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Abstract

Cystic fibrosis (CF) is a life-shortening genetic disorder, caused by mutations in the CF transmembrane conductance
regulator (CFTR) protein that regulates ion and fluid transport in epithelial tissue. Female CF patients face considerable
fertility challenges, with higher prevalence of deficient fertility compared to healthy women. Not much is known about
the underlying causes. In particular, the pathobiology of the endometrium, the uterus’ inner lining essential for pregnancy
and expressing fluctuating CFTR levels during the menstrual cycle, is unexplored in CF. To address this gap, we developed
organoid models from CF patient endometrium. The organoids recapitulated CF characteristics and revealed molecular
and pathway differences in cycle-recapitulating hormone responses compared to healthy endometrial organoids. Further-
more, specific functional aberrations were restored by CFTR modulator treatment. To further complement human organoid
models for unraveling endometrial pathobiology in CF, we also developed organoids from a genetic CF mouse model that
were also found to recapitulate CF characteristics. Moreover, single-cell RNA-sequencing analysis of the CF mouse uterus
revealed molecular traits in the endometrium similar to the human CF endometrium (as evidenced by its organoid model).
Our study provides new endometrium models to advance our understanding of CF-associated endometrial pathobiology,
particularly regarding menstrual cycle aberrations that impact fertility. This research is timely since improved CF thera-
peutics result in increased life expectancy, allowing more CF patients to consider starting a family.
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Introduction

Cystic fibrosis (CF) is the most prevalent life-shortening
genetic disease in Caucasians, caused by mutations in the CF
transmembrane conductance regulator (CFTR) gene which
encodes an ion (chloride (Cl") and bicarbonate (HCO;"))
channel regulating transport of electrolytes and fluid in
epithelial cells. Female CF patients (further referred to as
“women with CF” (wwCF)) show decreased fertility with
only half becoming pregnant without assisted reproductive
technologies [1]. The estimated prevalence of sub- and in-
fertility is higher than in the age-matched general female
population (35% and 5-15%, respectively) [2]. So far, defi-
cient fertility in wwCF has received poor attention, and not
much is known on the underlying causes. Proposed repro-
ductive-tract factors include the presence of dehydrated,
viscous mucus in the cervix that may hinder sperm passage,
and altered HCO; balance in the uterus which may nega-
tively impact sperm capacitation [ 1, 3]. However, the uterus’
inner tissue or endometrium, which is essential for success-
ful pregnancy, has only poorly been explored as plausible
contributor to CF pathobiology. CFTR is expressed in the
healthy endometrial epithelium, at levels fluctuating with
the menstrual cycle. Its expression is regulated by the cycle-
controlling ovarian hormones estrogen (E2; CFTR upregu-
lation) and progesterone (P4; CFTR downregulation), in a
pattern that correlates with the physiological cyclic changes
in uterine fluid volume and composition [4—6]. Uterine
luminal fluid secretion and absorption appear principally
regulated by an interplay between CFTR (mediating anion
and H,O secretion) and the epithelial sodium channel ENaC
(mediating sodium (Na") and H,0O absorption), expressed
in a mirrored fashion in the cycling endometrium [7]. Apart
from this very confined knowledge on the role of CFTR in
endometrial physiology, nothing is known on the patho-
physiology of the endometrium in wwCF. One main reason
is the lack of reliable and tractable study models, consider-
ing the major technical and ethical hurdles to study events
that occur hidden in the womb. Previously, our group devel-
oped organoid models from mouse and human endometrium
as novel and powerful tools to study the tissue’s (patho-)
physiology [8, 9]. Healthy endometrium-derived organoids
were found to reliably capture the original tissue’s charac-
teristics as well as reproduce epithelium biology including
recapitulation of key characteristics of the proliferative and
secretory phase of the menstrual cycle following defined
exposure to E2 and P4 [8, 10]. Organoids from endometrial
diseases such as endometriosis and cancer were shown to
recapitulate the specific pathology’s (and patient’s) char-
acteristics, indicating that diseased, deficient endometrium
can also reliably be captured by organoid models [9].
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To decipher endometrial pathobiology in CF, we here
developed organoids from CF patient and CF mouse endo-
metrium, both of which were found to recapitulate CF
characteristics. CFTR modulators were shown to rescue
CF endometrial organoids’ aberrant behavior. CF patient-
derived organoids and single-cell transcriptomic analysis of
the CF mouse uterus revealed molecular, pathway and cel-
lular differences compared to the healthy counterparts. Our
study and models allow to explore CF endometrial pathobi-
ology at the molecular and functional level and identify its
contribution to decreased fertility in wwCF. This endeavor
is of particular interest since improved CF treatments,
especially the highly effective CFTR modulator therapies
(HEMT), have substantially increased life expectancy and
quality of life of CF patients which allows them to more
often consider starting a family.

Materials & methods

The workflow and experimental design of the study is pre-
sented in Fig. S1A.

Development and hormone exposure of organoids
from CF patient endometrium

Endometrial biopsies were obtained at University Hospitals
(UZ) Leuven, after informed written consent, from wwCF
and from controls (i.e. healthy volunteers or patients under-
going laparoscopy for benign non-endometrial gynecologi-
cal conditions). The control women all tested negative for
CFTR carrier status of F508del. The study was approved by
the Ethical Research Committee UZ/KU Leuven (S66294,
S59006, S65570) and is compliant with all relevant ethical
regulations regarding research involving human participants.

The tissue samples were mechanically and enzymatically
dissociated into small fragments and single cells, which
were resuspended in 70% Matrigel (Corning)/30% DMEM/
F12 (Thermo Fisher Scientific) supplemented with Rock
inhibitor (RI, Y-27632, Merck Millipore), seeded in drop-
lets and cultured, all as previously described [8]. Organoids
were passaged every 7—-14 days, including dissociation with
TrypLE Express (Thermo Fisher Scientific) containing RI
and mechanical trituration, resuspension in 70% Matri-
gel/30% DMEM/F12 (supplemented with RI) and seeding,
all as described before [8]. Established organoid lines were
amplified, cryopreserved for biobanking and subjected to
downstream analyses. Unless otherwise stated, organoids
of passage number P2—P6 were used for the experiments
described.

Hormone exposure to mimic the menstrual cycle phases
was performed as follows [10]: after 2 days of growth in
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endometrial organoid medium (EOM, Table S1A), the
organoids (P2-P4) were exposed for 6 days to 10 nM
B-estradiol (E2, Sigma), or for 2 days to 10 nM E2 followed
by 4 days to a combination of 10 nM E2, 1 uM P4 (Sigma),
0.25 mM cyclic adenosine monophosphate (cAMP, Tocris)
and 10 pM Wnt inhibitor XAV-939 (Tocris) (referred to as
“EPCX”). Medium was refreshed every 2 days. Organoids
were collected at the end of hormone exposure (day 8) for
further analysis. In specific experiments, E2 exposure was
combined with elexacaftor/tezacaftor/ivacator treatment
(ETI, Selleckchem; all at 3 pM) or vehicle (dimethylsulf-
oxide (DMSO)). ETT or vehicle was added every 2 days.
Brightfield pictures of organoid cultures were recorded
using an Axiovert 40 CFL microscope (Zeiss). Brightfield
time-lapse pictures were recorded with the Incucyte S3 (Sar-
torius). Organoid diameter was measured with Fiji imaging
software (https://imagej.net/ij/).

