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ARTICLE INFO ABSTRACT

Keywords: Currently, there is a limited number of treatment options available for patients with symptomatic leiomyomas,
Gonadotropin-releasing hormone (GnRH) and surgical removal is by far the most frequent procedure. Previous studies found that GnRH agonists and
antagonists antagonists acting through GnRH receptors led to cell death and decreased extracellular synthesis in cultured
I(“;ls:e}i?:a leiomyoma cells. In this study, we encapsulated the GnRH antagonist ganirelix in PLGA microspheres contained

in an alginate scaffold that also supports a leiomyoma ex vivo tissue explant. Microspheres maintained ganirelix
concentration stably during six days of culture, inducing significant cell death in 50-55% of tumor cells.
Although no changes were observed in the expression of extracellular matrix genes, a decreased expression of the
Nuclear Factor of Activated T cells 5, a transcription factor involved in osmotic stress and tumor size. Inter-
estingly, all tumors analyzed experienced apoptosis independently of the original driver mutation. These data
indicate that local therapy of ganirelix would induce tumor reduction in a wide range of uterine leiomyomas.

PLGA-microspheres
Local delivery
Preclinical model

1. Introduction

Uterine leiomyomas (LMs), also called fibroids or myomas, are the
most commonly diagnosed tumor of the female genital tract, with an
incidence of 40% at the age of 35 and nearly 70%— 80% around the age
of 50 [1]. This high prevalence represents a high economic burden to the
global healthcare costs estimated to be 34.4 billion dollars just in the
United States [2]. Although these tumors are benign, 15-30% of patients
develop several symptoms, with menorrhagia or heavy menstrual
bleeding being the most common ones [1]. Other LM symptoms include
abdominal protuberance, painful intercourse, pelvic pressure, bladder
or bowel dysfunction resulting in urinary incontinence or retention,
pain, or constipation [3]. In addition, LM may interfere with natural and
in vitro fertility and increase the risk of adverse pregnancy outcomes [3].
Surgical options are by far the most frequent treatment for LM [4].

Although their etiology remains elusive, molecular mechanisms

involved in tumor initiation and growth include steroid hormone-
dependency, excessive accumulation of extracellular matrix (ECM)
and alterations in two driver genes, HMGA2 (high mobility group AT-
hook 2) and MED12 (mediator complex subunit 12), found in approxi-
mately 80-90% of leiomyomas [5].

Current pharmacological approaches are based on the pivotal role of
ovarian steroids in LM growth [6]. In normal conditions, the hypothal-
amus exerts control over sex steroid production via GnRH, which in-
duces the release of pituitary gonadotropins, stimulating the production
of estrogen and progesterone in the ovary [6]. The GnRH antagonists
binding to the GnRH receptor (GNRHR) cause an immediate
dose-dependent suppression of gonadotropin release [7]. This sex ste-
roid inhibition significantly decreases LM volume in pre-menopausal
women while abolishing menorrhagia symptoms and reducing uterine
pain [8]. Unfortunately, the use of GnRH antagonists (GnRHa) to
decrease ovarian steroids has traditionally been associated to substantial
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side effects, including vasomotor symptoms, vaginal dryness, sleep
disturbances, myalgia, arthralgia, mood swings, potential cognitive
impairment, and loss in bone density impairing long-term treatments
[8]. Nevertheless, the emergence of new GnRHa for oral administration,
such as relugolix, recently approved by the EMA and FDA, linzagolix
approved by EMA, and elagolix approved by FDA has allowed for more
prolonged LMs treatments reaching up to 24 months. However, despite
reducing menstrual bleeding and tumor volume, these novel treatment
options do not lack detrimental systemic effects. Indeed, relugolix and
elagolix are co-administered with estradiol and norethisterone as an
‘add-back’ therapy to avoid undesirable hypoestrogenic effects such as
reduced bone mineral density [9,10].

Although it has always been thought that LMs shrinkage after GnRHa
treatment was attributable to a decreased sex steroid release, a growing
body of evidence suggests a direct GnRH action on peripheral tissues
[11-13]. Thus, leiomyomas, myometrium, and isolated myometrial
smooth muscle cells express GnRH and the GnRH receptor at the mRNA
and protein levels [14-19]. The GnRH antagonist cetrorelix acetate
inhibited leiomyoma cell growth, induced apoptosis, and decreased the
production of ECM components in LM cells in culture [20,21]. However,
since traditional 2D cultures where cells grow in flat layers on plastic
surfaces do not accurately mimic the in vivo state, some caution should
be applied to these results. This is quite relevant since many drugs
proving to be clinically futile were pre-clinically evaluated to be ‘active’
using 2D-cultured cell line-based models [22]. Cetrorelix acetate also
inhibited ECM production in a 3D matrix using immortalized leiomyoma
cell lines. This effect was not suppressed in the presence of gonadal
hormones [23]. All these data suggest a direct action of GnRH antagonist
on LM cells.

Ganirelix is a third-generation GnRHa that inhibits premature LH
surges in women undergoing controlled ovarian hyperstimulation for
assisted reproductive technologies. Ganirelix displays a long half-life of
approximately 12.8 h [24] and for the above purpose is administered in
solution (at 0.25 mg/day) subcutaneously, usually for 5-6 days. Inter-
estingly, a small, open-label study including 19 patients with LM
demonstrated the daily subcutaneous treatment with 2 mg ganirelix
substantially reduced LM volume (25-40%) within only three weeks
[25].

Considering the readily accessible route for drug delivery through
the vagina [26], the lack of local treatments for the management of LM,
and the side effects associated with GnRHa systemic administration, it is
surprising that formulations for local GnRHa administration are still not
available.

