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SUMMARY

Vascular complications caused by diabetes mellitus contribute a major threat to increased disability and mor-
tality of diabetic patients, which are characterized by damaged endothelial cells and angiogenesis. Human
umbilical cord-derived mesenchymal stem cells (hucMSCs) have been demonstrated to alleviate endothelial
cell damage and improve angiogenesis. However, these investigations overlooked the pivotal role of vasculo-
genesis. In this study, we utilized blood vessel organoids (BVOs) to investigate the impact of high glucose on
vasculogenesis and subsequent angiogenesis. We found that BVOs in the vascular lineage induction stage
were more sensitive to high glucose and more susceptible to affect endothelial cell differentiation and func-
tion. Moreover, hucMSCs can alleviate the high glucose-induced inhibition of endothelial cell differentiation
and dysfunction through MAPK signaling pathway downregulation, with the MAPK activator dimethyl fuma-
rate further illustrating the results. Thereby, we demonstrated that high glucose can lead to abnormal vascu-

logenesis and impact subsequent angiogenesis, and hucMSCs can alleviate this effect.

INTRODUCTION

Diabetes mellitus is a globally prevalent chronic disease charac-
terized by hyperglycemia with an increasing incidence in the
general population. Currently, 537 million people worldwide are
living with diabetes mellitus, and this number may reach 700
million by 2045." Various vascular complications caused by
long-term hyperglycemia, such as cardiovascular disease
(CVD), diabetic kidney disease (DKD), diabetic retinopathy
(DR), and neuropathy, are major contributors to the increased
morbidity and mortality and reduced quality of life of patients
with diabetes mellitus.”

Many studies have demonstrated that endothelial dysfunction
causes vascular complications.® Endothelial cells (ECs) line the
inner surface of blood vessels and form a selective biological
barrier that works to maintain vascular homeostasis by regu-
lating blood transport, fibrinolysis, macromolecule metastasis,
and immune responses and is involved in inflammatory re-
sponses.* Long-term exposure to high-glucose conditions can
decrease endothelial cell viability, increase vascular perme-
ability, and accelerate endothelial cell apoptosis and aging, re-
sulting in abnormal angiogenesis and poor damage repair.>°
To date, conventional research and therapeutic approaches
have focused mainly on maintaining a normal blood glucose level

and regulating the proliferation and migration of endothelial
cells to improve angiogenesis and the repair of the vasculature,”
however, the related studies overlooked the pivotal role of
vasculogenesis.

In fact, the establishment of the vascular system is divided into
two stages: vasculogenesis and angiogenesis.® Vasculogenesis
refers to the formation of the initial vascular network in situ
through the differentiation, expansion, and merging of meso-
dermal precursor-derived endothelial precursors (EPCs) during
embryonic development.® Angiogenesis further occurs in the
initial vascular network via sprouting or splitting.'® Therefore,
abnormal vasculogenesis inevitably leads to abnormal angio-
genesis and vascularization. In vitro whole-embryo culture
models allow the study of this critical developmental period,
and research indicates that short-term high blood glucose is
teratogenic, leading to dose-dependent growth retardation, neu-
ral tube damage, and yolk sac failure."" Research also indicates
that vasculogenesis is related to many proteins, such as hypox-
ia-inducible factor 1 (HIF-1) and vascular endothelial growth fac-
tor (VEGF), which are active during normal vasculogenesis and
are downregulated in hyperglycemia.’? In addition, apoptosis
signal regulating kinase 1 (ASK1) is upregulated by high glucose
conditions, and vascular damage can be abolished when the
related downstream events are inhibited.'® Thioredoxin-1, an
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inhibitor of ASK1, and nitric oxide can modulate murine yolk sac
vasculogenesis and reverse glucose-induced vasculopathy. %
In addition, in adult tissues, vasculogenesis occurs can repair
vascular damage through the differentiation of EPCs into endo-
thelial cells. EPCs can also serve as biomarkers of cardiovascu-
lar risk.'®

Despite the knowledge gained from studies in mouse embryos
that has provided a preliminary theoretical basis for the abnormal
vasculogenesis caused by high glucose conditions, the regulato-
ry molecules and signaling events underlying vessel develop-
ment and patterning remain largely unknown. Considering the
complexity of embryonic tissue and species differences in ani-
mal models and humans, it is difficult to directly translate the
results of animal experiments to humans. Thus, models of
organoids derived from stem cells can be important complemen-
tary tools for understanding this crucial period of human
development.

Blood vessel organoids (BVOs) are generated from embryonic
stem cells (ESCs) or pluripotent stem cells (PSCs). After meso-
derm induction and vascular lineage induction stages, BVOs
with vascular network-like structures ultimately form in the
collagen-Matrigel hydrogel.'®'” BVOs exhibit a stable vascular
structure, a dense vascular network, and intricate cellular inter-
play; thus, as vascular models, they are superior to other types
of models for in vitro studies. As our understanding of BVOs
has continued to evolve, we have found that the induction stage
of BVOs has characteristics similar to those of vasculogenesis
and angiogenesis in the native vasculature in vivo. Therefore,
BVOs are highly important for elucidating the mechanism by
which high glucose induces vascular abnormalities and for
developing treatments.

Recently, stem cell therapy has provided a new therapeutic
strategy for diabetes, and various types of stem cells, most
commonly human umbilical cord-derived mesenchymal stem
cells (hucMSCs), have been widely used in the clinical treatment
of diabetes.'®"® Animal experiments and clinical practice have
shown that hucMSCs can decrease blood glucose and HbA1c
levels by releasing extracellular vesicles, exosomes, growth fac-
tors, chemokines, and cytokines to modulate immune responses
and repair injured tissues.”® However, the effect of hucMSCs on
abnormal vasculogenesis is unclear.

In this study, we tested and characterized BVOs at different in-
duction stages. The induction stage is divided into two phases:
vasculogenesis and angiogenesis. By high-glucose exposure
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of BVOs at different induction stages, we identified that vascular
lineage induction stage was the most sensitive to high-glucose
conditions. To explore the effect of hucMSCs on vasculogenesis
in a high-glucose environment, we cocultured hucMSCs with
BVOs in the vascular lineage induction stage in high-glucose me-
dium. Subsequently, we investigated the mechanisms by which
high glucose and hucMSCs affect vasculogenesis. Our findings
provide a theoretical basis for the mechanism underlying
diabetic vasculogenesis and for drug and other therapeutic
approaches to address the related abnormalities. Moreover,
we provide an idea for the study of not only BVOs but also other
organoids of the corresponding organs.

