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Abstract
Mesenchymal cells of diverse origins differ in gene and protein expression besides producing varying
effects on their organ-matched epithelial cells’ maintenance and differentiation capacity. Co-culture with
rodent’s tissue-speci�c pancreatic mesenchyme accelerates proliferation, self-renewal, and differentiation
of pancreatic epithelial progenitors. Therefore, in our study, the impact of three-dimensional (3D) co-
culture of human fetal pancreatic-derived mesenchymal cells (hFP-MCs) with human embryonic stem
cell-derived pancreatic progenitors (hESC-PPs) development towards endocrine and beta cells was
assessed. Besides, the ability to maintain scalable cultures combining hFP-MCs and hESC-PPs was
investigated. hFP-MCs expressed many markers in common with bone marrow-derived mesenchymal
stem cells (BM-MSCs). However, they showed higher expression of DESMIN compared to BM-MSCs. After
co-culture of hESC-PPs with hFP-MCs, the pancreatic progenitor (PP) spheroids generated in Matrigel had
higher expression of NGN3 and INSULIN than BM-MSCs co-culture group, which shows an inductive
impact of pancreatic mesenchyme on hESC-PPs beta-cells maturation. Pancreatic aggregates generated
by forced aggregation through scalable AggreWell system showed similar features compared to the
spheroids. These aggregates, a combination of hFP-MCs and hESC-PPs can be applied as an appropriate
tool for assessing endocrine-niche interactions and developmental processes by mimicking the
pancreatic tissue.

Introduction
Knowledge on normal pancreas development [1,2] and �ndings on in-vitro differentiation [3] and co-
culture studies [4,5] can help us develop novel cell- and micro-tissue-based therapeutic/modeling
approaches for pancreatic degenerative diseases. Human pluripotent stem cells (hPSCs), due to their
unlimited proliferation capacity and their potential for differentiation into all tissues, can be used to
generate pancreatic cells in-vitro [6]. Recapitulating signaling mechanisms involved in different stages of
pancreas development has led to the development of multistep protocols to direct hPSCs differentiation
to β-cells [7,8,3]. However, the insulin-producing cells differentiated in the early two-dimensional (2D)
culture systems were more similar to fetal than adult β-cells [9,10]. These protocols have been
continuously improved, including three-dimensional (3D) culture, but the glucose-responsiveness and
functionality of adult β-cells are still challenging to reach [10-12]. Current protocols attempt to improve
this by clustering endocrine cells [13] or applying metabolic stimuli [14]. Also, pancreas development is
affected by extrinsic stimuli and paracrine signals of different cell types in the milieu, providing cues for
organogenesis; therefore, more attention should be paid to interactions between the pancreatic epithelium
and its surrounding niche cells, notably the mesenchyme, for the in-vitro reconstruction of pancreatic cells
[15,10].

In the early stages of pancreas organogenesis, the mesenchyme envelopes the developing epithelium and
establishes the most considerable portion of this niche [16,1,17]. The surrounding mesenchyme aids
progenitor’s expansion and, subsequently, endocrine delamination and differentiation [18,19]. Therefore,
in-vivo cellular complexity and extrinsic signaling of the surrounding mesenchyme are essential aspects
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of pancreatic tissue development. Embryonic pancreatic mesenchyme presents a different pro�le of
genes/proteins expression and signaling pathway factors than its epithelium and even other
mesenchymal sources [20-22]. Furthermore, each tissue-speci�c mesenchyme has unique characteristics
that make it a suitable niche for proper epithelium development [23,24]. Characterization of human
pancreatic-derived mesenchymal cells provided foundational insight into its unique proteome and
secretome compared to bone marrow-derived mesenchymal stem cells (BM-MSCs), revealing functional
properties of this native source that can be applied in diabetes regenerative medicine studies [20,24].
Transplantation of pancreatic explants, genetic manipulation, and co-culture experiments in rodents
demonstrated the importance of pancreatic mesenchyme and revealed its secreted factors and signaling
pathways involved in survival [25], expansion [17,26], cyto-differentiation [27,28], and morphogenesis [17]
of the pancreatic epithelium. In humans, while the presence of feeder layers of the mesenchymal cell line
NIH 3T3 can promote the expansion of pancreatic progenitors produced from hESCs [29], the role of
mesenchyme of pancreatic origin has only been shown on cell proliferation at the endodermal stage [4].

To gain insight into the role of the pancreatic mesenchyme in humans, we focused on 3D culture systems
to mimic the conditions of in vivo development [30,31]. The few experiments that have focused on the
impact of 3D co-culture of rodent native mesenchyme with embryonic epithelial progenitors indicate the
positive impact of these co-cultures towards endocrine and β-cell differentiation [28,27]. In addition, we
explored approaches enabling large-scale generation of stable and uniformly sized spheroids, which will
be critical for therapeutic approaches and drug screening. Microwell-based technology has been applied
to control microtissue diameter and homogeneity, higher cell density, consistent spherical shape,
reproducibility, and reduced need for matrix components. Microwell system was used to enhance the
expansion and differentiation of hPSC to generate scalable uniformly de�nitive endoderm aggregates
capable of applying further pancreatic and hepatic lineage differentiation [32]. Microwell 3D culture
facilitated pancreatic differentiation at the pancreatic endoderm stage to produce multicellular
microtissues co-expressing PDX1 and NKX6-1 [33]. As well, several micro-well chips were developed for
controlled production of aggregates from different cell types such as mouse insulinoma cell line (MIN6)
[34], �broblasts [35], mesenchyme [36], and pluripotent stem cells (PSCs) to produce uniform embryoid
bodies (EB) [37]. However, the in�uence of 3D co-culture of human native pancreatic mesenchyme on
pancreas differentiation and the possibility of this method for developing large-scale co-culture platforms
has not yet been investigated.

Therefor e, in this study, hESC-derived pancreatic progenitors (hESC-PPs) were co-cultivated with human
fetal pancreatic-derived mesenchymal cells (hFP-MCs), sandwiched within two layers of Matrigel. After
14 days of co-culture, improved insulin expression in generated pancreatic spheroids was observed in
PPs co-cultivated with hFP-MCs, compared to PPs co-cultured with BM-MSCs. For the next step, we
generated a semi-large scale co-culture system in which dual-cell pancreatic aggregates (DC-PAs) were
produced using an AggreWell system in a 3D condition. This system indicated a controlled and
reproducible generation of 3D pancreatic aggregated with fetal mesenchymal cells.
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Materials And Methods
Human pluripotent stem cell (hPSC) culture