In our previous study, we developed an organotypic 3D culture based
on leiomyoma tissue explants placed onto an alginate scaffold. This
approach successfully maintained the original LM cells, tumor micro-
environment, and the response of cells to ovarian steroids [27]. As a step
forward in developing a local therapy for uterine leiomyoma, the main
goal of the current study is to evaluate the effect of sustained release of
ganirelix on LM explants. We measured cell death using the TUNEL
assay and genes affecting LM size, such as those involved in the ECM and
cell water balance. This preclinical assay will highlight the microspheres
as potential GnRHa carriers for leiomyoma local therapy.

2. Materials and methods
2.1. Ethical statement

This study was approved by the Institutional Review Board of the
Committee for Clinical Research Ethics of the University Hospital
Complex from Canary Island (CHUNSC_2018_63). Informed consent was
obtained from the patients before the collection of any samples. All
experiments handling human tissues were performed in accordance with
Tenets of the Declaration of Helsinki.
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2.2. Systems preparation and characterization

2.2.1. Materials

Poly (lactic-co-glycolic acid) (PLGA) of variable lactic:glycolic ratios,
75:25 (PLGA 75:25, Resomer® RG 755 S) and 85:15 (PLGA 85:15,
Resomer® RG 858 S) were purchased from Evonik Industries (Ger-
many). Sodium alginate (Protasan® UP MVG) was obtained from
Novamatrix (Biopolymer Systems, Norway). Poly (vinyl alcohol) (PVA,
Mw 33,000-70,000; 87-90% hydrolyzation), Span 60 (Sorbitane mon-
ostearate, Mw: 430.63 g/mol, HLB: 4.7) and ganirelix acetate salt (Mw:
1690.42 g/mol) were supplied by Sigma-Aldrich (USA). Calcium Chlo-
ride (CaCly) and Sodium Chloride (NaCl) were purchased from Merck
(Germany).

2.2.2. Ganirelix microspheres preparation

Ganirelix microspheres were prepared by a double emulsion method
(w/0o/w) similarly to previously described [28]. Two types of micro-
spheres were developed, one of them containing 2% of sodium alginate
in the internal aqueous phase (AlgMPs-G) [29,30], and another one
without (MPs-G). Briefly, 200 pl of an aqueous solution containing 75 ug
of ganirelix acetate salt and 4 mg of sodium alginate, when required, was
emulsified with 1.5 mL of a PLGA (200 mg of PLGA 75:25, 50 mg of
PLGA 85:15 and 0.3 mg of Span 60) [31] methylene chloride (DCM)
solution vortexed for 1 min. Immediately, 5 mL of a 5% poly-vinyl
alcohol (PVA) and 5% NaCl aqueous solution was added and vortexed
for 30 s. Afterward, the emulsion was poured in 100 mL of water under
magnetic stirring to evaporate the solvent for 1.5 h. Microspheres were
collected by filtration (Supor®—450, 0.45 pm, 47 mm filters, Pall Cor-
poration) and washed with Milli-Q water. Then, microspheres were
lyophilized and stored at 4 °C until use. Blank microspheres, without
ganirelix, were prepared by the same method.

Microspheres were characterized in terms of diameter and size dis-
tribution using a Mastersizer 2000 (Malvern Instruments, USA), and
morphology was observed by scanning electron microscopy images
(SEM, ZEISS EVO 15, Japan).

To assess the encapsulation efficiency and release profile, ganirelix
was labelled with 1251 (Perkin-Elmer) by the iodogen method according
to the protocol previously described [32] with some modifications.
Briefly, 50 ul of phosphate buffer (PB: 0.5 M) and 20 pl of ganirelix
acetate (10 pg/ul, 5.9 x10~> M) were added to a precoated Iodination
Tube (Thermo Scientific), and the sample volume was completed with
Milli-Q water to obtain a final volume of 98 pl. Then, 2 yl of >°INa (0.2
mCi) (PerkinElmer) were added to the previous mixture. This reaction
mixture was incubated for 10 min at room temperature under 120 rpm
stirring and stopped by addition of 10 ul sodium metabisulphite (2.5
mg/mL). The labeling efficiency was evaluated by thin layer chroma-
tography (iTLC) using 11.5 x 0.8 cm silica-gel coated strips (Varian
Iberica SL). For that purpose, 7 ul of 12°I-ganirelix (approximately 30,
000-40,000 cpm) were added approximately at 1 cm from the lower
edge of the strip and the chromatography was developed using meth-
anol:water (85:15) as a mobile phase [33]. Free 1251 migrates to the front
(R¢=1) and the labeled product continues at the base (Ri=0). When the
solvent reached the front (approximately 1 cm from the upper edge), the
strip was cut by the half, and the radioactivity of each measured using a
gamma counter (Cobra II, Packard®). The labeling yield was calculated
by the ratio between the radioactivity at the base (Rf=0) and the total
radioactivity (Rf=0 4+ Rf=1) x 100. The same method was used to study
the radiolabeling stability. Briefly, 2 pl of '2°I-ganirelix were incubated
in 250 ul of Dulbecco’s phosphate-buffered saline (dPBS) at 4 °C and
37 °C under 25 rpm stirring. Then, at different time points (0, 0.6, 3 and
4 days), the chromatography of a sample was made to calculate the 12°I
unbound. Assays were performed in triplicate.