RESULTS

Generation of BVOs and exploration of the effects of
high-glucose conditions on angiogenesis in BVOs

BVOs were generated from the hESC line H9 according to the
protocol described by Wimmer et al."” Following mesoderm
and vascular linage induction, VI-BVOs were embedded in
collagen I-Matrigel (3:1) hydrogels. After embedding, robust
endothelial networks sprouted from the VI-BVOs; the resulting
structures were called BVOs (Figure 1A). To determine the
cellular composition of the BVOs, we conducted whole-mount
staining for vascular markers associated with endothelial cells
(ECs), pericytes (PCs), smooth muscle cells (SMCs) and the
basement membrane (BM). CD31* ECs and PDGFRpB* PCs
were in intimate contact with each other and were typically
encapsulated within the Col IV* BM (Figure 1B). Moreover, the
BVOs could internalize Dil-labeled Ac-LDL (Dil-Ac-LDL), a char-
acteristic function of endothelial cells (Figure 1B). Notably, the
upregulated gene expression of EC, PC and BM markers corrob-
orated the successful differentiation within the BVOs (Figure 1C).
Ultrastructural analysis via HE staining revealed the formation of
lumens within the BVOs (Figure 1D). Our results validated the
effective generation of BVOs, which exhibited structural and
functional features reminiscent of those of the native vascula-
ture. Moreover, to test whether BVOs can simulate abnormal
angiogenesis in high-glucose environments, after VI-BVOs
were embedded in the hydrogel on the first day we treated
them with control medium (BVOs-Control) or high-glucose me-
dium (BVOs-HG), as described in the literature.'® By inverted
phase contrast microscopy, we found that on the third day of
embedding, high-glucose medium significantly inhibited the

Figure 1. Generation of BVOs and exploration of the effects of high-glucose conditions on angiogenesis in BVOs
(A) Schematic representation of the process for generating BVOs derived from human ESCs.
(B) BVOs displayed CD31 staining as a marker of endothelial cells, PDGFR-p staining as a marker of pericytes, and Col IV staining as a marker of the basement

membrane. Moreover, BVOs were able to take up Dil-Ac-LDL.

(C) The gene expression levels of Pecam1, VE-Cadherin, Pdgfr, «-Sma, Col 4a1 and Col 4a2 in BVOs were higher than those in ESCs.

D) HE staining visualized the lumen (*) of BVOs.

(
(E) Inverted phase contrast images of VI-BVOs on day 3 after embedding in the hydrogel: control medium group (BVOs-Control) and high-glucose medium group
(BVOs-HG).

(F) Compared to those in the BVOs-Control group, the CD 31 expression levels and acLDL uptake function of endothelial cells in the BVOs-HG group were
significantly decreased.

(G) Compared to those in the BVOs-Control group, the expression of the endothelial cell marker genes Pecam1/VE-cadherin and the pericyte marker genes
Pdgfr/a-sma in the BVOs-HG group was significantly downregulated in the BVOs-HG group. For (C) and (G), data are represented as mean + SD. (n = 3 replicates
per condition from 3 independent experiments, *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001 from two-tailed Student’s t test)(Scale bar: A, B, E, F =100 um, D
(left) = 50 um, D (right) = 20 um).
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sprouting of BVOs (Figure 1E). Moreover, the immunofluores-
cence staining results demonstrated that the differentiation
levels of CD31" endothelial cells was downregulated and ac-
LDL uptake was inhibited (Figures 1F and S1)). The downregu-
lated gene expression of vascular markers was consistent with
the immunofluorescence staining results (Figure 1G), both of
which indicated that high-glucose conditions can impair angio-
genesis in BVOs. The above results demonstrated that
we successfully constructed BVOs and that our model can simu-
late the process of angiogenic impairment caused by high
glucose. In the following studies, we explored whether BVOs
can simulate vasculogenesis and the effect of high glucose on
vasculogenesis.

BVOs induction can be divided into two phases:
Vasculogenesis and angiogenesis

During embryonic development, the formation of the vascular
system occurs in two phases: vasculogenesis and angiogenesis.
According to the induction protocol and characterization of
BVOs, we hypothesized that the process of BVOs induction
could also be divided into phases of vasculogenesis and angio-
genesis. To investigate whether BVOs can simulate vasculogen-
esis, we detected and analyzed characteristic markers of the
mesoderm and vascular lineage corresponding to different in-
duction stages in BVOs at the transcriptional and translational
levels. We first evaluated the expression of stemness markers
in ESC-EBs, and the immunofluorescence staining results
showed that ESC-EBs were composed of many OCT4+ and
SSEA4+ ESCs, which provide a solid foundation for the success-
ful generation of BVOs (Figure 2A). After three days of treatment
with BMP4 and CHIR99021, MI-BVOs had characteristics of
mesoderm cells, relative to hucMSC-EBs, both contained
PDGFRa+ and FLK1+ mesodermal cells (Figure 2B). After the
completion of vascular lineage induction, VI-BVOs not only ex-
pressed the vascular markers for endothelial cells (CD31) and
pericytes (PDGFRp) but also exhibited the ability of endothelial
cells to take up ac-LDL (Figure 2C). Tube formation assays
also showed that the endothelial cells in VI-BVOs exhibited
angiogenic potential (Figure 2D). Flow cytometry revealed that
42.4% of the cells in VI-BVOs were CD 31" endothelial cells
and 8.84% were CD 140b* pericytes at this stage (Figure 2E).
Consistent with these findings, the gPCR results revealed that
the expression of vascular-specific genes in VI-BVOs was signif-
icantly greater than that in ESCs (Figure 2F). To further explore
the proliferation and differentiation of endothelial cells in
VI-BVOs, we dissociated VI-BVOs into single cells and cultured
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the cells in 24-well plates for 3 days. A serial photographing of
single cells to cell colonies exhibited proliferation ability of VI-
BVOs-derived single cells (Figure 2G). The flow cytometry results
showed that 44.3% of these cells were endothelial cells and
30.1% were pericytes (Figure 2H). Moreover, VI-BVOs-derived
single cells included many CD31* endothelial cells (Figure 2I).
These results show that VI-BVOs continue to proliferate and
differentiate after dissociated into single cells and have charac-
teristics similar to those of hydrogel-embedded BVOs. Based
on the above experimental results, we determined that the differ-
entiation characteristics of BVOs at different induction stages
were similar to those observed during vasculogenesis and
angiogenesis in vivo. Therefore, BVOs induction can be divided
into two phases: vasculogenesis and angiogenesis.

Effects of high glucose on the mesoderm induction

stage and vascular lineage induction stage of BVOs

Based on the above experimental results, we divided the induc-
tion process of BVOs into two phases, namely, vasculogenesis
(comprising mesoderm induction and vascular lineage induction)
and angiogenesis, an organization similar to the process of
vascular development in human tissue (Figure 3A). To study the
effect of high-glucose treatment on vasculogenesis in BVOs, we
cultured ESC-EBs and MI-BVOs in high-glucose medium
(75 mM glucose) for three consecutive days, with control medium
(17 mM glucose +75mM D-mannitol) serving as the correspond-
ing control environment. After high-glucose treatment for three
days, the ESC-EBs were differentiated into MI-BVOs, and the
MI-BVOs were differentiated into VI-BVOs. The immunofluores-
cence results showed that compared to MI-BVOs in the control
(MI-Control) group, the expression of the mesodermal cell
markers PDGFRa and FLK1 was significantly decreased in the
high glucose (MI-HG) group (Figure 3B). The gPCR results were
consistent with the immunofluorescence results, indicating that
exposure to high-glucose conditions during the mesoderm induc-
tion stage can inhibit cell differentiation in MI-BVOs (Figure 3C).
During the vascular induction stage, high-glucose medium (VI-
HG group) can also inhibit the differentiation and function of
vascular cells compared to control medium (VI-Control group),
as indicated by the downregulating in the levels of the vascular
markers CD31 and PDGFRB; in addition, the uptake function of
endothelial cells was inhibited (Figures 3D and S2). The gPCR re-
sults were consistent with the immunofluorescence results, indi-
cating that exposure to high-glucose conditions during the
vascular lineage induction stage can inhibit vascular cell differen-
tiation in VI-BVOs (Figure 3E). The aforementioned findings

Figure 2. BVOs induction can be divided into two phases: Vasculogenesis and angiogenesis

(A) ESC-EBs are spread throughout OCT4+ and SSEA4+ ESCs.