To monitor apoptosis in organoids exposed to E2 (see
above for schedule), Incucyte Caspase-3/7 dye (Sartorius;
5 uM) was added on day 7 for 24 h followed by fluores-
cent signal recording. As a positive control for detection of
apoptosis, organoids (CFEO) were exposed to staurospo-
rine (Tocris; 24 h from day 7 to 8 at 1 pM; added together
with the Incucyte Caspase-3/7 dye). Brightfield and fluores-
cence pictures of organoid cultures were recorded using the
THUNDER Imager (Leica Microsystems).

Development and hormone exposure of organoids
from CF mouse endometrium

Cftr™Eu mice, harboring a F508del mutant exon in the
Cftr gene (which does not interfere with its transcription),
were used [11]. Animals were housed in conditions of con-
stant temperature, humidity and day-night cycle, and ad
libitum access to water and food. All animal experiments
were approved by the KU Leuven Ethical Committee for
Animal Experimentation (P072/2024). Genotype was deter-
mined with ear biopsy-derived genomic DNA using Sanger
sequencing. PCR products were purified using ExoSAP-IT
Express reagent (Thermo Fisher Scientific), combined with
sequencing primers (Table S1B) and sequenced by Euro-
fins Genomics. Chromas software (Technelysium) was used
to identify wild-type (WT; F508*"*') and CF (F508%dch
genotype. Laxative (Movicol) was added to the drinking
water to avoid intestinal obstruction in CF mice. To quan-
titatively assess the fertility of female mice, 13—-14 weeks
old WT or CF females were continuously mated to WT
males for 5 months and monitored daily for litters born and
number of pups. For organoid development, adult WT and
CF mice of 13—15 weeks old were used. Organoids were
established from mouse endometrium as in detail described
before [8]. In brief, the tissue was dissociated, seeded in

70% Matrigel/ DMEM/F12 droplets and cultured in defined
medium (Table S1C) to induce mouse endometrial organ-
oid (mEO) formation and growth. Slight modifications were
applied including enzymatic incubation with collagenase IV
(1 mg/mL in DMEM/F12) instead of EDTA solution, and
medium composition optimizations (as reported in [12]).
Every 7-14 days, organoids were passaged as described [8].
To mimic the estrus cycle phase, organoids were grown for
4 days in mEO medium followed by treatment with 1 nM E2
(Sigma) for 2 days [8].

Development and culture of rectal CF organoids

To highlight the difference in morphology in CF endome-
trial versus rectal organoids (which may point to alterna-
tive ion channel contribution to organoid swelling), CF
rectal organoids were established from rectal biopsies (as
described before [13]) originating from a selection of CF
patients of which CFEO had been generated. In short, intes-
tinal crypts were isolated from the tissue samples and plated
in Matrigel. Organoids were grown for 7 days, mechanically
dissociated and re-seeded. Brightfield pictures of organoid
cultures were recorded using the Axiovert 40 CFL micro-
scope. Collection of rectal biopsies was approved by the
Ethical Research Committee UZ/KU Leuven (S56329).

Forskolin-induced swelling assay

To assess CFTR (dys)functional activity and rescue by
CFTR modulators in (mouse and human) endometrial
organoids, the forskolin-induced swelling (FIS) assay was
performed as described previously [14]. The cAMP activa-
tor forskolin (FSK) stimulates CFTR activity leading to ion
and H,O influx which causes organoid swelling. In short,
organoids were exposed to FSK (Sigma Aldrich; 5 pM) and
immediately monitored by confocal live cell microscopy at
37 °C for 120 min (LSM800, Zeiss; Zen Blue software).
The increase in total organoid size (area) normalized to the
organoid size (area) at timepoint (t) 0 of FSK addition was
quantified with Fiji imaging software. In specific experi-
ments, organoids were treated with CFTR modulators elex-
acaftor/tezacaftor (ET; both at 3 uM, 24 h pre-incubation) or
ET pre-incubation with ivacaftor (ETI; all at 3 uM, ivacaftor
added together with FSK), or with a specific CFTR inhibitor
Inh172 (Selleckchem; 50 uM, 4 h pre-incubation, followed
by 50 uM during the FIS assay), or with vehicle (DMSO).

Halide-sensitive YFP assay
To evaluate CFTR (dys)functional activity and rescue by

CFTR modulators in human endometrial organoid-derived
monolayers, the halide-sensitive (HS)-YFP assay was
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applied which measures CFTR activity by degree of HS-
YFP quenching due to CFTR-dependent iodide (I") influx.
Organoids were dissociated into single cells, transduced
with HS-YFP-encoded lentiviral vector [15], and regrown
after seeding in Matrigel droplets as described above. After
10-14 days, the HS-YFP-transduced organoids were disso-
ciated into single cells which were plated onto a 3% Matri-
gel layer to grow into confluent monolayers within 7-8
days. In specific experiments, monolayers were incubated
with ET (3 uM, 24 h pre-incubation), Inh172 (20 uM, 24 h
pre-incubation, followed by 50 uM during assay) or vehi-
cle (DMSO). Ivacaftor (3 uM) and/or FSK (10 pM) was
added for 20 min. Fluorescence (F0) was measured using
Perkin Elmer Envision for 5 s after which I” buffer (137 mM
Nal, 2.7 mM KI, 1.7 mMKH2PO4, 10.1 mM Na2HPO4,
5 mM D-glucose) was injected into the well and fluores-
cence monitored for another 20 s (F). HS-YFP quenching
was determined at the end of the interval as F/F0, and CFTR
function as 1—(F/F0) [15]. Brightfield and fluorescence pic-
tures of organoid cultures were recorded using the Axiovert
40 CFL microscope.