2.3. Scaffold preparation and characterization

Scaffolds were prepared as previously described [27]. Briefly, 2 mg
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of microspheres were dispersed in 100 pl of 2% sodium alginate aqueous
solution in a cylindrical mould, mixed and freeze-dried. Then, alginate
was crosslinked with 100 pl of 1% CacCl, for 3 min, washed twice with
100 pl of sterile Milli-Q water, and freeze-dried again. All systems were
stored at 4 °C until use. The scaffolds were characterized in terms of
porosity, morphology (SEM), swelling and mass loss in water at 37 °C.
Porosity was calculated using the following equation (Eq. A.1).

/-
Porosity(%) = <M> 100

(A1)
p real

Where prea and papp are the real and the apparent scaffold density,
respectively.

The real density was quantified using a helium pycnometer (AccuPyc
1330, Micromeritics, USA), and the apparent density was calculated
from measure of weight and the volume of the samples (Eq. A.2)

weight

Apparent density = (A2)

wr*h

To calculate the scaffolds swelling and mass loss, samples were
incubated in 1 mL of Milli-Q water at 37 °C under orbital shaking
(25 rpm). At different time points (1, 3 and 6 days), three samples were
withdrawn, the excess water was removed, and samples were weighted
and freeze-dried to record the dry weight. Scaffold swelling and mass
loss were calculated by the following equations (Eq. A.3 and Eq. A.4
respectively).

Ww - ‘/Vx
Swelling = <—> 100 (A3)
Ww
w, — W,
Mass loss (Td) 100 (A4)

Where Wy, is sample wet weight, W is initial weight, and Wy is dried
weight.

2.4. Ganirelix release assay

Scaffolds developed with AlgMPs-'?°I-G (S-AlgMPs-12°-G) or with
MPs-'?°1.G (S-MPs-'%°I-G) were incubated in 1.5 mL of DMEM (Dul-
becco’s modified Eagle’s medium, Gibco) without supplements at 37 °C
and 25 rpm. The supernatants were removed and replaced by fresh
media at each time point. Then, the supernatant was measured with a
gamma counter (Cobra® II, Packard). The experiment was performed in
triplicate.

2.5. Tissue sampling

Six female patients aged 39-49 years, admitted to Hospital Quir-
onSalud in 2021, were enrolled in this study. All patients were Cauca-
sian and underwent hysterectomy for menorrhagia without any previous
hormonal treatment for at least 3 months before the surgery. One
intramural leiomyoma up to 5-10 cm in size was obtained from each
patient (Supplementary table S1). The histopathological analysis using
standard H&E staining and performed by a pathologist indicated tumors
with benign histology with no sign of malignancy, nuclear atypia,
mitotic or necrosis. Samples were transported immediately after surgery
immersed in sterile Hank’s balanced salt solution (HBSS) supplemented
with 0.25 pg/mL amphotericin B, 100 U/mL penicillin, and 100 pg/mL
streptomycin (Sigma-Aldrich). Tissue pieces were then processed under
sterile conditions.

2.6. Tissue slice culture

Fresh tissue sections of 500 um were obtained using a vibratome and
cultured as previously described [27]. Tissue slices were placed on
0.8 mm thickness alginate scaffolds containing blank microspheres in
24-well plates containing 250 ul of DMEM supplemented with 10% fetal
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bovine serum (FBS, Lonza, Spain), 100 U/mL penicillin, 100 pg/mL
streptomycin and 2 mM L-Glutamine (Sigma-Aldrich) during 24 h to
adapt the tissue cells to the culture conditions as described in Supple-
mentary Figure 1. Slices were cultivated at the air-liquid interface in a
37 °C and 5% CO5 humidified incubator with shaking at 60 rpm. The
medium was changed every day. After the initial 24 h, slices were
transferred onto  scaffolds containing ganirelix-microspheres
(S-AlgMPs-G and S-MPs-G groups) or remained on the original
blank-microspheres scaffolds with the medium supplemented every day
with 10~ M ganirelix solution (S-G group) or not supplemented (Con-
trol group) for 6 days (Supplementary Figure 1). We have previously
tested 3 concentrations of ganirelix (1077,1078 and 107° M) during 3
different times (2, 4 and 6 days), and we found that a 108 M ganirelix
supplementation during 6 days led to greater apoptosis in tumor cells in
the ex vivo slices. Working dilutions were prepared in phenol red-free
DMEM medium every day immediately at the start of the experiment.
A droplet of the medium was added on top of the tissue slice to create a
thin film of liquid that helps to maintain the explant humidity [34]. In
supplemented group, the droplet contains ganirelix solution. For each
tumor, 2 slices were harvested before culture (T0), one of them was kept
at — 80 °C until processed for molecular analysis, while the other was
formalin-fixed for histological analysis. Another 5 slices were collected
after 6 day of treatment, 2 slices were formalin-fixed, and 3 slices were
frozen at — 80 °C for molecular analysis.

2.7. Genetic alterations. characterization of driver genes

2.7.1. Nucleic acid isolation and reverse transcription

Tissue slices were placed on lysis matrix D tubes (MP Biomedicals)
containing 500 pl of Tritidy G (PanReac AppliChem) and homogenized
using FastPrep 5 G (2 cycles of 6 m/s for 30 s; MP Biomedicals). RNA
was isolated following manufacturer instructions (PanReac AppliChem).
Residual genomic DNA was removed by incubating the RNA samples
with RNase-free DNase I and RNasin according to the manufacturer’s
instructions (Promega). Retro-transcription was carried out using 1 pg of
RNA, and first-strand complementary DNA was synthesized using M-
MLV reverse transcriptase according to the manufacturer’s instructions
(M3681, Promega).