(B) Compared with hucMSC-EBs, MI-BVOs had characteristics of mesoderm cells, both of which contained PDGFRa" and FLK1* mesodermal cells.
(C) VI-BVOs not only express vascular-related biomarkers for endothelial cells (CD31) and pericytes (PDGFRp) but also have the functional characteristics of

endothelial cells to take up Ac-LDL.
(D) The cells in VI-BVOs have angiogenic potential.

(E) In total, 42.4% of the cells in VI-BVOs were endothelial cells, and 8.84% were pericytes.

(F) gPCR revealed that the relevant gene expression levels in endothelial cells and pericytes were significantly greater than those in ESCs. Data are represented as
mean + SD. (n = 3 replicates per condition from 3 independent experiments, *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001 from two-tailed Student’s t test).
(G) Inverted phase contrast images showing that VI-BVOs-derived single cells can grow and multiply in planar culture.

(H) After 3 days of planar culture, 44.3% of the cells derived from VI-BVOs were endothelial cells, and 30.1% were pericytes.

(I) The VI-BVOs-derived single-cell population contained many CD31* endothelial cells. Scale bar: 100 pm.
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Figure 3. Effects of high glucose on the
mesoderm induction stage and vascular
lineage induction stage of BVOs

(A) Pattern diagrams for each stage of BVOs.

(B) Compared to the control treatment (MI-Control),
high-glucose treatment (MI-HG) inhibited PDGFRo.*
and FLK1* mesodermal cell differentiation.

| (C) gPCR analysis showed that high-glucose treat-
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(D) Compared to the control treatment (VI-Control),
high-glucose treatment (VI-HG) downregulated
CD31* endothelial cells and PDGFRB* pericytes
differentiation levels, meanwhile inhibited the uptake
function of endothelial cells.

(E) gPCR analysis showed that high-glucose treat-
ment inhibited Pecam1/VE-Cadherin/Pdgfr/a-Sma
gene expression. For (C) and (E), data are repre-
sented as mean + SD. (n = 3 replicates per condition
from 3 independent experiments, *p < 0.05,
**p < 0.01, **p < 0.001, ***p < 0.0001 from two-
tailed Student’s t test). Scale bar: 100 um.
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group. The immunofluorescence results
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suggest that high-glucose treatment can inhibit the differentiation
of cells in BVOs during the mesoderm and vascular lineage induc-
tion stages and these effects lead to abnormal vasculogenesis.
Hence, we aimed to discern the stage at which high-glucose
exposure exerts a more pronounced inhibitory impact on subse-
quent endothelial cell differentiation and function.

The vascular lineage induction stage is more sensitive to
high-glucose treatment than the mesoderm induction
stage of BVOs

In previous experiments, we found that high-glucose conditions
can inhibit the differentiation and function of BVOs during both
the mesoderm induction stage and the vascular lineage induction
stage. To further discern the stage at which high-glucose expo-
sure exerts a more pronounced inhibitory impact on subsequent
endothelial cell differentiation and function, we cultured MI-
BVOs to generate VI-BVOs that had been subjected to high-
glucose treatment (75 mM glucose) for three days during the
mesoderm induction stage (the MG group) compared with VI-
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significantly than the MG group (Figures
4A and S3A). Flow cytometric analysis
also confirmed that compared with that in
the MG group (54.3%), the number of CD
31*endothelial cells in the VG group
(49.8%) was decreased, and both groups were inferior to the Con-
trol group (61.6%) (Figure 4B).Tube formation assays revealed
that compared with that of the VI-BVOs in the Control group, the
angiogenetic potential of the VI-BVOs in the MG group and the
VG group was reduced, and then the VG group was poorer than
the MG group (Figure 4C). When the VI-BVOs were embedded
in the hydrogel, the sprouting of the VI-BVOs in the VG group
and the MG group were attenuated compared with thatin the Con-
trol group, and the VG group was poorer than the MG group
(Figures 4D and S3B). In addition, the expression levels of endo-
thelial cell markers and uptake function of endothelial cells in the
Control group were highest and the VG group inferior to the MG
group (Figure 4D), which showed that the effect of high glucose
on VI-BVOs would influence the sprouting of BVOs. The gPCR re-
sults were consistent with the results of the above experiments,
indicating that high-glucose treatment exhibits an increased
inhibitory effect on the differentiation levels of VI-BVOs in the
vascular lineage induction stage than in the mesoderm induction
stage (Figure 4E). These results indicated that the vascular lineage
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induction stage was when BVOs were the most sensitive to high
glucose levels. In subsequent experiments, we investigated the
impact of hucMSCs on the growth and differentiation of BVOs
exposed to high glucose conditions during the vascular lineage in-
duction stage.

CD31
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HucMSCs can alleviate abnormal vasculogenesis of VI-
BVOs and subsequent angiogenesis of BVOs

Totest whether hucMSCs can alleviate abnormal vasculogenesis
caused by high-glucose conditions, we cocultured hucMSC-EBs
and MI-BVOs at a ratio of 1:1 in high-glucose medium (75 mM
glucose) for three consecutive days until the formation of VI-
BVOs, with MI-BVOs cultured alone in high-glucose medium
(75 mM glucose) and control medium (17 mM glucose +75mM
D-mannitol) serving as the corresponding control. Under the
coculture condition, both hucMSC-EBs and VI-BVOs exhibited
a spherical morphology and robust growth. Some VI-BVOs and
hucMSC-EBs self-aggregated into a merged EBs, and some re-
mained free. Additionally, these structures were easily distin-
guished from a morphological perspective: hucMSC-EBs were
more compact and less transparent, while VI-BVOs were more
transparent (Figures 5A and S4). Subsequently, we selected
free VI-BVOs from all groups for immunofluorescence staining,
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Figure 4. The vascular lineage induction
stage is more sensitive to high-glucose
treatment than the mesoderm induction
stage of BVOs
(A) Control group: VI-BVOs in control medium
(17 mM glucose +75mM D-mannitol); MG group:
VI-BVOs treated with high-glucose medium in the
mesoderm induction stage; VG group: VI-BVOs
treated with high-glucose medium in the vascular
lineage induction stage. The VG group showed
poorer differentiation and function of endothelial
cells than the MG group, both of which were inferior
to the Control group.
(B) The VG group showed poorer angiogenetic
potential than the MG group, both of which were
inferior to Control group.
(C) The VG group (49.8%) had a lower percentage
of endothelial cells than the MG group (54.3%),
which both were inferior to Control group (61.6%).
(D) The sprouting of the VI-BVOs in the VG group
and the MG group were attenuated compared with
that in the Control group, and then the VG group
was inhibited more significantly than the MG group.
(E) gPCR analysis showed that the VG group had a
decreased gene expression levels of vascular cells
compared with the MG group, both of which were
inferior to the Control group. Data are represented
as mean =+ SD. (n = 3 replicates per condition from 3
independent experiments, *p < 0.05, *p < 0.01,
= - ***p < 0.001, ***p < 0.0001 from one-way ANOVA).
Scale bar: 100 um.