Human pluripotent stem cell (hPSCs) lines, Royan H5 (RH5; RRID:CVCL_9386), Royan H6 (RH6;
RRID:CVCL_9387) [38] and CAG-human induced pluripotent stem cell (CAG-hiPSC) were obtained from
the Royan stem cell bank, Tehran, Iran. To examine different cell seeding densities in co-culture, the
huES4 PDX1-GFP cell was used [39] and expanded in DEF-CS 500 (Takara) [12], and passaged with
TrypLE. Experiments with this line were conducted at DanStem and approved by De Videnskabsetiske
Komiteer, Region Hovedstadenunder number H-4-2013-057. Cells obtained from the Royan stem cell bank
were maintained on Matrigel (Sigma-Aldrich)-coated dishes and hPSCs’ culture medium that consisted of
Dulbecco’s modi�ed Eagle’s medium/F12 (DMEM/F12) supplemented with 20% knockout serum
replacement (KoSR), 0.1 mM non-essential amino acids (NEAA), 1% penicillin/streptomycin, 1%
glutaMAX, 0.1 mM β-mercaptoethanol (all from Invitrogen), 1% insulin-transferrin-selenium (ITS, Life
Technologies), and 100 ng/ml basic �broblast growth factor (bFGF, Royan Biotech, Iran). The medium
was changed every day and cells were passaged every 6-8 days by collagenase/dispase (1:2) solution
[collagenase IV (0.5 mg/ml, Invitrogen): dispase (1 mg/ml, Invitrogen)] for maintenance. To induce
differentiation, hPSCs were singled by trypsin-EDTA (Invitrogen), treated with 10 µM Y27632 (Sigma-
Aldrich) as a ROCK inhibitor (ROCKi), and seeded at a density of 200 × 103 cells/cm2. The differentiation
process was started when cells reached 80-90% of con�uence (i.e. after 24-48 h).

Generation of pancreatic progenitor cells (PPs) from hPSCs

Pancreatic progenitor cells (PPs) were differentiated from hPSCs within 14 days following a standard
protocol [40] with some modi�cations. The designed stepwise protocol included de�nitive endoderm (DE),
posterior foregut (PF), early PP, and PP stages, respectively. For endoderm differentiation, the hPSCs were
cultured for three days in endoderm base medium containing RPMI-1640 (Invitrogen), 1% glutaMAX, 1%
penicillin/streptomycin, 1% NEAA, 1% bovine serum albumin (BSA; Sigma-Aldrich), and 0.1 mM β-
mercaptoethanol. In order to achieve mesendoderm on the �rst day of differentiation, 100 ng/ml Activin A
(Sigma-Aldrich) and 2 μM Chir99021 (Stemgent) were added to the medium. To induce DE formation on
days 2 and 3 of differentiation, Chir99021 was removed, and cells were induced by 100 ng/ml Activin A,
50 μg/ml ascorbic acid (AA, Sigma-Aldrich), and 5 ng/ml bFGF. Next, to achieve PPs, the differentiated
endoderm cells were exposed to DMEM/F12 supplemented with 1% B27 minus vitamin A (Gibco), 1%
glutaMAX, 1% penicillin/streptomycin, 1% NEAA, and 1% BSA, for 11 additional days. The base medium
was supplemented with 50 ng/ml �broblast growth factor 10 (FGF10; Royan Biotech) for 2 days, and
afterward, 0.25 μM KAAD-cyclopamine (CYC, TRC), 100 nM PDBu (Tocris Biosciences), 2 μM retinoic acid
(RA, Sigma-Aldrich), 200 nM LDN193189 (Stemgent), 50 ng/ml FGF10, and 50 μg/ml AA were added to
the base medium on days 6 and 7 to achieve early PPs. Finally, from day 8 onwards, 50 ng/ml EGF
(Sigma-Aldrich), 200 nM LDN193189, 10 mM nicotinamide, 100 nM RA, 50 ng/ml FGF10, and 50 μg/ml
AA were added to the base medium. At the end of days 3 and 14 of differentiation, cells were harvested
and analyzed by quantitative real time-PCR (qRT-PCR), immunostaining, and �ow cytometry. To examine
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different cell seeding densities in co-culture, the PPs were differentiated from huES4 PDX1-GFP cell line
based on a modi�ed published protocol [41].

Human fetal donation, pancreas retrieval, and mesenchyme isolation

Human fetal pancreatic-derived mesenchymal cells (hFP-MCs) were obtained from Endocrinology and
Metabolism Research Institute, Tehran University of Medical Sciences, Tehran, Iran [42]. The human fetal
pancreases were harvested from legally aborted fetuses at weeks 7-9 and 14-18 of gestation following
obtaining maternal written informed consent. The ethics committee approved the use of fetal tissues for
research (No. EC-00264) of the Endocrinology and Metabolism Research Institute, Tehran University of
Medical Sciences, Tehran, Iran. Brie�y, the donated fetuses were immersed in 5% povidone-iodine
solution, followed by washes in phosphate buffered saline (PBS). Afterward, the fetal pancreas was
harvested by a midline laparotomy, pulled out, and dissected from surrounding tissues. Then, the fetal
pancreas was washed several times and minced into small pieces. Ultimately, short enzymatic digestion
was performed using 1 mg/ml collagenase for 15 min. Digestion was stopped by cold PBS, and the vials
were placed for 10 min on ice. After discarding the supernatant, the pellet containing pancreatic epithelial
and mesenchymal cells was re-suspended in culture media containing Dulbecco’s modi�ed Eagle’s
medium/low glucose (DMEM/low glucose, Thermo Scienti�c, USA) and 15% fetal bovine serum (FBS,
Invitrogen), and kept in a 25cm2 �ask. After 2 days, unattached tissue fragments were discarded, and
fresh media was added to attach MCs. For the second pancreatic mesenchymal subculture, media was
changed to DMEM-LG and 10% FBS.

For examining different cell seeding densities in co-culture, experiments were performed at DanStem with
human fetal pancreases obtained from material available following elective termination of pregnancy
between weeks 8 and 10 at the Departments of Gynaecology at Copenhagen University Hospital
(Rigshospitalet) and Hvidovre Hospital, Denmark. The regional ethics committee approved this study
(permit number H-1-2012-007), and women gave their informed written and oral consent. None of the
terminations were for reasons of the pathology of pregnancy or fetal abnormality. Fetal age was
determined by scanning crown-rump length and by evaluation of foot length [43].

The bone marrow mesenchymal stem cells (BM-MSCs) were obtained from the Royan stem cell bank.

