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Abstract

Background The simultaneous differentiation of human pluripotent stem cells (hPSCs) into both endodermal and
mesodermal lineages is crucial for developing complex, vascularized tissues, yet poses significant challenges. This
study explores a method for co-differentiation of mesoderm and endoderm, and their subsequent differentiation into
pancreatic progenitors (PP) with endothelial cells (EC).

Methods Two hPSC lines were utilized. By manipulating WNT signaling, we optimized co-differentiation protocols
of mesoderm and endoderm through adjusting the concentrations of CHIR99021 and mTeSR1. Subsequently,
mesoderm and endoderm were differentiated into vascularized pancreatic progenitors (vPP) by adding VEGFA. The
differentiation characteristics and potential of vPPs were analyzed via transcriptome sequencing and functional
assays.

Results A low-dose CHIR99021 in combination with mTeSR1 yielded approximately 30% mesodermal and 70%
endodermal cells. Introduction of VEGFA significantly enhanced EC differentiation without compromising PP
formation, increasing the EC proportion to 13.9%. Transcriptomic analyses confirmed the effectiveness of our protocol,
showing up-regulation of mesodermal and endothelial markers, alongside enhanced metabolic pathways. Functional
assays demonstrated that vPPs could efficiently differentiate into insulin-producing B3-cells, as evidenced by increased
expression of B-cell markers and insulin secretion.

Conclusion Our findings provide a robust method for generating vPPs, which holds significant promise for
regenerative medicine applications, particularly in diabetes treatment.
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Introduction

Human pluripotent stem cells (hPSCs) possess unlimited
self-renewal capabilities and can differentiate into vari-
ous cell lineages derived from the three embryonic germ
layers under different in vitro cultivation conditions [1-
3]. These properties render hPSCs an attractive source
for cell therapies targeting a variety of diseases. Induced
functional stem/progenitor cells, in particular, show great
potential for treating intractable diseases and metabolic
injuries. Recent clinical trials have demonstrated that
hPSC-derived pancreatic progenitor cells or islet tissues
hold promise for treating diabetic patients with impaired
islet function [4, 5]. Vascularization is vital for proper
islet development and function [6, 7]. However, there is
currently no satisfactory protocol to achieve vasculariza-
tion of hPSC-derived pancreatic progenitor cells. A criti-
cal challenge in this field is the simultaneous induction of
multiple lineages from a single culture of hPSCs, which is
essential for creating functional vascularized tissues. The
ability to co-differentiate endodermal and mesodermal
lineages is particularly important for generating tissues
such as the pancreas, which requires both pancreatic
progenitors and a supporting vascular network [8].

Over the past two decades, several protocols have been
established for the stepwise differentiation of hPSCs
into definitive endoderm (DE), pancreatic progeni-
tors (PP) and pancreatic p-cells [9-11]. Improvements
in the efficiency and purity of PP differentiation have
been achieved more recently [12-16]. However, these
strategies often focus on acquiring highly purified DE
cells, which may result in a single cell type that does not
accurately replicate the cellular diversity observed dur-
ing embryonic development. Achieving the complexity
and maturation representative of human organogenesis
remains a significant challenge. Recent studies have high-
lighted the crucial role of endothelial cells (EC) in orches-
trating the development and maturation of organs
[17-19]. ECs, which arise from mesodermal lineages,
and PPs, which differentiate from endodermal lineages;
both originate from the same epiblast. The initial interac-
tions between the mesoderm and endoderm are critical
for early pancreatic development [17-19]. However, the
developmental interplay between PP and EC in humans
remains poorly understood, underscoring the necessity
to establish a co-differentiation system for generating
both PP and EC from hPSCs [20].