3 Control

gPCR analysis and flow cytometric anal-
ysis. The immunofluorescence results
showed that high glucose inhibited the
differentiation and the ability to take up
ac-LDL of endothelial cells. Meanwhile,
the presence of hucMSC-EBs significantly improve the differen-
tiation levels and function of endothelial cells (Figures 5B and
S5A). Flow cytometric analysis also revealed that high glucose
treatment decreased the proportion of endothelial cells and
hucMSC-EBs can alleviate it (Figure 5C). The gPCR results
were consistent with the above results, indicating that the
expression levels of vascular-specific genes were significantly
downregulated under high glucose treatment and the presence
of hucMSC-EBs improve the phenomenon (Figure 5D). When
the VI-BVOs were embedded in the hydrogel, the sprouting of
the VI-BVOs in the MG group was poorer than the Control group
butimprovedinthe VG + hucMSCs group. (Figure 5E). In addition,
the expression levels of CD 31 and the ac-LDL uptake function of
endothelial cells in MG group were lower than the Control group
but increased in the VG + hucMSCs group (Figures 5F and S5B).

hucMSCs can improve migration capabilities and
proliferation levels of vascular cells derived from Vi-
BVOs

To further investigate the effects of hucMSCs on migration capa-
bilities and proliferation levels of vascular cells derived from
VI-BVOs, we dissociated the VI-BVOs from the Control group,
VG group and VG + hucMSCs group into single cells and plated
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the cells in a 24-well plate following cultured them for 3 days. Flow
cytometric analysis showed that high glucose decreased the
proportion of endothelial cells, and the presence of hucMSCs
improved the phenomenon, which was consistent with the above
results (Figure 6A). MTT assay results showed that high glucose
downregulated proliferation levels of vascular cells derived from
VI-BVOs and hucMSCs treatment can alleviate the damage (Fig-
ure 6B). And the TUNEL assay results revealed that apoptosis
levels were also increased in VG group compared to Control group
(Figure 6C), but decreased in VG + hucMSCs group. Wound-heal-
ing assay also showed that high glucose treatment impaired the
migration capabilities of vascular cells derived from VI-BVOs
(Figure 6D) compared to control medium but improved in the pres-
ence of hucMSCs. The aforementioned results suggested that
hucMSCs can not only ameliorate abnormal vasculogenesis
induced by high glucose condition but also facilitate the prolifera-
tion levels and migration capabilities of vascular cells derived from
VI-BVOs.
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VG+hucMSCs Figure 5. HucMSCs can alleviate abnormal
vasculogenesis of VI-BVOs and subsequent
angiogenesis of BVOs

(A) Inverted phase contrastimages showed that the
VI-BVOs had a spherical morphology and robust
growth. Control group: MI-BVOs cultured alone in
high-control medium for three consecutive days;
VG group: MI-BVOs cultured alone in high-glucose
medium for three consecutive days; VG +
hucMSCs group: MI-BVOs and hucMSC-EBs
cocultured in high-glucose medium for three
consecutive days.

(B) The immunofluorescence results showing that
high glucose inhibited the differentiation of endo-
thelial cells and the ability to take up Ac-LDL, but
hucMSCs alleviated the phenomenon.

(C) Flow cytometric analysis showed that high
glucose lowered the proportion of endothelial cells,
but hucMSCs alleviated the phenomenon.

(D) The gPCR results indicated that high glucose
inhibited the expression levels of vascular-specific
genes, and the presence of hucMSCs significantly
improved the phenomenon. Data are represented
as mean + SD. (n = 3 replicates per condition from 3
independent experiments, “o < 0.05, *p < 0.01,
***p < 0.001, ***p < 0.0001 from one-way ANOVA).
(E) Inverted phase contrast images showed that
high glucose inhibited the sprouting of VI-BVOs,
and the presence of hucMSCs significantly
improved the phenomenon.

(F) The immunofluorescence results showed that
high glucose inhibited the expression levels of CD
31 and the uptake function of endothelial cells in
BVOs, and the presence of hucMSCs significantly
improved the phenomenon. Scale bar: 100 pm.
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HucMSCs alleviate abnormal
vasculogenesis in VI-BVOs caused
by high-glucose treatment through
the MAPK signaling pathway

It has been shown that hucMSCs can
alleviate endothelial cell damage caused
by high-glucose conditions through the
MAPK signaling pathway?'; thus, we investigated whether the
effects of high glucose and hucMSCs on vasculogenic abnor-
malities are associated with the MAPK signaling pathway. To
this end, we designed three sets of experiments with three gro-
ups: a control group (17 mM glucose), a VG group (75 mM
glucose), and a VG + hucMSCs group (75 mM glucose). Flow
cytometric analysis showed that high-glucose treatment signif-
icantly decreased the proportion of endothelial cells in VI-BVOs
and that hucMSCs alleviated this effect (Figure 7A). Subse-
quently, we examined the expression levels of ERK/JNK/p38
and their phosphorylation related to the MAPK signaling
pathway. High-glucose treatment significantly increased the
phosphorylation levels of these proteins compared to those in
the control group. After hucMSCs treatment, the phosphoryla-
tion levels of these proteins were decreased significantly
(Figure 7B and 7C). To further confirm this observation,
100 puM MAPK activator Dimethyl fumarate (DMF, Sigma-
Aldrich, St. Louis, MO, USA), known for significantly activated
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Figure 6.

hucMSCs can improve migration capabilities and proliferation levels of vascular cells derived from VI-BVOs

(A) Flow cytometric analysis showed that high glucose treatment decreased the proportion of endothelial cells derived from VI-BVOs, and hucMSCs alleviated the

phenomenon.

(B) MTT assay results showed high glucose inhibited the proliferation levels of vascular cells derived from VI-BVOs and hucMSCs treatment can improve the
phenomenon. Data are represented as mean + SD. (n = 3 replicates per condition from 3 independent experiments, *o < 0.05, **p < 0.01, **p < 0.001,

****p < 0.0001 from one-way ANOVA).

(C) The TUNEL assay results showed that high glucose increased apoptosis levels of vascular cells derived from VI-BVOs, and hucMSCs can decrease apoptosis

levels.

(D) Wound-healing assay showed that high glucose impaired the migration capabilities of vascular cells derived from VI-BVOs and hucMSCs treatment improved

the phenomenon. Scale bar: 100 pm.

JNK/p38/ERK,** were added into the co-culture system (VG+
hucMSCs+DMF group). The addition of MAPK activators
increased the proportion of endothelial cells in VG+hucMSCs+
DMF group compared to VG + hucMSCs group, meanwhile re-
sulted in the upregulation of the phosphorylation levels of ERK/
JNK/p38 (Figure 7D-7F). Hence, we concluded that hucMSCs
alleviate the impairment of endothelial cell in VI-BVOs caused

by high-glucose treatment during the vascular lineage induction
stage through the MAPK signaling pathway.

DISCUSSION

The cardiovascular system is the first functional system to
arise during human embryonic development, becoming active
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Figure 7. HucMSCs alleviate abnormal vas-
culogenesis in VI-BVOs caused by high-
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glucose treatment through the MAPK
signaling pathway

(A) Flow cytometric analysis showed that high-
glucose treatment decreased the proportion of
endothelial cells and that coculturing with
hucMSCs alleviated this effect.

(B) The Western blot results showed that high-
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glucose treatment increased the phosphorylation
levels of ERK/JNK/p38 compared to those in the
control group, but hucMSCs treatment decreased
the phosphorylation levels of these proteins.

(C) Flow cytometric analysis showed that MAPK
activator treatment increased the proportion of
endothelial cells in VG+hucMSCs+DMF group
compared to VG + hucMSCs group.

