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Organ transplantation is the only fundamental treatment for organ failure, but even in the United States, the
number of patients waiting for transplantation far exceeds the number of transplants performed due to the
shortage of donors. The shortage of donors is becoming more serious worldwide, and the development of
artificial organ creation technology is in high demand as an alternative.

With the discovery of human induced pluripotent stem cells (hiPSC) in 2007 by Professor Yamanaka, the
ethical problems of human ES cells have been greatly reduced, and expectations are rising for the realization
of artificial human organ creation technology. In fact, several clinical trials have been conducted in Japan
using hiPSC-derived cells and tissues, including transplantation for macular degeneration ahead of the rest
of the world.

Previously, we developed vascularized liver organoids, which can form human blood vessels and connect to
host blood vessels upon transplantation (Takebe T et al., Nature, 2013). Vascularized organoids are a
breakthrough technology, however, the connection with the host vessel takes several days after
transplantation. In this research, we aim to develop hiPSC-derived liver tissue equipped with a large blood
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vessel capable of transplantation by vascular anastomosis.

We investigated the following research items for the generation of hiPSC-liver tissue containing hierarchical

vascular structure.

1. Extraction of markers capable of distinguishing a vascular hierarchy

2. Generation of hiPSC-liver organoid containing different types of blood vessels (arteriovenous and
capillaries)

3. Construction of hiPSC-derived large vessels

4. Generation of hiPSC-liver tissue with a large blood vessel capable of transplantation by vascular
anastomosis

1. Extraction of markers that can distinguish a vascular hierarchy

In the liver, there are several types of blood vessels: the portal vein, which is the inflow channel of blood;
sinusoidal endothelial cells, which have fenestrae of about 80-100 nm diameter and are involved in the
exchange of molecules between blood and hepatocytes; the central vein, which is the outflow channel; and
the hepatic artery, which supplies oxygen. Toward the extraction of markers that can distinguish hierarchical
blood vessels, we performed single-cell RNA-seq analysis of liver endothelial cells during mouse development.
As a result, we successfully found novel markers that can distinguish between portal vein endothelial cells

(ECs), central vein ECs, and sinusoidal ECs.

2. Generation of hiPSC-liver organoid containing different types of blood vessels (arteriovenous and

capillaries)

In order to construct different layers of blood vessels, we developed a differentiation protocol for venous

ECs. Human iPSCs were differentiated into mesodermal cells by activating the BMP and Wnt signaling
pathways, and then differentiated into endothelial cells by Forskolin and VEGF. After that, we optimized the
Notch, TGFB, and FGF signaling pathways, which are involved in arteriovenous differentiation, and
established a highly efficient induction protocol for venous ECs. Using marker genes found in item 1, a
comparative analysis of hiPSC-derived venous ECs and conventional ECs was performed. As a result, venous
ECs expressed many central vein EC markers while conventional ECs expressed many portal vein EC
markers. Sinusoidal EC marker expression was also enhanced in venous ECs compared with conventional
ECs.

In the liver, periportal hepatocytes and pericentral hepatocytes have different metabolic abilities, which is
called Liver Zonation. For example, gluconeogenesis occurs actively on periportal hepatocytes, and lipid
synthesis and glycolysis are activated on pericentral hepatocytes. It is known that signals from the central
vein endothelium are important for the establishment of liver zonation. We found that adding the portal and
central vein marker proteins extracted in item 1 to the hiPSC-LO culture system increased the expression of

a group of genes that characterize the hepatocytes present around the portal and central veins, respectively.

3. Construction of hiPSC-derived large vessels

We sought to generate large blood vessels from hiPSCs. Since hiPSC-ECs have already been established
in our laboratory, we mainly investigated the differentiation of vascular smooth muscle cells (SMCs) (Takebe
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T etal., Cell Rep., 2017). Using mesoderm cells, mesenchymal cells were induced with activin Aand PDGFBB,
followed by stimulation with activin A and heparin resulting in the differentiation of SMCs, which express
smooth muscle markers ACTA2, TAGLN, and CNN1. Next, we successfully fabricate tube-like structures that
mimic large blood vessels (BV) by seeding SMCs and ECs into scaffolds for artificial vessels. To characterize
hiPSC-BVs, we performed characterization of mouse and human iPSC-BVs. We obtained gene expression
data of large BVs from fetal/neonatal/adult mouse umbilical/portal veins and hiPSC-derived BVs using SMCs
and conventional ECs or venous ECs, and correlation analysis was performed. Results suggested that hiPSC-

derived conventional EC/SMC BVs showed similar characteristics with mouse umbilical veins/portal veins.

4. Generation of hiPSC-liver tissue with a large blood vessel capable of transplantation by vascular

anastomosis

We developed hiPSC-LOs composed of hepatic endoderm cells, ECs, and mesenchymal cells, and found
those contain capillaries and venules inside of organoids. Next, we investigated the method of adding large
BVs (mm diameter) into hiPSC-LO and established a perfusion culture method using rat artery-equipped
hiPSC-LO, resulting in a size increase and albumin secretion by perfusion of medium through artery to
capillaries. We performed a perfusion culture of hiPSC-LO equipped with hiPSC -BVs developed in items 3
and 4 and confirmed tissue enlargement, increased secretion of albumin, enhanced ammonia metabolism
and urea production in the perfusion group compared to that in control group..

Finally, we succeeded in transplantation of hiPSC-LO equipped with hiPSC -BVs via anastomosis with rat
femoral artery and found human albumin secretion and the expression of several hepatic functional proteins
such as CYP3A4 and A1AT, etc. at 1 week after transplantation.

Collectively, we developed the method for adding hiPSC-BVs into organoids which enables us to transplant
organoids by vascular anastomosis. If larger hiPSC tissue construction in vitro will be achieved based on
these findings, it is expected that hiPSC-derived artificial human organs can solve the shortage of donor

organs and leads to the recovery of patients suffering from end-stage organ failure.



