gene being expressed to up to seven laminin genes expressed
by the same cell (Fig. 3¢, Online Resource Data 2). Cells
expressing at least three different laminins made up 2-25%
of the cells within each category (Fig. 3c).

Collectively, these data suggest that laminins have a dis-
tinct expression pattern in human ovaries. While variable ex-
pression of several different isoforms of «-chain were detect-
ed on a transcript and protein level in different ovarian cell
types, the (3-chain and y-chain were mainly expressed from
LAMBI, LAMB2, and LAMC1 genes. We summarize the lam-
inin expression analysis results in Online Resource Table 5.
Based on collective evaluation of the results, we selected lam-
inin tripeptides composed of «2, 32, and y1 (LN221); «5,
32, and y1 (LN521); and «5, 31, and 1 for in vitro culture
studies to mimic the laminin composition of human ovarian
stroma and blood vessels, which make up the majority of the
cortex. Stem cell-grade Matrigel was used as an established
control ECM.

In vitro culture of ovarian cortical tissue on laminins

Ovarian cortical tissue from 17 c-sec patients was used in
culture experiments (Online Resource Table 1). Each tissue
sample was divided between the six experimental groups: im-
mediately fixed fresh control, and tissue cultured for 7 days on
Matrigel, LN221, LN521, LN511, or a mix of LN221,
LN521, and LN511. The fresh samples were used as a control
for assessing tissue and follicle health before culture. Total
follicle density in the samples negatively correlated with pa-
tient age, as expected (Online Resource Fig. 2a). The volume
of tissue available for analysis was not significantly different
between the groups, indicating an even distribution of the
study material (data not shown).

Follicles of healthy morphology were found in all experi-
mental groups (Fig. 4a). Fresh control tissue was characterized
by high numbers of primordial follicles and very few atretic
follicles, whereas tissue exposed to culture had generally more
growing, less primordial, and more degenerated follicles. All
follicles with a visible oocyte were evaluated and counted for
statistical analysis using the entire study material prepared to
serial sections. A total of 1525 follicles were identified and
analyzed (Online Resource Data 1). Total follicle counts and
follicle densities were found to decrease during culture in all
groups (Fig. 4b, Online Resource Fig. 2b). Tissue cultured on
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Fig. 3 Cell type—specific expression of laminin isoforms in ovarian cor-
tex. Cell type—specific laminin expression was evaluated using our single-
cell RNA-sequencing data set of human ovarian cortex. a Relative ex-
pression of the 12 laminin genes in individual oocytes, immune cells,
granulosa cells, endothelial cells, perivascular cells, and stromal cells is
shown as swarm plots where median is marked with horizontal red lines.
The numbers above the plots indicate the percentage of cells expressing
the laminin isoform in each cluster in the full set of 12,160 cells, whereas
the swarm plots show the expression in those 6514 cells that express any
laminin. b The proportion (%) of cells within each cell type expressing a
certain laminin gene. The majority of cells in ovarian cortex are stromal
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cells and blood vessel cells. The most commonly expressed x-isoform in
blood vessels was LAMAS, [3-chain was mainly expressed from LAMB2,
and y-chain from LAMCI. In stromal cells, LAMA2, LAMB?2, and
LAMCI were most commonly expressed. ¢ Co-expression of laminin
genes in cells. The fraction of cells (y-axis) expressing 1-7 different
laminin genes (x-axis) is shown by cell type. Approximately 30% of
the cells in each cluster expressed only one laminin gene, 7-26% of the
cells co-expressed two laminins, and 4-16% co-expressed three laminins.
Most common co-expression profiles are shown in Online Resources
Data 2
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LN511 and mixture of laminins had significantly lower folli-
cle density after 7 days of culture compared with fresh control
(p <0.05, Online Resource Fig. 2b). In addition, the propor-
tion of degenerated follicles increased in all groups during
culture compared with fresh control (» <0.001 for all, Fig.
4b). Compared with Matrigel, follicular survival was signifi-
cantly increased in tissue cultured on LN221 (p <0.001, Fig.
4b). Among all culture groups, tissue cultured on LN221 had
the overall highest total number of detectable follicles (n=
318) and the largest fraction of healthy follicles (79%).
Conversely, tissue cultured on the mixture of laminins had
the poorest overall follicle recovery (n = 120) and the smallest
fraction of healthy follicles (46%) (Fig. 4b).