(D) The Western blot results showed that MAPK
activator treatment increased the phosphorylation
levels of ERK/JNK/p38 compared to those in the
VG + hucMSCs group. For (B) and (D), data are
represented as mean + SD. (n = 3 replicates per
condition from 3 independent experiments,
*p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001
from one-way ANOVA). Scale bar: 100 pm.
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at approximately the third to fourth week of gestation.?® The
formation of blood vessels and subsequent blood flow ensure
the survival and development of the embryo."""*®> The devel-
oping tissue is permeated and interconnected by an intricate
network of vascular systems, facilitating not only the exchange
of oxygen, nutrients, and metabolic waste but also contrib-
uting to the structural formation of tissues and organs.?***
Vascular injuries can lead to a range of diseases. In patients
with diabetes, endothelial cell damage and vascular complica-
tions caused by high glucose levels are the primary
factors leading to disability and the incidence of diabetes.?®
Therefore, for the repair of damaged blood vessels and
the treatment of vascular complications, the main strategies
are controlling blood glucose, improving endothelial cell
function and promoting endothelial cell proliferation and
migration.
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fers to the de novo generation of endothe-
lial cells from endothelial progenitor cells
(EPCs).2'* As the first step in the vascular
system, vasculogenesis determines the
degree of differentiation of endothelial
cells, which plays a very important role in
the formation and repair of blood vessels.
Abnormalities in vasculogenesis inevi-
tably result in abnormalities in the vascular
system. Researchers have shown that
during in vitro culture of mouse embryos,
abnormalities in vasculogenesis can lead
to abnormal embryonic development or
even malformations. Moreover, vasculo-
genesis also occurs in adult tissues and
involved in the formation of vascular system and the repair of
damaged blood vessel. For example, EPC-EXs can protect
against high glucose-derived endothelial cell damage and cere-
bralischemic injury by improving astrocyte survival and oxidative
stress.?® EPCs can also serve as biomarkers of cardiovascular
risk.'® However, to date, studies on diabetes mellitus have over-
looked the importance of vasculogenesis and research on vas-
culogenesis is limited.

BVOs are generated from ESCs or PSCs that have undergone
mesodermal induction and vascular lineage induction stage
in vitro and then are embedded in a gel.'” By an in-depth study
of BVOs, we found that the induction process of BVOs is very
similar to process of human blood vessel development, both of
which demonstrated that endothelial cells are originated from
flk1-positive mesodermal progenitor cells.?”*®  Therefore,
BVOs serve as an excellent in vitro platform for the study the

I Control

VG
EmVG+hucMSCs
EVG+hucMSCs+DMF
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effect of high glucose on vasculogenesis and the specific
mechanism.

In this study, we first characterized the various induction
stages of BVOs and found that the mesodermal induction stage
and the vascular induction stage were highly similar to vasculo-
genesis. Subsequently, to explore the impact of high glucose
on mesodermal cells differentiation and subsequent vascular
cells differentiation of BVOs, we treated BVOs at each of in-
duction stages with high-glucose (75 mM) medium. Strictly
speaking, the glucose concentration of 75 mM is super-physi-
ological, which is 2-3 times the level seen in diabetic patients
with hyperglycemic hyperosmolar syndrome (HHS).?° And
ISPAD Clinical Practice Consensus Guidelines 2018 defined
that the average fasting blood glucose (FBG) concentration
exceeding 145 mg/dL (8mM) is deemed as poor glycemic con-
trol,>%" which is the essential cardiovascular disease risk fac-
tors.®? However, from the perspective of in vitro experiments,
the choice of 75mM concentration was a comprehensive deci-
sion based on literature references and experimental findings.
In two-dimensional endothelial cell models, the glucose con-
centrations generally fall between 30 and 50 mM,**** and in
some studies exploring endothelial-mesenchymal transition,
the glucose concentrations even reach 100 mM.*® In the dia-
betic model of BVOs, the glucose concentration is set at
75 mM."® Therefore, based on literature research, we prelimi-
narily investigated the effects of 35 mM and 75 mM glucose
on BVOs. The experimental results indicated that both 35 mM
and 75 mM glucose could individually inhibit cells differentiation
levels in MI-BVOs and VI-BVOs. However, when we transferred
high glucose-treated MI-BVOs to a non-high glucose medium
for further induction into VI-BVOs and examined the effects of
high glucose on subsequent endothelial cell differentiation,
we observed that 35 mM glucose treatment to MI-BVOs did
not accurately predict the endothelial cells differentiation inhibi-
tion during the subsequent vascular lineage induction stage.
Only 75 mM glucose could reliably capture this outcome.
This may result from the fact that damage to MI-BVOs from
glucose of lower concentrations remains within the cellular
compensation range, potentially repairable during subsequent
vascular lineage induction stage. Whereas glucose of high con-
centrations can disrupt this compensatory mechanism. There-
fore, in order to ensure the reproducibility of the experiment,
we chose 75mM glucose for further research. Based on this,
to determine the induction stage of BVOs at which high-
glucose treatment has the greatest impact on the differentiation
and function of endothelial cells, we compared endothelial cell
differentiation levels of VI-BVOs after high glucose treatment
during the mesoderm stage and the vascular lineage induction
stage, respectively. And we found that the vascular lineage
induction stage was most susceptible to the effects of
high glucose. Therefore, our next experiments focused on
high-glucose treatment at the vascular lineage induction stage.

Currently, stem cell therapies targeting endothelial cells and
angiogenesis are widely researched.*® Many clinical and exper-
imental studies have demonstrated that hucMSCs can alleviate
the symptoms of patients with diabetes, reduce endothelial cell
damage, and regulate angiogenesis to alleviate vascular compli-
cations of diabetes.®>’ > Additionally, mesenchymal stem cells,

¢ CellP’ress

OPEN ACCESS

which are stem cells originating from the mesoderm, not only
facilitate the differentiation of endothelial cells via paracrine
signaling, but also possess the capability to differentiate into
endothelial cells themselves.*>*' Therefore, we considered
whether cocultures between BVOs and hucMSCs can improve
abnormal vasculogenesis.

During the experiment, we discovered that hucMSCs exhibit a
strong capability for self-aggregation and it can self-aggregate
into EBs under suspension culture conditions; these EBs are
more compact than those formed by ESCs, and they exhibit
robust growth under coculture conditions.*>*® Through analysis
the differentiation levels, proliferation levels and migration capa-
bility of VI-BVOs and vascular cells derived from VI-BVOs after
coculture, we found that hucMSCs indeed alleviated the
abnormal differentiation of mesodermal cells and subsequent
sets of endothelial cells resulting from high-glucose treatment.
Preliminary research had shown that hucMSCs can alleviate
endothelial cell damage through the MAPK signaling pathway.?"
And we thus investigated whether hucMSCs can alleviate the
abnormal differentiation of endothelial cells through this
pathway.?" To this end, we examined the expression of relevant
markers of this signaling pathway with the addition of MAPK acti-
vator DMF and found that the MARK signaling pathway is indeed
involved in the regulation of endothelial cell differentiation.

In this study, we skillfully exploited the different induction
stages of BVOs, and through an in-depth analysis of BVOs,
we found that the induction of BVOs in vitro involves a process
similar to that of vascular development in humans. Based
on this concept, other organoid generated from ESCs/PSCs
could be used for research of corresponding tissues
development.

