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Abstract

Background Mesenchymal stromal cells (MSCs) are recognized for their potential in regenerative medicine, attrib-
uted to their multipotent differentiation capabilities and immunomodulatory properties. Despite this potential,

the classification and detailed characterization of MSCs, especially those derived from specific tissues like the pan-
creas, remains challenging leading to a proliferation of terminology in the literature. This study aims to address these
challenges by providing a thorough characterization of human pancreatic islets-derived mesenchymal stromal cells
(hPD-MSCs).

Methods hPD-MSCs were isolated from donor islets using enzymatic digestion, immortalized through lentiviral
transduction of human telomerase reverse transcriptase (hTERT). Cells were characterized by immunostaining, flow
cytometry and multilineage differentiation potential into adipogenic and osteogenic lineages. Further a transcrip-
tomic analysis was done to compare the gene expression profiles of hPD-MSCs with other mesenchymal cells.

Results We show that hPD-MSCs express the classical MSC features, including morphological characteristics, sur-
face markers expression (CD90, CD73, CD105, CD44, and CD106) and the ability to differentiate into both adipogenic
and osteogenic lineages. Furthermore, transcriptomic analysis revealed distinct gene expression profiles, showing
notable similarities between hPD-MSCs and pancreatic stellate cells (PSCs). The study also identified specific genes
that distinguish hPD-MSCs from MSCs of other origins, including genes associated with pancreatic function (e.g.,
ISL1) and neural development (e.g.,, NPTX1, ZNF804A). A novel gene with an unknown function (ENSG00000286190)
was also discovered.

Conclusions This study enhances the understanding of hPD-MSCs, demonstrating their unique characteristics

and potential applications in therapeutic strategies. The identification of specific gene expression profiles differenti-
ates hPD-MSCs from other mesenchymal cells and opens new avenues for research into their role in pancreatic func-
tion and neural development.
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Introduction

Recent progress in stem cell biology and regenerative
medicine has given rise to translational research aimed
at repairing damaged tissues and restoring their proper
cellular functions. MSCs stand out as an important can-
didate in the field of cellular therapy, having undergone
extensive investigation and clinical trials. The therapeu-
tic benefits of MSCs lie in their ease of extraction, ability
to differentiate into various cell types, minimal immune
response, and, most significantly, the substances they
release, which have been demonstrated to mitigate dam-
aged tissues [1].

Despite the prospective advantages of MSCs, practical
constraints arise due to the inherent challenges associ-
ated with the isolation process and heterogeneity arising
from diverse donor characteristics [2]. While all MSCs
share basic characteristics, studies have shown variances
in genotype and phenotype expression profiles among
MSC:s of different sources including expression of certain
surface markers, differentiation capacities, and immu-
nomodulatory properties [3, 4]. These differences extend
to the physiological functions of MSCs and their thera-
peutic potential in the treatment of diverse diseases.

This highlights the significance of a nuanced charac-
terization of MSCs for effective utilization in clinical
applications, considering logistical, practical, and in vivo
attributes. MSCs were initially isolated from mononu-
clear cells derived from bone marrow (BM-MSCs); nev-
ertheless, recent evidence suggests that MSCs are present
in almost all human tissues [5]. Notably, the pancreas
harbors distinct subpopulations of MSCs, with evidence
indicating that these cells can be derived from exocrine
tissue (acinar and ductal epithelial cells) [6-8], or islets
[9, 10]. The precise etiology of these cells remains ambig-
uous, potentially arising from epithelial-mesenchymal
transition or the homing of mesenchymal stromal cells
from the bone marrow [11, 12]. Mesenchymal stro-
mal cells derived from the pancreatic islets, denoted as
Pancreas-Derived MSCs (PD-MSCs), exhibit hallmark
characteristics typical of MSCs. These characteristics
encompass morphological features, surface cell marker
expression, and differentiation potential [8]. Moreo-
ver, PD-MSCs have been demonstrated to give rise to
pancreatic endocrine progenitors as evidenced by the
expression of endocrine progenitor markers upon in vit-
roexpansion [10, 13].

Despite the potentially pivotal role that PD-MSCs
could play in the treatment of pancreatic diseases, they
remain understudied in the existing literature. Hence,
in this study, we present a comprehensive analysis of
PD-MSCs, with a particular focus on their transcrip-
tomic profile. Our findings indicate that stromal cells
derived from the pancreas demonstrate characteristics
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reminiscent of stem cells, closely resembling stellate cells.
Additionally, PD-MSCs express markers associated with
both pancreatic and neuronal identities. This unique
combination of features suggests advantages in utilizing
pancreatic stromal cells for the treatment of pancreatic
diseases, distinguishing them from other types of stromal
cells.

