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Abstract

Mesenchymal stromal cells (MSC) play a critical role in the stem cell niche, a specialized microenvironment where stem
cells reside and interact with surrounding cells and extracellular matrix components. Within the niche, MSC offer structural
support, modulate inflammatory response, promote angiogenesis and release specific signaling molecules that influence stem
cell behavior, including self-renewal, proliferation and differentiation. In epithelial tissues such as the intestine, stomach and
liver, MSC act as an important source of cytokines and growth factors, but not much is known about their role in the pancreas.
Our group has established a standardized technology for the generation of pancreatic organoids. Herein, we investigated the
role of pancreatic mesenchymal stromal cells in the regulation of human pancreatic organoid proliferation and growth, using
this 3D model in a co-culture system. We particularly focused on the capacity of pancreatic MSC to produce R-spondin fac-
tors, which are considered critical regulators of epithelial growth. We propose the development of a complex in vitro system
that combines organoid technology and mesenchymal stromal cells, thereby promoting the assembloid new research era.
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Introduction

Alessandro Cherubini, Clelia Pistoni and Maria Chiara Iachini

equally contributed to this work. The pancreas is a heterocrine glandular organ of the diges-

tive system involved in many homeostatic functions. In
addition to the well-known insulin-producing beta cells, the
endocrine pancreas contains several other hormone-secret-
ing cell types, including alpha, gamma and delta cells, which
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play critical roles in maintaining glucose homeostasis and
overall metabolic balance. Alpha cells secrete glucagon, a
hormone that raises blood glucose levels by promoting gly-
cogen breakdown in the liver. Delta cells produce somatosta-
tin, which inhibits the release of both insulin and glucagon,
as well as suppressing the secretion of digestive enzymes
and other hormones. Gamma cells, also known as pancreatic
polypeptide (PP) cells, release pancreatic polypeptide, which
regulates both endocrine and exocrine pancreatic secretions
and influences hepatic glycogen levels. These diverse cell
types work in concert to ensure the precise regulation of
metabolic processes and digestive functions within the pan-
creas [1].

Even if the pancreatic epithelium shows a low cellu-
lar turnover rate in normal conditions, it is capable of
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proliferating in response to damage, allowing for regen-
eration of both the endocrine and exocrine compartments
[2, 3], suggesting the presence of an epithelial progenitor
niche [4].

Indeed, stem cells reside in defined niches in the pan-
creas, where their self-renewal and differentiation are tightly
regulated through the coordinated activity of several extrin-
sic factors [5—7]. These regulators include potent secreted
molecules such as Hedgehogs, Notch ligands, Wnt ligands
(WNTs), R-spondins (RSPOs), and others [8, 9]. One of
the most important biological signals required to instruct
pancreatic progenitor cells into a particular lineage during
routine turnover, following injury, or during development,
comes from the Wnt/p-catenin signaling cascade [10-12].
In the pancreas, it has been shown that some Wnt responses
depend on an agonistic second signal provided by the RSPO
protein family, which comprises secreted proteins that bind
to the leucine-rich repeat-containing G protein-coupled
receptor (LGR) 5 [13-15]. RSPO activator proteins amplify
Whnt signal by the inactivation of two transmembrane E3
ubiquitin ligases, ZNRF3 and RNF43, which reduce cell-
surface levels of WNT receptors via ubiquitination-mediated
degradation favoring cell proliferation [16—19].

The concept of “stem cell niche” was first proposed by R.
Schofield, who suggested the existence of a microanatomi-
cal structure in which the microenvironment determines the
behavior of the stem cells [20]. It has been shown that this
niche not only maintains stem cells but can also stimulate
progenitor cell differentiation and, under certain conditions,
revert them to an undifferentiated state. [21-23]. Presum-
ably, maintaining stem cells and transferring their properties
to niche cells may be an important aspect of damaged tissue
regeneration, since they can be recruited to restore tissue.
In the majority of stem cell niches, mesenchymal stromal
cells (MSC) meet these requirements [24—27]. Since stromal
compartments are present in almost all the organs, MSC are
known to be isolated from various adult tissues, like bone
marrow [28] and adipose tissue [29], as well as neonatal tis-
sues, i.e. cord [30] and cord blood [31, 32]. MSC maintain
and regulate cellular behavior in the microenvironment by
secreting various growth factors and cytokines. They also
have the ability to modify and regulate their secretion and
signals in respond to damage, for example, by changing the
number and panel of secreted factors [33, 34]. This may
also be one of the strategies through which MSC regulate
the behavior of stem cells in a niche, and ultimately promote
tissue regeneration [35].

Recently, it has been demonstrated that the stromal com-
partment is also involved in the support of pancreatic physi-
ological homeostasis [36, 37]. The presence of pancreatic
MSC has been confirmed by a recent publication of one
of the authors demonstrating that “the mesenchymal cells
appearing from pancreatic tissue culture are not derived
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from an epithelial to mesenchymal transition, but are rather
the expansion of a pool of resident MSCs” [38].

Recently, our group developed a pancreatic organoid
technology that mainly represents the exocrine compartment
of the pancreas. We derived human pancreatic organoids
(hPO) from tissue-resident adult stem cells (AdSC) sourced
from non-transplanted pancreatic fractions resulting from
islet cell processing [39—43]. Pancreatic exocrine cells can
be cultured and expanded in vitro as self-renewing 3D orga-
noids (hPO) in presence of a basement membrane matrix
and a specific cytokines cocktail, including R-spondin-1
(RSPO1), Noggin (NOG), Fibroblast Growth Factor 10
(FGF10) and epidermal growth factor (EGF) [39, 41, 42].
The potential of this technology ranges from basic research
to exploring the biology of normal and tumor tissues, to
translational medicine, where these 3D structures can be
used for drug discovery and toxicity, hereditary diseases
and personalized medicine studies. Despite their potential,
nowadays, organoids still present limitations, among which
are the inclusion of key cell types of the represented organ,
such as stromal cells.