Expansion and characterization of hFP-MCs and BM-MSCs

hFP-MCs from three 7-9-week post-conception (WPC) (named as MC1-3) and three 14-18 WPC (named as
MC4-6) fetal samples were cultured in standard MCs culture medium that contained DMEM-LG
supplemented with 10% FBS, 2 mM glutaMAX, 0.1 mM NEAAs and 1% penicillin/streptomycin. The
medium was changed every two days [42]. When MCs con�uence became 70-80%, cells were sub-
cultured at a ratio of 1:3 by trypsin-EDTA. The hFP-MCs were passaged up to passage number 9. Based
on the international society for cellular therapy’s (ISCT) minimal criteria, MCs from MC4-6 subcultures 4-6
were examined for mesoderm-lineage differentiation capacity and different CD marker expression. The
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expression of DESMIN and VIMENTIN genes (as mesenchyme markers) from different passages of MC1-
6 was also evaluated by qRT-PCR. 

hESC-PPs co-culture with hFP-MCs in a 3D culture system

To evaluate hFP-MCs effect on PPs, day-14 hESC-PPs were co-cultured with hFP-MCs or BM-MSCs
(control group) on GFR-matrigel-coated 96-well plate (Corning). Here, three experimental groups were
considered: 1) hESC-PPs cultured solely in Matrigel (hESC-PP), 2) hESC-PPs co-cultured with hFP-MCs
(CO PP/hFP-MC), and 3) hESC-PPs co-cultivated with BM-MSCs (CO PP/BM-MSC). In this study, a 3D
culture system (sandwich method) was used for co-culture where different cell densities of hESC-PPs:
hFP-MCs or hESC-PPs: BM-MSCs at a ratio of 1:1, were examined. The pancreatic endoderm (PE)
medium used to maintain PPs in their progenitor state contained DMEM/F12, 1% penicillin-streptomycin,
1% B27 culture supplement (Gibco), 64 ng/ml bFGF, and 10 µM Y-27632 (only on the �rst day) [44].
Initially, a mixture of 20 μl GFR-matrigel and PE medium (3:1 ratio) was added to each well and incubated
for 15 min to solidify  before cell seeding. hESC-PPs and hFP-MCs or BM-MSCs were mixed in GFR-
Matrigel diluted 3:1 with PE medium and transferred onto the pre-existing solidi�ed GFR-matrigel coated
plate. Afterward, the plate was centrifuged, and 100 μl of PE medium was added to each well and kept for
14 days in culture. The medium was renewed every 3-4 days.

Agarose microwell chip preparation

Non-adherent agarose microwell chips were fabricated by mold-replication technology as previously
described [45]. Brie�y, AggreWell 400 plate (Stem Cell Technologies, France) was used as a template.
Each well contained structured polydimethylsiloxane (PDMS) surface with a standard array of 4700
pyramidal microwells with a diameter of 400 µm. The PDMS mold was peeled off after curing of
AggreWells. Then, 2 ml/well of 2% (W/V) ultrapure agarose (Invitrogen) solution was poured into
standard 6-well plates, and sterilized PDMS mold was placed carefully on top of the liquid and allowed to
swim up. When the mold was gently removed after agarose solidi�cation, a mirror-inverted patterned
agarose surface was observed.

Dual cell pancreatic aggregate (DC-PA) generation in 3D agarose microwell chip

For cell aggregate formation, cell suspension containing a total of 235 × 104 cells/well (at a seeding
density of 500 cells/microwell) of PPs and hFP-MCs (at different ratios) was seeded on agarose
microwell chips. Afterward, the plate was centrifuged for 4 min at 1200 rpm, in order to capture the cells
in the microwells. Next, the plate was checked under a light microscope to con�rm that the cells were
distributed among the microwells; cells were then incubated in PE medium at 37°C with 5% CO2 and 95%
humidity. After 48 h incubation, DC-PAs were aspirated from the microwells and placed in 30mm ultra-low
attachment plates with a density of 1500 aggregates per 10 cm2 in the same maintenance medium used
during aggregate formation. The images of DC-PAs formed were obtained daily using a digital camera to
measure the diameter and number of the aggregates and were quanti�ed by ImageJ. Aggregates size and
number are reported as mean ± SEM.
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Flow cytometry analysis

Flow cytometry was performed to quantify DE and PPs differentiation e�ciency on days 3 and 14 of
differentiation. Brie�y, cells were dissociated by trypsin/EDTA for 5 min at 37˚C and washed with PBS.
After centrifugation at 1500 rpm for 5 min, the cell pellet was �xed, permeabilized, and blocked. The cell
pellet was re-suspended in primary antibody solution overnight, then treated with secondary antibody for
2 h at room temperature (RT). Quanti�cation was performed by BD FACS Calibur �ow cytometer (BD
Biosciences), and the data were analyzed using Flowing Software (version 2.4.2). The primary and
secondary antibodies used in this study are listed in Supplementary Table 1.

Immunostaining analysis

For immunocyto-staining, differentiated samples were �xed in 4% paraformaldehyde (PFA, Sigma‐
Aldrich) at RT for 20 min. For immunohisto-staining, co-culture and DC-PA samples were �xed in 4%
paraformaldehyde at RT overnight, processed, embedded in para�n, and sectioned at a thickness of 5
μm using a microtome (MicromHM325, Thermo Scienti�c). After depara�nization and rehydration of the
sections, heat-mediated antigen retrieval was performed in citrate buffer (pH 6.0, Dako) or Target
Retrieval Solution High (pH 9.0, Dako) in Retriever 2100 device according to the primary antibodies data
sheet instructions. Samples and slides were washed in 0.05% Tween-PBS (Sigma-Aldrich), permeabilized
in 0.2% Triton X‐100 (Sigma-Aldrich), blocked in 5% BSA (or 10% secondary antibody host serum) for 45-
60 min and treated with primary antibodies at 4°C, overnight. Next, they were exposed to secondary
antibodies at RT for 1 h in the dark. Cell nuclei were stained using 1 mg/ml 4’, 6-diamidino-2-phenylindole
(DAPI, Sigma-Aldrich). The samples were observed under Olympus BX51/IX71 �uorescence microscopes
equipped with an Olympus DP72 digital camera or on microscopic plates of Zeiss LSM800 confocal
microscope. For quantifying protein expression e�ciency in the differentiation process of RH5-ESC and
CAG-hiPSC cells, seven 40X frames were randomly captured from different areas of each sample in 3
independent repeats and counted by ImageJ software. The percentages of expression were calculated
according to the number of positive cells per total cells stained with DAPI. The primary and secondary
antibodies used in this study are listed in Supplementary Table 1. Three slides from each sample were
stained with hematoxylin and eosin (H&E) for observing morphological structures.