Bulk RNA-sequencing analysis

Human endometrial organoids were collected at the end of
hormone exposure (see above). CF endometrium-derived
organoids (CFEQ; from n=4 patients) and healthy endome-
trium-derived organoids (HEO; n=4) were subjected to bulk
RNA-sequencing (RNA-seq) to assess overall transcriptomic
differences. RNA was extracted using the RNeasy Micro kit
(Qiagen). RNA concentration and purity were determined
using the Nanodrop ND-8000 (Nanodrop Technologies)
and RNA integrity and concentration were assessed using
the BioAnalyzer RNA Nano kit (Agilent). Libraries were
constructed with the [llumina Stranded mRNA Sample Prep
Kit, followed by sequencing on Illumina NovaSeq 6000
(Illumina) at the VIB Nucleomics Core (https://nucleomic
score.sites.vib.be/en). Data are accessible from ArrayExpr
ess database (accession number E-MTAB-14456). Quality
control of raw reads was performed with FastQC v0.11.7
[16]. Adapters were filtered using Trimmomatic v0.39 [17].
Splice-aware alignment was carried out using Hisat2 [18]
against the reference genome (hg38) and with the transcrip-
tome version (Release-109) employing default parameters.
Quantification of reads per gene was conducted using Fea-
tureCounts from the Subread package [19]. Count-based
differential expression analysis was performed using the
R-based Bioconductor package DESeq2 [20]. Volcano
plots were generated using the EnhancedVolcano package
(v1.20.0). Gene Ontology (GO) enrichment analysis of dif-
ferentially expressed genes (DEGs; fold change (FC)>1.5
and p-value<0.05) was executed with the ClusterProfiler
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R package (v4.10.1), generating EnrichGO, Reactome and
WikiPathways outputs. Heatmaps were generated using
the pheatmap package (v1.0.12). Normalized gene expres-
sion counts were used as input, with Z-scores calculated
across each gene (row-wise scaling). Of note, p-adjusted
values (p-adjust, after Benjamini-Hochberg testing) could
not be applied for DEG/volcano plot and succeeding GO
enrichment analyses because of the yet limited number of
samples (with inter-patient variability). Therefore, a cut-
off based on uncorrected p-values (<0.05) was used. Sig-
nificantly enriched GO terms or pathways (p-adjust<0.05)
were determined from these analyses. Of note, because of
an insufficient number of organoids of HEO-4 at time of
hormone exposure, the E2 condition for HEO-4 was not
available for sequencing. Hence, analyses (heatmaps) com-
paring matched EOM/E2/EPCX-treated HEO only include
3 samples.

Single-cell RNA-sequencing analysis

Uteri from 14-15 weeks old WT and CF mice, evaluated
for estrous cycle phase by vaginal smear cytology, were
dispersed into single cells using collagenase IV (1 mg/mL
in DMEM/F12), filtered through a 40 um filter and sub-
jected to single-cell RNA-sequencing (scRNA-seq) analy-
sis using 10X Genomics technology to assess transcriptome
differences at the single-cell level. Cells were loaded onto
a cartridge and single-cell capture, barcoding and library
preparation performed using 10x Chromium next GEM
single cell 3’ v3.1. chemistry according to the manufac-
turer’s protocol (10x Genomics). Libraries were sequenced
using a NovaSeq 6000 (Illumina). After quality control, raw
sequencing reads were demultiplexed, aligned to the mouse
reference genome (mml0-2020-A) and gene expression
matrices were generated, all according to the CellRanger
pipeline (v5.0.0; 10x Genomics). Downstream bioinfor-
matic analysis was performed in R (v.4.3.3) using Seurat
(v.5.1.0) [21]. Dead and low-quality cells and potential
doublets (i.e. with <750 genes or >5,000 genes and >10%
mitochondrial RNA) were removed.

The single-cell transcriptomes of all WT and CF uteri
were integrated following the Seurat (v5.1.0) integration
workflow. Filtered matrices were combined, normalized
(using NormalizeData function), and variable features were
identified (using FindVariableFeatures function), followed
by scaling of expression levels (using ScaleData func-
tion) and principal component analysis (using RunPCA).
Integration, based on anchor-based Reciprocal Principal
Component Analysis (RPCA), was performed using Inte-
grateLayers function. The top 34 principal components
were selected and used for Uniform Manifold Approxima-
tion and Projection (UMAP) dimensionality reduction [22],
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creating an eventual UMAP of 17 clusters (with 0.5 cluster-
ing resolution using FindClusters function). Clusters were
annotated based on canonical markers, including recent
scRNA-seq studies of mouse uteri [23-25]. DEG analysis
was performed using the FindMarkers function with param-
eters min. pct=0.25, logfc.threshold=0.50 and using MAST
as test method (MAST package; v1.28.0) [26]. GO analysis
of biological processes was done on the significant DEGs
(false discovery rate (FDR)<0.05 and avg log2FC>0.50)
using Panther (generating Panther and Reactome pathways
outputs; v.19.0) [27]. Raw sequencing data are available at
ArrayExpress (accession number E-MTAB-14455).

Gene expression analysis by RT-qPCR

Total RNA from mouse and human tissue samples and
organoids (the latter collected from two 20 puL Matrigel
droplets, containing about 300 organoids/droplet) was iso-
lated using the RNeasy Micro kit (Qiagen) and subjected to
reverse transcription (RT) with Superscript III First-Strand
Synthesis Supermix (Invitrogen). Following RT, real-time
quantitative PCR (qPCR) was performed using the Plati-
num SYBR Green qPCR SuperMix-UDG (Invitrogen)
and specific forward and reverse primers (Table S1B, D),
as described before [8]. B-actin (4ctb) and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) were used as house-
keeping genes for normalization of mouse and human data,
respectively. Normalized gene expression levels are shown
as bar graphs of delta (d)Ct values (Ct target—Ct house-
keeping gene). The number of biological replicates (tissue
or organoids derived from different, individual patients or
mice) are indicated by the data points in the graphs and also
stated in the legends of the figure.

Histochemical and immunostaining analysis

Mouse and human tissue and organoid samples were fixed
in 4% paraformaldehyde (Merck), embedded in paraffin and
sections subjected to hematoxylin and eosin (H&E) staining
(H&E staining kit, Abcam) or immunofluorescence stain-
ing as described before [28]. In short, antigen retrieval (10
mM citrate, pH6) and permeabilization (0.1% Triton X-100,
Sigma-Aldrich) were performed, followed by blocking with
bovine serum albumin, glycine and donkey serum (Merck).
Slides were incubated overnight with primary antibodies
targeting E-cadherin (ECAD, Cat. No. 3195, Cell Signal-
ing Technology), Ki67 (Cat. No. 556003, BD Biosciences),
cytokeratin 8 and 18 (CK8/18, Cat. No. GP11, Progen), fork-
head box protein A2 (FOXA2, Cat. No. AB108422, Abcam)
and CC3 (Cat. No. AB3623, EMD Millipore) (Table S1E).
Following incubation with secondary antibodies (Table S1F)
and nuclear counterstaining with Hoechst33342 (Merck),

sections were mounted with ProLong Gold (Thermo Fisher
Scientific) or DPX mountant (Sigma-Aldrich). Images were
recorded using a Leica DM5500 upright epifluorescence
microscope (Leica 576 Microsystems), and converted to
pictures for figures with Fiji imaging software.

As positive control for CC3 immunostaining, organoids
(CFEO) were exposed for 24 h to staurosporine (1 uM), and
subjected to the immunofluorescence staining protocol as
described above (Fig. S3B). As negative control, primary
antibody was omitted during the staining procedure in
which case no signal was observed (Fig. S3B). Other anti-
bodies were validated before [8] and relevant publications
are listed on the company’s website page of the product,
together with certificates of analysis.

Statistical analysis

Statistical analysis was performed using Graphpad Prism
(v10.3.1; GraphPad Software). (Un)paired two-tailed Stu-
dent’s t-test was applied for comparison of 2 groups. When
comparing more groups, one-way analysis of variance
(ANOVA) was used when considering one variable, fol-
lowed by the correct multiple comparisons tests. Statistical
significance was defined as p<0.05.