Herein, we analyzed the role of human pancreatic mes-
enchymal stromal cells (hPMSC) in the regulation of pro-
liferation and growth of exocrine epithelial cells in pancre-
atic organoids, elucidating the crucial role of mesenchymal
cell-secreted mitogens in the support of hPO formation and
expansion.

Materials and methods
Pancreatic mesenchymal cell isolation and culture

Human pancreatic mesenchymal stromal cells (hPMSC)
were isolated from healthy donors ranging from 55
to 63 years old (Table S1). Digested pancreatic tissue
was placed into minimum essential medium (aMEM;
ECMO0849L; Euroclone) supplemented with 1% Penicil-
lin—Streptomycin (15,070,063; Gibco), 1 X GlutaMAX™
(A1286001; Gibco) and 10% FBS (32,561,037; Thermo
Fisher Scientific) to select the pancreatic mesenchymal cell
population. Cell cultures were maintained at 37 °C with 5%
CO, in a humidified atmosphere. At 80% confluence, cells
were harvested using TrypLE™ Select enzyme (12,604,013;
Gibco) and seeded at 5% 10° cells/cm? for expansion.
Medium changes were performed twice a week with the
same isolation medium. hPMSC were fully characterized
for appropriate MSC identity following the International
Society for Cellular Therapy guidelines [43, 44].
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hPMSC differentiation

Differentiation capacity of hPMSC was assessed using
commercial media (Lonza), following the manufacturer’s
protocols. Human MSC adipogenesis induction medium
(PT-3102B; Lonza) and maintenance medium (PT-3102A;
Lonza) were used to induce adipogenesis; oil red O solution
(00625; Sigma-Aldrich) was used to stain lipid vacuoles as
previously shown [45]. Human MSC Osteogenic Medium
(PT-3002; Lonza) was used to induce osteogenesis; calcium
deposits were stained with Alizarin Red S (A5533; Sigma-
Aldrich) as previously shown [32]. Images of stained cells
were taken with a Nikon Eclipse TS100 microscope (Nikon).

Pancreatic organoids culture

Human pancreatic organoids (hPO) were obtained from
the same 5 independent healthy donors as hPMSC. hPO
were isolated as previously described [39]; briefly, raw
material was digested in 0.125 mg/mL Liberase MTF C/T
(5,339,880,001; Roche), 0.125 mg/mL neutral protease
(30303.01; Serva), and 0.1 mg/mL DNase I (3,724,751,103;
Roche) in human complete medium at 37 °C for <2 h [46].
Resulting pancreatic cell clumps were embedded in 100%
Cultrex Basement Membrane Extract (BME), Type 2 (3532-
010-02; Bio-techne) and cultured in Expansion medium,
which includes human complete Advanced DMEM/F-12
(12,634,010; Thermo Fisher Scientific) supplemented
with 1 X HEPES (15630-106; Gibco), 1 X GlutaMAX™
(A1286001; Gibco), 1% Penicillin-Streptomycin (15070-
063; Gibco), 1 Xx B27 minus Vitamin A (12587-010; Gibco),
1 X N2 supplement (17502-048; Gibco), | mM N-acetyl-L-
cysteine (A9165; Sigma-Aldrich), 1 pg/mL R-spondin-1
(RSPO1) recombinant protein (120-38; Peprotech) or
RSPO1 conditioned medium [47], 0.1 pg/mL Noggin recom-
binant protein (120-10C; Peprotech), 50 ng/mL epidermal
growth factor (EGF, 100-15; Peprotech), 10 nM gastrin
(G9145; Sigma-Aldrich), 100 ng/mL fibroblast growth fac-
tor 10 (FGF10, 100-26; Peprotech), 10 mM nicotinamide
(N0636; Sigma-Aldrich), 10 pM forskolin (1099; Tocris
Bioscience), 3 pM Prostaglandin E2 (PGE-2, 2296; Tocris
Bioscience), and 0.5 pM A83-01 (9,094,360; Peprotech).
After isolation, hPO cultures were maintained at 37 °C
with 5% CO, in a humidified atmosphere. The medium was
changed every 3—4 days and hPO were split every 7-8 days.

hPMSC and hPO co-culture

For transwell-based co-cultures, hPMSC were seeded on the
bottom of 24-well plates (83.3922; Sarstedt) at a density of
30,000 cells per well. hPO fragments were then seeded onto
the top of 0.4 pm pore size transwell inserts (83.3932.041;
Sarstedt) within a 40 pL drop of 100% Cultrex Basement

Membrane Extract (BME), Type 2 (3532-010-02; Bio-
techne). CC3 medium containing Advanced DMEM/F-12
(12,634,010; Thermo Fisher Scientific), 1 x HEPES (15630-
106; Gibco), 1 X GlutaMAXTM (A1286001; Gibco), 1%
Penicillin—Streptomycin (15070-063; Gibco), 1 xB27
minus Vitamin A (12587-010; Gibco), 1 X N2 supplement
(17502-048; Gibco), 1 mM N-acetyl-L-cysteine (A9165;
Sigma-Aldrich) and 3% FBS (32,561,037; Thermo Fisher
Scientific) was used to sustain cell growth. Co-culture was
maintained for 7 days at 37 °C with 5% CO, in a humidified
atmosphere. Successively, hPO and hPMSC were separately
collected for further analysis.