RNA isolation and quantitative real time- PCR (qRT-PCR)

We performed qRT-PCR for evaluating proliferation, mesenchymal and pancreatic differentiation specific
genes at the transcriptional level. First, total RNA was extracted by RNeasy Micro Kit (Qiagen) based on
the manufacturer’s protocol. A spectrophotometer (WPA, Biowave II) was used to evaluate RNA
concentration and purity. cDNA was synthesized from 1 μg of total RNA using Takara cDNA Synthesis Kit
(Takara). Quanti�cation of the transcript was performed by Applied Bio-system (ABI, Step One Plus) using
SYBR Green reagent (Applied Biosystems) and 25 ng/μl of each sample. The relative expression levels of
the target genes were normalized against GAPDH as the housekeeping gene and calculated based on 2^-
∆∆Ct and 2^-∆Ct method for differentiation process samples and co-culture/ DC-PA samples,
respectively. A “control” was used to diminish or eliminate the effect of the housekeeping gene expressed
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by the mesenchyme in the co-culture groups. The “control” contained a mix of hESC-PPs and hFP-MCs
which each were separately kept in Matrigel along with the other groups for 14 days. At the end of the
culture period, hESC-PPs and hFP-MCs were mixed together and considered as a single sample, “the
hESC-PP”, for RNA extraction. The samples were collected from at least three independent biological
replicates. The primer sequences are mentioned in Supplementary Table 2.

Live-dead assessment

To evaluate the viability of cells after co-culture and DC-PAs formation, live-dead assessment was
performed using Fluorescein Diacetate (FDA, Sigma-Aldrich) and Propidium Iodide (PI, ThermoFisher)
double staining. Here, 20 µl of FDA stock solution and 50 µl of PI stock solution were dissolved in 10 ml
PBS [46]. For staining, FDA/PI solution was added directly to the culture, incubated for 5 min in the dark
at RT and observed under Zeiss LSM800 confocal microscope.

hFP-MCs labeling with PKH26

For investigating the contribution and position of hFP-MCs in co-culture and in DC-PAs, hFP-MCs were
labeled with the �uorescent vital dye PKH26 (Sigma-Aldrich) according to the manufacturer’s instructions.
Brie�y, 1 μl of PKH26 dye was diluted in 50 μl diluent C (from the manufacturer’s labeling kit) and added
to 2-3×106 suspended hFP-MCs which were already diluted with 50 μl diluent C. Then, the suspension
was incubated for 7-10 min at RT. The reaction was ended by adding 2 ml FBS, and cells were washed
with DMEM/F12 to remove the excess dye. Finally, cells were observed under Zeiss LSM800 confocal
microscope with an excitation wavelength of 551 nm and an emission wavelength of 567 nm.

Animals

ICR mice (Mus musculus) were housed at the University of Copenhagen with a standard 12 hours
light/dark schedule. All experiments were performed according to ethical guidelines approved by the
Danish Animal Experiments Inspectorate (Dyreforsøgstilsynet). For embryo staging, the day of vaginal
plug was considered E0.5. All the embryonic stages used are stated in the main text or in the �gure
legends. Male and female embryos were used for all the experiments.

Statistical analysis

All data are presented as the mean ± SEM. Immuno�uorescence images were quanti�ed using ImageJ
software. All statistical analyses of the data were done using Graphpad Prism 8 software by either
unpaired t-test or one-way ANOVA followed by parametric and non-parametric tests. The differences
among experimental groups were considered statistically signi�cant when the p-value was less than 0.05.

Results
hPSCs express pancreatic speci�c markers through our differentiated protocol
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During our stepwise pancreatic progenitor (PP)-directed differentiation protocol, hPSCs were induced on
Matrigel through 14 days in �ve consecutive steps (Fig. 1a). PSCs, de�nitive endoderm (DE), and PP cells
were evaluated on days 0, 3, and 14 of differentiation at mRNA and protein levels. Morphological
assessment of RH6-ESCs showed typical characteristics of hPSCs- de�ned borders, large nucleus, and
obvious nucleolus, which changed during differentiation (Fig. 1b and c). OCT4 and NANOG protein
expression indicated initial pluripotency e�ciency of RH6-ESCs in culture (Fig. 1c). Besides, DE induction
was con�rmed by immunostaining and �ow cytometry on day 3 of differentiation with an expression of
94.7% ±2.2 and 89.2% ±8.2 positive cells for FOXA2 and SOX17 markers, respectively (Fig. 1d and e). In
the next step, the expression of SOX9, PDX1, and NKX6-1 markers on day 14 post-differentiation
indicated differentiation towards the PP stage (Fig. 1f). Characterization of PPs using �ow cytometry
also indicated 79.8% ±9.1 and 16.6% ±9.8 protein expression of PDX1, and NKX6-1 markers in RH6-ESC,
respectively (Fig. 1g). qRT-PCR analysis indicated an increase in SOX17 expression on day 3 and in PDX1
and NKX6-1 on day 14 compared to day 0 (Fig. 1h). Therefore, the treatment process was able to induce
PPs with high e�ciency from RH6-ES cell line.

To evaluate the reproducibility of our established method, we induced two other pluripotent cell lines,
namely, RH5-ESC and CAG-hiPSC using this PP differentiation protocol and achieved results similar to
those previously reported for RH6-ESCs at DE and PP stages (Fig. S1). To con�rm the pluripotency of
these cell lines, we also characterized them for OCT4 and NANOG expression at protein level (Fig. S1c
and d). In RH5-ESC and CAG-hiESC cell lines, approximately 85% and 79% of cells were positive for
FOXA2 marker, and approximately 81% and 77% were positive for SOX17, respectively on day 3 of
differentiation (Fig. 1Se and f). Characterization of PPs on day 14 indicated that approximately 78% and
71% of cells were positive for PDX1, and approximately 12% and 16% were positive for NKX6-1,
respectively, in RH5-ESC and CAG-hiESC cell lines (Fig. 1Sg and h).