Results

Endometrium-derived organoids recapitulate
the CFTR expression pattern of the in vivo cycling
endometrium

To validate the endometrium-derived organoid model as a
valuable and reliable tool to study CFTR (dys)function in
endometrial (patho)biology, we examined whether expres-
sion of CFTR, as well as ENAC (i.e. its SCNNIA, SCNNIB
and SCNNIG subunits), in endometrial organoids recapitu-
late the in vivo cyclic expression pattern. Following defined
exposure to the ovarian hormones E2 and P4 to replicate
the menstrual cycle phases (Fig. 1A) [8, 10], CFTR expres-
sion showed a significant decline in HEO from prolifera-
tive (+ E2) to (mid-)secretory (+ EPCX) phase, as analyzed
by bulk RNA-seq (Fig. 1B) and validated by RT-qPCR
(Fig. 1C). Of note, highest CF'TR expression was observed
in the organoid stem-cell condition (i.e. in the stem cell-
maintaining and -promoting EOM) [8, 9] (Fig. 1B, C; Table
S1A), suggesting that CFTR is most highly expressed in
the endometrial stem cell state. LGRS, previously proposed
as endometrial stem cell marker [29, 30], showed similar
expression dynamics in HEO from stem-cell condition
(EOM) to proliferative (+ E2) and secretory (+ EPCX) phase
(Fig. 1B, C). Moreover, CFTR expression is predominantly

@ Springer
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Fig. 1 Hormonal regulation of CFTR and ENAC expression in healthy
endometrial organoids. A Schematic representation of in vitro hor-
mone exposure of endometrial organoids to recapitulate the in vivo
proliferative and (mid-)secretory menstrual cycle phases. EOM,
endometrial organoid medium; E2, estradiol; EPCX, E2+progester-
one (P4)+cAMP+XAV. Created with BioRender.com. B Heatmap
displaying scaled expression (represented as z-score of normalized

observed in the cell subcluster in which LGRS expression
is most prominent, as assessed using a published scRNA-
seq dataset from human healthy ex vivo endometrium [31]
(Fig. S1B). Notably, CFTR expression in the intestine is
similarly found in the stem cells and decreases from the
crypt stem cell compartment toward the differentiated villus
cells [32]. Also, CFTR expression is high in intestinal stem
cell organoid-derived models and downregulated upon dif-
ferentiation [32]. Interestingly, ENAC showed the opposite
expression pattern in HEO, thereby recapitulating known
in vivo aspects [4—6], with mainly the B-subunit (SCNNIB)
significantly increasing upon the sequential hormone-
driven differentiation to proliferative (+E2) and secretory
(+EPCX) phase (Fig. 1B, C). Intriguingly, expression of
this SCNNIB shows the strongest convergence with CFTR
expression in the scRNA-seq-based endometrial cell clus-
tering (Fig. S1B). Finally, expression of other ion channels
known to fluctuate in parallel with Cfr such as Slc26a6 (as
observed in rodent uterus during the estrous cycle [33, 34])
also showed CFTR-comparable expression dynamics in the
human organoids upon hormonal treatment (Fig. 1B).
Taken together, these findings indicate that the endome-
trial organoid model provides a valuable tool to study CFTR
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counts, see color scale) of indicated genes in HEO in EOM and follow-
ing E2 and EPCX exposure, as determined by bulk RNA-seq analysis.
C Relative gene expression levels of indicated genes in HEO in EOM
and following E2 and EPCX exposure, as determined by RT-qPCR.
Bar graphs show mean+SEM (n=5 biological replicates, indicated by
data points); oneway ANOVA with Tukey’s multiple comparison test;
*p<0.05, **p<0.01, ***p<0.001

(and ENAC and other ion channels) in endometrial (patho)
biology.

Organoids can be developed from CF patient
endometrium and recapitulate CFTR dysfunction

In this first study on endometrial organoids from wwCF, we
focused on the F508del CFTR mutation, as it is the most
prevalent, found in 85% of the patients [35]. Endometrial
biopsies (from n=9 F508del/F508del wwCF, aged 23-40
yrs) were subjected to the organoid protocol previously
defined for HEO [8]. Organoids successfully developed
from CF endometrium within 7—12 days at 100% efficiency,
in a way comparable to HEO (Fig. 2A and Fig. S2A). The
CFEO were amenable to long-term expansion (Fig. S2B),
comparable to HEO as well (Fig. S2B and [8]). Organoids
typically recapitulate the epithelial compartment of the tis-
sue of origin [8]. The CFEO indeed display an epithelial
character (i.e. immunopositive for ECAD and CKS&8/18)
and show expression of endometrium epithelial markers
(such as the glandular marker FOXA2) (Fig. S2C), all as
demonstrated before in HEO [8]. Remarkably, CFEO dis-
played a morphology not different from HEO, both showing
a comparable overt lumen and similar organoid diameters
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along growth in culture (Fig. 2A, B). This similar-to-healthy
organoid phenotype is different from F508del/F508del CF
rectal biopsy-derived organoids, as amply reported [36]
and shown here for matched patient samples (Fig. S2D).
These CF rectal organoids have almost no lumen as caused
by CFTR dysfunction, which is in clear contrast with the
inflated lumen in rectal organoids from healthy persons
[36]. First, we assessed whether the inflated size of the
CFEO (instead of an anticipated small size) could be linked
to pronounced proliferation. However, the number of Ki67"
cells (as quantified on day 8 of culture) did not significantly
differ with HEO (Fig. S2E). Second, the inflated lumen in
CFEO could be due to the presence of other ion and fluid-
regulating channels and transporters that contribute to fluid
influx. Of note, the CFTR F508del/F508del mutation does
not impede transcription of the CFTR gene, as reported
[35] and also observed here in CFEO (Fig. 2C, Fig. S2F).
Apart from CFTR (and ENAC), we detected expression of
several other ion/fluid-regulating channels and transport-
ers in CFEO (and HEO) including TMEM16A/ANOI and
SLC2649 (Fig. 2C, Fig. S2F), which may account for the
basally inflated phenotype of the CF (as well as healthy)
endometrial organoids (as also observed in CF nasal and
bronchial epithelium-derived organoids [37-39]).