DNA extraction

DNA extraction was performed as reported: first hPO or
hPMSC cells were collected and washed with PBS. All the
samples were lysed overnight at 37 °C, under rotation, in
1.1 mL of lysis buffer (EDTA, pH: 8, 10 mM; TRIS, pH:
7.44, 20 mM; NaCl, 100 mM) containing 50 uL of DNA PK
(1 mg/ml) and 300 pL of 10% SDS. The day after an equal
volume of Phenol: Cloroform: Isoamyl Alchohol 25: 24: 1
v/v (Merck, Cat. No 516726-1SET) was added and, post a
centrifugation step (5 min at 7800 G) the upper phase was
taken. This passage was repeated twice. Afterwards an equal
volume of CIAA (Clorofom: Isoamyl Alchohol, Merck,
Cat. No 25666-100ML) was added and, after centrifugation
(5 min at 7800 G) only the upper phase was used. The pre-
cipitation of DNA was performed at —80 °C for 30 min add-
ing to all samples 0.1 v/v of NaCl 5 M and 1.5 v/v of abso-
lute ethanol. After a centrifugation step (15 min at 13,800
G at 4 °C) DNA pellets were washed with 70% ethanol and
centrifuged for 5 min at 13,800 G at 4 °C. Finally, every
pellet was resuspended in an adequate volume of water (50
or 100 uL). Before the quantification step (performed with
NanoDrop) all samples were at 60 °C for 15 min to remove
residual ethanol.

Short tandem repeat analysis

DNA samples, isolated from hPO and hPMSC, were quanti-
fied using a NanoDrop and diluted to the final concentration
of 0.08 ng/ml. PCR reactions and electrophoresis were run
on Applied Biosystems 3500 Genetic Analyzer and carried
out according to manufacturer’s instructions. More precisely,
the AmpFZSTR™ Identifiler™ Plus PCR Amplification Kit
(Applied Biosystems, Thermo Fisher) was used. 15 short
tandem repeat loci (D8S1179, D21S11, D7S820, CSF1PO,
D3S1358, THO1, D13S317, D16S539, D2S1338, D19S433,
vW, TPOX, D18S51, D5S818, FGA) and a segment of the
X-Y homologous gene amelogenin were amplified. Gen-
eMapper software automatically analyzed the collected data
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that were compared to establish the genotypic identity of
our samples.

Quantitative real-time PCR

Total RNA was extracted from both hPO and hPMSC with
TRIzol reagent (15,596,026; Ambion), according to the
manufacturer's instructions. Total RNA was quantified, and
quality checked by NanoDrop ND-1000 spectrophotometer
(NanoDrop Technologies, Wilmington, DE, USA). For the
quantitative reverse transcription-polymerase chain reaction
(qRT-PCR) assay, cDNA was synthesized with SuperScript
IV VILO Master Mix (11,756,050; Thermo Fisher Scien-
tific). The resulting cDNA was diluted 1:10 in water and
1 pL was used as a template for qRT-PCR analysis with
PowerUp SYBR Green Master Mix (A15780; Applied Bio-
systems) in a CFX96 thermal cycler (BioRad). For each
primer pair used the sequence is shared in Table S2. Rela-
tive gene expression levels were determined with the —ACt
method; data were normalized to geometric means of endog-
enous ACTB, GAPDH and TBP mRNA levels.

Flow cytometry

Human pancreatic organoids were disaggregated by trypsini-
zation with Trypsin (37,297.01; SERVA, Germany) at 37 °C
for 15 min, pipetting every 5 min, or until single cell suspen-
sion was obtained. Next, cells were centrifuged for 5 min at
350 g and resuspended in PBS w/o Ca** and Mg?* (D8537;
Sigma-Aldrich). Human mesenchymal cells were instead
harvested using TrypLE™ Select enzyme (12,604,013;
Gibco). Single cell assessment and cell count were per-
formed using a hemocytometer. To detect surface markers,
100,000 cells were incubated with fluorophore-conjugated
antibodies anti-human CD34 (345,802; BD Biosciences),
CD45 (641,417; BD Biosciences), CD90 (561,558; BD
Biosciences), CD73 (560,847; BD Biosciences), CD105
(560,819; BD Biosciences), in a total volume of 200 pL
of PBS w/o Ca** and Mg** (D8537; Sigma-Aldrich) for
20 min in the dark at room temperature, washed with 3 mL
of PBS w/o Ca** and Mg?* (D8537; Sigma-Aldrich) and
resuspended in 200 pL of PBS w/o Ca®* and Mg?* (D8537;
Sigma-Aldrich) for analysis. To detect intracellular mark-
ers, 100,000 cells were fixed with PFA 2% (P6148; Sigma-
Aldrich) in a total volume of 200 pL for 15 min at room
temperature. Cells were further washed with PBS w/o Ca®*
and Mg (D8537; Sigma-Aldrich). Cells were then incu-
bated at 37 °C for 30 min in 200 pL of PBS w/o Ca®* and
Mg** (D8537; Sigma-Aldrich) containing saponin 0.05%
(47,036; Sigma-Aldrich), 10% FBS (32,561,037; Thermo
Fisher Scientific) and the primary antibody against KRT19
(sc-5300; Santacruz), AMY2B (PA5-24,187; Invitrogen)
and MUCI (sc-7313; Santacruz). Cells were then washed
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with PBS w/o Ca’* and Mg?* (D8537; Sigma-Aldrich)
and further incubated for 10 min at room temperature in
200 pL of PBS w/o Ca®* and Mg (D8537; Sigma-Aldrich)
containing saponin 0.05% (47,036; Sigma-Aldrich), 10%
FBS (32,561,037; Thermo Fisher Scientific) and second-
ary antibody goat anti-mouse (F-2761; Invitrogen) and
goat anti-rabbit (L43018; Invitrogen). Cells were washed
with PBS w/o Ca** and Mg?* (D8537; Sigma-Aldrich) and
resuspended with PBS w/o Ca** and Mg?* (D8537; Sigma-
Aldrich) for analysis. The samples were analyzed using a BD
FACSCanto II cytometer and the BD FACSDiva analysis
software (BD). Acquired events were plotted against forward
and side scatter area physical parameters and a homogenous
cell population was selected (P1 gate) excluding debris. At
least 10,000 P1 events were acquired.