Follicle development was evaluated by comparing frac-
tions of healthy follicles in different developmental stages:
primordial, primary, and secondary before and after culture.
The proportions significantly changed in culture compared
with fresh tissue; primordial follicles dominated in fresh tis-
sue, whereas the cultured tissue mainly contained growing
follicles (Fig. 4c). Similar proportions of follicles in different
developmental categories were found in all culture groups
except for LN521, which significantly differed from
Matrigel. Tissue cultured on LN521 had the overall largest

Matrigel

proportion (36%) and number (n = 34) of secondary follicles.
In all other groups, the fraction of secondary follicles was 10—
20%, that of primary 70-80%, and that of primordial 10-20%,
respectively (Fig. 4c).

We noticed clear differences in the abundance of follicles
between tissue samples (Online Resource Data 1). Follicle
densities were higher in younger patients (Online Resource
Fig. 2) and consequently the majority of the follicles in this
study were derived from the youngest patients. The entire
cohort of 17 consecutively consenting patients had an age
span of 21-40 years (Online Resource Table 1) and contrib-
uted 1525 follicles to the study. If we restricted the analyses to
patients 21-30 years of age (n =8), 1323 follicles were avail-
able, and the same statistical results were obtained as with the
full cohort (data not shown). This encourages to focus on
donors younger than 30 years of age in cortical tissue culture
studies based on c-sec patients.

Endocrine function of tissue in culture
Endocrine function of the tissue in culture was evaluated by

measuring steroid hormones in conditioned media collected at
the end of the culture. As the media were changed every other
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Fig. 4 Follicle survival and development in culture. Ovarian cortical
tissue was processed to thin strips and placed on filters coated with
laminins or Matrigel in an air-liquid interphase culture system. Medium
was changed every 48 h, and after 7 days the tissue was collected for
histological analysis. a Growing follicles of healthy morphology were
present in all culture groups after 7 days of in vitro culture. b Follicles
were counted from serially sectioned tissue strips through the block and
the number of unique follicles is shown by treatment group. Proportion of
poor morphology follicles increased during culture in all groups com-
pared with fresh control (p <0.001). Compared with Matrigel, tissue
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cultured on LN221 had a higher proportion of surviving follicles
(p<0.001). ¢ Healthy follicles were further divided into primordial, pri-
mary, and secondary. All culture groups were significantly different from
the fresh control; after culture, the proportion of primordial follicles was
smaller and that of secondary follicles higher in all cultured groups com-
pared with fresh tissue (p < 0.001). Among culture groups, tissue cultured
on LN521 was significantly different from Matrigel having a larger pro-
portion of secondary follicles (p < 0.001). Chi-squared test, Bonferroni-
corrected two-tailed p values
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day, the measured concentrations reflected cumulative steroid
production during the last 24 h of culture (from day 6 to day
7). Blank samples, composed of culture medium only, did not
contain any steroids. The main ovarian steroids such proges-
terone, androstenedione, testosterone, and estradiol were de-
tected in all culture media samples (Online Resource Fig. 3).
Progesterone was present in 10-fold higher median concentra-
tions (10-30 nM) compared with androstenedione, testoster-
one, and estradiol (0.5—-1 nM). There were no significant dif-
ferences in steroid production between the groups (Online
Resource Fig. 3).

Tissue viability

We evaluated the general tissue survival in culture by carrying
out in situ TUNEL assay that detects single-strand DNA
breaks as a proxy for apoptosis, and immunostaining of
Ki67 that labels proliferating cells. In the TUNEL assay, all
cell nuclei in the positive control sample, which was prepared
by treating the sections with DNase I, showed bright labeling
while negative controls remained negative (Fig. 5a). Study
samples showed varying degrees of labeling. Fresh tissue
was mainly negative. Scattered positive nuclei were found
across all cultured samples with the signal being most intense
towards the edges of the sections (Fig. 5a). The TUNEL signal
was quantified and normalized to the number of cells in the
measured area. The average TUNEL signal increased in all
culture conditions compared with fresh control tissue reaching
statistical significance in tissue cultured on mixture of
laminins (p < 0.05) (Fig. 5b). In agreement with the relatively
low levels of apoptosis, Ki67 staining showed scattered pos-
itive nuclear staining across stroma and follicles confirming
the presence of proliferating cells at the end of the culture in all
groups (Online Resource Fig. 4).