2.7.2. HMGAZ2 expression

PCR mixes contained 0,25 pmol of each primer [27], 1 unit of
TempTase DNA Polymerase (Thermofisher Scientific), 150 uM dNTPs
and 4 pl of cDNA (1/12 dilution) in a final volume of 20 pl. The cycling
conditions were 95 °C for 15 min, followed by 40 cycles of 95 °C for
15s, 66 °C for 20s, and 72°C for 30s. For each experiment, a
non-sample reaction was included as a negative control. The PCR
products were separated by agarose gel electrophoresis, and the
amplicon size was verified by comparison with a 100-bp DNA ladder.

2.7.3. MEDI2 mutation detection

To check for MED12 mutations in cDNA, a primer pair located in
exon 1 and exon 2 covering the hot spot region where 99% of mutations
have been described was used [27]. PCR products were cleaned up by
ExoSAP treatment using ExoCleanUp FAST (VWR Life Science).
Sequencing reactions were performed for both strands at the Genomic
Center of La Laguna University (SEGAI). For each sample, forward and
reverse electropherograms were checked manually, edited, and assem-
bled using MEGAG6 [35].

2.8. Quantitative polymerase chain reaction (qPCR)

A Light-Cycler 480 Real-Time PCR detection system apparatus was
used to quantify of all transcripts. Each sample was analyzed in triplicate
using 2x qPCRBIO SyGreen Mix Lo-Rox (PCRBiosystems, London, UK).
The cycling conditions were 95 °C for 2 min, followed by 35-40 cycles
of 95 °C for 10 s, 60 °C for 20 s, and 72 °C for 30 s. For each experiment,
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a non-template reaction was included as a negative control. The speci-
ficity of the PCR reactions was confirmed by melting curves analysis of
the products.

Plates data were imported into the GenEx ver 6.1.1.550 data analysis
software (MultiD Analyses AB). The relative expression of each gene was
calculated using the 2724 method normalized to the expression levels
of two housekeeping genes (RPL32 and PUM1) stably expressed [36]
and then referenced to the mean of controls (vehicle). Log2 trans-
formation of fold-change was used for statistical analysis. Primer se-
quences are provided in Supplementary Table S2.

2.9. Histological evaluation

Before fixation in 10% buffered formalin, the air side of the slice was
marked with green Ink for biopsies to evaluate changes between both
sides of the slice. After fixation and paraffin-embedded, vertical sections
were cut into 5 um-thick sections. The sections were deparaffinated,
hydrated and hematoxylin-eosin (H&E) stained to assess the morpho-
logical integrity of tissue samples.

To evaluate the amount of collagen in the original tumor, tissue
sections were stained with Masson’s trichrome following a standard
protocol [37], which stains collagen fibbers blue. Briefly, after depar-
affinization and rehydration, sections were post-fixed with Bouin’s so-
lution overnight. The slices were then rinsed in running tap water for
5 min and stained in Weigert’s iron hematoxylin working solution for
10 min. Sections were counter-stained in Bierbrich scarlet-acid fuchsin
solution for 2 min, rinsed in distilled water, and placed in the
phosphomolybdic-phosphotungstic acid solution for 2 min. Subse-
quently, the sections were transferred to aniline blue solution for 5 min,
rinsed in distilled water, and differentiated in 1% acetic acid solution for
4 min.

Image J Software version 1.5a (NIH) was used to quantify the
collagen volume fraction. First, the total image area was measured,
excluding white areas (vessels lumen and broken parts of the tissue).
Second, the collagen volume was defined by selecting the blue staining
area performing colour threshold and selecting hue, saturation, and
brightness parameters. Finally, the tissue collagen volume fraction was
determined using the following formula: collagen volume fraction
= collagen area/total area x 100. Six fields were taken randomly under
a light microscope (Leica DM4000B, Leica Microsystems, Germany) at a
final magnification of X200. The final value was obtained by averaging
the six fields.

2.10. Click-iT plus TUNEL assay

To determine the ganirelix effect at the tissue level, we performed a
Click-It™ Plus TUNEL assay for in situ apoptosis detection following the
manufacturer’s instructions (C10617, Invitrogen). This assay detects the
later stages of apoptosis when DNA fragmentation occurs. After labeling
DNA ends with Alexa Fluor 488, the sections were incubated for 5 min
with 1 ug/mL DAPI (Sigma-Aldrich) and mounted using Fluoromount-
GTM mounting media (ThermoFisher Scientific). To assess apoptotic
cells, six fields were randomly selected at a magnification of X400 under
a fluorescence microscope (Leica DM4000B, Leica Microsystems, Ger-
many), and two researchers blindly evaluated the images. Images ob-
tained from different fluorescent channels were analyzed using the
Image J program, version 1.5a software (NIH), where the program
excluded stained fragments and artifacts after setting a threshold for
minimum object size. Cells were considered positive when the fluores-
cent values were above the background of the non-dye reaction control.
The apoptotic index (AI) was determined using the following formula: %
apoptosis per field = positive apoptosis cells (Alexa 488 - green) / total
cells (DAPI - blue) x 100. The final value was obtained by averaging the
six fields.

Biomedicine & Pharmacotherapy 156 (2022) 113909
2.11. Statistical analysis

GraphPad Prism v. 8.0 (GraphPad Software, La Jolla, CA, USA) was
used for all statistical analyses. Original data were log-transformed, and
the comparison among the groups was made by one-way ANOVA after
assessing that the dataset passed the normality test, followed by Dun-
nett’s post hoc test. For all analyses, P < 0.05 was considered to be sta-
tistically significant.

3. Results
3.1. System preparation and characterization

The dynamic light dispersion results showed that microspheres
without alginate (MPs-G) were characterized by a lower average
diameter (10% < 25.9 pm - 50% < 56.2 pm- 90% < 130.2 um) than
AlgMPs-G (10% < 26.8 ym - 50% < 85.7 ym- 90% < 173.2 um). This
increase in size was probably due to the presence of alginate in the in-
ternal aqueous phase.