MTT assay

hPMSC were washed twice with PBS w/o Ca** and Mg?*
(D8537; Sigma-Aldrich) and 0.5 mg/mL of thiazolyl blue
tetrazolium bromide (M5655; Sigma-Aldrich) dissolved
in DMEM w/o phenol red (D1145; Sigma-Aldrich) were
added to each well (working MTT solution). Regarding hPO
instead, the culture medium was removed and the solution of
thiazolyl blue tetrazolium bromide was directly added to the
well containing organoids in the Cultrex® BME drop. Cells
or organoids were then incubated in the dark at 37 °C with
5% CO, in a humidified atmosphere for 2 h. Next, the MTT
solution was removed and 300 uL of 96% ethanol (528,151;
Carlo Erba) was added to each well. Plates were next placed
on a rocking shaker at 37 °C with 5% CO, in a humidified
atmosphere for 30 min for hPMSC and for at least 2 h for
hPO. Optical density was measured at 570 nm on a GENios
microplate reader (TECAN).

Western analysis

Organoids were disrupted using cold PBS w/o Ca** and
Mg?* (D8537; Sigma-Aldrich) by pipetting 10 times with
a 1000 pL tip. Then, organoid fragments were centri-
fuged for 5 min at 350 X g and lysed in F-buffer contain-
ing 1% Triton X-100 (GAUTTRO0001; Eurobio Scientific),
10 mM Tris—HCI pH 7 (93,362; Sigma-Aldrich), 100 mM
NaCl (S7653; Sigma-Aldrich), 30 mM Na,P,0, (P8010;
Sigma-Aldrich), 50 mM NaF (201,290,025; Thermo Fisher
Scientific), 85 mM ZnCl, (424,595,000; Acros Organics
B.V.B.A)), 1 X protease/phosphatase mix inhibitor (P8340;
Sigma-Aldrich) for 20 min on ice. The lysate was centri-
fuged for 5 min at 350 X g and the supernatant collected
for protein dosage by BCA assay (23,227; Thermo Fisher
Scientific). For western analysis, 15 pg of protein samples
were boiled and loaded onto a pre-cast 4%—20% Tris—gly-
cine gel (XP04202BOX; Thermo Fisher Scientific) and run
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in Tris/Glycine/SDS Buffer (1,610,772; Bio-Rad). After
electrophoresis, proteins were transferred to a nitrocel-
lulose membrane (IB23001; Thermo Fisher Scientific).
Membranes were blocked with 5% non-fat dried milk
(10,004,504; Bio-Rad), in TBS (1,706,435; Bio-Rad),
containing 0.1% or 0.05% of Tween 20 (P1379; Sigma-
Aldrich), depending on the manufacturer’s instructions for
each specific antibody. Membranes were then incubated
overnight at 4 °C with primary antibodies anti- keratin,
type I cytoskeletal 19 (SC-53003; Santa Cruz Biotech-
nology), alpha-amylase 2B (PA5-24,187; Thermo Fisher
Scientific), Mucin-1 (SC-7313; Santa Cruz Biotechnol-
ogy) and glyceraldehyde-3-phosphate dehydrogenase (SC-
47724; Santa Cruz Biotechnology). After 2 h of incuba-
tion with secondary antibodies, the proteins of interest
were visualized with Pierce ECL Western detection kit
(32,106; Thermo Fisher Scientific) or ECL ultra-sensitive
reagent (WBULSO0500; Millipore, Burlington, MA, USA).
Chemiluminescence images were obtained on a ChemiDoc
XRS + system (Bio-Rad).

TOP-FOP assay

To demonstrate that pancreatic stromal cells produce fac-
tors related to the Wnt canonical pathway, a TOP-FOP
luciferase assay was performed testing fresh CC3 medium
and 1 week-old hPMSC CC3 conditioned medium. In sum-
mary the TOP-FOP assay was performed as described
below. First, HEK-293T cells were seeded in 24-well
plates (8103 cells/well) at 24 h prior to transfection.
Then, the cells were co-transfected (per well) with 20 ng
PGL4.24 [uc2P and 180 ng of TOPflash reporter vector or
180 ng FOPflash reporter vector as negative control. After
24 h, the HEK-293T cell culture medium was replaced
with the hPMSC conditionate medium or fresh CC3
medium. The day after, cells were collected and processed
using the Dual-Luciferase Reporter Assay System (E1910;
Promega) following manufacturer instructions. For every
sample luciferase activity was measured using an infinite
F200 pro (TECAN).

ELISA assay

To confirm that hPMSC are able to produce and secrete
RSPO1 and RSPO3 aliquots of conditioned culture media
were collected and tested with ELISA assays following
manufacturer’s instructions (HUDLO02571; Assay Genie
for RSPO1 and OKBB01047; Aviva System Biology for
RSPO3). More precisely, for each test, one week-old CC3
and one week-old MSC standard medium were collected and
used to perform the tests.

Immunofluorescence and confocal microscopy

hPMSC were isolated from digested pancreatic tissue, as
previously described, and cultured in Falcon 4-well culture
slides (354,114; Corning). As soon as they reached 70% con-
fluency, without any passage, cells were incubated at 37 °C
overnight with 10 ug/mL Brefeldin A (S7046; Selleckchem).