Limitations of the study

Although this platform was used in this study to explore the
vascular differentiation process, this study still has limitations.
First, the inhibitory effect of high glucose on endothelial cell dif-
ferentiation is supposed to be slow and persistent. However, the
fixed strategy employed in the BVOs induction protocol some-
what restricts our ability to subject BVOs to longer periods using
lower concentrations of glucose. This may also be one of the rea-
sons why the glucose concentration in vitro must be maintained
in super-physiological levels. Second, vascular cell differentia-
tion is carried out at the embryonic level, but individual BVOs
lack interaction with other tissues and organs can only mimic
the influence of a single cell lineage.** Therefore, in future
studies, we can consider the use of stem cell-derived embryonic
organoids for mutual validation at the organoid and embryo
levels. This approach may be highly important for obtaining an
in-depth understanding of the mechanism underlying embryonic
vascular development and furthering the treatment of diabetic
vascular diseases.
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e This paper does not report original code.
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Antibodies

Alexa Fluor® 647 Mouse anti-Human CD31
PDGF Receptor B (28E1) Rabbit mAb
COL4A2-specific Polyclonal antibody
Oct-4 Antibody

SSEA-4 antibody

Anti-PDGFR alpha Antibody

VEGF Receptor 2 Recombinant Rabbit
Monoclonal Antibody

p44/42 MAPK (Erk1/2) (137F5) Rabbit mAb

Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204)
(D13.14.4E) XP® Rabbit mAb

SAPK/JNK Antibody

Phospho-SAPK/JNK (Thr183/Tyr185)
(81E11) Rabbit mAb

p38 MAPK (D13E1) XP® Rabbit mAb

Phospho-p38 MAPK (Thr180/Tyr182)
(D3F9) XP® Rabbit mAb

PE-conjugated mouse anti-human CD140b antibody

BD Pharmingen™
Cell Signaling
Proteintech

Cell Signaling

Santa Cruz Biotechnology

Abcam
HUABIO

Cell Signaling
Cell Signaling

Cell Signaling
Cell Signaling

Cell Signaling
Cell Signaling

BD Pharmingen™
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Cat# 55131-1-AP; RRID:AB_2881273
Cat# 2750; RRID:AB_823583
Cat#sc-59368; RRID:AB_1129653
Cat#ab203491; RRID:AB_2892065
Cat#ET1608-33; RRID:AB_3069801

Cat#4695; RRID:AB_390779
Cat#4370; RRID:AB_2315112

Cat#9252; RRID:AB_2250373
Cat#4668; RRID:AB_823588

Cat#8690; RRID:AB_10999090
Cat#4511; RRID:AB_2139682

Cat#558821; RRID:AB_397132

Chemicals, peptides, and recombinant proteins

Fetal bovine serum

mTeSR™ Plus Basal Medium
Matrigel

penicillin-streptomycin
nonessential amino acids

Gentle Cell Dissociation Reagent
Y27632

Neurobasal™

Medium

N-2 Supplement

B-27™ Supplement

GlutaMAX™ Supplement
2-Mercaptoethanol

CHIR-99021

Human BMP-4 Recombinant Protein

HumanKine® recombinant human
VEGF165 protein- GMP grade

forskolin

Collagen |

StemPro™-34 SFM (1X)
Recombinant Human FGF-basic
bovine serum albumin

Dil AcLDL solution

Collagenase B

Trizol reagent

PVDF Membrane
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Stem Cell Technologies
Corning

Gibco

Sigma-Aldrich

Stem Cell Technologies
Stem Cell Technologies
Gibco

Gibco

Gibco

Gibco

Gibco

APEXBIO

PeproTech

Proteintech

Sigma-Aldrich

Gibco

Gibco

PeproTech

Solarbio

Invitrogen

Gibco

Ambion Life Technologies
Mlllipore

Cat#0510
Cat#100-0276
Cat#354230
Cat#15140122
Cat#M7145
Cat#100-0485
Cat#72304
Cat#21103049
Cat#17502048
Cat#17504044
Cat#35050061
Cat#21985023
Cat#A3011
Cat#120-05
Cat#HZ-1038

Cat#F3917
Cat#A1048301
Cat#10639011
Cat#100-18B
Cat#A8020
Cat#L3484
Cat#17101015
Cat#15596018CN
Cat# IPVH00010
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3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl Invitrogen Cat# M6494

tetrazolium bromide

Dimethyl sulfoxide Thermo Scientific Cat# 20688

Native lysis buffer Abcam Cat#ab156035

Critical commercial assays

TB Green Premix Ex Taq Il kit TaKaRa Cat# RR820A

PrimeScript RT Reagent Kit TaKaRa Cat# RR0O47A

TUNEL Apoptosis Assay Kit (Green Fluorescence) TaKaRa Cat# KTA2010

Experimental models: Cell lines

H9 human Embryonic Stem Cells ATCC N/A

Human umbilical cord-derived mesenchymal stem cells Procell N/A

Oligonucleotides

Primer: hPECAM1-F (AGACGTGCAGTACACGGAAG) TaKaRa N/A

and hPECAM1-R (TTTCCACGGCATCAGGGAC)

Primer: hVE-Cadherin -F (CGCAATAGACAAGGA TaKaRa N/A

CATAACAC) and hVE-Cadherin -R (GGTCAAA

CTGCCCATACTTG)

Primer: h-VWF -F (TCCACAAAACAATGAGT TaKaRa N/A

TCCAACT) and h-VWF -R (CCTGAACAA

GTGTTTTCCAGTCTGT)

Primer: hPDGFR -F (ATCAGCAGCAAGGCGAGC) TaKaRa N/A

and hPDGFR -R (CAGGTCAGAACGAAGGTGCT)

Primer: a-SMA -F (GTGACTACTGCCGAGCGTG) TaKaRa N/A

and a-SMA -R (ATAGGTGGTTTCGTGGATGC)

Primer: hCol4a1-F (TGCTGTTGAAAGGTGAAAGAG) TaKaRa N/A

and hCol4a1-R (CTTGGTGGCGAAGTCTCC)

Primer: hCol4a2-F (ACAGCAAGGCAACAGAGQG) TaKaRa N/A

and hCol4a2-R (GAGTAGGCAGGTAGTCCAG)

Primer: PDGFR« -F (GCGGCCGCATGGGG TaKaRa N/A

ACTTCCCATCC) and PDGFRa-R (CTCGA

GCAGGAAGCTGTCTTCCACC)

Primer: FLK1-F (GAGGGGAACTGAAGACAGGC) TaKaRa N/A

and FLK1-R (GGCCAAGAGGCTTACCTAGC)

Primer: hGAPDH -F (GCTTCCGTGGACACATAAC) TaKaRa N/A

and hGAPDH -R (TGGTGCCTTCTCCCTIC)

Software and algorithms

ImageJ
GraphPad Prism (version 9.3.1)
FlowJo v10.8.1

National Institutes of Health
GraphPad Software
BD Biosciences

https://mirror.imagej.net
https://www.graphpad.com
https://www.flowjo.com/

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

hESCs culture

H9 human ESCs (hESCs; WA09/H9; ATCC, USA) were maintained in mTeSR Plus Basal Medium (Stem Cell Technologies, 100-0276,
CA, USA) in Matrigel (Corning, Kennebunk, ME, USA)-coated 6-well culture plates. The medium was replaced every day, and the cells
were passaged routinely when they reached 80% confluence.