Materials and methods

Isolation and culture of hPD-MSCs and control MSCs lines
The human pancreatic tail specimens were taken by inci-
sion biopsy after distal pancreatectomy or laparoscopic
pancreatoduodenectomy in five patients (age>45 yr,
M:F =3:2) diagnosed with pancreatic cancer. This part of
the study was conducted in accordance with the Decla-
ration of Helsinki and the legislation of the Russian Fed-
eration on human health protection. The use of biopsied
tissue for scientific purposes was approved by the Ethical
Board at the Loginov Moscow Clinical Scientific Center
(Board Record #1/2020 of February 3, 2020). All patients
provided written informed consent for biospecimen
donation and signed a special agreement for participation
in scientific research. Within 2 h, the material was trans-
ported to the lab in an ice-cold o Minimum Essential
Medium (Paneco, Russia) with 15% fetal bovine serum
(FBS) (Biosera, France), 2% penicillin/streptomycin
(Gibco, USA), and 300 KIU/ml aprotinin (Sigma-Aldrich,
USA). The material was then processed according to a
composite of established protocols [14—16]. Briefly, the
specimen was dissected with scissors into smaller frag-
ments and rinsed with Hank’s Balanced Salt Solution
(Paneco, Russia), then it was incubated in collagenase
solution (200 IU/ml) (Paneco, Russia) for 30 min at 37 °C
with continuous agitation. The digested material was cen-
trifuged and the supernatant was discarded, the result-
ing pellet was gently overlaid onto 10 ml of Ficoll 1.077
(Paneco, Russia) followed by centrifugation for 18 min
at 900 g. The supernatant contained the islets while the
pellet was rich with pancreatic exocrine cells. The super-
natant was sieved through a 70 pm strainer for islet
collection. Collected islets were transferred to an appro-
priate Petri dish and cultured in an initial growth medium
(Dulbecco’s Modified Eagle Medium (DMEM) (Paneco,
Russia), 10% FBS, 1% GlutaMAX (Corning, USA), 1%
sodium pyruvate (Gibco, USA), 1% penicillin/ strepto-
mycin). The medium was changed every three days until
cells attained 80—-90% confluency. Bone marrow-derived
MSCs (BM-MSCs) and adipose tissue-derived MSCs
(AT-MSCs) were obtained from the cell collection of the
N.K. Koltsov Institute of Developmental Biology (Russian
Academy of Science, Moscow, Russia), and were cultured
in DMEM, 10% FBS, 1% GlutaMAX, 1% penicillin/strep-
tomycin, 1% Insulin-Transferrin-Selenium (Gibco, USA).
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human immortalized dermal fibroblast cell culture was
kindly provided by Dr. Yegorov E.E. (Engelhardt Institute
of Molecular Biology, RAS) and was cultured in the same
condition as PD-MSCs.

Lentiviral production

Lentiviral plasmids for packaging—pLP1, pLP2, and
pVSVG (Invitrogen, ViraPower  Lentiviral Expression
Systems) — were employed to assemble lentiviral parti-
cles in the HEK293TN cell line. A total of 2x10° HEK
293TN cells were seeded into pre-prepared 6 cm Petri
dishes coated with a 1% gelatin solution, using 4.5 ml of
DMEM supplemented with 10% FBS and 1% antibiotic,
sodium pyruvate, and glutamine one day before transfec-
tion. On the day of transfection, a reaction mixture com-
prising packaging plasmids and the vector with gRNA
(equimolar mix) was prepared in a serum-free OptiMEM
medium. Transfection was conducted using Polyethyl-
enimine as a transfection agent in a low-serum medium
(DMEM supplemented with 2% FBS, 0.2% antibiotic,
1% sodium pyruvate, and 1% glutamine). After 24 h,
the medium was replaced with a fresh complete growth
medium (DMEM supplemented with 10% FBS, 1% anti-
biotic, sodium pyruvate, and glutamine). The reaction
mixture was incubated for 27 h to allow assembling of
viral particles. Following assembly, the virus supernatant
was harvested and filtered through a 0.45 um filter.

Immortalization of hPD-MSCs with htert

hPD-MSCs were immortalized by stable expression
of human Telomerase Reverse Transcriptase cDNA
(hTERT). The lentiviral plasmid construct encoding
hTERT was described previously [17]. The hTERT frag-
ment was delivered by lentiviral transduction with 5 pg/
ml Polybrene (Serva, Germany). Positive selection,
employing puromycin (Sigma-Aldrich, USA) was exe-
cuted over a two-passage duration one week post-trans-
duction. The selected cell populations propagated in vitro
in parallel with non-transduced cells as controls.

Immunocytochemical staining

For immunocytochemical staining, the cells were washed
with Dulbecco’s Phosphate-Buffered Saline solution
(DPBS) and were fixated for 15 min in 4% paraformal-
dehyde at room temperature. Following this fixation, the
cultures underwent another round of washing with DPBS
before incubation with primary antibodies (Supple-
mentary Table S1) in a blocking solution (PBS with 10%
EBS, 0.1% Triton X-100, and 0.01% Tween-20) overnight
at+4 °C. Subsequently, the cellular cultures were washed
three times with DPBS (5 min each at room temperature)
and incubated with secondary antibodies (Alexa Fluor
546 goat anti-mouse IgG (Invitrogen, #A11030) or Alexa
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Fluor 488 donkey anti-rabbit IgG (Invitrogen, #A32790)
diluted 1:1000 in the blocking solution for 1 h at 37 °C.
The cell nuclei were contrasted with DAPI (1 mg/ml in
PBS). Imaging was conducted using an EVOS FL AUTO
(Life Technologies) fluorescence microscope.