The establishment of a co-differentiation system for
PPs and ECs relies on the simultaneous induction of
endoderm and mesoderm. However, the precise meth-
odology for achieving this remains unclear. The differ-
entiation of DE from hPSCs using Activin A (ActA) is
well-documented [21]. CHIR99021 (CHIR), a small-mol-
ecule inhibitor of glycogen synthase kinase-3p (GSK3p),
activates the canonical WNT pathway and enhances
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the purity of DE differentiation when used in combina-
tion with ActA in vitro [11, 22, 23]. It has been identified
that manipulating WNT signaling in a dose-dependent
manner can lead to mesodermal and/or endodermal
specification [15, 24]. Additionally, incorporating a spe-
cific proportion of mTeSR1 in the early differentiation
medium can promote endoderm formation alongside a
small portion of mesoderm [25]. These studies suggest
that mesoderm and endoderm can be inducted simul-
taneously by regulating signaling pathways, although
this approach has not been reported in pancreatic dif-
ferentiation. Furthermore, several multi-lineage co-dif-
ferentiation organoids, such as hepatobiliary organoids,
cardio-pulmonary micro-tissues, and vascularized lung/
intestinal organoids, provide valuable references for
developing multi-lineage differentiation systems for the
pancreas [24—26]. Nevertheless, attaining a precise equi-
librium between these lineages within a single culture
remains a substantial challenge.

In our study, we described a stepwise protocol for the
co-differentiation of pancreatic progenitors and endothe-
lial cells, where endoderm and mesoderm are simultane-
ously induced from a single culture of hPSCs. Notably,
the vascularized pancreatic progenitors demonstrated
the capacity to further differentiate into B-cells capable
of secreting insulin. Our findings provide a robust and
reproducible method for generating vascularized pancre-
atic progenitors, holding significant promise for develop-
ing effective therapies for diabetes and other conditions
requiring complex tissue regeneration.

Methods

Cell culture and maintenance

The human-induced pluripotent stem cell line UC [25]
was obtained from the Guangzhou Institutes of Bio-
medicine and Health, Chinese Academy of Science.
The human embryonic stem cell line H1 was acquired
from the Wisconsin Cell Research Institute. Passages of
the cell lines ranged from 40 to 50. Cell cultures were
maintained on Matrigel-coated (Corning, cat.#356231)
plates in mTeSR™1 medium (STEMCELL Technologies,
cat.#85850) at 37 °C in a humidified atmosphere with
5% CO,. The medium was refreshed daily, and cells were
passaged upon reaching approximately 80% confluency.
The recommended cell passage ratio was between 1:6 and
1:8.

Cell cryopreservation

When the cells reach approximately 80% confluency,
aspirate the medium and wash the cells once with PBS
(Solarbio, cat.#P1032). Add Accutase solution (Gibco,
cat.#A1110501) and place the cells in an incubator
to facilitate digestion for approximately five minutes.
DMEM/F12 (Gibco, cat.#10565018) should then be used
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to halt the digestion process. After centrifugation, resus-
pended the cells in CS10 (Sigma, cat.#C2874-100ML),
transfer them to freezing tubes, and document the pro-
cess. Place the cells in a freezing container at -80 °C
overnight before transferring them to liquid nitrogen for
long-term storage.

Vascularized pancreatic progenitor cells differentiation
Prior to the commencement of pancreatic differ-
entiation, iPSCs underwent were dissociated into
clumps with Accutase (Gibco, cat.#A1110501), and
subsequently plated onto Matrigel Basement Mem-
brane (Corning, cat.#356231). Once the cells reached
90% confluence, the medium was replaced with
MCDB131 (Solarbio, cat.#C3231) containing 1.5 g/L
NaHCO3 (Sigma, cat.#56297), 0.5% FAF-BSA (Proli-
ant, cat.#69700), 10mM glucose, 100ng/mL activin A
(Peprotech, cat.#120—-14), 3uM CHIR99021 (APExBIO,
cat.#A3011-25), and 2.5% mTeSR™1 (STEMCELL Tech-
nologies, cat.#85850) for 3 days. Following this, the last
three components were replaced with 0.25 mM Vita-
min C (Sigma, cat.#A4403), 50 ng/ml KGF (NovoPro-
tein, cat#CH73-10), and 300 ng/ml VEGF-A (Gibco,
cat.#AF-100-20-1MG) for 2 days. Then, the medium
was supplemented with ITS-X (procell, cat.#PB180431),
1uM Retinoic acid (Sigma, cat.#R2625), 200 nM PdBU/
PKC Activator II (Sigma, cat.#524390), 0.25 uM SANT-
1(Sigma, cat.#S4572), and 100 nM LDN193189 (MCE,
cat.#HY-12071) and maintained in culture for an addi-
tional 5 days. The differentiation protocol and reagents
are detailed in Table S1 and Table S4.