CFTR function in organoids is typically assessed using
the FIS assay [14]. HEO showed swelling upon FSK expo-
sure although small (Fig. 2D), likely due to their already
largely inflated lumen. The swelling was found to be CFTR-
dependent since this process could be counteracted by the
specific CFTR inhibitor Inh172 [40] (Fig. 2D). Such FSK-
induced swelling was not observed in CFEO (Fig. 2D),
thereby confirming loss of CFTR function. Exposure of
CFEO to the CFTR modulator combination ETI showed a
trend of restoring swelling upon FSK treatment, although
variable along different CFEO lines and non-significant
(Fig. 2E), all in line with recent findings in CF nasal organ-
oids [37] and likely also due to the highly pre-swollen CFEO
phenotype at the start. Indeed, it is known that pre-swollen
organoids limit the dynamic range of accurately quantify-
ing CFTR function and treatment responses in the FIS assay
[36]. Therefore, we turned to another experimental tool to
better quantify functional CFTR deficiency and its poten-
tial rescue in endometrial organoids by CFTR modulators
and applied the HS-YFP quenching assay (Fig. 2F). Using
monolayer cultures derived from organoids transduced with
HS-YFP-encoding lentiviral vector (Fig. S2G), we observed
HS-YFP quenching in HEO-derived monolayers which was
prevented by pre-incubation with Inh172, thereby validat-
ing that CFTR activity specifically underlies this HS-YFP
quenching (Fig. 2F). CFEO-derived cells showed a HS-YFP
tracing similar to the Inh172-exposed HEO cells, thereby
confirming defective CFTR function in CFEO (Fig. 2F).

Exposure of CFEO to ETI re-introduced HS-YFP quenching
(to ~39% of the response in HEO; Fig. 2F), thus showing at
least partial rescue of the dysfunctional CFTR in CFEO (as
also seen in organoids of other CF organs) [36, 37].

Taken together, our findings confirm CFTR functional
deficiency in the newly established CF endometrial organ-
oid model, thus providing a valuable tool to study human
endometrium pathobiology in CF.

CF endometrial organoids show molecular/pathway
characteristics associated with CF

To delve into CF endometrial pathobiology, we first ana-
lyzed the collected bulk RNA-seq data of CFEO and HEO
at basal condition (i.e. EOM, without hormonal treatment,
n=4 biological replicates (patients) for both CFEO and
HEO) to identify molecular/pathway differences. 220 and
192 DEGs were up- and downregulated, respectively, in
CFEO compared to HEO (Fig. 3A; Table S2A; 1.5-fold,
p<0.05, see Materials and Methods). GO analysis of the
upregulated DEGs revealed enrichment in CFEO of biologi-
cal terms related to extracellular matrix (ECM) organization
and collagen formation, hypoxia and (linked) glycolysis,
and insulin-like growth factor (IGF) signaling (Fig. 3B;
Table S2B-D), all characteristics found in CF [41-45].
Plotting the expression of genes associated with the “ECM
organization” and “collagen formation” GO terms clearly
shows upregulation in CF compared to healthy condition
of, among others, collagens (COL1741, COL13A1l), inte-
grins (/ITGAS, ITGB2), matrix metalloproteinase (MMP)
3 and SERPINEI (which encodes plasminogen activator
inhibitor-1 (PAI-1)) (Fig. 3C). The expression pattern of
genes embedded in the “hypoxia” and “glycolysis” GO
terms also exposes upregulation in CF versus healthy con-
dition, of, among others, SLC2A4] (which encodes glucose
transporter 1 (GLUT1)) and HK2 (encoding the glycolytic
enzyme hexokinase 2 (HK2) which catalyzes the first step
of glycolysis) (Fig. 3D), both known to be upregulated by
hypoxia [46, 47]. In addition, hypoxia is known to increase
the expression of SERPINE] [48, 49], linking it to ECM
(re-)modeling which we observe specifically in the CFEO
(Fig. 3C).

Taken together, CFEO show molecular/pathway charac-
teristics of known CF phenotypes and thus present valuable
tools to gain deeper insights into endometrial pathobiology
in CF.

CF endometrial organoids show aberrant hormone
response

Next, we looked into differences in CF versus healthy
organoid responses to hormone exposure inducing the
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{ Fig. 2 Establishment and characterization of human CF endometrial
organoids. A Organoid development from CF patient endometrium
(CFEO) and healthy endometrium (HEO) at passage (P) 0, day (d)
2 (left and middle (magnified) panel) and d7 (right panel) of culture.
B Time course of HEO and CFEO growth at indicated days (d) with
graphs depicting median organoid diameter (n=3 biological repli-
cates, ~300 organoids measured per timepoint per biological repli-
cate) (left) and representative brightfield (BF) pictures (right), cap-
tured by Incucyte monitoring. C Bar graph showing relative gene
expression levels of indicated genes in HEO and CFEO as determined
by RT-qPCR, shown as mean+SEM (n=4 and n=>5 biological repli-
cates for HEO and CFEO, respectively, indicated by data points). D
FIS in HEO, treated with Inh172 or vehicle (DMSO), and in CFEO.
Data are mean+SEM (n=5 biological replicates for HEO, n=3 for
CFEO, indicated by data points); two-tailed paired t-test for HEO ver-
sus HEO+1Inh172, two-tailed unpaired t-test for HEO versus CFEO;
*p<0.05, ¥**p<0.01. E FIS in CFEO, treated with ETI or vehicle
(DMSO). Data are mean+ SEM (n=3 biological replicates; data points
are depicted in patient-matched format to show the variability in
response to ETI); two-tailed paired t-test; ns, not significant. F Sche-
matic representation of the HS-YFP quenching assay (top). Created
with BioRender.com. Graphs depicting time course (seconds (s)) of
HS-YPF quenching in HEO exposed to vehicle (DMSO) or Inh172
and CFEO exposed to vehicle (DMSO) or CFTR modulator combina-
tion ETI, after stimulation with FSK (left). Bar graph showing CFTR
function measured as 1-(F/F0) (see Materials and Methods), shown
as mean+ SEM (n=3 biological replicates, indicated by data points);
two-tailed paired t-test for comparison HEO versus HEO+1Inh172 and
CFEO versus CFEO+ETI, two-tailed unpaired t-test for comparison
HEO versus CFEO; *p<0.05, ns: not significant

proliferative (+E2) and (mid-)secretory (+EPCX) cycle
phase (Fig. 1A). Strikingly, when exposed to E2, CFEO
(but not HEO) cultures showed dark organoids which were
found to be apoptotic (as assessed by cleaved caspase-3
(CC3) immunostaining and CC3-dye fluorescence imaging
(Fig. 4A, Fig. S3A-C)). Interestingly, ETI treatment coun-
teracted the appearance of these dark CFEO upon E2 expo-
sure (Fig. 4B, Fig S3D).

Comparing the bulk RNA-seq data of HEO and CFEO
following E2 exposure identified 338 and 331 DEGs up-
and downregulated in CFEO, respectively (Fig. 4C; Table
S3A). Enriched GO terms in CFEO are related to endoplas-
mic reticulum (ER) stress, unfolded protein response (UPR)
and ER overload response (Fig. 4D; Table S3B). Plotting
the expression of genes associated with these GO terms
clearly demonstrates upregulation in CFEO of, among oth-
ers, genes encoding ER-localized co-chaperones (DNAJC3,
DNAJBY) and WFS1, SSR2, known to be involved in regu-
lating ER stress and UPR (Fig. 4E) [50, 51].

GO terms downregulated in CFEO versus HEO encom-
pass (mitotic) nuclear division, chromosome segregation and
cell cycle phase transition (Fig. 4F, Table S3C), indicating
cell cycle arrest in CFEO upon E2, which is further shown
by the lower expression of associated cell cycle regulating
and promoting genes (such as MKI167, PLK, EDNI; Fig. 4E).