Flow cytometry

Cell surface markers were studied using flow cytometry.
Briefly, around 2 * 10° cells were harvested using trypsi-
nization followed by fixation using 4% paraformaldehyde
(Sigma-Aldrich, USA) for 15 min at room temperature.
Cells were washed with DPBS and incubated with spe-
cific monoclonal antibodies (Supplementary Table S1) in
blocking solution (PBS with 10% FBS, 0.1% Triton X-100,
and 0.01% Tween-20) for 1 h at 37 °C with constant shak-
ing, followed by three washes with DPBS to remove
unbound antibodies and subsequently analyzed using
Flow Cytometer (BioRad S3e, BioRad, USA) compared
to control samples. The resulting data were acquired and
analyzed through FlowJo software 10.8.1 (Becton, USA)
and are presented as the average of three independent
repeats at least with standard deviation.

Adipogenic and osteogenic differentiation

Immortalized PD-MSCs were differentiated into osteo-
blasts and adipocytes. For adipogenic differentiation, cells
were seeded in a 12-well plate using a standard culture
medium. The following day, the medium was changed
to DMEM supplemented with 10% FBS, 1% GlutaMAX,
1 uM Dexamethasone (Sigma-Aldrich, USA), and 10 pM
insulin (Gibco, USA). The medium was changed peri-
odically every 2-3 days for 15-20 days, subsequently,
cells were fixed using 4% paraformaldehyde and stained
with Oil Red O (Sigma-Aldrich, USA) and 0.4% Trypan
blue (Bio-Rad, USA). Briefly, cells were rinsed with 60%
isopropanol and incubated for 10 min in Oil Red O dis-
solved in 98% isopropanol. The dye was subsequently
removed and cells were washed with 60% isopropanol
followed by DPBS (Paneco, Russia).

For osteogenic differentiation, cells were seeded in a
12-well plate using a standard culture medium, to be
changed the next day to DMEM supplemented with
10% EBS, 1% GlutaMAX, 0.01 pM dihydroxy vitamin D3
(Sigma-Aldrich, USA), 50 puM ascorbate-2-phosphate
(Sigma-Aldrich, USA), 10 mM p-Glycerophosphate
(Sigma-Aldrich, USA). After 2—3 weeks, cells were fixed
with 4% paraformaldehyde and stained with Alizarin Red
S (Sigma-Aldrich, USA) and 0.4% trypan blue. Briefly,
cells were incubated for 2 min with the dye dissolved in
distilled water with a pH range of 6.3-6.5. Subsequently,
cells were washed with distilled water followed by a sec-
ond wash with 1 mM HCL in 95% ethanol and examined
under light microscopy.
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Quantitative real-time polymerase chain reaction
(RT-qPCR)

One million cells were collected via centrifugation and
total RNA was extracted using RNeasy Mini Kit (Qiagen,
Germany), following the manufacturer’s instructions. The
quality and quantity of RNA samples were assessed with
a NanoPhotometer P360 (Implen, Germany). One micro-
gram of total RNA was utilized to synthesize ¢cDNA.
Firstly, genomic DNA was eliminated using the RNase-
free DNase Set (Qiagen, Germany) following the manu-
facturer’s instructions. First-strand cDNA was obtained
using a Reverse transcriptase MMLYV kit (Evrogen, Rus-
sia), following the manufacturer’s protocol with 1.5 uM of
Oligo (dT),5/Random (dN);, mixture (1:1) with 100 e.a.
of MMLV per reaction. RT-qPCR was performed using
the 7500 Real-Time PCR System (Applied Biosystems,
USA). The temperature profile comprised three steps: an
initial 10-min incubation at 95 °C, followed by 40 cycles
of denaturation at 95 °C for 15 s, and annealing/extension
at 60 °C for 1 min. Subsequently, a melt curve analysis
was performed within the temperature range of 60 °C to
95 °C. The reaction mixes were prepared using HS-SYBR
(Evrogen, Russia).

Primers for RT-qPCR analysis were designed using
Primer Blast (Supplementary Table S2), and calculations
were executed using the — AAC; method. We used the
geNorm algorithm to choose EMC7, PSMB4, and RPL27
for normalization from the list of 6 candidates (ACTB,
Clorf43, EMC7, GAPDH, PSMB4, RPL27). Each target
gene was subjected to three independent biological and
technical replicates. The C data from the three inde-
pendent repeats were averaged to determine the mean
Cr values and C; standard deviation. Subsequently, an
analysis of variance (ANOVA) was employed to assess
the statistical significance of the observed differences.

Transcriptome analysis

To prepare samples for transcriptome analysis, mRNA
was isolated as described in the RT-qPCR section and
processed with a DNase I (Thermo Fisher, USA) to
remove residual DNA. After DNase I treatment RNA
samples were purified with the CleanRNA Standard kit
(Evrogen, Russia). Between 500 and 1000 ng of total RNA
were used for library preparation. The NEBNext II Direc-
tional RNA Library Prep Kit for Illumina (New England
Biolabs, USA) with Poly (A) mRNA Magnetic Isolation
Module (New England Biolabs, USA) was employed to
convert isolated mRNA into directional strand-specific
libraries for sequencing with the “GenoLab M” instru-
ment (GeneMind Biosciences Company, China), a plat-
form, similar to a more widespread “NovaSeq 6000” from
Ilumina[18]. Libraries were barcoded with dual index
primers for pooled sequencing (Multiplex Oligos for
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Ilumina, New England Biolabs, USA). Sequencing was
performed in a 2X 150 base pair mode, targeting 10-20
million reads per sample.