Samples were fixed in 4% paraformaldehyde (SC-201692;
ChemCruz) for 20 min on ice, washed and permeabilized
for 30 min in 0.3% Triton X-100 (GAUTTRO0001; Eurobio
Scientific), 3% Bovine Serum Albumin (P6156; Biowest).
Then, cells were incubated with rabbit anti-human RSPO1
1:100 (orb526678; Biorbyt), and mouse anti-human Vimen-
tin 1:250 (CBL202-K; Sigma-Aldrich) primary antibodies
overnight at 4 °C. The day after, cells were incubated with
anti-rabbit Alexa Fluor-488 1:250 (A11008; Thermo Fisher
Scientific) and anti-mouse Alexa Fluor-555 1:250 (A21422;
Thermo Fisher Scientific) secondary antibodies for 1 h at
room temperature and with 0.1 pg/mL DAPI (1,023,627,600;
Roche). Culture slides were mounted on ProLong Glass
Antifade Mountant (P36984; Thermo Fisher Scientific).

Immunofluorescence imaging was performed using a
Leica SP8 Stellaris confocal microscope (Leica, Wetzlar,
Germany), managed by LASX software. The acquisition was
taken with a white light laser and Diode 405, using the HC
PL APO CS2 20X/0.75 DRY NA and the HC PL APO CS 2
63X/1.30 GLYC NA objectives.

Neutralizing antibody functional assay

hPO and hPMSC were co-cultured in CC3-medium, at day
0 and day 4 supplemented with 3—12 pg/mL anti-RSPO1
antibody (Human R-Spondin 1 Antibody Antigen Affinity-
purified Polyclonal Sheep IgG AF4645; R&D, Bio-Techne).
Untreated co-culture was used as controls. After 7 days, a
MTT assay on hPO and hPMSC was performed to evaluate
their metabolic activity. hAPMSC were treated as previously
described (MTT assay), whereas for hPO a slightly different
protocol was applied. Briefly, 200 pL of working MTT solu-
tion were added on top of the transwells, which were then
incubated in the dark at 37 °C with 5% CO, in a humidified
atmosphere for 2 h. Next, the MTT solution was removed
and 200 pL of 96% ethanol (528,151; Carlo Erba) was added
to each well. Plates were next placed on a rocking shaker
at 37 °C with 5% CO?2 in a humidified atmosphere for at
least 2 h to ensure optimal resuspension of the MTT solu-
tion. Optical density was measured at 570 nm on a GENios
microplate reader (TECAN).

Data analysis and visualization

Publicly available scRNA-seq datasets were downloaded
from the Gene Expression Omnibus (GEO) [48-51]. The

@ Springer



125 Page 6 of 15

A. Cherubini et al.

Seurat version 4.2.3 R toolkit was used for scRNA-seq data
analysis due to its ability to integrate across datasets, follow-
ing the pipeline outlined by the package developers [52, 53].
To normalize the data, UMI counts were scaled by library
size and a natural log transformation using NormalizeData()
function. Integration of 4 scRNA-seq datasets on one hand
was achieved by running consecutively FindIntegrationAn-
chors() and IntegrateData() functions from Seurat, with 2000
integration features. Then PCA was computed and the first
30 PCs were inputted for uniform manifold approximation
and projection (UMAP) of integrated scRNA-seq datasets.
Next, to identify clusters within the reduced dimensional
space, cells were embedded in a k-nearest neighborhood-
based graph structure by FindNeighbors() function and an
unsupervised clustering was performed using FindClusters()
function with Louvain algorithm (resolution=0.4). The cells
were then labelled according to the expression of specific
markers.

Statistical analysis

All the quantitative data are shown as means + SD, as indi-
cated in each figure legend with the specific statistical test
used. All experiments were repeated at least three times,
each performed on samples from five different donors, as
reported in each figure legend. All statistical tests were per-
formed using Prism 8 and statistical significance (p-value)
in figure asterisks mean *P < (.05, **P <0.01, ***P < 0.001.
P values < 0.05 were considered significant, while P val-
ues > (.05 were not reported.

Results

Isolation of syngeneic human pancreatic
mesenchymal stromal cells and organoids

To mimic the closest setting to physiological conditions,
syngeneic cell types were generated from 5 independent
healthy donors (Table S1).

Syngeneic human pancreatic organoids and mesenchy-
mal cells were isolated from the same islet-depleted digested
(< 1% endocrine tissue) pancreatic tissue (Fig. 1a). For
hPO, isolated ductal fragments were embedded in Cultrex®
BME and cultured in presence of a specific cytokine cock-
tail. Characteristic 3D cyst-like structures were established
in 12 days (Fig. 1b, upper panels). For hPMSC isolation,
minced tissues were cultured in a specific fibroblast medium,
such as a-MEM supplemented with 10% FBS. Under these
conditions, part of the cells adhered to the plate and a homo-
geneous monolayer with mesenchymal morphology was
obtained within 12 days (Fig. 1b, lower panels).
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As previously observed [39, 40], hPO showed a phe-
notypically heterogeneous cell population expressing
KRT19, MUC1 and AMY2B, whereas the mesenchymal
and endothelial compartments were absent (Fig. 1c, upper
panel). Instead, according to the definition of the Interna-
tional Society for Cell Therapy [54], hPMSC expressed the
canonical surface antigens of mesenchymal cells (CD73,
CD90 and CD105), while they were negative for epithelial
and hematopoietic markers (Fig. 1c, lower panel). Molecu-
lar analysis of cell type-specific markers of epithelial, mes-
enchymal, and endothelial compartments confirmed our
immunophenotyping results (Supplementary Fig. 1a). To
corroborate mesenchymal cell behavior and to confirm their
mesenchymal nature, we successfully induced their differen-
tiation toward osteoblast-like and adipocyte-like cells, fol-
lowing standard in vitro differentiation conditions. Molecu-
lar analysis confirmed hPMSC ability to undergo osteogenic
and adipogenic differentiation pathways, as supported also
by the Alizarin Red and Oil Red O staining (Supplemen-
tary Fig. 1b, c), assessing their mesenchymal multipotent
identity.