Pure pancreatic progenitor cells differentiation

Following the protocols of Chen et al., differentiation into
pancreatic progenitor cells was initiated with decreasing
concentrations of CHIR99021 over the first three days,
without the addition of mTeSR™1 or VEGFA during sub-
sequent progenitor cell differentiation.

Differentiation into 3-Cells

To assess the potential of vPP to differentiate into -cells,
late-stage differentiation medium from Chen’s proto-
col was applied. Cells were cultured until day 27. The
expression of B-cell markers (NKX6.1, INS, MAFB) and
endothelial marker (CD34) was analyzed using qPCR,
immunofluorescence, and flow cytometry. Insulin secre-
tion was measured in culture supernatants using an
enzyme-linked immunosorbent assay (ELISA).

RNA extraction and qPCR

Total RNA was extracted from the cells using TRIzol™
Reagent (Invitrogen). The PrimeScript RT Reagent Kit
with gDNA Eraser (Takara) was used to synthesize
¢DNA from 500 ng of total RNA. Quantitative PCR was
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conducted using TB Green Premix Ex Taq II (Takara) on
a LightCycler 480 II (Roche). Data were quantified rela-
tive to a standard curve and normalized to the expression
of the housekeeping gene, glyceraldehyde 3-phosphate
dehydrogenase (GAPDH). The primers used are listed in
Table S2.

Immunofluorescence and quantification

The procedure was conducted following Wu’s proto-
col [25]. Cultures were fixed with 4% paraformaldehyde
(Solarbio, cat.#P1110) for 15 min at room temperature
(RT, 20-25°C). Subsequently, they were blocked and per-
meabilized using a solution of 5% donkey serum (The
Jackson Laboratory, cat.#JAC-017-000-121) and 0.3%
Triton X-100 (Sigma-Aldrich, cat.#79284) in PBS for
1 h. After each step, cultures were washed three times
with PBS for 5 min at RT. Then, the cultures were incu-
bated overnight at 4C with primary antibodies diluted
in a solution containing 3% donkey serum and 0.3% Tri-
ton X-100. This was followed by incubation with sec-
ondary antibodies diluted in 1% donkey serum in PBS
for 30 min at RT. Subsequently, nuclei were stained with
DAPI (Sigma-Aldrich, cat.#D9542). After antibodies and
DAPI staining, cells were rinsed four times for 5 min with
PBS. Immunofluorescence images were acquired utilizing
a Leica DMI8 inverted microscope, and processed with
LAS X software (Leica). At least three samples per group
were stained, with three non-overlapping fields of view
captured per sample. The positive area was quantified
using Image] (v.ij154) and expressed as a ratio to the total
DAPI-stained area. The primary and secondary antibod-
ies used are provided (Table S3).

Flow cytometry

This experiment followed the methodology outlined by
Wu [25]. Digestion and separation of cultures into single
cell suspensions using Accutase/Trypsin-EDTA solution
(Sigma-Aldrich, cat.#T4174). Cells were then subjected
to centrifugation, followed by resuspension and fixation
in 4% paraformaldehyde at RT for 15 min. After an addi-
tional round of centrifugation, cells were resuspended in
Intracellular Staining Permeabilization Wash Buffer (BD,
cat.#554714) for 5 min, a process repeated four times.
Subsequently, cells were incubated with the fluorescent
antibody for 15 min at RT, protected from light. Results
were analyzed using the FACS Calibur flow cytom-
eter (BD Biosciences) and processed with FlowJo VX
software.