Isolated hFP-MCs demonstrate classical MSC-like phenotype in culture

hFP-MCs were isolated and expanded from six different human fetus samples in different gestational
weeks (Fig. 2a) [42]. To determine mesenchymal markers, which were speci�cally expressed in the
mesenchymal compartment of the human pancreas but not in the epithelium, immunostaining on early
and late human fetal pancreas samples and also on E14.5 mouse samples was performed. The results
showed VIMENTIN and DESMIN expression, two previously reported pan-mesenchymal markers [47-50],
in the MCs that surround the epithelium. Desmin was expressed in MCs of E14.5 mouse pancreas but not
in its epithelium (Fig S2a). At 8 WPC, 94.4% ± 2.13 of the MCs expressed VIMENTIN, and approximately
88% ± 4.2 expressed DESMIN (Fig. 2b), suggesting that a large subset of the cells but not all co-expressed
the two markers. Vimentin was also detected at weeks 14-16 in most MCs (Fig. S2b). Then, hFP-MCs
were cultured in adherent conditions and expanded for forthcoming co-culture experiments and were
compared to BM-MSC for phenotypic, functional, and molecular characteristics under identical growth
conditions. Bright-�eld images of hFP-MC1 (passage 3) and hFP-MC4 (passage 4) demonstrated a
dynamic spindle-shaped and �broblast-like cell morphology as observed for BM-MSCs (Fig. 2c). The
morphology of other pancreatic mesenchymal samples from passages 1-7 was also similar to BM-MSCs
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(Fig. S2c). VIMENTIN was expressed at a very high level in hFP-MCs from all stages as well as BM-MSC,
during culture (Fig 2d). Immunostaining for DESMIN indicated different expression pro�les in hFP-MC
samples (Fig. 2d and S2d and e). These results were con�rmed at the mRNA level, showing a signi�cantly
higher expression for hFP-MCs than BM-MSCs (Fig. 2e). Also, the expression of DESMIN in the lines
derived from 7-9 WPC fetuses (hFP-MC1 and hFP-MC2) was signi�cantly higher compared to those
derived from 14-18 WPC fetuses (hFP-MC5 and hFP-MC6) (Fig. 2e and S2f). Though the human fetal
pancreas is not expected to give rise to bones, adipose tissue or cartilage under normal developmental
conditions, hFP-MCs demonstrated tri-lineage differentiation potential towards osteogenic, adipogenic
and chondrogenic, lineages in-vitro similar to BM-MSCs, as shown by calcium deposition (Alizarin Red),
lipid droplet formation (Oil Red), and glycoprotein deposition (Alcian Blue), respectively (Fig. 2f). Flow
cytometry analysis demonstrated that hFP-MCs expressed classical MC surface markers, including CD73,
CD90, and CD105 (Fig. 2g). Like BM-MSCs, hFP-MCs did not express hematopoietic (CD34 and CD45)
and HLA-DR markers (Fig. 2h). Overall, the results con�rmed that hFP-MCs have many typical
characteristics of MSCs.

hFP-MCs upregulate INSULIN expression in co-cultivated hPSC-PPs

To investigate the effect of hFP-MCs on proliferation and further differentiation of hESC-PPs in 3D, a co-
culture system embedded in Matrigel was applied (Fig. 3a) [51,44]. Different initial cell seeding densities
were tested to achieve an optimal and suitable concentration for the co-culture procedure. An optimal
ratio (1:1) and initial cell density (2000 cells/well for each cell type) was selected for further experiments
based on the morphology of the formation of 3D epithelial structures, cell density avoiding overcrowding,
and expression of PP and endocrine markers. This experimental group showed and maintained a high
expression of PDX1-GFP and higher levels of endocrine markers compared to 1000 (of each cell type)
cells/well group (Fig. S3). In all three experimental groups (i.e., hESC-PP, CO PP/hFP-MC, and CO PP/BM-
MSC), PP spheroids were generated after 14 days of culture (Fig. 3b). In the CO PP/hFP-MC and CO
PP/BM-MSC groups, MCs were stretched in the Matrigel in a 3D formation surrounding the pancreatic
spheroids. The MCs did not compact around the spheroids and only made loose contact around the
formed spheroids (Fig. 3b and c). The dense or hollow spherical epithelial structures of the spheroids and
the scattered mesenchyme around them in Matrigel were also observed in H&E staining (Fig. 3c). hFP-
MCs labeled with the general membrane marker PKH26 indicated the presence of hFP-MCs after 48 h
culture (Fig. 3d). For all three groups, live/dead staining revealed high viability of spheroids and
mesenchyme cells after 14 days of co-culture (Fig. 3e).

The epithelial structure of the formed spheroids was con�rmed after 14 days of co-culture by their
expression of E-CADHERIN (Fig. 4a). The mesenchymal marker, VIMENTIN, was expressed in co-cultured
groups around the formed spheroids, while in some samples, their extensions to some extent penetrated
into the organoids (Fig. 4b). SOX9 protein was detected in the three mentioned groups showing the
progenitor state. INSULIN positive cells were observed in spheroids of both CO PP/BM-MSC and CO
PP/hFP-MC groups (Fig. 4c). In order to evaluate the difference of the proliferation rate between the
experimental groups, Ki67 gene expression was analyzed, indicating no signi�cant difference between
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the groups (Fig. 4d). Although the expression of PP genes (PDX1 and NKX6-1), endocrine progenitor gene
(NGN3), and beta and alpha genes (INSULIN and GLUCAGON) was higher in the CO PP/hFP-MC group,
this increase was only signi�cant for NGN3 and INSULIN genes, compared to the CO PP/BM-MSC group
(P= 0.01 and 0.036, respectively) (Fig. 4e). As it was shown (Fig. 2) that DESMIN had a higher expression
in hFP-MCs, gene expression analysis of co-cultures also indicated a signi�cant enrichment for this gene
in the CO PP/hFP-MC group compared to other experimental groups (P= 0.009) (Fig. 4e). Altogether, the
obtained results demonstrate that hFP-MC can improve maturation of hESC-PP towards endocrine
lineage and insulin-producing cells compared to CO PP/BM-MSCs.

Towards scalable production of dual cell- pancreatic aggregate (DC-PA)

To move a step forward and overcome the limitations regarding our protocol, such as low scalability and
Matrigel disadvantages, a 3D non-adherent micro-mold technology was used. DC-PAs were generated by
mixing hESC-PPs and hFP-MCs in 3D agarose microwell chips (Fig. 5a). Initially, hESC-PPs were co-
cultivated with hFP-MCs at different ratios of 1:1, 2:1 and 5:1 in microwell chips. The bright-�eld images
clearly showed the gathering of hESC-PPs/hFP-MCs in the center of each microwell after forced cell
aggregation (Fig. 5b), which was followed by the formation of stable cell aggregates after incubating the
microwell plate for 48 h (Fig. 5c). Following harvesting and counting, each well contained 3375 ±209.7
DC-Pas, which were transferred into a static suspension culture. For future applications such as drug
screening or in-vivo transplantation, the formed DC-PAs must be able to maintain their size and shape
under in-vitro conditions; therefore, they were kept in static suspension culture in PE medium.
Morphologically, only at 1:1 cell ratio, uniformly-sized DC-PAs were observed (Fig. 5d) with a mean
diameter of 89.94 ±1.53 µm. Cell clusters from other cell ratios (2:1 and 5:1) did not preserve a compact
and spheroid-like structure in static suspension conditions (Fig. S4a). Therefore, the rest of the
experiments were followed by the cell ratio 1:1. After 4 days of aggregate maintenance, a signi�cant
increase (P <0.0001) in aggregates size (average diameter of aggregates 144.1 ±2.315 µm) (Fig. 5e) and
a signi�cant decrease (P <0.0001) in the number of aggregates (average number of aggregates 1220
±108.5) (Fig. 5f) were observed. hFP-MCs labeled with PKH26 indicated hFP-MCs in DC-PAs after 24 h in
the microwell system and after 4 days in culture (Fig. 5g). Live/dead staining of the aggregates revealed
high viability of DC-PAs during culture (Fig. 5h). Uniform spherical and dense epithelial morphological
structures were observed in the DC-PAs by H&E staining (Fig. 5i). The immunostaining of SOX9 marker in
DC-PAs after 4 days in culture indicated the progenitor state of the generated DC-PAs (Fig. 5j). QRT-PCR
analysis revealed that PPs in the DC-PAs preserved their progenitor state after 4 days in culture than day
0 (Fig. 5k). The expression of DESMIN as a mesenchymal marker was also investigated (Fig. 5k), and
higher expression of this marker after 4 days in culture was observed. Altogether, round-shaped and
uniformly-sized DC-PAs with well-de�ned borders can be formed and maintained stable in culture for
short periods to be considered for in-vivo transplantations.