Obtained FASTQ files were trimmed with Trim Galore
(v0.6.2) and then aligned to the GRCh38 reference
genome by STAR (v2.7.10b) with the "—quantMode Tran-
scriptomeSAM" option using Ensembl’s v109 transcrip-
tome annotation and quantified with Salmon (v1.10.2).
The analysis for differentially expressed genes was per-
formed with the “DESeq2” R package (v1.36.0)[19]. Gene
Set Enrichment Analysis (GSEA) was performed with
“msigdbr” and “clusterProfiler” R packages with default
parameters on a list of genes, ordered by -log (p-level,
adjusted) * sign (FC), where p-values and FC (fold change
of expression) were taken from the Deseq2 results. Cell-
type fractions were inferred with a containerized form of
CIBERSORTX[20] with the default parameters. RNA-seq
counts were transformed to CPM and reference count
matrices were left as is. As a reference, we utilized the
pancreas portion of a benchmark resource of single-cell
RNA-seq human data[21]. Raw counts were extracted
with the "scanpy” package (v1.9.5) in Python, only counts
originating from the 10X experiments were used.

Results

Isolation and immortalization of human PD-MSCs

Human adult pancreatic tissue was enzymatically
digested, and the resulting islet subpopulation was sepa-
rated using Ficoll density gradient centrifugation. The
fraction comprising islets, along with a contingent of
exocrine cells, was cultured under standard conditions
in DMEM supplemented with 10% FBS (Fig. 1A). Fol-
lowing several days of cultivation, islets adhered to the
culture surface giving rise to elongated spindle-shaped
fibroblast-like cells resembling the classical morphology
of MSCs while exocrine cells and other islet cells failed
to attach to the culture surface resulting in cell death
(Fig. 1B, C, Supplementary Figure S1). Cells were culti-
vated until reaching 90% confluency, and subsequently,
were passaged by trypsin—EDTA treatment. The spindle
shape morphology was preserved throughout numerous
passages (Fig. 1D). We further decided to immortalize the
PD-MSCs to facilitate future studies, as non-immortal-
ized MSCs undergo changes in phenotype and differen-
tiation potential, which are associated with an increased
risk of cellular alterations and senescence [22]. After a
couple of passages, the cells were transduced with lentivi-
rus harboring human Telomerase Reverse Transcriptase
(hTERT) construct to ensure stable expression of ”TERT
c¢DNA (Supplementary Figure S2), subsequent positive
selection based on puromycin resistance was employed
for two passages. Both immortalized and non-immor-
talized cells were cultured under uniform conditions.
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Fig. 1 Isolation and Immortalization of hPD-MSCs. (A) Phase-contrast micrograph depicting human pancreatic islets post-isolation, enveloped

by adjacent exocrine cells. (B) Isolated islets adhere to the culture surface, with cellular growth evident on the outer layer. (C) The islet structure
dissipated, giving way to cells attaching to the culture surface. (D) Subsequent cellular morphology was observed after several passages, illustrating
the evolving characteristics during the cultivation process. (E) The proliferation rates of three averaged cell lines, comparing both immortalized

and non-immortalized cell lines. The red vertical arrow indicates the moment of LV-hTERT transduction, while the red circle marks the point at which
proliferation ceased. (F) RT-gPCR results for mRNA hTERT in PD-MSCs are depicted before and after immortalization, presented as the average

of three independent repeats with standard deviations. Statistical significance was assessed using a paired student’s t-test, where ***P<0.001

Non-hTERT-transduced cells exhibited a gradual ces-
sation of proliferation, leading to cell death around
80-100 days (at passage 15), while hTERT-transduced
cells sustained proliferative activity, persisting up to 60
passages at the time of manuscript preparation (Fig. 1E).
The presence of "TERT cDNA was additionally validated
using RT-qPCR, hTERT mRNA was significantly higher
in immortalized cells compared to non-immortalized
control (Fig. 1F).

Human pancreas-derived stromal cells display classical
mesenchymal features

Isolated cells, whether immortalized or non-immortal-
ized, attach to the culture surface, assuming a fibroblast-
like morphology across passages from early to late stages.
Subsequently, the expression of established mesenchy-
mal stromal cell markers in hPD-MSCs was investigated

through flow cytometry analysis conducted on both
immortalized (late passages 30-35) and non-immortal-
ized cell populations (early passages 2—-5). Both immor-
talized and non-immortalized hPD-MSCs showed strong
positive expression of classical MSC markers like CD90,
CD106, CD105, CD44, and CD73 (Fig. 2A, B). There was
no significant difference between immortalized and non-
immortalized hPD-MSCs from different donors (Sup-
plementary Figure S3). Furthermore, in line with the
characteristic attributes of mesenchymal stromal cells,
hPD-MSCs demonstrated the capacity for differentia-
tion into lineage-specific cell phenotypes under defined
growth conditions. Specifically, these cells were cultured
in adipogenic and osteogenic media, and subsequently
stained with Oil Red O for adipocytes and Alizarin Red
S for osteocytes (Fig. 2C, D). These collective findings
affirm the classical characteristics of MSCs, establishing
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Fig. 2 Expression of mesenchymal stromal cell markers in PD-MSCs and their multilineage differentiation. (A, B) Representative flow cytometric
analysis of immortalized and non-immortalized hPD-MSCs samples respectively, showing the specific expression of mesenchymal stromal