RNA-sequencing

Cells were harvested for RNA sequencing on day 3 and
day 10 of vPP differentiation, as well as from the control
cells (Chen’s protocol) and undifferentiated hPSCs. Total
RNA was isolated and purified using TRIzol™ reagent
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Fig. 1 (See legend on next page.)
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Fig. 1 Optimization of co-differentiation of endoderm and mesoderm from hPSC. (A) A schematic representation of the differentiation protocol from
Day 0 to Day 3.The endoderm differentiation scheme was adapted from Chen et al. Our optimized protocol facilitates the simultaneous induction of both
endoderm and mesoderm. (Created in BioRender: https://BioRender.com/j57p699). (B) Immunofluorescence and flow cytometry analysis confirmed that
most Day 0 hPSCs expressed NANOG and OCT4. Scale bar, 50 um. (C) Quantitative PCR analysis. High levels of CHIR99021 promote the optimal proportion
of mesodermal and endodermal co-differentiation compared to protocols with increased or decreased CHIR99021 concentrations. (D) Quantitative PCR
analysis, (E) flow cytometry, and (F) immunofluorescence showed that 2.5% mTeSR1 induces an appropriate proportion of mesoderm and endoderm.

(h=3,*p<0.05,*p<0.01,**p<0.001, ns: no statistical differences)

(Invitrogen), following the manufacturer’s instructions.
The NanoDrop ND-1000 (NanoDrop) was used to deter-
mine the quantity and purity of RNA in each sample. The
2% 150 bp paired-end sequencing (PE150) was conducted
on an Illumina NovaSeq™ 6000 (LC-Bio Technology CO.,
Ltd.) in accordance with the vendor’s recommended
protocol.

Bioinformatics analysis

Bioinformatics analysis was performed utilizing the
OmicStudio suite of tools, which is accessible via the fol-
lowing link: https://www.omicstudio.cn/tool. Principal
components analysis (PCA) and heatmaps were gener-
ated to visualize the distribution of samples. Differen-
tially expressed genes (DEGs) were identified, and Gene
Ontology (GO) and KEGG pathway enrichment analy-
ses were performed. Additionally, gene set enrichment
analysis (GSEA) was conducted to further elucidate the
biological processes influenced by the differentiation
protocols.

Human INS (insulin) ELISA assay

Insulin concentration in the supernatant was quantified
using a human insulin ELISA kit (Elabscience, cat.#E-EL-
H2665c) according to the manufacturer’s instructions.
Supernatant samples (20 pL) were stored at -20°C until
measurement.

Transmission electron microscope

Samples were initially fixed with 2.5% glutaraldehyde in
PBS at 4°C for 2 h. This was followed by a post-fixation
with 1% osmium tetroxide at RT for 1 h. The fixed sam-
ples were dehydrated through a graded ethanol series
(30%, 50%, 70%, 90%, and 100%), then embedded in Epon
resin, and polymerized at 60°C for 24 h. Ultra-thin sec-
tions with a thickness of 50-70 nm, were prepared by
cutting with an ultramicrotome and mounted on copper
grids. The sections were then stained with uranyl acetate
for 10 min, followed by lead citrate for 5 min. A trans-
mission electron microscope (EOL, JEM1400) operated
at 80 kV was used to examine the sections, and images
were captured for subsequent analysis using SIS Montega
(2kx4k) and Cantega (2kx2k).

Statistical analyses
Statistical analyses were conducted using GraphPad
Prism 9.5.1. For inter-group comparisons, a two-tailed

unpaired Student’s t-test was employed. A p-value of
<0.05 was considered significant, with significance levels
indicated as follows: *p<0.05, **p<0.01, ***p<0.001.