Following EPCX exposure, 164 upregulated and 337
downregulated genes were identified (Fig. 4G; Table S4A).

Since CFTR expression is at its lowest in this ‘receptivity’
phase (as induced by EPCX, Fig. 1B, C), we would expect
the lowest impact of deficient CFTR in this EPCX condi-
tion. Indeed, notable upregulated GO terms could not be
identified from the DEGs, but interestingly, downregula-
tion of cilium organization/assembly/movement-related
terms was found in CFEO compared to HEO upon EPCX
exposure (Fig. 4H; Table S4B). Indeed, ciliated epithelial
cells with motile cilia are a distinct endometrial cell popula-
tion present during the receptivity phase [31]. Plotting the
expression of genes associated with these GO terms shows
clear downregulation in CFEO of, among others, DNAAFI
and DNAH11, both encoding proteins crucial for motile cilia
function and assembly [52] (Fig. S3E).

Taken together, our findings provide the first indications
of aberrant responses of CF endometrium to the hormones
that regulate the proliferative and secretory menstrual cycle
phases, as revealed by their respective organoid models.

Enhancing the experimental toolbox to study CF
endometrium pathobiology with mouse CF model

Availability of human CF endometrial material is restricted
by the limited number of wwCF presenting for endometrial
research and the fact that endometrial sampling of human
patients comes with some challenges such as an (additional)
invasive procedure that is not painless. Therefore, we
implemented the F508%/! CF mouse model to expand the
experimental toolbox for CF endometrium research [11].
F508%"4! CF female mice display decreased fertility with
reduced litter number and size (Fig. S4A), confirming previ-
ous findings with other independent CF mouse models [53],
and aligning with the general notion of fertility problems
in wwCF [1, 2]. Likely, several reproductive tract factors
play a role, as also previously proposed [53, 54]. Here, we
concentrate on potential endometrial abnormalities, as con-
sidered for patient CF above.

To generate a detailed view on cellular, molecular and
pathway differences in CF versus healthy endometrium, we
performed scRNA-seq analysis of CF and WT uteri (n=3
mice of each). We focused on the estrus phase (of the mouse
estrous cycle) since it represents the ‘fertility’ (ovulation/
mating) period and the phase with highest Cfir expression
[5], thus expecting the most pronounced impact of deficient
CFTR. Of note, one of the three CF mice never entered
estrus during the 13 days of daily follow-up but remained in
diestrus, which is in line with a previous study reporting that
30% of Cfir mutant mice are unable to enter estrus, thereby
supporting estrous cycle irregularities as one of the contribu-
tors to decreased fertility [53]. Quality control and filtering,
applied collectively on all samples (including the CF sample
in diestrus phase; Fig. S4B), yielded 33,270 good-quality
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lated genes (red) in CFEO versus HEO in EOM, as extracted from bulk
RNA-seq data. Number of DEGs is shown, and genes mentioned in the

cells. Using unsupervised clustering, UMAP visualization
and canonical cell type-specific gene signatures [23-25],
17 distinct clusters were identified including endometrial
(proliferating (prolif)) epithelial and (superficial and deep)
stromal cells (SC), pericytes, smooth muscle cells (SMC),
endothelial cells (both blood vascular and lymphatic endo-
thelial cells (LEC)), mesothelial cells and immune cells
including lymphoid (T cells (T), natural killer cells (NK))
and myeloid cells (macrophages, mast cells, neutrophils
and conventional dendritic cells (cDCs)) (Fig. S4C, D), all
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present in the whole-tissue uterine samples which encom-
pass endometrium, myometrium and perimetrium.

For further downstream analyses focusing on the ‘fer-
tility” estrus phase, we omitted the CF diestrus dataset,
resulting in 26,165 good-quality cells (Fig. SA, Fig. S4E).
Overall, WT and CF uterus-derived cells showed a high
degree of overlap, with some apparent separation within
the superficial stromal cell cluster (Fig. 5B). Cfir expression
was most prominently observed in the endometrium epi-
thelial cell population (Fig. 5C), consistent with previous
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{ Fig. 4 Phenotypic and transcriptomic responses of CFEO to hormone
exposure. A HEO and CFEO cultures (P2, d8) in EOM (without hor-
mones) and upon E2 exposure. Arrows indicate dark organoids (mag-
nified in third panel). Immunofluorescence staining of CC3 (right
panel). Representative BF images are shown. B CFEO culture exposed
to E2 supplemented with vehicle (DMSO) or ETI. Arrows indicate
dark organoids. Representative BF images are shown. C Volcano
plot with log2(fold change (FC)) versus—logl0(p-value) showing up-
(right) and down (left)-regulated genes (red) in CFEO versus HEO,
both exposed to E2, as extracted from bulk RNA-seq data. Number of
DEGs is shown, and genes mentioned in the text are indicated. D GO
analysis of genes upregulated in CFEO versus HEO, both exposed to
E2. E Heatmap displaying scaled expression (represented as z-score of
normalized counts, see color scale) of indicated ER stress/UPR- and
nuclear division-related genes in HEO and CFEO (both exposed to
E2), as extracted from bulk RNA-seq data. F GO analysis of genes
downregulated in CFEO versus HEO, both exposed to E2. G Volcano
plot with log2(fold change (FC)) versus—logl10(p-value) showing up-
(right) and down (left)-regulated genes (red) in CFEO versus HEO,
both exposed to EPCX, as extracted from bulk RNA-seq data. Num-
ber of DEGs is shown, and genes mentioned in the text are indicated.
H GO analysis of genes downregulated in CFEO versus HEO, both
exposed to EPCX

reports [S]. Therefore, we focused our further analyses on
this cell cluster. Epithelial cells were less abundant in CF
than WT (Fig. 5B, D), in line with the reduced presence
of epithelial glands in CF versus WT uterus as observed
through H&E staining (Fig. S4F). Bioinformatic analysis
of the epithelial cell cluster (excluding the small prolifer-
ating cluster) revealed 2,050 significant DEGs (FDR <0.05
and avg 1og2FC>0.50) between CF and WT (Table S5A).
Interestingly, GO analysis of upregulated DEGs in CF epi-
thelial cells (Table 5SB, C) revealed enrichment of biologi-
cal terms/processes similar to the ones enriched in human
CFEO versus HEO (Fig. 3B), i.e. ECM-related (cell-ECM
interactions, integrin signaling), hypoxia and IGF pathways
(Fig. SE). In addition, upregulated cellular stress, apopto-
sis terms and estrogen/ESR signaling (Fig. SE) may also
correlate with findings in human CFEO (see above). Fur-
thermore, WNT and immune/inflammation/cytokine sig-
naling pathways were found enriched in CF compared to
WT endometrial epithelium (Fig. S4G), all identified to be
important in CF [55-57]. In accordance with the upregu-
lated immune-associated pathways, immune cells are more
abundant in the CF uterus (Fig. 5D). Interestingly, in the
scRNA-seq data the neutrophil cluster is almost exclusively
derived from CF (but not WT) uteri (Fig. 5B), concordant
with neutrophil inflammatory influx as typical hallmark
of CF (as, for instance, detected in the airways) [57]. We
observed the presence of particular cells under the luminal
epithelium in the CF (but not WT) endometrium, likely rep-
resenting phagocytic neutrophils (Fig. S4F).