cell markers CD106, CD105, CD90, CD73, and CD44. (C)Adipogenic differentiation of PD-MSCs compared to non-induced control, lipid droplet
formation achieved through phase-contrast microscopy and staining with Oil Red O, enhanced with trypan blue. (D) Osteogenic differentiation
of PD-MSCs compared to non-induced control, The deposition of calcified and mineralized extracellular matrix is visualized by phase-contrast

microscopy and staining with Alizarin red S enhanced with trypan blue

hPD-MSCs as a member of the mesenchymal stromal cell
category.

PD-MSCs share markers of stem cells and pancreatic
stellate cells

Mesenchymal stromal cells express pluripotency-related
genes that are implicated in self-renewal and cell prolif-
eration, notably, this expression tends to diminish over
prolonged culture periods [23]. Key genes implicated in
these processes include KLF4, OCT4, NANOG, SOX2,
REXI1, CD44, and VCAMI [23-26]. To further eluci-
date the stemness characteristics of PD-MSCs, we con-
ducted a comparative analysis using RT-qPCR to assess
the expression levels of these markers. Our data indicate
no significant disparity in the expression levels of SOX2,
OCT4, and NANOG between BM-MSCs and PD-MSCs.
BM-MSCs exhibit heightened expression of REXI,
VCAM1, and CD44 compared to PD-MSCs, underscor-
ing potential differences in their functional properties.

Conversely, PD-MSCs demonstrate elevated expression
of KLF4 relative to BM-MSCs. Moreover, the immortali-
zation process of PD-MSCs leads to enhanced expression
of OCT4 and KLF4, suggesting a potential augmentation
of stemness-associated pathways upon immortalization.
In contrast, adipose tissue-derived mesenchymal stro-
mal cells (AT-MSCs) exhibit higher expression levels of
SOX2, CD44, REX1, OCT4, and KLF4 compared to both
BM-MSCs and PD-MSCs (Fig. 3A). These results suggest
that PD-MSCs, AT-MSCs, and BM-MSCs display similar
expression levels of specific pluripotency-related genes.
However, variations exist among them, underscoring dis-
tinct stem cell attributes inherent to cells derived from
diverse tissue origins.

Moreover, our investigation revealed shared charac-
teristics between PD-MSCs and pancreatic stellate cells
(PSCs). In vivo, PSCs can exist in two states, activated
and quiescent; accordingly, their morphological appear-
ance and expression profile change [27]. Isolated PSCs
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initially exist in a quiescent state characterized by the
presence of cytoplasmic lipid droplets rich in vitamin
A, along with the expression of intermediate filament
proteins like Desmin and glial fibrillary acidic protein
(GFAP). Upon culturing for a few days, these cells tran-
sition into an activated state, marked by the absence of
lipid droplets, the upregulation of a-smooth muscle actin
(a-SMA), and the secretion of ECM proteins [28, 29]. In
our study, we measured the expression of Lecithin reti-
nol acyltransferase (LRAT), the key enzyme responsible
for retinyl ester synthesis and which serves as an impor-
tant marker of pancreatic stellate cells (Fig. 3B). We also
observed positive expressions of a-SMA, Nestin, Desmin,
and ECM components like laminin, fibronectin, decorin,
and collagen I in PD-MSCs and a lack of GFAP expres-
sion (Fig. 3C) indicating a notable resemblance between
PD-MSCs and PSCs. Moreover, we have also observed
positive staining for CXCL12 which plays a major role
in the maintenance, mobilization, and migration of stro-
mal cells [30], and positive staining of neural progenitors’
markers ASCL1 and FOXA?2 (Supplementary Figure S4).

Comparison of transcriptomic profiles of obtained
mesenchymal stromal cells
To further characterize PD-MSCs, we performed RNA-
seq experiments on 5 original PD-MSCs samples, 3
immortalized PD-MSCs, 3 AT-MSCs, and 3 BM-MSCs
samples. We obtained on average 5.5 million (minimum
4.3 million) mapped reads for the analysis. The direct
comparison of the original PD-MSCs with the iPD-
MSCs (Supplementary Table S3) revealed an expected
enrichment in differentially expressed genes of mitotic
processes (such as “DNA-dependent DNA Replica-
tion’, p-value=4.4e-08), as well as genes involved in cell
response to foreign DNA (such as “Negative Regulation
of Viral Genome Replication’; p-value=1.0e-07), likely
caused by the transduction method (Supplementary
Table S4). On the other hand, both original and immor-
talized cells seem to be more similar to each other than to
both AT-MSCs and BM-MSCs (Fig. 4A). The expression
of established mesenchymal cell markers indicated that
PD-MSCs exhibit similar expression profiles for mesen-
chymal markers as AT-MSCs and BM-MSCs (Fig. 4B).
Moreover, we conducted a more precise compari-
son with the tissue of origin, the pancreatic scRNA-seq