Results

Simultaneous induction of endoderm and mesoderm via
WNT signaling manipulation

Human-induced pluripotent stem cell line UC was
assessed for pluripotency prior to differentiation. Immu-
nofluorescence and flow cytometry analysis showed that
more than 99% of the cells co-expressed the pluripo-
tency markers NANOG and OCT4 (Fig. 1B). It has been
reported that a high dose of CHIR induces mesoderm,
whereas a low dose induces endoderm [15]. To achieve
co-differentiation of both endoderm and mesoderm from
hPSCs in a single dish, we tested different combinations
of ActA and CHIR (Fig. 1A) to precisely manipulate
WNT signaling over three days (day 1-3).

Initially, we evaluated various concentration of CHIR
within a three-day treatment protocol. Consistent with
previous studies, the expression of mesoderm mark-
ers (TBXT', MIXLI") increased with higher concen-
trations of CHIR, while the expression of endoderm
markers (SOX17', FOXA2*) decreased (Figure S1A).
Consequently, we choose the low dose of CHIR for fur-
ther testing. Both the dosage and duration of CHIR treat-
ment are critical for determining the fate of cells towards
mesoderm or endoderm. The combination of ActA with
decreasing concentrations of CHIR has been shown to
generate highly purified DE [23]. We then sought to iden-
tify the optimal processing time for CHIR application.
Compared to decreasing concentration, an incremental
or constant concentration of CHIR favored mesoderm
induction and suppressed endoderm differentiation.
However, the constant concentration had a reduced
effect on endoderm suppression (Fig. 1C). Therefore,
maintaining a constant concentration of CHIR for three
days appears to be an effective strategy for the simultane-
ous induction of both endoderm and mesoderm.

In our previous study, we demonstrated mTeSR1 (mT)
contributes to the co-differentiation of endoderm and
mesoderm for generating vascularized hepato-biliary
organoids [25, 27]. To access the effect of mT on the co-
induction of endoderm and mesoderm, various ratios of
mT were added into the basic medium for three days. The
expression of endoderm makers decreased with increas-
ing ratios of mT, while the expression of mesoderm
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Fig. 2 Generation of Vascularized Pancreatic Progenitors (vPP). (A) A schematic representation of the PP and vPP differentiation protocol. The PP differ-
entiation scheme was adapted from Chen et al. Our vPP protocol facilitates the simultaneous induction of both EC and PP from Day 4 to Day 10. (Created
in BioRender: https://BioRender.com/d21p796). (B) Flow cytometry analysis of EC marker CD34. (C and D) Quantitative PCR analysis of EC markers (CD34,
CD31, CDHS), PP markers (PDX1, SOX9, NKX6.1), and pericyte markers (PDGFRB, a-SMA). (E) Immunostaining of generated PP (day 10) against PDX1 and
CD31, comparing the vPP and Chen'’s protocols. Scale bar, 250 um. (F) Cell counting analysis. Statistical analysis of cell counts after re-inoculation for 3
days with an equal number of cells on Day 10 under both protocols. (G) Immunostaining of generated PP (day 10) against Ki67, comparing the vPP and
Chen'’s protocol. Scale bar, 100 um. (n=3, *p<0.05, **p <0.01, ***p <0.001, ns: no statistical differences)

markers increased (Fig. 1D-F). Immunoflurescence and
flow cytometry further confirmed that a 2.5% mT treat-
ment achieved an optimal proportion of mesodermal
(~30%) and endodermal (~70%) cells (Fig. 1F).