hucMSCs culture

hucMSCs (Procell, Wuhan, China) were maintained in DMEM/F12 supplemented with 10% fetal bovine serum (FBS; ScienCell
Research Laboratory, Carlsbad, CA, USA), 1% penicillin—streptomycin (P/S; Gibco, Carlsbad, CA, USA), and 1% nonessential amino
acids (NEAA; Sigma-Aldrich, St. Louis, MO, USA, M7145). The medium was replaced every other day, and the cells were passaged

routinely when they reached 80% confluence.
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Generation of hESC-derived BVOs

For BVOs induction, hESCs were dissociated into single cells using Gentle Cell Dissociation Reagent (Stem Cell Technologies,
100-0485) for 7 min. On day 0, 2x10° cells were pipetted into 15-mL tubes and resuspended in mTeSR medium supplemented
with 10 uM Y27632 (Stem Cell Technologies, 72304). Subsequently, the cells were transferred to one well of a poly (2-hydroxyethyl
methacrylate) (poly-HEMA; Sigma-Aldrich, St. Louis, MO, USA, P3932, 12 mg/mL)-coated 6-well plate to form embryoid bodies
(ESC-EBs). When the ESC-EBs had formed smooth borders on day 1, the mTeSR medium was replaced with N2/B27 medium
(50% DMEM/F12 (Gibco), 50% neurobasal medium (Gibco), 2% B27 supplement (Gibco), 1% N2 supplement (Gibco), 0.5%
GlutaMAX (Gibco), 0.07% diluted B-mercaptoethanol (1:100, Gibco) and 1% P/S) containing 6 uM CHIR99021 (APE-BIO, USA,
A3011) and 30 ng/mL BMP4 (PeproTech, 120-05). The day 4 ESC-EBs were called mesoderm induction-BVOs (MI-BVOs). The
MI-BVOs were switched to N2/B27 medium containing 100 ng/mL VEGF-A (Proteintech, HZ-1038) and 2 uM forskolin (Sigma-Al-
drich, F3917). The day 7 MI-BVOs were called vascular lineage induction-BVOs (VI-BVOs). The VI-BVOs were embedded in Collagen
| (Gibco): Matrigel (3:1) hydrogels and were then incubated for 2 h at 37°C, after which StemPro-34 SFM (Gibco) medium supple-
mented with 100 ng/mL VEGF-A, 100 ng/mL FGF-2 (PeproTech, 100-18B-100) and 15% FBS was added. The medium was changed
after 3 days and every other day thereafter. On day 12, VI-BVOs with abundant vascular networks, called BVOs, could either be
directly analyzed or extracted with two sterile 30-gauge needles for maturation into mature BVOs.

Establishment of a high-glucose model for BVOs

To investigate the impact of high glucose on the differentiation levels of MI-BVOs, VI-BVOs and BVOs, we subjected them to a
high glucose treatment, with the experimental groups detailed below. MI-BVOs: MI-Control group (17mM glucose (Sigma) +
75mM D-mannitol (Sigma)) and MI-HG group (75mM glucose); VI-BVOs: VI-Control group (17mM glucose +75mM D-mannitol)
and VI-HG group (75mM glucose); BVOs: BVOs-Control group (17mM glucose +75mM D-mannitol) and BVOs-HG group
(75mM glucose).

Coculture of hucMSC-derived EBs and ESC-derived VI-BVOs
To prepare the cocultures of hucMSC-derived EBs (hucMSC-EBs) and ESC-derived VI-BVOs, hucMSC-EBs and MI-BVOs were
collected separately and mixed at a ratio of 1:1 for three consecutive days until the formation of VI-BVOs. The specific steps are
as follows: hucMSCs were first dissociated into single cells to generate hucMSC-EBs using trypsin solution for 1 min, after which
1x10° cells were pipetted into 15-mL tubes and resuspended in DMEM/F12 supplemented with 10% FBS, 1% P/S, and 1%
NEAA. Subsequently, the cells were transferred to one well of a poly-HEMA-coated 6-well plate. When the hucMSC-EBs formed
smooth borders, they were cocultured with MI-BVOs in N2/B27 medium supplemented with 100 ng/mL VEGF-A and 2 uM forskolin
in poly-HEMA-coated 6-well plates for 3 days.

To eliminate the influence of hucMSCs on VI-BVOs assays, we first select the free VI-BVOs under an inverted phase contrast
microscopy with two sterile 30-gauge needles and exclude both free hucMSCs and bound VI-BVOs-hucMSCs.

METHOD DETAILS

Whole-mount immunofluorescence staining

For whole-mount immunofluorescence staining, hucMSC-EBs, ESC-EBs, MI-BVOs, VI-BVOs and BVOs were first collected and
then fixed with 4% paraformaldehyde solution overnight at 4°C. After being rinsed with PBS, the above structures were treated
with PBS solution containing 3% FBS, 1% bovine serum albumin (BSA; Solarbio) and 0.5% Triton X-100 (Solarbio) for 2 h at room
temperature for permeabilization and blocking. After they were thoroughly rinsed with PBS, they were incubated with the following
primary antibodies for 12 h at 4°C: rabbit anti-PDGFRp (1:200, Cell Signaling, Danvers, Massachusetts, USA, 3169S), rabbit anti-
COL 4A2 (1:200, Proteintech, 55131-1-AP) Alexa Fluor647 mouse anti-human CD31 (1:100, BD Biosciences, USA, 558094), rabbit
anti-Oct-4 Antibody (1:200, Cell Signaling, 2750), mouse anti-SSEA-4 antibody (1:200, Santa Cruz Biotechnology, sc-59368), rab-
bit anti-PDGFR alpha antibody (1:200, Abcam, ab203491), rabbit anti-VEGF Receptor 2 (FLK1, 1:200, HUABIO, Hangzhou, China,
ET1608-33). Negative controls were processed following the same procedures except for incubation with PBS instead of primary
antibodies. Alexa Fluor 488-, Alexa Fluor 568- or tetramethylrhodamine isothiocyanate (TRITC)-conjugated goat anti-rabbit/mouse
IgG (1:200, Invitrogen, USA) was used as the secondary antibody for a second 12-h incubation at 4°C. Next, the samples were
rinsed with PBS three times (20 min/rinse). 4',6-Diamidino-2-phenylindole (DAPI) (Research Organics, Cleveland, OH) was used
to counterstain cell nuclei. Images were acquired via confocal laser scanning microscopy (CLSM; Leica SP8, Heidelberg,
Germany).

Acetylated low-density lipoprotein (AcLDL) uptake assay

To evaluate the functional activity of endothelial cells, VI-BVOs and BVOs were harvested and transferred to 1.5-mL tubes. After be-
ing rinsed once with DMEM/F12, the VI-BVOs and BVOs were incubated with 10 ng/mL Ac-LDL solution (Invitrogen) at 37°C for 4 h.
After the BVOs were rinsed once with DMEM/F12, they were incubated with Hoechst staining solution (1:1000, Beyotime, Shanghai)
at 37°C for 30 min.
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Hematoxylin-eosin (HE) staining

For evaluation of BVOs by microscopy, BVOs were extracted from the hydrogels with two sterile 30-gauge needles and fixed with 4%
paraformaldehyde solution overnight at 4°C. The samples were placed in an embedding box, dehydrated through a graded ethanol
series (50%, 70%, 80%, 90%), 100%) and cleared with xylene. Then, the samples were embedded in paraffin and sectioned (to a
thickness of 4-6 um). After deparaffinization with xylene and a graded ethanol series (100%, 90%, 80%, 70%, 50%), the sections
were stained with an appropriate concentration of HE solution. After dehydration and clearing, the sections were sealed with neutral
resin. Subsequently, images were acquired using a Leica TCS microscope (Wetzlar).