(See figure on next page.)
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dataset from the Tabula Sapiens experiment [21] via a
digital cytometry method, CIBERSORTx[20]. Across all
cell types, the correlation with reference data is weak,
averaging 0.15 for PD-MSCs and even lower (0.08) for
other AT-MSCs and BM-MSCs, indicating that in vitro
PD-MSC lost their original identity of the source mate-
rial. However, this comparison allowed us to pinpoint
a significantly higher similarity between hPD-MSCs
and pancreatic stellate cells, whereas AT-MSCs and
BM-MSCs showed greater resemblance to fibroblast
populations rather than PSCs (Fig. 4C, Supplementary
Table S5). The Tabula Sapiens pancreatic dataset contains
three clusters of stellate cells: quiescent, activated, and
an unspecified additional cluster (Supplementary Figure
S6A). Notably, the CIBERSORTx analysis predominantly
identifies PD-MSCs within the unspecified stellate cell
cluster, while for AT-MSCs and BM-MSCs, pancreatic
fibroblasts seem to be the most similar cell type.

Next, we tried to find genes whose expression would
be characteristic of PD-MSCs. To minimize false posi-
tives, we tested original and immortalized PD-MSCs
against AT-MSCs and BM-MSCs separately in four
analyses for differentially expressed genes (DEG) (Sup-
plementary Table S6). We found that there are 26 dif-
ferentially expressed genes with effect log,FC>2 and a
p-value (BH-adjusted) <0.05 (Fig. 4D) in all four analyses.
Among them are genes of 1) transcription factors and
transcription regulation (FOXEI, FOXFI, HOXB-AS3,
TCF21, ZNF804A), 2) enzymes and enzyme regulators
(PLAT, PPPIRI14, ALDHIA1, EDNI), 3) channels and
other membrane proteins (ANO1, CHRM2, COL4AS,
SCNY9A, SYTI), 4) proteins involved in signal transduc-
tion (CORIN, GPR37, IGF2BP1, KIT, NPTX1, RGS7), and
5) with other or undefined function (COLEC10, C8orf34,
CD163L1, LRRC2, RTN1, and a gene without the HGNC
symbol: ENSG00000286190, also known as LOC728392)
(Fig. 4E). Note, that the novel gene was added in the
Ensembl annotation files since release 96 (2019), and
before that, the corresponding transcript was attributed
to a nearby gene NLRPI (Supplementary Figure S7).
Most of these genes whose counts are present in the pan-
creatic Tabula Sapiens dataset, are found in stellate cells,
however, not exclusive for any of its subtypes, which is
in line with our CIBERSORTx analysis (Supplementary
Fig. 6B). The selective expression of some of these genes

Fig. 3 Expression of stemness and PSCs markers in PD-MSCs. (A) RT-gPCR results comparing the expression levels of stemness markers in PD-MSCs
relative to iPD-MSCs, BM-MSCs, and AT-MSCs. (B) RT-gPCR results comparing the expression levels of LRAT enzyme in PD-MSCs compared

to iPD-MSCs, BM-MSCs, AT-MSCs- human fibroblasts. Data presented as an average of at least 3 biological repeats with standard deviation, statistical
significance was assessed using ANOVA analysis where *P<0.033, **P<0.0021, ***P < 0.0002, **** P < 0.0001. (C)immunocytochemistry staining
results of PSCs markers in PD-MSCs including CXCL12, Desmin, Laminin, Nestin, a-SMA, GFAP, Fibronectin, Decorin, Collagen |
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was also evaluated by RT-qPCR, the results are in agree-
ment for all of the tested genes (Fig. 5).

Additionally, we verified the distinctive expression in
PD-MSCs of ISL1. Despite its overall low expression, it
remains significantly higher in PD-MSCs than in AT-
MSCs and BM-MSCs. It is important to note that, in our
DEG analysis, we were unable to demonstrate statistical
significance for ISLI when comparing immortalized PD-
MSCs with AT-MSCs (P.adj=0.1), other comparisons
being significant (P.adj<0.05) and an increase in expres-
sion was observed for all models (see Supplementary
Table S6).

System analysis yielded little enrichment, probably due
to the limited number of samples. Gene set enrichment
analysis (GSEA) on DEG for the four tested models (Sup-
plementary Tables S7-10) revealed three common ontol-
ogy sets with adjusted p-value<0.05: “Skeletal System
Development’, “Bone Morphogenesis’, and “Bone Devel-
opment”. According to the GSEA’s normalized enrichment
score, all of these processes are suppressed in PD-MSCs.