Bone morphogenetic protein 4 (BMP4) has been
reported to induce mesoderm differentiation from
hPSCs. Therefore, we tested the effect of supplementing
BMP4 during the first three days of differentiation. Unex-
pectedly, BMP4 did not show a positive effect in our pro-
tocol (Figure S1B). The initial cell density of hPSCs can
significantly affect differentiation efficiency. We tested
different initial cell densities, applying the same ActA
and CHIR treatment for three days. Immunofluorescence
analysis of the mesoderm marker TBXT revealed that
starting differentiation at cell densities between 80% and
100% resulted in stable mesodermal cell populations by
day 3 (Figure S1C).

In summary, by manipulating WN'T signaling and sup-
plementing with mTeSR1, we achieved the co-induction
of both endoderm and mesoderm from a single culture
of hPSCs. This approach effectively prepares the cells for
subsequent co-differentiation into pancreatic progenitors
and endothelial cells.

Promotion of endothelial cells differentiation by VEGFA in
pancreatic progenitors specialization
We used Chen’s protocol as a control, which effectively
differentiates DE into pancreatic progenitors (PP) [23].
To generate vascularized pancreatic progenitors (vPP)
from mesoderm and endoderm, we initially applied the
same supplement as in Chen’s protocol from day 4 to day
10 (Figure S2A). By day 10, compared to Chen’s protocol,
there was a significant increase in the expression of endo-
thelial cell makers (CD34", CDH5") (Figure S2C). How-
ever, expression of the key pancreatic progenitor marker
PDX1 was lower, even though NKX6.1 and SOX9 levels
were higher than those in the control group (Figure S2C).
The proportion of ECs was approximately 7% (Figure
S2B). Therefore, we need to identify a strategy to promote
EC differentiation without hindering PP specialization.
VEGFA and FGF2 are key differentiation factors that
promote angiogenesis [28].We investigated the effec-
tiveness of supplementing these angiogenic factors to
facilitate EC differentiation during PP specialization (day
4-7). A high dose of VEGFA increased mRNA expres-
sion of CD31, while FGF2 did not have the same effect
(Figure S2F). We then combined VEGFA and with the PP

differentiation protocol to generate both ECs and PPs,
referred to as the vPP protocol (Fig. 2A).

Compared to Chen’s protocol, the expression of endo-
thelial cells makers (CD31*, CD34*, and CDHS") sig-
nificantly increased, with no adverse impact on PP
differentiation markers (PDXI*, SOX9*, and NKX6.1%)
(Fig. 2C). The proportion of ECs increased to 13.9%
(Figure S2B). Additionally, pericytes, identified by the
molecular markers PDGFRp and a-smooth muscle actin
(SMA), were more prevalent in vPPs (Fig. 2D, Figure
S2D).

In contrast to prior methods that primarily focused
on producing pure PPs, our approach successfully con-
trolled the co-development of DE and mesodermal lin-
eages within the same culture, leading to the formation of
vascularized pancreatic progenitors (Fig. 2E, Figure S2E).
The robustness of vPP differentiation was maintained,
with both cell proliferation ability and cell numbers sig-
nificantly improved compared to the original protocol
(Fig. 2F-G).

To verify these results, we repeatedly induced vPP
using H1 human embryonic stem cell lines, consistently
achieving the same outcomes (Figure S5).

Transcriptome analysis of vascularized pancreatic
progenitors

To evaluate the transcriptomic profile of vPPs, we per-
formed RNA sequencing on cells at day 3 and day 10
of vPP differentiation. Cells from Chen’s protocol and
hPSCs were used as controls. Principal components anal-
ysis (PCA) and heatmaps demonstrated a clear distribu-
tion of all samples (Figure S3A and B).