DNA profiling (Supplementary Fig. 1d) showed that syn-
geneic hPMSC and hPO exhibit proper identity features and
that they were consistently isolated from the same pancreatic
samples, allowing for the study of their interactions with-
out any biases potentially coming from the use of unrelated
donors.

Human pancreatic mesenchymal cells possess a hPO
growth-supporting secretory profile

To evaluate the relevance of different cytokines and growth
factors in the support of pancreatic epithelial growth and
homeostasis, using a human adult pancreas 3D model sys-
tem, we decided to investigate if and how the absence of
each crucial molecule contained in the organoid expansion
medium would impair the metabolic activity of hPO. Inter-
estingly, after 7 days, organoids grown in absence of RSPO1
showed a 50% viability impairment (Fig. 2a). Furthermore,
hPO grown in absence of RSPO1 failed to survive more
than two passages, observations which highlight the crucial
role of this secreted protein on the maintenance of organoid
cultures. Moreover, the absence of NOG was restrictive to
support hPO growth (50% of viability), but the culture could
be easily propagated for more than 3 weeks. The absence
of no other growth factor or cytokine impaired the growth
of organoids in a significant way over 21 days of culture
(Fig. 2a).

We also wanted to gain a broad and complete picture of
mesenchymal cell secretory landscape, to evidence their
ability to produce and provide our growth factors of interest
(proteins involved in the Wnt/B-catenin and Bone Morpho-
genetic Protein (BMP) signaling pathways) to the pancreatic
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Fig. 1 Human pancreatic organoids and mesenchymal stromal cells
isolation. a Schematic representation of isolation strategy for human
pancreatic organoids (hPO) and human pancreatic mesenchymal
stem cells (hPMSC). Created with BioRender.com. b Representative
bright-field images of hPO and hPMSC after 2 (left) or 12 (right)

epithelial compartment. For this reason, four published
whole pancreas single cell datasets were integrated and ana-
lyzed [48-51]. First, we clustered and plotted the combined
datasets showing that all pancreatic cell types were largely
preserved upon integration (Supplementary Fig. 2a-c). Inter-
estingly, in pancreatic tissues, RSPO1 and RSPO3 resulted
exclusively expressed by mesenchymal cells (Fig. 2b), while
BMP related cytokines were expressed more heterogene-
ously among all pancreatic cells (Supplementary Fig. 2d).
Considering the highly relevant data that emerged from
the previous wet and in silico analyses, we decided to inves-
tigate the actual capacity of our hPMSC and hPO to produce
RSPO family factors and BMP-pathway protein inhibitors.
In Fig. 2c we showed that hPMSC highly express Gremlin-1

hematopoietic

days from isolation. Scale bar, 500 pm for hPO and 200 pm for
hPMSC. ¢ Flow cytometry analysis of hPO and hPMSC focused on
exocrine, mesenchymal, endothelial and hematopoietic markers. Data
are means+SD (n=3 independent experiments, each performed on
samples from five different donors)

and —2, members of the DAN family, and Noggin, another
BMP antagonist. Some of these genes involved in the BMP
signaling pathway did not present a restricted expression in
hPMSC, which was instead also shared by hPO (Fig. 2c).
Additionally, our findings indicated that certain genes
belonging to the R-spondin protein family, which play a cru-
cial role in the Wnt/p-catenin signaling pathway, were either
uniquely or notably highly expressed in hPMSC compared to
hPO. Interestingly, we also observed that the WNT receptor
Lgr5 gene was expressed only in hPO (Fig. 2¢). Support-
ing the idea that hPMSC play a pivotal role to support the
homeostasis of the exocrine component of the pancreas.
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Fig.2 RSPO-dependent WNT/B-Catenin signaling is dispensable for
hPO expansion. a Cell viability of hPO in absence of specific factors
at day 7, 14 and 21 after seeding. b Dot plot summarizes the expres-
sion of RSPO family genes within the pancreatic context. The size
of the dot represents the percentage of cells expressing the marker
genes, while the color of the dot indicates the average expression of
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the marker genes across all cells. ¢ Relative expression of WNT and
BMP related genes in hPO and hPMSC. Data are means+SD (n=3
independent experiments, each performed on samples from five dif-
ferent donors). a A one-way ANOVA was used followed by Dunnet
test, * p<0.05. ¢ A two-sided, unpaired Student’s t-test was used, *
p<0.05, ** p<0.01, *** p <0.001

Taken together, these results support the importance of
the WNT/RSPO axis between mesenchymal and exocrine
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cells as essential for pancreatic parenchymal regeneration
and growth support.