Discussion

MSCs exhibit the ability to differentiate into diverse
cell types and play a crucial role in modulating immune
responses, impacting both the adaptive and innate
immune systems [31, 32]. The significance of these find-
ings has garnered substantial attention over the last
decade, highlighting the potential applications of MSCs
in the treatment of numerous diseases. Although MSCs
were initially derived from bone marrow, they can be
isolated from almost all tissues [33], which is reflected
in the recent clinical trials including MSC products
[34]. Despite the rapid progress in this field, irrita-
tions remain concerning the defining characteristics of
these cells, including their differentiation potency, self-
renewal, and in vivo properties [32]. Culture-expanded
MSCs unavoidably consist of a heterogeneous population
whereas the degree of heterogeneity varies depending
on the isolation technique, culturing protocols, culture
media, passage number as well as tissue origin [35, 36].
As a consequence, the MSCs acronym has been collec-
tively referred to as mesenchymal stem cells, multipo-
tential stromal cells, and mesenchymal stromal cells [31],
which generated a growing tendency to challenge this

(See figure on next page.)
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term, especially with respect to stem cell characteristics.
In 2005, the International Society for Cellular Therapy
issued a position statement containing a minimal crite-
rion to define MSCs and clarifying that the term mes-
enchymal stem cell is not equivalent or interchangeable
with mesenchymal stromal cell (MSC) [37]. However,
the interchangeable use of MSCs as mesenchymal stem
cells or mesenchymal stromal cells has since propagated.
Unsurprisingly, MSCs isolated from the pancreas have
been subjected to the same terminology discrepancy,
Mesenchymal stromal cells of the pancreas appear in lit-
erature under many names, including mesenchymal stro-
mal cells, mesenchymal stem cells, pancreatic stem cells,
and possibly pancreatic stellate cells [6, 8—10, 38, 39]

To meet the criteria for the designation of MSCs, cul-
ture-expanded cells must exhibit the following attrib-
utes: (1) adherence to plastic substrates, (2) expression
of CD105, CD73, and CD90 while lacking hematopoietic
surface markers, and (3) demonstrable in vitro differen-
tiation capacity into osteoblasts, adipocytes, and chon-
droblasts [37]. Our findings suggest that fibroblast-like
cells derived from pancreatic islets exhibit morphological
characteristics similar to MSCs, express CD105, CD73,
CD90, and CD44, and successfully undergo in vitro dif-
ferentiation into adipocytes and osteocytes. These obser-
vations align with the criteria for the classification of
mesenchymal stromal cells, hereby denoted as PD-MSCs.
Additionally, our findings reveal a positive expression of
CD106, also known as vascular cell adhesion molecule
1 (VCAM-1). CD106 is recognized for its pivotal role in
provoking effective immune responses, including T-cell
activation and leukocyte recruitment, as well as con-
tributing to MSC-mediated immunosuppression [40].
Notably, CD106 has been identified as a marker of MSCs
isolated from BM, chorionic villi, and umbilical cord
and as a component within the neural stem cell niche
[41]. Moreover, we confirmed the presence of VCAM-1
among other stemness-related genes RT-qPCR, com-
parable expression levels of these genes were observed
across all types of mesenchymal cells, with variations
attributed to their tissue of origin. Specifically, AT-MSCs
exhibited higher expression of SOX2 and CD44, whereas
BM-MSCs demonstrated elevated levels of VCAMI.

Fig. 4 Transcriptomic analysis of PD-MSCs. (A) Principal components plot for the variance stabilized counts of the obtained transcriptomes

of PD-MSCs, iPD-MSCs, AT-MSCs, and BM-MSCs. (B) Heatmap of log-transformed transcripts per million (TPMs) of genes of various pancreatic
markers for the studied MSCs samples. (C) Inferred proportions of pancreatic cells and correlation of the RNA-seq samples with the pancreatic
Tabula Sapiens dataset by the CIBERSORTx. (D) Venn diagram of intersection of statistically meaningful (Padj < 0.05) DEG with big effects (log2FC> 2)
for PD-MSCs, original and immortalized (denoted as “iPD") separately, vs BM-MSCs (blue) and AT-MSCs (green). (E) Heatmap of log-transformed
transcripts per million (TPMs) of PD-MSCs-specific genes for the studied MSCs samples
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Fig.5 (A) Verification of transcriptome results by RT-gPCR in PD-MSCs compared to iPD-MSCs, BM-MSCs, and AT-MSCs. (B) expression of ISL1
in PD-MSCs and iPD-MSCs compared to BM-MSCs and AT-MSCs. Data presented as an average of at least 3 biological repeats with standard

deviation, statistical significance was assessed using ANOVA analysis where **P < 0.0021, ***P < 0.0002, and ****P <0.0001

According to our digital cytometry analysis, transcrip-
tomes of PD-MSCs are more similar to transcriptomes
of Pancreatic Stellate Cells (PSCs) than AT- and BM-
MSCs. PSCs represent a versatile cell type constituting

