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Introduction

In recent years, there has been a growing interest in cell-cell interaction between heterologous cells in tissues. In
particular, vascular endothelial cells are not only important for the formation of vascular structures and the supply of
nutrients and oxygen, but also for the early stages organogenesis that precede vascular function.! One of the most
promising approaches to elucidate the function of endothelial cells in tissues and their interaction with tissue cells is
the formation of vascular organoids by tissue engineering methods. Vascular organoids with organized endothelial
cells in a three dimensional culture system are possible by culturing HUVECs or stem cell-derived endothelial
populations using hydrogels or synthetic scaffolds. Supporting cells, such as mesenchymal cells, are important for
endothelial cells to undergo good structure formation and growth in tissues. Recent single-cell RNA sequencing
analysis has revealed that mesenchymal cells are also generated simultaneously during the differentiation of
endothelial populations from stem cells, and that these cells form vascular structures in hydrogels.??

Then I have set up a differentiation protocol for pluripotent stem cells into endothelial cells and evaluated the
differentiation process of the endothelial cells on the single cell level and imaging. Furthermore, in order to culture

vascular organoids in a shear field, I have designed and manufactured the flow-cell chamber.



Results
I.  Establishing endothelial differentiation and single cell analysis over endothelial commitment
We established the differentiation procedure. In brief, after making floating aggregates from single cell
suspension, cells were treated with BMP4 and CHIR to generate mesoderm for 3 days. From day 3 to 9, cells were
treated with VEGF-A and Forskolin. At day 9, we confirmed 40% of cells were CD31/VE-cadherin double positive
endothelial cells using flow-cytometry analysis. On the other hand, it has been reported that mesenchymal cells are
generated at the same time and they can behave as a perivascular-like cells. > In order to understand what types of
cells are arising in our 3D culturing, single-cell transcriptomic data was obtained from cells across the
differentiation protocol using droplet-based microfluidic technology in parallel. UMAP dimensionality reduction
clearly showed cells were divided into two divergent populations from day 3 to day 6 (Fig. 1a). The first was
characterized by expression of endothelial markers (PECAMI1 (CD31), CDH-5), the second by mesenchymal
markers such as PDGFRA (Fig. 1b). Mesenchymal population also showed partial increase of perivascular-specific
marker such as PDGFRB and ACTA?2 indicating it starts to acquire perivascular characteristic (Fig. 1b). In order to
identify transcription factors that contribute to endothelial commitment, we obtained putative driver genes
systematically detected by characterization of high likelihood models in dynamic models of RNA velocity
estimation. Transcription factor enrichment analysis revealed BCL6B, FOXN3 and SOX7 were significantly
enriched transcription factors (Fig 1c). It has been noted that BCL6B and SOX7 may contribute to endothelial
development, whereas FOXN3 has not been reported. Although overlapped query genes of FOXN3 are mainly
related to tissue migration process according to gene ontology enrichment analysis, this velocity and transcription

factor enrichment analysis suggested this gene can be a candidate for further experimental validation.

[
(a) (b) ¢ ¢ EE 3 _
2 5 S © @ K
° 2 o < =
=% 3 © = [}
= 2 92 38 =
5 3 I ° E=]
= o c Qo
o = S a i} w
Lo 1 Fraction of cells
Pluripotent{ @ @ ) in group (%)
¥ Mesoderm [ X X X ceo ..
day 6 e a7 Perivascular-like [ X N 20406080100
v o Endothelial [ X X} Mean expression
(] ° Epithelial [ in group
day 9 v
v 8EEEiggegsegzz 00 05 10
Z2RU326603880¢828
£ =% oo <w o O

(c)

Mesoderm to Endothelial

gene likelihood

non-dynamic genes
2134 genes

Figure 1. (a) UMAP dimensionality reduction plots, using data from cells sampled at day 0-9 for single-cell RNA
sequencing show transition from pluripotent stem cell to mesoderm and separation into endothelial and perivascular-
like cell population afterwards. (b) Typical marker expression of respective cell types in (a). (c) We defined 300
putative driver genes according to gene likelihood in the dynamic velocity model from mesoderm population to
endothelial population (left). We inferred the transcription factor enriched in putative driver genes defined with velocity
analysis using transcription factor enrichment analysis software (ChEA3).



II. Morphological Maturation

In order to see the matrix-assisted morphological development, we dissociated the huge spheroids from
shaking culture and re-aggregated in microwell culture camber to form small homogeneous spheroids. And after
transferring them into matrigel and culture for a few days. As shown in fig 2a, spheroid expanded outwardly,
started to sprout and show network structure. Further, we stained them with both endothelial marker (either VE-
Cadherin or CD31) and perivascular marker (either PDGFRB or 0o—SMA) to see detail structure and localization
of two cell types. Just after differentiation, endothelial cells got together inside and tightly attached with each
other whereas perivascular-like cells covered them outside. On the other hand, a few days-culture in matrix
induced endothelial migration into network structure based on the core of aggregates. We assumed that in
floating condition, endothelial cells might be immature and tend to form blood island which is the stage of pre-
vessel formation and matrix-assisted maturation might help endothelial cells forming plexus formation which

is next stage of blood vessel formation.

(a) Transferring
into matrix

Figure 2. (a) Bright field image of organoids. After transfer from suspension culture to matrix, the spheroids begin
to sprout outward and form a network structure. (b) Immunohistochemistry of differentiated floating organoids, in
which two types of cells (endothelial cells (VE-Cadherin) and perivascular-like cells (PDGFRB)) formed two
layers. Endothelial cells were particularly aggregated and showed blood island-like morphology. (c) Two days
after culturing in matrix, endothelial cells stained with CD31 showed network structure.

II1. Lumen formation

One of important achievements of vascular organoid is development of perfusable vascular lumen
which can be connected with other tissue organoids. We first tried to develop fluidic device in which endothelial
cells form lumen structure in the gel (Fig. 3a). By using microtubing, we prepared the lumen structure made by

collagen gels and culture endothelial cells in the device. As a control experiment, we first cultured human



umbilical vein endothelial cells (HUVECsS) in lumen for 24 hr. HUVECs showed sheet-like structure tightly
connecting each other. On the other hands, when we cultured iPSC derived endothelial cells in the lumen without
flow, they did not cover whole lumen completely and migrated into several separated areas. However, when we
cultured them under the flow, cells showed sheet—like structure like HUVECs. This suggests that shear stress
might have impact on the migration pattern of endothelial cells. In addition, when we performed tube formation
assay on matrigel, HUVECs formed thin and tightly connecting tube whereas iPSC-derived endothelial cells
formed sheet-like structure instead of tube formation (data not shown). We assumed that iPSC-derived
endothelial cells are not matured enough and flow shear stress might play an important role on maturation,
migration and ability of lumen formation. We are attempting to evaluate maturation degree and establish a
protocol for culturing vascular lumen. Furthermore, immature endothelial cells might be used for developing

tissue-specific endothelial cells.
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Figure 3. (a) Possible application of lumen chip. (b) Design principle to create lumen formation in casting gel using
microtube. (c,d) We cultured HUVECS (c) and iPSC-derived endothelial cells (d) in the lumen and cells were
stained with VE-cadherin antibody.
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