Addition of human primary pancreatic
mesenchymal stromal cells to 3D culture of human
healthy pancreatic epithelial cells increased
organoid development and proliferation

To investigate whether our hPMSC were able to effectively
sustain the growth of hPO, we set up a transwell-based co-
culture system. First, we identified the best basal medium,
which supported the maintenance of both hPMSC and hPO,
without having harmful effects on either the mesenchymal or
the parenchymal component of the co-culture. To begin with,
we grew hPMSC in 3 different conditions: AADMEM/F12
supplemented with N2, B27, N-acetyl-cysteine and either
no additional component (CC1), WNT3A 0.5 nM (CC2)
or 3% FBS (CC3). After 7 days of culture CC3 medium
was selected to set up the co-culture, since it showed a
cell viability very close to the hPMSC cultured in Normal
medium (Supplementary Fig. 3a, b); furthermore, hPMSC
cultured in CC3 medium maintained the same morphology

hPO

Human pancreatic organoids

Human pancreatic mesenchymal cells

Relative mRNA levels

KRT19

MUCA1 AMY2B SOX9 PDX1 CFTR

Fig.3 hPMSC support hPO development in culture. a Schematic rep-
resentation of co-culture setting, hPMSC were seeded at the bottom
of 24 wells plate, hPO were seeded at the top of the transwell sys-
tem allowing the exchange of growth factors and secreted proteins.
Created with BioRender.com. b Representative bright-field images
of hPO grown in standard expansion medium, in CC3 medium sup-
ported by hPMSC and in CC3 medium alone. Scale bar, 500 pm.

nsion medium

—~—

and expressed the same cell markers in normal mesenchymal
medium (Supplementary Fig. 3c, d).

Next, hPMSC were seeded at the bottom of a 24-well
plate, whereas hPO fragments were seeded within a Cul-
trex® BME drop deposited onto the top of a transwell insert.
Both the bottom of the well and transwell were filled with
CC3 medium, to allow the exchange of factors between
hPO and hPMSC (Fig. 3a). After 7 days of co-culture, hPO
retained the classical defined cystic structure, consisting of
a proliferating cell monolayer. This morphology was com-
pletely in line with control hPO grown in standard expansion
medium (Fig. 3b), consistent with previous observations
[39, 55]. Interestingly, only a few aggregates character-
ized by small dimensions were observed when cultured in
CC3 medium without mesenchymal cells (Fig. 3b), making
it impossible to obtain RNA and proteins in sufficient quan-
tity and quality for any analysis.

Thereafter, we determined the identity of hPO co-cultured
in the presence of mesenchymal cells: hPO co-cultured with
hPMSC showed a highly similar intracellular expression of
ductal pancreatic markers compared with hPO maintained
under standard expansion medium (Fig. 3c), while other
markers such as AMY2B showed a slight increase level.

CC3 + hPMSC

@:
14

&
S
N\ ©
=1 hPO EM & 8
= hPO co-cultured & &
wuet [T

PRSS3

¢ Relative expression analysis of acinar and ductal markers in hPO
cultured in standard medium and hPO cultured in CC3 medium sup-
ported by hPMSC. d Western blot analysis of acinar and ductal mark-
ers of hPO cultured in standard medium and hPO cultured in CC3
medium supported by hPMSC. Data are means+SD (n=3 inde-
pendent experiments, each performed on samples from five different
donors)
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Moreover, western blot analysis for exocrine markers also Overall, these results highlighted the robustness and rel-

confirmed a strong similarity of protein expression profiles  evance of hPMSC trophic support in sustaining organoid for-
between hPO grown in co-culture conditions and hPO grown  mation and proliferation in the same fashion as the standard

in the expansion medium (Fig. 3d).
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cytokine-rich medium.
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«Fig.4 hPMSC-derived RSPO proteins are necessary for hPO expan-
sion. a, b Concentration of RSPO1 and RSPO3 (expressed in pg/ml)
secreted by hPMSC in both MSC standard medium and CC3 medium
after seven days of culture. ¢ Confocal microscopy images show
representative fluorescent signals from DAPI (405, shown in blue),
Vimentin (555, shown in red) and RSPO1 (488, shown in green) of
hPMSC isolated from pancreatic digested tissue. Scale bars, 100 pm
for 20X objective and 30 pm for 63X objective. d Schematic repre-
sentation of neutralizing antibodies experiment set up. Created with
BioRender.com. e Representative bright-field images of hPO treated
or non-treated with neutralizing antibody against RSPO1. Scale bar,
500 pm. f Relative cell viability of hPMSC treated and non-treated
with neutralizing antibody against RSPO1. g Relative cell viability
of hPO treated and non-treated with neutralizing antibody against
RSPOI. Data are means+SD (n=3 independent experiments, each
performed on samples from five different donors). g A two-sided,
unpaired Student’s t-test was used, ** p <0.01

hPMSC-secreted RSPO proteins are necessary
to support hPO culture

So far, we demonstrated that hPMSC were able to sustain the
growth of hPO in in vitro culture. However, whether or not the
growth of hPO supported by hPMSC was directly related to
the production and secretion of specific proteins as the RSPO
protein family, was still to be demonstrated. To investigate this
hypothesis, ELISA assays for both RSPO1 and RSPO3 were
performed, confirming the ability of hPMSC to produce and
release these proteins. Since RSPO1 showed higher secretion
levels compared to RSPO3 (Fig. 4a, b), we further validated
RSPO1 production using qualitative confocal microscopy
analysis (Fig. 4c).

Moreover, TOP-FOP supports the ability of pancreatic
stromal cells to release factors related to the Wnt canonical
pathway (Supplementary Fig. 4).

Furthermore, to corroborate the hypothesis that the hPO
growth is directly supported by the RSPO protein secreted by
hPMSC, we co-cultured organoids and mesenchymal cells in
CC3 medium combined with anti-RSPO1 antibody (Fig. 4d).
Interestingly, the growth of hPO was reduced compared to the
hPO grown without antibody (Fig. 4e). A metabolic assay con-
firmed that hPO grown in presence of anti-RSPO1 antibody
was significantly reduced, whereas no difference was observed
between hPMSC grown in presence of cytokine-specific anti-
body and in normal co-culture conditions (Fig. 4f, g).

Consistent with the previous results, these data not only
unequivocally confirmed that hPMSC were able to sustain the
growth of hPO, but also that this ability was strictly related
to the competence of hPMSC to produce and release specific
proteins such as RSPO proteins.