approximately 4.78+0.74% of the total cells in the exo-
crine part and 0.14+0.015% of total cells in islets [42,
43]. In vivo, PSCs exhibit two distinct states: quiescent
and activated. In their quiescent state, PSCs feature
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intracellular lipid droplets and express GFAP, Nestin, and
Desmin. Upon activation, PSCs transition into myofibro-
blast-like cells, lipid droplets disappear, and PSCs upregu-
late a-SM A, and secrete extracellular matrix components,
thereby contributing to pancreatic fibrosis [27]. The acti-
vation of PSCs is governed by multiple signaling pathways
[44], which makes it difficult to determine their precise
state in vitro. Of note, the analysis points to the unchar-
acterized “Unspecified Pancreatic Stellate Cell” from the
Tabula Sapiens annotation. From the scRNA-seq data
itself, it is hard to say whether this distinct cell type rep-
resents a specific type of functional PSCs or just a pool of
immature PSCs or intermediary cells between activated
and quiescent PSCs. PSCs have been reported to resemble
hepatic stellate cells, which not only express mesenchymal
cell markers, but also neural cell markers, including nestin,
GFAP, and p75 neurotrophin receptor [45, 46]. Moreover,
PSCs isolated from mice show morphological resemblance
to MSCs but are functionally distinct, showing higher
expression of paracrine factors and enhancing glucose-
induced insulin secretion when co-cultured with islets
[47]. Recently, PSCs have garnered attention as poten-
tial pancreatic stem cells, given their proximity to islets,
expression of diverse stem cell markers, and demonstrated
multipotent differentiation capabilities including the gen-
eration of insulin-producing cells [46]. On the other hand,
another study suggested PSCs play a negative role in the
differentiation of B-cells during pancreas development,
suggesting that the manipulation of PSC activity could be
a useful tool during the development of cell-based thera-
pies for the treatment of diabetes. Our study highlights the
resemblance between PD-MSCs and PSCs represented by
the expression of LRAT, and other PSCs markers including
a-SMA, desmin, and ECM components including laminin,
fibronectin, decorin, and collagen I.

Additionally, we found 26 genes whose expression dif-
ferentiates PD-MSCs from other mesenchymal cells. One
of these genes is ALDHIAI, which encodes an enzyme
that converts retinaldehyde to retinoic acid. This gene is
expected to be expressed in PSCs. Moreover, one of the
features of pancreatic stellate cells is the ability to store
retinoic acid [48] which is known to be a major transfor-
mation agent of cells towards the neuronal niche [49].
Therefore, it is not surprising that at least seven PD-
MSCs-specific genes are more characteristic of neurons
than mesenchymal cells (CHRM2, GPR37, NPTX1, RGS?7,
SCN9A, SYTI1, ZNF804A), although the reasons for the
enrichment of each of these genes in pancreatic mesen-
chymal cells remain unclear. For instance, ZNF804A, a
transcription factor that regulates neurite outgrowth, is
predominantly known as a genetic risk factor for schizo-
phrenia and bipolar disorder [50]. However, no functions
related to pancreatic processes for this gene have yet been
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established. Another interesting result was the identifica-
tion of the novel gene ENSG00000286190 (LOC728392)
among the DEGs for PD-MSCs. The function of this gene
is unknown, except that it is predominantly expressed
in brain and endocrine tissues [51]. Previously, a tran-
script from this gene was thought to belong to the nearby
NLRPI gene. It is possible that some findings attributed
to NLRPI1, such as its role as a biomarker for pancreatic
cancer [52, 53], could be related to this novel gene. Nota-
bly, we did not observe positive expression of endocrine
markers in all mesenchymal cells, except for ISL1, which
is an essential endocrine transcription factor for the sur-
vival and differentiation of pancreatic endocrine progeni-
tors [54]. This gene expresses higher in PD-MSCs and
iPD-MSCs compared to other mesenchymal cell types,
reaching a significance level (Padj<0.05) for DEG in
three out of four tested models, validated via RT-qPCR.
The distinct neuronal signatures that we get from PD-
MSCs, in comparison with other MSCs, could be inter-
preted as these cells having a Neural Crest (NC) origin.
Indeed, cells originating from the NC were found in
the pancreas of mice [55], where they supposedly regu-
late the growth of the islets [56]. While it is tempting to
suggest that our PD-MSCs originate from such cells, we
don’t see NC-specific markers in PD-MSCs.

Despite advancements in MSC research, significant
challenges persist in their characterization, largely stem-
ming from the heterogeneous nature of culture-expanded
MSC populations and the variability arising from factors
such as tissue origin, culture method, and donor speci-
ficity. Pancreas-derived MSCs show promise in address-
ing pancreatic pathologies, prompting a comprehensive
characterization effort. Our study sheds light on the
similarities and differences between PD-MSCs and other
mesenchymal cell types. We confirmed typical MSC
characteristics in PD-MSCs and identified neural niche
markers, suggesting a resemblance to pancreatic stellate
cells. Further investigation is necessary to grasp the func-
tional implications of these findings and explore the ther-
apeutic potential of PD-MSCs. This integrated approach
will enhance our understanding of PD-MSCs and their
role in advancing regenerative medicine and cell therapy.

Conclusions

This study provides a detailed characterization of PD-
MSCs, highlighting their similarities to MSCs of other
origins and to PSCs. PD-MSCs demonstrate the expected
MSC characteristics including classical surface mark-
ers, and the ability to differentiate into adipocytes and
osteocytes. Additionally, the expression of neural niche
markers and their resemblance to pancreatic stellate cells
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(PSCs) suggest that PD-MSCs may share a functional
relationship with these cells.

Our findings also reveal that PD-MSCs exhibit a
distinctive gene expression profile, with some genes
typically associated with neural functions and others
potentially linked to pancreatic processes. However, the
heterogeneity of MSC populations, influenced by factors
such as tissue origin and culture conditions, continues
to pose challenges in their precise characterization. Fur-
ther research is needed to elucidate the functional roles
of PD-MSCs, particularly in relation to their neural and
pancreatic characteristics. Understanding these aspects
could unlock new therapeutic potentials for PD-MSCs,
especially in the context of treating pancreatic diseases
and exploring their broader application in regenerative
medicine and cell therapy.
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