SEM images indicated a similar external appearance for both types of
microspheres (Fig. 1A-B), a homogeneous microspheres surface without
external pores. The ganirelix encapsulation efficiency of MPs-G and
AlgMPs-G was 55.09 + 0.76% and 49.93 + 5.91%, respectively.

A high radiolabeling yield of 90 + 1% was obtained. These values
were maintained after 4 days in dPBS without observing differences
between 4 °C and 37 °C.

The SEM images of the alginate scaffolds showed a homogeneous
dispersion of the microspheres within the internal scaffold structure
(Fig. 1C). In agreement with these images, the scaffolds’ porosity values
were high, 95.65 + 0.91%. Moreover, after the first 24 h, the scaffolds
showed a large water uptake (305 + 4.76%) with minimal mass loss
(8.8 & 0.5%). These values were maintained throughout the rest of the
assay, indicating the stability of the structures.

3.2. Ganirelix released assay

The ganirelix release profile from S-AlgMPs-G showed a higher burst
effect than S-MPs-G, with an initial release of 49.82 4 8.11% from S-
AlgMPs-G compared to 9.03 + 1.04% from S-MPs-G (Fig. 2 A). The
concentration of released ganirelix in the medium was 35.32 x 1078 M
for S-AlgMPs-G and 7.07 x 10~ M for S-MPs-G during the first day.
After that, the release rate decreased, and the concentration remained
between 10 and 2 x 10~ M for S-AlgMPs-G and 5-2 x 1078 M for
SMPs-G (Fig. 2B). Except for the burst effect of S-AlgMPs-G, the ganirelix
concentration values obtained from both formulations remained of the
same order of magnitude as the supplemented ganirelix in the medium
(5 x1078 M).

3.3. Histological characterization of tumor cells after ganirelix treatment

The Innovative Medicines Initiative (IMI) consortium PREDECT
(www.predect.eu) has established robust protocols to monitor cell
viability status and to follow treatment responses in tumor tissue slice
culture [38]. According to PREDECT, tumor slices embedded vertically
can be sectioned to incorporate a scaffold to the air-side within one
paraffin section, allowing analysis of both sides of the tissue slice. This is
particularly important since H&E stained sections of vertically
embedded tumor slices show differences in tissue morphology, pre-
senting areas of necrosis, vacuolated regions, and reduced cells in the
scaffold interface [38].

Similar to PREDECT findings, we observed decreased cell number
and increased ECM and vacuolated cells in the region close to the algi-
nate scaffold in all control samples, although at variable degrees. Fig. 3A
shows a picture of a tumor slice with clear cell loss at the scaffold side.
Therefore, to avoid an overestimation of apoptosis, we discarded from
the analysis the 30 um (Fig. 3A, dashed red line) of the slice in close
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Fig. 1. Scanning electron microscopy images at 500X (A,B) and 300X (C). (A) Microspheres without alginate in the internal aqueous phase (MPs-G), (B) Microspheres
with alginate in the internal aqueous phase (AIgMPs-G), and (C) Scaffold with microspheres (indicated with red arrows) dispersed in the alginate porous structure.
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Fig. 2. '*°I-Ganirelix release profile in DMEM at 37 °C and 25 rpm, from the scaffolds containing microspheres with (S-AlgMPs-G) and without (S-MPs-G) alginate in
the internal aqueous phase. The release profile is expressed in (A) ganirelix percentage released from the total loaded in the scaffold and (B) the calculated ganirelix
molar concentration in the medium. The ganirelix level maintained by supplementation (5 x10~8 M) is indicated for comparative purpose. N = 3.

Fig. 3. Histological analysis of leiomyoma slices. Representative images of vertically embedded tumor tissue slices stained with H&E showing the increment of
extracellular matrix in scaffold side (A) and the border of the tissue slice (B) compared with an area in the center of the slice (C). D-F shows morphological changes
observed at 6 days after treatment with ganirelix supplemented in the medium (S-G) (D), or released from the microspheres in S-AlgMPs-G (E) and S-MPs-G (F), in
comparison with the control slice (C). Asterisk denotes apoptotic nuclei, while arrowhead indicates vacuolated regions. Green Ink indicates slice air-side. The inserts
(bottom left) show the morphology of the nucleus of the smooth muscle cells. Scale bar 100 pm.



A. Salas et al.

contact with the scaffold. Similar to previously observed in tissue slices
[39], the margins of the tissue sections showed a greater ECM content
and variable degree of cell number (Fig. 3B). Thus, slice borders were
also discarded from the analysis.

After ganirelix treatment, we observed cells with condensed,
pyknotic nuclei and increased vacuolated cytoplasm indicating tissue
degeneration (Fig. 3D-F). These findings were observed in the three
experimental conditions, ganirelix supplemented in culture medium
(Fig. 3D), ganirelix-PLGA-alginate microspheres (Fig. 3E) and ganirelix
PLGA microspheres (Fig. 3F), but never in the untreated control
(Fig. 3Q).
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3.4. TUNEL assay to identify apoptotic cells