Discussion

The progress of organoid technology has revolutionized
the field of epithelial and cell biology, offering remark-
able potential for clinical applications such as the gen-
eration of patient-derived organoid biobanks that reliably
recapitulate heterogeneity, architecture, physiology and
pathophysiology of various tissues and diseases [56]. A
pivotal part of this technology is the development of cul-
ture media enriched with critical growth factors, particu-
larly R-spondins, which enhance Wnt pathway activity in
epithelial stem cells. The R-spondin/Lgr-5 signaling axis
plays a crucial role in several self-renewing adult tissues,
and most notably, in the digestive tract mucosa. Initial
evidence of R-spondinl's role as a growth factor for intes-
tinal epithelial cells, through the activation of canonical
Whnt signaling, was demonstrated in a transgenic mouse
model with Rspol regulated by the immunoglobulin locus
[57]. Isolated Lgr5 + intestinal stem cells can be sustained
in vitro and stimulated to continuously form organoids
[58, 59] with RSPOs being crucial components for these
cultures.

Recent studies have demonstrated that, under normal
conditions, RSPO expression is primarily localized to
non-epithelial stromal components of the niche, such as
platelet-derived growth factor receptor—positive stromal
cells located within intestinal crypts [60], myofibroblasts
positioned proximal to the stem cell compartment in the
stomach [61], central vein endothelial cells in the liver
[62—-64], stromal components of the adrenal gland capsule
[65], synovial fibroblasts in osteoarthritis.

The goal of our study was to investigate whether human
pancreatic mesenchymal stromal cells could control the
proliferative state of pancreatic epithelium regenera-
tion in vitro and to demonstrate that this process is not
only influenced by cell-intrinsic plasticity but also by the
presence of permissive signals supplied by nonepithelial
microenvironment, where Wnt and RSPO cytokines play
an important role [66].

Therefore, we investigated whether hPMSC can secrete
factors able to impact epithelial cell behavior, specifi-
cally studying the release of R-spondin proteins. Our data
revealed that hPMSC express transcripts for Gremlin-1,
Gremlin-2, Noggin, and all four members of the RSPO
family. Bioinformatic analyses further support our find-
ings: by analyzing published single-cell transcriptomic
datasets from the human pancreas, we were able to confirm
the expression of genes involved in stem cell regulation,
tissue homeostasis and regeneration, including Wnt/p-
catenin signaling and BMP pathways. The link between
the RSPO protein and the BMP antagonists lies in their
coordinated regulation of the BMP signaling pathway.
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While RSPO proteins potentiate Wnt/p-catenin signaling,
the BMP antagonists, including Gremlin-1, Gremlin-2, and
Noggin, dampen BMP signaling by blocking the interac-
tion of BMP ligands with their receptors. The pancreas
has limited regenerative capacity in adult life but this bal-
ance between BMP and Wnt/p-catenin signaling can be
involved in pancreatic tissue regeneration after injury and
can be useful to improve our understanding of hPMSC role
in pancreatic diseases.

With this study we show that pancreatic mesenchymal
stromal cells are an essential source of both mitogen mol-
ecules RSPO1 and RSPO3 for the human pancreatic epithe-
lial cells in vitro. The results of the TOP-FOP assay sug-
gest that human pancreatic stromal cells are able to produce
and release factors linked to the Wnt canonical pathway.
Additionally, ELISA assay for RSPO1 and RSPO3 con-
firmed that hPMSC are able to secrete these proteins, as it
has been observed in other stromal cell types [7]. To deter-
mine whether these secreted RSPOs could support organoid
growth, we examined their biological effects in pancreatic
organoid cultures using a non-contact co-culture system of
hPMSC and hPO, ensuring experimental conditions were
controlled to eliminate potential bias from direct cell interac-
tions. Indeed, our data confirmed that hPMSC can sustain
the growth of organoids under these conditions. Further-
more, the immune-sequestration of RSPO1 and RSPO3
shed light on the importance of these factors for the growth
of pancreatic organoids. Moreover, its absence within the
culture medium drastically reduced the capacity of hPO to
survive for long periods.

Our findings indicate the importance of hPMSC in sup-
porting pancreatic cell proliferation and regeneration, specif-
ically identifying RSPO1 and RSPO3 as key secreted factors
that influence pancreatic organoid growth. It is well-known
that MSC have shown strong potential in the field of regen-
erative medicine and that they are involved in tissue repair
and regeneration. through various mechanisms, for example
providing trophic support to damaged tissues and promot-
ing the remodeling of the extracellular matrix and, even in
the context of pancreatic diseases [67, 68] and islet trans-
plantation [10, 69-71], it has been shown that MSC support
viability, proliferation and function of the epithelial niche.

Recently, with completely different purposes, Ando et al.
showed that in mouse and human pancreata, other cell types,
such as a subset of pancreatic stellate cells, expressed some
levels of R-spondin 3 during pathological conditions like
chronic pancreatitis and pancreatic ductal adenocarcinoma
[72]. Our study demonstrates that hPMSC in a healthy
context also secrete RSPOs, possibly contributing to the
regenerative capacity of the pancreatic epithelium. This
finding suggests that RSPOs play a broader role in pancre-
atic homeostasis and regeneration than what was previously
understood.

@ Springer

By showing that hPMSC secrete critical factors like
RSPO1 and RSPO3, which are key to supporting organoid
growth, our work confirms that hPMSC could serve as a
stromal component in the construction of more complex 3D
models such as assembloids [73] enabling more accurate
modeling of tissue architecture, disease progression, and
regenerative processes.

Future research should focus on further elucidating
the molecular mechanisms underlying RSPO signaling in
hPMSC and exploring the potential of these cells in clinical
applications for pancreatic disorders.
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