Discussion

In this study, we tested human recombinant laminins as
growth substrates for in vitro culture of human ovarian tissue
in our search for xeno-free ECM that could replace Matrigel.
Culture protocols that support ovarian tissue survival and fol-
licle growth in vitro without animal-derived components
would be compatible with clinical applications. In addition,
supportive culture conditions with minimal variation would
allow studies on subtle changes in follicle biology for instance
in response to chemotherapy agents or environmental
chemicals. We found that human ovarian cells have a distinct
laminin expression profile, and that some commercially avail-
able laminin tripeptides might provide at least equally good
support to cortical tissue in culture as Matrigel.

We characterized laminin isoform expression profile of re-
productive age human ovarian tissue samples and ovarian
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follicular fluid granulosa cells on transcript and protein levels.
As expected, we found selective expression of laminin iso-
forms. The most variable chain was the «-chain, which was
found to be expressed at varying levels from all genes except
for LAMA4. In all samples, [3-chain was consistently
expressed from LAMBI or LAMB?2, and y-chain only from
LAMCI. These observations get support from bovine and
mouse studies, where LAMA1, LAMBI1, LAMB2, LAMC1
protein expressions have been detected by immunostaining in
ovaries [19, 20]. Because analysis of homogenized tissue sam-
ples does not allow conclusions of cell type—specific expres-
sion, we further studied laminin expression with the help of
our single-cell transcriptomic dataset of human ovarian cortex
[23]. We could clearly see specific expression patterns. Blood
vessel cells mainly expressed LAMAS, LAMB?2, and LAMC1
and stromal cells LAMA2, LAMB2, and LAMBI. As stroma
cells and blood vessels make up the majority of cells in ovar-
ian cortex [23], these laminin types can be assumed to be the
most abundant in this region of the ovary. Interestingly, only a
fraction of the cells within each cell type had detectable lam-
inin expression, suggesting that laminin-expressing sub-pop-
ulations exist. Since laminins are essential components of bas-
al laminas, it could be the cells closest to basal lamina that
express most laminins. We found that co-expression of lami-
nin chains by the same cell was not common, which may
suggest that mature laminin tripeptides are assembled of pro-
teins provided by different cells.

Expression of LAMA4 was clear in the single-cell data,
although it was not detected by qPCR despite primers that
were designed to amplify several annotated LAMA4 transcript
variants. This might suggest that there are additional splice
variants expressed in the ovary. A recent proteomic map of
human ovarian cortex also suggests expression of o4 [27].
Other laminin isoforms detected by this mass spectrometric
analysis were &2, &5, B1, 2, and y1, which agrees with our
data [27]. The laminin profile in the ovary is even similar to
that in human testis, where variable «-chains are expressed
(1 and «5) in combination with 32 and y1 [28].

Interestingly, the laminin expression profile in small antral
follicles differed from stromal cells. The general strong
LAMA?2 expression in cortical stroma was replaced by
LAMAI and LAMA3 expressions in granulosa cells of antral
follicles. Laminin expression profile is known to change dur-
ing developmental processes [17]. For example, the pattern of
laminin chain expression changes during human corpus
luteum development and regression [21]. Therefore, changes
in expression patterns during follicle growth are not surpris-
ing. This suggests that multi-step culture systems aiming at
full maturation of follicles in vitro cold benefit from choosing
specific laminins for each step of the culture protocol.