Flow cytometry

VI-BVOs were collected and transferred to 1.5-mL tubes. After being rinsed once with DMEM/F12, the VI-BVOs were dissociated into
single cells using collagenase B (Gibco, 1 mg/mL) for 15 min. After the cells were rinsed with DMEM/F12 containing 10% FBS, 2x 10*
cells were pipetted into 1.5-mL tubes and resuspended. The cells were then incubated in a diluted solution containing an Alexa
Fluor647-conjugated mouse anti-human CD31 antibody (1:100) and a PE-conjugated mouse anti-human CD140b antibody (BD,
Franklin Lakes, NJ, USA, 558821,1:100) for 30 min at 4°C. Fluorescence was detected with a FACSAria flow cytometer (BD), and
the fluorescence intensity was analyzed using FlowJo.

Matrigel tube formation assay

To assess the angiogenic potential of endothelial cells derived from VI-BVOs, VI-BVOs were dissociated into single cells and resus-
pended in StemPro-34 SFM containing 100 ng/mL VEGF-A, 100 ng/mL FGF-2 and 15% FBS. A 96-well plate was prepared and
coated with 50 pL of Matrigel/well, and the Matrigel was allowed to polymerize for 30 min at 37°C. A total of 4x10* cells/well
were pipetted into the precoated 96-well plates. The cells were observed and photographed under an inverted light microscope
after 12 h.

Wound-Healing Assay

To assess the horizontal migration capability of vascular cells derived from VI-BVOs, we first dissociated VI-BVOs into single cells and
resuspended the cells in StemPro-34 SFM supplemented with 100 ng/mL VEGF-A, 100 ng/mL FGF-2 and 15% FBS. The cells (4x10*
cells/well) were seeded into a 24-well plate, and the medium was replaced every other day. Approximately five days later, when the
cells reach 100% confluence, a sterile 200ul pipette tip was used to scrape the cell monolayer, forming a rectangular cell-free zone
in each well. After washing twice with DMEM/F12, the cells were cultured for an additional 24 h following was observed and photo-
graphed using an inverted microscope (Carl Zeiss, Gottingen, Germany).

Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay

Apoptosis in vascular cells derived from VI-BVOs was assessed using the One-step TUNEL Apoptosis Assay Kit (Abbkine). We first
dissociated VI-BVOs into single cells and resuspended the cells in StemPro-34 SFM medium supplemented with 100 ng/mL VEGF-A,
100 ng/mL FGF-2 and 15% FBS. The cells (4 x10* cells/well) were seeded into a 24-well plate, and the medium was replaced every
other day. After 5 days, the cells were collected and fixed with 4% paraformaldehyde solution overnight at 4°C. After being rinsed with
PBS, the cells were treated with PBS containing 3% FBS, 1% BSA and 0.5% Triton X-100 for 2 h at room temperature for perme-
abilization and blocking. After they were thoroughly rinsed with PBS, they were then incubated with TdT labeling reaction buffer at
37°C in the dark for 2 h. Following the addition of DAPI, the cells were observed and imaged under a fluorescence microscope
(Olympus).

3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay

To assess the proliferation of vascular cells derived from VI-BVOs, we first dissociated VI-BVOs into single cells and resuspended the
cells in StemPro-34 SFM supplemented with 100 ng/mL VEGF-A, 100 ng/mL FGF-2 and 15% FBS. The cells (5x10° cells/well) were
seeded into a 96-well plate, and proliferation was assessed by the addition of MTT solution (Invitrogen, 5 mg/mL) on the following
day. First, 10 puL of MTT solution was added to each well, and the plate was incubated at 37°C for 4 h, after which the supernatant
was discarded. Subsequently, 100 pL of DMSO solution (Thermo Scientific) was added to each well, and the plate was shaken hor-
izontally for 10 min. The contents were then transferred to a new 96-well plate, and the absorbance was measured at 490 nm with a
microplate reader (BioTek).

Quantitative PCR (qPCR)

For RNA isolation, ESC-EBs, MI-BVOs, VI-BVOs and BVOs were harvested and transferred to 1.5-mL tubes. After being rinsed with
PBS, the BVOs were then immersed in TRIzol solution (Ambion Life Technologies, Denmark) for total RNA extraction. RNA was iso-
lated using the chloroform-isoamyl alcohol method (Domestic analytical purity, Kemio, China), and cDNA was synthesized using a
reverse transcription kit (TaKaRa Bio, Dalian, Japan) with oligo dTTTTT primers. SYBR Premix Ex Taq Il Kit (Takara Bio)-based
gPCR was performed on a CFX384 TouchTM Real-Time PCR Detection System (Bio-Rad) with 35 cycles of amplification. All kits
were used following the manufacturers’ instructions. The primers were designed using Primer Bank and verified via a Basic Local
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Alignment Search Tool (BLAST) search against the Homo sapiens genome (ensemble. org). The Cq value of each target gene was
normalized to that of the housekeeping gene GAPDH. Primer sequences were as follows.

Western blot analysis

For protein extraction, VI-BVOs were harvested and transferred to 1.5-mL tubes. Total protein was extracted from the VI-BVOs via
lysis in radio immunoprecipitation assay (RIPA) buffer ATWA18021, Abcam) on ice for 5 min, followed by centrifugation at 12,000 rpm
for 10 min at 4°C. The protein samples were directly loaded onto a sodium dodecyl sulfate -polyacrylamide gel, separated by elec-
trophoresis and transferred to polyvinylidene difluoride membranes (PVDF, Millipore, Shanghai, China). The membranes were
blocked with 5% skim milk in TBST for 2 h at room temperature and were then incubated with primary antibodies overnight at
4°C. Primary antibodies specific for the following proteins were used: p-ERK (1:1000, Cell Signaling, 4370), ERK (1:1000, Cell
Signaling, 4695), p-JNK (1:1000, Cell Signaling, 4668), JNK (1:1000, Cell Signaling, 9252), p-p38 (1:1000, Cell Signaling, 4511),
p38 (1:1000, Cell Signaling, 8690), and B-actin (1:1000, Cell Signaling, 4970). After being rinsed with TBST, the membranes were
incubated with appropriate horseradish peroxidase (HRP)-conjugated secondary antibodies—anti-rabbit (1:6000; 554021, BD
Pharmingen, San Jose, CA, USA) or anti-mouse (1:8000; 554002, BD Pharmingen)—for 1 h at room temperature. The immunoblots
were visualized using an Odyssey Infrared Imaging System (LI-COR, USA).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was done using respective tests on GraphPad Prism (version 9.3.1). All reported values were averaged (n = 3 rep-
licates per condition from 3 independent experiments) and were expressed as the means + standard deviations (SD), which is indi-
cated in figure legends. In Figures 1C, 1G, 2F, 3C, 3E, S1, and S2, two-tailed Student’s t test was performed to examined grouped
differences; In Figure 4E, 5D, 6B, 7B, 7D, S3, and S5, one-way ANOVA was performed to compare quantitative data. Differences
were considered statistically significant if p < 0.05. * represents p < 0.05, ** represents p < 0.05, *** represents p < 0.001, *™** repre-
sents p < 0.0001.
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