To investigate whether the DC-PAs can be kept in suspension for a more extended period, the DC-PAs at
1:1 cell ratio were kept for additional 5 more days in static suspension culture (9-day culture) (Fig. S4b).
There was a signi�cant increase in aggregates diameter during the culture (Fig. S4c) with a signi�cant
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decrease in their number (Fig. S4d). Labeling hFP-MCs with PKH26 indicated the presence of hFP-MCs in
DC-PAs (Fig. S4e). Live/dead staining of the aggregates revealed high viability of DC-PAs. However, a
hollow spherical structure was observed in the center of the aggregates during 9 days in culture (Fig.
S4f). QRT-PCR analysis revealed that although no signi�cant differences in endocrine progenitor and
endocrine genes expression in DC-PAs were observed, PDX1 expression was signi�cantly increased after
9 days in culture compared to day 0 (Fig. S4d).

Discussion
Over the past two decades, many efforts have been made to differentiate PSCs into insulin-secreting cells
by mimicking the precise molecular course of pancreatic development. D’Amour et al. in 2006, for the �rst
time, differentiated PPs from hESCs with an e�ciency of approximately 12% of insulin-producing cells
which were not glucose-responsive [7]. Also, the same group showed that after being transplanted into
mice, PPs were able to complete their differentiation into pancreatic β-cells, and human Insulin was
detected in mice blood [8]. Lastly, in 2014, two different groups reported production of insulin-producing
cells from hESCs that were monohormonal and could restore the animal’s blood sugar to normal levels
much faster than previously reported after transplantation into diabetic animal models. The e�ciency of
PDX1+ cells in both approaches was > 80%, and a variable number of 30-60% NKX6-1 cells were obtained
[52,41]. Although the PPs could differentiate into insulin-producing cells using these approaches, the
reproducibility of the ability to secrete Insulin in response to glucose remains unsure [53]. In the current
study, the e�ciency of PDX1+ and NKX6-1+ cells in all three cell lines was approximately 80% and 13-
23%, respectively. Therefore, we claimed that we obtained PPs that can be used for co-culture in the next
steps.

MSCs can be derived from various tissue sources, and it has been reported that they re�ect the properties
of their tissue of origin [54]. The choice of an MSC source for clinical use should re�ect the extent of
pluripotency balance, ease of isolation, and ethical issues related to isolation [55]. Adult MSCs are of
relatively inferior quality compared to fetal stem cells in various aspects such as frequency, proliferation
potential and rate, and multilineage differentiation potential, all of which decrease with increasing age
[55,56]. The proliferative and differentiating capacities of fetal MSCs are higher due to their embryonic
origin [57]. The bone marrow can be a di�cult source of MSCs since the technique is invasive and
associated with appreciable morbidity; also, the number of cells obtained can be low, and cell quality may
depend on the age of the donor. Therefore, researchers have drawn attention to the use of alternative
mesenchymal sources, including fetal tissues [58]. In our study, BM-MSCs were used for comparison with
hFP-MCs as they are used in clinical and therapeutic approaches as a “gold standard” MSC type. In-vitro
analysis also showed that islet-derived MSCs have similar, but not identical, phenotypic, biologic, and
immunologic characteristics to BM-MSCs [59]. In this study, we provided evidence that both studied MCs
are VIMENTINhigh positive cells while DESMIN is only highly expressed in hFP-MCs, which even its
expression in younger pancreas fetuses seems to be higher. However a study on DESMIN and VIMENTIN
expression can be conducted on hFP-MCs from different gestational weeks and different subcultures to
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gain a wider insight on hFP-MCs differences. Recently, a study demonstrated that adult pancreatic-
derived MCs in comparison to BM-MSCs, represent tissue-speci�c MSC features with unique proteomic,
secretory, and functional characteristics which are associated with endothelial cell chemotaxis,
angiogenesis and islet regeneration [24]. Cooper et al. concluded that niche-speci�c mesenchyme or its
secretome could be used for regenerative medicine applications. They also showed that the potency of
pancreatic mesenchyme was quantitatively restricted when differentiated to adipose lineage [24], which
was also similarly observed in our study with fetal pancreatic mesenchyme.

Studies have shown that the co-culture of PPs with non-epithelial cells or their conditioned media
increases insulin-like cell formation in-vitro, demonstrating the importance of these cell-cell
communications and their interactions during pancreatic organogenesis [54,60]. Co-culture can be a
simple and effective way to enhance survival or differentiation of desired progenitors by in�uencing cell-
cell interactions, signaling pathways, and secreted molecules in the co-culture environment [54].
Pancreatic co-culture studies were mainly conducted using rat or mouse tissues [27,28], while in our
study, we showed the impact of human fetal pancreatic mesenchyme on hESC-derived PPs. Sneddon et
al. co-cultured a subset of mouse/human pancreatic-derived mesenchyme samples with hESC-derived
endodermal or endocrine progenitors in a 2D culture system. Though the lines showed very
heterogeneous effects that could not be attributed to a speci�c species, age at collection or stage, they
identi�ed two mouse mesenchymal lines promoting the expansion of endoderm and two promoting the
formation of more Neurog3+ cells, one of which from adult human islets and one from E13.5 mouse
pancreatic mesenchyme. [4]. Though they showed that endocrine differentiation could be achieved after
these co-cultures they did not investigate whether the e�ciency of this differentiation was affected by the
mesenchyme [4]. In the present study, however, further differentiation of PPs was detected in the 3D
culture system, while MSCs did not affect PP spheroids proliferation rate. By labeling hFP-MCs with vital
dye and VIMENTIN immunostaining, we proved the presence and contact of mesenchyme with pancreatic
spheroids during co-culture. In few instances, high amounts of MCs completely surrounded the spheroids
and the MC extensions entered the organoids.

Yung et al. in 2019, demonstrated that the presence of appropriate cross-talk between PPs and niche-
speci�c mesenchyme is necessary for normal pancreatic 2D and 3D differentiation; however, even other
closely related MCs such as gastrointestinal stromal cells could not achieve this aim [23]. In our study the
positive impact of niche-speci�c mesenchyme on the increment of endocrine-speci�c gene expression
was observed when compared to BM-MSc co-culture group or PPs group. Other studies have also
indicated the impact of murine or rat pancreatic mesenchyme on the PDX1+ progenitor proliferation rate
increment [27] and higher percentages of endocrine marker expression such as Insulin [28] when co-
cultivated with their own epithelium.