We chose LN221, LN521, and LN511 for our one-step, 7-
day culture experiment based on the robust and high expres-
sion of &2-, &5-, B1-, B2-, and y1-chains in multiple cell
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Fig.5 Tissue viability. Tissue viability was evaluated in nine samples per
group by using in situ TUNEL assay that detects fragmented DNA as a
sign of apoptosis. a Representative images of stained tissue sections.
TUNEL signal is shown in green and the nuclear counter stain DAPI in
blue. Positive control was prepared by treating tissue sections with DNase
I, and negative control by omitting the terminal transferase enzyme. b

types of the ovarian cortex. In addition, LN521 and LN511 are
generally the most widely expressed laminins in the body and
have wide applicability domain in cell culture being used in
the culture of human and mouse stem cells, epithelial cells,

Signal intensity was quantified and normalized to cell count in the
evaluated area. Apoptosis significantly increased in tissue cultured on
mixture of laminins (**p <0.01). There was a tendency to increased
signals in other groups as well (p =0.06-0.08). Repeated measures
ANOVA followed by Benjamin-Holm post hoc test. P values are two
tailed

hepatic cells, and kidney cells, for example [18, 29-32]. As a
reference ECM, we used Matrigel because it is commonly
used in tissue culture and shown to enhance follicle survival
in culture systems ranging from cortical strip culture to
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transplantable ovarian scaffolds in humans and animals [2, 7,
15]. The main laminin isoform in Matrigel is mouse LN111.

Previously, mouse laminin was shown to support human
ovarian tissue in culture equally well as Matrigel [14]. Our data
suggest that the use of human laminins naturally expressed by
ovarian cortex may be advantageous. Follicle survival was sig-
nificantly higher in the LN221 group compared with Matrigel.
On the other hand, tissue cultured on LN521 had a higher
proportion of growing secondary follicles than Matrigel.
Interestingly, in human embryonic stem cells, LN521 activates
PI3K/Akt signaling [18], which is also recognized as an impor-
tant pathway in activation of follicle growth [33]. It should be
addressed in follow-up studies if LN521 could bring an advan-
tage to multi-step culture systems where isolation of highest
possible number of secondary follicles would be beneficial.
LN511 and the mixture of the three laminins provided the least
consistent support to ovarian tissue. In both groups, the follicle
densities decreased significantly during culture, and apoptosis
was significantly increased in LN511 tissue. Although the
laminin-mixture group did not provide further improvement,
maybe due to lower concentrations of the individual laminins
in the mixture, future studies should test other combinations and
higher concentrations of relevant laminins.

We detected steroids in all culture conditions but did not
find significant differences between groups. The media sam-
ples were collected at the termination of cultures and reflected
steroid production over the last 24 h only. This short time
together with the fact that the production of steroids is typi-
cally highly variable between patient samples [24] may have
contributed to difficulties in detecting differences. In future
studies, samples should be collected over the whole culture
period and from a larger number of patients. Nevertheless, the
results confirm that the tissue maintained its endocrine activity
in culture.

Human ovarian follicle culture systems have been devel-
oped for decades, and up to date, there is no consensus on
optimal culture condition. The field has moved towards
multi-step culture systems [4, 10], 3D-solutions [6], and ad-
vanced tissue engineering [8, 34] to enable follicle growth to
maturity in vitro, and to even create transplantable ovarian
constructs [7, 35, 36]. The newest culture systems seldom
include ECM to support the growth of the follicles. It should
be investigated whether defined ECM components such as
laminins could enhance follicle survival and growth in these
systems. Likewise, possibilities to replace Matrigel with spe-
cific laminins in decellularized transplantable scaffolds should
be studied [7].

Conclusions

In summary, our results indicate that LN221 and LN521 pro-
vide certain advantages over Matrigel in human ovarian tissue
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culture providing the first evidence that a defined ECM sub-
strate can be used to support the development of pre-antral
follicles in vitro. Specifically, LN221 enabled higher survival
of follicles, and LN521 stimulated the development of second-
ary follicles. The often used ECM preparation Matrigel has
several disadvantages, which are particularly critical for any
applications in human fertility preservation in a clinic setting,
including exposure to animal-derived components, undefined
composition, batch-to-batch variability, the potential risk for
pathogen transmission, and the potential to contain tumor-
derived growth factors. The use of laminins would be appro-
priate in clinical settings for fertility preservation and could
also provide a system for toxicological applications. Follow-
up studies should focus on further development of the
laminin-based ovarian tissue cultures towards multi-step sys-
tems that allow full folliculogenesis.
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