Quantification of apoptotic cells can represent a critical aspect of
toxicological assays and drug discovery. The TUNEL assay has become
the most widely used in situ tests to study apoptosis [40]. More specif-
ically, this assay detects the later stages of apoptosis, characterized by
changes in nuclear morphology, chromatin condensation and DNA
fragmentation. As expected, in the control slices cultured for 7 days, we
detected DNA breaks preferentially on the scaffold side (Fig. 4B). In
these untreated explants, the percentage of dead cells ranged from 10%
to 28% (Supplementary Table S3) of the tissue area under study. Inter-
estingly, a significant increase in the number of dead cells was observed
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Fig. 4. Effect of ganirelix treatment in tumor slices. A) percentage of apoptotic cells in control (16.83 + 8.6) and 3 experimental groups after 6 days of ganirelix
exposure (S-G 55.2 £ 9.5; S-AIgMPs-G 48.9 + 18.7; S-MPs-G 55.7 + 22). Ganirelix significantly induced cell death in each treatment group compared to control slices
(***p < 0.001). B) Panoramic images show apoptotic cell distribution across the slice in the cellular leiomyoma and a typical fibrotic tumor after Click-iT Plus TUNEL
assay. DNA breaks were labelled with Alexa 488 (green), while DAPI was used to stain the nucleus (blue). The continuous line indicates the explant air side, while the
dashed line indicates the explant scaffold side. Untreated tissue (control) showed few apoptotic cells compared with both ganirelix supplementation (S-G) and from
both release systems, S-AlgMPs-G and S-MPs-G. Inserts indicate merge channels with the specific apoptotic reaction observed in the nuclei of the cells. Scale bar
100 pm. C) Relative expression of NFAT5S (nuclear factor of activated T cells 5) during ganirelix slice exposure compared with not treated (control) measured by
qPCR. Bars show the mean fold change and error bars indicate standard deviation of the mean (SD). *p < 0.05. * *p < 0.01.
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in tissue slices supplemented with ganirelix, or under continuous release
from S-AlgMPs-G and S-MPs-G (Fig. 4A, p < 0.001). In addition, we
observed a differential distribution of apoptotic cells throughout the
slices depending on the amount of ECM. Masson’s trichrome staining
showed that leiomyoma L48 was a cellular tumor (Supplementary
Figure 2), a rare leiomyoma variant that exhibits hypercellularity and
occurs in < 5% of leiomyomas [41]. The remaining 5 tumors showed
classical leiomyoma histology, with abundant fibrous matrix and vari-
able collagen content (Supplementary Figure 1). Intriguingly, L48
showed the lowest percentage of dead cells in both release systems
(Supplementary Table S3). Furthermore, we observed a gradient of
apoptotic cells from the scaffold side towards the air-side in the cellular
leiomyoma under the sustained release of ganirelix, but not in the sup-
plemented slices, where the ganirelix solution reached the tissue slice
from all the tumor sides (Fig. 4B). On the contrary, the apoptotic cells
occupied practically the entire area analyzed in the fibrotic tumors.

Molecular analysis determined four LM subtypes according to driver
alterations, one tumor carrying a MED12 mutation, another tumor with
overexpression of HMGA2, two tumors with both alterations and
another two tumors without alterations in these two genes (Supple-
mentary Table S1). It is worth mentioning that, regardless of their ge-
netic alterations, all the tumors presented similar response to ganirelix
treatment.

3.5. Effect of ganirelix on the expression of ECM genes and the
osmoregulator NFAT5

ECM plays an important role in forming the bulk structure of leio-
myoma, and its accumulation and remodelling are thought to be crucial
in fibrotic diseases and their pathophysiology [8]. In order to determine
the influence of ganirelix in ECM gene expression, we performed a gPCR
of 3 genes highly expressed in leiomyomas. No statistically significant
differences were observed on the expression of Collagen type I alpha 1
chain (COL1A1), the principal component of ECM, fibronectin 1 (FN1)
and versican (VCAN) (Supplementary Figure 3). On the other hand,
nuclear factor of activated T cells 5 (NFAT5) encode a protein that
regulates gene expression induced by osmotic stress in mammalian cells.
A significant downregulation of NFAT5 mRNA was detected after six
days under 10~ M ganirelix released from S-AlgMPs-G (1.41-fold,
p < 0.05) and S-MPs-G (1.53-fold, p < 0.01) compared with untreated
control (Fig. 4).

4. Discussion

Precision-cut tissue slices completely represent tumor architecture
and heterogeneity, presenting the complex interplay between tumor and
host cells in the stroma that plays a crucial role in tumor development,
progression and response to therapy. Using the pre-clinical model
developed by our group, we have proven the local effect of ganirelix in
LMs, supporting a direct action of the GnRH antagonist on the tumor
cells. These results open the possibility for leiomyoma management
through GnRH antagonist local therapy avoiding the systemic side ef-
fects associated with oral administration.

Control slices may vary in the percentage of cell death during culture
depending on in vivo basal cell death, complications in the operating
room, tissue transportation times and duration of the processing. In
addition, leiomyomas are quite heterogeneous tumors, with a variable
number of cells and fibrous connective tissue, which lead to different
tumor stiffness. Despite this, the percentage of dead cells after seven
days of culture ranged from 10% to 28% in the tissue area under study,
in agreement with previous reports in ex vivo cancer cultures, such as
breast, pancreas, colon and lung carcinomas [42-44]. Interestingly, this
initial cell death increased drastically after ex vivo incubation with
ganirelix, both supplemented in the culture media or released from
PLGA-microspheres. This pro-apoptotic effect was independent of the
tumor driver mutation (Supplementary Table S1), indicating a wide
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range capacity of ganirelix for uterine leiomyoma treatment.