Different in-vitro pancreatic co-culture studies with different cell ratio combinations have been conducted
so far. Takebe et al. applied a ratio of 10:5:2 for Min6 cells, human umbilical vein endothelial cells
(HUVECs), and BM-MSCs, respectively, and observed the generation of vascularized and complex
condensates via in-vivo self-organization [5,61]. In a more recent study, PPs, endothelial cells, and MSCs
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all derived from ESCs, were used at a ratio of 10:5:5 to generate pancreatic organoids which exhibited
some functionality after transplantation in NUDE mice [62]. Both studies transplanted the multicellular
organoids immediately after their formation in-vitro, observing the multicellular organoid functionality in-
vivo. In our study, based on previous observations, we used the ratio of 1:1 for PPs and hFP-MCs co-
culture showing an increment in beta cell-speci�c gene expression level after 14 days of in-vitro co-
culture.

In several studies, Matrigel is used as a substrate for MCs migration in order to self-organize multicellular
organoids containing HUVECs [5,62]. In contrast, other studies formed organoids from single-cell mouse
PPs inside Matrigel forming a 3D culture system [63,64]. Sugiyama et al. indicated that pancreatic
spheroids were formed inside Matrigel without the contribution of mesenchyme; however, MCs were
needed for the survival of single-cell PPs in each passage. Moreover, the MCs secretion and their contact
with the formed spheroids seemed to enhance PPs differentiation towards beta cells [63]. In our study,
however, the spheroids were located between two layers of Matrigel instead of being inside a bubble-
shaped structure [63,64], which allowed the formed structures to locate at a certain distance from the
surface and the surrounding environment rather than becoming scattered throughout the matrix volume.

To further upscale our co-cultures, we used a non-adhesive agarose microwell platform as a 3D culture
system for DC-PAs generation by using hESC-PPs and hFP-MCs. Using this method, approximately 3400
aggregates per well (in a 6-well plate) were produced after harvesting, and each aggregate had an
average diameter of 51.37–192.4 µm. Previously, it has been shown that integration of islet cells and
human amniotic epithelial cells in a 3D agarose-patterned microwell improves viability, functionality, and
engraftment in generated islet organoids [65]. However, until now, controlled and reproducible generation
of 3D pancreatic aggregates from pancreatic mesenchyme and PPs with optimal size has not been
reported. In addition, aggregates grown in static or dynamic suspension conditions can be harvested
easily without any additional forces, which prevents damage to aggregates during harvesting. Our
microwell chip was made of agarose as a low-cost, accessible, re-usable, and non-adherent material to
support cell assembly with the capacity to create micro-molds with various sizes and shapes, modifying
the initial cell density and diameter of microwells, the size of the aggregates could be changed. Although
we showed that our co-culture method is scalable, it should be mentioned here that some differences
exist between the two co-culture systems used in this study. In the sandwich method, hFP-MCs are
suspended within the Matrigel in which pancreatic organoids are forming, while the DC-PAs are generated
by force aggregation and have the cell-cell contact of two cell types from the beginning of the culture
duration. It is observed that in the sandwich method, in addition to the hFP-MCs secretions’ impact, some
of them have surrounded the spheroids and even penetrated inside them during the 14-day culture period,
while the hFP-MCs secretion and cell-cell contact effectiveness are applied from the beginning of culture
in the force aggregation method. Moreover, no ECM such as Matrigel is used in the latter.

Based on the achieved results, the co-culture of hFP-MCs with hESC-PPs produced a positive effect on
further differentiation of hESC-PPs towards endocrine cells. Besides, we investigated the controlled
formation of pancreatic aggregates and their morphology, viability, cell distribution, and functionality.
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After keeping DC-PAs in suspension culture, they maintained their progenitor state. Identifying effective
signaling pathways in this co-culture can be the next step for further research. Also, obtaining the
secretomes of hESC-PPs, hFP-MCs, and the co-cultured cells, and comparing the proteins and transcripts
of all three groups, may give further insights into pancreatic development processes. Large-scale
production of DC-PAs, can be regarded as an appropriate tool for later studies on endocrine-niche
interactions and developmental processes, as well as transplantation, and drug and genetic screening.
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Figure 1

Stepwise differentiation of ESC towards pancreatic progenitors (PPs) a) A schematic presentation of
pancreatic progenitor cells (PPs) induction from human pluripotent cells (hPSCs). Key steps and
manipulations during 14 days of differentiation and evaluations of speci�c differentiation steps are
illustrated. D, day; E, endoderm; DE, de�nitive endoderm; PF, posterior foregut; EPP, early pancreatic
progenitor; PP, pancreatic progenitor; AA, ascorbic acid; K-cyc, KAAD cyclopamine; RA, retinoic acid; Nic,
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nicotinamide; ICF, Immunocyto�uorescent; FC, Flow cytometry; qRT-PCR; Quantitative Real Time-PCR. b)
Bright-�eld images of days 0, 3, and 14 of differentiation on RH6-ESCs. Scale bars: 50, 100, and 100 µm,
respectively. diff, differentiation. c) Bright-�eld image (Left panel) and representative immunostaining of
OCT4 and NANOG pluripotency markers (Middle and Right panels, respectively) of RH6-ESCs colony on
Matrigel before starting differentiation. Scale bar: 500 µm. d) Immunostaining was done on day 3 of
differentiated cells for FOXA2 and SOX17 endodermal markers. Scale bar: 200 µm. e) Flow cytometry
analysis of FOXA2 and SOX17 markers on day 3 of differentiation. f) Immunostaining was done on day
14 for SOX9, PDX1, and NKX6-1 PP markers. Scale bar: 100 µm. g) Flow cytometry analysis of PDX1 and
NKX6-1 markers on day 14 differentiated cells. h) qRT-PCR analysis of SOX17 gene on day 3 and PDX1
and NKX6-1 genes on day 14 of differentiation. Gene expression was normalized against that of
undifferentiated RH6-ESCs; n=4 biological samples, two technical repeats each. All error bars represent
SEM. Nuclei are stained blue with DAPI. Bright-�eld and immunostaining pictures showed are
representative of at least three independent experiments (n=3).
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Figure 2