Together, our findings show specific changes in the CF
mouse endometrium which are comparable to those found
in CF human endometrial organoids and which were previ-
ously associated with CF in other tissues.
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Organoids can be developed from CF mouse
endometrium and recapitulate CFTR dysfunction

To enable future exploration of mouse endometrial pathobi-
ology in CF and functional investigation of transcriptome-
extracted findings, we also developed organoid models from
mouse CF endometrium as done for humans above (Fig.
S1A).

By applying our previously established mouse endome-
trial organoid protocol [8, 12] (see Materials and Methods
and Table SIC), we successfully generated endometrial
organoids from CF mouse (termed CF mEO) with 100%
efficiency, capable of long-term expansion (Fig. 6A), all
aspects comparable to organoid development from WT
endometrium (as shown before [8] and validated here,
Fig. 6A). The organoids express the epithelial markers
ECAD and CK8/18 as well as the endometrial (glandular)
epithelium marker FOXA2, both in CF and WT conditions
(Fig. 6B, and shown before [8]), thereby recapitulating the
endometrial epithelium.

Before, we have shown that organoids from healthy
mouse endometrium exhibit physiological hormone respon-
siveness [8]. Cftr and Enac expression in mouse endome-
trium are also known to fluctuate in a mirrored fashion
during the estrous cycle [5], following a pattern similar to
that observed during the menstrual cycle in humans (i.e.
higher Cftr and lower Enac expression in the E2-dominant
phase). We confirmed this pattern and found higher Cfir
expression in the ex vivo endometrium in estrus compared
to diestrus and the opposite pattern for Enac (which appears
most prominent for the a subunit (Scnnla)) (Fig. SS5). This
expression pattern was found to be recapitulated in the mEO
model, showing higher Cfir and lower Enac expression fol-
lowing E2 exposure (Fig. 6C). Taken together, the findings
support that (WT) mEO show the appropriate physiology
for CF endometrium research.

As observed for human EO, CF mEO morphology is
not different from WT mEO (Fig. 6A). Also here, other
ion and fluid-regulating channels such as Anol, Slc26a9
and Slc26a4 are expressed in the organoids (with no differ-
ence between WT and CF; Fig. 6D), which may explain the
inflated phenotype of the CF mEO being comparable to the
WT mEO. Also here, we applied the FIS assay to validate
CFTR ion channel deficiency. In contrast to the human EO
(HEO; Fig. 2D), the WT mEO showed considerable swell-
ing capacity despite their pre-swollen nature (Fig. 6E). CF
mEO showed significantly less swelling than WT mEO
(Fig. 6E), which could be rescued by exposure to ET
(Fig. 6F), both modulators known to rescue mouse F508del
Cfir [58]. Together, these findings underscore CFTR chan-
nel function deficiency in CF mEO. Intriguingly, although
FSK-triggered swelling was significantly less than in WT
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{ Fig. 6 Establishment and characterization of mouse CF endometrial
organoids. A Organoid culture in P2 (left) and P5 (right) from WT
(WT mEO) and CF (CF mEO) mouse endometrium. Representative
BF images are shown. B Immunofluorescence staining for ECAD,
CK&8/18 and FOXA2 in CF (left) and WT (right) mouse uterine tis-
sue (top) and mEO (bottom). C Bar graphs showing relative gene
expression levels of indicated genes in WT mEO with and without
(control, CTRL) exposure to E2, as determined by RT-qPCR. Data are
mean+ SEM of n=6 (Cftr) or n=4 (Scnnla, b,g) biological replicates
(indicated by data points); two-tailed paired t-test; *p<0.05, ns: not
significant. D Bar graphs showing relative gene expression levels of
indicated genes in WT mEO and CF mEO as determined by RT-qPCR.
Data are mean+SEM of n=4 (WT mEO) and n=3 (CF mEO) biologi-
cal replicates (indicated by data points). E FSK-induced swelling (FIS)
in WT and CF mEO (n=4 biological replicates for WT mEO, n=5
for CF mEO); two-tailed unpaired t-test; **p<0.01. F Comparison of
FIS in CF mEO, treated with vehicle (DMSO) or ET (n=3 biological
replicates); two-tailed paired t-test; *p<0.05. G FIS in WT mEO (left,
n=1 biological replicate) and CF mEO (right, n=2 biological repli-
cates with mean shown), treated with vehicle (DMSO) or Inh172. E,
F, G Graphs (left) indicate FIS quantification as percentage change in
surface area relative to t=0 (normalized area). Bar graphs (right) show
area under the curve (AUC) from t=0 to 2 h. Data are mean+SEM of
mentioned biological replicates (with indication of data points in bar

graphs)

mEQ, the CF mEO still showed some residual swelling
(Fig. 6E, F). Inh172 pre-treatment of CF mEO did not con-
siderably reduce the swelling, whereas it did in WT mEO,
although also not completely (Fig. 6G), suggesting that the
remaining swelling after Inh172 treatment in both CF and
WT mEO may be explained by the presence and activation
of other ion/fluid channels present, as reported also for other
CF organoid models [37-39].

Taken together, we succeeded in developing long-term
expandable endometrial organoids from CF mouse. The
organoids exhibit CFTR dysfunction and respond to CFTR
modulator treatment, which validates also this model to
investigate the impact of CFTR (dys)function, as well as
CFTR modulators, in endometrium (patho)biology.

Discussion

The increase in quality and life expectancy of CF patients
because of HEMT has put CF co-morbidities, such as fer-
tility problems, more at the forefront. The contribution of
dysfunctional endometrial CFTR and resultant endome-
trial pathobiology to decreased female fertility is unknown,
mainly due to the lack of relevant study models. Here, we
applied organoid technology, known to reliably capture tis-
sue (patho)biology in vitro, to develop the first endometrial
organoid models from human and mouse CF endometrium.

CFTR dysfunction in CFEO was confirmed using FIS and
HS-YFP assays, in particular also showing (partial) rescue
by CFTR modulators, being the first demonstration of direct
HEMT impact on endometrial tissue, (as revealed here by

its organoids). Pregnancies in wwCF have increased in the
HEMT era [59], but this improvement has so far not been
associated with impacts at the level of the endometrium,
which should now be considered based on our findings. In
addition, the organoid model provides the opportunity to
test the effects of current and future CFTR modulators on
endometrial (dys)function in wwCF, even in a personalized
medicine approach.