We have developed an innovative platform for culturing leiomyoma
tissue onto a porous scaffold. The most significant novelty is that the
scaffold contains drug-encapsulated microspheres that can be tested
directly on the tumor tissue. We observed that ganirelix-microspheres
did not decrease scaffold porosity (95.65%) while allowing an
adequate supply of culture medium to tissue slices. In this platform, the
scaffold presented a high swelling value and minimal mass loss, keeping
the explants wet while ensuring system integrity. The treatment of the
tumor tissue with ganirelix, induced a wide distribution of apoptotic
cells, from the scaffold side to the air-side, using both microsphere for-
mulations in five of the analyzed tumors, all of them showing abundant
ECM. Conversely, in the cellular tumor, ganirelix released from micro-
spheres resulted in a lower apoptosis rate than supplemented slices, with
few dead cells observed towards the air-side of the slices. This is not
surprising since tumors with high cell density and reduced interstitial
space and ECM show lower drug penetration than tumors with a low
packing density [45]. In this type of tumor, it is reasonable that the
supplemented slices, with a greater diffusion surface due to the daily
supply of ganirelix on top, presented a higher apoptosis rate (68%) than
the tissue slices treated with ganirelix released from the microspheres
(29-32%) where the surface available for drug diffusion is only the
lower part in contact with the scaffold. However, other mechanisms may
explain the reported differences in cell apoptosis.

The developed systems entail ganirelix doses well below the dose
usually administered subcutaneously [24,46]. In addition, two different
ganirelix releases were designed to study the effect of the release profile
in cell apoptosis. Both PLGA microspheres incorporated into the alginate
scaffold maintained ganirelix concentration in the 10~® molar range. We
hypothesized that adding alginate to the internal phase of the micro-
sphere (S-AlgMPs-G) would modify the release profile [47]. Thus, the
electrostatic interaction between the negative charges of the alginate
and the positive charges of the peptide could reduce the release of
ganirelix. However, the observed effect was not as expected, and the
initial release of ganirelix was even higher than that from the micro-
spheres without alginate (S-MPs-G). Alginate is a large molecule that
could migrate towards the surface of the microspheres during the
fabrication process, dragging ganirelix to the external surface. After the
initial contact with the aqueous medium, ganirelix was abruptly
released from the microspheres, giving the initial burst observed in the
culture medium. Therefore, we took advantage of this release profile to
compare the efficiency of a bolus dose followed by a continuous release
with the sustained release profile observed with the S-MPs-G micro-
spheres. Despite the differences in the release profiles, the apoptotic
effect induced by both formulations was statistically equal to that
observed with supplementation, indicating that drug concentrations in
the range of 2-5 x 10~ M are indeed therapeutical and that an initial
bolus does not improve the result. Considering the obtained release
profiles, the use of microspheres without alginate is expected to be an
effective and much safer formulation than S-AlgMPs-G, since it releases
lower doses over a longer time. The initial ganirelix release from the
alginate microspheres entails a higher risk of the drug reaching the
bloodstream and producing similar undesirable effects to GnRHa sys-
temic administration.

Extra-pituitary GNRHR has been found in several human cancers
related to the reproductive system, such as prostate, breast, ovarian, and
endometrial cancer [48]. Isolated LM smooth muscle cells express GnRH
and GNRHR mRNA, while intense histological staining of GNRHR was
observed in tumor smooth muscle cells [15,16,19]. In the central ner-
vous system, GnRH agonists bind to GNRHR to stimulate Goq and the
production of inositol trisphosphate and diacylglycerol that conse-
quently mobilize intracellular calcium and activate protein kinase C
[49]. This drives the regulated exocytosis secretion of LH and FSH from
secretory vesicles. The GnRH antagonists simply bind to pituitary
GNRHR and competitively block the binding and activation by the
native peptide in the gonadotrope cells. On the contrary, GnRH agonists
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and antagonists in cancer cells seem to exert a similar effect, which is an
intriguing open question. At the molecular level, several publications
point to an equal and detrimental effect of GnRH agonists and antago-
nists on cancer cells [48]. For instance, GnRH agonists such as leupro-
lide, triptorelin, buserelin, and goserelin consistently inhibited, both in
vitro and in vivo, the proliferation and the metastatic behavior of cell
lines derived from tumors of the reproductive tract. In addition, GnRH
agonists also exert a robust antitumor effect on cells derived from tu-
mors unrelated to the hormonal system (melanoma, glioblastoma, and
lung and pancreatic cancer), either in vitro or in preclinical models.
Intriguingly, the most widely used GnRH antagonist in vitro, cetrorelix,
showed antiproliferative activity in several studies: inhibiting the
growth of androgen-independent prostate cancer cells, both in vitro and
in vivo, and reducing the migratory and invasive behavior of DU145
prostate cancer cells; inhibiting the growth of prostate carcinoma pri-
mary cell cultures, an effect similar to that obtained with the GnRH
agonist leuprolide; inhibiting the proliferation of human mammary
estrogen-responsive tumor cells (MCF-7) in vitro and the growth of
MCF-7 xenografts in nude mice; reducing metastasis formation by
triple-negative MDA-MB-435 and MDA-MB-231 breast cancer cells in
nude mice; exerting a similar antiproliferative activity as triptorelin in
ovarian EFO-21 and endometrial HEC-1A cancer cells; in the OV-1063
ovarian cancer cell line, the antiproliferative activity of cetrorelix in
vitro even exceeded that of the agonist triptorelin. In fibroids, cetrorelix
inhibited leiomyoma cell growth, induced apoptosis, and decreased the
production of ECM components in LM cells in culture. Similarly,
buserelin inhibited cell proliferation in leiomyoma cells in a
dose-dependent manner. Moreover, buserelin or leuprolide suppresses
cell proliferation and induces apoptosis in human uterine leiomyoma
cells. To explain these data, it has been proposed that binding of GnRH
to GNRHR may activate different effectors in different cells [50]. Thus,
in tumor cells, the binding of both GnRH agonist and antagonist to
GNRHR induces Gai/cAMP pathway, leading to antiproliferative and
pro-apoptotic effects in reproductive tumors [48,51-53]. Although we
have not analyzed the molecular mechanism involved in ganirelix
signaling in leiomyoma cultures, the overwhelming data about the
antiproliferative effect of agonist/antagonist in peripheral tumors
strongly suggests a similar mechanism for both molecules in tumor cells.