Human fetal pancreatic-derived mesenchymal cells (hFP-MCs) cultivation and characterization a) A
schematic view of human fetal pancreatic mesenchyme isolation, expansion, and characterization. b)
Immunostaining done for 8 weeks post-conception (WPC) human fetal pancreas demonstrates
VIMENTIN- and DESMIN-positive mesenchymal cells (MCs) surrounding PDX1 positive epithelium cells.
Scale bar: 200µm. c) Bright-�eld images of human fetal pancreatic-derived mesenchymal cells (hFP-MC1-
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derived from a 7-week fetus and hFP-MC4--derived from a 14-week fetus) and bone marrow-
mesenchymal stem cells (BM-MSC) in culture demonstrate the mesenchymal morphology of both cell
types. Scale bar: 500 µm. d) Immunocyto�uorescent staining indicates VIMENTIN-positive MCs for hFP-
MC1 (passage 3), hFP-MC4 (passage 4) and BM-MSC during culture (Left panel). Immunocyto�uorescent
images for DESMIN marker indicate a higher expression of this marker in hFP-MCs compared to BM-MSC
during culture (Right panel). Scale bar: 200 µm. e) Relative expression of VIMENTIN and DESMIN genes
(2^-∆ct) in hFP-MC1, hFP-MC4 and BM-MSC. n= 3 biological replicates. All bars represent a mean of 3
different passages (P2-8). All error bars represent SEM. f) Osteogenic, adipogenic, and chondrogenic
differentiation derived from hFP-MC4 (passage 6) and BM-MSC indicate that hFP-MCs, similar to BM-
MSC, have the ability to differentiate towards osteocyte, adipocyte, and chondrocyte. g) The expression
of speci�c mesenchymal CD markers (CD73, CD90 and CD105) is demonstrated in hFP-MC4 (passage 6)
and BM-MSC cells by �ow cytometry analysis. h) The lack of hematopoietic markers (CD45 and CD34)
and HLA-DR is demonstrated in hFP-MC4 and BM-MSC cells by �ow cytometry analysis.
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Figure 3

Generation of spheroids through 3D co-cultivation of hESC-PP and hFP-MC a) A schematic illustration of
the protocol used to co-culture hESC-PP and hFP-MC or hESC-PP and BM-MSC in GFR-matrigel. 2000
cells/well of hESC-PP were co-cultured with 2000 cells/well of hFP-MC or BM-MSC (at 1:1 ratio) in 96-well
plates. A 3D culture system (sandwich method) was applied for co-culture and cells were mixed in GFR-
Matrigel diluted 3:1 with PE medium and placed on top of solidi�ed GFR-matrigel. Co-culture with BM-
MSC was considered the control group. hESC-PP, human embryonic stem cell-derived pancreatic
progenitor cells; hFP-MC, human fetal pancreatic- mesenchymal cells; BM-MSC, Bone marrow
mesenchymal stem cells; GFR-matrigel, Growth factor reduced Matrigel; PE medium, pancreatic
endoderm medium. b) Microscopic images of hESC-PP co-cultured with hFP-MC (CO PP/hFP-MC)
compared with hESC-PP cultured solely in Matrigel on day 14. MCs in contact with pancreatic spheroids
are clearly observed in the lower image. c) Upper panel, bright �eld images of spheroids generated in 3
different groups (hESC-PP, CO PP/BM-MSC, and CO PP/hFP-MC) on day 10 of culture. Lower panel,
hematoxylin and eosin (H&E) staining of spheroids generated in 3 mentioned groups after 14 days of
culture. Scale bars: 50 µm (upper panel) and 100 µm (lower panel). d) PKH26-labeled hFP-MC after 24
hours in co-culture. Scale bars: 200 µm. e) Confocal images of live-dead staining for spheroids in the 3
groups after 14 days in 3D culture system. PI indicates dead cells while FDA indicates live cells. Scale
bar: 100 µm. White boxes are higher magni�cations of white dot boxes. Scale bar: 20 µm.
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Figure 4

Maturation of hESC-PP after co-culturing with hFP-MCs a) Upper image: Immunostaining of CADHERIN
epithelial marker in a typical spheroid in co-culture demonstrating its epithelial feature. Scale bar: 20 µm.
Lower image: Immunostaining of VIMENTIN (mesenchymal marker) and PDX1 (pancreatic progenitor
(PP) marker) proteins in CO PP/hFP-MC showing MCs surrounding the pancreatic organoid/spheroid and
in contact with it. Scale bar: 10 µm. b) Immunostaining of SOX9 (PP marker) INSULIN (endocrine marker)
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proteins in hESC-PP, CO PP/hFP-MC, and CO PP/BM-MSC cultures. Scale bar: 50 µm. c) Relative gene
expression (2^-∆ct) analysis for PP (PDX1 and NKX6-1), endocrine progenitor (NGN3), endocrine
(INSULIN and GLUCAGON), and mesenchymal (DESMIN) markers in CO PP/hFP-MC, CO PP/BM-MSC,
hESC-PP, and hFP-MC groups. n= 3 biological replicates, each 2 technical repeats. CO PP/hFP-MC, hESC-
PP co-cultured with human fetal pancreatic mesenchymal cell; CO PP/BM-MSC, hESC-PP co-cultured with
bone marrow mesenchymal stem cell; hESC-PP, human embryonic stem cell-derived pancreatic progenitor
cultured solely in 3D system; and hFP-MC, human fetal pancreatic mesenchymal cell cultured solely in 3D
system. All error bars represent SEM. Asterisks represent signi�cant differences (* P < 0.05 and ** P
<0.01).



Page 29/30

Figure 5

Generation of dual cell-pancreatic aggregates (DC-PA) through 3D microwell system a) A schematic
presentation of DC-PAs production method from the combination of hESC-PPs and hFP-MCs in non-
adherent microwell platform (containing 4700 microwells) and further culture in static suspension
condition for 4 days. b) Phase-contrast image of hESC-PP and hFP-MC cells (1:1 ratio at the �nal
concentration of 500 cells/microwell) settled into microwells after centrifuge. Scale bar: 200 µm. c)
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Phase-contrast images of DC-PAs formed after 48 hours in microwells. d) Bright-�eld images of DC-PAs
after 2 and 4 days in culture. Scale bars: left: 200 µm; right 100 µm. e) Quanti�cation of the DC-PAs
average diameter in suspension culture at three different time-points. Asterisks represent signi�cant
differences between groups (P <0.000, ns: non-signi�cant, P ≥ 0.05. N=3 biological replicates). f)
Quanti�cation of the average number of DC-PAs at three different time-points. Asterisks represent
signi�cant differences between groups (P <0.001 and P <0.01). g) PKH26-labeled hFP-MCs in DC-PAs
after 24 hours in microwell chip and after 4 days in culture. Scale bar: 500 µm and 50 µm (left and right
images, respectively). h) Confocal image of live/dead staining for DC-PAs on day 4 in culture (maximal
projection of 150 µm-thick Z stack). Scale bar: 50 µm. i) Hematoxylin and eosin (H&E) staining of DC-PAs
on day 4 of culture. Scale bar: 200 µm. j) Immunostaining for SOX9 marker in DC-PAs on day 4 of culture.
Scale bar: 50 µm. k) Relative expression (2^-∆ct) of different genes in DC-PAs. N=2 biological replicates.
All error bars represent SEM.
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