Our optimized protocol, applied from day 1 to day 3,
enhanced the expression of several makers involved in
mesoderm development, including SFRP2, SMAD3,
TBXT, LEF1, and DKKI (Fig. 3A and C, Table S5), while
it suppressed the expression of makers associated with
endoderm development, such as APELA, BMP4, GATA4,
GATAG6, and HNFIB (Fig. 3A and D, Table S5). Gene
ontology (GO) enrichment analysis revealed that dif-
ferentially expressed genes (DEGs) were significantly
involved in the biological process of mesoderm and
endoderm development (Fig. 3B). This was further sup-
ported by gene set enrichment analysis (GSEA). Com-
pared to controls, the gene set related to mesoderm
formation was significantly up-regulated (P value=0.024,
FDR value=0.1142, ES=0.557), while the set related
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to endodermal cell differentiation was down-regulated
(P value=0, FDR value=0.0026, ES=-0.792) (Fig. 3E-
F). To further understand the underlying mechanisms,
KEGG enrichment analysis of DEGs showed that path-
ways involved in oxidative phosphorylation (P value=0,
FDR value=0, ES=0.574) and linoleic acid metabolism
(P value=0.0050, FDR value=0.0289, ES=0.626) were
significantly up-regulated in our optimized protocol
in comparison to the previous method. Conversely,
the PI3k-AKT signaling pathway (P value=0, FDR
value=0.0305, ES=-0.4954) and FOXO signaling pathway
(P value=0.0028, FDR value=0.0408, ES=-0.5061) were
significantly down-regulated (Fig. 3G).

We further analyzed DEGs in vPPs, compare to PPs
from Chen’s protocol [23]. Most genes related to endo-
thelium development were up-regulated (Fig. 4A and C,
Table S5). GO enrichment analysis of up-regulated DEGs
in vPPs highlighted functions involved in angiogen-
esis (GO: 0001525), heart development (GO: 0007507),
and positive regulation of angiogenesis (GO: 0045766)
(Fig. 4B). GSEA suggested that the vPP protocol may pro-
mote processes related to hematopoietic cell lineage, vas-
culature development, and angiogenesis. Importantly, we
did not find any down-regulated DEGs impacting pan-
creatic development.

Key transcription factors in vascularized pancreatic
progenitor differentiation

Transcription factors (TFs) are specialized proteins that
bind to specific regions of DNA and regulate gene tran-
scription. The roles of TFs in gene regulation during vPP
differentiation were further elucidated through bioinfor-
matics analysis. On day 3, 154 TF genes were significantly
differentially expressed, with 71 TF genes up-regulated in
our optimized protocol compare to the control (Fig. 5A,
Table S5). The biological processes associated with these
up-regulated TF genes were linked to mesoderm devel-
opment and vasculogenesis (Fig. 5C). By day 10, 59 TF
genes were significantly differentially expressed, with 33
TF genes up-regulated in our optimized protocol com-
pared to the control (Fig. 5B, Table S5). These upregu-
lated genes continued to be associated with mesoderm
development and vasculogenesis (Fig. 5D).

Potency of vascularized pancreatic progenitors to
differentiate into B-cells

To demonstrate the potential of vascularized pancreatic
progenitors to differentiate into B-cells, we applied the
late-stage differentiation medium from Chen’s protocol
and compared these cells with those directly differen-
tiated using the same protocol. We examined markers
of mature [B-cells (NKX6.1, INS, and MAFB), imma-
ture B-cells (PDX1 and SOX9), and ECs (CD34). The
expression levels of NKX6.1 and INS were significantly
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up-regulated in cells at day 27 that differentiated from
vPP compared to the control, while other markers
showed no significant differences (Fig. 6A). Immuno-
fluorescence demonstrated co-expression of INS and
MAFA in cells at day 27 (Fig. 6B). Flow cytometry analy-
sis revealed that approximately 60% of vPP differentiated
into insulin-producing B-cells by day 27, with the ratio of
C-peptide” cells being higher than in the control group
(Fig. 6C). Insulin secretion in the culture supernatant at
the end of the culture period was higher in cells differ-
entiated from vPP compared to the control (Figure S4A).
Transmission electron microscopy and immunofluores-
cence confirmed the presence of insulin-secreting gran-
ules in the B-cells derived from vPP (Figure S4B and C).
These observations suggest that vPP can differentiate into
insulin-producing p-cells and may do so more efficiently
than direct differentiation.