Regarding leiomyomas, buserelin (a GnRH agonist) inhibited LM cell
proliferation in a dose-dependent manner (ranging from 0 to 100 nM)
after the 10th day of treatment [16]. Similarly, two GnRH agonists
(leuprolide or buserelin) decreased cell number in a dose-dependent
manner in isolated leiomyoma cells from premenopausal women, with
the maximal effect observed at the highest dose tested (107° M) and
after 6-day of treatment [17]. Moreover, using the TUNEL assay, the
authors observed that GnRH agonist produced a significant increase in
apoptotic cells after 4- and 6-day treatment while markedly increasing
Fas and Fas ligand expression, suggesting activation of the extrinsic
apoptotic pathway [17]. Chen et al. (2005) treated cultured leiomyoma
cells with the antagonist cetrorelix acetate, observing a dose (107 M to
1077 M) and time (2, 4, 6 days) dependent decrease of cell proliferation
after 6 days of culture. In addition, cetrorelix (107°* M to 1077 M) also
significantly increased TUNEL-positive cells after 36 h of treatment
[20]. In light of these data, it is conceivable that ganirelix may bind to
the GNRHR receptors widely expressed in leiomyoma smooth muscle
cells, activating pathways that lead to apoptosis. This effect can be more
pronounced in leiomyomas from reproductive women, where expression
of the GnRH receptor is higher than in the myometrium, regardless of
the myoma size [19]. Therefore, the local action of ganirelix controlled
release in young women would be more specific and less damaging to
the surrounding myometrium.

One distinguishing characteristic of uterine leiomyoma is the
excessive accumulation of ECM, especially large amounts of disordered,
highly cross-linked interstitial collagens, fibronectin, and proteoglycans,
such as versican, an extracellular chondroitin sulfate proteoglycan
known to be upregulated in leiomyoma tissue. The critical role of the
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ECM in the process of LM fibrosis turns it a crucial target for antifibrotic
therapy. In this sense, the addition of GnRH agonist or antagonists
(leuprolide acetate and cetrorelix) to leiomyoma cells during 24 and
72 h induced a deregulated expression of genes involved in ECM syn-
thesis, including Collagen type I alpha 1 chain (COL1A), Fibronectin
(FN), and Versican (VCAN) [19,21]. In this study, the treatment with
1078 M of ganirelix in cultured LM slices for 6 days did not significantly
change the mRNA expression of COL1A1, FN, and VCAN.

On the other hand, it has been hypothesized that the GnRH treatment
causes water efflux from leiomyoma cells, resulting in a reduction in
leiomyoma volume [54]. This mechanism seems to be mediated by
NFATS5, a transcription factor involved in osmolytes accumulation to
restore cellular homeostasis [55]. NFAT5 is upregulated in LM
compared to myometrium [55,56]. Interestingly, either the GnRH
agonist leuprolide [54] or a selective progesterone receptor modulator,
Ulipristal Acetate [56], decreased the expression of NFAT5 mRNA,
suggesting that water outflow and cell shrinkage may explain the
reduction in leiomyoma size after therapy [54,56]. In agreement with
these studies, we also observed a decreased expression of NFAT5 mRNA
after ganirelix-controlled release treatment. Again, these data suggest
that both types of drugs (agonist and antagonist) activate a common
pathway in tumor cells. Exactly how ganirelix affects NFAT5 expression
and why NFAT5 downregulation was observed only under ganirelix
sustained release remains to be elucidated.

Overall, adding ganirelix to LM cells induced apoptosis and
decreased the expression of NFATS5, suggesting the local therapy of
ganirelix may reduce leiomyoma size.

The main strength of this in vitro study is the use of a 3D LM model to
evaluate a novel local therapy for LM management. This tissue model
preserves the extracellular matrix, cellular diversity, and genetic back-
ground, simulating more in-vivo-like situations. In addition, developing
a formulation-dependent sustained ganirelix-release system opens the
possibility of tailorable ganirelix doses. However, the study also has
some limitations such as the inability to study the effect of ganirelix
beyond 6 days due to limitations of the culture model; whether ganirelix
promotes a reduction in ECM components at the protein level has not
been tested; and finally, due to its low frequency, only one cellular LM
has been studied.

Considering the promising pro-apoptotic effect observed on LM after
treatment with sustained release, future works will evaluate the ganir-
elix effect over longer time periods and repeated administrations using
in vivo models. Moreover, microspheres loaded with ganirelix can be
embedded in intrauterine devices, favoring local administration.
Controlled-drug release would favor a reduction in the overall tumor
burden while minimizing systemic side effects.

5. Conclusions

The local release of ganirelix from the microspheres developed in this
study induced cell death in leiomyoma organ culture. However, the
cellular LM with a reduced matrix would need additional injections in
different sites to achieve the same efficacy as in fibrotic tumors.

These results suggest that local treatment with ganirelix micro-
spheres can potentially shrink leiomyomas and thereby relieve symp-
toms, and delay or even avoid surgery, since leiomyomas spontaneously
regress at menopause due to the absence of ovarian steroids. In addition,
it would also avoid the adverse effects observed in patients receiving
systemic GnRHa therapy.
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