The CFEO recapitulated key aspects of CF. Pathway
differences in CFEO compared to HEO included upregu-
lated ECM (re-)modeling and hypoxia, both found in other
CF-affected tissues. For instance, tissue remodeling with
enhanced collagen formation and deposition has been
described in CF lung and liver [41, 42], as well as in vitro CF
models [43]. Interestingly, we found increased expression
of plasminogen activator inhibitor-1 (PAI-1 or SERPINE-1)
in CFEO. Plasminogen and its active form, plasmin, play
crucial roles in ECM remodeling, wound healing and tis-
sue repair by degrading ECM components [60]. Enhanced
inhibition of these processes (by PAI-1) in CF could lead
to dysfunctional wound healing and tissue repair, processes
essential during physiological menstrual cycling. Hypoxia
can further contribute to these processes since PAI-1 is a
target gene of hypoxia-inducible factor-1 (HIF-1) [61].
CF patients (and derived tissue cells) exhibit increased O,
and energy consumption, as shown in CF nasal polyp epi-
thelium [45, 62]. Enhanced O, consumption may lead to
hypoxia which in turn changes cellular metabolism toward
glycolysis [46], also in line with our finding of enriched
glycolysis in CFEO. The increased hypoxia phenotype in
CFEO, observed in the absence of hypoxic culture condi-
tions, suggests that this hypoxic signature is a direct effect
of CFTR dysfunction, as also reported in endothelial cells
upon CFTR-silencing [44].

Interestingly, our study uncovered aberrant hormonal
responses in CFEO. Exposure to E2, mimicking the pro-
liferative phase of the menstrual cycle, revealed several
enriched pathways, in particular enhanced ER stress/UPR
and cell cycle arrest. ER stress and UPR may in the first
place be linked to retained misfolded F508de/ CFTR pro-
tein in the ER [63, 64]. However, these pathways were only
found significantly enriched when E2 was added to the
CFEO. E2 signaling indeed leads to enhanced overall pro-
tein production [65] and can induce ER stress, via estrogen
receptor signaling, as found in other (diseased) tissues [66,
67]. We hypothesize that E2 exposure together with UPR,
triggered by misfolded F508del CFTR, raises the ER stress
level above a certain threshold that eventually triggers cell
cycle arrest. Apparently, some cells even enter into apopto-
sis as observed in E2-exposed CFEO, but not HEO, cultures.
Indeed, when UPR fails to constrain ER stress, ER stress
ultimately results in apoptosis [50]. Interestingly, CFTR

@ Springer



109 Page 16 of 19

E. De Pauw et al.

modulator treatment could prevent the apoptotic events in
E2-exposed CFEO, suggesting that by reducing ER stress
and UPR burden, proteostasis control can be regained. Thus,
the observed increased fertility in wwCF upon HEMT [68]
may (also) be linked to the restoration of defective CFTR
in the endometrium. Further research into the underlying
pathways of the aberrant hormone responses will be impor-
tant, in particular since 15% of wwCF are not eligible for
HEMT [35]. Therapeutic targets within pathways, includ-
ing the ones identified here, may pose alternative options to
increase reproductive fitness and chances of pregnancy in
wwCF. Exposure to EPCX, mimicking the (mid-)secretory
(receptive) phase of the menstrual cycle, revealed decreased
cilia-related pathways (organization/assembly/movement)
in CFEO versus HEO. Ciliated endometrial cells coordi-
nate fluid and particle movement across the surface of the
endometrium, which is essential for proper positioning and
orientation of the embryo within the uterine cavity during
implantation. Cilia are thus key players in the endometri-
um’s receptivity for the embryo, and defective assembly
or function may thus contribute to the decreased fertility
in wwCF. Primary cilia dyskinesia, another genetic disease
in which cilium motility is negatively impacted (some of
which due to genetic mutation in DNAHII, the gene we
found downregulated in CFEO) has indeed been associ-
ated with female infertility [69]. Recently, we established
a human in vitro implantation model, in which interactions
between embryo and endometrium are faithfully reproduced
[10]. The establishment and biobanking of CFEO, as done
here, enable to employ CF endometrium in this implanta-
tion model to investigate the effect of aberrant processes
(e.g. downregulated cilia assembly and activity) on embryo
implantation.

While patient-derived organoids are highly valuable,
certainly for the clinical situation and prospective personal-
ized medicine studies [70—73], a mouse model allows for
direct in vivo interference with identified dysregulated path-
ways through antibodies, small molecules or genetic modi-
fications (such as knockdown or knock-out). Additionally,
mice provide a preclinical platform for drug development,
enabling the testing of therapeutic interventions targeting
identified pathways. Therefore, we expanded the experi-
mental toolbox to explore CF endometrial pathobiology by
implementing the CF F508del mouse model. Single-cell
transcriptomics revealed in the CF endometrial epithelium
enriched cell-ECM interactions and integrin signaling,
hypoxia, IGF pathway and apoptosis compared to WT epi-
thelium, findings similar to the ones in the human (epithe-
lial) CFEO, thereby reinforcing our observations in human
CF endometrium as well as validating the translatability of
the CF mouse model to the human setting which will be
highly useful in future studies. Together, the combination of

@ Springer

human and mouse endometrial organoid models will offer
reinforcing and complementary insights into CF endome-
trial pathobiology.

An additional enriched pathway found in mouse CF
endometrial epithelium is WNT. It has previously been
reported that the CFTR interactome encompasses B-catenin
[74, 75], the central mediator of the canonical WNT path-
way, and that CF-linked defective CFTR is associated with
aberrantly elevated WNT/B-catenin signaling (as found in
intestinal crypt and kidney epithelium [55, 56]).

This first scRNA-seq profiling of CF mouse uterus
(in comparison to WT uterus) provides a highly valuable
resource to deeply investigate CF implications in the uterus
as a whole at both a molecular, pathway and cellular level
and will enable target selection for translation into human
clinical studies and applications. For instance, the mouse
CF uterus presented with lower abundance of epithelial
cells and higher number of immune cells compared to WT.
In addition, we observed a separation in the (superficial)
stromal cell cluster between WT and CF uterus. Although
CFTR expression (thus activity) is mainly located in epi-
thelial cells, abnormalities in stromal cells have been shown
before in the CF airway [76]. In the endometrium, crosstalk
between epithelial and stromal cells is crucial for proper
functioning toward pregnancy [77, 78]. Hence, it will be
interesting to deeply explore epithelial-stromal interactions
and crosstalk in CF versus WT endometrium, as enabled by
our scRNA-seq atlas.

In conclusion, our newly developed patient and mouse
endometrial organoid models present a valuable platform for
studying CF-associated endometrial pathobiology, address-
ing a significant gap in understanding fertility deficiency
faced by wwCF. The aberrations identified in CF endo-
metrium such as dysregulated ECM remodeling, altered
hormonal responses and increased apoptosis, can lead to
impaired endometrial receptivity and suboptimal conditions
for implantation and pregnancy, thus collectively contrib-
uting to the decreased fertility in wwCF. Understanding
underlying mechanisms is crucial, particularly as advance-
ments in CF therapies have led to increased life expectancy,
allowing more CF patients to consider starting families. Our
results and models will enable to explore new avenues for
addressing the fertility challenges in wwCF.
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