Discussion

This study successfully establishes a robust protocol
for the co-induction of endoderm and mesoderm from
hPSCs via WNT signaling manipulation (Fig. 1A). To
achieve an optimal ratio of approximately 30% meso-
derm and 70% endoderm, our novel protocol employs a
constant low dose of CHIR in combination with mTeSR1
(Fig. 1C-F). This ratio is particularly advantageous for
subsequent differentiation steps aimed at producing
vascularized tissues. Contrary to our expectations, the
addition of BMP4 did not enhance mesoderm differ-
entiation in our protocol, diverging from its recognized
role in mesoderm induction (Figure S1B). This discrep-
ancy might be attributed to context-specific responses
of hPSCs, illustrating the necessity for tailored protocols
depending on the specific cell line and differentiation
target.

Our novel protocol, with the addition of VEGFA, sig-
nificantly enhanced endothelial cell (EC) differentiation
without compromising the efficiency of pancreatic pro-
genitor (PP) formation (Fig. 2). The proportion of ECs
reached 13.9%, representing a notable improvement over
previous methodologies that primarily focused on pure
PP populations. The increased expression of endothelial
markers CD31, CD34, and CDH5 in our vPPs under-
scores the efficacy of VEGFA in promoting angiogenesis
[28]. Additionally, the presence of pericytes highlights the
formation of more complex and mature vascular struc-
tures within the PP context, further validating the robust-
ness of our differentiation protocol. We also repeatedly
induced vPP using H1 human embryonic stem cell lines,
consistently achieving the same outcomes (Figure S5).
This dual differentiation approach holds promise for cre-
ating more functional and vascularized tissues, which are
essential for successful transplantations.
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RNA-sequencing data corroborated the biological effi-
cacy of our protocol. The up-regulation of mesoderm-
associated genes (e.g., SFRP2, SMAD3, TBXT) and the
suppression of endoderm markers (e.g., APELA, BMP4)
align with the observed phenotypic outcomes (Fig. 3).
GO and KEGG pathway analyses further supported
these findings, illustrating significant involvement in

mesoderm and endothelial development processes.
Importantly, pathways related to oxidative phosphory-
lation and linoleic acid metabolism were up-regulated,
indicating enhanced metabolic activity in the differen-
tiated cells, which may contribute to their robustness
and functionality. Recent studies have shown that cel-
lular metabolism can influence stem cell differentiation,
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including the development of mesodermal tissues [29—
31]. The emerging field of metabolic regulation in stem
cell biology continues to uncover new insights into how
energy production and cellular metabolism influence
development at the molecular level.

The final phase of our study demonstrated the func-
tional potential of vPP to differentiate into insulin-pro-
ducing p-cells. The enhanced expression of mature [3-cell
markers NKX6.1 and INS, along with increased insulin
secretion, signifies efficient maturation of these cells (Fig-
ure S4). Co-expression of INS and MAFA, detected via
immunofluorescence, reconfirms the successful differen-
tiation into functional p-cells. The functional maturation
of islet cells, particularly insulin-producing B-cells, is cru-
cial for maintaining glucose homeostasis. Vascularization
plays a critical role in the development, maturation, and
function of these cells, as it ensures an adequate supply of
nutrient and oxygen, facilitates the removal of metabolic
waste, and enables proper signaling interactions [32, 33].

Conclusions

Our study successfully establishes a robust protocol for
the co-induction of endoderm and mesoderm from
hPSCs by optimizing WNT signaling manipulation and
integrating essential growth factors. This approach facili-
tates the generation of vascularized pancreatic progeni-
tors, addressing a critical need in regenerative medicine.
Future research should aim to further refine these proto-
cols and explore the long-term functionality and stabil-
ity of the differentiated cells in vivo. This work represents
a substantial step toward developing effective therapies
for diabetes and other diseases requiring complex tissue
regeneration.
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